JOURNAL OF VIROLOGY, Sept. 2006, p. 9082-9092
0022-538X/06/$08.00+0  doi:10.1128/JVI.00795-06

Vol. 80, No. 18

Copyright © 2006, American Society for Microbiology. All Rights Reserved.

Altered Central Nervous System Gene Expression Caused by Congenitally
Acquired Persistent Infection with Lymphocytic Choriomeningitis Virust:

Stefan Kunz,' Jillian M. Rojek,' Amanda J. Roberts," Dorian B. McGavern,'
Michael B. A. Oldstone,'* and Juan Carlos de la Torre'*

Molecular and Integrative Neurosciences Department (MIND)' and Department of Infectiology,”
The Scripps Research Institute, La Jolla, California 92037

Received 18 April 2006/Accepted 26 June 2006

Neonatal infection of most mouse strains with lymphocytic choriomeningitis virus (LCMYV) leads to a
life-long persistent infection characterized by high virus loads in the central nervous system (CNS) in the
absence of inflammation and tissue destruction. These mice, however, exhibit impaired learning and memory.
The occurrence of cognitive defects in the absence of overt CNS pathology led us to the hypothesis that chronic
virus infection may contribute to neuronal dysfunction by altering the host’s gene expression profile. To test
this hypothesis, we examined the impact of LCMV persistence on host gene expression in the CNS. To model
the natural route of human congenital CNS infection observed with a variety of viruses, we established a
persistently infected mouse colony where the virus was maintained via vertical transmission from infected
mothers to offspring (LCMV-cgPi). LCMV-cgPi mice exhibited a lifelong persistent infection involving the
CNS; the infection was associated with impaired spatial-temporal learning. Despite high viral loads in neurons
of the brains of adult LCMV-cgPi mice, we detected changes in the host’s CNS gene expression for only 75
genes, 56 and 19 being significantly induced and reduced, respectively. The majority of the genes induced in the
brain of LCMV-cgPi mice were interferon (IFN)-stimulated genes (ISGs) and included the transcription
factors STAT1 and IRF9, the ISG15 protease UBP43, and the glucocorticoid attenuated-response genes
GARG16 and GARG49. Based on their crucial role in antiviral defense, these ISGs may play an important role
in limiting viral spread and replication. However, since IFNs have also been implicated in adverse effects on
neuronal function, the chronic induction of some ISGs may also contribute to the observed cognitive

impairment.

Infection of the central nervous system (CNS) in humans by
various DNA and RNA viruses can represent a severe health
problem. Acute viral infections of the CNS frequently result in
the destruction of specific neural cell populations as a direct
consequence of virus multiplication or as a result of the host’s
antiviral immune response (23, 26). Many viruses, however,
adopt a noncytolytic strategy of multiplication and can escape
from the host immune surveillance by use of a plethora of
mechanisms that may result in long-term persistent infections
of the CNS. Despite the absence of overt signs of pathology
such as cell lysis and inflammation, these infections can lead to
severe alterations in neuronal function (45, 46) manifested by
cognitive and behavioral impairment (20, 30, 39, 60). This, in
turn, has led to the hypothesis that viruses may contribute to a
variety of CNS disorders whose etiologies remain unknown
(40, 44).

The prototypic arenavirus lymphocytic choriomeningitis vi-
rus (LCMYV) provides an important model system for the in-
vestigation of the mechanisms and consequences of viral per-
sistence in the CNS (8, 16, 18, 42, 43). Furthermore, increasing
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evidence indicates that LCMV might be a neglected human
pathogen of clinical significance (3, 4, 64). LCMV has a non-
cytolytic strategy of multiplication, which enables the virus to
persist both in vivo and in cultured cells. Neonatal infection of
mice with LCMV leads to the establishment of a life-long
persistent infection (LCMV-Pi). Brains of LCMV-Pi mice con-
tain high virus load primarily in neurons in the neocortex,
limbic system, and certain hypothalamic regions (19, 53). Nei-
ther inflammation nor cytolysis occurs within the brain paren-
chyma of LCMV-Pi mice. However, as adults LCMV-Pi mice
exhibit an impaired learning ability and a reduced tendency to
explore a novel environment (20, 25). Since cognitive defects
occur in the absence of overt signs of pathology, we hypothe-
sized that chronic virus infection might contribute to neuronal
dysfunction by altering the host’s gene expression profile. Ac-
cordingly, previous studies have shown altered levels of acetyl-
choline enzymes (46) as well as neurotransmitter mRNAs (31)
in LCMV-infected mice. Moreover, we have documented that
LCMYV persistence causes a specific reduction in expression of
the growth-associated protein 43 (GAP-43), a well-established
marker of neuroplasticity (5) in hippocampus (15). LCMV
persistent infection reduced GAP-43 mRNA levels by affecting
both the rate of GAP-43 transcription and the posttranscrip-
tional stabilization of GAP-43 mRNA (10).

In the present study, we aimed at the identification of addi-
tional host genes whose expression is changed in the CNS of
mice persistently infected with LCMV. To recreate the natural
route of congenital viral CNS infection (2), we established a
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TABLE 1. Primers used for PCR amplification of candidate ISGs

Gene Forward primer Reverse primer
STAT1 5'-GCT GAA TTC CAT CGA GCT CAC TCA-3’ 5'-AAA CTC GAG CTC AGC TGC CAG ACT TCC-3'
IRF9 5'-TTT CTC GAG AGG ACC AGG ATG CTG CCA TAT-3" 5'-AAA GAA TTC AGA GGA AGT TGA TGC TCC AGG-3’
ISG15 5'-TTT GAA TTC CTG GTG TCC GTG ACT AAC-3’ 5'-AAA CTC GAG CAC CCC TCA GGC GCA AAT GCT-3'
UBP43 5'-GAA AGC CTT GCT GCC CAC GGA-3’ 5'-TCC CTG GCA GAG AAT CTC ATG-3'
GARG16 5'-ATG GAG AAT CTG CTT CAG CT-3’ 5'-CTC CAC ACT TCA GCA AGG CC-3'
GARG39 5-AAT GCC ATT TCA CCT GGA AC-5’ 5'-CAG AGG TGA ATT CTG GGT TC-3'
GARG49 5-AGG GAA GGA AGT ATG TCC AG-3' 5'-AGG TAC TGG TTC TGA GGA TT-3’

model involving vertical transmission of LCMV from infected
mothers to offspring (LCMV-cgPi). Despite high viral loads in
neurons of the brains of adult LCMV-cgPi mice, our DNA
array-based CNS gene expression profiling revealed remark-
ably subtle changes in the host’s gene expression. The majority
of genes with altered expression corresponded to interferon
(IFN)-stimulated genes (ISGs), including some that are known
to play a crucial role in antiviral defense but that have also
been implicated in adverse effects on neuronal function. The
chronic induction of these ISGs may be critical for the host’s
ability to contain viral infection and may also contribute to
LCMV-cgPi-induced functional impairment of the CNS.

