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The nucleoprotein (N) of Borna disease virus (BDV) is the major target of the disease-inducing antiviral
CD8 T-cell response in the central nervous system of mice. We established two transgenic mouse lines which
express BDV-N in either neurons (Neuro-N) or astrocytes (Astro-N). Despite strong transgene expression,
neurological disease or gross behavioral abnormalities were not observed in these animals. When Neuro-N
mice were infected as adults, replication of BDV was severely impaired and was restricted to brain areas with
a low density of transgene-expressing cells. Notably, the virus failed to replicate in the transgene-expressing
granular and pyramidal neurons of the hippocampus (which are usually the preferred host cells of BDV). When
Neuro-N mice were infected within the first 5 days of life, replication of BDV was not suppressed in most
neurons, presumably because the onset of transgene expression in the brain occurred after these cells became
infected with BDV. Astro-N mice remained susceptible to BDV infection, but they were resistant to BDV-
induced neurological disorder. Unlike their nontransgenic littermates, Neuro-N mice with persistent BDV
infection did not develop neurological disease after immunization with a vaccinia virus vector expressing
BDV-N. In contrast to the situation in wild-type mice, this treatment also failed to induce N-specific CD8 T cells
in the spleens of both transgenic mouse lines. Thus, while resistance to BDV infection in N-expressing neurons
appeared to result from untimely expression of a viral nucleocapsid component, the resistance to BDV-induced
neuropathology probably resulted from immunological tolerance.

Borna disease virus (BDV) is a noncytolytic virus that can
infect a broad range of warm-blooded animal species and pos-
sibly also humans (36, 42). It has a strong tropism for neurons
of the central nervous system (CNS) (18). BDV is the causative
agent of a severe meningoencephalitis in horses and sheep,
resulting in behavioral abnormalities and, often, fatal neuro-
logic disease (36) which is mediated by CNS-infiltrating virus-
specific immune cells (44). Mouse-adapted BDV variants
cause meningoencephalitis and lead to fatal neurological
disease with high frequency in MRL mice (22). In contrast,
B10.BR or C57BL/6 mice show low susceptibility to spon-
taneous neurological disease after experimental infection
with BDV, although the virus replicates well in the brain of
these animals (22, 23). Disease in susceptible H-2k mice and
Lewis rats is mediated by CD8 T cells recognizing immuno-
dominant epitopes derived from the viral nucleoprotein (N)
(BDV-N) (33, 39). Our group recently demonstrated that cell
lines persistently infected with BDV are resistant to subse-
quent superinfection with the same virus (15), a phenomenon
termed superinfection exclusion or homologous interference
(1, 28). It was further shown that this effect can be mimicked by
expression of single BDV nucleocapsid components (17).

Transgenic models of infectious diseases represent valuable
tools for studying host-pathogen interactions and for elucidat-
ing the mechanisms of viral replication under in vivo condi-

tions. Well-known examples are transgenic mice expressing the
human immunodeficiency virus (HIV) protein Tat (48, 51) or
Nef (31) or the full-length hepatitis B virus genome (20). CNS-
specific expression of HIV-gp120 was employed to investigate
the pathogenesis of cerebral HIV infection (46). Nucleo- and
glycoprotein of lymphocytic choriomeningitis virus (LCMV)
were expressed in oligodendrocytes of transgenic mice to study
the development of CD8 T-cell-dependent CNS autoimmune
disease (13).

CD8 T cells are major mediators of CNS inflammation dur-
ing various viral infections (14, 29, 32, 45). Transgenic mice
artificially overexpressing the major histocompatibility com-
plex (MHC) class I Db molecule in neurons can clear infection
with LCMV more rapidly than nontransgenic mice and de-
velop more severe neurological symptoms (35). Studies using
murine models of viral infections that mainly target neurons
yielded controversial results with respect to antigen presenta-
tion by MHC class I molecules on this cell type. Whereas direct
recognition of neurons by CD8 T cells was postulated in BDV-
induced neuropathology in the rat brain (2), indirect effects of
antiviral CD8 T cells were suggested by a study in which MHC
class I expression in Sindbis virus-infected C57BL/6 mice was
analyzed (29).

