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Several different mammalian neurotropic viruses produce an age-dependent encephalitis characterized by
more severe disease in younger hosts. To elucidate potential factors that contribute to age-dependent resistance
to lethal viral encephalitis, we compared central nervous system (CNS) gene expression in neonatal and
weanling mice that were either mock infected or infected intracerebrally with a recombinant strain, dsTE12Q,
of the prototype alphavirus Sindbis virus. In 1-day-old mice, infection with dsTE12Q resulted in rapidly fatal
disease associated with high CNS viral titers and extensive CNS apoptosis, whereas in 4-week-old mice,
dsTE12Q infection resulted in asymptomatic infection with lower CNS virus titers and undetectable CNS
apoptosis. GeneChip expression comparisons of mock-infected neonatal and weanling mouse brains revealed
developmental regulation of the mRNA expression of numerous genes, including some apoptosis regulatory
genes, such as the proapoptotic molecules caspase-3 and TRAF4, which are downregulated during develop-
ment, and the neuroprotective chemokine, fractalkine, which is upregulated during postnatal development. In
parallel with increased neurovirulence and increased viral replication, Sindbis virus infection in 1-day-old mice
resulted in both a greater number of host inflammatory genes with altered expression and greater changes in
levels of host inflammatory gene expression than infection in 4-week-old mice. Only one inflammatory response
gene, an expressed sequence tag similar to human ISGI12, increased by a greater magnitude in infected
4-week-old mouse brains than in infected 1-day-old mouse brains. Furthermore, we found that enforced
neuronal ISG12 expression results in a significant delay in Sindbis virus-induced death in neonatal mice.
Together, our data identify genes that are developmentally regulated in the CNS and genes that are differen-

tially regulated in the brains of different aged mice in response to Sindbis virus infection.

Age-dependent resistance to neurotropic viral infections was
first described more than half a century ago (33, 48, 64).
Younger mice are more susceptible than adult mice to several
different families of neurotropic viruses, including rhabdovi-
ruses, reoviruses, bunyaviruses, alphaviruses, and flaviviruses
(reviewed in references 9, 14, 34, 50, and 64). This phenome-
non is not restricted to mice, since several human neurotropic
viruses also commonly cause more severe infections in children
than in adults, including the most prevalent etiology of enceph-
alitis worldwide, Japanese B encephalitis, and important
causes of arthropod-borne encephalitides in the Western
hemisphere, such as Western equine encephalitis virus and La
Cross virus (reviewed in references 20 and 59). Children in-
fected with these viruses have both a higher acute mortality
rate, as well as a higher rate of neurologic sequelae, including
mental retardation, paralysis, and seizure disorders.

The molecular determinants of increased susceptibility of
younger hosts to severe viral encephalitis remain poorly de-
fined. In murine models, several biologic variables have been
postulated to contribute to the acquisition of resistance, in-
cluding maturation of the reticuloendothelial system (15), de-
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velopment of anatomic barriers (60), changes in receptor avail-
ability (31), potentiation of interferon (IFN) production (19),
acceleration of immune responses (53, 73), and decreases in
systemic stress responses (69). In addition, studies with Sindbis
virus (reviewed in reference 14), Semliki Forest virus (49, 50),
and reovirus (65) have also suggested that neuronal matura-
tion is a critical factor in the development of resistance to viral
infection. Neuronal maturation correlates not only with resis-
tance to viral replication but also is accompanied by increased
cellular resistance to virus-induced apoptosis (reviewed in ref-
erences 8, 34, and 35).

Studies to identify the molecular mechanisms underlying the
biologic variables postulated to contribute to age-dependent
resistance to fatal viral encephalitis have been largely incon-
clusive. In general, innate antiviral immune responses such as
IFN production and induction of IFN-regulated genes are
more robust in younger mice that have higher levels of repli-
cation and, therefore, the characterization of such responses
has not provided insight into the molecular basis for increased
disease severity in younger mice (7, 62, 69). Although acquired
immune responses are delayed in younger mice, mechanisms
independent of acquired immunity must be important since
mice devoid of both B and T cells also exhibit age-dependent
resistance to fatal Sindbis virus encephalitis (74). Furthermore,
despite the postulated importance of age-dependent suscepti-
bility to apoptosis in CNS pathogenesis (reviewed in references
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8, 34, and 35) and the observation that expression levels of the
antiapoptotic gene, bcl-2, correlates with susceptibility to Sind-
bis virus-induced apoptosis in cultured neurons in vitro (36),
postnatal developmental changes in the expression of anti-
apoptotic Bcl-2 family members have not been described in
vivo (reviewed in reference 12).

To investigate the molecular basis of age-dependent resis-
tance to fatal viral encephalitis, we used a Sindbis virus mouse
model system. Sindbis virus, the prototype member of the
Alphavirus genus, is a single-strand positive-sense RNA virus.
In mice, Sindbis virus produces encephalitis that serves as an
animal model for the human arthropod-borne encephalitides
caused by Eastern, Western, and Venezuelan equine enceph-
alitis viruses. Age-dependent susceptibility to lethal Sindbis
virus infection was originally described by Johnson et al. in
1972 (24) and has been characterized extensively (reviewed in
reference 14). In neonatal mice, intracerebral inoculation of
wild-type (strain AR339) and most laboratory strains of Sind-
bis virus result in rapidly fatal disease, characterized by high
levels of intracerebral and systemic production of IFN and
cytokines (29, 69, 70), and extensive neuronal apoptosis (36).
In weanling and adult mice, most strains are avirulent, despite
a similar tropism within the central nervous system (22; re-
viewed in reference 13). Single amino acid changes within the
viral E2 envelope glycoprotein can overcome the age-depen-
dent resistance to fatal disease (71), and infection with neuro-
virulent mutant strains is associated with increased viral repli-
cation, increased neuronal apoptosis, and increased induction
of host inflammatory response genes in older mice (25). Al-
though mutant strains of Sindbis virus that are neurovirulent in
older mice may cause neuronal death by mechanisms indepen-
dent of apoptosis (18), strong evidence exists that neuronal
apoptosis plays a critical role in the susceptibility of neonatal
mice to lethal disease. Enforced neuronal expression of several
different cellular and virally encoded apoptotic regulatory gene
products, including Bcl-2, Bax, CrmA, survival motor neuron
protein, and peripheral benzodiazepine receptor, reduces mor-
tality in neonatal mice (25, 28, 36, 37, 46).

The age-dependent resistance of mice to lethal infection
with Sindbis virus and other neurotropic viruses led us to
hypothesize that gene expression changes in the host CNS
during development may play a role in the acquisition of re-
sistance to neurotropic virus infection. To investigate this hy-
pothesis, we used DNA microarray technology to compare
CNS gene expression in mock-infected and Sindbis virus-in-
fected neonatal and weanling mice. Our results identify specific
host genes that are developmentally regulated in the CNS and
candidate regulators of age-dependent CNS viral pathogene-
sis. Furthermore, we show that increased expression of one of
these genes, mouse ISG12, exerts protective effects in neonatal
Sindbis virus encephalitis.

MATERIALS AND METHODS

Recombinant virus strains. The previously described recombinant strain of
double-subgenomic Sindbis virus, dsSTE12Q (23), was produced from a viral
c¢DNA clone by in vitro transcription and RNA transfection of BHK-21 cells as
previously described (36) and used for most experiments. To construct a recom-
binant chimeric Sindbis virus expressing mouse 1SG12, a 273-bp fragment con-
taining the open reading frame of the ISGI2 gene was amplified by PCR from
c¢DNA prepared from dsTE12Q-infected mouse brains, adding BstEII restriction
sites to the upstream and downstream primer and a flag epitope sequence to the
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upstream primer. The mouse ISGI2 gene was cloned into the BstEII sites of
dsTE12Q to generate the plasmid dsTE12Q/ISG12, and the correct sequence of
the insert was confirmed by sequencing. A control chimeric viral cDNA,
dsTE12Q/ISG12control, was also constructed in which the start codon of the
ISG12 gene was deleted. Stock viruses were produced from viral cDNA clones as
previously described (36) and viral titers were measured by plaque assay titer
determination on BHK-21 cells.

