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One hypothesis for the etiology of behavioral disorders is that
infection by a virus induces neuronal cell dysfunctions resulting in
a wide range of behavioral abnormalities. However, a direct
linkage between viral infections and neurobehavioral disturbances
associated with human psychiatric disorders has not been identi-
fied. Here, we show that transgenic mice expressing the phospho-
protein (P) of Borna disease virus (BDV) in glial cells develop
behavioral abnormalities, such as enhanced intermale aggressive-
ness, hyperactivity, and spatial reference memory deficit. We
demonstrate that the transgenic brains exhibit a significant reduc-
tion in brain-derived neurotrophic factor and serotonin receptor
expression, as well as a marked decrease in synaptic density. These
results demonstrate that glial expression of BDV P leads to behav-
ioral and neurobiological disturbances resembling those in BDV-
infected animals. Furthermore, the lack of reactive astrocytosis and
neuronal degeneration in the brains indicates that P can directly
induce glial cell dysfunction and also suggests that the transgenic
mice may exhibit neuropathological and neurophysiological ab-
normalities resembling those of psychiatric patients. Our results
provide a new insight to explore the relationship between viral
infections and neurobehavioral disorders.

eurobehavioral disorder is a complex disease that must arise

from the actions of many genes and/or environmental
factors. A number of working hypotheses propose that viral
infection, as an environmental factor, contributes to the induc-
tion of neuropathological and neurophysiological disturbances,
resulting in a wide range of behavioral abnormalities (1-3).
Studies using animal models reveal that viruses can induce
neurobehavioral disturbances predominantly through an indi-
rect pathway that involves the release of various factors by
infiltrating cells or by glial cells (3-5). This process seems to be
a common pathway to neuronal injury in a wide variety of
neurodegenerative disorders in which glial proliferation typically
accompanies. In the case of major psychiatric disorders, how-
ever, a spectrum of neurological abnormalities associated with
glial cell dysfunction is found in brains without neuronal degen-
eration (2, 6—8). Despite increased insight into the mechanisms
of the neuropathogenesis of different viruses, viral infections
or specific antigens that develop neurobehavioral abnormal-
ities associated with psychiatric disorders have not yet been
identified.

Borna disease virus (BDV) is a highly neurotropic virus that
belongs to the Mononegavirales. Natural infection of BDV has
now been found in a wide variety of vertebrates, suggesting that
the host range of this virus probably includes all warm-blooded
animals (9, 10). BDV persistently infects the CNS of many
animal species and causes behavioral disturbances, such as
anxiety, aggression, hyperactivity, abnormal play behavior, and
cognitive deficits, reminiscent of autism, schizophrenia, and
mood disorders (11-14). Thus, studies on this virus provide an
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important paradigm for the investigation of the mechanisms by
which virus infection induces neurobehavioral disorders. More-
over, epidemiological studies have demonstrated a higher prev-
alence of BDV infection in psychiatric patients than in controls
(15-17). These observations suggest that BDV is a human
pathogen and that viral infection may play a role in the induction
of certain human mental illnesses. Here we use transgenic mice
expressing the phosphoprotein (P) of BDV in the CNS to
understand the linkage between CNS virus infection and neu-
robehavioral disorders, as well as to elucidate the molecular
nature of BDV neuropathogenesis. The P is abundantly ex-
pressed in infected animal brains and interferes with a multi-
functional protein, HMGBI, in neuronal cells (18, 19), sugges-
tive of a neurotropic effect of this protein in the infected CNS.
We demonstrate that BDV P transgenic mice develop behavioral
abnormalities resembling those in BDV-infected animals, and
that the transgenic brains show severe neurobiological distur-
bances linked to neurobehavioral disorders.