MATERIALS AND METHODS

Animals. Female C57BL/6 mice were obtained from the rodent breeding
colony at The Scripps Research Institute (La Jolla, CA) and were bred and
maintained under specific pathogen-free conditions. For the establishment of a
colony of mice persistently infected with LCMV, neonatal mice were inoculated
intraperitoneally with serum-free Dulbecco’s modified Eagle’s medium contain-
ing 500 PFU of a plaque-purified Armstrong strain of LCMV (ARMS53b). Mice
that were persistently infected with LCMV, as determined by the presence of
infectious virus in serum, were selected as breeders to establish a persistently
infected colony. Prior to being used in experiments mice were verified to be
persistently infected based on containing >4 logs of LCMV in their serum.
Handling of mice and experimental procedures were conducted in accordance
with the National Institute of Health guidelines for animal care and use and
approved by the IACUC at the Scripps Research Institute.

Antibodies. Polyclonal guinea pig antibody to LCMV has been described
previously (9). Polyclonal rabbit antibody to glial acidic fibrillary protein (GFAP)
and monoclonal antibody to NeuN were from Chemicon (Temecula, CA); rho-
damine X-conjugated antibody to guinea pig immunoglobulin G (IgG), fluores-
cein isothiocyanate (FITC)-conjugated antibody to mouse IgG, and FITC-con-
jugated antibody to rabbit IgG were from Jackson ImmunoResearch (West
Grove, PA).

Virus, virus purification, and virus quantification. LCMV ARMS53b is a triple-
plaque-purified isolate of ARM CA 1371 (17). Seed stocks of ARM53b were
prepared by growth in BHK-21 cells as described previously (17). Virus titers in
serum and tissue were determined by plaque assays of Vero cells as described
previously (15). For the analysis of viral RNA by Northern blot hybridization,
tissue samples obtained from LCMV-cgPi mice and controls were homogenized
in TRIreagent (Molecular Research Center, Inc., Cincinnati, OH). RNA was
extracted according to the supplier’s protocol and resuspended in Formazol
(Nuclear Research Center, Inc.). RNA samples were analyzed by Northern
blotting (12).

Detection of viral antigen by immunohistochemistry. Brains from adult
LCMV-cgPi and uninfected age- and sex-matched C57BL/6 mouse controls were
collected, embedded in Tissue-Tek O.C.T. compound (Miles Diagnostic Divi-
sion, Elkhardt, IN), and frozen on dry ice. Sections (6 um) were cut, placed onto
Fisher Superfrost Plus microscopic slides, dried, and fixed in 4% (wt/vol) para-
formaldehyde in phosphate-buffered saline. Guinea pig anti-LCMV antibody
(1:500), mouse monoclonal antibody anti-NeuN (1:200), and rabbit polyclonal
antibody to GFAP (1:500) were incubated at room temperature for 1 h. As
secondary antibodies, anti-guinea pig IgG conjugated to rhodamine X and anti-
mouse or anti-rabbit IgG conjugated to FITC were used in a dilution of 1:100.
Images were obtained using a Zeiss Axiovert S100 microscope (Carl Zeiss Inc.
Thornwood, NY) fitted with a 5X objective, an AxioCam digital camera, and an

automated stage. For digital image acquisition and processing, an Axiovision
software package (Zeiss) and Adobe Photoshop were used. For a quantitative
assessment of LCMV infection in specific neuronal populations, sets of three
consecutive sagittal brain sections (6 um) obtained from three different depths of
the brain hemispheres were subjected to double staining with antibody to LCMV
and an antibody against the neuronal marker NeuN. Two-color registered images
were captured from four visual fields per section using a 20X objective, 490 and
570 nm excitation, and a narrow band-pass filter. The total number of NeuN-
positive cells per visual field was determined, and the total number of LCMV
antigen-positive cells was scored. Percentages of infected NeuN-positive cells
were calculated from the averages of four visual fields obtained from three
sections at three different depths of brain hemispheres.

For light microscopy, immunohistochemical staining for LCMV with diamino-
benzidine as a chromogen was performed as described previously (6), using
guinea pig anti-LCMYV antibody in a dilution of 1:1,000 and horseradish perox-
idase-conjugated anti-guinea pig IgG as a secondary antibody. Sections were
counter-stained with Mayer’s hematoxylin and eosin (H&E) stain (Sigma).

Nonconditional, spatial discrimination task. LCMV-cgPi and age- and sex-
matched control mice (n = 10/group) were subjected to a nonconditional, spatial
discrimination task (7, 20). This test is based on measuring the ability of the mice
to learn a Y-maze employing spatial discrimination to avoid the onset of a mild
foot shock (0.43 mA). LCMV-cgPi and control mice were trained in five trials per
day for 6 days. Errors were defined as entries into the wrong arm of the Y-maze
or reentering the start compartment before or after the onset of shock. Both
LCMV-cgPi and mock-infected control mice exhibited similar foot-shock thresh-
olds; therefore, the reduced ability of LCMV-Pi mice to learn was not due to
different sensitivities to the mild foot shock used to motivate performance.

DNA array analysis. Total RNA was isolated from brain tissue by use of
TRIreagent. DNA array analysis was performed at the DNA array core facility
of the Scripps Research Institute as described previously (11). Briefly, 5 pug of
total RNA from each sample was subjected to reverse transcription (RT) using
a oligo(dT) primer containing a T7 promoter site (Genset, La Jolla, CA) and a
c¢DNA synthesis kit (InVitrogen, San Diego, CA). The resulting double-stranded
c¢DNA was in vitro transcribed into biotin-labeled cRNA by use of biotin-11-CTP
and biotin-16-UTP (ENZO, Farmingdale, NY). After purification (RNeasy spin
column; QIAGEN), 20 ug of labeled cRNA was fragmented by mild alkaline
treatment and hybridized to 430 2.0 and U74Av2 Affymetrix murine genomic
chips (Santa Clara, CA) according to the manufacturer’s instructions. After
washing and reacting with streptavidin-phycoerythrin (Molecular Probes, Eu-
gene, OR), hybridization signals were acquired using an Affymetrix laser scanner
and the corresponding gene expression software provided by Affymetrix.

For data analysis, user-defined parameters were set to ensure confidence for
detection of a transcript (defined as present) or its absence (http:/www
.affymetrix.com/products/. [Statistical algorithms reference guide]). For each ex-
periment, four samples (two for each experimental group) were analyzed. Raw
data were displayed in a Microsoft Excel worksheet; absent transcripts were
excluded. For the detection of transcripts whose signals were significantly dif-
ferent between LCMV-cgPi and control samples, we considered only changes
that were 1.41-fold or greater for total brain RNA and 3-fold or greater for the
pooled hippocampus RNA samples. The data were combined from two inde-
pendent experiments, and we considered changes that passed a statistical analysis
with a Student’s ¢ test to ascertain significance at a P value of <0.01.

