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Infection of the central nervous system (CNS) by several viruses can lead to upregulation of proinflammatory
cytokines and chemokines. In immunocompetent adults, these molecules induce prominent inflammatory
infiltrates. However, with immunosuppressive retroviruses, such as human immunodeficiency virus (HIV), lit-
tle CNS inflammation is observed yet proinflammatory cytokines and chemokines are still upregulated in some
patients and may mediate pathogenesis. The present study examined expression of cytokines and chemokines
in brain tissue of neonatal mice infected with virulent (Fr98) and avirulent (Fr54) polytropic murine retro-
viruses. While both viruses infect microglia and endothelia primarily in the white matter areas of the CNS, only
Fr98 induces clinical CNS disease. The pathology consists of gliosis with minimal morphological changes and
no inflammation, similar to HIV. In the present experiments, mice infected with Fr98 had increased cerebellar
mRNA levels of proinflammatory cytokines tumor necrosis factor alpha (TNF-«), TNF-@3, and interleukin-1a
and chemokines macrophage inflammatory protein-lac (MIP-1a), MIP-1[3, monocyte chemoattractant protein
1 (MCP-1), gamma-interferon-inducible protein 10 (IP-10), and RANTES compared to mice infected with Fr54
or mock-infected controls. The increased expression of these genes occurred prior to the development of clinical
symptoms, suggesting that these cytokines and chemokines might be involved in induction of neuropathogen-
esis. Two separate regions of the Fr98 envelope gene are associated with neurovirulence. CNS disease asso-
ciated with the N-terminal portion of the Fr98 env gene was preceded by upregulation of cytokines and
chemokines. In contrast, disease associated with the central region of the Fr98 env gene showed no upregu-
lation of cytokines or chemokines and thus did not require increased expression of these genes for disease
induction.

Retrovirus infection of the central nervous system (CNS)
can induce neurological diseases in both humans and animals
(17, 28, 41). The development of neurological symptoms is
often associated with major pathology, such as the marked
mononuclear cell infiltration and in some cases demyelination
observed after visna virus (13, 41), human T-cell lymphotropic
virus type 1 (14), and simian immunodeficiency virus (5) infec-
tion or the spongiosis (20, 21) or intracerebral hemorrhages
(25) found after infection with ecotropic murine leukemia vi-
ruses (MuLVs). In contrast, only minimal changes in histopa-
thology are seen after CNS infection with human immuno-
deficiency virus (HIV), feline immunodeficiency virus, or
polytropic MuLVs despite the development of severe neuro-
logical diseases (4, 17, 28). Increased expression of cytokines
and chemokines in the CNS has been suggested as a possible
mechanism of neurological disease induced by HIV (9). How-
ever, there was not a consistent correlation between increased
expression of cytokine and chemokines and HIV dementia.
For example, CNS expression of cytokine and chemokine
mRNAs was not always upregulated in HIV dementia cases
and, conversely, expression was increased in some HIV-in-
fected patients lacking dementia (36, 42). Instead of being a
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mechanism of disease induction, the increase in cytokine and
chemokine mRNA expression may simply be a host response
to viral infection or pathogenesis that varies due to the genetic
heterogeneity of the patients. Distinguishing among these pos-
sibilities in HIV dementia would be difficult due to the inability
to analyze brain tissue prior to death. Therefore, in the present
study we used the mouse model of polytropic MuLV infection,
where cytokine and chemokine expression can be compared
between avirulent and neurovirulent viruses over the course of
neurological disease in genetically homogeneous hosts.