Materials and Methods

Construction of Transgenic Mice. A BamHI-Bglll fragment con-
taining BDV P cDNA derived from MDCK/BDV cells was
inserted into the BamHI linker site of a modified pGfa2Lac-1
plasmid containing a human glial fibrillary acidic protein
(GFAP) promoter and the mouse protamine sequences (20).
The 3.4-kb Bgl/1I fragment containing the GFAP promoter, BDV
P ¢cDNA, and the mouse protamine sequences from the con-
struct was used for microinjection as a transgene, and ~500
copies were microinjected into the pronuclei of fertilized
C57BL/6 mouse embryos. Transgenesis was determined on tail
DNA by PCR using primers specific for BDV P. Four founders
were used to establish independent transgenic lines.

Behavioral Testing. For isolation-induced aggression, male resi-
dent test mice were isolated for at least 4 wk. Cages were changed
once per week, but not during the week preceding the test period.
Aggressive behaviors in 3- to 8-mo-old test mice were monitored
during 5-min exposures to WT C57BL/6 male intruder mice that
had been group-housed (three per cage). Five test sessions were
conducted (one trial per day). The latency period until the first
biting attack and the total number of biting attacks were
recorded by videotape during each test session. For mice that
failed to attack, the latency period was scored as 5 min.

A Morris-type water maze task was used to compare the
cognitive abilities of transgenics and controls. The maze was a

This paper was submitted directly (Track I1) to the PNAS office.

Abbreviations: BDV, Borna disease virus; P, phosphoprotein; GFAP, glial fibrillary acidic
protein; BDNF, brain-derived neurotrophic factor; 5-HT, serotonin.

5To whom correspondence should be addressed. E-mail: tomonaga@biken.osaka-u.ac.jp.

PNAS | July 22,2003 | vol. 100 | no.15 | 8969-8974

MICROBIOLOGY



circular pool (90-cm diameter) filled with opacified water and
maintained at 25°C. A round Perspex platform (12-cm diameter)
was placed inside the tank at the center of the target quadrant,
1.5 cm below the water surface. Spatial training consisted of five
trials (one block) per day, each trial lasting until the mouse
reached the platform or 90 s, whichever came first, with 15 min
between separate trials. After each trial, mice remained on the
platform for 15 s. Twenty-four hours after the 20th trial, all mice
were subjected to a test in which they swam for 90 s in the pool
without a platform. During acquisition and trials, the movements
of mice in the tank were recorded on videotape for subsequent
analysis. For each trial, performance was expressed as the
percentage of time spent in each of the four quadrants, and the
number of crossings through the area where the platform used
to be.

Locomotor activity was assessed in an activity cage made of a
cubicle of clear Perspex (54 X 50 cm?, 37 cm high; Ugo Basile,
Comerio, Italy). The cage consisted of two blocks facing each
other that contained an infrared ray array of emitters and
sensors. The system could be used to automatically monitor the
horizontal or vertical movements of the animals by counting the
number of times each animal crossed the infrared beams. Mice
were placed in the cage for 10 min (per trial), and the beam
crossings were counted during that period. Statistical signifi-
cance was assayed by ANOVA, followed by Fisher’s post hoc test.

Immunohistochemistry. For the immunostaining of transgenic
brains, deparaffinized thin sections (4 wm) were incubated with
trypsin solution for 30 min at 37°C, except for sections used for
GFAP staining. The sections were then treated with 0.05% HIO4
to quench endogenous peroxidase activity and were washed
extensively in Tris-buffered saline. After a blocking step, the
sections were incubated with rabbit anti-P polyclonal antibody
(1:1,000; ref. 21), anti-GFAP antibody (Zymed), and/or anti-
synaptophysin monoclonal antibody (1:10, Chemicon). For de-
tection of transgene product, primary antibodies were detected
with biotinylated goat anti-rabbit IgG and avidin-biotin perox-
idase complex (Vector Laboratories) by using diaminobenzi-
dine/H,0,. For double staining using P and GFAP antibodies,
FITC-conjugated donkey anti-goat and Cy3-conjugated donkey
anti-rabbit IgG antibodies (1:500, Jackson ImmunoResearch)
were used. For synaptophysin, specific reactions were visualized
with a Fast Red Substrate System (DAKO).