RNA analysis by RT-PCR. Total RNA was isolated from brain tissue by using
TRIreagent. Before the RT, contaminant DNA was removed by using a DNA-
free kit (Ambion, Austin, TX). The RT reaction was performed using 5 ug RNA
with SuperScript II and random hexamer primers (both from Invitrogen). The
PCR was done by using Tag polymerase and the specific primer sets displayed in
Table 1. The mRNA of the control housekeeping gene glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) was amplified as described previously (56). For
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semiquantitative analysis we first determined a linear range of PCR product-
template by serial dilution of the RT products obtained with the mock-infected
samples. To validate quantitative differences in mRNA concentration of the
candidate genes between LCMV-cgPi and control samples, we performed PCR
on identical RT product dilutions within the linear range of PCR product-
template. PCR products were separated on agarose gels and visualized by stain-
ing with ethidium bromide. Images were acquired using an Eagle-Eye digital
camera.

RESULTS

Characterization of vertically maintained LCMV persis-
tence in mice. Mice persistently infected with LCMV at birth
via intracranial injection develop a life-long chronic infection
(LCMV-Pi) in the absence of noticeable clinical symptoms (8).
However, LCMV-Pi mice exhibit specific behavioral and learn-
ing deficits that are associated with defined neurochemical
disturbances and altered CNS gene expression during adult-
hood (15, 20, 25, 31). Studies using the LCMV-Pi model have
shed light on a variety of questions related to viral persistence
and associated disorders as well as on the feasibility and ben-
efits of immunocytotherapy to treat chronic viral infections
(43). This model, however, has the limitation of not recreating
accurately the natural route of transmission for the majority of
congenital, either pre- or postnatal, CNS infections in humans;
such infections involve vertical transmission from infected
mothers to the fetus or neonate (1, 2).

As vertical transmission plays an important role in arenavi-
rus ecology, we reasoned that LCMV could provide us also
with a valuable model system for the study of the consequences
of congenital infections by noncytolytic persistent viruses. For
this purpose, we established an LCMV persistently infected
mouse colony where the virus is maintained via vertical trans-
mission from infected mothers to offspring (LCMV-cgPi) in-
stead of by intercranial inoculation at birth (LCMV-Pi). At 6
months of age, LCMV-cgPi mice and (sex- and age-matched)
controls had similar gross appearances, body weights, and
blood glucose levels, indicating no overt clinical abnormalities.
Adult LCMV-cgPi mice had virus serum titers of 10* to 10°
PFU/ml and 10* to 10° PFU per gram of tissue in liver and
brain (Fig. 1A). High levels of viral S RNA and nucleoprotein
(NP) mRNA were detected in the brain of LCMV-cgPi mice
(Fig. 1B), indicating significant levels of viral replication and
gene expression. Examination of H&E-stained brain sections
from LCMV-cgPi mice failed to revealed anatomic abnormal-
ities, significant changes in normal astroglia appearance, or the
presence of immune cell infiltrates (data not shown). Hence,
our LCMV-cgPi model represents a vertically maintained per-
sistent infection in the absence of overt clinical signs or pa-
thology.

Next, we examined virus distribution in the brain of adult
LCMV-cgPi mice. For this, we used immunofluorescence pro-
cedures with anti-LCMV hyperimmune guinea pig serum and
a monoclonal antibody against the neuronal marker NeuN. We
detected LCMV antigen throughout the brain, with a high
abundance in neocortex, hippocampus, and cerebellum (Fig. 2)
and, at lesser levels, in the brain stem, thalamus, and basal
ganglia (data not shown). Within the brain parenchyma, the
virus was primarily confined to neurons, and infection of as-
trocytes was negligible, as determined by the lack of detection
of LCMV antigen in cells expressing the astrocytic marker
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FIG. 1. Viral load in LCMV-cgPi mice. (A) Virus titers in brain
(white), liver (gray), and blood (black) of LCMV-cgPi mice deter-
mined by plaque assay. (B) Levels of viral RNA in brain tissue. RNA
was isolated from brain tissue of LCMV-cgPi and mock-infected con-
trol mice (6 months old). RNA (equal amounts of each sample) was
analyzed by Northern blot hybridization using a DNA probe to LCMV
nucleoprotein (NP) that recognizes the S genome RNA (replication)
and the NP mRNA (transcription). Samples from three independent
mice are shown.

GFAP (data not shown). In contrast to the infection patterns
described for LCMV-Pi mice generated by LCMV intracranial
inoculation at birth (19, 53), we detected significant amounts of
LCMYV antigen in cells of tissues lining the brain parenchyma,
such as the meninges, the choroid plexus, and the ventricle
walls (Fig. 2).

Congenital CNS infections of humans with a number of
viruses show a wide range of clinical and pathophysiological
manifestations due to variation in the exact time point of
infection, route of entry, and amount of pathogen involved in
CNS invasion of the fetus (2). To address possible variability in
the pattern of infection in the brain of LCMV-cgPi mice, we
examined the distribution of viral antigen in a group (n = 7) of
6-month-old LCMV-cgPi mice with comparable serum viral
loads. For this, sets of consecutive sagittal brain sections ob-
tained from different depths of the brain were coimmuno-
stained for LCMV antigen and NeuN. The extent of infection
of a given neuronal population (Table 2) was assessed by
determination of the percentage of LCMV antigen-positive
cells normalized to the total number of NeuN-positive cells as
described in Materials and Methods. The majority of mice (6
out of 7) showed high viral loads in neurons throughout the
brain parenchyma as well as the meninges, choroid plexus, and
ventricle walls. However, one mouse (mouse 4) showed limited
infection of the brain parenchyma but high viral load in tissues
lining the CNS. Notably, we observed significant variability in
the extent and distribution of viral antigen expression within
the hippocampus formation (Table 2). Three mice (mice 1 to
3) showed similar high viral loads in the granule cells of the
dentate gyrus and the pyramidal cells of the CA1, CA2, and
CA3 regions of the hippocampus as well as in the cortex and
cerebellum and within the brain parenchyma. In contrast, three
other mice (mice 5 to 7) exhibited significant region-specific
differences in viral load. Together, these data indicated a sig-
nificant degree of variability in the pattern of neuronal infec-
tion of virus in LCMV-cgPi mice, a situation reminiscent of
human congenital CNS infection. We did not detect viral an-
tigen in astrocytes, but some mice displayed a slight increase in
the number of GFAP-positive astrocytes in the neocortex but
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FIG. 2. Virus distribution in the brain of LCMV-cgPi mice. Viral antigen in whole-brain sections of 6-month-old LCMV-cgPi mice was detected
by immunofluorescence staining performed using frozen brain sections and hyperimmune guinea pig serum to LCMV and a rhodamine red
X-labeled secondary antibody (red). Neurons were labeled with an antibody to NeuN and a FITC-labeled secondary antibody (green). a and b,
hippocampus; ¢ and d, dentate gyrus; e and f, C1 region; g and h, meninges; i to I, cerebral cortex; m to p, cerebellum.

not in the hippocampus or cerebellum (Table 2). The limited
number of GFAP-positive astrocytes present in the brains of
LCMV-cgPi mice is consistent with the absence of reactive
astrogliosis as defined by the presence of GFAP-positive hy-

pertrophic astrocytes and the overall normal aspect of the
astroglia in routine H&E stains.

