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Experimental infection of Lewis rats with Borna
disease virus (BDV), a nonsegmented, single-strand-
ed RNA virus, usually causes an immune-mediated
biphasic neurobehavioral disorder. Such animals
develop a persistent infection of the CNS with viral
antigen expression in all brain regions and a dis-
seminated nonpurulent meningoencephalitis.
Interestingly, intracerebral infection of Lewis rats
with a BDV-variant (BDV-ob) causes a rapid increase
of body weight with the development of an obesity
syndrome without obvious neurological signs. The
obese phenotype is correlated with a characteristic
distribution of inflammatory lesions and BDV-anti-
gen in the rat brain. Infiltration with mononuclear
immune cells and viral antigen expression are
restricted to the septum, hippocampus, amygdala
and ventromedian tuberal hypothalamus. Therefore,
infection with the obesity-inducing BDV-ob results
most likely in neuroendocrine dysregulations lead-
ing to the development of an obesity syndrome.This
might be due to the restriction of viral antigen
expression and inflammatory lesions to brain areas
which are involved in the regulation of body weight
and food intake. The BDV-induced obesity syndrome
represents a model for the study of immune-mediat-
ed neuroendocrine disorders caused by viral infec-
tions of the CNS.

Introduction
Natural and experimental infection with Borna dis-

ease virus (BDV) usually causes a severe immune-medi-
ated neurobehavioral disorder. Horses and sheep repre-
sent the main natural hosts (17, 25, 58), but recent
reports on spontaneous BDV-infections in cattle (13),
cats (29), dogs (54) and various zoo animals (hip-
popotamus, sloth, vari monkey and llama alpacas; 46,
47) indicate a wider spectrum of hosts. In addition,
recent seroepidemiological data reveal that humans can
also be infected with BDV or a related agent. Mainly
patients with psychiatric and neurological disorders
have a significantly higher seroprevalence (1, 2, 3, 8, 9,
19, 42, 53).

BDV is a single stranded, nonsegmented RNA virus
of negative polarity (16, 18), which has been classified
as the prototype of the new family Bornaviridae within
the order Mononegavirales.

In general, adult Lewis rats develop a persistent
infection of the CNS with a characteristic biphasic
course of the disease when infected experimentally with
the isolate BDV-biphasic (BDV-bi; 32, 33). Clinical
signs of hyperactivity, aggressiveness and weight loss
are noted in the first stage of the disease, but later on
only apathy can be observed. The onset of clinical signs
correlates with the occurrence of mononuclear inflam-
matory lesions in the brain. The major infiltrating cell
type consists of T-cells, macrophages and at later stages
also of B-cells (20, 38, 39, 49, 50). Therefore, BD most
likely is the result of a virus-induced delayed type
hypersensitivity reaction (DTH) in the CNS.

In its biological properties, BDV seems to be highly
variable. Thus, after experimental infection of adult
Lewis rats with different isolates of BDV, other clinical
signs such as paralysis (6) or the development of an obe-
sity syndrome (12, 23, 41) were noted.

In order to obtain more information on the differ-
ences in the biological behavior between the isolates
BDV-obese (BDV-ob) and BDV-biphasic (BDV-bi), the
clinical course of the disease, the presence of BDV and
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BDV-specific antigen as well as the occurrence of
inflammatory lesions in the rat brain infected with BDV-
ob or BDV-bi were compared.

Material and Methods

Experimental BDV-infection. Thirty anaesthesized
4-week-old Lewis rats were inoculated intracerebrally
into the left frontal cortex with 104 ID50/ml of infectious
brain homogenate of the obesity-inducing BDV-isolate
(BDV-ob). The BDV-ob was obtained from a field isolate
of a horse (He/80) with spontaneous Borna disease,
which was passaged twice in rabbit brain and finally for
several times in the brain of newborn Lewis rats. Control
rats were infected simultaneously (104 ID50/ml) with a
BDV-isolate (BDV-bi) known to induce the biphasic
course of BD (32, 33). This BDV-preparation was also
derived from the same equine field isolate (He/80), pas-
saged twice in rabbit brains and for several times in
newborn and adult Lewis rats. During an investigation
period up to 56 days post infection (dpi) clinical signs
and body weight of BDV-infected animals were investi-
gated. The development of the body weight of both
BDV-infected cohorts as well as of the noninfected con-
trol group was analyzed by the two way ANOVA with
repeated measures in the factor “time” using the BMDP
Statistical Software (21).

Tissue preparation. BDV-infected animals were
killed weekly in deep anaesthesia by heart puncture and
decapitation, and brains were removed immediately. For
histological and immunohistological analysis brains

were fixed overnight in 10% non-buffered formalin and
embedded in paraffin at 60°C. Coronal sections of 4�m
were cut at approximately bregma 6.7mm, 3.7mm,
0.7mm, -3.3mm, -5.8mm, -7.8mm, -10.8mm (36).

For the isolation of infectious virus a fresh and ster-
ile piece of various brain regions (olfactory bulb, moto-
ry and sensory cortex, septum, hippocampus, median
eminence, amygdala, thalamus, tectum mesencephali,
medulla oblongata and cerebellum) were shock frozen
and stored at -70°C.

Serum was obtained from coagulated blood samples
after centrifugation and stored at -20°C.