Animal studies. The right cerebral hemispheres of 1-day-old and 4-week-old
CD1 mice (Charles River) were inoculated with 1,000 PFU of virus diluted in
0.03 ml of Hanks balanced salt solution (HBSS). A 0.03-ml volume of HBSS
balanced was used for mock infections. For mortality studies, five to eight
separate litters were inoculated with virus and the mice where observed daily for
21 days to monitor survival. For RNA isolation, brains were dissected at 1, 2, and
3 days (24, 48, and 72 h) after inoculation for reverse transcription-PCR (RT-
PCR) analysis and at 3 days (66 h) postinoculation for GeneChip expression
analysis. The left hemisphere of the brain was rapidly frozen and stored at
—80°C. The right cerebral hemisphere was used to make a freeze-thaw 10%
homogenate in HBSS for subsequent plaque assay on BHK-21 cells.

Histopathology. The right cerebral hemispheres of paraformaldehyde-fixed
mouse brains were embedded in paraffin, and a series of 4-um-thick sagittal
sections were cut from medial to lateral. For each dsTE12Q-infected brain,
sequential sections were examined by hematoxylin and eosin (H&E) staining to
detect histopathology, TUNEL (terminal deoxynucleotidyltransferase-mediated
dUTP-biotin nick end labeling) staining to detect apoptosis, and immunoperox-
idase staining to detect Sindbis virus antigen. TUNEL staining was performed by
using the ApopTag peroxidase in situ apoptosis detection kit (Intergen).
Immnunostaining to detect Sindbis virus antigen was performed by using a
polyclonal anti-Sindbis virus antibody (1:400 dilution) (22) and the avidin-biotin
peroxidase method (Vecta-Stain ABC kit; Vector Laboratories). A similar
method was used to detect mouse fractalkine with a polyclonal goat antimurine
fractalkine antibody (1:125 dilution; R&D Systems, Minneapolis, Minn).

GeneChip expression analysis. RNA was prepared for GeneChip expression
analysis as specified by the manufacturer (Affymetrix) and as described previ-
ously by our laboratory (25) and others (6, 32, 77). Total RNA was isolated from
the left hemispheres of brains dissected 3 days after virus infection, and RNA
obtained from six mice per treatment group was pooled. Biotin-labeled cRNA
was generated from pooled RNA samples as described and hybridized to Murine
11K GeneChip subarrays A and B (Affymetrix) (25).

Data analysis. The data collected after hybridization of biotin-labeled cRNA
from each treatment group was analyzed by using GeneChip Suite Software.
Internal controls for hybridization intensity and cRNA synthesis were included
on each chip and have been discussed elsewere (6). Samples were normalized to
glyceraldehyde phosphate dehydrogenase (GAPDH), actin, and 18S RNA levels.
The Absolute Analysis algorithm was used to calculate whether genes were
“absent” or “present” based on previously described parameters (77). To calcu-
late the fold changes in genes in two different samples, the Comparison Analysis
algorithm (Affymetrix) was used (77). Four different comparison analyses were
performed, including one with cRNA from mock-infected brains of 1-day-old
mice as the baseline sample and cRNA from dsTE12Q-infected brains of 1-day-
old mice as the experimental sample (NSVNM; N, neonatal; S, Sindbis virus
infected; M, mock infected), one with cRNA from mock-infected brains of
4-week-old mice as the baseline sample and cRNA from dsTE12Q-infected
brains of 4-week-old mice as the experimental sample (WSYWM; W, weanling; S,
Sindbis virus infected; M, mock infected), one with cRNA from dsTE12Q-
infected brains of 1-day-old mice as the baseline sample and cRNA from
dsTE12Q-infected brains of 4-week-old mice as the experimental sample
(WSvNS), and one with cRNA from mock-infected 1-day-old mice as the base-
line sample and cRNA from mock-infected brains of 4-week-old mice as the
experimental sample (WMvNM). Genes that were both “absent” in the absolute
analysis of the baseline sample and “decreasing” in the experimental sample on
comparison analysis were excluded from analysis. Genes that were both “absent”
in the absolute analysis of the experimental sample and “increasing” in the
experimental sample upon comparison analysis were also excluded. In addition,
genes that were altered in the comparison of NSVNM or WSvWM but not altered
in the comparison of WSvWM or WMvNM were excluded from analysis.

Cloning of mouse ISG12. 5" and 3’ RACE (rapid amplification of cDNA ends)
was performed by using the Marathon protocol and Marathon-Ready mouse
brain cDNA according to the manufacturer’s instructions (Clontech) with prim-
ers derived from the expressed sequence tag (EST) of GenBank accession no.
AA145371 (forward primer for 3' RACE, AACATGTTGGGAACACTGTT;
reverse primer for 5" RACE, CTGCTGATTGGAGTGTGGCT). The 5" and 3’
RACE products were subcloned into the TA cloning vector, and multiple sub-
clones were sequenced. The 5’ and 3" RACE sequences were aligned with the
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EST sequence (GenBank accession no. AA145371) to obtain a predicted com-
plete cDNA sequence of mouse ISGI2.

Analysis of CNS gene expression by RT-PCR. Total RNA was extracted by
using TRIzol Reagent, and poly(A) RNA was isolated by using an Oligotex
Direct mRNA kit (Qiagen) from triplicate mouse brains on days 1, 2, and 3 after
mock infection or infection with 1,000 PFU of dsTE12Q intracerebrally. A 1-ug
portion of poly(A)" RNA was used to synthesize cDNA with avian myeloblas-
tosis virus reverse transcriptase (Boehringer Mannheim) and an oligo(dT)
primer (Boehringer Mannheim), and PCR was performed as described previ-
ously (74) to detect the Sindbis virus E2 glycoprotein gene (plus-strand primer
[positions 8607 to 8626], 5'-GGATCGTCTGGCAGAAGCAA-3’; minus-strand
primer [positions 8893 to 8912], 5'-AAGCCTTCTACACGGTCCTG-3"), mu-
rine fractalkine (plus-strand primer, 5'-GACGAAATGCGAAATCATGTGC-
3’; minus-strand primer 5'-TCCAATGCTCTGAGGCTTAGC-3"), murine
ISG12 (plus-strand primer 5-GTTGGGAACACTGTTTGGCTC-3'; minus-
strand primer 5'-TAGGATGGCATTTG TTGATGTG-3"), murine TRAF4
(plus-strand primer, 5'-GCAGGAGTTTCTCAGTGAAGG-3'; minus-strand
primer, 5'-CACTCAGACGTGGCATGCTG-3'), and the constitutively ex-
pressed cellular gene, GAPDH (plus-strand primer, 5'-ACCACCATGGAGAA
GGCTGG-3"; minus-strand primer, 5'-CTCAGTGTAGCCC AGGATGC-3").
Serial dilutions of positive controls for each gene of interest were amplified at 20,
25,30, and 35 cycles to determine the optimal number of amplification cycles that
resulted in a linear relationship between the initial RNA input and PCR product.
Twenty-five cycles of amplification was used in each PCR in the data shown in
Fig. 3 and 4.

Northern blot analysis. A total of 20 p.g of total RNA per sample (pooled from
three mouse brains) was electrophoresed on a 1.2% agarose-formaldehyde gel,
transferred to a nylon membrane, and hybridized with a [**P]JdCTP randomly
labeled mouse ISG12 or mouse GAPDH probe by using Express Hyb hybrid-
ization solution (Clontech) according to the manufacturer’s instructions.