Behavioral assessment of LCMV-cgPi mice. Mice persis-
tently infected with LCMV as neonates exhibit impaired learn-

TABLE 2. Heterogeneity in virus load and/or distribution in the brain of LCMV-cgPi mice®

Proportion of LCMVNP-positive neurons in different brain regions

Proportion of GFAP-positive astrocytes

Animal Hippocampus
Cortex Cerebellum Meninges Cortex Hippocampus Cerebellum
DG CA3 CA2 CAl
1 +++ +++ +++ +++ +++ +++ ++ + - -
2 +++ +++ +++ +++ +++ +++ ++ + - -
3 +++ +++ +++ +++ +++ +++ ++ + - -
4 + + + + + ++ ++ - - -
5 ++ +++ +++ +++ +++ +++ ++ + - -
6 ++ +++ ++ ++ +++ ++ ++ + - -
7 + ++ ++ ++ +++ ++ ++ - - -

¢ Immunohistochemical examination of LCMV-cgPi mice. Six-month-old female LCMV-cgPi mice (n = 7) were examined by immunohistochemistry (Fig 2). Virus
loads in neurons of the hippocampus dentate gyrus (DG) and regions CA1l, CA2, and CA3 as well as the cortex and cerebellum were determined as described in

Materials and Methods and are indicated as follows: +++, >30% infected neurons; ++,

10% to 30% infected neurons; +, <10% infected neurons; —, no detectable

infection. All mice exhibited significant infection of meninges, choroid plexus, and cells of the ventricle walls. The immunohistochemical analysis of brain sections of
mouse 2 is shown in Fig. 2. Some mice showed mild increases in the numbers of GFAP-positive astrocytes in the cerebral cortex but not in the hippocampus or

cerebellum.
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FIG. 3. Deficits in discriminated avoidance learning in LCMV-cgPi
mice. Groups of 10 (age- and sex-matched) LCMV-cgPi mice (LCMV)
and uninfected control mice (control) were trained in five trials per day
for 6 days to choose the safe arm of a Y-shaped maze and hence to
avoid a mild electric foot shock. The mean (* standard error of the
mean) number of avoidance responses is shown.

J. VIROL.

ing abilities and a reduced tendency to explore a novel envi-
ronment during their adult life (20, 25). To investigate
behavioral abnormalities associated with LCMV-cgPi mice we
used a well-established nonconditional, spatial discrimination
task (20). This test represents a short-term memory task in-
volving trial-independent memory processes and is based on
measuring the ability of the animals to learn a Y-maze spatial
discrimination to avoid the onset of a mild foot shock (0.43
mA). Groups of 10 (age- and sex-matched) LCMV-cgPi and
control mice were trained in five trials per day for 6 days. The
number of errors (defined as entries into the wrong arm of the
Y-maze or reentering the start compartment before or after
the onset of shock) made by the mice provided us with a
measure of acquisition performance. Compared to mock-in-
fected controls, LCMV-cgPi mice exhibited impaired discrim-
ination avoidance learning, reflected in a significantly lower
number of correct avoidance responses on experimental days 3
and 4 with P values of <0.01 and <0.05, respectively, using
unpaired ¢ tests (Fig. 3). Following additional training sessions,

TABLE 3. Known host genes whose expression is changed the brain of LCMV-cgPi mice®