Histology and immunohistology. Formalin-fixed and
paraffin-embedded brain sections were stained with
hematoxylin and eosin for the detection of inflammato-
ry lesions in the brain. The inflammatory reaction of
leptomeningeal, perivascular and parenchymal infil-
trates and reactive astrocytosis were scored as follows:
0: no inflammatory lesions/reactive astrocytosis, 1: mild
inflammatory lesions/reactive astrocytosis, 2: moderate
inflammatory lesions/astrocytosis, 3: strong inflamma-
tory lesions/astrocytosis. The distribution of inflamma-
tory lesions in rat brains infected with BDV-ob or BDV-
bi was investigated employing at least 10 different brain
regions (hippocampus, septum, hypothalamus, amyg-
dala, thalamus, mesencephalon, basal ganglia, isocortex,
medulla oblongata, cerebellum). Data obtained between
day 21 and day 49 p.i. were used for statistical analysis
(exploratory data analysis) by the two way ANOVA with
repeated measures in the factor “localization” using the
BMDP Statistical Software (21).

Distribution of BDV-antigen in the rat brain was
demonstrated using a mouse monoclonal antibody
(Bo18) specific for the putative BDV-nucleoprotein p38
(24). Additionally, a polyclonal rabbit anti-glial fibril-
lary acidic protein (GFAP) antiserum was used to
demonstrate reactive astrocytosis.

For immunohistology, brain sections were deparaf-
finized in xylene and hydrated through graded alcohols;
endogenous peroxidase was quenched with 0.03% H202-
diluted in methanol. Brain sections were incubated with
the mouse monoclonal anti-BDV-antibody (mAB Bo 18,
1:500 in 0.05M TRIS-buffered saline [TBS], pH 7.6) or
the rabbit anti-GFAP antibody (1:500 in TBS, Dako,
Hamburg, Germany) overnight at 4°C. After several
wash steps, primary antibodies were detected by incu-
bation with a biotinylated horse anti-mouse antibody
(1:110 in TBS, Vector, Burlingame, USA) or with a
swine anti-rabbit antibody (1:100 in TBS, Dako,
Hamburg, Germany) for the rabbit anti-GFAP antisera.
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Figure 1. Development of the body weight of Lewis rats in
an investigation period of 56 days (n: 17). The body weight
of animals infected with BDV-ob increased significantly more
than the one of the animals infected with BDV-bi or of the non-
infected control rats (p < 0.0001). Abbreviations: BW - body
weight (g); dpi - days post infection.
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Figure 2. Histopathological lesions in the brain of Lewis
rats infected with BDV-ob or BDV-bi. A, B, C. Infection
with the strain BDV-ob. A. Hippocampus: strong perivascu-
lar and parenchymal mononuclear infiltrates in the hilar
region, dentate gyrus and fissura hippocampi at day 28 p.i..
B. Hypothalamus: strong parenchymal mononuclear infil-
trates in the median eminence and N. arcuatus, moderate
perivascular and parenchymal mononuclear infiltrates in the
N. ventromedialis and N. periventricularis at day 28 p.i. C.
Hippocampus: immunostaining for GFAP revealed a strong
astrogliosis in the hilar region and dentate gyrus at day 49
p.i. D, E Infection with the strain BDV-bi. D. Hippocampus:
moderate perivascular and slight parenchymal mononuclear
infiltrates in the fissura hippocampi, hilar region and dentate
gyrus at day 28 p.i. E. Hypothalamus: only slight lep-
tomeningeal mononuclear infiltrates at day 28 p.i. Bars: A, C,
D 150�m; B, E 100�m.



Thereafter, brain sections were incubated with the
avidin-biotin-peroxidase (ABC) complex (1:110,
Vector, Burlingame, USA). When using the antibody
specific for GFAP a peroxidase-anti-peroxidase solution
(PAP, 1:100 in TBS, Dako, Hamburg, Germany) was
applied for 30 minutes at room temperature. To visual-
ize specific antigen-antibody bindings a 3,3�-
diaminobenzidine-tetrahydrochloride (DAB-)H202 -
reaction was run in 0.1M imidazole, pH 7.1 for 10 min-
utes. Brain sections were slightly counterstained with
Papanicolaou. Between all steps, brain sections were
extensively rinsed in TBS. Controls were as follows:
incubation of the BDV-infected brains with a monoclon-
al antibody specific for chicken T-lymphocytes instead
of the mAB Bo18 or incubation with preimmune rabbit
serum instead of the polyclonal sera. Additionally, a
BDV-positive brain section from an animal with verified
BDV-infection was used as positive control tissue.

Immunostaining of the brain sections was scored as
follows: 0: no antigen, 0.5: traces of antigen, 1: mild
antigen expression, 2: moderate antigen expression, 3:
strong antigen expression (Figure 3). The distribution of
BDV-specific antigen in rat brains infected with BDV-ob
or BDV-bi was investigated employing at least 10 differ-
ent brain regions (hippocampus, septum, hypothalamus,
amygdala, thalamus, mesencephalon, basal ganglia, iso-
cortex, medulla oblongata, cerebellum). Data obtained
at times of maximal antigen expression (21-49 dpi) were
used for statistical analysis (exploratory data analysis)

by the two way ANOVA with repeated measures in the
factor “localization” using the BMDP Statistical
Software (21).