We now established a transgenic model for BDV-induced
immunopathology by expressing BDV-N in either neurons or
astrocytes. The study presented here was conducted to answer
two major questions. First, we wanted to analyze whether
transgenic expression of the viral N in the major host cell type
of BDV would interfere with replication of BDV and whether
a possible interference with viral replication would obey the
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same rules as has been found in studies of cell cultures. Sec-
ond, we wanted to determine whether and under which con-
ditions an autoimmune type of disease would be inducible by
peripheral immunization with a viral vector expressing the
transgene and whether this disease would resemble spontane-
ous neurological disease after BDV infection in either or both
types of transgenic mice. By establishing such transgenic mice,
we attempted to create a neuroimmunological model with re-
duced complexity compared to that of the infection situation.
This model should enable us to dissect crucial factors and
mechanisms involved in CD8 T-cell-mediated disease in the
CNS. We found that expression of BDV-N in neurons but not
astrocytes impaired the spread of BDV in the CNS and
blocked infection of neurons in the hippocampus. Our trans-
genic mice showed no signs of gross disturbances in behavior,
general health, or the cytoarchitecture of the CNS. Peripheral
immunization with BDV-N did not result in CNS inflammation
and immune-mediated neurological disease due to impaired
BDV-N-specific CD8 T-cell responses, indicating that expres-
sion of neo-self-antigens under the control of the Thy-1.2 or
glial fibrillary acidic protein (GFAP) promoter is not compat-
ible with induction of CNS immunopathology by simple immu-
nization with a vector expressing the transgene. Induction of
immune-mediated CNS disorder in this model will require
more sophisticated methods such as adoptive transfer of short-
term N-specific T-cell lines.

MATERIALS AND METHODS

Virus infections. A rat-adapted strain of BDV was adapted to the mouse by
four consecutive passages through brains of newborn BALB/c mice and two
further passages through brains of adult MRL mice. The seed virus which was
originally assumed to be derived from strain He/80 (22) has recently been
identified as strain rat BDV (also designated RW98) (15). BDV strain H215 was
isolated as described previously (17) and adapted to the mouse by two consec-
utive passages through brains of newborn-infected MRL mice, selecting for high
pathogenicity. Mice were infected intracerebrally into the thalamic region of the
left brain hemisphere at the indicated time points by using a Hamilton syringe to
inject 10-�l samples of a 10% brain homogenate containing 103 focus-forming
units of strain RW98 or 50 focus-forming units of strain H215. For induction of
disease in mice persistently infected with BDV or the analysis of N-specific CD8
T-cell responses, animals were intravenously infected with 5 � 106 PFU of a
recombinant vaccinia virus (VV) expressing BDV-N (VV-N) (23). For induction
of N-specific CD8 T cells in Astro-N-25 mice, animals were primed by intramus-
cular injection of 107 PFU of recombinant parapoxvirus ovis strain D1701-
VrVp40 expressing BDV-N (kindly provided by H.-J. Rziha, Tübingen, Ger-
many) followed by an intravenous booster infection with 5 � 106 PFU of VV-N
7 days later.

Transgenic mice. Transgenic mice expressing BDV-N in neurons or astrocytes
were generated by pronuclear DNA microinjection of fertilized B6D2F2 mouse
oocytes. The construct used for Neuro-N mice carried the complete coding se-
quence for the N of BDV strain He/80FR under the control of a Thy-1.2 pro-
moter fragment that permits neuron-specific expression in mice (10, 34). The
construct used for Astro-N mice carried the complete coding sequence for the
BDV HE/80FR N under the control of a modified promoter of the murine GFAP
(26). Transgenic offspring were identified by PCR analysis of DNA from tail
biopsies with primers N-303-F (GGTATAGGGCATGAGAAGGA) and N-304-
R (AGAGACAACACAAAGGAGCC). Founder animals were back-crossed to
B10.BR inbred mice to establish transgenic lines. Lines Neuro-N-44 and Astro-
N-25 used in this study strongly expressed the transgene in neurons and astro-
cytes, respectively. They were maintained as hemizygous lines in a conventional
animal house facility.