Value for indicated gene

GenBank LCMV-cgPi2/ LCMV-cgPi2/ LCMV-cgPi3/ LCMV-cgPi3/ o

. control 1 control 2 control 1 control 2 Gene identity

accession no.
Sigl}al P Sigl}al P Sigr}al P Sigr}al P
ratio ratio ratio ratio

U43084 2.2 0.000189 1.5 0.000023 2.6 0.000068 2 0.00002  GARG-16
AB067535 2 0.000307 0.9  0.000966 1.4 0.000774 0.3 0.001336 2'-5" OAS 2
AW047653 1.7 0.00002 1.9  0.00002 1.7 0.00002 1.8 0.00002 UBP43
BQ033138 1.7 0.00003 1.7 0.000023 1.4 0.000114 1.8 0.000078 2'-5" OAS-like 2
M74124 1.6 0.00006 2 0.00002 1.2 0.000241 1.6 0.000027 Interferon-activated gene 205
M29881 1.5 0.000147 1.6 0.000147 2 0.00006 2 0.000027 MHCI Q region locus 7
BG068242 1.4 0.000052 1.4 0.00003 1.2 0.000346 1.4 0.000346 Tripartite motif protein 30-like
BB757349 1.2 0.00002 1.4 0.00002 1.2 0.00002 1 0.00002  Zinc finger CCCH type, antiviral 1
X67809 1.2 0.000046 1.1 0.000035 1.1 0.000078 1 0.000023  Peptidylprolyl isomerase C-associated
U43086 1.1 0.000046 1.3 0.00002 1.4 0.000052 1.5 0.00002 GARG-49
U51992 0.9 0.000273 1.1 0.000052 0.8 0.000027 1.2 0.00002 IRF9
NM_008326 0.8 0.000052 0.6 0.000438 1.2 0.000035 0.8 0.000774 Interferon inducible protein 1
BM227980 0.8 0.000035 0.7 0.000078 0.7 0.00002 0.7 0.000147  Zinc finger CCCH type domain-containing 1
U06924 0.8 0.000214 0.6 0.00002 1 0.000167 0.9 0.00002  STAT1
NM_008330 0.7 0.00006 1.1 0.000346 1.5 0.000618 1.8 0.000692 Olfactory receptor 56
BC011306 0.7 0.000035 0.8 0.00003 0.7 0.000023 0.9 0.00002  MHCI K region
M86502 0.7 0.00002 0.6  0.00002 0.5 0.00002 0.5 0.00002 MHCI® D region locus 1
NM_011579 0.7 0.000088 1 0.000189 0.8 0.00002 1.1 0.000052  T-cell-specific GTPase
BF715219 0.7 0.00002 0.6  0.00002 0.7 0.00002 0.6 0.00002  Beta-2 microglobulin
NM_010398 0.6 0.000023 0.5 0.000023 0.6 0.00002 0.6 0.00002  MHCI T region locus 23
BB418548 0.5 0.000068 0.5 0.00002 0.7 0.00002 0.9 0.00002  Doublecortin
NM_010758  -0.5  0.99998 =0.5  0.99998 =05 0999977 —0.5 0.00002  Myelin-associated glycoprotein
NM_026731 —0.6 0.999932 —0.4 0.999922 —0.7 0.999965 —0.7 0.00004  Protein phosphatase 1 regulatory subunit 14A
U64572 =0.6 0999977 —0.8 0.99998 =0.6 0999922 —0.7 0.00002  Myelin oligodendrocyte glycoprotein
M58045 =0.6  0.99998 =0.5  0.99998 =05 0999693 —0.3 0.00002  Cyclic nucleotide phosphodiesterase 1
BB353220 —0.6 0999899 —0.6  0.99998 =05 0999899 —0.6 0.00003 LIM and senescent cell antigen-like domains 2
NM_010354 —0.7 0.99998 —0.6  0.99998 —0.6  0.99998 —0.5 0.00002  Gelsolin
NM_008614 —0.7  0.99998 =0.7  0.99998 —-0.4 099911 —0.4 0.00002  Myelin-associated oligodendrocytic basic protein
BQ175510 =0.7  0.99998 =05 0.99998 =0.6  0.99998 —0.4 0.00006 G protein-coupled receptor 37
BC024556 —0.8 0.99998 =0.6 0999977 —0.6 0.999911 —0.3 0.00008 PDZ and LIM domain 2
AWS550625 -0.8 0999727 —0.8 0.999034 —0.6 0.999611 —0.8 0.007 Procollagen, type III, alpha 1
NM_026174 —0.9 0999977 —0.8 0.99998 -1 0.999922  —0.9 0.00001  Lysosomal apyrase-like 1
NM_011674 -1 0.99998 —0.8  0.99998 —-0.6 0999977 —0.4 0.0003 UDP-glucuronosyltransferase 8

¢ Known host genes with altered expression in brains of LCMV-cgPi mice. Gene expression profiling was performed with total RNA isolated from brain hemispheres
of LCMV-cgPi mice 1 and 2 (Table 2) and two controls (mock 1 and 2) by use of the Affymetrix murine genome oligonucleotide DNA array 430 2.0. All four
permutations of comparisons between the two LCMV-cgPi mice and the two control animals were made. Genes were identified using the Annotation Tool of the
Database for Annotation, Visualization, and Integrated Discovery (DAVID). Displayed are the known host genes that showed consistent regulation of >1.4-fold. The

signal ratios for each permutation and the P values of changes are indicated.
® MHCI, major histocompatibility complex class 1.
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FIG. 4. Functional classification of genes with altered expression in LCMV-cgPi mice. Unique identified sequences up-regulated in all
permutations between LCMV-cgPi and uninfected control mouse brains (LCMV-cgPi/mock) and between control mouse brains (mock/mock) were
analyzed using the Annotation Tool of the Database for Annotation, Visualization, and Integrated Discovery (DAVID). Displayed are the
percentages of classified unique identified sequences in the designated categories. Some genes may appear in two categories, and some remain

unclassified.

LCMV-cgPi mice reached the same level of performance as
the mock-infected control mice, suggesting retardation in ac-
quisition of spatial discrimination in LCMV-cgPi mice.

Gene expression profiling of brain tissue from LCMV-cgPi
mice. Since the cognitive defects observed in LCMV-cgPi mice
occurred in the absence of overt CNS pathology, we hypothe-
sized that chronic virus infection may contribute to neuronal
dysfunction by altering the host’s gene expression profile. To
test this hypothesis we evaluated the impact of persistent virus
infection on host gene expression in the CNS by use of DNA
array-based gene profiling. Since we observed significant vari-
ations in overall virus load and distribution in the LCMV-cgPi
model (Table 2), we performed gene expression profiling using
total RNA isolated from brain hemispheres of two selected
individual LCMV-cgPi mice (mouse 2 and mouse 3) (Table 2)
with similar patterns of CNS infection.

Comparison of all four permutations of LCMV-cgPi and
control mouse datum sets revealed the consistent induction of
56 genes and reduction of 19 genes in all LCMV-cgPi versus
control mice out of a total of 39,000 genes represented on the
430 2.0 array (for the complete gene list, see Table S1 in the
supplemental material). Using the Database for Annotation,
Visualization, and Integrated Discovery (DAVID; http://david
.niaid.nih.gov), we identified 21 out of the 56 and 12 out of the
19 genes with expression levels that had increased and de-
creased, respectively, in LCMV-cgPi compared to control mice
(Table 3). Host genes with altered expression in LCMV-cgPi
mice belonged to four main categories: those involved in (i)
immune response, (ii) responses to external stimuli, (iii) signal
transduction, and (iv) nucleotide metabolism (Fig. 4). We also
examined individual variations of the gene expression profile
between mock-infected mice. This analysis revealed significant
differences in a number of genes (see Table S2 in the supple-
mental material). However, when genes with differential ex-
pression results between mock-infected mice were annotated,
they fell into a broad range of categories and were essentially
nonoverlapping with the group of genes found regulated in

LCMV-cgPi versus control mice (Fig. 4). This finding under-
scores the specificity of changes in gene expression associated
with LCMVcgPi. Moreover, our data indicate that the overall
changes in host gene expression associated with LCMV-cgPi
were very limited, affecting <0.2% of the 39,000 genes repre-
sented by the DNA assay. ISGs represented a major group
among the genes with increased expression in LCMV-cgPi
mice, suggesting that chronic activation of these genes may be
involved in antiviral defense (Table 3). Genes down-regulated
in LCMV-cgPi mice comprised a more heterogenous group
that includes structural genes and genes involved in metabolic
functions (Table 3).