For a quantitative analysis of the synaptophysin levels in the
brains, the area of interest was captured by Nikon E600 micro-
scope and charge-coupled device camera (Hamamatsu Photon-
ics, Hamamatsu City, Japan) under the same optical and lighting
conditions. The average of optical density of positive signals was
measured in six different fields of each specific region, including
the cerebellum and molecular layer of the hippocampus, in at
least four sections for each animal by MACSCOPE software
(Mitani, Fukui, Japan). This software established two threshold
densities (minimum and maximum) for the signals and extracted
the pixel intensity within the thresholds to determine the optical
density in selected fields. The densities beyond the thresholds
were measured as backgrounds.

Semiquantitative RT-PCR Analysis of Serotonin Receptors. Semiquan-
titative RT-PCR for serotonin (5-HT) receptors was performed
with primers 5-HT 5 (5'-ACCATCTACTCCACTTTCGGCG-
3’,sense; 5'-TTCACTGTCTTCCTCTCACGGG-3', antisense);
5-HTis (5'-AGGAGCAGGGTATTCAGTGCG-3', sense; 5'-
TGTCCAGCGTCCAGTGACCG-3', antisense); 5-HToc (5'-
CCTACGCCGTCAAACCCTG-3', sense; 5'-GCCTTCCCA-
CAAAGCACCGACAG-3’', antisense). Amplification was
conducted in the linear range. The amplification products were
resolved on 1.5% agarose gels. The images on the agarose gels
were captured electronically, and the intensity of each band was
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Fig. 1. Construction of BDV P transgenic mice. (A) GFAP promoter-driven
transgene encoding BDV P (see Materials and Methods). (B) Southern blot
analysis of the tail DNA samples from P transgenic mice. DNA samples (10 ug)
were subjected to DNA blotting with a digoxigenin-labeled BDV P probe. As
controls, plasmid-derived P ¢cDNA corresponding to 0, 2.5, or 25 copies per
diploid was also used. NT, nontransgenic. (C) Detection of P mRNA in the
brains by RT-PCR. Total RNAs were isolated from the brains of 2-, 4-, and
8-mo-old mice. As a control for RNA input, the levels of GAPDH were assayed
(see Materials and Methods). (D) Immunoblot analysis of the brains of trans-
genic mice. The lysates (10 ng of protein per lane) from the brains of trans-
genic mice (2, 4, and 8 mo old) were detected by P polyclonal antibody. As a
control for protein input, the level of expression of tubulin was measured.

quantified by using NIH IMAGE. The relative ratios of 5-HT
receptors to GAPDH mRNA (primers 5'-ACCACAGTCCAT-
GCCATCAC-3" and 5'-TCCACCACCCTGTTGCTGTA-3")
levels were calculated and were expressed as a percentage of the
mean value found in nontransgenic mice.

Results

Generation of Transgenic Mice. Transgenic mice expressing BDV P
were generated under the control of a human GFAP promoter
(Fig. 14). GFAP is expressed predominantly in astrocytes (22),
which are one of the targets of BDV infection. Four founders
were identified by PCR analysis of lysates from tail biopsies and
used to establish separate transgenic lines. By DNA blot hybrid-
ization, a variable number of transgene copies were detected
within these lines (Fig. 1B). We used lines GFP4 and GFP20 for
further analyses, because the expression levels of P mRNA and
protein in the CNS were significantly different between the two
lines (Fig. 1 C and D); the expression in line GFP20 (high
expressor line) was significantly higher than that in line GFP4
(low expressor line).