RNase protection assay. RNase protection assays to measure RNA expression
of caspases in mouse brain samples were performed by using the RiboQuant
Apo-1 Multi-Probe RNase Protection Assay kit (PharMingen) according to the
manufacturer’s instructions.

RESULTS

The dsTE12Q strain of Sindbis virus strain produces age-
dependent lethal disease in mice. Wild-type Sindbis virus (and
recombinant strains of Sindbis virus derived from molecular
clones that are similar to wild-type virus) are known to produce
lethal disease in neonatal mice and asymptomatic infection in
weanling and adult mice. Because of the utility of using double
subgenomic strains of Sindbis virus as vectors to express host
genes in vivo (reviewed in reference 16), we evaluated whether
the double subgenomic strain of Sindbis virus, dsTE12Q, also
produces age-dependent fatal disease. We found that intrace-
rebral inoculation of 1,000 PFU of dsTE12Q resulted in 100%
mortality of 1-day-old infected mice within 8 days of infection,
whereas no mortality or clinically apparent disease was ob-
served in 4-week-old infected mice (Fig. 1A and data not
shown). The absence of clinical symptoms of infection in
4-week-old mice cannot be explained by the inability of Sindbis
virus to replicate in weanling mice, since mean peak viral titers
were ca. 10° PFU per g of brain in the 4-week-old infected
mice (Fig. 1B). In 1-day-old-infected mice, mean viral titers
were somewhat higher and peaked ca. 10° PFU per g of brain
by day 2 postinfection, when all of the mice were moribund.
These data demonstrate that Sindbis virus replicates both in
1-day-old mice and in 4-week-old infected mice (albeit less
efficiently) but only causes fatal disease in 1-day-old mice.

Histopathologic analyses of 1-day-old and 4-week-old
dsTE12Q-infected brains revealed marked differences in CNS
pathology. Consistent with the lower viral titers, few Sindbis
virus antigen positive cells were detected in the brains of in-
fected 4-week-old mice (Fig. 1C). In contrast, numerous large
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foci of Sindbis virus antigen-positive cells were found in dif-
ferent regions of the brains of dsTE12Q-infected 1-day-old
mice, most commonly in the supraventricular zone, olfactory
bulb, hippocampus, colliculus, hippocampus, thalamus, stria-
tum, and posterior neocortex. Although the number of Sindbis
virus antigen-positive cells was markedly decreased in
dsTE12Q-infected 4-week-old mice, the virus displayed a sim-
ilar cellular tropism for neurons and similar regional tropism in
1-day-old and 4-week-old mice. In regions of viral antigen
staining in the brains of 1-day-old mice, numerous pyknotic
nuclei were observed by H&E staining (data not shown) and
numerous apoptotic nuclei were observed by TUNEL straining
(Fig. 1C). In contrast, the brains of infected 4-week-old mice
had no TUNEL-positive nuclei or histologic evidence of neu-
ronal destruction, a finding consistent with previous reports of
age-dependent resistance to alphavirus-induced neuronal ap-
optosis (1, 22, 38).

Despite extensive neuronal destruction, there was no detect-
able inflammatory cell infiltration observed in the brains of
virus-infected 1-day-old mice. The lack of inflammatory
changes characteristic of “encephalitis” in the brains of mori-
bund neonatal mice is consistent with our previous observa-
tions in 10-day-old mice infected with the virulent dsTE12H
strain of Sindbis virus (25) and findings by Trgovcich et al. in
neonatal mice infected with the virulent TRSB strain of Sind-
bis virus (70). Similar to previous studies of Sindbis virus
pathogenesis in weanling mice, classic histologic features of
encephalitis such as perivascular cuffing and lymphocytic infil-
tration were, however, observed in the brains of dsTE12Q-
infected 4-week-old mice (data not shown).

In summary, these data demonstrate that intracerebral in-
fection of dsTE12Q in neonatal mice results in lethal disease
accompanied by high levels of CNS replication and extensive
neuronal death in the absence of histologically detectable in-
flammation. Morever, intracerebral dsTE12Q infection in
weanling mice results in an asymptomatic “encephalitis” that is
associated with lower levels of viral replication and no evidence
of neuronal destruction. Thus, dsTE12Q infection provides a
useful model for studying the molecular determinants of age-
dependent resistance to lethal CNS viral infection.

Apoptosis-related genes are developmentally regulated in
the mouse CNS. To identify developmental changes in CNS
gene expression that are candidate regulators of age-depen-
dent susceptibility to fatal viral infection, we used DNA mi-
croarray technology to compare gene expression in the brains
of mock-infected 1-day-old and mock-infected 4-week-old
mice (Table 1). The mRNA expression levels of 77 genes
(including 67 known genes and 10 ESTs) increased >5-fold in
the brains of 4-week-old mock-infected mice compared to
1-day-old mock-infected mice, whereas the mRNA expression
of only 18 genes (including 14 known genes and four ESTs)
decreased more than 5-fold in the brains of the 4-week-old
mice. Many of these genes encode proteins are either specifi-
cally expressed in the nervous system or that play specific roles
in neuronal function, such as protein involved in myelination,
neurotransmission, neuronal receptors, synaptic vesicle trans-
port, and ion channels. Also, several genes encoding proteins
involved in the cytoskeleton, calcium-binding, extracellular
matrix and adhesion, protein degradation, metabolism, and
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FIG. 1. dsTE12Q infection produces more severe CNS disease in 1-day-old CD1 mice than in 4-week-old CD1 mice. (A) Survival curves of
1-day-old and 4-week-old CD1 mice infected intracerebrally with 1,000 PFU Sindbis virus, strain dsTE12Q. The data represent combined survival
probabilities for five independent litters with 10 to 12 mice per litter. (B) Viral growth of dsTE12Q in brains of CD1 mice infected at 1 day and
4 weeks of age. Each datum point represents the geometric mean viral titer and standard error of the mean for three mouse brains. (C) Immu-
noperoxidase labeling to detect Sindbis virus antigen and TUNEL labeling to detect apoptotic nuclei in the brains of mice infected at 1 day or four
weeks of age. Representative regions are shown from the colliculus 60 h after infection. Magnification, X194.

lipid transport (e.g., apolipoprotein D) were also found to be understanding at present of the molecular details of virus-
developmentally regulated. neuron interactions to postulate which genes may be candidate

Although developmental regulation of genes involved in regulators of viral pathogenesis. In contrast, apoptosis-related
neuronal function may play a role in determining age-related genes that are developmentally regulated are identifiable as
susceptibility to infection with Sindbis virus, there is insufficient candidate determinants of age-dependent differences in Sind-
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TABLE 1. Genes that change by =5-fold in 4-week-old compared to 1-day-old uninfected mouse brains

