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Diseases of the central nervous system are fearsome conditions due to their 
deleterious effects on physical and mental functions. In addition to acute diseas
es caused by viruses and bacteria infecting the meninges and the brain, distur
bances of motility, disorders in sensory functions, behavioral abnormalities, 
personality changes and chronic debility and dementia can be long-lasting conse
quences after infection of the central nervous system (CNS) by well known 
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microbes. Furthermore, yet unknown mechanisms or uncharacterized agents 
may induce CNS diseases. Pathological alterations linked to viruses or virus-like 
agents, such as the demonstration of HIV-1 antigen in the brains of patients 
suffering from dementia, have stimulated great public interest in this field (PRICE 
and BREW 1988; PRICE et al. 1988). This concern is fueled further by the recent 
appearance of "mad-cow disease" in milk and meat producing cattle caused by 
an unidentified "Scrapie agent" (HOPE et al. 1988). The recent discussions on 
whether the latter disease can be transmitted to humans by consumption of food 
products from infected cattle (WILESMITH et al. 1988) are validated by the demon
stration of transmission of the human spongiform encephalopathy, Creutzfeldt
Jakob-Scheinker syndrome or Kuru-Kuru, after transplantation of tissue from 
infected donors or by cannibalism of afflicted human victims of this syndrome 
(GAJDUSEK and GIBBS 1971; DUFFY et al. 1974; MANUELIDIS and MANUELIDIS 1988). 

Apart from these afflictions of the CNS in which no immunological response 
has yet been determined, there is increasing evidence that immunological 
mechanisms are involved in a considerable number of infectious disease pro
cesses of the CNS. Many autoimmune and virus-induced immunopathological 
alterations of the brain have been studied in experimental animals and serve as 
models for animal and human diseases. In infection of mice with the lymphocytic 
choriomeningitis virus, or Theiler's virus, the presence and pathogenic impor
tance of a virus-specific immune response, especially mediated by T cells, has 
been demonstrated in the brain (COLE et al. 1972; DOHERTY and ZINKERNAGEL 1974; 
YAMADA et al. 1991). Other rodent models studied include corona virus and 
measles virus infections of rats, in which an autoimmune reaction is of crucial 
importance in the pathogenesis of virus-induced diseases of the brain (NAGASHIMA 
et al. 1978; LIEBERT et al. 1988). In addition to H IV in AI DS encephalopathy, several 
observations in human patients support this view, namely the detection of 
measles virus in cases of subacute sclerosing panencephalopathy (STEPHENSON 
and TER MEULEN 1979), and of papovavirus in progressive multifocalleukoenceph
alopathy (PADGETI et al. 1971; WEIMER et al. 1972). Furthermore, several viruses 
have been suggested to be involved in the development of multiple sclerosis 
(TER MEULEN and STEPHENSON 1983) 

In general, the outcome of a viral infection depends greatly on the efficiency 
and the speed of the immune system's reaction to the invading agent. in addition 
to characteristics of the virus. Viruses that are highly cytopathic represent a more 
immediate threat to the life of their hosts than non- or poorly cytopathic viruses. 
Therefore, it is not surprising that the immune system is designed for efficient 
and rapid elimination of the cytopathic viruses in order to avoid spread of the 
infection and to reduce tissue destruction. However, a vigorous, destructive 
immune reaction might have considerable deleterious effects on the host in 
the case of infection with a persistent noncytopathic virus. Since the immune 
system is apparently not capable of distinguishing between cytolytic and non
cytolytic viruses, the resulting damage to the host by the immune response to a 
non lytic agent might follow infection with an agent which is otherwise relatively 
innocuous. 
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2 General Features of Borna Disease 
and Borna Disease Virus 

An example of such a noncytopathic virus is Borna disease virus (BDV). Until 
recently BDV was thought to be a natural pathogen only in horses and sheep in 
certain areas of Europe. However, serological data suggest that Borna disease 
(BD) may be more widely distributed geographically and may have a more 
extensive host range including humans suffering from psychiatric disorders (STITZ 
and Ron 1993; CAPLAZI et al. 1994; see chapter by Rott and chapter by Bode). 
Therefore BDV has to be regarded as a true zoonotic agent (STITZ et al. 1993). The 
virus and the disease have been named after the town of Borna in Saxony, where, 
in 1895, an epidemic among horses of a cavalry regiment resulted in the loss of 
a large number of animals . At that time, the disease had already been recognized 
for about 100 years but was known under various synonyms reflecting CNS 
disorders such as "disease of the head" and" infectious brain and spinal cord 
inflammation." A particular characteristic of the disease is the invariably long 
incubation period between exposure or inoculation and development of disease, 
resulting in the grouping of BDV with other "slow virus" infections. In the 
experimental rat model, some variability in incubation period has been linked to 
the route of inoculation (CARBONE et al. 1987). The disease is associated with 
disturbances of motility and in sensory functions and usually results in paralysis 
and death in affected natural hosts (reviewed in chapter by Rott). Pathohistologi
cally, BD is classified as a progressive polioencephalomyelitis with pronounced 
mononuclear inflammatory reactions in the basal cortex, the nucleus caudatus 
and the entire hippocampal area (reviewed in chapter by Gosztonyi) . Recently, 
evidence of infection and inflammatory response in the peripheral and autonomic 
nervous system has also been demonstrated (CARBONE et al. 1987, 1989). 

BDV has been only recently characterized as a negative sense single
stranded RNA virus (reviewed in chapter by Briese). The virus, which is tightly 
cell-associated, lacks apparent cytopathogenicity in vitro (HERZOG and Ron 1980). 
In vivo, the virus replicates preferentially in cells derived from the neural crest 
such as neurons, astrocytes and ependymal cells (NARAYAN et al. 1983a; CARBONE 
et al. 1989, 1991 a; DESCHL et al. 1990). In addition, after cocultivation (HERZOG and 
Ron 1980) or after repeated infection with clarified homogenates from infectious 
rat brain, other cell types such as skin, kidney, testis, spleen cells and astrocytes 
(DANNER et al. 1978; HERZOG and Ron 1980; RICHT and STITZ 1992; PLANZ et al. 1993) 
can be directly infected in vitro. 

3 Experimental Borna Disease in Rats 

After experimental infection, a wide variety of vertebrates can be infected, 
including species phylogenetically distant, ranging from birds to monkeys. The 
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species that has been studied most intensively is the rat and most, if not all, 
progress in understanding the pathogenesis of this virus-induced disease of the 
CNS was achieved by using this experimental animal. 

