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Exploring the cerebellum with a new tool: neonatal Borna
disease virus (BDV) infection of the rat’s brain
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Cerebellar pathology has been associated with a number of developmental behavioral disorders, including autism spectrum
disorders. Despite the fact that perinatal virus infections have been implicated in neurodevelopmental damage, few animal
models have been developed to study the pathogenesis involved. One of the most interesting in vivo models of virus-induced
cerebellar damage is the neonatal Borna disease virus (BDV) infection of the rat brain. The present review describes molecular,
cellular, neuroanatomical, neurochemical and behavioral features of the BDV model and also provides a basis for a new
understanding of the pathogenic mechanisms of cerebellar malformation and associated behavioral deficits.
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Introduction

The cerebellum has long been considered the motor/
balance/posture coordinator. This view of the cerebellum
has expanded over the past decade and we now know that
it is a far more complex structure also involved in the
regulation of emotions, language and cognition."* Cer-
ebellar pathology has been described in patients with
schizophreniaf’4 autism,>® and attention deficit/hyper-
activity disorder,” suggesting that some mood and
cognition deficits could be due to cerebellar abnormal-
ities.>® However, it has been extremely difficult to
attribute particular pathology of the cerebellum to
distinct symptoms and syndromes of autism or schizo-
phrenia since these disorders of neurodevelopment, make
it impossible to sort out primary and secondary altera-
tions in the abnormally developing human brain.®
Animal models are valuable to better understand the
pathogenesis of abnormal maturation of the cerebellum
and effects of cerebellar injury on the other areas of the
brain, including structural and functional changes in
brain regions intimately connected with the cerebel-
lum.”'® Numerous animal models of early cerebellar
damage have been developed using genetic, lesion and
neurotoxic manipulations.”*14 However, relatively few
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animal models of cerebellar damage have undergone
substantial characterization despite the fact that perinatal
virus infections have been associated with abnormal brain
maturation and resultant neurological and behavioral
deficits.!>7

Virus infections and the cerebellum

The cerebellum continues to develop postnatally in
humans and animals.® During the early postnatal period,
the normal cerebellum undergoes a dramatic increase in
size and acquires its foliage and laminar organization.’
This is accompanied by an intense proliferation and
radial migration of cerebellar granule cells, from the
external germinal layer (EGL) towards the internal
granule layer (IGL). Although Purkinje cells (PCs) are
generated between embryonic days 13 and 15, significant
maturation of PCs (e.g., dendritic tree development) still
occurs postnatally.” The postnatal maturation of the
cerebellum renders it particularly vulnerable to harmful
effects of perinatal virus infections.”*>*!8

Many viruses are capable of infecting the cerebellum in
both natural and experimental infection.'®?? In many of
these cases, little to no cerebellar pathology results.
However, in cases of lymphocytic choriomeningitis virus
(LCMYV), parvovirus and neonatal Borna disease virus
(BDV) infection, cerebellar pathology is clearly evi-
dent.>*>"%°

The features and pathogenesis of the cerebellar
damage caused by these viruses differs substantially. In
mice or rats inoculated with LCMV,?>2° the cerebellar
astrocytes and Bergman glia are the first cells to become
infected followed by secondary infection of the PCs and
cells of the EGL and IGL. Within two weeks post
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inoculation (p.i.), a rapidly progressive CD8" T-cell
mediated destruction of the cerebellum ensues. In natural
and experimental infection of numerous species with
parvovirus,'>?* there is a selective destruction of the
EGL prior to postnatal migration, leading to abnormal
foliation and a nearly total disappearance of the IGL. No
other cell types become infected. Unlike the cerebellar
damage induced by LCMYV, that induced by parvovirus is
due to direct virus mediated cell lysis.'®

In contrast to LCMV and parvovirus infections,
neither immune-mediated nor direct viral lysis appear
to contribute to BDV-induced cerebellar injury.?> In this
review, we critically evaluate the existing data about
possible mechanisms of cerebellar damage in BDV-
infected rats and indicate future directions in studying
the pathogenesis of BDV-induced cerebellar abnormal-
ities.

Borna disease virus

BDV, the prototype of the family Bornaviridae, is an
enveloped spherical virus carrying an 8.9 kb single-
stranded, non-segmented RNA with negative polarity
that replicates in the nucleus.’® BDV is a natural
pathogen in a wide range of mammalian and avian
species, from rhesus monkeys to ostriches.?” Although
it is possible that in some hosts BDV infection may not be
associated with inflammatory responses, in most natu-
rally infected animals, BDV causes a sporadically occur-
ring progressive immune-mediated viral encephalomye-
litis with striking behavioral disturbances also known as
Borna disease (BD). Despite a very robust host immune
response, BDV causes persistent infection of neurons and
astrocytes, i.e. no viral clearance.?” In wvitro, BDV also
replicates persistently and noncytolytically.?® While there
have been reports on prevalence of anti-BDV antibodies
in psychiatric patients and on the isolation of viral RNA
from postmortem brain tissue, a putative role of BDV
infection in the causation of human neuropsychiatric
disorders remains controversial.*

Neonatal BDV infection

In contrast to classical BD, experimental intracerebral
injections of BDV to newborn, immunologically imma-
ture Lewis rats leads to selective neurodevelopmental
abnormalities with distinct behavior deficits in the
absence of the destructive global inflammatory responses
(encephalitis and meningitis) seen in rats inoculated as
adults.?%>!