J. VIROL.

Gene family and gene name Accession no. Fold Gene family and gene name Accession no. Fold
change change
Annexins Ran L32751 13.9
Annexin V U29396 5.6
Ion channels
Actin/cytoskeleton Shaker K* channel beta X97281 54
Tetex-1 W15873 -8.2 mbGIRK3 K" channel U11860 6.3
Beta-tubulin AA098307 5.2
Connexin-30 770023 6.3 Voltage-gated Na™ channel (beta 1 subunit) 148687 82
Alpha-tubulin M13444 6.5 TYRO3 U05683 10.1
Gelsolin J04953 7.4 Voltage-dependent K™ channel beta subunit U31908 12.2
Voltage-gated K" channel protein KV1.1 Y00305 17.3
Apoptosis related
Caspase-3 U54803  —12.8 Lipocalins
Apolipoprotein D L39123 26.1
Calcium-binding proteins )
Calbindin-D28K M21531 5 Metabolism
Calcyclin M37761 6.4 ls’ftiSI?hCl aClii. S_ynth_adse 0 >161863352324 *1%
. -Aminolevulinic acid synthase —11.
$100 beta protein Laz144 74 Protein phosphatase 2A AA065915 —6.8
Glutathione S-transferase AA638086 5.1
Ce&?ggﬁﬁted 1.20899 75 Aldehyde dehydrogenase M74570 5.7
) Aspartate aminotransferase J02623 5.8
. Nl-acetyltransferase SSAT L10244 6.1
Chemokines Similar to human platelet 6- AA072252 64
Fractalkine U92565 9.8 phosphofructokinase
. ) Similar to phosphatidylinositol 4,5-bisphosphate AA638530 6.6
Extracellular matrix and cell adhesion Hypoxanthine-guanine J00423 8.1
Nidogen X14194 =17 phosphoribosyltransferase
Tenascin X56304 =51 Carbonic anhydrase II K00811 10.4
Similar to human cell adhesion kinase beta AA175767 8.8 Glycerol-3-phosphate dehydrogenase M13366 10.4
Similar to human glyoxalase 11 W08455 133
Nervous system related Protease inhibitors
1. Neurotransn_ntters Cystatin B U59807 51
Proenkephalin A M13227 6.3 Similar to human flastase inhibitor AA145127 56
Telencephalin U06483 10.5 Similar to human HtrA AA059662 7.3
GABA X51986 36.0 Inter-alpha trypsin inhibitor, heavy chain 3 X70393 7.5
2. Synaptic function . .
SNAP25 M22012 57 Protein degradation
Syntaxin 4 U76832 5.6 Cathepsin C U89269 5.3
3. Other Cathepsin S AA255186 7.5
Unc-33-like phosphoprotein (Ulip) X87817 —16.1 MISCELLANEOUS
Similar to human Doc-2 W37024 =57 Parotid secretory protein (PSP) X01697  —19.6
N-copine R74842 52 Salivary protein 1 X00349  —18.9
P24 D83206 5.7 CD24 antigen X53825 144
Neurofilament component H M35131 59 Retinol-binding protein AA049662 5
GABA-a/BZ receptor Mo63436 12.6 Human mitochondrial 75-kDa FeS protein V00835 5.1
Neuronal pentraxin 1 (NP-1) U62021 14.3 Prion protein o M13685 5.3
Myelin proteolipid protein (PLP) X07215 14.7 P-selectin glycoprotein ligand-1 (PSGL-1) X91144 6.1
Mpyelin-associated glycoprotein M31811 15.3 FK506-binding protein 13 (FKBP13) M77831 6.9
Purkinje cell protein 2 (L7) M21532 19.4 Hrpl2 U50631 8.2
Myelin-oligodendrocyte glycoprotein U64572 23.1 Alpha B crystallin M63170 9.1
. Prealbumin D89076 9.9
P400 protein X15373 27.4 Parvalbumin X59382 373
Similar to human MOBP US81317 29.6 :
Oligodendrocyte-specific protein (OSP) U19582 30.7 Unknown
EST W53443  —10.9
Nucleotide exchange factors EST AA152671 -84
R-ras3 AB004879 5.1 EST AAS16966 =54
Tiam-1 U05245 7 EST AA408420 - =5
SKD-2 U10120 8.7 EST AA166452 54
EST AA521958 5.5
EST W41070 5.5
Growth factors
CD-MPR X64068 7 EST AATOSI0 83
Colony-stimulating factor 1 receptor X06368 59 EST AA266791 8.4
EST R74641 11.1
IFN-pathway related EST R75354 19.8
Similar to IFN-inducible protein 1-8U W20873 =52 EST R75030 20.9
(human) EST AA673405 214
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FIG. 2. mRNA expression patterns of apoptosis-related genes in the brains of mock-infected 4-week-old mice compared with mock-infected

1-day-old mice.

bis virus pathogenesis since apoptosis plays a critical role for
apoptosis in the pathogenesis of several different CNS viral
infections. Therefore, we compared the expression of all
known antiapoptotic bcl-2 family members, all cell death sig-
naling molecules, and all cell death proteases (caspases) in-
cluded in the Affymetrix 11K GeneChip (Fig. 2). Of the apop-
tosis-related genes included in the analysis, CNS mRNA
expression of Bcl-2 family members did not differ between
mock-infected 1-day-old and 4-week-old mice. We confirmed
this by RNase protection assay using the Apo-2 Multi-Probe
RNase protection assay kit (PharMingen) (data not shown).
Among the cell death signaling molecules, developmental reg-
ulation was observed only for TRAF4, a TRAF family member
that promotes apoptosis through interactions with the p75~™®
neurotrophin receptor (76). TRAF4 mRNA expression was
decreased by nearly 12-fold in the brains of 4-week-old com-
pared to 1-day-old mice. Only three caspases were included in
the GeneChip analysis, two of which are involved primarily in
inflammation, caspase-1 and -11, as well as caspase-3, a com-
mon death effector molecule that is downstream in multiple
different apoptotic signaling pathways (reviewed in reference
72). Interestingly, caspase-3 mRNA expression was decreased
by almost 12-fold in the brains of the weanling mice compared
to the brains of the neonatal mice.

In addition to Bcl-2 family members, cell death signaling
molecules, and caspases, certain chemokines, such as frac-
talkine, MDC, MIP-1B8, RANTES, and SDF-1a, have also
been shown to play a role in vitro in regulating susceptibility to
neuronal apoptosis (reviewed in reference 34). Therefore, it is
also of potential interest that fractalkine, a chemokine ex-
pressed by neurons in both a membrane-bound and soluble
form (reviewed in reference 43), was developmentally upregu-

lated postnatally in mouse brain. In our GeneChip expression
analysis, fractalkine mRNA expression was nearly 10-fold
greater in the brains of 4-week-old than in the brains of neo-
natal mice. Consistent with the lack of inflammation-associ-
ated changes in neuronal fractalkine expression in rats with
experimental autoimmune encephalomyelitis (61), we found
that fractalkine mRNA expression, unlike that of several other
chemokines, was unaltered by Sindbis virus infection in either
neonatal or weanling mice (Tables 1 and 2).

Given the potential importance of the developmental down-
regulation of proapoptotic molecules such as caspase-3 and
TRAF4 and the developmental upregulation of the neuropro-
tective chemokine, fractalkine, in developmental changes in
susceptibility to Sindbis virus-induced apoptosis, we sought to
confirm the observed changes in GeneChip expression by using
independent methods to measure gene expression and with
RNA samples derived from independent groups of mice. Using
an RNase protection assay, we evaluated expression of
caspase-3 and other caspases in the brains of 1-day-old, 10-
day-old, and 4-week-old brains at days 1, 2, and 3, after
dsTE12Q or mock infection (Fig. 3A). After correcting for
differences in RNA loading by normalizing signal intensities to
those observed with the control probes for L32 and GAPDH,
we found that only caspase-3 mRNA expression was signifi-
cantly altered in the CNS during development (14.4-fold de-
crease in 4-week-old versus 1-day-old mouse brains). We con-
firmed by RT-PCR (Fig. 3B) that TRAF4 mRNA expression
was decreased in the brains of both mock-infected and Sindbis
virus-infected 4-week-old mice compared to the brains of
1-day-old mice. In addition, RT-PCR analysis confirmed a
developmental increase in CNS fractalkine mRNA expression
in 4-week-old mock- and dsTE12Q-infected brains. Further-
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TABLE 2. Genes that change =5-fold in 1-day-old or 4-week-old Sindbis virus-infected mouse brains®