Behavioral Analysis of Transgenic Mice. The transgenic mice devel-
oped normally and were apparently normal as adults. To char-
acterize the effects of P expression in the CNS, we assessed the
behavioral alterations in P transgenic mice in terms of aggressive
behavior, cognitive ability, and locomotor activity. To investigate
aggressive behavior in these mice, we measured the offensive
intermale fighting among the mice by using a resident—intruder
paradigm. Four-month-old GFP20 resident males attacked an
intruder more rapidly than did the GFP4 and the nontransgenic
residents [n = 6, 99.5 £ 66.0 s (GFP20) compared with 297.2 *
6.94 s (nontransgenic), P < 0.001; Fig. 24]. Two-way ANOVA
revealed that the biting attack latencies of GFP20 mice were
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Fig. 2. Behavioral alterations in P transgenic mice. (A) Offensive intermale

aggression of P transgenic mice. The latency to the first biting attack was
measured in 4-mo-old transgenic and nontransgenic (NT) mice. The results of
the first trial are shown. ANOVA revealed a significant difference among the
genotypes. (B) The latency to the first biting attack during five trial blocks. (C)
Number of biting attacks in 4-mo-old transgenic and control mice. (D) The
latency to escape to the hidden platform in the water maze was abnormally
increased in GFP20 mice. (E) The time spent in the target quadrant during a
probe test. All data are mean values and =SEM of 4- and 8-mo-old transgenic
and NT mice. ANOVA revealed a significant difference among the genotypes.
(F) The number of crossings through the platform area during a 90-s probe
test. ANOVA revealed a significant difference among the genotypes. (G)
Locomotor activities of 4- and 8-mo-old transgenic and NT mice. The number
of times the mice crossed the infrared beams was counted during a trial
for horizontal activity. Values are expressed as mean = SEM (*, P < 0.01; **,
P < 0.001).

consistently short during the trial blocks (F230 = 183.7, P <
0.001), whereas no significant effect of trial block on the latencies
was found in the testing (Fa 30 = 0.975, P = 0.435) (Fig. 2B). The
number of biting attacks was also significantly higher in line
GFP20 [n = 6, 12.16 = 5.84 times (GFP20) compared with
0.33 = 0.81 times (nontransgenic), P < 0.001; Fig. 2C]. The low
expressor GFP4 and control mice showed very similar and fairly
constant biting attack performance over the course of testing.
Older GFP20 mice (8-12 mo old) and another high expressor
line, GFP139, also displayed aggressive behavior similar to that
of the 4-mo-old GFP20 toward intruders. Interestingly, although
it was not quantified, the high expressor lines showed a lack of
coordination with frenzied activity; they always assumed a biting
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position toward human hands when the researchers attempted to
pick them up by the tail, whereas the low expressor and control
mice never showed such aggressive behavior.

The cognitive abilities of P transgenic mice were examined by
using a Morris-type water maze test (Fig. 2D). Although no
significant differences in escape latency were found between
GFP4 and control mice at both 4 and 8 mo of age, the high
expressor line GFP20 revealed a significant delay in escape
latency. Two-way ANOVA revealed significant effects of the
genotype and the trial block on the escape latency (n = 10,
genotype F g4 = 29.639, P < 0.001, trials F3 34 = 8.565, P < 0.001
at 4 mo; genotype F» 9, = 45.017, P < 0.001, trials F3 9, = 17.273,
P < 0.001 at 8 mo), whereas the effects of genotype X trial
interaction did not (Fegs = 0.484, P = 0.818 at 4 mo; Fe oy =
0.352, P = 0.906 at 8 mo). These results indicated that, although
GFP20 mice showed a significant delay in escape latency over the
trials, the transgenic mice mastered the task at learning rates
similar to those of GFP4 and control mice. After the last training
day, all mice were given a probe trial. The test revealed a
significant reduction in spatial retention in GFP20 mice, whereas
GFP4 and control mice showed a clear preference for the target
quadrant (Fig. 2F). Line GFP20 spent 22.02 + 6.92% of the time
in the target quadrant compared with 39.68 + 11.08% for the
controls (P = 0.0055 for 4-mo-old mice, P < 0.001 for 8-mo-old
mice). GFP20 mice also showed a significant reduction in the
number of crossings through the area where the platform used
tobe [1.25 = 1.16 times (GFP20) compared with 6.1 + 1.59 times
(nontransgenic), P < 0.001; Fig. 2F]. These data revealed that
spatial reference memory in the GFP20 mice was significantly
impaired.