Narayan et al. and Hirano et al. were the first to
describe the non-inflammatory BDV brain infection in
neonatal Lewis rats.>®>! Later, Carbone et al. character-
ized several hallmark brain abnormalities of neonatal
BDV infection.?? Recently, neonatal BDV infection has
been recognized as a model of human neurodevelop-
mental disorders®”>>>*> in which a perinatal injury to the

developing CNS appears to play a leading pathogenic
role.’*3>

Intracranial injection of the infectious virus in a
newborn rat pup within first 24-48 hours after birth is
the most common way of inducing neonatal BDV
infection in rats. Neonatally BDV-infected rats exhibit
no overt signs of the CNS infection, such as malaise,
paresis, aggressiveness, and anorexia.’°~? Infected rats
have normal body shape and proportion but are overall
smaller than uninfected control pups.®?>° Differences in
the overall body size and weight begin to emerge as early
as at day 12p.i.>” The basis for runting is unclear.
Notably, levels of glucose, growth hormone, and insulin-
like growth factor-1 have been found to be unaltered,>®
and the amount of food consumed by neonatally BDV-
infected and uninfected rats over the 24-hour period were
similar.®

BDV-induced neuropathology

Several days after infection, viral antigens and RNA can
be found in neurons of discrete brain regions, most
notably in the olfactory bulb, the hippocampus (CA3 and
CA4 areas), the frontal cortex and the cerebellum (cortex
and nuclei).’*>%3° By the end of the third postnatal
week, viral antigens are detected in neurons of most brain
regions. Following infection of neurons, viral antigen is
also found in glial cells. Astrocytes, oligodendrocytes,
ependymal cells, and Schwann cells in the peripheral
nervous system all express BDV markers.’**° The
temporal dissociation between neuron and glial cell
infection suggests that glial cells may become infected
due to a release of progeny virus by infected neurons. For
example, Bergmann glial cells in the cerebellum become
infected only after prior infection of PCs.>® Furthermore,
the hypothesis that glial cells are secondarily targeted by
BDV may also explain a greater number of infected
neurons compared to that of infected glial cells.>**!
Notably, no infection has been detected in brain micro-
glial cells, epithelial cells of choroids plexus or endothelial
cells, consistent with the demonstration that macrophage
cell lines are apparently resistant to BDV infection.*! In
the late stages of neonatal infection, BDV spreads
centrifugally by anterograde axonal transport and infects
most inner organs innervated by peripheral or autonomic
nerves.?” This invasion of BDV in extraneural tissues of
neonatally BDV-infected rats has been attributed to the
absence of neutralizing antibodies that may limit spread-
ing BDV infection outside the CNS.*?

Although BDV exhibits a noncytolytic strategy of
replication in vitro,>® neonatal BDV infection selectively
damages brain regions undergoing substantial postnatal
development, including the cerebellum, the dentate gyrus
(DG) of the hippocampus and the neocortex.?’



64 | MYV Pletnikov et al.

Cerebellum

Cerebellar injury is one of the most salient morphological
features of neonatal infection (Figure 1). Interestingly,
despite an overall decrease in the size, BDV-infected
cerebellum appears to retain normal foliation and laminar
organization.*"**? In the cerebellum, Purkinje cells (PCs)
are the predominant, if not only, cells harboring the viral
markers. Viral protein expression can be seen in PCs as
early as day 3p.i.°**"* In contrast to LCMV and
parvovirus infections, neonatal BDV infection induces a
prominent loss of PCs, with up to 75% of PCs dropping
out by seven months p.i.*> Although the exact timing of
PCs loss is still unclear, one study has estimated the onset
to be between days 27 and 33 p.i.** A loss of PCs and
their dendrites in the molecular layer (ML) has been
suggested to play a major role in markedly reducing
cerebellum size.*"»*?

Unlike LCMYV and parvovirus, BDV does not appear
to infect cerebellar granule cells. Nevertheless, BDV-
associated loss of granule cells has been suggested.>®*1:44
Interestingly, granule cells death may depend on the time
of infection. For example, BDV infection at postnatal day

Figure 1

Neonatal BDV infection-induced damage to the cerebellum.
Representative sagittal brain sections from sham-inoculated (A)
and neonatally BDV-infected (B) rats at postnatal day 30, stained
with cresyl violet. Note reduced cerebellar size in the BDV-infected
rat (B). Original magnification x12.5.

15 did not cause damage to the IGL.** Since PCs still
probably die under those conditions, less damage to the
granule cells in rats infected with BDV at postnatal day
15 appears to be in line with findings that survival of
granule cells depends on PCs integrity primarily during
an early critical period.*®*” Indeed, studies on mutant
pcd mice, mutant shaker Sprague-Dawley rats and
spastic Han-Wistar rats have demonstrated that late
dropout of PCs has little impact on granule cell
numbers, ' **8-2°

Other brain regions affected by BDV

In addition to damage to the cerebellum, neonatal BDV
infection affects the postnatal maturation of the hippo-
campus. In the hippocampus, the virus primarily targets
neurons of the CA3 and CA4 areas.?” Curiously, despite
this high replication of BDV, there is little overt damage
to the neurons in the CA subfields. In contrast, BDV
infection of dentate gyrus (DG) neurons is associated
with their continuing loss and eventual complete disap-
pearance by day 45-55 p.i.>%**** Since the vast majority
of granule neurons of DG are generated after birth, the
proliferating activity of these cells may explain their
selective vulnerability to the virus.’!

Neonatal BDV infection also induces cortical shrink-
age.*’”? A recent report has shown that up to 30% of
cortical neurons are lost in BDV-infected rats by 45 days
p.i.”? A selective decrease in neurons with a diameter over
100 pM and with positive immunostaining for parvalbu-
min suggest that both pyramidal and GABA-ergic
neurons may be particularly vulnerable to neonatal
BDV infection.

As neurogenesis in the olfactory bulb continues well
into adulthood in rats,”> and as BDV infects neurons of
the olfactory bulb,>**! it is conceivable that an appreci-
able cell loss might be found upon a closer examination.
Thus far, however, there have been no documented
observations of BDV-induced damage to the olfactory
bulb.