Histology and immunohistochemical analysis. Brains from sacrificed animals
were divided along the midline upon removal, and the left hemispheres were
immersed in Zamboni’s fixative (4% paraformaldehyde and 15% picric acid in
0.25 M sodium phosphate, pH 7.5) for at least 24 h. The right hemispheres were
snap frozen in liquid nitrogen for preparation of tissue lysates in Laemmli’s

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) loading
buffer. Fixed brain hemispheres were embedded in paraffin. Immunostaining of
brain sections was performed overnight at 4°C with a monoclonal mouse anti-
body against BDV-N (Bo18; kindly provided by J. Richt, Giessen, Germany) or
monoclonal antibodies 21E7 or 30H8 directed against BDV-P, the viral phos-
phoprotein (P) (kind gifts of L. Stitz, Tübingen, Germany). Blocking and anti-
body dilutions were done in phosphate-buffered saline containing 5% normal
goat serum. After extensive washing, bound antibody was detected using a
peroxidase-based Vectastain Elite ABC kit (Vector Laboratories). Diaminoben-
zidine was used as the substrate according to the manufacturer’s instructions.
Counterstaining was done with hematoxylin.

Immunofluorescence analysis on microsections. Brain microsections were pre-
pared as described above and incubated overnight with antibodies against
BDV-N (Bo18 [1:100 dilution]), BDV-P (30H8 [1:100] and polyclonal rabbit
antiserum [1:1,000]), and GFAP (Dako) ([1:1,000]). Secondary antibodies cou-
pled to the fluorochrome Cy2 or Cy3 were used to visualize bound antibodies.
Distribution of labeled virus antigen-positive cells and GFAP-positive astrocytes
was evaluated by laser confocal microscopy.

Immunoblot analysis. For Western blot analyses, crude lysates from the indi-
cated organs were prepared by homogenization in SDS-PAGE loading buffer. A
total of 8 �g of protein per lane was subjected to SDS-PAGE (12 to 15% gels)
and transferred to nitrocellulose membranes. Following treatment with 10%
nonfat dry milk or blocking buffer (Sigma-Genosys), the membranes were de-
veloped using an electrochemoluminescent detection system (Amersham) and
the indicated BDV-specific antibodies and appropriate secondary reagents.

In vitro cytotoxicity assay. Spleens from immunized animals were harvested 7
to 14 days after VV infection, and single-cell suspensions were prepared. For in
vitro restimulation, naive splenocytes were treated with mitomycin C and pulsed
with TELEISSI peptide (39) at a concentration of 10�6 M for 60 min, washed,
and grown in cultures with splenocytes from immunized animals at an effector/
stimulator ratio of 10:1 for 9 to 14 days in Iscove’s modified Dulbecco’s medium
supplemented with 10% fetal calf serum and 50 �M �-mercaptoethanol. Cul-
tures were used as effector cells in 51chromium release assays in threefold serial
dilutions (as indicated). Target cells were prepared by labeling 5 � 106 L929
(H-2k) cells in suspension with 200 �Ci of Na2

51CrO4 (ICN) for 2 h at 37°C and
10�4 M TELEISSI peptide or the H-2Kk-restricted CTL epitope FEANGNLI
derived from the hemagglutinin of influenza virus strain A/PR/8/34 (H1N1) (19).
Target cells were then diluted to a final concentration of 4 � 104 cells per ml in
Iscove’s modified Dulbecco’s medium, dispensed into 96-well round-bottom mi-
crotiter plates at 4 � 103 cells per well, and incubated with different numbers of
effector cells in a total volume of 200 �l for 6 h at 37°C. The percentage of
specific 51Cr release was calculated according to the following formula: 100 �
[(test release � spontaneous release)/(total release � spontaneous release)].