The locomotor abilities of the mice were analyzed by using an
activity cage. Two-way ANOVA showed significant effects of the
genotype (n = 8, Fy 133 = 45.365, P < 0.001) and trial (n = 8§,
Fs133 = 11.368, P < 0.001) in the horizontal activity of §-mo-old
GFP20 mice (Fig. 2G). GFP4 and control mice showed very
similar activity over the course of testing. Furthermore, the
maximum swimming speed of the transgenic mice was not
significantly different from that of control mice at both 4 and 8
mo of age (data not shown). These observations suggested that
the GFP20 mice developed hyperactivity and that the cognitive
deficits in this line were not due to physical disabilities.

Transgene Expression in the Brains. To understand the behavioral
alterations in the high expressor mice, we investigated the
neuropathology of the transgenic mice. The GFP20 mice clearly
produced the transgene product in the brain as early as embry-
onic day 18 (Fig. 34). In association with development, the
number of immunoreactive cells increased, and the positive cells
were found to be widely distributed in the brains of GFP20 mice.
In 3- to 4-mo-old GFP20 mice, the transgene product was readily
detected in Bergmann glial cells of the cerebellum (Fig. 34). A
similar staining pattern of P was frequently found in rat brains
infected with BDV (Fig. 3B). On the other hand, weak P-positive
signals appeared in the low expressor line, GFP4, only at 8 mo
of age. The expression of P in the GFP4 brains was fairly stable
at low levels during the observation period. Of note, the immu-
nohistological study revealed alteration in the staining pattern of
P in GFP20 brains. At 4 mo of age, P began to be observed in
the neuropil of the hippocampus as small dots with a punctate
staining pattern (Fig. 3C). The level of neuropil staining obvi-
ously increased with age in the GFP20 mice (Fig. 3C). Immu-
nostaining with P and GFAP antibodies revealed that the P was
found in the nucleus of GFAP-positive cells during the early
adulthood of GFP20 mice, whereas cytoplasmic staining of the
protein was identified in mice >4 mo old (Fig. 3D). The punctate
staining was associated with the cell processes of astrocytes,
suggesting a possibility for the deposition and accumulation of P
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Fig. 3. Expression of BDV P in transgenic brains. (A) Brain sections were
immunostained with an antibody to BDV P. The positive signals are indicated
by arrows. (B) The P-positive signals in Bergmann glial cells of the cerebellum
of persistently BDV-infected rats (8 wk after neonatal infection, arrows). (C)
The Psignals were detected in the hippocampal neuropil of the high expressor
brains after 4 mo of age (arrows). The stained areas increased with the age of
the mice. NT, nontransgenic. (D) Double staining of GFP20 brain sections with
P (red) and GFAP (green) antibodies revealed that P was present not only in the
nucleus (Left) but also in the cytoplasm (Right: hippocampal neuropil region
of 6-mo-old mice) of GFAP-positive cells.

in the cytoplasm of astrocytes in the hippocampal neuropil in the
aged GFP20 mice.