Putative mechanisms of BDV-induced
cerebellar injury

The precise mechanisms of virus-induced neuronal loss
in the cerebellum remain unclear. Both direct and
indirect effects of virus infections could lead to neuronal
death. Figure 2 presents a hypothetical view of patho-
genic events mediating neuronal loss in BDV-infected
cerebellum.

There have been several reports on possible mechan-
isms by which BDV could directly affect normal neuronal
function and trigger cell death. For example, BDV may
directly alter responses of neurons to trophic factors
crucial for their survival.’* BDV has been found to block
neurite outgrowth in neuron-like PC12 cells in response
to nerve growth factor (NGF). The lack of response to
NGF has been associated with down-regulation of NGF
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Figure 2

A proposed model outlines pathogenic processes involved in BDV-associated cerebellar injury. The observed cerebellar developmental
abnormality is largely believed to be the result of both direct and indirect effects of BDV-infection of the Purkinje cells. In the case of direct
effects, both calcium mediated toxicity and altered responses to trophic factors may occur and can lead to Purkinje cell death. Purkinje cell
death can also be the consequence of indirect effects of BDV-infection. For example, BDV-infected Purkinje cell-mediated gliosis and glial
infection can lead to secretion of pro-inflammatory cytokines, glutamate toxicity and excitotoxicity, all of which may be responsible for
Purkinje cell loss. In addition, there is some evidence that granule cell loss resulting from impaired maturation (e.g., suppressed
proliferation and/or migration) may also contribute to the cerebellar malformation.

receptors and inhibition of translocation of activated
extracellular signal-regulated kinase (ERK) to the nu-
cleus in cells.>* Similarly, virus-associated reduction in
expression of mRNAs coding for neurotrophin receptors,
TrkB and TrkC, has been noted in BDV-infected
cerebellum three weeks p.i. and later.** Interestingly,
BDV-induced down-regulation of neurotrophin recep-
tors precedes the onset of a PCs loss, suggesting a
putative role of neurotrophin disturbances in BDV-
induced cerebellar damage.** Additionally, BDV may
directly interfere with normal brain maturation by
binding of the virus phosphoprotein (P) to amphoterin,
a 30-kDa neurite outgrowth factor abundantly present in
the developing brain®® and important in cell process
outgrowth and migration activity.’>

Other plausible targets of direct virus effects could
include synaps and the axonal transport machinery
because BDV appears to spread along nerve fibers and
synaptic contacts.’® In this way, BDV might directly
affect supply and trafficking of physiologically active
compounds, e.g., growth factors. For example, a pro-
gressive decline in expression of growth-associated pro-
tein 43 (GAP-43, a presynaptic membrane phosphopro-
tein that accumulates in neuronal growth cones) and
synaptophysin (SYN, a 38 kDa calcium-binding protein
present in the membranes of presynaptic vesicles) has
been noted in the brains of BDV-infected rats.’? Thus,

these data suggest that BDV may directly impair crucial
neuronal functions, and, in doing so, might either directly
initiate cell death or render infected neurons highly
susceptible to adverse effects of factors secreted by
neighboring astrocytes and microglia cells.

Proliferation and activation of astrocytes and micro-
glia, a common hallmark of neuronal damage, are seen in
neonatally BDV-infected rats.”>” A significant increase in
immunoreactivity of an astrocyte-specific marker, the
glial fibrillary acidic protein, is seen as early as at day three
p.i.%® followed by continued astrocytosis in the areas of
greatest neuronal damage, i.e., the cerebellum, DG of the
hippocampus and the neocortex.>*>° Intense microglial
activation is also noted in BDV-infected brain.*!:*®
Activated astrocytes and microglia are known to secrete
soluble factors that may exert adverse effects on neu-
rons.”” BDV-associated activation of these cells, impor-
tant participants in the CNS’s resident immune system,
leads to secretion of pro-inflammatory molecules, and
exemplifies putative indirect mechanisms of virus-related
brain injury.

Several groups have demonstrated alterations in the
levels of cytokine gene expression in brains of neonatally
BDV-infected rats.?>>®>° Localization of increased ex-
pression of pro-inflammatory cytokine mRNAs to sites of
major neuronal loss supported the hypothesis that pro-
inflammatory soluble factors may be responsible for
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BDV-associated neuronal damage. A sustained up-regu-
lation in expression of RNAs for chemokines IP-10 and
RANTES and chemokine receptors, CCR5 and
CX3CR1 has been also demonstrated in brains of
BDV-infected rats as early as at day 14 p.i.°>®! Elevated
mRNA levels for IP-10 have been shown to be particu-
larly conspicuous in cerebellar astrocytes and the Berg-
mann glial cells, suggesting that they may serve as an
astrocytic alarm signal by which immune cells are
recruited for the elimination of infected neurons (e.g.,
PCs).%%%! Alternatively, recent reports have indicated
that in addition to their participation in immune
responses, chemokines could be also involved in the
mechanisms of normal brain maturation.®®> Thus, by
altering normal function of cytokines/chemokines path-
ways in the developing brain, BDV could produce
neuronal damage.

A pathogenic role of astrocytosis and microgliosis in
BDV-associated injury can be further highlighted by
comparing two strikingly different outcomes of BDV
infection in rats and mice. Unlike the profound neuro-
developmental damage in BDV-infected rats, BDV
infection in some strains of mice is not associated with
appreciable brain abnormalities.®*°* Although the rea-
sons for such discrepancies remain obscure, it is im-
portant to note that the absence of histopathological
changes in C57BL/10J- f2m mice with a targeted
disruption of the f2-microglobulin gene and the lack of
CDS8+T cells is associated with minimal, if any, up-
regulation of pro-inflammatory cytokines (e.g., TNF-a
and IL-1p).°>** These data suggest that an attenuated or
absent cytokines response might explain the lack of frank
brain alterations in some strains of BDV-infected mice.