RESULTS

Characterization of Neuro-N transgenic mice. Transgenic
animals expressing the N of BDV under the control of the
murine neuron-specific promoter elements of the Thy-1.2 gene
were generated on a (C57BL/6 � DBA/2)F2 genetic back-
ground. Of 48 animals analyzed, 4 founder mice were obtained
that all transmitted the transgene to their offspring. Expression
of the transgene was analyzed by immunohistochemistry on
paraffin-embedded brain tissue with the monoclonal antibody
(MAb) Bo18, which specifically recognizes BDV-N (21). Ani-
mals from all four transgenic lines expressed N in high
amounts and with similar expression patterns in the brain (data
not shown). Prominent N expression in brains from Neuro-
N-44 mice included that of neurons from the hippocampus
(Fig. 1A), cortex (Fig. 1B), thalamic region (data not shown),
and cerebellum (Fig. 1C). The transgene product mainly local-
ized to the nuclei of neurons in line 44 animals (Fig. 1B and C,
inserts). In two other Neuro-N transgenic lines, N could addi-
tionally be detected in higher amounts in the neuronal cyto-
plasm and in the cellular processes (data not shown). Whereas
in most CNS regions (such as the thalamus and cortex) a
subpopulation of neurons without detectable expression could
be observed (Fig. 1B, insert), interestingly, virtually all neurons
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in the dentate gyrus and CA1 and CA3 regions of line Neuro-
N-44 brains expressed N (Fig. 1A). In the cerebellum, N was
found in most Purkinje cells, molecular layer interneurons, and
granule cells (Fig. 1C). As determined on the basis of morpho-
logical criteria, expression of N in Neuro-N animals only oc-
curred in neurons (consistent with previous findings regarding
the cell type specificity of the modified Thy-1.2 promoter) (10).
Because BDV preferentially targets hippocampal CA3 pyra-
midal neurons and dentate gyrus granular neurons, we chose
line 44 for further analyses.

To determine the tissue-specific expression pattern of the
BDV-N transgene, whole-protein lysates from all major organs
of an animal from the Neuro-N-44 line were prepared and
analyzed by immunoblotting using MAb Bo18. An N-specific
band migrating at about 40 kDa was detected in the brain
lysate (Fig. 1D). No N-specific signals were detected in lysates
of any other organs (Fig. 1D) even after long exposure (data
not shown).

In agreement with the known properties of the Thy-1.2 pro-
moter (10), the earliest time point of detection of transgenic N

expression by immunohistochemistry was at postnatal day 5 in
pyramidal neurons of the hippocampal CA3 region (Fig. 1E).
At day 14, most of the CA3 and CA1 pyramidal neurons
expressed N whereas transgene expression in the dentate gyrus
granule cells was still confined to the outmost layer of cells at
this time point (Fig. 1E).

Characterization of Astro-N transgenic mice. Transgenic
mice expressing BDV-N in astrocytes under the control of the
GFAP promoter were generated on a mixed (C57BL/6 �
DBA/2)F2 background, and transmission of the transgene to
progeny was analyzed. All seven founders transmitted the
transgene. Initial analysis by immunohistochemistry of N ex-
pression in the CNS of 55 transgenic animals revealed that only
a low percentage of mice descending from three founders
expressed detectable levels of N in the CNS. The vast majority
of these transgenic mice showed no transgene expression de-
tectable by immunohistochemistry. After crossing Astro-N an-
imals of line 25 once with B10.BR mice, the proportion of
transgenic animals expressing N in high amounts in CNS cells
increased to 70% whereas the remaining 30% showed no