In neonatal mice, infection with the polytropic MuLV clone
Fr98 leads to the development of a severe clinical disease
characterized by ataxia, seizures, and death starting at 14 to 16
days postinfection (28). In contrast, mice infected with another
closely related polytropic MuLV clone, Fr54, do not develop
neurological disease (28). Fr54 differs from Fr98 only at the
envelope gene and the 3’ end of the polymerase gene (12, 28).
Therefore, this region is critical for the development of neu-
rological disease in this model. Both Fr98 and Fr54 infect
microglia and capillary endothelia located primarily in the
white matter tracts of the cerebellum as well as the hippocam-
pus, thalamus, and corpus callosum. The two viruses also in-
duce similar pathology, characterized by astrogliosis and mi-
crogliosis with minimal degenerative changes (12, 28, 33).
However, Fr98 is found at a twofold higher level than Fr54 in
the brain (33), suggesting that virus load may be a factor in
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disease development. Fr98 does not infect neuronal cells, and
no obvious morphological signs of neuronal damage are found
in Fr98-infected mice (28). Thus, the mechanism of neuroviru-
lence induced by Fr98 may be indirect, possibly involving ac-
tivated astrocytes or infected endothelia or microglia. These
infected and/or activated cells might lack appropriate support
functions required for neuronal viability. Alternatively, these
cells might injure neurons through the production of cytokines
and chemokines or other toxic molecules (6, 23, 45). In the
present experiments we analyzed the mRNA levels of various
cytokines and chemokines in the brains of mice infected
with either Fr98 or Fr54 using an RNase protection assay. A
dramatic increase in the levels of several proinflammatory cy-
tokines and chemokines was observed in Fr98-infected mice
compared to Fr54-infected mice. Increased expression of some
of these cytokines and chemokines was observed prior to the
development of clinical symptoms, suggesting that these mol-
ecules might be involved in the pathogenesis of neurological
disease induced by Fr98.

MATERIALS AND METHODS

Infection of mice. Inbred Rocky Mountain White mice were bred and housed
at the Rocky Mountain Laboratories animal facility. All animal experiments were
carried out in accordance with the regulations of the Rocky Mountain Labora-
tories Animal Care and Use Committee and the guidelines of the National
Institutes of Health. Within 24 to 48 h of birth, mice were injected intraperito-
neally (i.p.) with 10* focus-forming units (FFU) of virus. Mice were observed
daily for clinical signs of CNS disease. Initially mice showed signs of hyperactiv-
ity, which was followed by obvious ataxia and then seizures (30). The entire
clinical course of the disease from ataxia to death was usually 1 to 5 days. The
time of onset of symptoms varied with the different virus clones studied.

Viruses. The construction of virus clones Fr98, Fr54, SE, EC, and EC-1 has
been previously described (12, 28, 30). All clones were created by inserting
polytropic envelope sequences into a nonneurovirulent ecotropic Friend virus
clone, FB29. Virus stocks were prepared from the supernatants of confluently
infected Mus dunni fibroblast cells (12). Virus titers were determined by focal
infectivity assay using the envelope-specific monoclonal antibody 514 (33).

RNase protection assay. Infected mice were exsanguinated by axillary incision
under deep isoflurane anesthesia. Brains were removed from infected mice at the
indicated times, and the cerebrum and midbrain were separated from the cere-
bellum and brain stem using a razor blade. The tissues were immediately frozen
in liquid nitrogen and stored at —80°C. Total RNA from the cerebrum or
cerebellum was prepared using Trizol reagent (Life Technologies, Rockville,
Md.) according to the manufacturer’s instructions. RNA was quantified by spec-
troscopy at 260 nm and diluted to equal concentration in hybridization buffer
(PharMingen, San Diego, Calif.) and stored at —80°C until use. The RNA was
then analyzed for specific cytokine and chemokine mRNA using the RiboQuant
system (PharMingen). Approximately 8 to 10 ug of total RNA was hybridized
overnight with [a-**PJUTP (NEN Life Sciences, Boston, Mass.)-labeled RNA
probes (PharMingen). Samples were then treated with RNase (PharMingen) and
precipitated, and protected cytokine RNA probes were resolved on precast
Quick Point polyacrylamide gels (PharMingen). Bands were quantified using a
STORM PhosphorImager (Molecular Dynamics) and Image Quant software.
Data were expressed as a percentage of the protected cytokine RNA compared
to protected RNA from L32 (housekeeping gene). mRNA from mice infected
with the culture supernatant from uninfected Mus dunni cells (mock infected),
were used as negative controls. As both Fr54 and Fr98 were created by inserting
polytropic envelope sequences into the nonvirulent FB29 clone, mRNA was also
analyzed from mice infected with FB29 as an additional negative control.