Little is known about the exact mechanisms of PCs
death. Although PCs have been proposed to undergo
apoptotic elimination, these data are not universally
accepted.”’44 Also, there is no information on what
particular features of PCs may be responsible for their
enhanced sensitivity to effects of neonatal BDV infection.
PCs are GABA-ergic neurons,'®*® and GABA-ergic
neurons of the neocortex and hippocampus have been
shown to be particularly vulnerable to external insults,
including virus infections.®® Thus, it has been suggested
that specific characteristics of GABA-ergic neurons as
high concentrations of calcium-binding proteins predis-
pose PCs to calcium-mediated toxicity.* BDV-asso-
ciated calcium-mediated toxicity might be related to
BDV-induced alterations in [Ca®']; in astrocytes. If
BDV-stimulated increase in [Ca®"]; propagates as Ca*"
waves through gap-junctionally coupled astrocytes,®® it
could lead to glutamate release and resultant excito-
toxicity.”

While glia cells appear to become infected after neuron
infection occurs (e.g., 30 days p.i.),>>>%>® BDV infection
of astrocytes might also play a role in a continuing
neuronal loss, especially at later time points when
expression of cytokines and chemokines appears to
subside.?**® For example, BDV-associated decrease in

astrocytic re-uptake of glutamate might contribute to
processes of excitotoxicity.®®

The mechanisms of granule cell loss in BDV-infected
rats remain undetermined. A loss of trophic support from
infected/dying PCs is one possible pathogenic factor,*®
aborting the development of normal numbers of granule
cells within weeks of infection. In addition, there is a
suggestion of continuing death of granule cells beyond
initial cerebellar development, as one study reported a 2—
6-fold increase in numbers of apoptotic granule cells
between days 14 and 48 p.i. in BDV-infected rats
compared to control animals.** Similar to PCs death,
apoptotic elimination of granule cells might be a result of
glutamate-mediated toxicity.®>%”

Neurochemical alterations and cerebellar
dysfunction

The cerebellum receives monoaminergic innervation
from neurons within the reticular formation.®®’® Sero-
tonin (5-HT) and norepinephrine (NE) modulate the
firing rate of PCs in vivo and in vitro.°®”’® Neonatal BDV
infection has been shown to significantly increase con-
centrations of 5-HT and NE in the damaged cerebel-
lum.” Increased tissue content for 5-HT and NE has
been proposed to result from monoamine hyperinnerav-
tion of the hypoplastic cerebellum.”’ A similar phenom-
enon has been described for neurochemical alterations
induced by methylazoxymethanol acetate (MAM), a
compound that Kkills proliferating neurons and leads to
hypoplasia of a brain region, e.g., cortex.’ Since MAM-
induced hypoplasia of the cortex does not affect in-
growing monoamine afferents, relative hyperinnervation
of the region with increased monoamine levels ensues,
i.e., the same amount of monoamine fibers in a smaller
region.”? By the same token, smaller cerebella in BDV-
infected rats may receive abnormally increased mono-
amine innervations as well. Functional outcomes of
monoamine hyperinnervation remain unclear. Hyperin-
nervation might lead to over-stimulation of postsynaptic
5-HT and NE receptors and might affect the regulatory
actions of the cerebellar cortex on neurons in the
brainstem and spinal motor centers.®®"°

Although hormones have been shown to exert powerful
influence on postnatal development of the brain,”> effects
of neonatal BDV infection on different hormonal systems
have not been investigated. One study reported no virus-
associated changes in levels of growth hormone and
insulin-like growth factor-1.%° Weissenbock et al.*! found
no histological alterations in adrenals of neonatally BDV-
infected rats, suggesting no overt adrenal damage.

BDV-associated behavioral deficits

In the rat, cerebellum-controlled behaviors have a
discrete, organized pattern of evolution, paralleling the
physical development of the cerebellum. For example,
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the ability to maintain static quadruped posture precedes
the ability to maintain quadruped posture during move-
ment, which is followed by the acquisition of simple
motor skills.”* Thus, studying the development of motor
and balance skills in neonatally BDV-infected rats across
the postnatal period allows for an analysis of possible
causative relationships between unfolding pathological
events and the expression of particular behavioral altera-
tions. Recently, a developmental time course of sensori-
motor deficits in developing BDV-infected rats (postnatal
days 4-30) has been described.?’

Significant effects of neonatal BDV infection on the
motor development were first observed at the end of the
second postnatal week, a time when infected rat cerebella
begin to show typical BDV-induced developmental in-
jury.>??® Importantly, BDV-associated sensorimotor im-
pairments were not observed across all tests in developing
rats. For instance, there were no differences between the
two groups in the vibrissae placing and twine climbing
tests, suggesting that certain mechanisms of exteroceptive
sensation remained unaffected by the virus infection.'*
The deficient performance of neonatally BDV-infected
rats in placing, grasping, bar holding tests and in their
ability to hang on a dowel may indicate developmental
alterations in the proprioceptive system’> Furthermore,
observed deficits in righting and negative geotropism
appear to be associated with abnormal maturation of the
ability to integrate tactile and vestibular stimuli and/or
damage to the central vestibular system.’® Testing the
acoustic startle responses in BDV-infected rats revealed
signs of affected auditory-somatosensory integration as
evidenced by decreased within-session habituation of the
acoustic startle response.'* Most dramatic BDV-asso-
ciated deficits have been noted in the tests that required the
extensive use of hind limbs and balance, i.e., the bar
holding and bar crossing tests. Notably, hind limb weak-
ness and the lack of hind limb coordination have been
consistently found in animals with cerebellar growth
retardation and/or cerebellar injury.””"®