Induction of a common set of IFN-regulated genes in total
brain and hippocampus of LCMV-cgPi mice. Based on the role
of the hippocampus in spatial-temporal learning and memory,
we next addressed the impact of LCMV persistent infection
on hippocampal gene expression. Hippocampus tissue from
LCMV-cgPi and control mice was obtained by manual dissec-
tion (21). This type of dissection provides tissue samples highly
enriched in hippocampus material. However, because of vari-
ability between individual specimens, we used pools of 10 (age-
and sex-matched) LCMV-cgPi mice and uninfected controls
for each DNA array analysis of hippocampus tissue. For DNA
array analysis, we used the less complex Affymetrix murine
genomic DNA array U74Av2, which represents only a well-
characterized subset of 12,000 messages, and considered only
genes that exhibited a reproducible change in different exper-
iments (n = 2) of threefold or higher between LCMV-cgPi and
control mice. With this more stringent criterion we found 26
and 5 genes with expression that had increased and decreased,
respectively, in LCMV-cgPi mice compared to controls. As
with our findings using total brain RNA, the majority (13) of
the 18 known genes induced in hippocampus tissue of LCMV-
cgPi mice were ISGs. Comparison between whole-brain and
hippocampal gene expression profiles revealed induction in
LCMV-cgPi mice of an overlapping set of ISGs, including the
transcription factors STAT1 and IRF9, the ISG15 protease
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TABLE 4. Known host genes whose expression is changed the hippocampus of LCMV-cgPi mice

GenBank LCMV-cgPi Mock Signal

accession no. signal® signal® ratio P Gene identity©
AW047653 206.3 6.2 33.27 0.000002 UBP43

U43086 493.6 34.8 14.18 0.000001 GARG-49

U43084 454 39.6 11.46 0.000001 GARG-16

X56602 3772 42.1 8.96 0.000001 ISG15

D90146 122 16.6 7.35 0.000533 MHCI Q8/9d

M27134 176.3 24.9 7.08 0.000085 MHCI K region locus 2

U06924 330.8 49.3 6.71 0.000001 STATI1

X16202 892.1 195 4.57 0.000001 MHCI Q4

U55060 2342 57.2 4.09 0.000054 B-Gal binding lectin

X67809 892.2 233.1 3.83 0.000001 Peptidylprolyl isomerase C-associated protein
D63902 119.6 31.6 3.78 0.000004 Zinc finger protein 147

U43085 121 33.1 3.66 0.000253 GARG-39

U19119 193 55.2 3.50 0.000001 LRG-47

AJ007972 265.7 76.3 3.48 0.000021 GTPI

X01838 3369.6 989.1 341 0.000001 Beta-2 microglobulin

U51992 502.5 157.2 3.20 0.000001 IRF-9

L12367 34.6 215.1 —6.22 0.000074 Adenylyl cyclase-associated protein
V00727 80.5 321.9 —4.00 0.001304 FBJ osteosarcoma oncogene

“ Known host genes with altered expression in hippocampal tissue of LCMV-cgPi mice. Hippocampus tissue was pooled from age- and sex-matched LCMV-cgPi mice
(n = 10) with virus titers of 10* to 10° PFU/ml and from control mice (Mock) (n = 10), and total RNAs were isolated and used for gene profiling studies using Affymetrix
murine genomic DNA array U74Av2. Genes were identified as described for Table 3. Displayed are the known host genes that showed consistent regulation differences
of >3-fold between LCMV-cgPi mice and controls. The mean fluorescence intensities for each probe set and the signal ratios with corresponding P values of changes

are indicated.
® Fluorescence units (intensity).
¢ MHCI, major histocompatibility complex class I; B-Gal, B-galactosidase.

UBP43, and the glucocorticoid attenuated response genes
GARG16 and GARGH49. Several ISGs, including the ubig-
uitin-like protein ISG15, GARG39, and the IFN-regulated
GTPases LRG47 and GTPI, appeared to be specifically in-
duced in the hippocampus (Table 4).

The overall high loads of viral antigen detected in hippocam-
pal neurons (Table 2) compared to the absence of detectable
changes in the expression of neuron-specific genes was surpris-
ing. This finding might be due, at least in part, to the limited
sensitivity of the screening assay. However, it was also possible
that LCMV persistence interfered specifically with neuronal
genes, whose expression is induced only in direct response to
certain environmental stimuli, such as a learning task. To test
for this latter possibility we examined the hippocampal gene
expression profile in LCMV-cgPi and control mice with tissue
material collected immediately after the mice were subjected
to the Y-maze discriminated avoidance task. This analysis re-
vealed 21 known genes with >3-fold-increased expression in
LCMV-cgPi compared to control mice (Table 5). Thirteen of
these 21 genes were also up-regulated >3-fold in mice that
were not exposed to the behavioral test. The regulation of only
two genes was reduced >3-fold in hippocampal tissue of
LCMV-cgPi collected immediately after the learning task. All
ISGs induced in hippocampus of unchallenged LCMV-cgPi
animals were also detected in the challenged group. Additional
ISGs induced only in the challenged group were the IFN-
regulated GTPases IIGP and mGBP2.

To validate the changes in mRNA levels identified by DNA
array studies, we used semi-quantitative RT-PCR to determine
the expression levels of the candidate ISGs STATI, IRF9,
ISG15, UBP43, GARG49, GARG39, and GARG16 in hip-
pocampus tissue. For each of the candidate genes a segment of
400 to 500 bp within the open reading frame was amplified
using specific sets of primers. As a control, we amplified a

200-bp fragment of the housekeeping gene GAPDH. The lin-
ear range of template/PCR product ratios for each candidate
gene was determined by performing PCR on serial dilutions of
the corresponding RT reaction product (for details, see Ma-
terials and Methods). Consistent with the DNA array data
(Table 4 and Table 5), we detected significantly higher levels of
STAT1, IRF9, ISG15, UBP43, GARG49, and GARGI16
mRNA in total hippocampus RNA from LCMV-cgPi mice
than from mock-infected animals (Fig. 5). However, we were
unable to detect significant changes of GARG39 by RT-PCR,
most probably due to its relatively weak induction and low
signal intensity (Tables 4 and 5).

DISCUSSION

Congenitally acquired viral chronic infection of the CNS can
frequently result in CNS abnormalities, including cognitive
defects in the absence of overt pathology. We therefore hy-
pothesized that viral persistence may contribute to neuronal
dysfunction by altering the host’s gene expression profile in the
absence of cytolysis and inflammation. To test this hypothesis,
we established a congenitally acquired LCMV persistent infec-
tion that recreates the natural route of viral transmission in its
natural host, the mouse, and examined its impact on the
host’s CNS gene expression profile with DNA arrays. Our
data show that congenital LCMYV infection by vertical trans-
mission (LCMV-cgPi) results in a lifelong persistent infec-
tion involving the CNS and that this condition is associated
with impaired cognitive function and specific changes in
CNS gene expression.