On the other hand, in the transgenic brains, neither reactive
astrocytosis nor loss of large neurons such as the pyramidal
neurons and Purkinje cells was observed by the hematoxylin and
eosin and GFAP stainings, even in the aged high expressor lines
(Fig. 4 A and B). Furthermore, the numbers of terminal de-
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Fig. 4. Neuroanatomical analysis of transgenic brains. (A and B) Brain

sections from 8-mo-old nontransgenic (NT) and GFP20 mice were stained with
hematoxylin and eosin (A) and GFAP antibody (B). The cerebral cortex, mid-
brain, cerebellum, and hippocampus regions are shown. (C) Terminal de-
oxynucleotidyltransferase-mediated dUTP nick end labeling (TUNEL) staining
was performed with brain sections from 8-mo-old NT and GFP20 mice. The
cerebral cortex regions are shown.
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Fig.5. Neurobiological abnormalitiesin the brains of high expressor line. (4)
The ELISA system revealed a significant decrease in the BDNF levels in the
hippocampus of GFP20 mice. (B) The brains of the GFP20 mice showed a
reduced level of expression of BDNF mRNA (arrowheads) compared with the
low expressor line, GFP4, and nontransgenic (NT) mice. Arrows indicate BDNF-
positive neurons in the cornu ammonis layer (CA1). The brain sections were
prepared from 8-mo-old mice. In situ hybridization was performed as de-
scribed (21). (C) Expression of 5-HT receptors in transgenic and control brains.
The results from three different mice in each group are shown. The intensities
of amplification products were quantified. (D) Detection of synaptic forma-
tion by synaptophysin staining. The hippocampus and cerebellum regions of
8-mo-old mouse brains are shown. (E) Quantitative analysis of the synapto-
physin levels in transgenic brain. Statistical significance was assayed by
ANOVA, followed by Fisher’s post hoc test (*, P < 0.01; **, P < 0.001; *,
P =0.02).

oxynucleotidyltransferase-mediated dUTP nick end labeling
(TUNEL)-positive cells were not significantly different between
GFP20 and nontransgenic mice in any regions of the brains from
8-mo-old animals (Fig. 4C), indicating that neurodegenerative
reactions do not occur in the transgenic mice. Importantly,
although the transgenic mice developed behavioral abnormali-
ties, GFP20 mice did not show degeneration of the hippocampus
dentate gyrus neurons usually found in the brains of BDV-
infected rats (Fig. 44).

Neurobiological Abnormalities in Transgenic Brain. Previous studies
have demonstrated that behavioral abnormalities could be re-
flected by alterations in the expression of neurotrophic factors
such as brain-derived neurotrophic factor (BDNF; refs. 23-26).
Therefore, we next investigated the expression of the BDNF in
the transgenic mouse brains. ELISA revealed a significant
reduction in the BDNF level in the hippocampus of GFP20 mice
[4 mo: 46.2 = 5.68 pg/mg (GFP20) compared with 75.6 = 9.11
pg/mg (nontransgenic), n = 4, P < 0.001; 8 mo: 28.9 = 6.59
pg/mg (GFP20) compared with 52.6 + 9.79 pg/mg (nontrans-
genic), n = 4, P < 0.001], whereas GFP4 showed a level related
to that of control mice (Fig. 54). In situ hybridization also
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showed a decreased expression of BDNF mRNA in the cere-
bellum and hippocampus (Fig. 5B). BDNF expression in the
GFP20 brains showed no recovery to the levels observed in the
controls during an observation period of 14 mo.

BDNF moderates the 5-HT system, as well as the synapse
formation, at multiple levels in the CNS (23, 27, 28). Thus, we
examined the expression of 5-HT receptors and synaptic density
in the transgenic brains. To determine the expression of 5-HT
receptor mRNA, we used semiquantitative RT-PCR analysis.
We focused on the mRNAs of three 5-HT receptors (5-HTja,
5-HTg, and 5-HTyc receptors) that were suggested to play
prominent roles in the regulation of several behaviors, including
aggression (29-32). Repeated tests revealed significant de-
creases in the mRNA levels of 5-HT 4 and 5-HT ;g receptors, but
not of 5-HT,c receptor, in the hippocampus of 8-mo-old GFP20
brains (n = 4, GFP20 vs. nontransgenic; 5-HT; receptor, P =
0.007; 5-HT;p receptor, P = 0.02; 5-HT,¢ receptor, P = 0.116)
(Fig. 5C).