Statistics. Statistical comparisons between groups were done using a one-way
analysis of variance and the Newman-Keuls Multiple Comparison test. All data
were expressed as the percentage of protected cytokine RNA compared to
protected RNA from L32.

RESULTS

Cytokine and chemokine mRNA expression in Fr98- or
Fr54-infected mice. Although Fr98 and Fr54 have the same cell
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FIG. 1. Cytokine and chemokine mRNA expression in the cerebel-
lum of mice infected with Fr54 or Fr98. Mice were infected i.p. with
10* FFU of either Fr98 or Fr54 at 24 to 48 h after birth. Cerebellums
were removed at 14 days postinfection. Total RNA was purified from
the cerebellum and analyzed for cytokine mRNA expression using the
RNase protection assay. RNase protection assay results from two mice
from each infected group are shown.

tropism and induce similar morphological changes as observed
by histopathology, Fr98 induces a severe neurological disease
while Fr54 does not (28, 33). One possible mechanism by
which Fr98 may induce neurological disease is through the
production of cytokines and/or chemokines (1, 23). To study
the possible relationship between cytokine and/or chemokine
expression and the development of Fr98-induced neurological
disease, cytokine and chemokine mRNA levels in the cerebel-
lum of mice infected with Fr98 or Fr54 were compared using
an RNase protection assay. Cerebellar RNA was analyzed first
because there is a high level of viral infection in the cerebellum
and the main clinical symptom, ataxia, suggests an impairment
of cerebellar functions (28). Cytokine mRNA expression was
measured in Fr98-infected mice from 7 days postinfection until
the development of severe clinical symptoms (days 14 to 16)
and in Fr54-infected mice from day 7 until day 30.

At 14 days postinfection, a significant increase in the mRNA
expression of proinflammatory cytokine tumor necrosis factor
alpha (TNF-a) was observed in Fr98-infected mice relative to
Fr54- or control-infected mice (Fig. 1A). This increase in
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FIG. 2. Kinetics of cytokine mRNA expression in the cerebellum of mice infected with Fr54 or Fr98. Mice were infected i.p. with 10* FFU of
either Fr98 or Fr54 at 24 to 48 h after birth. Cerebellums were removed at the times indicated postinfection. Total RNA was purified from the
cerebellum and analyzed for cytokine mRNA expression using the RNase protection assay. Results are expressed as the ratio of cytokine RNA
to L32 (housekeeping gene) RNA for each sample. Results are the average of three to six mice per data point. Mock- and FB29-infected mice were
also analyzed as a control for cytokine expression at day 14 postinfection. The arrow at day 14 indicates time of onset of clinical ataxia in

Fr98-infected mice.

TNF-a mRNA expression in Fr98-infected mice was first ob-
served at day 11 postinfection, prior to the development of
clinical symptoms, and remained high throughout the duration
of the illness until mice died between days 14 and 16 (Fig. 2C).
An increase in TNF-B and interleukin-la (IL-1a) mRNA ex-
pression occurred slightly later at days 13 to 15 postinfection,
corresponding with the onset of clinical symptoms (Fig. 2D and
E). In contrast, the mRNA expression levels of other cytokines
measured, including lymphotoxin B, IL-6, transforming growth

factor B, alpha interferon (IFN-a) (Fig. 2), IL-18, and IL-12
(data not shown) were similar between Fr98-infected mice and
control mice. There was no increase in any T cell-related
cytokine mRNA including IL-2, IL-15, IL-4, and IL-10, and
no increase in mRNA expression was observed for T-cell
markers CD4, CDS8, or CD3 (data not shown). A slight in-
crease in IFN-y mRNA expression was observed in
Fr98-infected mice, although this increase was not statistically
significant (Fig. 2G). The lack of increased mRNA for T-cell
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FIG. 3. Kinetics of chemokine mRNA expression in the cerebellum of mice infected with Fr54 or Fr98. Total cerebellar RNA was analyzed for
chemokine expression using the RNase protection assay described in Fig. 1. The specificity of MCP-1 and IP-10 expression by the RNase protection
assay (11) was confirmed by a probe set containing only MCP-1, L32, and GAPDH or IP-10, L32, and GAPDH. Results are the average for three
to six mice per data point. Mock- and FB29-infected mice were also analyzed as a control for cytokine expression at day 14 postinfection.

cytokines or T-cell expression markers concurs with previous
results demonstrating the absence of inflammatory infiltrate in
the brains of Fr98-infected mice (28).