3.1 Borna Disease Virus Infection in Immunocompetent Rats 

After intracerebral (i.c.) or intranasal (i.n.) infection of adult rats, infectious virus 
and virus-specific antigen can be detected in high concentrations in the brain, 
retina, cerebrospinal fluid, peripheral nerves and adrenal gland (NARAYAN et al. 
1983a,b; CARBONE et al. 1987, 1989; OESCHL et al. 1990). Antigen can be found in 
the brain in ependymal cells as early as 4 days after infection. Thereafter, BOV
specific antigen can be also detected in the nucleus and cytoplasm of neurons, 
astrocytes and oligodendrocytes in all cortical and brain stem areas. Endothelial 
cells have not been reported to contain virus-specific antigen. Furthermore, in 
acute BO, virus or virus-specific antigen has not been detected in inflammatory 
cells. In the eye, antigen can be found in all retinal layers. At later stages of the 
infection the virus disappears from the retina and the animals become blind, but 
a persistent, productive infection is maintained in the other tissues mentioned 
above (NARAYAN et al. 1983a). In those animals who survive the acute infection and 
develop chronic disease, virus antigen can be found in cells of the peripheral 
nervous system such as Schwann cells (CARBONE et al. 1989), and virus can be 
located by culture and/or PCR in extraneural tissues (SHANKAR et al. 1992) including 
peripheral blood mononuclear cells (SIERRA-HoNIGMANN et al. 1993). In immuno
competent infected rats, disease signs such as lack of grooming, ataxia, hyper
activity and aggressiveness can be seen at about day 14. This acute phase of the 
disease lasts for about 3 weeks and surviving animals go on to develop chronic 
BO. The clinical onset of acute BO is paralleled by the development of a 
mononuclear inflammatory reaction in the central and peripheral nervous system 
that is primarily perivascular. However, encephalitic lesions are also found in brain 
parenchyma. In general, the inflammation is initially centered in the limbic system 
but spreads to other areas of the brain during infection (NARAYAN et al. 1983a; 
CARBONE et al. 1987; OESCHL et al. 1990). The cells present in perivascular cuffs 
have been intensively studied for their phenotypes. It is important to note that the 
development of neurological symptoms is directly correlated with the appear
ance of inflammatory cells. T cells appear very early after infection in the brain and 
macrophages represent the most frequent cell type present in the inflammatory 
lesions throughout the course of the infection. Additionally, numerous B cells are 
found, showing maximal numbers later than all other cells participating in the 
inflammatory reaction. 

The chronic phase of BO is clinically characterized by increasing apathy, 
somnolence, signs of dementia and behavioral abnormalities (see chapter by 
Solbrig). Interestingly, late, i.e., more than 2-3 months, after infection, the 
inflammatory reaction starts to decrease, resulting finally in an almost complete 
absence of inflammation. Brains show dramatic loss of neural tissue and a severe 
hydrocephalus ex vacuo can be observed. 
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Some chronically infected rats develop an impressive obesity, with body 
weights of up to 500-600 g with no or minimal signs of classical BO (see chapter 
by Rott and Becht). 

3.2 Borna Disease Virus Infection in Immunoincompetent Rats 

3.2.1 Aspects of Borna Disease Virus Infection in Newborn 
and Athymic Rats 

A different clinical picture is seen in rats that are infected with BOV when they are 
in a natural or drug-induced state of immunoincompetence. Rats are born at a 
relatively early stage of development with an imperfectly functioning immune 
system. In contrast to the enhanced virulence of many cytolytic viruses in 
newborn rats, infection with BOV within 1 or 2 days after birth produces a 
persistent infection with few of the clinical hallmarks of classical Borna disease 
(persistent, tolerant infection of the newborn, PTI-N B). At first glance, PTI-NB rats 
appear normal, but, upon closer inspection, these rats have clear physical and 
behavioral abnormalities. For example, PTI-NB rats are smaller in weight and 
length than age-matched, uninfected rats (CARBONE et al. 1991 b; BAUTISTA et al. 
1994). The slowing of weight gain occurs around the time of weaning, suggesting 
that PTI-NB rats have abnormal self-feeding behaviors following apparent 
adequate nursing behavior (BAUTISTA et al. 1994). Unlike runted mice persistently 
infected with lymphocytic choriomeningitis virus, PTI-NB rats have normal serum 
levels of growth hormone and glucose (DE LA TORRE and CARBONE, unpublished 
data). In addition, these rats have abnormalities of ingestive behaviors, since PTI
NB rats choose saline over sweet solutions in taste preference tests (BAUTISTA 
et al. 1994). Other behavioral aberrations have been described, including abnor
malities in spatial discrimination learning, increased motor activity, and decreased 
aversion learning behavior (OITIRICH et al. 1989). In addition, a transient increase in 
diurnal activity can be detected in PTI-NB rats, whereas these animals maintain an 
abnormally high level of hyperactivity for months after infection (BAUTISTA et al. 
1994). 

Pathological changes in the CNS are also found in these rats, such as 
hypoplastic and disorganized cerebella. Unexpectedly, direct viral lysis of certain 
types of neurons (e.g., dentate gyrus) was suggested by the gradual loss of these 
cells in PTI-NB rats, even in the absence of encephalitis (NARAYAN et al. 1983a; 
CARBONE et al. 1991 b). Taken as a whole, the abnormalities identified in PTI-NB 
rats provide evidence for direct viral effects on cell and organism function and 
offer the opportunity to study viral-induced pathology in the absence of immuo
pathological sequelae. 

The mechanism for immunologic nonresponsiveness to BOV of the PTI-NB 
rats has not been conclusively demonstrated. However, preliminary characteriza
tion of the immunological abnormalities in these rat has produced some intriguing 
findings. Humoral response to BOV is greatly reduced, as compared to rats 
infected with BOV as adults, particularly in the first few months after infection 
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(NARAYAN et al. 1983a; HERZOG et al. 1985; CARBONE et al. 1991 b). Adoptive transfer 
of spleen cells from rats in the acute stage of BD failed to induce encephalitis or 
disease in PTI-NB recipient rats. In contrast, the BDV-specific immunological non
responsiveness of adult rats infected after the administration of pharmacological 
immunosuppressants, such as cyclophosphamide or cyclosporine A. is reversed 
by inoculation with an identical aliquot of spleen cells (NARAYAN et al. 1983a; 
HIRANO et al. 1983; STITZ et al. 1989; see following section). In experiments using 
parabiosis and bone marrow transplantation, the defect in immune responses to 
BDV in PTI-NB rats was shown to be linked to events that occurred during 
maturation of the immune cells, after exiting the bone marrow (CARBONE et al. 
1991 b). Intriguingly, it has now been demonstrated that the peripheral blood 
mononuclear cells and the bone marrow cells from PTI-NB rats are infected with 
BDV, although the relationship of this finding to the lack of immune response to 
BDV in these rats is not known (CARBONE et al. 1991 b; SIERRA-HoNIGMANN et al. 
1993). Spread of BDV to other extraneural tissues is also seen in PTI-NB rats 
(NARAYAN et al. 1983a; HERZOG et al. 1985). These data, combined with similar 
findings in rats immunosuppressed with cyclosporine A prior to BDV infection 
(STITZ et al. 1991 a; Bilzer et aI., unpublished observation), suggest that the 
absence of a BDV-specific immune response leads to a extra neural dissemination 
of the virus. However, the observation that the virus is restricted to the nervous 
system in cyclophosphamide-immunosuppressed rats indicates that the compe
tence of the immune system is not the only factor determining tropism (HERZOG et 
al. 1984; Bilzer et aI., unpublished observation). Even after the neonatal period the 
age of the animal at the time of infection is important athymic rats infected at an 
age of 4 weeks have viral antigen in nonneural tissues; in contrast, nude rats 
infected at 5 months show restriction of the virus to the CNS (HERZOG et al. 1984). 
It has therefore been suggested that different patterns of virus dissemination in 
BDV-infected rats might depend on the stage of maturation and possibly on 
changes in cellular structures involved in virus infection (HERZOG et al. 1984; Bilzer 
et aI., unpublished observation). 