Fold change®

. Accession
Gene family and gene name
no. NSYNM WSVWM WSVNS WMvVNM

Antigen presentation

MHC class II, Fas-BP Daxx AAT27845 7.5 NC 2.7 NC

MHC class I, beta-2 microglobulin X01838 8.5 4.1 NC 2.1

MHC class I, heavy chain precursor H-2K U47329 8.5 5.3 -1.3 1.9

MHC class I, H2-D X00246 9.2 6.8 -1.3 NC

MHC class I, H-2M3 U18797 9.4 1.9 2.8 2.7

MHC class I, Qa-1a L00606 9.9 9.9 NC NC

Tap-1 M55637 11.6 3.4 —-49 NC

MHC class I, Q8/9d M29881 13.5 10.7 -2 NC

MHC class I, H2-T23 AA060835 17.7 NC -9.6 NC

MHC class I, H2-TL-T10-129 M35244 22.4 7.6 -5 NC

MHC class I, H-2 Dr M69070 22.6 17.6 —24 NC

MHC class II-associated invariant chain X00496 25.0 5.7 —6.3 NC

MHC class I, Qa-Tla M11284 30.1 7.4 2.1 NC

MHC class I, A.CA/J(H-2K-1) M69069 66.3 10.6 -2.1 -1.1
Calcium-binding proteins

Calgranuin B M83219 53 NC -6 NC

Calcyclin M37761 6.2 NC NC 6.4

Calgranuin A M83218 9.2 -10.9 NC
Chemokines

Growth-regulated protein (GRO1)/KC J04596 8.4 -10.3

MCP-5 Us0712 10.1 NC NC

Crg-2/IP-10 M33266 19.8 24 —6.1 NC

JE/MCP-1 M19681 24.6 10.3 -8.1 —42

RANTES U02298 35.4 10.2 —14.4 NC
Complement

Complement component C4 M17440 7.6 2.1 NC 2.6

Complement C2 component factor B K01496 8.4 NC 2.7 NC

Complement component C2 gene M60579 8.4 —2.2
Extracellular matrix and cell adhesion

Entactin X14194 NC 7.7 —4.1 =77

Vascular cell adhesion molecule 1 (VCAM-1) X67783 5 23 -23 -23

Intercellular adhesion molecule 1 (ICAM-1) X52264 5.1 =7

Macrophage colony-stimulating factor 1 (CSF-1) M21952 5.8 =71 NC

Galectin-9 U55060 12.4 2.6 -3.6 NC

Proteoglycan, secretory granule X16133 12.5 35 NC 3.8
Hematopoietic cell surface molecules

CD82 antigen D14833 59 NC NC 4.8

Lymphocyte antigen Ly-6C D86232 7.9 5.3 NC NC

Lymphocyte antigen Ly-6.2 M18184 64.9 7.9 —-1.2 6.6

High-affinity Fc receptor for IgG M31314 6.1 5.3 NC
IFN-pathway related

IFN-activated 203 protein AA170251 5 6 NC NC

GBP2 AA153021 59 5.5 NC NC

Intercrine 712297 6.6 3.8 NC

IFP35 AA013783 7.5 NC -5.6 NC

IFN-activated 202 A protein M31418 9.7 6.9 NC

G-protein-like LRG-47 U19119 10.5 12.1 NC

Mx M12279 13.9 4.7 —6.4

GTPase (Ran) L32751 14.9 NC NC 13.9

Similar to IFN-inducible protein 1-8D AA002526 15.2 15 NC NC

Similar to IFN-y GTP-binding protein Us53219 20.6 10.3 -3

Similar to ISG12 (human) AA145371 20.6 49.2 2.1 NC

GTP-binding protein 138444 22.4 12.4 —2.2

GARG 39 U43085 22.9 NC 3.1

GBP-2 AA288442 232 5.5 -3.8

Similar to IFN-inducible protein 1-8U W12941 25.4 7.5 -1.5 2.4

GBP3 U44731 25.7 9.2 -23

IRF-7 U73037 26.8 5.3 -2.6

Continued on facing page
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TABLE 2—Continued

Fold change”

. Accession
Gene family and gene name
no- NSYNM WSVWM WSVNS WMvVNM
GARG 49/irg2 132974 27 11.4 =15 NC
GARG-16 U43084 29.1 7.2 NC NC
2'5" oligonucleotide A synthetase M33863 30.1 35 -3
IFN-inducible GTPase AA415898 36.1 14.9 —4.1
Similar to BestS protein (rat) AA175784 47.4 16 —42 NC
IFN-induced 15-kDa protein (ISG15) X56602 121.2 38.2 =32
Lipocalins
Lipocalin 2 (24p3) X81627 373 3 7.1 NC
Apolipoprotein D L39123 39.8 NC NC 26.1
Nervous system related
P400 Protein X15373 =51 NC 46.1 27.4
Similar to S182 proteim (m-Numb) U70674 2 9.6 2.4
Oligodendrocyte-specific protein (OSP) U19582 2.9 -12 12 30.7
Protease inhibitors
Tissue inhibitor of metalloproteinase-1 V00755 8.3 34 —-13
Spi2 proteinase inhibitor Mo64086 14.5 10.5 =27 NC
Protein degradation
Similar to S182 protein U70674 2 9.6 2.4
LAMP-2 J05287 5.1 1.7 NC 3.8
Cathepsin S AA255186 6.6 2.6 6.9 7.5
Similar to ubiquitin-activating enzyme E1 AA170444 10.5 -23 NC
Lmp10 D85561 7.2 2.1 -22 2.4
CTLA-2 alpha X15591 8.4 4.7 =29 -1.6
Cathepsin C U89269 9.2 2.2 NC 5.3
E2 ubiquitin-conjugating enzyme AA273574 17.6 10.7 -3.6 NC
Lmp2 D14566 18.2 7.9 -10.2 NC
EST, similar to lysophospholipase AA170668 23 7 -25
Ubiquitin-specific protease 18 AA286391 35.2 21 -25
Lmp7 U22031 60.2 17.6 NC NC
Transcriptional regulators
Regulatory protein T-lymphocyte 1 (rpt-1) J03776 5.4 4.3 2.4
Rpo2lcl J03750 7.2 NC NC 7
Estrogen-responsive finger protein (Elp) D63902 9 4.5 2.8 1.3
c-fos V00727 13 NC 2.3
Stat-1 U06924 13.4 11 NC NC
C/EBP delta X61800 18.1 7.4 NC
Miscellaneous
Prolactin X02892 NC 6 8.8
Parotid secretory protein (PSP) X01697 -19.2 -19.6
Salivary protein 1 X00349 —17.7 -18.9
MyD116 X51829 52 NC -8.7 NC
TDAGS51 U44088 5.3 NC NC 4.7
Prealbumin D89076 5.4 NC 1.8 9.9
Prostaglandin E synthase W97022 5.4 NC -23
Nl-acetyltransferase SSAT L10244 7.1 NC NC 6.1
Thymidylate kinase family lipopolysaccharide-inducible protein (TYKi) 132973 8 1.9 -2.4 NC
Tumor necrosis factor alpha-induced protein 2 (B94) 124118 8.1 =7.6 NC
Onzin AA638539 12.5 9 1.4
Cyclophilin C-associated protein X67809 41.4 27.3 NC
Serum amyloid A3 X03479 56.1 —54.9
Unknown
EST AA277082 5 NC NC
EST AA033381 5.1 5.1
EST C80656 52 NC -6.7 NC
EST AA255253 53 6.4 NC
EST C78546 5.5 1.9 NC 2.3
EST AA177851 7.8 4.5 =29
EST AA163876 8.6 5.1 -23

“ NSvNM, Sindbis virus-infected neonatal mouse brains compared to mock-infected neonatal mouse brains; WSvWM, Sindbis virus-infected weanling mouse brains
compared to mock-infected weanling mouse brains; WSvNS, Sindbis virus-infected weanling mouse brains compared to mock-infected neonatal mouse brains;
WMvNM, mock-infected weanling mouse brains compared to mock-infected neonatal mouse brains; NC, no change.
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FIG. 3. Caspase-3, TRAF4 and fractalkine expression differs in the brains of 1-day-old versus 4-week-old CD1 mice. (A) RiboQuant Apo-1
Multi-Probe RNase protection assay measuring caspase mRNA expression in the brains of dsTE12Q- or mock-infected mice of different ages at
serial time points after infection. RNA was pooled from three mice per time point per treatment group. (B) RT-PCR analysis of RNA samples
from triplicate mouse brains harvested at serial time points after infection with dsTE12Q or mock infection to detect GAPDH, Sindbis virus E2
envelope glycoprotein, fractalkine, and TRAF4. (C) Immunoperoxidase staining to detect fractalkine expression in mock-infected 1-day-old and
4-week-old brain tissue. Representative sections from the hippocampus by using a X4 (upper panels) or X10 (lower panels) objective lens. C-,
caspase; p.i., postinfection; fract, fractalkine.
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more, immunohistochemical analyses with an anti-fractalkine
antibody demonstrated that fractalkine immunoreactivity was
more intense in the brains of 4-week-old compared to 1-week-
old mice (see Fig. 3C for representative photomicrographs).
The fractalkine immunostaining appeared to localize predom-
inantly to neurons, a finding that is consistent with previous
reports (47, 61, 68).