Previous studies aimed at examining the effect of LCMV
persistence on CNS function were based on the use of intra-
cranial inoculation of virus into the brain of neonate mice
(LCMV-Pi). This model has been instrumental in addressing a
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TABLE 5. Known host genes whose expression is changed the hippocampus of LCMV-cgPi mice exposed to an avoidance-learning test®

Genbank Mock LCMV-cgPi Signal

accession no. signal® signal® ratio P Gene identity®
M27134 20.7 225.1 10.87 0.000006 MHCI” K region locus 2

U43086 43.6 462.9 10.62 0.000001 GARG-49

M58156 233 236.8 10.16 0.000004 MHCI H-2K-f

AW047653 21.7 190.8 8.79 0.000333 UBP43

U06924 327 258.7 7.91 0.000001 STATI1

U43084 40.5 318 7.85 0.000001 GARG-16

M18237 65 505.9 7.78 0.000001 Ig kappa chain V-region
AB035174 47.7 341.9 7.17 0.001304 GalNAc alpha 2,6-sialyltransferase
AF099973 31.3 191 6.10 0.000285 Schlafen2

AJ007971 24.4 147.4 6.04 0.000001 IIGP

X56602 54 310.4 5.75 0.000002 ISG15

X67809 177.7 1001.7 5.64 0.000001 Peptidylprolyl isomerase C-associated protein
X16202 215.8 976.7 4.53 0.000001 MHCI Q4

M69069 3513 1271 3.62 0.000002 MHCI D region locus 1

X01838 827.7 2918.6 3.53 0.000001 Beta-2 microglobulin

V00746 490.5 1603.2 3.27 0.000001 MHCI H-2K

U43085 24.8 78.1 3.15 0.000007 GARG-39

U51992 157.5 494.2 3.14 0.000001 IRF9

U60020 583 175.7 3.01 0.000004 Transporter 1, ABC

AJ007972 86.7 204.6 2.36 0.001767 GTPI

U19119 72.7 162.6 2.24 0.000021 LRG-47

U66918 113.1 25.3 —4.47 0.00021 Short stature homeobox 2
AF035684 2385 273 —8.74 0.00002 Mus musculus beta chemokine TCA4

“ Known host genes whose expression is changed in the hippocampus of LCMV-cgPi mice exposed to an avoidance-learning test. Groups of 10 LCMV-cgPi mice with
virus titers of 10* to 10° PFU/ml and 10 age- and sex-matched uninfected controls were subjected to the Y-maze discriminated avoidance task as described for Fig. 3.
After the last session on day 6, animals were immediately euthanized and hippocampus tissue was dissected. Hippocampus tissue was pooled, and total RNAs were
isolated and used for gene profiling studies with Affymetrix murine genomic DNA array U74Av2. Genes were identified as described for Table 3. Displayed are the
known host genes that showed consistent regulation differences of >3-fold between LCMV-cgPi mice and controls. The mean fluorescence intensities for each probe

set and the signal ratios with corresponding P values of changes are indicated.
® Fluorescence units (intensity).
¢ MHCI, major histocompatibility complex class I.

variety of important questions, but it does not reflect the nat-
ural routes of transmission implicated in most congenital viral
infections of the CNS, both pre- and postnatal, which involve
vertical transmission from infected mothers to offspring (1, 2).
To overcome this limitation, we established the LCMV-cgPi
model, which allows for vertical transmission of LCMV from
infected mothers to offspring (LCMV-cgPi). This resulted in a
lifelong persistent infection in the absence of signs of inflam-
mation. Viral titers in serum and tissues of LCMV-cgPi mice
were found to be comparable to those in LCMV-Pi mice. As
reported for LCMV-Pi mice (19, 53), the majority of LCMV-
cgPi mice had high viral loads in neurons throughout the brain,
including the cerebral cortex, hippocampus, and cerebellum.
Although within the brain parenchyma, virus was primarily
confined to neurons in both models, LCMV-cgPi mice had
high virus loads in cells of meninges, choroid plexus, and the
linings of the ventricle walls, which are largely free of virus in
LCMV-Pi mice. Furthermore, we observed significant variabil-
ity in viral distribution in the brains of LCMV-cgPi mice with
similar serum titers, a situation reminiscent of human congen-
ital CNS infection by rubella virus, varicella-zoster virus, and
LCMV, viruses for which the pattern and consequences of
infection relate directly to the timing of maternal infection and
subsequent invasion of fetal tissue (2).

We and others have shown that LCMV-Pi mice exhibit im-
paired learning abilities and a reduced tendency to explore a
novel environment (20, 25). Using the same nonconditional
spatial discrimination task previously applied to the LCMV-Pi
model (20), we found similar defects in spatial and temporal

learning in LCMV-cgPi mice. This suggests that the cognitive
defects occur independently of the route and time of CNS
infection.

Despite high viral loads in CNS neurons of LCMV-cgPi
mice, our gene expression profiling studies revealed remark-
ably limited changes in the host’s gene expression profile. Out
of 39,000 host genes probed by our DNA array analysis only 56
and 19 genes showed significant induction and reduction, re-
spectively, in LCMV-cgPi and control mice, corresponding to
less than 0.2% of the host genome. Notably, the majority of the
known genes with increased expression in LCMV-cgPi mice
belonged to the group of ISGs and included members known
to play important roles in the host’s innate and adaptive im-
mune responses that contribute to the control of virus multi-
plication and spread. In addition, chronic upregulation of ISGs
may also contribute to altered CNS function.

Changes in acetylcholine enzymes, GAP-43, and neurotrans-
mitters have been previously reported for LCMV-Pi, and
LCMV-Pi and LCMV-cgPi mice exhibit similar behavioral de-
ficiencies. Our cDNA array data did not detect changes in
these genes. Several reasons could account for this apparent
lack of consistency. Thus, in the case of GAP-43, previous work
reported a decrease of less than 30% in levels of GAP-43
immunoreactivity within the hippocampus molecular layer of
LCMV-Pi mice compared to control mouse results. Since
GAP-43 is a presynaptic protein, its deficiency in the molecular
layer of the hippocampus likely reflects altered GAP-43 tran-
scription in entorhinal cortex and septal region neurons that
originally produce GAP-43. This modest and localized reduc-
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FIG. 5. Validation of changes in gene expression of selected candidate genes in LCMV-cgPi mice. Total RNA was isolated from hippocampus
tissue, and contaminant DNA was removed. A reverse transcription (RT) reaction was performed using 5 ug RNA and random hexamer primers,
and specific PCR fragments were amplified using specific primers for the candidate genes indicated and the housekeeping gene GAPDH. For
semiquantitative analysis the linear range of PCR product-template was determined by serial dilution of the RT products obtained with the
mock-infected samples. To detect quantitative differences in mRNA concentration of the candidate genes between LCMV-cgPi and control
samples, PCR was performed on identical RT product dilutions within the linear range of PCR product-template. Results for mock-infected
controls and LCMV-cgPi animals either from the control group (control) or exposed to the Y-maze learning paradigm (Y-maze) are shown. A

control reaction without RT (—RT) is indicated.