3.2.2 Aspects of Borna Disease Virus Infection in 
Immunocompromised Rats 

Like PTI-NB and athymic rats, cyclophosphamide- or cyclosporine A (CSA)
treated rats infected with BDV also do not show BD or the acute inflammatory 
reaction. The rationale for using immunocompromised experimental animals 
came from earlier experiments in which rhesus monkeys had been used (STITZ 
et al. 1980). It was then observed that monkeys which had undergone splenecto
my prior to BDV-infection showed a different clinical and histopathological pic
ture. In contrast to animals not undergoing surgery, which developed severe 
clinical disease, a marked Iymphohistiomonocytic encephalitis and retinitis, sple
nectomized monkeys showed minimal neurological disturbances, no motor 
paralysis and fewer cellular infiltrates in the brain, the choroid and the retina 
(CERv6s-NAVARRO et al. 1981). In addition, it appeared from in vitro cytotoxicity 
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assays that lymphocytes isolated from splenectomized animals had lower cyto
toxic activity (STITZ et al. 1980). Therefore, it was suggested that the cell-mediated 
immune status might be of importance in BD (STITZ et al. 1980). In a more detailed 
study, Narayan et al. established the immunopathological basis of Borna disease 
in rats (NARAYAN et al. 1983a). In this investigation it was shown that immunosup
pression with cyclophosphamide of BDV-infected rats resulted in the absence of 
encephalitis and disease, whereas these persistently infected tolerant rats were 
susceptible to the disease after adoptive transfer of immune lymphocytes. 

Virus-specific nucleic acid and infectious virus, in addition to virus-specific 
antigen, are found in immunocompromised animals in amounts comparable to 
fully immunocompetent rats (NARAYAN et al. 1983a; HERZOG et al. 1985; CARBONE 
et al. 1987; STITZ et al. 1991a). Strikingly, immunocompromised rats, particularly 
newborn infected animals, show no destruction of the retina, although the virus 
persists in the eye, and the rats do not become blind despite the presence of virus 
in retinal layers (NARAYAN et al. 1983a). Thus, with few exceptions, such as those 
described in PTI-NB rats , BDV has little to no direct cytopathogenicity in vivo. The 
importance of the immune response to the pathogenesis of BD was further 
stressed by showing that adoptive transfer of lymphocytes from BDV-immune 
rats into immunoincompetent animals resulted in full-blown BD (NARAYAN et al. 
1983a; STITZ et al. 1989). In CSA-immunosuppressed rats it was demonstrated by 
various approaches that no virus-specific T cells were present. This represented 
the first model for long-lasting inhibition of an immune-mediated disease in a 
persistent virus infection. Furthermore, rats were challenged intracerebrally either 
during the period of CSA treatment or thereafter. I n agreement with the inability of 
a short-term treatment with CSA to inhibit the disease (STITZ et al. 1989), i.c. 
reinfection before the end of the treatment period led to clinical symptoms and 
encephalitic lesions whereas reinfection after the discontinuation of CSA did not. 
These experiments revealed strong evidence that T cell tolerance is induced under 
CSA-treatment in BDV-infected rats and that the persistence of foreign antigen is 
the prerequisite and basis for obtaining a tolerant state (Stitz 1992). 

Several lines of evidence indicate that antiviral antibodies do not playa 
significant role in the pathogenesis of BD (NARAYAN et al. 1983a; HERZOG et al. 
1985). The most decisive argument against the involvement of antibodies in the 
pathogenesis of BD comes from experiments with the immunosuppressive drug 
CSA. Rats treated with CSA can be protected from BD and do not mount an 
antibody response (STITZ et al. 1989). Interestingly, treatment of BDV infected rats 
with lower doses of CSA results in the development of an encephalitis in the 
absence of an anti-BDVantibody response. Additionally, while an i.c. challenge of 
CSA-treated rats with BDV does not result in immunopathological disease, it does 
restore immunoreactivity at the B cell level (STITZ et al. 1989). As a whole, these 
facts together demonstrate that BD is likely due to a virus-induced immunopatho
logical reaction at the T cell level. 
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4 Cellular Immune Response in Borna Disease 

4.1 Characterization of Inflammatory Cells and 
MHC-Expressing Cells Involved in the 
Immunopathological Reaction 

Although the above mentioned findings clearly indicate that the pathogenesis of 
BD is closely related to the cellular immune response, they do not reveal the 
cellular basis of the immunopathological process resulting in inflammation of the 
brain . By characterizing the cells present in the inflammatory lesions, employing 
immunohistochemical methods, a useful approach was found to solve this 
problem . Immunohistological investigations into the quality of cells involved in 
the perivascular inflammatory reaction, employing monoclonal antibodies, re
vealed the presence of CD4+ and CD8+ T cells in addition to numerous macroph
ages and B cells (DESCHL et al. 1990). 

Since restriction elements are most important in T cell-mediated immune 
phenomena, the presence of MHC class I and II antigen was scrutinized in the 
brains of BDV-infected rats. This self-antigen was detected on various cell types 
perivascularly but was also on oligodendrocytes, microglial and ependymal cells 
(DESCHL et al. 1990; RICHT et al. 1990; STITZ et al. 1991 b; CARBONE et al. 1991 a). It is 
of note that MHC class II antigen was also detected in areas without inflamma
tion, arguing for a general induction and expression of M HC class II in the brain of 
BDV-infected rats . 

By characterizing the brain cells that express MHC class I antigen it became 
evident that this self-antigen could be demonstrated on neurons and astrocytes in 
vivo (BILZER and STITZ 1994) and in vitro (PLANZ et al. 1993). 

The expression of M HC antigens alone cannot be regarded as an indicator of 
an ongoing MHC restricted immune response because enhanced expression of 
this self-antigen has been found in a variety of chronic infectious and non
infectious encephalitis . Although under normal conditions, the CNS has low 
levels of MHC antigen, greater expression occurs during pathological situations 
(VITETIA and CAPRA 1978; LAMPSON 1987). 

4.2 Pathogenic Relevance of Borna Disease Virus-Specific 
CD4+ T Cells 

To elucidate the importance of T cell subsets in the pathogenesis of BD in a first 
approach, a homogeneous virus-specific T cell line was established (RICHT et al. 
1989). Lymphocytes obtained from regional lymph nodes after subcutaneous 
immunization with purified virus-specific antigen were cultured and restimulated 
in vitro employing a protocol for the cultivation of CD4+ T cells (RICHT et al. 1990). 
Analysis of this cell line revealed BDV specificity, MHC class II restriction and the 
phenotypical markers of CD4+ helper/inflammatory cells (RICHT et al. 1989). 
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Adoptive transfer of this cell line into BDV-infected immunosuppressed healthy 
recipients resulted in severe disease and death as early as day 5 after the injection 
of effector cells (RICHl et al. 1989, 1990). In contrast, passive transfer into 
uninfected rats did not result in encephalitis or disease, demonstrating that this 
BDV-specific T cell line, by itself, is not encephalitogenic. These results, together 
with the immunohistological characterization of inflammatory cells in the brain of 
BDV-infected rats, suggest that a delayed type hypersensitivity reaction (DTH) 
may playa role in BD. Interestingly, this T cell line has also been shown to induce 
prevention or enhancement of the immunopathological disease dependent on 
whether the adoptive transfer occurred before or after infection (RICHl et al. 1994). 
A similar mechanism has only been observed before as mediated by CD8+ T cells 
in virus-infected mice (BAENZIGER et al. 1986). Whether this phenomenon in BDV
infected rats is due to CD4+ or CD8+ T cells cannot yet be answered. Unlike 
corona virus- and measles virus-induced encephalomyelitis, which represent 
models for virus-induced autoimmune diseases (JAHNKE et al. 1985; LIEBERl et al. 
1988) and in which CD4+ cells also have been shown to be of immunopatholog
ical relevance, BD is an example of immunopathology in the brain resulting from 
an immune reaction to viral antigen(s) . 