The GeneChip expression data, combined with the use of
independent methods to evaluate developmental regulation of
CNS expression apoptosis-related molecules, demonstrates
that two proapoptotic molecules—caspase-3 and TRAF4—
show increased expression in neonatal mouse brain and one
neuroprotective chemokine, fractalkine, shows increased ex-
pression in weanling mouse brain. These molecules are “can-
didate” regulators of age-dependent susceptibility to virus-in-
duced neuronal apoptosis.

The host inflammatory gene response is more robust in the
brains of Sindbis virus-infected neonatal mice than weanling
mice. We found that dsTE12Q infection in 1-day-old mice
altered CNS gene expression to a greater extent than dsTE12Q
infection in 4-week-old mice (Table 2). The expression of very
few genes decreased by fivefold or more in response to
dsTE12Q infection in either neonatal mouse brains (n = 3) or
weanling mouse brains (n = 1). However, expression levels of
93 genes increased by =5-fold in virus-infected neonatal
mouse brains, and expression levels of 45 genes increased by
=5-fold in virus-infected weanling mouse brains. Of the genes
with increased expression in neonatal mouse brains, more than
half (n = 51) had significantly greater levels of expression in
direct comparisons of infected neonatal compared to infected
weanling mouse brains. These results indicate that dsSTE12Q
infection in neonatal mouse brains results both in an increased
number of host genes with altered CNS expression, as well as
greater magnitudes of increased gene expression compared to
dsTE12Q infection in weanling mouse brain.

The list of host genes that are upregulated in dsTE12Q-
infected 1-day-old and 4-week-old infected brains (Table 2)
overlaps substantially with our previous findings comparing
CNS gene expression in 10-day-old mice infected with a lethal
and nonlethal strain of Sindbis virus (25). The major categories
of genes with altered expression in response to Sindbis virus
infection include genes encoding molecules involved in antigen
presentation and protein degradation, complement proteins,
chemokines, lipocalins, and IFN-regulated proteins. The most
marked increases (>20-fold) in gene expression were observed
in dsTE12Q-infected neonatal brains in several MCH class I
molecules (22.4- to 66.3-fold), lymphocyte antigen LY-6.2
(64.9-fold), the lipocalins lipocalin 2 (37.3-fold) and apoli-
poprotein (39.8-fold), the protein degradation molecules ubig-
uitin specific protease 18 (35.2-fold) and Lmp7 (60.2-fold),
cyclophilin C-associated protein (41.4-fold), and the chemo-
kines MCP-1 (24.6-fold) and RANTES (35.4-fold). In addi-
tion, expression was increased by more than 20-fold of 14 genes
that are either induced by IFN and/or involved in IFN signal-
ing, including IFN-inducible proteins involved in GTP binding
or GTPase activity, glucocorticoid attenuated response genes,
the IFN regulatory factor IRF-7, the well-characterized anti-
viral molecule 2'-5" oligoadenylate synthetase, and IFN-induc-
ible genes of an as-of-yet uncharacterized function. This latter
group includes an IFN-inducible ubiquitin-like 15-kDA pro-

RESISTANCE TO LETHAL ALPHAVIRUS ENCEPHALITIS IN MICE

11697

tein, ISG15, which was the gene with the greatest magnitude of
induction in our study (121.2-fold) and also the IFN-inducible
gene with the greatest magnitude of induction in GeneChip
expression analyses of cytomegalovirus infection in fibroblast
cells (150-fold) (77).

For almost all of the genes classified in categories with es-
tablished roles in the host response to viral infection (ie.,
molecules involved in antigen presentation and protein degra-
dation, complement proteins, chemokines, and IFN pathway-
related proteins), greater increases were observed in the brains
of dsTE12Q-infected neonatal compared to weanling mice
(Table 2). Although it is possible that such genes may play a
role in host pathology and contribute to increased disease
severity in younger mice, it is also possible that they are in-
duced to a greater extent in neonatal mouse brains as part of
a host protective response to a greater viral burden. Therefore,
their pattern of expression in neonatal versus weanling mouse
brains does not provide significant insight into determining
potential candidate regulators of age-dependent susceptibility
to Sindbis virus infection.

However, among the IFN-inducible genes, there was one
notable exception to the general pattern of higher gene expres-
sion in neonatal mouse brains. Only one gene, an EST similar
to human ISGI2 (herein referred to as mouse ISGI2), in-
creased by a greater magnitude in the brains of 4-week-old
mouse brains (49.2-fold) compared to 1-week old mouse brains
(20.5-fold). To validate this finding obtained in our GeneChip
expression analysis, we performed both Northern blot analysis
of the pooled RNA samples used for GeneChip expression
analysis and RT-PCR analysis of RNA samples from individual
mouse brains harvested at serial time points after an indepen-
dent infection (Fig. 4). Northern blot analysis demonstrated
undetectable levels of mouse ISG12 expression in both mock-
infected 1-day-old and 4-week-old mice, and an ~2-fold-in-
crease in mouse ISGI12 expression in the brains of dsTE12Q-
infected 4-week-old compared to dsTE12Q 1-day-old mice
(Fig. 4A). Using RT-PCR analysis, low levels of mouse ISG12
were detected in mock-infected brains, but the level of induc-
tion of mouse ISG12 expression was also greater in 4-week-old
compared to 1-day-old infected brains (Fig. 4B). Thus, Gene-
Chip expression analysis, Northern blot analysis, and RT-PCR
analysis all confirm a unique pattern of ISG12 expression char-
acterized by a greater magnitude of induction in the brains of
dsTE12Q-infected 4-week-old mice that have decreased viral
loads than in the brains of infected neonatal mice that have
increased viral loads. This pattern suggests the possibility that
increased upregulation of mouse ISG12 in response to Sindbis
virus infection plays a protective role in weanling mice.

Enforced neuronal expression of mouse ISG12 results in a
significant delay in Sindbis virus-induced death in neonatal
mice. To evaluate whether increased expression of mouse
ISG12 exerts protective effects in Sindbis virus infection, we
used the Sindbis virus vector system to study the effects of
enforced neuronal mouse ISG12 expression in neonatal mouse
brain on the natural history of lethal CNS Sindbis virus infec-
tion. First, we confirmed that endogenous ISGI2 is a neuro-
nally expressed gene by performing RT-PCR to detect ISGI2
mRNA in primary cultured rat DRG neurons (data not
shown). Next, we performed 5" and 3" RACE with a mouse
brain cDNA library to obtain the sequence of the full-length
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FIG. 4. Age-related difference in upregulation of mouse ISG12 expression after dsTE12Q infection. (A) Northern blot analysis of ISG12 and
GAPDH mRNA expression in mouse brains harvested at 60 h after intracerebral mock or virus infection of 1-day-old or 4-week-old mice.
(B) RT-PCR analysis of ISG12, GAPDH, and Sindbis virus E2 envelope glycoprotein gene in RNA harvested from triplicate mouse brains at serial
time points after mock or virus infection. SIN, Sindbis virus, strain dsTE12Q; d/o, day-old; p.i., postinfection.

mouse ISGI12 cDNA,; the predicted amino acid sequence of
mouse ISGI2 is shown in Fig. SA (GenBank accession no.
AY090098). Mouse ISG12 encodes a 91-amino-acid, highly
hydrophobic protein with a predicted molecular mass of 8 kDa.
BLAST alignment reveals 65% identity and 79% similarity
with human ISG12 (formerly known as p27 or IFN-inducible
11.5-kDa protein) (77) and 62% identity and 79% similarity
with the recently identified rat homolog, IFN-regulated gene,
IRG1 (39).