tion in GAP-43 expression may have a significant impact in
brain function, but it would be very difficult to detect via cDNA
arrays. Likewise, only very modest changes have been reported
for neurotransmitters and acetylcholine enzymes in LCMV-Pi
compared to control mice, which could explain the difficulties
in reliably detecting such alterations using cDNA arrays.
Since the hippocampus is implicated in learning and mem-
ory, we performed DNA array analysis on dissected hippocam-
pus tissue of LCMV-cgPi mice and uninfected controls. As
with our findings for total brain, only a small fraction of host
genes examined (<0.5%) showed altered expression in
LCMV-cgPi mice; these genes again included a large propor-
tion of IFN-regulated genes. Considering the high viral loads
found in hippocampal neurons of the LCMV-cgPi mice exam-
ined, these remarkably few changes in the host’s gene expres-
sion profile are rather surprising. The absence of changes in
the expression of neuron-specific genes was unexpected, but it
could be explained, at least in part, by the limited sensitivity of
the screening assay. It is possible that only infected neurons
would exhibit altered expression of specific neuronal genes,
and histological analysis showed that generally <50% of hip-
pocampus neurons are infected in LCMV-cgPi mice. Thus,
using a cutoff of >3-fold changes, our gene expression profiling
of hippocampus tissue would be expected to detect reliably
only changes in the range of 6-fold, or higher, for host genes
whose expression is specifically affected in LCMV-infected
neurons, thereby limiting our detection of some potentially
important genes with altered CNS expression in LCMV-cgPi
mice. The paucity of detectable changes in neuronal gene ex-

pression could be due to other factors. It is plausible that
LCMYV persistence would interfere only with genes whose ex-
pression is induced in response to certain environmental stim-
uli, such as a learning task. However, DNA array analysis of
hippocampus RNA isolated from mice immediately after
they were subjected to the Y-maze testing revealed quanti-
tative and qualitative changes in gene expression similar to
those seen with mice that were not exposed to the behav-
ioral test. Initial synaptic changes involved in memory for-
mation do not require gene transcription (35, 36), so it is
conceivable that the learning deficits observed in LCMV-
cgPi mice may be due to a direct or indirect interference of
the virus with the signal transduction events underlying
these early steps of synaptic plasticity.

The most consistent changes in CNS gene expression in
LCMV-cgPi mice involved genes implicated in type I alpha/
beta IFN (IFNa/B) response. Type I IFNs represent a first line
of defense against virus infection by generating an intracellular
environment that restricts viral replication and influences the
magnitude and quality of the subsequent antimicrobial adap-
tive immune response (22, 55). Type I IFNs induced in re-
sponse to viral infections can function in an autocrine, para-
crine, or endocrine fashion by binding to a common receptor
(IFNAR). IFNo/B binding to IFNAR activates receptor-asso-
ciated JAK kinases, which phosphorylate the signal transducer
and activator of transcription STAT1 and STAT2. Activated
STAT1 and STAT2 associate with IFN regulatory factor 9
(IRF-9) to form ISG factor 3 (ISGF3), which translocates to
the nucleus and activates gene transcription via the IFN-stim-
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ulated response element sequence present within the promot-
ers of ISG. While a number of studies have established a role
for type I IFNs in acute LCMYV infection (24, 37, 41, 47, 58),
their role in persistent LCMV infection is less well known.
Notably, levels of type I IFN-induced genes with antiviral ac-
tivity like those coding for double-stranded RNA-activated
kinase (PKR) and the Mx proteins, frequently induced in re-
sponse to acute viral infection, were not elevated in the hip-
pocampus of LCMV-cgPi mice. In contrast, we found long-
term expression changes in a distinct subset of ISGs, including
STATI, IRF9, ISG15, UBP43, GARG49, and GARG16. The
IFN-regulated transcription factors STAT1 and IRF9 are ex-
pressed at low levels in the normal CNS, but perhaps their
expression can be induced under pathological conditions, in-
cluding viral infection (27, 33, 48, 49, 63). ISG15 is a small
ubiquitin-like protein strongly induced upon IFN stimulation.
ISG15 covalently modifies target proteins following activation
by the E1 enzyme UBEILS. Recent studies demonstrated the
induction of ISG15 in the CNS and an increase in ISG15
conjugation (ISGylation) in brain proteins after acute LCMV
infection (50). The protease UBP43 is involved in removal of
ISG15 from ISGylated proteins (32, 34, 57), and evidence
indicates that UBP43 plays a key role in the regulation of
ISGylation (51) and innate immunity to viral infection (50).
Mice deficient in UBP43 were found to be resistant to lethal
LCM or myeloencephalitis after intracerebral inoculation
with LCMV or vesicular stomatitis virus, respectively. The
protection against LCMV-induced lethal LCM in UBP43
(—=/—) mice correlated with enhanced protein ISGylation
and a concomitant reduction in viral replication. However,
increased ISGylation may not be directly responsible for
these findings (29).

Interestingly, gene expression profiling in a monkey model
of neuroAIDS revealed a strong, concomitant up-regulation of
the IFN-regulated genes ISG15, STAT1, and IRF9, as with our
LCMV-cgPi model (52). However, while the induction of
ISG15, STATI, and IRF9 in our LCMV-cgPi model occurs in
the absence of detectable signs of inflammation and adaptive
immune response, the neuroAIDS model exhibits T-cell infil-
tration (62).

The glucocorticoid attenuated response genes GARG16 (in-
terferon-induced protein with tetratricopeptide repeats; IFIT-
1), GARG39 (IFIT-2), and GARG49 (IFIT-3) define a highly
conserved family of IFN-induced genes, which contain multi-
ple tetratricopeptide domains (59) involved in protein-protein
interactions. Up-regulation of GARG39 and GARG49 has
been found in the CNS after infection with Sindbis virus, rabies
virus, and Japanese encephalitis virus (27, 49, 54), suggesting a
role of these proteins in antiviral defense in the CNS.

Various neurological side effects have been found associated
with the therapeutic use of IFN, including impaired learning
and memory (13), and type I IFNs interfere with hippocampal
synaptic plasticity (14, 38). In addition, STAT1-dependent sig-
naling pathways have been shown to induce dendritic atrophy
and perturb synaptogenesis and synaptic maturation in cul-
tured hippocampus neurons (28, 61). Our findings may reflect
a balance between the host responses aimed at limiting virus
replication while minimizing damage and functional impair-
ment of infected neurons. Chronic regulation of specific genes
of the IFN system likely contributes to curtail the effects of
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virus replication and gene expression in LCMV-cgPi mice and
therefore provides the host with a certain degree of protection.
However, since elevated levels of IFNs found in chronic in-
flammation and persistent viral infections in the CNS are fre-
quently accompanied by behavioral side effects, the up-regu-
lation of IFN-induced genes may act as a double-edged sword
and contribute to CNS disturbances in the host.
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