The importance of MHC class II-bearing cells in the pathogenic mechanism 
has not yet been determined, especially since it has not yet been possible to 
demonstrate their role in antigen presentation of BDV-specific antigen in the 
brain. However, some evidence has accumulated that provides better insight into 
the mechanisms of pathogenicity and the T cell subsets involved. In order to 
define a cell type in the CNS that might be relevant to the in vivo situation in BD, 
functional interactions between CD4+ BDV-specific T cells and astrocytes were 
tested in vitro. Astrocytes were selected for two reasons. First, astrocytes have 
been shown to be target cells of BDV infection in the rat brain (LUDWIG et al. 1988; 
CARBONE et al. 1989, 1991 a; DESCHL et al. 1990). Second, astrocytes are potent 
antigen presenting cells, suggesting an involvement in immunopathology after 
viral infections or in autoimmune disorders in the CNS (FONlANA et al. 1984; FIERZ 
et al. 1985). 

We found that induction of MHC class II expression on astrocytes by 
interferon-y (I FN-y) increased the proliferative capacity of the BDV-specific CD4+ 
T cell line in vitro (RICHl et al. 1990). In contrast to coronavirus infections (MASSA 
et al. 1986; SUZUMURA et al. 1986). BDV infection alone did not induce MHC class 
II expression in vitro (RICHl et al. 1990; RICHl and STITZ 1992; PLANZ et al. 1993) or 
in vivo (STITZ et al. 1991 a) . 

Interestingly, and relevant to the in vivo situation, BDV-infected astrocytes 
retained their full ability to present BDV-specific antigen (RICHl and STITZ 1992). 
Furthermore, the expression of MHC class II on BDV-infected astrocytes was a 
prerequisite to their function as target cells for in vitro cytotoxicity by the CD4+ T 
cell line (RICHl and STITZ 1992). This BDV-specific CD4+ T cell was able to lyse 
syngeneic, IFN-y treated, persistently infected astrocytes and lysis was signifi
cantly reduced by antibodies directed against MHC class II antigens. However, it 
cannot be excluded that this BDV-specific CD4+ T cell line acquired its cytotoxic 
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activity upon in vitro cultivation as reported previously for CD4+ T cells (FLEISCHER 
1984). A CD4+ T cell line characterized as a functional T helper cell and specific 
for another major BDV-coded protein did not exert cytotoxic activity (PLANZ et al. 
1995). These in vivo and in vitro findings indicate the importance of virus-specific 
CD4+ T cells and suggest that Iymphokines may be of crucial importance for the 
induction and maintenance of the immunopathological reaction resulting in BD. 

4.3 Pathogenic Relevance of CD8+ T Cells in Borna Disease 

4.3.1 Influence of T Cell-Specific Monoclonal Antibodies In Vivo 

Due to difficulties in culturing rat CD8+ T cells, investigation into the pathogenic 
importance of CD8+ T cells in BD has been pursued through experiments in 
which BDV-infected rats were treated with monoelonal antibodies directed 
against various T cell markers (STITZ et al. 1992). Antibodies specific for CD4+ and 
CD8+ cells were able to decrease or even prevent the local inflammatory reaction 
if given early during the infection. Using a mouse monoclonal antibody directed 
against a pan-T cell marker (Ox-52), it could be demonstrated that the immuno
pathological reaction in the brain, as well as the disease, could be completely 
inhibited in BDV-infected thymectomized rats. Treatment started after infection 
resulted in delay of the inflammatory reaction, but ultimately did not affect the 
severity of encephalitis and disease. The limited effect of monoelonals given late 
after infection indicates that T cells are rapidly activated in the periphery. This may 
reflect the fact that i.c. infection results in systemic dissemination of the virus 
(MiMS 1960). Though systemic dissemination is not likely after i.n. experimental 
infection, this route also resulted in efficient antigen presentation presumably 
because dendritic cells and macrophages are located at the site of inoculation . 

CD8-specific monoclonal antibodies were more effective in treating the 
immunopathological disease than antibodies directed against CD4+ cells. These 
experiments indicate that CD8+ T cells play an important role in the pathogenesis 
of BD. Since CD8+ T cells can produce cytokines, it has been proposed that an 
initial CD8+ T cell response may be decisive in triggering the local delayed type 
hypersensitivity reaction in the brain after BDV infection (STITZ et al . 1992). These 
findings also support the notion that CD8+ T cells are an integral component of a 
delayed type hypersensitivity reaction. 

4.3.2 Influence of Cytokine Treatment on the Immunopathogenesis 
of Borna Disease 

The importance of Iymphokines in BD was first shown directly in experiments 
employing transforming growth factor (TGF)-~2 in vivo (STITZ et al. 1991 b). TGF 
belongs to a elass of polypeptides exhibiting diverse effects on cell growth and 
differentiation. These substances act as multifunctional cytokines with potent 
inhibitory activity on growth, differentiation and effector functions of both activat-
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ed T and B lymphocytes and macrophages (reviewed in WAHL et al. 1989; 
PALLADINO et al. 1990). Experiments with TGF-~2 in BDV-infected rats revealed a 
reduction of the severity of clinical symptoms that was paralleled by a significant 
reduction of the inflammatory reaction in the brain. Thus, TGF-~2 delayed the 
development of T cell-mediated disease and tissue destruction if given systemi
cally (FONTANA et al. 1989; STITZ et al. 1991 b). Immunohistological investigations 
revealed only slightly reduced CD4+ T cell numbers and no changes in macroph
age counts in encephalitic lesions of TGF-treated rats whereas CD8+ T cells were 
virtually absent from the perivascular inflammatory reaction. The expression of 
MHC class II antigen was significantly reduced in the brain of TGF-treated BDV 
infected rats, whereas MHC class I expression was not. Since CD8+ T cells, are 
potent producers of immune IFN, and since IFN-yalso regulates MHC class I and 
class II expression (WONG et al. 1984; FIERZ et al. 1985)' the absence of CD8+ T 
cells in the brain of TGF-treated rats might be responsible for the observed 
reduction of MHC class II antigen (STITZ et al. 1991 b). The recent finding that BDV
infected astrocytes produce in vitro IFN of the a/~ type that shows all character
istics of a previously described astrocyte IFN (TEDESCHI et al. 1986) supports this 
interpretation (PLANZ et al. 1993). IFN a/~ and, in particular, IFN produced by 
astrocytes, up-regulates MHC class I but not class II expression (TEDESCHI et al. 
1986; HALLORAN et al. 1989), which would, in turn, explain the IFN-y independent 
presence of MHC class I in TGF-treated rats. The experiments performed with 
TGF-~2 revealed an initial dramatic reduction in the local immune response after 
BDV infection. The relative absence of CD8+ T cells seemed to be decisive, since 
the increase of CD8+ T cells late after TGF treatment was directly correlated with 
an increase in the expression of MHC class II antigen in the brain and encephalitic 
lesions. In summary, in spite of the presence of CD4+ T cells, reduced expression 
of restriction elements for cell-mediated immune response led to an initial 
inhibition of the encephalitic reaction and clinical disease. 

4.3.3 Presence of Cytotoxic T Lymphocytes in the Brain of Borna Disease 
Virus and Their Relative Importance in Brain Atrophy 

The mechanisms by which virus infections of the CNS cause neuronal damage 
are not fully known. Studies indicate that in many cases the virus does not directly 
destroy neurons, but may cause indirect damage by triggering cell-mediated 
immune response and or altering neuron-specific functions. The presence of 
inflammatory components, notably T cells and macrophages, frequentlycharac
terize neurological disease caused by infection with conventional viruses, such as 
measles (WOLINSKI 1990)' rubella (WOLINSKI 1990), H IV (GRANT and ATKINSON 1990; 
PRICE et al. 1990), lymphocytic choriomeningitis (DOHERTY et al. 1976; BYRNE and 
OLDSTONE 1984), and also BDV (NARAYAN et al. 1983a; DESCHL et al. 1990). Immuno
pathology may be mediated by cytokines, neurotoxins and radicals and cytotoxic 
T lymphocytes (CTLs) . 