We then cloned flag epitope-tagged mouse ISGI2 and a
control construct of ISGI2 lacking the start codon into
dsTE12Q to generate the recombinant chimeric viruses,
dsTE12Q/ISG12 and dsTE12Q/ISG12control. Western blot
analysis of BHK cell lysates infected with dsTE12Q/ISG12 with
an anti-flag antibody confirmed expression of a flag epitope-
tagged 8-kDa protein and immunohistochemical staining of
mouse brains with an anti-flag antibody confirmed flag-ISG12
expression in similar regions of the brain that stained positive
for Sindbis virus antigen (data not shown). After intracerebral
infection of 1-day-old mice with dsTE12Q/ISG12, the average
survival time was ca. 7 days (6.96 = 0.434), whereas the average
survival time was decreased to ca. 5 days (5.09 * 0.348) after
infection with the control virus, dsTE12Q/ISG12control.
Kaplan-Meier analysis of the survival probabilities of
dsTE12Q/ISG12 versus dsTE12Q/ISG12control-infected mice
demonstrated a significant protective effect of ISG12 expres-
sion (P = 0.0001, log-rank sum test) (Fig. 5B). The mechanism
by which enforced neuronal ISG12 expression delays Sindbis
virus-induced death is unknown, since we observed no signif-
icant differences in viral growth curves (Fig. 5C), Sindbis virus
antigen staining, or TUNEL apoptotic nuclei labeling in the
brains of dsSTE12Q/IS12 compared to dsTE12Q/IS12control-
infected mice (data not shown). Nonetheless, the ability of
ISG12 overexpression to significantly delay death in neonatal
Sindbis virus-infected mice suggests that higher endogenous
levels of induction of ISG12 expression in the brains of Sindbis
virus-infected weanling mice may contribute to age-dependent
resistance to lethal CNS disease.

DISCUSSION

In this study, we used GeneChip microarray technology to
analyze gene expression patterns in the brains of neonatal mice
that are susceptible to fatal Sindbis virus infection and wean-
ling mice that develop asymptomatic infection. We found that
numerous genes are developmentally regulated in mouse
brains, including three genes, caspase-3, TRAF4, and frac-
talkine that influence neuronal susceptibility to apoptosis.
Moreover, in response to infection the brains of neonatal mice
have greater alterations in host inflammatory gene expression
than the brains of weanling mice, in parallel with increased
viral growth, increased apoptosis, and increased neuroviru-
lence. Only one gene, an IFN-inducible gene of unknown func-
tion, mouse ISG12, was induced by Sindbis virus infection to
greater levels in the brains of weanling mice than neonatal
mice. Enforced expression of this gene in neonatal mouse
brain resulted in a significant delay in Sindbis virus-induced
death, suggesting that this may be a novel host protective
factor that is induced at higher levels in older mice and a
candidate regulator of age-dependent resistance to Sindbis
virus infection.

Several previous reports have shown a correlation between
neuronal maturation and decreased susceptibility to virus in-
fection and virus-induced apopotosis (reviewed in references 8
and 34). In the present study, we identify specific genes that
have differential expression in the brains of neonatal mice that
are highly susceptible to lethal infection and weanling mice
that are resistant to lethal infection. While further studies will
be required to evaluate the role of developmental regulation of
specific genes in determining age-dependent susceptibility to
Sindbis virus infection, two categories of genes emerge from
our study as interesting candidates.

The first category includes genes that are upregulated with
CNS development and also selectively upregulated in response
to Sindbis virus infection in neonatal but not weanling mice,
since such a pattern of expression could be consistent with that
predicted for a gene involved in host protection against CNS
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FIG. 5. Deduced amino acid sequence of mouse ISG12 (GenBank accession no. AY090098) (A), Kaplan-Meier survival curves of 1-day-old
mice infected intracerebrally with 1,000 PFU of dsTE12Q/ISG12 or dsTE12Q/ISG12control (B), and viral growth curves in mouse brains infected
with dsTE12Q/ISG12 or dsTE12Q/ISGcontrol. The results in panel B represent combined survival curves for eight independent litters with 10 to
12 mice per litter. Similar differences in survival curves were observed in each independent litter. Significance of survival difference between
dsTE12Q/ISG12- and dsTE12Q/ISG12 control-infected mice is P = 0.0001 (log-rank sum test). The results in panel C represent the geometric

mean viral titers of five to six mice per time point per virus group.

viral infection. The only gene within this category in our study
was apolipoprotein D, a lipocalin that showed 26.1-fold-in-
creased expression in weanling versus neonatal mock-infected
brains, 39.8-fold-increased expression in Sindbis virus versus

mock-infected neonatal mouse brains, and no change in ex-
pression in Sindbis virus versus mock-infected weanling mouse
brains. Although the precise physiologic function of apoli-
poprotein D is unknown, several studies have described in-
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creased expression of apolipoprotein D mRNA and/or protein
expression at sites of nerve regeneration after structural or
excitotoxic injury (44, 51, 56, 67), as well as in stressed cortical
neurons in Alzheimer’s disease patients (2, 66). Consequently,
lipid metabolism involving apoplipoprotein D is postulated to
play a role in neuronal repair in response to different stress
stimuli. Similar to our observations in mouse brain, electron
microscopic immunocytochemical analyses have also demon-
strated increased postnatal expression of apolipoprotein D in
10-day-old and 20-day-old rat brain compared to neonatal rat
brain (52). Viewed together with our GeneChip expression
data, these observations raise the possibility that apolipopro-
tein D also plays a protective role in neurons in response to
viral infection and that the postnatal increase in basal levels of
apolipoprotein D expression could contribute to the resistance
of older mice to virus-induced injury.

Given the well-established role of apoptosis in the patho-
genesis of Sindbis virus and other neurotropic virus infections
(reviewed in references 8 and 34), developmentally regulated
genes that influence neuronal susceptibility to apoptosis con-
stitute a second category of candidate molecular determinants
of age-dependent resistance to lethal Sindbis virus infection.
Most notably, we found a marked developmental downregula-
tion of the brain mRNA expression of caspase-3, a downstream
caspase in both the “extrinsic” and “intrinsic” cell death path-
ways (reviewed in reference 55), which plays an important role
in brain apoptosis (30; reviewed in reference 72). Our findings
are consistent with other reports describing a reduction in
caspase-3 levels with mouse (3) and rat (45, 63, 75) brain
maturation. Decreased levels of caspase-3 expression with in-
creased postnatal age may contribute not only to age-related
resistance to Sindbis virus-induced neuronal apoptosis but also
to age-related resistance to apoptosis induced by other neuro-
tropic viruses and by other neurotoxic stimuli, such as hypoxia-
ischemia and excitotoxic injury (4, 10, 21, 26, 54). The previous
finding that the cowpox-encoded caspase inhibitor, CrmA, re-
duces mortality in Sindbis virus-infected neonatal mice (46) is
also consistent with the hypothesis that caspases are important
determinants of lethality in neonatal infected mice. However,
caspase-3 itself is not absolutely required for neonatal lethality,
since we have found that neonatal caspase-3 knockout mice
also succumb to fatal disease (data not shown). This observa-
tion could reflect the existence of alternate, caspase-3-inde-
pendent pathways of neuronal death such as those reported in
the spinal cords of older mice infected with a neuroadapted
strain of Sindbis virus (18) and do not necessarily rule out a
role for downregulation of caspase-3 mRNA expression in
age-related resistance to Sindbis virus-induced apoptosis.