Isolation of infectious virus. The isolation of infec-
tious virus from different brain regions and determina-
tion of the virus titer were performed employing sus-
ceptible fetal rabbit brain cells; visualization was done
by indirect immunoflourescence techniques as previous-
ly described (27).

Serology. BDV-specific serum antibodies were
demonstrated as described elsewhere (27). Briefly, sera
of BDV-infected animals were titrated on persistently
BDV-infected Madin-Darby-Canine-Kidney-Cells
(BDV-MDCK) and visualized by indirect
immunoflourescence techniques.

Results

Clinical signs. After intracerebral inoculation of the
obesity-inducing virus isolate (BDV-ob), the body
weight of the infected animals increased dramatically
from day 14 until the end of the investigation period 56
dpi (p < 0.01). The increase of body weight of BDV-ob
rats was significantly higher than the one of the BDV-bi
rats and of the control animals (p < 0.0001, Figure 1).
Neurological signs were minimal or absent. Rats infect-
ed with BDV-bi developed the typical biphasic form of
BD beginning 14 dpi with ataxia, hyperactivity and ini-
tial weight loss. In the later stages, apathy and somno-
lence were noted (32, 33).

Histology. All rats infected either with BDV-ob or
BDV-bi developed a nonpurulent meningonencephalitis
with mononuclear perivascular and parenchymal infil-
trates (Figure 2). In each BDV-infected cohort, a distinct
distribution pattern of inflammatory lesions could be
detected which varied significantly from each other (p <
0.0001).

Infection with the strain BDV-ob. In rats infected with
the strain BDV-ob, inflammatory lesions in the brain
were restricted mainly to the septum, hippocampus,
ventromedian tuberal hypothalamus and amygdala
(Figure 2a, b).

Already 7 days after infection with BDV-ob, moder-
ate leptomeningeal and periventricular mononuclear
infiltrates occurred. On day 14 p.i., the distribution of
mononuclear infiltrates increased. They were located
predominantly in the perivascular space and could be
detected in various areas of the cortex cerebri, hip-

42 C. Herden et al: Distribution of BDV in the Brain of Rats with an Obesity-inducing Virus Strain 

Figure 3. Distribution of BDV-antigen in the brains of Lewis
rats infected with BDV-ob or BDV-bi.

At times of maximal BDV-antigen expression (21-49 dpi)
after infection with BDV-ob, BDV-specific antigen was mainly
restricted to hippocampus (hippo), hypothalamus (hyth), sep-
tum (sept) and amygdala (amyg), whereas in thalamus (thala),
mesencephalon (mes), basal ganglia (bggl), isocortex (isoco)
and medulla oblongata (medul) only single immunoreactive
cells could be detected inconstantly. In the cerebellum (cereb)
almost no viral antigen could be demonstrated.

At times of maximal BDV-antigen expression (21-56 dpi)
after infection with BDV-bi, a strong and disseminated expres-
sion of BDV-antigen all over the brain was detectable.



pocampus, septum, amygdala, ventromedian hypothala-
mus, thalamus and globus pallidus. At this time point,
the adjacent parenchyma of the hippocampus was
already infiltrated with mononuclear immune cells.
From day 21 p.i. on, parenchymal infiltrates increased
further, mainly in the amygdala, ventromedian hypo-
thalamus (Figure 2b) and septum. The inflammatory
reactions were present in these brain areas until the end
of the investigation period 56 days p.i.. The parenchy-
mal infiltration in the hypothalamus was severe and
mainly restricted to the median eminence and the N.
arcuatus (Figure 2b). Only slight mononuclear infiltrates
were noted occassionally in other brain regions from
day 21 p.i. on. 

Neuronal necrosis (data not shown) was observed in
the hippocampal pyramidal layer CA1, CA2 and CA3
between day 14 to 28 p.i.. A reduction of pyramidal cells
in the CA2- and CA3-area occurred already 21 days p.i..
The mononuclear infiltrates consisted of macrophages
and lymphocytes. Interestingly, a significant number of
plasma cells could be detected from day 21 p.i. until the
end of the investigation period 56 dpi.

Reactive astrocytes occurred already 14 days p.i. in
the dentate gyrus and dentate hilus of the hippocampus.
In the course of the infection, the astrocytosis increased
in the inflamed brains areas, mainly in the hippocampus
(Figure 2c).

Infection with the strain BDV-bi. The findings after
infection of rats with BDV-bi were in accordance with
previous descriptions of the BDV-bi rat model (32, 33).
Shortly, BDV-bi infected animals developed inflamma-

tory lesions in many brain areas (cortex cerebri, thala-
mus, hipppocampus, periventricular regions of the third
and fourth ventricle). This is in contrast to the restricted
distribution of inflammatory lesions found after infec-
tion with BDV-ob.

After inoculation with the BDV-bi, 7 dpi only slight
to moderate leptomeningeal and periventricular
mononuclear infiltrates were observed. Single mononu-
clear cells were already found in perivascular spaces.
From day 14 p.i. on, perivascular and parenchymal infil-
tration increased in the frontal, parietal and occipital
cortex, basal ganglia, thalamus and hippocampus
(Figure 2d). In the medulla oblongata, strongest inflam-
mation with mononuclear immune cells occured in the
periventricular area. In late stages of the infection (56
dpi), the mononuclear infiltration decreased in the
affected brain regions.