Both astrocytes and microglia have been reported to pro-
duce chemokines after in vitro activation by various stimuli
including viruses and/or viral proteins (7, 16, 22, 26, 44). There-
fore RNA from Fr98- and Fr54-infected mice was also ana-
lyzed for chemokine mRNA levels. mRNA expression of six
chemokine genes, RANTES (regulated on activation, normal

T cell expressed and secreted), monocyte chemoattractant pro-
tein 1 (MCP-1), IFN-vy-inducible protein 10 (IP-10), macro-
phage inflammatory protein lao (MIP-1a), MIP-18, and MIP-2
was significantly higher in Fr98-infected mice than in either
mock- or Fr54-infected mice (Fig. 1B). In kinetic studies, in-
creased levels were first observed at 11 days postinfection and
remained high throughout the duration of the illness (Fig. 3A,
B, and D through F). In contrast, no differences were observed
between the expression levels of lymphotactin or eotaxin
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FIG. 4. Cytokine and chemokine mRNA expression in the cere-
brum of mice infected with Fr98 or Fr54 or mock infected at 14 days
postinfection. Total cerebrum RNA was analyzed for chemokine ex-
pression using the RNase protection assay described in Fig. 1. Results
are the average for three mice per data point.

mRNA in Fr98- or Fr54-infected mice (Fig. 3G and H).
mRNA expression levels of the chemokine receptors, CC che-
mokine receptor 1 (CCR-1), CCR-2, and CCR-5 were similar
in mock-, Fr98-, and Fr54-infected mice (data not shown). By
being stained with antiviral antibody, Fr98-infected cells were
found predominately in the cerebellum, but focal areas of
infection were also observed in the hippocampus, corpus cal-
losum, and thalamus sections of the cerebrum (28). Accord-
ingly, at 14 days postinfection the same pattern of increased
cytokines and chemokines was found in the cerebrum of mice

J. VIROL.

infected with Fr98 as was seen in the cerebellum (compare Fig.
2 and 3 with Fig. 4).

In the brain, cytokines have been reported both to contrib-
ute to neuronal apoptosis and to provide neuroprotective re-
sponses (19). However, mRNA expression levels of apoptosis
genes, Fas, FasL, Fas-activated death domain, TNF-activated
death domain, Bax, Bcl-x, and apoptosis inhibitory genes Bcl-w
and Bcl-2 were similar in Fr98-, Fr54-, and mock-infected mice
(data not shown). Although these genes can be regulated by
posttranscriptional modification, these results are consistent
with the absence of morphological signs of neuronal death in
Fr98-infected mice (28).

Similar pattern of cytokine and chemokine mRNA expres-
sion observed in SE-infected mice. The recombinant virus
clone SE contains the N-terminal one-third of the Fr98 env
gene and the C-terminal two-thirds of the Fr54 env gene.
Infection with SE induces neurological disease with clinical
symptoms and pathology similar to those of Fr98, but the
development of disease is slower with clinical symptoms not
appearing until 4 to 10 weeks postinfection (12). At 2 weeks
postinfection, a time point where Fr98-infected mice have clin-
ical symptoms but SE-infected mice do not, expression of
mRNAs for chemokines MIP-1a, MIP-1B8, RANTES, and
IP-10 was significantly higher in SE-infected mice than in
mock-infected controls (Fig. SA). However, in contrast to the
results observed in Fr98-infected mice, mRNA levels of cyto-
kines IL-1a, TNF-a, and TNF-B and chemokines MIP-2 and
MCP-1 were not significantly upregulated at 2 weeks in SE-
infected mice (Fig. 5SA). These differences might correlate
with the different times of clinical disease onset in SE- and
Fr98-infected mice. Therefore, SE-infected mice were also ex-
amined at later times when clinical symptoms were apparent.