FIG. 1. Cell- and tissue-specific expression pattern of BDV-N in Neuro-N-44 transgenic mice. (A to C) Sagittal sections (8 �m in thickness)
of paraffin-embedded brain hemispheres from 8- to 12-week-old Neuro-N-44 mice were stained with anti-N MAb Bo18. Sections were counter-
stained with hematoxylin. (A) Hippocampus; (B) frontal cortex. The insert shows a fourfold-higher magnification of the frontal cortex. Note the
transgene-expressing and nonexpressing neurons in the immediate vicinity. (C) Cerebellum. The insert shows a 2.5-fold-higher magnification of one
cerebellar lobe. The arrow indicates an N-expressing Purkinje cell. (D) Tissue-specific expression pattern of transgenic N. Organs were taken from
a 7-week-old Neuro-N-44 male, homogenized, and subjected to SDS-PAGE. Immunoblotting (using MAb Bo18) for detection of N was performed.
Samples are from brain (br), thymus (th), heart (he), lung (lu), kidney (ki), stomach (st), testis (te), small intestine (s.in), large intestine (l. in),
spleen (sp), and liver (li). The arrow indicates the BDV-N-specific band at about 40 kDa. (E) Kinetics of modified Thy-1.2 promoter-controlled
transgenic N expression in the CNS. Transgene expression in the hippocampus of Neuro-N-44 animals of the indicated ages was analyzed on
sagittal brain sections by staining with MAb Bo18. The insert shows the CA3 region at a higher magnification.
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transgene expression. After a second backcross with B10.BR
mice, the number of animals expressing the transgene at high
levels reached 100% and remained at this level for all further
backcross generations. Thus, transgene expression controlled
by the GFAP promoter was strongly dependent on the genetic
background. The B10.BR genetic background seemed to favor
high-level expression from the GFAP promoter used in this
study.

In the CNS, N-expressing astrocytes were mainly found in
the hippocampus (Fig. 2A and B), cerebellum (Fig. 2C and D),
and the cortex (Fig. 2E). In the hippocampus, most N-express-
ing astrocytes were located in the hippocampal white matter.
Some BDV-N-positive astrocytes were interspersed between
the neurons of the dentate gyrus and the CA3 and CA1 regions
(Fig. 2B). In the cerebellum, N was expressed by astrocytes
located in the granular layer and by Bergmann glial cells (Fig.
2C and D). N was present not only in the nuclei and cell bodies
of astrocytes but also in their processes. Processes of Berg-
mann glial cells which are located at the boundary between
granular and molecular layer (Fig. 2D) span the whole molec-
ular layer in the cerebellum, leading to intense transgene-
specific staining of the complete molecular layer. Apart from
the expression by astrocytes, N was also expressed by ependy-
mal cells lining the ventricle walls (Fig. 2F) and endothelial
cells of the choroid plexus (data not shown). Double immuno-

fluorescence labeling using MAb Bo18 and an antibody di-
rected against the astrocytic marker protein GFAP revealed
that the cells of the major cell type expressing the transgene
were indeed astrocytes (Fig. 2G to I), but only a subset of
astrocytes in a given region expressed the transgene (Fig. 2I).

The tissue-specific expression pattern of Astro-N-25 mice
was determined by immunoblot analysis of organ homoge-
nates. The highest amount of transgenic N antigen was de-
tected in the brain (Fig. 2J). Significant amounts of N were also
present in the small and large intestines (Fig. 2J). The cells of
the cell type expressing GFAP promoter-controlled genes in
these organs are enteric glial cells of the mucosa (6). A weak N
signal was also observed in extracts from lung tissue, which
could have been due to the presence of chondrocytes within
the bronchial system of the respiratory tract that have been
shown to express GFAP (49). Expression of BDV-N in astro-
cytes of the cerebellum, hippocampus, and cortex started be-
tween day 2 and day 5 after birth and reached high levels at
postnatal day 10 (data not shown).

Neuro-N and Astro-N mice are healthy. Neuro-N as well as
Astro-N mice up to 1 year of age were examined for neuro-
logical symptoms and behavioral changes. No obvious clinical
abnormalities could be detected. The transgenic mice showed
normal fertility and nursing of pups. We never observed ab-
normal limb flexion (which is an early sign of neurological