14 days p.i. single pyramidal cells of the CA3-area of
the hippocampus were necrotic (data not shown). 21
days p.i. necrosis in the hippocampal fascia dentata was
observed. In late stages of the infection (49-56 days
p.i.), a thinning of the fascia dentata of the dentate gyrus
was noted, whereas the pyramidal cell layer of the hip-
pocampus was not affected.

The infiltrating immune cells consisted of
macrophages and lymphocytes; plasma cells could be
found from day 28 p.i. on in increasing numbers.
However, this increase was not as dramatic as noted in
brains infected with BDV-ob.

Some reactive astrocytes were detected already 14
days p.i. in the dentate gyrus and dentate hilus of the
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Figure 4. Immunohistological demonstration of BDV-antigen in brains of Lewis rats infected with BDV-ob or BDV-bi. A, B.
Infection with BDV-ob A. BDV-antigen is predominantly located in the hippocampus and hypothalamus, only single immunoreactive
cells in the thalamus, 49 days p.i. B. Higher magnification of the ventromedian hypothalamus. BDV-antigen expression is mainly found
in the N. arcuatus. C. Infection with BDV-bi. BDV-antigen expression could be detected in all brain areas, 49 days p.i. Bars: A, C
1000�m; B 100�m.



hippocampus. The reactive astrocytosis increased in the
affected brain regions, mainly in the hippocampus until
the end of the investigation period (data not shown). The
astrocytosis observed in these animals was not as severe
as in brains of rats infected with the virus strain BDV-ob.

Immunohistology. At times of maximal expression
of viral antigen in rat brains infected either with BDV-ob
or with BDV-bi, significant differences in the localiza-
tion of viral antigen between both groups could be
observed (p < 0.0001).

Infection with the strain BDV-ob. After infection with
the obesity-inducing virus strain BDV-ob, expression of
viral antigen was restricted to the same brain areas as
described for the inflammatory lesions. BDV-specific
antigen could mainly be demonstrated in the hippocam-
pus, septum, ventromedian hypothalamus and amygdala
(Figure 3, 4a). In the septum, most immunoreactive neu-
rons were located in the lateral nuclei (LSD, LSV) and
the nucleus of the ventral band of Broca (VDB). In the
hypothalamus, viral antigen was localized predominant-
ly in the N. arcuatus (Arc) (Figure 4a, b) and N. periven-
tricularis; in the amygdala many immunoreactive neu-
rons were observed in the amygdalohippocampal area
(Ahi) and the caudomedial nucleus (PmCo). In the hip-
pocampus, viral antigen was mainly detected in the
CA3-pyramidal layer and in the polymorph layer of the
dentate gyrus as well as in the fascia dentata. In other
brain regions, BDV-specific antigen could be demon-
strated only inconstantly and only in single cells. These
results indicate a significant difference of viral antigen
expression between the investigated brain areas (p <
0.01)

It should be noted that at early time points (7 dpi),
traces of viral antigen were present in a variety of brain
areas (septum, hippocampus, hypothalamus, amygdala,
cortex cerebri, thalamus, basal ganglia, raphe nuclei of
the mesencephalon) and in ependymal cells. While
BDV-specific antigen expression increased in the sep-
tum, hippocampus, amygdala and ventromedian hypo-

thalamus during the course of the infection, only single
immunoreactive cells or no viral antigen expression
could be detected in other initially immunopositive
brain areas. Especially in the cortex cerebri, a brain area
with strong viral antigen expression after infection with
BDV-bi, only few immunopositive cells or no BDV-anti-
gen could be detected. On day 56 p.i., a reduced expres-
sion of the BDV-specific protein was observed also in
the brain areas characteristic for infection with BDV-ob.
It was surprsing that during the course of BDV-ob-infec-
tion BDV-antigen positive cells were present in certain
brain areas during the entire observation period, where-
as in other brain areas the number of BDV-antigen pos-
itive cells decreased.

Infection with the strain BDV-bi. After infection with
BDV-bi, expression of viral antigen was disseminated all
over the brain beginning at day 7 p.i. (Figure 3, 4b). In
some animals, in the isocortex, medulla oblongata,
pons, cerebellum and bulbus olfactorius expression of
BDV-antigen was diminshed when compared to the
other brain regions. In most animals, the immunoreac-
tivity was strong and nearly the same in all brain areas
(Figure 3, 4b). In the hippocampus, viral antigen expres-
sion was very intense in the CA3-area and in the fascia
dentata.

Already early after infection (7 dpi), BDV-specific
antigen could be found in single cells in nearly all brain
areas and in ependymal cells; in the mesencephalon and
cerebellum, no viral antigen was observed.

Viral antigen expression increased between day 7 and
14 p.i. mainly in the hippocampus, cortex cerebri, sep-
tum, amygdala, hypothalamus, thalamus and also mes-
encephalon. At later time points, viral antigen were
found in similar amounts in all brain regions and per-
sisted until the end of the investigation period of 56
days.