When compared to other natural and experimental
teratogens affecting the cerebellum development, neona-
tal BDV infection produced both similar and specific
behavioral abnormalities.!®'® Similar to effects of neo-
natal BDV infection, neonatal cerebellumectomy results
in deficient righting and geotaxis responses. In contrast,
placing reactions were significantly affected in BDV-
infected rats but remained intact following hemicerebel-
lumectomy.' "> With respect to impairments in placing
and grasping, neonatally BDV-infected rats were similar
to shaker mutant rats with degeneration of PCs.'* It is
tempting to speculate that a continuing loss of PCs in the
both conditions might contribute to comparable disease
outcomes. Alternatively, since PCs become infected with
the virus as early as at day 3 p.i.,”° impairments in some
sensorimotor behaviors could be due to functional
deficits in PCs long before those neurons die.”®

Our data have indicated that neonatal BDV infection
may be associated with a delayed expression of some

sensorimotor abnormalities. The acoustic startle re-
sponse is a case in point. While the magnitudes of the
acoustic startle response have been found to be similar
between uninfected and infected rats at day 17 and 23
p.i., later on, BDV-infected animals demonstrated sig-
nificantly lower startle responsiveness compared to con-
trol rats. This late appearance of an abnormality may
represent a phenomenon known as “growing into a
deficit” wherein some motor behaviors develop normally
despite damage but become defective during subsequent
development.®° Delayed alterations in the startle re-
sponses might be explained by continuing dropout of
PCS.41’43

In addition to the motor and balance abnormalities,
BDV-infected rats demonstrate various deficits in circa-
dian rhythm and sleep cycle,?® emotional responses,®!:5?
learning and memory abilities,**®> and social beha-
viors.®* It is tempting to speculate that locomotor
hyper-reactivity to novelty and abnormal social (play)
behavior in one-month-old infected rats might be largely
associated with BDV-induced damage to the cerebellum
288% However, even if histological signs of BDV-
associated injury are not clearly present in one-month-
old rats, one cannot completely rule out a contribution of
functional abnormalities in hippocampal and cortical
circuitries due to BDV infection, leading to some
emotional and cognitive deficits.

Perspectives

Our understanding of the mechanisms underlying BDV-
induced developmental damage to the cerebellum re-
mains preliminary. There are several important issues
that need to be addressed. The exact timing of PCs
dropout as well as characterization of the types of neurons
that are affected needs more rigorous quantitative
analyses.

An observation that BDV-induced neuronal loss in the
cerebellum is characterized by a regional pattern’® is also
worth exploring. One could hypothesize that the
phenomenon of regional vulnerability may be associated
with a differential connectivity of different cerebellar
regions with the frontal brain regions where BDV
infection first occurs that provides the virus with a
variable access to cerebellar areas.

The molecular mechanisms of virus-induced neuronal
death also remain unclear. Identification of glial cells-
secreted toxic factors and the temporal analysis of their
expression in relation to neuronal death appear to be a
fruitful area for future research. In this context, reduc-
tionistic approaches in organotypic and/or cell culture
systems, allowing for direct examinations of effects of
chemokines and cytokines, will be especially fruitful.

Although PCs have been proposed to die via apoptosis,
the available data are not conclusive. Notably, while
apoptosis in BDV-infected brain significantly declines by
the end of the first month,>> PCs continue to die
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thereafter,® suggesting that other processes may be

involved. The mechanisms underlying the selective
vulnerability in PCs require further study as well,
including exploration of the role of calcium-binding
proteins in BDV-induced PCs dropout. One of the
promising approaches to address the complexity of
virus-neuron interaction could include powerful tools of
genomics and proteomics, helping identify genes and
their protein products that mediate neurons’ responses to
virus invasion and neuronal adaptation to virus replica-
tion.

Given the important role of hormones in neurodevel-
opment,”® future investigations are clearly required to
explore effects of potential BDV-induced endocrine
disturbances on survival of neurons in the cerebellum.

A putative role of alterations in nutritional conditions
needs further clarifications as well. Albeit a cumulative
24-hour food intake remained unchanged in neonatally
BDV-infected rats when tested as adults,>® BDV infec-
tion is associated with the inhibition of the body weight
gain in developing rats. There may be several reasons for
inhibition of weight gain in infected rats. One could
include increased energy expenditure as suggested by an
elevated food intake in BDV-infected rats when their
food intake was calculated in relation to their body
weight.>® Also, decreased nutrients absorption in infected
gastrointestinal tract may be a factor. In addition,
abnormal suckling behavior in BDV-infected rats may
lead to attenuated weight gain as well. Thus, there is a
possibility that neonatal BDV infection produces post-
natal malnourishment that per se can lead to cerebellar
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damage and behavioral deficits,®> indicating a need in
direct comparisons of effects of postnatal malnourish-
ment and BDV infection.

From a broader perspective, neonatal BDV infection
can serve as a valuable model for addressing more general
issues in the pathogenesis of neurodevelopmental dam-
age. Specifically, a role of host factors in differential
vulnerability to environmental insult could be evaluated
by comparing extent and features of BDV-associated
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animals of other species, suggesting the species-specific
pathogenic mechanisms.?®®® BDV-induced cerebellar
damage has been mostly studied in Lewis rats. However,
cerebellar pathology could be also evaluated in other rat
strains that are characterized by greater or less sensitivity
to environmental teratogens. This approach may uncover
particular traits that are responsible for different patho-
logical and neurological outcomes of the same virus
infection.®’

In conclusion, neonatal BDV infection of the brain
provides an important model for the investigation of
multidisciplinary mechanisms of neurodevelopmental
damage and its functional outcomes.