The chronic phase of BD is characterized by a prominent cortical atrophy and 
hydrocephalus intern us ex vacuo (see chapter by GOSZTONYI). This hydrocephalus 
does not result secondarily from hydrocephalus occlusus (lRIGOIN et al. 1990) nor 
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from hypoxia, since no signs of vascular damage are found in the brains of 
BDV-infected rats (BILZER and STITZ 1994). Treatment of BDV-infected rats with 
anti-CD8 monoclonal antibodies reduces or inhibits inflammation and prevents 
overt loss of brain substance (BILZER and STITZ 1994; PLANZ et al. 1993). I n un
treated rats, necrobiotic changes of brain cells are found even in the earliest 
stages of the disease and neuronal cell loss is a prominent feature of BD (CARBONE 
et al. 1989; PLANZ et al. 1993). 

Treatment of BDV-infected rats with anti-CD8 antibodies results in decreased 
expression of MHC class I but has no effect on MHC class II expression. Since 
coexpression of MHC class I antigen in association with virus-specific proteins 
renders cells as targets for cytotoxic CD8+ T lymphocytes (reviewed in ZINKERNA
GEL and DOHERTY 1979), the observation that BDV-infected rats have CD8+ 
infiltrates and enhanced MHC class I expression provides a possible explanation 
for immunopathology in this system. Recent experiments employing syngeneic 
and allogeneic BDV-infected target cells and lymphocyte preparations isolated 
from the brain of BDV-infected rats showed evidence for the activity of virus
specific classical CTLs (PLANZ et al. 1993). These experiments also showed weak 
evidence for the presence of MHC class II-restricted CTLs among lymphocytes 
isolated directly from the brain of BDV-infected rats. Though a cytotoxic BDV
specific CD4+ T cell line has been described (RICHT and STITZ 1992). several lines 
of evidence suggest that the effect of MHC class II-restricted killer cells is likely 
to be limited; first, whereas antiviral activity of classical MHC class I-restricted 
virus-specific T cells has been found for various virus infections in numerous 
reports (BYRNE and OLDSTONE 1984; BAENZIGER et al. 1986; LUCKACHER et al. 1985; 
SETHI et a11983; ZINKERNAGEL and DOHERTY 1979), in none of the virus infections in 
which MHC class II-restricted CTL activity was elicited in vitro (BROWNING et al. 
1990; HIOE and HINSHAW 1989; JACOBSON et al. 1984; KAPLAN et al. 1984; LUCKACHER 
et al. 1984; YASUKAWA and ZARLING 1984), has there been direct evidence for an 
antiviral effector mechanism in vivo; second, MHC class II antigen has not been 
detected on neurons in BDV-infected rats (BILZER and STITZ 1994); third, in contrast 
to studies using antibodies to CD8+ cells, in vivo treatment with monoclonal 
antibodies directed against CD4+ T cells did not prevent significant loss of brain 
tissue (PLANZ et al. 1993; BILZER and STITZ 1994). However, formally virus specific 
CD4+ CTLs should not be discounted entirely. If operative in vivo, virus-specific 
CD4+ CTLs could participate in the pathogenesis by direct action on MHC class 
II bearing-astrocytes (PLANZ et al. 1993). 

It appears that in addition to the importance of CD8+ T cells in triggering a 
delayed type hypersensitivity reaction in the brain, CD8+ T cells are clearly 
important in brain tissue destruction after BDV infection and may be the critical 
effector cells responsible for organ atrophy chronic debility and dementia (PLANZ 
et al. 1993; BILZER and STITZ 1993). The importance of CD8+ cells is further 
supported by the finding that adoptive transfer of a BDV-specific CD4+ T helper 
cell line does not induce encephalitis and BD in recipients in which CD8+ T cells 
have been functionally blocked by specific monoclonal antibodies (PLANZ et al. 
1995). 
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5 Cytokine Expression in the Central Nervous System 
of Borna Disease Virus-Infected Rats 

Although the precise role that inflammatory cells play in CNS pathology is the 
subject of ongoing investigation, it is well established that leukocyte populations 
have the ability to generate proinflammatory cytokines (OUAGLIARELLO et al. 1991), 
neurotoxin (GluLiAN et al. 1990) or reactive oxygen intermediates (NATHAN 1992). It 
is believed that proinflammatory cytokines produced by immune cells are partic
ularly important in the process of neuronal destruction (OUAGLIARELLO et al. 1991; 
SELMAJ 1992). Recently, it has been convincingly shown that cytokines not only 
playa central role in modulating immune responses and inflammatory reactions, 
but can also have direct cytotoxic effects. For example, intracisternal injection of 
recombinant interleukin-1 (lL -1) or tumor necrosis factor (TNF) in rats induces 
meningitis and blood-brain barrier damage, and the two cytokines are synergistic 
in inducing these effects (OUAGLIARELLO et al. 1991). TGF-~2, another potent 
cytokine, leads to inflammation with accumulation of monocytes and to a lesser 
extent lymphocytes and macrophages if given locally (ALLEN et al. 1990). BO in 
rats represents a powerful animal model for studying the role of cytokines in 
neurological disorders induced by virus infection. In a recent study reverse 
transcriptase PCR was used to compare the expression of BOV RNA with that of 
several cytokine mRNAs in the brain of BOV-infected rats (SHANKAR et al. 1992) 
BOV RNA was first detected in the olfactory bulb of the intranasally infected rats 
at 6 days postinfection; at 14 days high levels of BOV RNA were found in many 
brain regions, and at 26 days BOV RNA was also present in the eye, nasal mucosa 
and facial skin. In the chronic phase of the disease, BOV RNA was identified in 
many peripheral organs. 

Analysis of brain tissue for the presence of cytokine mRNAs revealed that the 
mRNA levels of IL-6, TNF a and IL-1a had increased sharply at 14 and 26 days 
postinfection. These cytokine mRNAs reached maximum levels at the peak of 
inflammatory reactions and decreased dramatically in the chronic phase of the 
disease. Although IL-2 mRNA was found in normal rat brain, it was markedly 
increased in BOV-infected brains at 14 days postinfection. Expression of IFN-y 
mRNA, which was not observed in normal rat brain, was detected at 14 days 
postinfection and reached a maximum level at 38 days. IFN-y mRNA expression 
was coordinated with expression of C04 and C08 mRNAs consistent with the 
observation that both C04+ and C08+ T cells are induced in the early stage of 
BOV infection. 

The finding that the levels of cytokine mRNAs correlated with the degree of 
inflammatory reactions and severity of neurological disease suggested that the 
production of certain proinflammatory cytokines may contribute to neurological 
disease (SHANKAR et al. 1992). The mechanisms by which cytokines are involved in 
the disease process are not clear. However, it has recently been proposed for 
experimental allergic encephalitis that neurospecific T cells recruit activated 
inflammatory cells through the action of cytokines such as TNF-a and -~ and 
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IFN-y (RUDDLE et al. 1990; SIMMONS and WILLENBORG 1990). In addition, these 
cytokines can prime macrophages for the production of inducible reactive oxygen 
intermediates and reactive nitrogen intermediates (DING et al. 1988)' which are 
thought to play an important role in cytotoxicity (NATHAN 1992). 