Isolation of infectious virus and detection of BDV-
specific serum antibodies. At day 7 p.i., infectious virus
could be isolated from the different brain regions (olfac-
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olfactory frontal parietal septum piriform cortex/ hippocampus median thalamus mesencephalon medulla cerebellum
bulb cortex cortex amygdala eminence oblongata

BDV-ob
7 dpi 5x101 6x103 6x103 6x103 6x103 6x104 6x103 6x103 6x103 6x103 6x102
14 dpi 5x101 6x103 6x103 6x103 6x103 6x104 5x101 6x103 6x103 - -
21 dpi - - - 6x102 - 6x102 6x102 6x102 - - -

BDV-bi
7 dpi 5x101 6x103 6x103 6x103 6x103 6x104 6x103 6x103 6x103 6x103 6x103

14 dpi 5x103 6x104 6x104 6x104 6x104 6x104 6x103 6x103 6x104 6x104 6x104

21 dpi 6x105 6x106 6x106 6x105 6x106 6x106 6x105 6x105 6x105 6x105 6x105

Table 1. Isolation of infectious virus in certain brain areas of Lewis rats infected with BDV-ob or BDV-bi (ID50/ml). A total amount of
12 animals was used for the isolation of infectious virus. Virus titers were calculated as described elsewhere (27, 37).



tory bulb, frontal and parietal cortex, hippocampus,
amygdala, thalamus, septum, mesencephalon, cerebel-
lum, medulla oblongata) of both BDV-infected cohorts.
Virus titers at this time point ranged between 6�103 to
6�104 ID50/ml. At day 21 p.i. after infection with BDV-bi
virus titers increased up to 6�106 ID50/ml in frontal and
parietal cortex, amygdala and hippocampus (Table 1). In
contrast, 21 days p.i.,. brain material of animals inocu-
lated with BDV-ob contained only low amounts of infec-
tious virus (6�102 ID50/ml) in the median eminence, thal-
amus, septum and hippocampus. In these animals, no
infectious BDV could be demonstrated in other brain
regions anymore (Table 1). From day 28 up to the end of
the investigation period, only hippocampal material of
brains infected either with BDV-ob or BDV-bi was ana-
lyzed for the presence of infectious virus. Hippocampi
of rats inoculated with BDV-bi contained high virus
titers (6�106 ID50/ml) until the end of the investigation
period of 56 days, whereas only very low titers of infec-
tious virus were found in hippocampi of animals infect-
ed with BDV-ob (6�101 ID50/ml at day 56 p.i.).

BDV-specific serum antibodies were detected
already at day 7 p.i. after infection with BDV-ob,where-
as after inoculation of BDV-bi such antibodies were
found earliest at day 14 p.i.. In the course of both infec-
tions, titers of BDV-specific serum antibodies increased
up to day 28 p.i. with maximal titers ranging between
1:10000 and 1:20000 for both virus isolates (Table 2).
These high serum titers were present until the end of the
observation period of 56 days (Table 2).

Discussion
The fact that BDV-infection induces different clinical

manifestations such as neurological and behavioral
changes, obesity and paralysis, lead us to compare the
alterations in the brains of animals experimentally
infected with two BDV-strains. Therefore, in the present
study Lewis rats were infected intracerebrally with rat-
adapted BDV-isolates, either inducing a neurobehav-
ioral illness with similar histopathological, virological
and serological results as previously described (32, 33)
or causing an obesity sydrome without obvious neuro-
logical signs. In contrast to the infection with BDV-bi,
the development of the BDV-induced obesity syndrome
was associated with a characteristic restriction of
inflammatory lesions and BDV-specific antigen to cer-
tain brain areas (septum, hippocampus, ventromedian
hypothalamus, amygdala). In the brain of the animals
infected with BDV-ob, virus infectivity was low when
compared to animals infected with BDV-bi (Table 1) and
decreased already early after infection (21 days p.i.).

Interestingly, detection of positive and negative sense
BDV-RNA by in situ hybridization at later stages of
infection (42-56 days p.i.) was minimal or not possible
(data not shown), whereas BDV-antigen was still pres-
ent. In animals infected with BDV-ob, infectivity was
low or not detectable anymore at late time points (>350
days p.i.,data not shown). This indicates that infection
with BDV-ob causes only transient low level virus repli-
cation and this only in certain brain areas. This is in con-
trast to BDV-bi infections, where a persistent infection
of the CNS is regularly observed for more than 210 days
p.i. (32, 33).

The viruses used for this study were not plaque puri-
fied and could therefore represent a heterogeneous pop-
ulation. Nonetheless, these viruses were different and
were able to maintain their distinct phenotypes through-
out several passages. The genetic basis of the different
BDV-phenotypes is not known. Recent studies with iso-
lates from different animal species revealed that the
BDV-genome seems to be highly conserved (7, 26, 45).
However, even single amino acid exchanges within viral
proteins can alter the virulence and tropism of the
respective viruses (34, 51, 52). This was shown with
influenza A virus where a single amino acid exchange
within the viral hemagglutinin-glycoprotein altered the
antigenicity, the cell tropism and the pathogenetic prop-
erty of the mutant (35). In the present study, no evidence
for antigenic variation between BDV-ob and BDV-bi was
found using the monoclonal BDV-antibody Bo18 spe-
cific for the putative nucleoprotein p38. Using this mon-
oclonal antibody, antigenic variation due to a point
mutation within the N-terminal region of p38 was previ-
ously described (26). Immunohistological demonstra-
tion of various other BDV-proteins revealed that p10,
p24 and gp94 were expressed in the rat brains infected
with BDV-ob or BDV-bi. However, expression of BDV-
gp94 was absent in many brain cells infected with both
isolates as shown by the expression of the other BDV-
specific proteins (data not shown).
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BDV-ob BDV-bi

7 dpi 1:80 -
14 dpi 1:640 1:40
21 dpi 1:5000 1:10000
28 dpi 1:10000 1:20000
49 dpi 1:10000 1:20000
56 dpi 1:10000 1:20000

Table 2. Detection of BDV-specific serum antibodies. A total
amount of 12 animals was used for the detection of BDV-spe-
cific serum antibodies.