Two other putative regulators of apoptosis, TRAF4 and
fractalkine, were also developmentally regulated in a pattern
that is consistent with increased susceptibility of younger mice
to Sindbis virus-induced apoptosis. The neurotrophin receptor,
p75™™® induces NF-kB activation and apoptosis through in-
teractions with TRAF family members, and TRAF4 binds to
the type II cell death domain of p75™'®, blocking NF-kB
activation and suppressing the dimerization-induced inhibition
of p75NT®.mediated apoptosis (76). Therefore, if the p75 sig-
naling pathway is involved in neuronal apoptosis triggered by
Sindbis virus infection, increased expression of TRAF4 in neo-
natal mouse brain could contribute to increased susceptibility
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to virus-induced apoptosis. Interestingly, in mouse develop-
ment studies, TRAF4 expression is noted predominantly dur-
ing ontogenesis of the central and peripheral nervous system,
preferentially in postmitotic undifferentiated neurons, and re-
mains expressed in the adult hippocampus and olfactory bulb,
which are structures that contain multipotential cells respon-
sible for neoneurogenesis (41). In the present study and in our
previous study of Sindbis virus neurotropism and Sindbis virus-
induced apoptosis in neonatal mice (36), we found extensive
viral antigen staining and neuronal apoptosis in the olfactory
bulb, hippocampus, and other regions containing neuronal
progenitor cells, such as the supraventricular zone. Thus,
TRAF4 expression and susceptibility to Sindbis virus infection
may be correlated in neonatal mice.

Fractalkine is a unique chemokine, distinguished structurally
by the presence of a CX3C motif, as well as transmembrane-
spanning and mucin-like domains, and shows atypical consti-
tutive expression in a number of nonhematopoeitic tissues,
including brain (reviewed in reference 17). Within rodent
brain, fractalkine expression is mostly in neurons and highest
in the olfactory bulb, cerebral cortex, hippocampus, caudate
putamen and nucleus accumbens (47, 61). Fractalkine has been
shown to block human immunodeficiency virus (HIV) gp120-
induced apoptosis in cultured hippocampal neurons (27, 42),
protect cultured neurons against the neurotoxin platelet acti-
vating factor and the HIV regulatory gene product Tat (68),
and to inhibit TNF secretion and prevent neuronal death in-
duced by lipopolysaccharide-activated microglia (78). In addi-
tion, in hippocampal neurons, fractalkine lowers the frequency
of spontaneous, glutamergic excitatory postsynaptic currents,
reduces voltage-dependent Ca®" currents, and activates the
transcription factor CREB (42), which is involved in protection
against neuronal apoptosis induced by trophic factor depriva-
tion (58). The neuroprotective effects of fractalkine against
HIV gp120-induced apoptosis are thought to involve activation
of the protein kinase, AKT, a major component of prosurvival
signaling pathways, through a recently identified neuronal
CX3CR1 chemokine receptor (43).

Given the neuroprotective effects of fractalkine (which is
neuronally expressed and acts in both a paracrine and auto-
crine fashion), we speculate that increased expression of frac-
talkine in older mouse brain compared to neonatal mouse
brain may contribute to resistance to Sindbis virus-induced
neuronal apoptosis. We attempted to address this hypothesis
by using the previously described Sindbis virus dsTE12Q vector
system to express fractalkine in an enforced manner in neona-
tal infected neurons; however, such studies were not techni-
cally feasible due to the large size of the fractalkine insert and
lack of neurovirulence in neonatal mice of the control chimeric
virus containing a noncoding construct of fractalkine. Further
studies are therefore planned to evaluate Sindbis virus patho-
genesis in fractalkine and fractalkine receptor knockout mice.

In addition to identifying genes that are developmentally
regulated in the brain and candidate regulators of age-depen-
dent susceptibility to Sindbis virus infection, the present study
confirms and extends our previous report describing the rela-
tionship between viral replication, virus-induced apoptosis,
neurovirulence, and CNS gene expression. Previously, we com-
pared CNS gene expression in 10-day-old mice with fatal Sind-
bis virus infection (strain dsTE12H) and with asymptomatic
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Sindbis virus infection (strain dsTE12Q) and found that fatal
infection was associated with greater changes in host inflam-
matory response genes than asymptomatic infection (25). Sim-
ilarly, in the present study, we found that fatal dsTE12Q in-
fection in neonatal mice was associated with greater changes in
host inflammatory response gene expression than asymptom-
atic dsTE12Q infection in weanling mice. Of note, neonatal
mice infected with the dsTE12Q strain (which is virulent in
1-day-old but not 10-day-old mice) in the present study had
greater levels of induction of host inflammatory gene expres-
sion than did 10-day-old mice infected with the neurovirulent
strain, dsTE12H, in our previous study. This finding suggests
that the magnitude of the host gene response to infection
observed in the previous study relates in a general manner to
neurovirulence but is not specific to the E2-55 Q—H mutation
that renders Sindbis virus neurovirulent in older mice (71).

Moreover, the results of the present study suggest that the
specific nature of the host gene response to virulent Sindbis
virus is stereotypic, since the majority of genes with expression
increased by =5-fold in dsTE12Q-infected neonatal mouse
brains also had increased expression in dsTE12H-infected 10-
day-old mouse brains. These similarities help confirm the con-
sistency of changes in expression of a specific subset of host
inflammatory response genes across different models of Sind-
bis virus neurovirulence and support the notion that specific
microbial pathogens may produce characteristic host gene re-
sponse patterns that are detectable by microarray analysis.
Furthermore, they identify specific genes that are markedly
upregulated in different models of neurovirulence that are
likely to play an important role in the host response to Sindbis
virus infection (e.g., the chemokines MCP-1 and RANTES; the
IFN-inducible genes ISG15 and GARG-39, -49, and -16; the
lipocalins, apoplipoprotein D and lipocalin 2; and cyclophilin
C).

We focused further attention on one specific IFN-inducible
gene, ISG12, that had greater expression in Sindbis virus-in-
fected weanling mouse brains than in neonatal mouse brains,
despite the presence of ca. 10- to 50-fold more virus in the
brains of Sindbis virus-infected neonatal mice. Our findings
indicate that enforced neuronal ISG12 expression resulted in a
significant delay in mortality in neonatal mice, providing the
first evidence for a role of this protein in antiviral host defense.
The mechanism by which mouse ISG12 delays Sindbis virus-
induced death is unknown and, to our knowledge, no studies
have been performed with ISG12-like proteins in other species
that elucidate potential functions of these proteins. Human
ISG12 was originally cloned as an estrogen-induced gene in the
human breast epithelial cell line, MCF7, and originally desig-
nated p27 (57). A subsequent study demonstrated that ISG12
is strongly induced by IFN-a and only slightly induced by
IFN-vy in a panel of seven different human cell lines (11). In
addition to increased expression in human breast carcinoma
cells, increased ISG12 mRNA expression has also been de-
tected in cardiac and skeletal muscle cells from cardiomyo-
pathic hamsters (5) and in the human and rat endometrium on
different days of the oestrous cycle (39). Among IFN-inducible
proteins, ISG12 is unique in that it is the only protein found
thus far to localize to the nuclear envelope (40). However, the
function of ISG12 in the nuclear envelope has not yet been
explored. Our findings that ISG12 exerts protective effects
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during lethal Sindbis virus infection and that ISG12 is the only
IFN-regulated gene with greater expression in weanling than
neonatal virally infected mouse brains, suggests that further
studies are warranted to define the molecular mechanisms by
which this protein functions in IFN-regulated host responses to
viral infections.
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