Acknowledgement

The study was supported by the NIH grant RO1
MH48948-08A1.

11. Molinari M, Petrosini L, Gremoli T. Hemicerebellectomy and
motor behaviour in rats. II. Effects of cerebellar lesion performed at
different developmental stages. Exp Brain Res 1990; 82: 483-492.

12. Funnum F, Lock EA. Cerebellum as a target for toxic substances.
Toxicol Let 2000; 112-113: 9-16.

13. Brunson KL, Khanna A, Cromwell HC, Cohen RW. Effects of the
noncompetitive NMDA antagonists MK-801 and ketamine on the
Spastic Han-Wistar Mutant: A rat model of excitotoxicity. Dev
Neurosci 20015 23: 31-40.

14. Wolf LW, LaRegina MC, Tolbert DL. A behavioral study of the
development of hereditary cerebellar ataxia in the shaker rat
mutant. Behav Brain Res 1996; 75: 67-81.

15. Johnson RT Viral Infections of the Nervous System. Philadelphia:
Lippincott-Raven, 1998.

16. Yolken RH, Torrey EF. Viruses, schizophrenia and bipolar
disorders. Clin Microbiol Rev 1995; 8: 131-145.

17. Pearce BD. Schizophrenia and viral infection during neurodevelop-
ment: a focus on mechanisms. Mol Psychiatry 2001; 6: 634-646.

18. Ferguson SA. Neuroanatomical and functional alterations resulting
from early postnatal cerebellar insults in rodents. Pharmacol
Biochem Behav 1996; 55: 663-671.

19. Rubin SA, Pletnikov M, Taffs R, Wright KE, Brown EG, Carbone
KM. Evaluation of a neonatal rat model for prediction of mumps
virus neurovirulence in humans. J Virol 2000; 74: 5382-5384.

20. Takano T, Uno M, Yamano T, Shimada M. Pathogenesis of
cerebellar deformity in experimental Chiari type I malformation
caused by mumps virus. Acta Neuropathol. 1994; 87: 168-173.



Neonatal Borna disease virus infection in the ratr | 69

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41

42.

43.

44.

45.

Bonthius DJ, Mahoney ], Buchmeier MJ, Karacay B, Taggard D.
Critical role for glial cells in the propagation and spread of
lymphocytic choriomeningitis virus in the developing rat brain. J
Virol 2002; 76: 6618-6635.

Raine CS, Fields BN. Reovirus type III encephalitis—a virologic
and ultrastructural study. J Neuropathol Exp Neurol 1973; 32: 19—
33.

Pletnikov MV, Moran TH, Carbone KM. Borna disease virus
infection of the neonatal rat: developmental brain injury model of
autism spectrum disorders. Frontiers Bioscience 2002; 7: 593-607.
Oster-Granite ML, Herndon RM. The pathogenesis of parvovirus-
induced cerebellar hypoplasia in the Syrian hamster, Mesocricetus
auratus. Fluorescent antibody, foliation, cytoarchitectonic, golgi
and electron microscopic studies. ] Comp Neurol 1985; 169: 481-
522.

Monjan AA, Gilden DH, Cole GA, Nathonson N. Cerebellar
hypoplasia in neonatal rats caused by limphocytic choriomeningitis
virus. Science 1971; 171: 194-196.

de la Torre JC. Molecular biology of borna disease virus: prototype
of a new group of animal viruses. J Virol 1994; 68: 7669-7675.
Gosztonyi G, Ludwig H. Borna disease—neuropathology and
pathogenesis. Curr Top Microbiol Immunol 1995; 190: 39-73.
Herzog S, Rott R. Replication of Borna disease virus in cell culture.
Med Microbiol Immunol 1980; 168: 153-158.

Carbone K. Borna disease virus and human disease. Clinical
Microbiol Rev 2001; 14: 513-527.

Narayan O, Herzog S, Frese K, Scheefers H, Rott R. Behavioral
disease in rats caused by immunopathological responses to
persistent borna virus in the brain. Science 1983; 220: 1401-1403.
Hirano N, Kao M, Ludwig H. Persistent, tolerant or subacute
infection in Borna disease virus-infected rats. ] Gen Virol 1983; 64:
1521-1530.

Carbone KM, Park SW, Rubin SA, Waltrip II RW, Vogelsang GB.
Borna disease: association with a maturation defect in the cellular
immune response. J Virol 1991; 65: 6154-6164.

Hornig M, Weissenbock H, Horscroft N, Lipkin WI. An infected-
based model of neurodevelopmental damage. Proc Natl Acad Sci
USA 1999; 96: 12102-12107.

Ciaranello AL, Ciaranello RD. The neurobiology of infantile
autism. Annu Rev Neurosci 1995; 18: 101-28.

Lord KE, Cook B, Leventhal N, Amaral DG. Autism spectrum
disorders. Neuron 2000; 28: 355-363.

Bautista JR, Rubin SA, Moran TH, Schwartz GJ, Carbone KM.
Early and persistent abnormalities in rats with neonatally acquired
Borna disease virus infection. Brain Res Bull 1994; 34: 31-40.
Pletnikov M, Rubin S, Carbone K, Moran T, Schwartz GJ.
Neonatal Borna disease virus infection (BDV)-induced damage to
the cerebellum is associated with sensorimotor deficits in develop-
ing Lewis. Dev Brain Res 2001; 126: 1-12.

Bautista JR, Rubin SA, Moran TH, Schwartz GJ, Carbone KM.
Developmental injury to the cerebellum following perinatal Borna
disease virus infection. Dev Brain Res 1995; 90: 45-53.
Gonzalez-Dunia D, Sauder Ch, De la Torre JC. Borna disease
virus and the brain. Brain Res Bull 1997; 44: 647-664.