To determine whether the expression of P in the transgenic
brains affects synaptic formation, sections from the 4- and
8-mo-old mice were immunolabeled with synaptophysin anti-
body. The analysis of the optical density of positive signals clearly
showed that the density of the synapses was significantly de-
creased in the GFP20 brains, in comparison with GFP4 and
nontransgenic brains at the same age (n = 4, P < 0.001; Fig. 5
D and E). These observations indicated that transgenic expres-
sion of P in glial cells resulted in severe neurobiological abnor-
malities, including synaptic damage, that have also been reported
in the brains of BDV-infected animals.

Discussion

We have shown that glial expression of BDV P leads to behav-
ioral abnormalities, as well as neurobiological disturbances, in
transgenic mice. We have also demonstrated that neither glial
cell proliferation nor neurodegenerative reaction occurs in the
transgenic brains, indicating that P can directly induce neuronal
cell dysfunctions leading to behavioral alterations. The presence
of a similar behavioral abnormality in a separate high expressor
line indicates that they are not caused by an insertional mutation
with neurodevelopmental consequences. Numerous studies us-
ing the GFAP promoter have confirmed that the effects of P
expression do not result nonspecifically from astrocyte expres-
sion of any foreign protein (22, 33). A specific relationship
between BDV P expression and induction of neurobiological
disturbances is further supported by the correlation between the
intensity of abnormality and the expression level of P in different
transgenic lines. As far as we tested, the low/late expressor GFP4
showed almost the same performance on behavioral tests as
control mice and no neurobiological disturbances, suggesting
that not only the level but also the developmental expression of
P in the brains may be critical to induce behavioral abnormalities
in mice.

Previous studies demonstrated that BDV persistent infection
develops neurobehavioral diseases in rodent models. BDV in-
fection in a mouse strain that lacks functional CD8* T cells leads
to persistent infection and causes learning deficits without overt
neuronal loss (14). Furthermore, it is known that some strains of
mice exhibit locomotor hyperactivity after BDV infection (11).
In addition, neonatally BDV-infected rats show learning and
memory deficits, as well as hyperactivity, in the absence of an
inflammatory response (34, 35). In neonatally infected rats, an
abnormal level in BDNF and 5-HT receptors was also demon-
strated (36, 37). These similarities between BDV-infected ani-
mals and P transgenic mice may indicate that P is a main
contributor to BDV-induced neuronal abnormalities. However,
it is also true that there are significant differences between
persistently BDV-infected rodents and P transgenic mice in the
behavioral and neurochemical alterations. In neonatally infected
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rats, BDV causes significant neuroanatomical disturbances char-
acterized by degeneration of the dentate gyrus, cortical shrink-
age, and cerebellar hypoplasia (13). It has been also demon-
strated that neonatally infected rats show abnormal social play
behavior, but not aggressive behavior, by the intruder-resident
paradigm (12). A chronic astrocytosis and microgliosis were also
demonstrated in neonatally infected rat brains (38). Moreover,
BDV-infected rodent brains exhibit severe abnormalities in the
levels of cytokines, chemokines, neurotrophic factors, and neu-
rotransmitters and their receptors. These discrepancies give rise
to a possibility that behavioral deficits in the transgenic mice may
be qualitatively different from those seen in the natural course
of BDV persistent infection. It is possible that the phenotype
in P transgenic mice is mainly related to effects due to glial
expression of P in early life. Nevertheless, the findings in the
transgenic mice could provide a good basis for the pathological
role of P in BDV infection, because an abundant expression of
P is always found in persistently infected brains.