In a recent study, it was demonstrated that mRNA for inducible nitric oxide 
synthase (iNOS), which is not detectable in normal brain tissue, is up-regulated 
in the brain of rats infected with BDV (KOPROWSKI et al. 1993). Interestingly, the 
levels of iNOS mRNA correlated not only with the degree of neurological 
involvement and CNS inflammation, but also with the levels of TNF-a, IL-1 a and 
IL-6 mRNA (SELMAJ 1992), potential mediators of iNOS expression (NATHAN 1992). 
These observations support the hypothesis that certain cytokines, such as TNF-a 
and IL-1 a may participate in the inflammatory process by triggering infiltrating 
macrophages to generate NO (NATHAN 1992). To this point we have focused on 
damaging effects of cytokines. However, since IFN-y mRNA levels were still 
highly elevated in the chronic phase of BD, it is likely that IFN-y acts to reduce 
inflammation and to ameliorate neurological signs during the transition from the 
acute to the chronic phase of infection. In this context, it has been shown that 
IFN-yhas a strong synergistic effect in the TNF- and IL-1-mediated induction of 
manganese superoxide dismutase, a mechanism which is implicated in the 
protection of healthy cells from toxicity of 02" during an immune response (HARRIS 
et al. 1991). Since IL-1 enhances nerve growth factor synthesis during injury, it 
may be beneficial in nerve trauma (LINDHOLM et al. 1987). Furthermore, it has been 
demonstrated that TNF-a, INF-y and IFN-~ can exert antiviral activity in nervous 
tissue cells (SCHIJNS et al. 1991). 

Additional in vivo studies with inhibitors of cytokines will be necessary to 
reveal the beneficial and detrimental attributes of cytokine expression during BD 
and other inflammatory diseases of the CNS. 

6 Conclusion 

We have tried to review a rapidly evolving field, the immunobiology of BD. While 
interactions between various components of the cellular immune response and 
between the cellular immune system and Iymphokines are complex, studies in 
BD using methods for immunosuppression and immunomodulation with various 
drugs including T cell-specific monoclonal antibodies, investigations in persistent
ly infected newborn rats and analysis of virus and virus-specific antigens and 
Iymphokines have already resulted in major advances in understanding the basis 
of this immune-mediated disease. Experimental BD is an excellent model for 
studying the immunopathogenesis of viral infections. It also holds promise for 
studying such basic processes such as the induction of tolerance to foreign 
antigens. BD also represents a unique model for studying in vivo cytotoxicity 
exerted by classical CD8+ CTLs. The recent observation that BDV can be 
detected in macrophages indicates that BD might also serve as another virus 
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model for phenomena observed in lentivirus infections e.g. maedi-visna in sheep 
and HIV in humans. 

Acknowledgment. This review describes work that has been supported by grants from the Deutsche 
Forschungsgemeinschaft (Forschergruppe "Pathogenitiitsmechanismen von Viren", Bi-323/2-2 and Sti 
71/2-1) and the EC-network .. Pathogenesis of subacute and chronic inflammatory diseases of the 
central nervous system (L.S.) and NIH NS28599 and MH48948 (K.M.C). LS is a recipient of a Herrmann
and Lilly-Schilling Professorship for Theoretical and Clinical Medicine. 

References 

Allen JB, Manthey CL, Hand AR, Ohura K, Ellingsworth L, Wahl SM (1990) Rapid onset synovial 
inflammation and hyperplasia induced by transforming growth factor a. J Exp Med 171: 231 

Baenziger J, Hengartner H, Zinkernagel RM, Cole GA (1986) Induction or prevention of immunopatholog
ical disease by cloned cytotoxic T cell lines specific for lymphocytic choriomeningitis virus. Eur J 
Immunol16: 387-393 

Bautista JR, Schwartz GJ, Moran TH, Carbone KM (1994) Early and persistent abnormalities in size, 
drinking behaviors, and spontaneous locomotor activity in rats with neonatally acquired Borna 
disease virus infection. Brain Res Bull 34: 31-40 

Bilzer T, Stitz L (1993) Brain cell lesions in Borna disease are mediated by T cells. Arch Virol Suppl 7: 
153-159 

Bilzer T, Stitz L (1994) Immune-mediated brain atrophy: CD8+ T cells cause tissue destruction during 
Borna disease. J Immunol 153: 818-823 

Bilzer T, Lipkin WI, Planz 0, Stitz L (to be published) Tropism of Borna disease virus. Distribution of virus
specific nucleic acid and antigen in adult and immunocompromised rats. 

Browning MJ, Huang AS, Reiss CS (1990) Cytolytic T lymphocytes from the BALB/c-H-2dm2 mouse 
recognize the vesicular stomatitis virus glycoprotein and are restricted by class II MHC antigens. J 
Immunol145: 985-994 

Byrne JA, Oldstone MBA (1984) Biology of cloned cytotoxic T lymphocytes specific for lymphocytic 
choriomeningitis virus: clearance or virus in vivo. J Virol 51: 682-686 

Caplazi P, Waldvogen A, Stitz L, Braun U, Ehrensperger F (1994) Borna disease in naturally infected 
cattle. J Comp Path 111: 65-72 

Carbone KM, Duchala CS,Griffin JW, Kincaid AL, Narayan 0 (1987) Pathogenesis of Borna disease in 
rats: Evidence that intra-axonal spread is the major route for virus dissemination and the determi
nant for disease incubation . J Virol 61: 3431-3440 

Carbone KM,Trapp BD,Griffin JW, Duchala CS, Narayan 0 (1989) Astrocytes and Schwann cells are 
virus-host cells in the nervous system of rats with Borna disease. J Neuropathol Exp Neurol 48: 
631-644 

Carbone KM, Moench TR, Lipkin WI (1991 a) Borna disease virus replicates in astrocytes, Schwann cells 
and ependymal cells in persistently infected rats: location of viral genomic and messenger RNAs by 
in situ hybridization. J Neuropathol Exp Neurol 50: 205-214 

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

Cervos-Navarro J, Roggendorf W, Ludwig H, Stitz L (1981) The encephalitic reaction in Borna disease 
virus infected rhesus monkeys (in German). Verh Dt Ges Pathol 65: 208-212 

Cole GA, Nathanson N, Prendergast RA (1972) Requirement for theta-bearing cells in lymphocytic 
choriomeningitis virus-induced central nervous system disease. Nature 238: 335-337 

Danner K, Heubeck D, Mayr A (1978) In vitro studies on Borna disease. I. The use of cell cultures for the 
demonstration, titration and production of Borna virus. Arch Virol 57: 63-75 

Deschl U, Stitz L, Herzog S, Frese K, Rott R (1990) Determination of immune cells and expression of 
major histocompatibility complex class II antigen in encephalitic lesions of experimental Borna 
disease. Acta Neuropathol (berl) 81: 41-50 

Ding AH, Nathan CF, Stuehr DJ (1988) Release of reactive nitrogen and oxygen intermediates from 
mouse peritoneal macrophages. Comparison of activating cytokines and evidence for independent 
production. J Immunol 141: 2407-2412 

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



90 L. Stitz et al. 

Doherty PC, Zinkernagel RM (1974) T cell-mediated immunopathology in viral infections. Transplant Rev 
19 89-120 

Doherty PC, Dunlop MBC, Parish CR, Zinkernagel RM (1976) Inflammatory process in murine lympho
cytic choriomeningitis is maximal in H-2K or H-2D compatible interactions. J. Immunol 117: 
187-190 

Duffy P, Wolf J, Collins G (1974) Possible person-to-person transmission of Creutzfeldt-Jakob disease. 
N Engl J Med 299: 692-694 

Fierz W, Endler B, Rese K, Wekerle H, Fontana A (1985) Astrocytes as antigen-presenting cells. I. 
Induction of la antigen expression on astrocytes by T cells via immune interferon and its effect on 
antigen presentation. J Immunol 134: 3785-3791 