It is notable that in the early phase of infection with
BDV-ob, viral antigen can be found in more brain areas
than at later stages of BDV-ob infection. The loss of viral
antigen in some brain regions might be the result of
strong and early cell-mediated immune response as indi-
cated by the presence of perivascular mononuclear infil-
trates in the respective brain areas. In this context, it
should be mentioned that an antiviral cellular immune
response induced very early after BDV-infection is able
to limit viral spread and eventually eliminate BDV from
the CNS (38, 44). The fact, that BDV-specific antibod-
ies were found earlier in animals infected with BDV-ob
might support this hypothesis. The observed loss of viral
antigens in certain brain areas of BDV-ob infected rats
already at early time points p.i. might be due to an early
antiviral cellular and humoral immune response in these
animals. Elimination of virus and viral antigen from the
CNS is not observed after infection with BDV-bi.

Inflammatory lesions as a reaction towards viral anti-
gen expression in hippocampus, hypothalamus, septum
and amygdala are most likely responsible for the devel-
opment of the obesity syndrome after infection with
BDV-ob. These brain areas, especially the hypothalamus
are involved in the regulation of body weight and food
intake (10, 11). The importance of the hypothalamus for
these physiological functions was confirmed when ani-
mals with experimental lesions of the ventromedian
hypothalamus induced by chemical or surgical methods
became obese (10). A similar pattern of histopathologi-
cal lesions and viral antigen expression was observed
after experimental infection of mice with canine distem-
per virus (CDV; 5, 30). In contrast to the BDV-induced
obesity syndrome, the CDV-infected mice developed an
obesity syndrome only at late stages of the infection
when histopathological lesions and viral antigen were
not detectable anymore (5, 31). This indicates that the
initial CDV-infection is responsible for the delayed neu-
roendocrine disorder, even in absence of virus markers
(5). Similarly, experimental infection of mice or hamster
with the scrapie agent (14, 15, 28) induces an obesity
syndrome, most likely due to a dysfunction of the hypo-
thalamo-pituitary-adrenal axis (15, 28, 57). Interestingly,
the BDV-induced obesity syndrome seems to be directly
related to the occurrence of inflammatory lesions and
viral antigen expression in certain brain areas (especially
the hypothalamus), since the strong increase of body
weight started already early after infection (Figure1).

In general, the expression of many hypothalamic
neurotransmitters and -peptides known to be involved in
the regulation of appetite and satiety (f.e. neuropeptide
Y, galanin, corticotropin releasing factor) is altered in

various obesity models, either based on genetic back-
ground, on food restriction or on virus infection (4, 30,
40, 43, 55, 56). There is evidence that BDV-infections
can alter the expression of neurotransmitters, e.g. lead-
ing to disturbances of the dopamine system or the
cholinergic innervation of the cortex cerebri (22, 48).
Similarly, in CDV-infected mice with an obesity syn-
drome, dopamine expression was reduced in the hypo-
thalamic N. arcuatus (31). The modulation of neuro-
transmitters/-peptides in the CNS after BDV-infection
seems to be the result of the infiltration with mononu-
clear immune cells since infection of newborn rats with
BDV-ob does not cause clinical signs or the development
of an obesity syndrome.

The study presented here describes initial investiga-
tions on an animal model where infection with a neu-
rotropic virus disturbs the neuroendocrine network
resulting in a virus-induced obesity syndrome. Many
questions on the biochemical and endocrinological
alterations remain to be solved. Infection of rats with
BDV-ob, however, could serve as a favorable model to
study interactions of mononuclear immune cells and its
mediators within the neuroendocrine network.

Acknowledgement
This work was supported by the

Sonderforschungsbereich SFB 297 and the Hertie foun-
dation. We are very grateful to R. Rott for his interest,
critical discussion and reading the manuscript. We thank
Annette Artelt and Elke Gottfried for their excellent
technical assistance.

References

1. Amsterdam J, Winokur A, Dyson W, Herzog S, Gonzales
S, Rott R, Koprowski H (1985) Borna disease virus: a pos-
sible etiologic factor in human affective disorders? Arch
Gen Psychol 42: 1093-1096

2. Bechter K, Herzog S, Estler HC, Schüttler R (1998)
Increased psychiatric comorbidity in Borna disease virus
seropositive psychiatric patients. Acta Psychiatr Belg 98:
190-204

3. Bechter K, Herzog S, Schüttler R (1992) Case of neuro-
logical and behavioral abnormalities: due to Borna dis-
ease virus encephalitis? Psychiatry Res 42: 193-196

4. Beck B, Burlet A, Bazin R, Nicolas JP, Burlet C (1993)
Elevated neuropeptide Y in the arcuate nucleus of young
obese Zucker rats may contribute to the development of
their overeating. J Nutr 123: 1168-1172