Carbone KM, Trapp BD, Griffin JW, Duchala CS, Narayan O.
Astrocytes and Schwann cells are virus-host cells in the nervous
systems of rats with borna disease. J] Neuropath Exp Neurol 1989;
48: 631-644.

. Weissenbock H, Hornig M, Hickey WF, Lipkin WI. Microglial

activation and neuronal apoptosis in Bornavirus infected neonatal
Lewis rats. Brain Pathol 2000; 10: 260-272.

Stitz L, Noske K, Planz O, Furrer E, Lipkin WI, Bilzer T. A
functional role for neutralizing antibodies in Borna disease:
influence on virus tropism outside the central nervous system. J
Virol 1998; 72: 8884-8892.

Eisenman LM, Brothers R, Tran MH, Kean RB, Dickson GM,
Dietzschold B, Hooper DC. Neonatal Borna disease virus infection
in the rat causes a loss of Purkinje cells in the cerebellum. J
Neurovirol 1999; 5: 181-189.

Zocher M, Czub S, Schulte-Monting ], de la Torre JC, Sauder C.
Alterations in neurotrophin and neurotrophin receptor gene
expression patterns in the rat central nervous system following
Borna disease virus infection. J NeuroVirol 2000; 6: 462-477.
Rubin S, Bautista J, Moran T, Schwartz G, Carbone KM. Viral
teratogenesis: brain developmental damage associated with ma-
turation state at time of infection. Dev Brain Res 19991; 112: 237
244.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Goldowitz D, Hamre K. The cells and molecules that make a
cerebellum. Trends in Neurosci. 1998; 21: 375-382.

Smeyne R], Chu T, Lewin A, Bian F, Crisman S, Kunsch C, Lira
SA, Oberdick J. Local control of granule cell generation by
cerebellar Purkinje cells. Mol Cell Neurosci 1995; 6: 230-251.
Mullen Rj, Eicher EM, Sidman RL. Purkinje cell degeneration, a
new neurological mutation in the mouse. Proc Natl Acad Sci USA
1976; 73: 208-212.

Tolbert DL, Ewald M, Gutting J, LaRegina MC. Spatial and
temporal pattern of Purkinje cell degeneration in shaker mutant rats
with hereditary cerebellar ataxia. ] Comp Neurol 1995; 355: 490—
507.

Wagemann E, Schmidt-Kastner R, Block F, Somtag KH. Neuronal
degeneration in hippocampus and cerebellum of mutant spastic
Han-Wistar rats. Neurosci Lett 19915 121: 102-106.

Gould E, McEwen BS. Neuronal birth and death. Curr Opin
Neurobiol 1993; 3: 676-682.

Gonzalez-Dunia D, Watanabe M, Syan S, Mallory M, Masliah E,
de la Torre JC. Synaptic pathology in Borna disease virus persistent
infection. J Virol 2000; 74: 3441-3448.

Turlejski K, Djavadian R. Life-long stability of neurons: a century
of research on neurogenesis, neuronal death and neuron quantifi-
cation in adult CNS. Prog Brain Res 2002; 136: 39-65.

Hans A, Syan S, Crosio C, Sassone-Corsi P, Brahic M, Gonzalez-
Dunia D. Borna disease virus persistent infection activates
mitogen-activated protein kinase and blocks neuronal differentia-
tion of PC12 cells. J Biol Chem 2001; 276: 7258-7265.

Kamitani W, Shoya Y, Kobayashi T, Watanabe M, Lee BJ, Zhang
G, Tomonaga K, Ikuta K. Borna disease virus phosphoprotein
binds a neurite outgrowth factor, amphoterin/HMG-1. J Virol
2001; 18: 8742-8751.

Carbone KM, Duchala CS, Griffin JW, Kincaid AL, Narayan O.
Pathogenesis of Borna disease in rats: evidence that intra-axonal
spread is the major route for virus dissemination and the
determinant for disease incubation. J Virol 1987; 61: 3431-3440.
Becher B, Prat A, Antel JP. Brain-immune connection: immuno-
regulatory properties of CNS-resident cells. Glia 2000; 29: 293—
304.

Sauder C, de la Torre JC. Cytokine expression in the rat central
nervous system following perinatal Borna disease virus infection. J
Neuroimmunol 1999; 96: 29-45.

Plata-Salaman C, Ilyin S, Gayle D, Romanovitch A, Carbone KM.
Persistent Borna disease virus infection of neonatal rats causes
brain regional changes of mRNAs for cytokines, cytokine receptor
components and neuropeptides. Brain Res Bull 1999; 49: 441-451.
Sauder C, Hallensleben W, Pagemstecher A, Schneckenburger S,
Biro L, Pertlick D, Hausmann J, Suter M, Staeheli P. Chemokine
gene expression in astrocytes of Borna disease virus-infected rats
and mice in the absence of inflammation. J Virol 2000; 74: 9267—
9280.

Rauer M, Pagenstecher A, Schulte-Monting J, Sauder C. Upregu-
lation of chemokine receptor gene expression in brains of Borna
disease virus (BDV)-infected rats in the absence and presence of
inflammation. J Neurovirol 2002; 8: 168-179.

Lu M, Grove EA, Miller R]. Abnormal development of the
hippocampal dentate gyrus in mice lacking the CXCR4 chemokine
receptor. Proc Natl Acad Sci USA 2002; 99: 7090-7095.
Hallensleben W, Schwemmle M, Hausmann ], Stitz L, Volk B,
Pagenstecher A, Staecheli P. Borna disease virus-induced neuro-
logical disorder in mice: infection of neonates results in immuno-
pathology. J Virol 1998; 72: 4379-4386.