Although the mechanism by which glial expression of P
induces neurobiological disturbances remains to be elucidated,
the lack of reactive astrocytosis and neuronal cell death in the
transgenic brains suggests that P can directly affect astrocyte
function. Recent evidence has shown that astrocytes are con-
ceivably required for synapse formation, maintenance, and ef-
ficacy, as well as for the maintenance of brain homeostasis
(39-41). It has also been demonstrated that astrocytes increase
structurally mature, functional synapses in the CNS (42). We
showed a loss of =50% of synaptic density in the brains of the
high expressor mice at 8 mo of age, suggesting that impairment
of astrocyte function in the transgenic brains could be critical
enough to cause deleterious effects in neuronal functions in-
volved in synaptic formation. The lasting dysfunctions of astro-
cytes and synapses must link to a variety of neurobiological
deficits (40, 41). We found a significant reduction of BDNF and
an unbalanced expression of 5-HT receptors in the transgenic
brains. Although the direct linkage between astrocyte dysfunc-
tion and BDNF expression is obscure, synaptic alterations, in
turn, could influence BDNF releases from CNS cells. The
reduction of BDNF could successively modulate further disabil-
ities of synapses, as well as 5-HT system, in the brains (23, 27, 28).

In this study, we found severe behavioral abnormalities in high
expressor GFP20 mice. Interestingly, the disruption of BDNF
and 5-HT receptors has been found to directly induce behavioral
disorders in experimental animals (23, 24, 26, 29, 31, 43-45). The
reduction of these molecules in the brains can impair long-term
potentiation in the hippocampal neurons and induce behavioral
deficits without degeneration of hippocampal and cerebellar
development (26, 43, 46). Therefore, it is conceivable that the
behavioral impairments in the P transgenic mice could be due to
an abnormal level of BDNF and 5-HT receptors in the brain. On
the other hand, we showed locomotor hyperactivity only in the
§8-mo-old GPP20 mice. The reason the 4-mo-old mice did not
show abnormal activity is unclear, but the expression level of P
and/or long-term alterations in synapse and neurobiochemical
environments may be involved in the impairment of neuronal
functions regarding locomotor activity in mice. We demon-
strated a gradual deposition of P in the transgenic brains. In this
regard, it is of interest to identify the association between
expression level of P in the brains and behavioral impairments
in the transgenic mice.

It is well known that glial cells play important roles in raising
the basic scaffolding of the brain during development (41). Given
that the embryonic expression of P directly causes astrocyte
dysfunctions, it is likely that the transgenic brains show a wide
range of disturbances on neuronal development. The GFP4
mice, in which P expression was found only at 8 mo of age,
showed almost the same phenotype as control mice. This finding
may support a deleterious effect of P in the developing brains.
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Intriguingly, we have recently found that BDV P directly inter-
acts with a neurite outgrowth factor, HMGBI, and inhibits its
function in cultured neuronal cells (18). Considering the roles of
HMGBI in neurite outgrowth, cell migration, and cellular
survival in developing brains (19), it is also possible that P can
affect neuronal development by inhibiting HMGB1 function in
glial cells. In this study, however, we could not detect any
neuroanatomical abnormalities in the transgenic brains. A more
detailed investigation regarding neuroanatomical and neurode-
velopmental abnormalities should be necessary to understand
the effects of BDV P during CNS development.

Importantly, many studies indicate that human psychiatric
disorders show neurological disturbances that must arise from
glial cell dysfunction and predominantly occur without neuronal
degeneration (6—8). Furthermore, an abnormal level of BDNF
and 5-HT receptors, as well as a reduced number of synaptic
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formations, has also been demonstrated in the brains of certain
human mental disorders (8, 47, 48). These observations indicate
that the P transgenic mice developed neuropathological and
neurophysiological abnormalities in common with these human
disorders, and impairment of glial cell function may exist as a
common cause for the induction of neurobehavioral disorders.
Our results suggest that viral infection may play a role in the
development of neurobehavioral dysfunctions. Although the
role of BDV infection in the induction of psychiatric disorders
remains controversial, this work should promote further inves-
tigation regarding this question.
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