The progression of neurological disease is more variable in
SE-infected mice than in Fr98-infected mice. To ascertain if
clinical symptoms in SE-infected mice coincided with increased
cytokine and chemokine mRNA expression, at 4 to 10 weeks
postinfection with SE, mice with either severe clinical symp-
toms (clinical) or no symptoms (preclinical) were analyzed.
Surprisingly, no significant differences were observed between
preclinical and clinical SE-infected mice (Fig. 5B). The expres-
sion of MIP-1a, MIP-1B, RANTES, and IP-10 chemokine
mRNAs remained at high levels in all SE-infected mice at 4 to
10 weeks postinfection (Fig. 5B). In addition, mRNA levels
of cytokines IL-1a, TNF-a, and TNF-B and the chemokine
MCP-1 which were not upregulated at 2 weeks postinfection
were upregulated at 4 to 10 weeks (Fig. 5B). In contrast, MIP-2
mRNA levels were not upregulated in SE-infected mice at
these later time points.

Lack of cytokine or chemokine mRNA upregulation after EC
virus infection. The chimeric virus clone EC contains a second
neurovirulence determinant located in the EcoRI/AvrII region
in the middle of the Fr98 envelope gene (12). The disease
induced by EC develops at 3 to 5 weeks postinfection, and the
pathology and clinical symptoms are similar to those induced
by Fr98 and SE (12). At 2 weeks postinfection, prior to devel-
opment of clinical signs, IP-10 was significantly upregulated in
EC-infected mice compared to mock-infected controls (Fig.
6A). IL-1a also appeared slightly increased at this time but this
increase was not statistically significant. Neither IP-10 nor
IL-1a mRNA expression was increased in EC-infected mice at
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FIG. 5. Cytokine and chemokine mRNA expression in the cerebel-
lum of mice infected with SE. (A) Cerebellums were removed from
Fr98-, SE-, or mock-infected mice at 14 days postinfection. At this time
point, only Fr98-infected mice had clinical symptoms of disease. Total
RNA was analyzed for cytokine and chemokine mRNA expression as
described in the legend to Fig. 1. Results are the average for four to six
mice per group. (B) Cerebellums were removed from SE-infected mice
after the development of clinical symptoms and were compared to
those of age-matched but nonsymptomatic SE-infected mice or mock-
infected mice. Results are the average for four to eight mice per group.

the time of clinical disease, 3 to 5 weeks postinfection (Fig.
6B). All of the other cytokines and chemokines analyzed were
not increased in EC-infected mice at either time tested as
compared to mock-infected controls or to mice infected with
EC-1, which differs from EC by two amino acids but does not
induce neurological disease. Thus, with the exception of IP-10
at 2 weeks postinfection, the development of neurological dis-
ease in EC-infected mice did not correlate with an increase in
the cytokines or chemokines that were upregulated in mice
infected by Fr98 and SE viruses.
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DISCUSSION

The upregulation of cytokine and chemokine mRNA in the
CNS after retroviral infection (1, 27, 36, 42) may be responsi-
ble for the induction of neurological disease by these viruses
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FIG. 6. Cytokine and chemokine mRNA expression in the cerebel-
lum of mice infected with EC. (A) Cerebellums were removed from
Fr98-, EC-, or mock-infected mice at 14 days postinfection. Only Fr98-
infected mice had clinical symptoms of disease. Total RNA was ana-
lyzed for cytokine and chemokine mRNA expression as described in
the legend to Fig. 1. Results are the average for four to six mice per
group. Although the increase in IP-10 expression at 2 weeks postin-
fection in EC-infected mice is significant, this could be due to the very
low values for the mock-infected control at this time point. (B) Cere-
bellums were removed from EC-infected mice after the development
of clinical symptoms and compared to those of age-matched but non-
symptomatic mice infected with the nonvirulent virus EC-1, which
differs from EC by two amino acids in the envelope gene. RNAs from
the cerebellum of age-matched mock-infected mice were used as ad-
ditional negative controls. Results are the average for four to eight
mice per group.
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FIG. 7. Correlation between envelope sequences and cytokine and chemokine expression. The viral genomes of Fr98, Fr54, SE, and EC are
shown. Black bars indicate Fr98 envelope gene sequences, hatched bars indicate Fr54 envelope gene sequences, and white bars indicate FB29
sequences. Development of clinical signs of ataxia, seizures, and death occurred at approximately 2 weeks in Fr98-infected mice, 4 to 10 weeks in
SE-infected mice, and 3 to 5 weeks in EC-infected mice. High virus load indicates that viral p30 expression in the cerebellum at the time of clinical
disease was two- to threefold higher than that in mice with low viral loads (30). Upregulated expression of cytokine and chemokine mRNA was
determined by comparison to mock-infected controls as described in Fig. 1 through 5.