Sauder C, Wolfer DP, Lipp HP, Stacheli P, Hausmann J. Learning
deficits in mice with persistent Borna disease virus infection of the
CNS associated with elevated chemokine expression. Behav Brain
Res 2001; 120: 189-201.

Benes FM, Berreta S. GABAergic interneurons: implications for
understanding schizophrenia and bipolar disorders. Neuropsycho-
pharmacol 2001; 25: 1-27.

Parri HR, Gould TM, Crunelli V. Spontaneous astrocytic
Ca2+-oscillations in situ drive NMDAR-mediated neuronal excita-
tion. Nat Neurosci. 2001; 4: 803-812.

Sattler R, Tymianski M. Molecular mechanisms of glutamate
receptor-mediated excitotoxic neuronal cell death. Mol Neurobiol.
2001; 24: 107-129.

Billaud JN, Ly C, Phillips TR, de la Torre JC. Borna disease virus
persistence causes inhibition of glutamate uptake by feline primary
cortical astrocytes. J Virol 2000; 74: 10438-10446.



70

| MV Plemnikov et al.

69.

70.

71.

72.

73.

74.

75.

76.

717.

78.

79.

Dieudonne S. Serotonergic neuromodulation in the cerebellar
cortex: cellular, synaptic and molecular basis. Neuroscientist 2001;
7: 207-219.

Woodward DJ, Moises HC, Waterhouse BD, Yeh HH, Cheun JE.
The cerebellar norepinephrine system: inhibition, modulation, and
gating. Prog Brain Res 1991; 88: 331-341.

Pletnikov M, Rubin S, Schwartz G, Carbone K, Moran TH.
Effects of neonatal rat Borna disease virus (BDV) infection on the
postnatal development of brain monoaminergic systems. Dev Brain
Res 2000; 119: 179-185.

Sanberg PR, Moran TH, Coyle JT. Microencephaly: cortical
hypoplasia induced by methylazoxymethanol. In: Coyle, JT, editor,
Animal Models of Dementia. New York: Alan R. Liss Inc., 1987:
253-278.

McEwen BS. Steroid hormone actions on the brain: when is the
genome involved? Horm Behav 1994; 28: 396-405.

Altman J, Sudarshan K. Postnatal development of locomotion in
the laboratory rat. Anim Behav 1975; 23: 896-920.

Petrosini L, Molinari M, Gremoli T. Hemicerebellectomy and
motor behaviour in rats. I. Development of motor function after
neonatal lesion. Exp Brain Res 1990; 82: 472-482.

Pellis S, Pellis V. Development of righting when falling from a
bipedal standing posture: evidence for the dissociation of dynamic
and static righting reflexes in rats. Physiol Behav 1994; 56: 659-
663.

Auvray N, Caston J, Reber A, Stelz T. Role of the cerebellum in the
ontogenesis of the equilibrium behavior in the young rat: a
behavioral study. Brain Res 1989; 505: 291-301.

Thullier F, Lalonde R, Cousin X, Lestienne F. Neurobehavioral
evaluation of lurcher mutant mice during ontogeny. Dev Brain Res
1997; 100: 22-28.

Oldstone MB. An old nemesis in new clothing: viruses playing new
tricks by causing cytopathology in the absence of cytolysis. J Infect
Dis 1985; 152: 665-667.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Leonard CT, Goldberger ME. Consequences of damage of the
sensorimotor cortex in neonatal and adult cats. I. Sparing and
recovery of function. Dev Brain Res 1987; 32: 1-14.

Dittrich W, Bode L, Kao M, Schneider K. Learning deficiencies in
Borna disease virus-infected but clinically healthy rats. Biol
Psychiatry 1989; 26: 818-828.

Pletnikov MV, Rubin SA, Schwartz GJ, Moran TH, Sobotka TJ,
Carbone KM. Persistent neonatal Borna disease virus (BDV)
infection of the brain causes chronic emotional abnormalities in
adult rats. Physiol Behav 1999; 65: 823-831.

Rubin S, Sylves P, Vogel M, Pletnikov M, Moran T, Schwartz G,
Carbone KM. Borna disease virus-induced hippocampal dentate
gyrus damage is associated with spatial learning and memory
deficits. Brain Res Bull 1999; 48: 23-30.

Pletnikov MV, Rubin SA, Vasudevan K, Moran TH, Carbone KM.
Developmental brain injury associated with abnormal play behavior
in neonatally Borna Disease Virus (BDV)-infected Lewis rats: a
model of autism. Behav Brain Res 1999; 100: 30-45.

Levitsky DA, Strupp BJ. Malnutrition and the brain: changing
concepts, changing concerns. ] Nutr 1995; 125: 221258-22208S.
Hallensleben W, Schwemmle M, Hausmann ], Stitz L, Volk B,
Pagenstecher A, Staeheli P. Borna disease virus-induced neuro-
logical disorder in mice: infection of neonates results in immuno-
pathology. J Virol 1998; 72: 4379-4386.

Watanabe ML, Byeong-Jae W, Kamitani T, Kobayashi H,
Taniyama K, Tomonaga K, Ikuta K. Neurological diseases and
viral dynamics in the brains of neonatally Borna disease virus-
infected gerbils. Virology 2001; 282: 65-76.

Nishino Y, Kobasa D, Rubin SA, Pletnikov MV, Carbone KM.
Enhanced neurovirulence of Borna disease virus variants associated
with nucleotide changes in the glycoprotein and L polymerase
genes. ] Virol 2002; 76: 8650-8658.

Pletnikov MV, Rubin SA, Vogel MW, Moran TH, Carbone KM.
Effects of genetic background on neonatal Borna disease virus
infection-induced neurodevelopmental damage. I. Brain pathology
and behavioral deficits. Brain Res 2002; 944: 97-107.