Fleischer B (1984) Acquisition of specific cytotoxic activity by human T4+ T lymphocytes in culture. 
Natu re 308: 365-367 

Fontana A, Fierz W, Wekerle H (1984) Astrocytes present myelin basic protein to encephalitogenic T 
cell-lines. Nature 307: 273-276 

Fontana A, Frei K, Bodmer S, Hofer E, Schreier MH, Palladino MAJr, Zinkernagel RM (1989) Transform
ing growth factoru inhibits the generation of cytotoxic Tcells in virus infected mice. J Immunol143: 
3230-3234 

Gajdusek DC, Gibbs CJ Jr (1971) Transmission of two subacute spongiform encephalopathies of man 
(Kuru and Creutzfeldt-Jakob disease) to New World monkeys. Nature 230: 588-591 

Giulian D, Vaca K, Noonan CA (1990) Secretion of Neurotoxins by mononuclear phagocytes infected 
with H IV-1. Science 250: 1593-1596 

Grant I, Atkinson JH (1990) Neurogenic and psychogenic behavioral correlates of HIV infection. In: 
Waksman BH (ed) Immunologic mechanisms in neurologic and psychiatric disease. Raven, New 
York, pp 291-304 

Halloran PF, Urmson J, Farkas S, Meide van der P., Autenried P (1989) Regulation of MHC expression 
in vivo. IFN-a/f3 inducers and recombinant IFN modulate MHC antigen expression in mouse tissue. 
J Immunol142: 4241-4247 

Harris CA, Derbin KS, Hunte-McDonough B, Krauss MR, Chen KT, Smith DM, Epstein LB (1991) 
Manganese superoxide dismutase is induced by IFN-y in multiple cell types: synergistic induction 
of IFN-y and tumor necrosis factor or IL-1. J Immunol 147: 149-154 

Herzog S, Rott R (1980) Replication of Borna disease virus in cell culture. Med Microbiol Immunol 168: 
153-158 

Herzog, S, Kompter C, Frese K, Rott R. (1984) Replication of Borna disease virus in rats: age-dependent 
differences in tissue distribution Med. Microbiollmmunol173: 171-177 

Herzog S, Wonigeit K, Frese K, Hedrich HJ, Rott R (1985) Effect of Borna disease virus infection in 
athymic rats. J Gen Virol 66: 503-508 

Hioe CE, Hinshaw VS (1989) Induction and activity of class II-restricted, Lyt-2 cytolytic T lymphocytes 
specific for the influenza H5 hemagglutinin. J Immunol142: 2482-2488 

Hirano N, Kao M,Ludwig H (1983) Presistent, tolerant or subacute infection in Borna disease virus 
infected rats. J Gen Virol 64: 1521-1530 

Hope J, Reekie LJD, Hunter N, Multhaup G, Beyreuther K et al. (1988) Fibrils from brains of cows with 
new cattle disease contain scrapie-associated protein. Nature 336: 390-392 

Irigoin C, Rodriguez EM, Heinrichs M, Frese K, Herzog S, Oksche A, Rott R (1990) Immunocytochemical 
study of the subcommisural organ of rats with induced postnatal hydrocephalus. Exp Brain Res 82: 
384-392 

Jacobson S,Richert JR, Biddison WE, satinsky A, Hartzman RJ, McFarland HF (1984) Measles virus
specific T4+ human cytotoxic T cell clones are restricted by class II HLA antigens. J Immunol 133: 
754-757 

Jahnke U, Fischer EH, Alvord EC (1985) Sequence homology between certain viral protein and proteins 
related to encephalomyelitis and neuritis. Science 229: 282-284 

Kaplan DR, Griffith R, Braciale VL, Braciale TJ (1984) Influenza virus-specific human cytotoxic T cell 
clones: heterogeneity in antigen specificity and restriction by class II MHC products. Cell Immunol 
88: 193-199 

Koprowski H, Zeng YM, Heber-Katz E, Frazer N, Rorke L, Fu ZF, Hanlon C, Dietzschold B (1993) In vivo 
expression of inducible nitric oxide synthase in experimentally-induced neurological disease. Proc 
Natl Acad Sci USA 90: 3024-3027 

Lampson LA (1987) Molecular bases of the immune response to neural antigens. Trends Neurosci 10: 
211-216 

Liebert UG, Linington C, ter Meulen V (1988) Induction of autoimmune reactions to myelin basic protein 
in measles virus encephalitis in Lewis rats. J Neuroimmunol 17: 103-118 



Immunopathogenesis of Borna Disease 91 

Lindholm D, Heumann R, Meyer M, Thomas H (1987) Interleukin-l regulates synthesis of nerve growth 
factor in non-neuronal cells of rat sciatic nerve. Nature 330: 658---659 

Luckacher AE, Braciale VL, Braciale TJ (1984) In vivo effector function of influenza virus-specific 
cytotoxic T lymphocyte clones is highly specific. J Exp Med 160: 814-826 

Luckacher AE,Morrison LA, Braciale VL, Malissen B, Braciale TJ (1985) Expression of specific cytolytic 
activity by H-2 I region-restricted, influenza virus-specific T lymphocyte clones. J Exp Med 162: 
171-187 

Ludwig H, Bode L. Gosztonyi G (1988) Borna disease. A persistent virus infection of the central nervous 
system. Prog Med Virol 35: 107-151 

Manuelidis L, Manuelidis EE (1988) Recent developments in scrapie and Creutzfeld-Jakob disease. Prog 
Med Virol 33: 18-98 

Massa PT, Dorries R, ter Meulen V (1986) Viral particles induce la antigen expression on astrocytes. 
Nature 320: 543-546 

Mims CA (1960) Intracerebral injections and the growth of viruses in the mouse brain. Br J Exp Pathol 
41: 52-59 

Nagashima K, Wege H, Meyermann R, ter Meulen V (1978) Corona virus induced subacute demyelinat
ing encephalomyelitis in rats: a morphological analysis. Acta Neuropathol (Berl) 44: 63-70 

Narayan 0, Herzog S, Frese K, Scheefers K, Rott R (1983a) Pathogenesis of Borna disease in rats: 
Immune-mediated viral ophthalmoencephalopathy causing blindness and behavioral abnormalities. 
J Infect Dis 148: 305-315 

Narayan 0, Herzog S, Frese K, Scheefers K, Rott R (1983b) Behavioral disease in rats caused by 
immmunopathological response to persistent Borna disease virus in the brain. Science 220: 
1401-1403 

Nathan C (1992) Nitric oxide as a secretory product of mammalian cells. FASEB J 6: 3051-3064 
Padgett BL, Walter DL, zuRhein GM, Ederoode RJ, Dessel BH (1971) Cultivation of papova-like virus 

from human brain with progressive multifocalleukoencephalopathy. Lancet i: 1257-1260 
Palladino MA, Morris RE, Starnes HF, Levinson DA (1990) The transforming growth factor-betas: a new 

family of immunoregulatory molecules. Ann NY Acad Sci 593: 181-185 
Planz 0, Bilzer T, Sobbe M, Stitz L (1993) Lysis of MHC class I-bearing cells in Borna disease virus

induced degenerative encephalopathy. J Exp Med 178: 163-174 
Planz 0, Bilzer T, Stitz L (to be published) Immunopathogenic role of T cell subsets in Borna disease 

virus-induced progressive encephalitis. 
Price RW, Brew BJ (1988) The AIDS dementia complex. J Infect Dis 158: 1079--1083 
Price R, Brew B, Sidtis J. Rosenblum M, Scheck A, Cleary P (1988) The brain in AIDS: central nervous 

system HIV-1 infection and AIDS dementia complex. Science 239: 586-592 
Price RW, Brew BJ, Rosenblum M (1990) The AIDS dementia complex and HIV-1 brain infection: a 

pathogenic model of virus-immune interaction. In: Waksman BH (ed) Immunologic mechanisms in 
neurologic and psychiatric disease. Raven, New York, pp 269--290 