5. Bernard A, Fevre-Montagne M, Bencsik A, Giraudon P,
Wild TF, Confaveux C, Belin MF (1993) Brain structures
selectively targeted by canine distemper virus in a mouse
model infection. J Neuropathol Exp Neurol 52: 471-480

46 C. Herden et al: Distribution of BDV in the Brain of Rats with an Obesity-inducing Virus Strain 



6. Biesenbach W, Herzog S, Frese K (1990) Peripheral neu-
ropathy in experimental Borna disease virus infection in
Lewis rats. Schweiz Arch Tierheilk 132:145 

7. Binz T, Lebelt J, Niemann H, Hagenau K (1995)
Sequence analysis of the p24 gene of Borna disease
virus in naturally infected horse, donkey and sheep. Virus
Res 34: 281-289

8. Bode L, Dürrwald R, Rantam FA, Ferszt R, Ludwig H
(1996) First isolates of infectious human Borna disease
virus from patients with mood disorders. Mol Psych 1:
200-212 

9. Bode L, Zimmermann W, Ferszt R, Steinbach F, Ludwig H
(1995) Borna disease virus genome transcribed and
expressed in psychiatric patients. Nature Med 1: 232-236

10. Bray GA, York DA (1979) Hypothalamic and genetic obe-
sity in experimental animals. Physiol Rev 59: 719-803

11. Bray GA, York DA (1998) The MONA LISA hypothesis in
the time of leptin. Recent Prog Horm Res 53: 95-118

12. Bredthauer D, Blähser S, Frese K, Herzog S, Rott R
(1990) Neuropeptides and obesity: distribution throughout
the brain of rats experimentally infected with Borna dis-
ease virus. In: Brain-Perception-Cognition, Proceedings
of the 18th Göttingen Neurobiology Conference, Elsner N,
Roth G (eds), p. 330, Thieme, Stuttgart, New York

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

14. Carp RI, Callahan SM, Sersen EA, Moretz RC (1984)
Preclinical changes in weight of scrapie-infected mice as
a function of scrapie agent-mouse strain combination.
Intervirology 21: 61-69

15. Carp RI, Kim YS, Callahan SM (1989) Scrapie-induced
alterations in glucose tolerance in mice. J Gen Virol 70:
827-835

16. Cubitt B, Oldstone M, De-la-Torre JC (1994) Sequence
and genomic organization of Borna disease virus. J Virol
68: 1383-1396

17. Danner K (1982) Borna-Virus und Borna-Infektionen. Vom
Miasma zum Modell, Enke: Stuttgart

18. de-la-Torre JC (1994) Molecular biology of Borna disease:
prototype of a new group of animal viruses. J Virol 68:
7669-7675

19. de-la-Torre JC, Gonzalez-Dunia D, Cubitt B, Mallory M,
Mueller-Lantzsch N, Graesser FA, Hansen LA, Masliah E
(1996) Detection of Borna disease virus antigen and RNA
in human autopsy brain samples from neuropsychiatric
patients. Virology 223: 272-282

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

21. Dixon WJ (1993) BMDP Statistical Software Manual, Vol
1, 2, University of California Press: Berkeley, Los Angeles,
London

22. Gies U, Bilzer T, Stitz L, Staiger JF (1998) Disturbance of
the cortical cholinergic innervation in Borna disease prior
to encephalitis. Brain Pathol 8: 39-48

23. Gosztonyi G, Ludwig H (1995) Borna disease-neu-
ropathology and pathogenesis. Curr Top Microbiol
Immunol 190: 39-74

24. Haas B, Becht H, Rott R (1986) Purification and proper-
ties of an intranuclear virus-specific antigen from tissues
infected with Borna disease virus. J Gen Virol 67: 235-241

25. Heinig A (1969) Die Bornasche Krankheit der Pferde und
Schafe. In: Handbuch der Viruskrankheiten der Tiere,
Röhrer H (ed), pp. 83-137, Fischer: Jena

26. Herzog S, Pfeuffer I, Haberzettl K, Feldmann H, Frese K,
Bechter K, Richt JA (1997) Molecular characterization of
Borna disease virus from naturally infected animals and
possible links to human disorders. Arch Virol (Suppl) 13:
183-190

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

28. Kim YS, Carp RI, Callahan SM, Wisniewski HM (1987)
Scrapie-induced obesity in mice. J Infect Dis 156: 402-405

29. Lundgren AL, Czech G, Bode L, Ludwig H (1993) Natural
Borna disease in domestic animals other than horses and
sheep. Zbl Vet Med 40: 298-303 

30. Lyons MJ, Faust IM, Hemmes RB, Buskirk DR, Hirsch J,
Zabriskie JB (1982) A virally induced obesity syndrome in
mice. Science 216: 82-85

31. Nagashima K, Zabriskie JB, Lyons MJ (1992) Virus-
induced obesity syndrome: association with a hypothala-
mic lesion. J Neuropathol Exp Neurol 51: 101-109

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

33. Narayan O, Herzog S, Frese K, Scheefers R, Rott R
(1983b) Pathogenesis of Borna disease in rats: immune-
mediated viral opthalmoencephalopathy causing blind-
ness and behavioral abnormalities. J Infect Dis 148: 305-
315

34. Oldstone MB (1997) How viruses escape from cytotoxic T
lymphocytes: molecular parameters and players. Virology
234: 179-185

35. Orlich M, Rott R (1994) Thermolysin activation mutants
with changes in the fusogenic region of an influenza virus
hemagglutinin. J Virol 68: 7537-7539