(9). Alternatively, the increased expression of these genes may
not be a mechanism of viral pathogenesis but rather a host
response to either retroviral infection of the CNS or virus-
induced neuronal damage. In the current study with polytropic
MuLVs, the increase in cytokine and chemokine mRNA ex-
pression was not due to a generic host response to viral infec-
tion, as avirulent viruses did not induce upregulation of gene
expression (Fig. 1 to 3). Furthermore, the upregulation of cy-
tokine and chemokine mRNA expression after neurovirulent
retroviral infection did not appear to be a late response to viral
pathogenesis, as the upregulation of these genes occurred prior
to the development of clinical disease (Fig. 2, 3, and 5). Thus,
the upregulation of cytokine and chemokine mRNA expres-
sion could be part of the disease process induced by neuro-
virulent retroviral infection. However, it cannot be ruled out
that these genes were upregulated in response to an early
pathogenic event and are an indicator, but not a mechanism, of
disease progression.

The upregulation of cytokines and chemokines by Fr98 but
not Fr54 demonstrates that the Sphl to Clal region of Fr98 is
responsible for the upregulation of these genes (Fig. 7). This
region can be further restricted to the Sphl to EcoRI segment,
as virus clone SE, but not virus clone EC, induced the mRNA
expression of many of the same cytokines and chemokines
induced by Fr98 infection (Fig. 7). At the time of clinical
disease, two- to threefold higher cerebellar virus levels were

found in mice infected with Fr98 or SE than in age-matched
mice infected with Fr54 or EC (28, 29). Thus, viral burden
may influence the upregulation of cytokine and/or chemo-
kine mRNA. The rapid progression of disease in Fr98-infected
mice makes it difficult to determine the relationship between
virus load and cytokine and chemokine upregulation. In con-
trast, disease progression is slower in SE-infected mice and
viral burden increases from a level similar to that of Fr54 at 2
weeks postinfection to a higher level, similar to that of Fr98, at
4 to 10 weeks postinfection (33). In SE-infected mice, chemo-
kine mRNA was upregulated at 2 weeks postinfection (Fig.
5A), prior to the increase in viral burden. Thus, chemokine
mRNA upregulation did not appear to be dependent on high
virus load in the cerebellum. In contrast, cytokine mRNA
expression may be induced by a high virus load, as cytokine
mRNA was not upregulated until 4 to 10 weeks postinfection
(Fig. 5B). The high virus load in Fr98- and SE-infected mice
may itself be induced by the increased expression of cytokines
such as TNF-a, which has been shown to increase retroviral
expression in vitro (8, 39).

The ability of virus clone EC to induce clinical symptoms
without increasing cytokine or chemokine mRNA expression
demonstrates that the upregulation of these genes is not nec-
essary for the development of all retrovirus-induced neurolog-
ical disease. EC contains a different segment of the Fr98 en-
velope than SE (Fig. 7) (12) and induces neurological disease
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at a lower viral burden than SE (30, 33). Therefore, the neu-
rovirulent regions encoded by EC and SE may influence dif-
ferent aspects of the disease process and, when combined,
induce disease at an increased rate as observed during Fr98
infection. For example, the EC region of the envelope gene
could possibly be directly neurotoxic, as has been postulated
for envelope sequences of other viruses such as HIV and Sind-
bis (15, 18), and the SE region might influence the rate of virus
spread into the brain (33).