Quagliarello VJ, Wispelwey B, Long WJ Jr, Scheid WM (1991) Recombinant human interleukin-l 
induces meningitis and blood-brain barrier injury in the rat. J Clin Invest 87: 1360-1366 

Richt JA, Stitz L (1992) Borna disease virus infected astrocytes function in vitro as antigen-presenting 
and target cells for virus-specific CD4-bearing lymphocytes. Arch Virol 124: 95-109 

Richt JA, Stitz L. Wekerle H, Rott R (1989) Borna disease, a progressive meningoencephalomyelitis as 
a model for CD4+ T cell-mediated immunopathology in the brain. J Exp Med 170: 1045-1050 

Richt JA, Stitz L, Deschl U, Frese K, Rott R (1990) Borna disease virus-induced meningoenc
ephalomyelitis caused by a virus-specific CD4+ T-cell mediated immune reaction. J Gen Virol 71: 
2565-2573 

Richt JA, Schmeel A, Frese K, Carbone KM, Narayan 0, Rott R (1994) Borna disease virus-specific T 
cells protect against or cause immunopathological Borna disease. J Exp Med 179: 1467-1473 

Ruddle NH, Bergman CM, McGrath KM, Lingenheld EG, Grunnet ML, Padula SJ, Clark RB (1990) An 
antibody to Iymphotoxin and tumor necrosis factor prevents transfer of experimental allergic 
encephalomyelitis. J Exp Med 172: 1193-2000 

Schijns VECJ, van der Neut R, Haagmans DR, Schellekens H, Horzinek MC (1991) Tumor necrosis 
factor-a, interferon-yand interferon-a exert antiviral activity in nervous tissue cells. J Gen Virol 72: 
809--815 

Selmaj KW (1992) The role of cytokines in inflammatory conditions of the central nervous system. 
Semin Neurosci 4: 221-229 

Sethi KK, Omata K, Schneweis KE (1983) Protection of mice from fatal herpes simplex type I infection 
by adoptive transfer of cloned virus-specific and H-2 restricted cytotoxic T lymphocytes. J Gen Virol 
64:443-447 



92 L. Stitz et al.: Immunopathogenesis of Borna Disease 

Shankar V, Kao M, Hamir AN, Sheng H, Koprowski H, Dietzschold B (1992) Kinetics of virus spread and 
change in levels of several cytokine mRNAs in the brain after intranasal infection of rats with Borna 
disease virus. J Virol 66: 992-998 

Sierra-Honigmann AM, Rubin SA, Estefanous MG, Yolken RH, Carbone KM (1993) Borna disease virus 
in peripheral blood mononuclear and bone marrow cells of neonatally and chronically infected rats. 
J Neuroimmunol45: 31-36 

Simmons RD, Willenborg DO (1990) Direct injection of cytokines into the spinal cord causes autoim
mune encephalitis-like inflammation. J Neurol Sci 100: 37-42 

Stephenson JR, terMeulen V (1979) Subacute sclerosing panencephalitis: Characterization of the 
etiological agent and its relationship to morbilliovirus. In: Tyrell DAJ (ed) Aspects of slow and 
persistent virus infections. Kluwer Academic, Norwell, pp 61-85 

Stitz L (1992) Induction of antigen-specific tolerance by cyclosporin A. Eur J Immunol 22: 1995-2001 
Stitz L, Rott R (1994) Borna disease virus. In: Webster RG, Garoff A (ed) Encyclopedia of Virology. 

Academic, New York, Vol 1: 149-154 
Stitz L, Krey H, Ludwig H (1980) Borna disease in rhesus monkeys as a model for uveo-cerebral 

symptoms. J Med Virol 6: 333-340 
Stitz L, Soeder D, Deschl U, Frese K, Rott R (1989) Inhibition of immune-mediated meningoencephalitis 

in persistently Borna disease virus infected rats by Cyclosporine A. J Immunol 143: 4250-4256 
Stitz L, Schilken D, Frese K (1991 a) Atypical dissemination of the highly neurotropic Borna disease virus 

during persistent infection in cyclosporine A-treated, immunosuppressed rats. J Virol 65: 457-460 
Stitz L, Planz 0, Bilzer T, Frei K, Fontana A (1991 b) Transforming growth factor-ll modulates T cell

mediated encephalitis caused by Borna disease virus. Pathogenic importance of CD8+ cells and 
suppression of antibody formation. J Immunol 147: 3581-3586 

Stitz L. Sobbe M, Bilzer T (1992) Preventive effects of early anti-CD4 or anti-CD8 treatment on Borna 
disease in rats. J Virol66: 3316-3323 

Stitz L, Bilzer T, Richt JA. Rott R (1993) Pathogenesis of Borna disease. Arch Virol Suppl 7: 135-151 
Suzumura A, Lavi E, Weiss SR, Silberberg DH (1986) Coronavirus infection induces H-2 antigen 

expression on oligodendrocytes and astrocytes. Science 232: 991 
Tedeschi B, Barrett IN, Keane RW (1986) Astrocytes produce interferon that enhances the expression 

of H-2 antigens on a subpopulation of brain cells. J Cell Bioi 102: 2244-2253 
ter Meulen V, Stephenson JR (1983) The possible role of viral infections in MS and other related 

demyelinating disease. In: Hallpike JF, Adams CWM, Tourtellotte WW (eds) Multiple sclerosis. 
Chapmann and Hall, London, pp 241-274 

Vitetta ES, Capra D (1978) The protein products of the murine 17th chromosome. Genetics and 
structure. Adv Immunol26: 147-193 

Wahl SM, McCartney-Francis N, Mergenhagen SE (1989) Inflammatory and immunoregulatory role of 
TGF-Il. Immunol Today 10: 258-262 

Weimer LP, Herdon RM, Narayan 0, Johnson RT (1972) Further studies of simian virus-40-like virus 
isolated from human brain. J Viro110: 147-152 

Wilesmith JW, Wells GAH, Cranwell MP, Ryan JBM (1988) Bovine spongiform encephalopathy: 
epidemiological studies. Vet Rec 123: 638-644 

Wolinski JS (1990) Subacute sclerosing panencephalitis, progressive panencephalitis, and multifocal 
leukoencephalopathy. In: Waksman BH (ed) Immunologic mechanisms in neurologic and psychiat
ric disease. Raven, New York, pp 259-268 

Wong GHW, Bartlett PF, Clark-Lewis I, Battye F, Schrader JW (1984) Inducible expression of H-2 and la 
antigens on brain cells. Nature 310: 688-691 

Yamada M, Zurbriggen A, Fujinami RS (1991) Pathogenesis of Theiler's murine encephalomyelitis virus. 
Adv Virus Res 39: 291-320 

Yasukawa M, Zarling JM (1984) Human cytotoxic T cell clones directed against herpes simplex infected 
cells. I. Lysis restricted by HLA class II MB and DR antigens. J Immunol 133: 422-427 

Zinkernagel RM, Doherty PC (1979) MHC-restricted cytotoxic T cells: Studies on the biological role of 
polymorphic major transplantation antigens deterrnining T cell restriction-specificity, function and 
responsiveness. Adv Immunol 27: 52-142 