36. Paxinos G, Watson C (1998) The rat brain in stereotaxic
coordinates, 4th Edition, Academic Press: San Diego,
London

37. Reed L, Münch H (1938) A simple method of estimating
fifty percent endpoints. Am J Hyg 27: 493-497

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

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

47C. Herden et al: Distribution of BDV in the Brain of Rats with an Obesity-inducing Virus Strain 



40. Rohner-Jeanrenaud F, Walker CD, Greco-Peretto R,
Jeanrenaud B (1989) Central corticotropin-releasing fac-
tor administration prevents the excessive body weight
gain of genetically obese (fa/fa) rats. Endocrinology 124:
733-739

41. Rott R, Becht H (1995) Natural and experimental Borna
disease in animals. Curr Top Mircobiol Immunol 190: 17-
30

42. Rott R, Herzog S, Fleischer B, Winokur A, Amsterdam J,
Dyson W, Koprowski H (1985) Detection of serum anti-
bodies to Borna disease virus in patients with psychiatric
disorders. Science 228: 1755-1756

43. Sanacora G, Kershaw M, Finkelstein JA, White JD (1990)
Increased hypothalamic content of preproneuropeptide Y
messenger ribonucleic acid in genetically obese Zucker
rats and its regulation by food deprivation. Endocrinology
127: 730-737

44. Schmeel A, Frese K, Richt JA (1995)
Immunopathogenesis of Borna disease in rats: role of
BDV-specific TH1-cells in induction and prevention of
Borna disease. In: Immunobiology of viral infections,
Schwyzer M, Ackermann M, Bertoni G, Kocherhans R,
Mackulough K, Engels M, Wittek R, Zanoni R (eds), pp.
182-187, Foundation Marcel Merieux, Lyon

45. Schneider PA, Briese T, Zimmermann W, Ludwig H, Lipkin
WI (1994) Sequence conservation in field and experi-
mental isolates of Borna disease virus. J Virol 68: 63-68

46. Schüppel KF, Kinne J, Reinacher M (1994) Bornavirus-
Antigennachweis bei Alpakas (Lama pacos) sowie bei
einem Faultier (Cholepus didactylus) und einem
Zwergflußpferd. Verh ber Erkrg Zootiere 36: 189-193

47. Schüppel KF, Reinacher M, Lebelt J, Kulka D (1995)
Bornasche Krankheit bei Primaten. Verh ber Erkrg
Zootiere 37: 115-119

48. Solbrig MV, Fallon JH, Lipkin WI (1995) Behavioral distur-
bances and pharmacology of Borna disease. Curr Top
Microbiol Immunol 190: 93-102

49. Stitz L, Dietzschold B, Carbone KM (1995)
Immunopathogenesis of Borna disease. Curr Top
Microbiol Immunol 190: 75-92

50. Stitz L, Schilken D, Frese K (1991) Atypical dissemination
of highly neurotropic Borna disease virus during persist-
ent infection of cyclosporine A-treated immunosup-
pressed rats. J Virol 65: 457-460

51. Teng MN, Borrow P, Oldstone MB, de-la-Torre JC (1996)
A single amino acid change in the glycoprotein of lym-
phocytic choriomeningits virus is associated with the abil-
ity to cause growth hormone deficiency syndrome. J Virol
70: 8438-8443

52. Villarette L, Somasundaram T, Ahmed R (1994) Tissue-
mediated selection of viral variants: correlation between
glycoprotein mutation and growth in neuronal cells. J Virol
68: 7490-7496

53. Waltrip RW 2nd, Buchanan RW, Carpenter WT Jr,
Kirkpatrick B, Summerfelt A, Breier A, Rubin SA, Carbone
KM (1997) Borna disease virus antibodies and the deficit
syndrome of schizophrenia. Schizophr Res 23: 253-257

54. Weissenböck H, Novotny N, Caplazi P, Kolodziejek J,
Ehrensperger F (1998) Borna disease in a dog with letal
meningoencephalitis. J Clin Microbiol 36: 2127-2130

55. Wilding JPH, Gilbey SG, Bailey CJ, Batt RAL, Williams G,
Ghatei MA, Bloom SR (1993) Increased neuropeptide Y
messenger ribonucleic acid (mRNA) and decreased neu-
rotensin mRNA in the hypothalamus of the obese (ob/ob)
mouse. Endocrinology 132: 1939-1944

56. Williams G, Steel JH, Cardoso H, Ghatei MA, Lee YC, Gill
JS, Burrin JM, Polak JM, Bloom SR (1988) Increased
hypothalamic neuropeptide Y concentrations in diabetic
rats. Diabetes 37: 763-772

57. Ye X, Carp RI, Kozielski R, Kozlowski P (1994) Effect of
infection with the 139H scrapie strain on the number, area
and/or location of hypothalamic CRF- and VP-immunos-
tained neurons. Acta Neuropathol 88: 44-54

58. Zwick W, (1939) Bornasche Krankheit und
Encephalomyelitis der Tiere. In: Handbuch der
Viruskrankheiten, Gildemeister E, Haagen E, Waldmann
O (eds), pp.252-354, G. Fischer: Jena

48 C. Herden et al: Distribution of BDV in the Brain of Rats with an Obesity-inducing Virus Strain 