The pathology induced by polytropic MuLVs consists mainly
of gliosis with minimal neuronal degeneration and in this re-
gard is similar to HIV dementia in humans. Although in-
creased levels of cytokine and chemokine mRNA expression
have been found in some patients with HIV dementia (36, 42),
not all patients show upregulation even at the terminal stage
of disease when brain samples are taken. In the current study
with polytropic MuL Vs, two clones, SE and EC, which contain
different regions of the Fr98 envelope gene, differed in their
capacity to induce cytokine and chemokine mRNA expression
even though both clones caused clinically similar neurological
diseases (Fig. 7). By analogy, the differences in cytokine and
chemokine mRNA expression in some HIV dementia cases
may be due to sequence differences in the envelope gene or
other genes of HIV variants (31). Possibly, HIV may induce
neurological disease by more than one pathway, which may or
may not include cytokine and/or chemokine mRNA upregula-
tion.

In contrast to the polytropic MuLVs studied here, the
neurological disease induced by the ecotropic MuLV virus,
FrCas®, is associated with extensive spongiform pathology
(28). Fr98 and FrCas" infect the same cell types but in different
regions of the brain and utilizing different receptors. Similar to
Fr98, FrCas® infection did induce the upregulation of several
chemokines and cytokines (1a), including TNF-a, RANTES,
MIP-1a, MIP-1B, and MCP-1. However, only MIP-la and
MIP-1p were upregulated in FrCas® mice prior to the onset of
severe clinical disease, and these chemokines appeared to as-
sociate with regions of spongiosis (1a). This more restricted
response in FrCas®-infected mice is surprising, since FrCas® is
present in the brain at two- to threefold higher levels than Fr98
(28). As Fr98 differs from FrCas® only at the envelope region,
the differences in cytokine and chemokine responses and pa-
thology induced by the two viruses appear to be encoded by the
envelope sequences.

The most likely sources of the increased cytokine and che-
mokine mRNA expression found in Fr98- and SE-infected
mice are astrocytes and/or microglia, both of which can pro-
duce cytokines and chemokines after in vitro stimulation (24,
26, 45). As all of the viruses in this study induce microgliosis
and astrogliosis, activation of microglia or astrocytes alone
is not responsible for the increase in cytokine and chemo-
kine mRNA expression (30, 33). Astrocytes and microglia have
unique proliferative and cytokine responses dependent upon
the type of in vitro activation, demonstrating that these cells
can respond differently to specific stimuli (16, 37, 44). Thus, the
difference in cytokine and chemokine profiles observed after
Fr98 and Fr54 infection may be due to different downstream
signaling events or biochemical pathways in astrocytes and/or
microglia induced by Fr98 and SE but not by Fr54 or EC.

The similar levels of mRNA expression for apoptosis genes
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in Fr98- and Fr54-infected mice suggest that neuronal apopto-
sis is not a primary mechanism of disease induction in this
model. The lack of apoptosis gene upregulation is consistent
with the absence of morphological signs of neuronal damage
and the lack of TUNEL-positive neurons in Fr98-infected mice
(data not shown) (28). Thus, the neurological disease induced
by Fr98 may be the result of impaired neuronal function rather
than the loss of neurons.

The upregulation of cytokines and chemokines like TNF-a,
IL-1a, MIP-1at, and MCP-1 is normally associated with recruit-
ing immune cells to a site of inflammation (1, 32, 38). However,
no inflammatory infiltrate is associated with the neurological
disease induced by Fr98 and SE (28). This lack of infiltrate may
be due to T-cell tolerance induced by neonatal viral infection,
preventing the recruitment of inflammatory cells to the brain
(3, 34). A similar pattern of increased cytokines, no inflamma-
tion, but the development of neurological disease is also ob-
served following neonatal infection with Borna disease virus in
rats (35) and Sindbis virus in mice (40). In the absence of
inflammation, there may be other pathological effects of in-
creased cytokines and chemokines since, at physiological lev-
els, chemokines are involved in neuronal development and sig-
naling (2) and neurotoxic cytokines such as TNF-a (10, 43)
may be detrimental to brain function.
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