FIG. 2. Cell- and tissue-specific expression pattern of BDV-N in Astro-N-25 transgenic mice. (A to I) Sagittal sections (8 �m in thickness) of
paraffin-embedded brain hemispheres from 8- to 12-week-old Astro-N-25 mice were stained with anti-N MAb Bo18 (A to F) or a mixture of Bo18
and rabbit anti-GFAP (G to I). Bound antibodies were visualized using a biotinylated secondary antibody (A to F) or a mixture of Cy2-labeled
anti-rabbit antibody and Cy3-labeled anti-mouse antibody (G to I). Sections in panels A to F were counterstained with hematoxylin. (A) Hip-
pocampus; (B) CA3 region of hippocampus; (C) cerebellum; (D) 2.5-fold-higher magnification image of cerebellum; (E) frontal cortex; (F) ven-
tricle wall (arrows point to N-expressing ependymal cells). (G to I) Confocal laser-scanning microscopy analysis of double-labeled cortical section.
(G) anti-GFAP staining; (H) anti-N staining; (I) overlaid images from panels G and H. (J) Tissue-specific expression pattern of transgenic N.
Organs were taken from a 6-week-old Astro-N-25 male and homogenized, 80-�g samples were subjected to SDS-PAGE, and immunoblotting using
MAb Bo18 for detection of N was performed. Samples are from brain (br), thymus (th), heart (he), lung (lu), kidney (ki), stomach (st), testis (te),
small intestine (s.in), large intestine (l. in), spleen (sp), and liver (li). The arrow indicates the BDV-N-specific band at about 40 kDa.
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disease in BDV-infected MRL mice) (22) in Neuro-N or
Astro-N mice or in transgenic mice expressing Tau in neurons
under the control of the modified Thy-1.2 promoter (34). His-
tologically, no alterations in the cytoarchitecture of the CNS
were observed (Fig. 1 and 2), indicating that high-level expres-
sion of N was not toxic to neurons and astrocytes.

Transgenic expression of N interferes with BDV replication
in neurons. To determine whether susceptibility toward BDV
was altered in N-expressing transgenic animals, Neuro-N-44
and nontransgenic littermates were challenged with BDV
strain RW98 or H215 at postnatal weeks 3 to 5 (when trans-
gene expression was maximal) and sacrificed 9 weeks (RW98)
or 6 weeks (H215) later. None of the infected animals showed
signs of neurological disorder. This outcome was expected, be-
cause the transgene was crossed into the B10.BR genetic back-
ground (which confers resistance to BDV-induced disease)
(23). The use of rabbit antiserum to BDV-P for Western blot
analysis of brain homogenates revealed differing but greatly
reduced levels of viral antigen in transgenic mice (Fig. 3A),
indicating impaired replication of both virus strains in the CNS
of these mice. Immunohistochemical analysis of brain sections
was performed either with MAb 21E7 (which recognizes BDV-
P) or with Bo18 (which recognizes transgenically expressed N
but fails to recognize the N of strain H215) (17). The H215
challenge virus had disseminated through most parts of the
brain in nontransgenic mice. Dentate gyrus and CA3 neurons
contained particularly high levels of virus-encoded antigen
(Fig. 3B, lower left panel). In contrast, only scattered BDV-
infected cells were observed in the hippocampus of transgenic
mice (Fig. 3B, lower right panel). Importantly, the dentate gy-
rus and the CA3 region (both of which harbored a particularly

high proportion of transgene-expressing neurons in Neuro-N-
44 mice) were spared BDV infection. These hippocampal struc-
tures are usually highly susceptible to BDV, which is true for
both B10.BR (Fig. 3B, lower left panel) and MRL (38) mice as
well as for other experimentally and naturally infected mam-
malian species such as rats, horses, and sheep (8, 18). BDV
replication in transgenic mice was mainly restricted to brain
areas with lower numbers of transgene-expressing neurons (data
not shown). Thus, BDV replication was apparently blocked in
neurons in which the transgene product was present.

Effect of transgenic N expression on an established BDV
infection. The late onset of transgenic N expression in Neuro-
N-44 mice enabled us to design experiments in which BDV
infection of dentate gyrus neurons is established before the
transgene is expressed. Neuro-N-44 mice were infected with
BDV either as newborns or at postnatal days 5, 8, and 21 and
analyzed by immunohistochemistry for virus spread in the hip-
pocampus at 5 weeks postinfection. As shown in Fig. 4A (up-
per left panel), almost all dentate gyrus neurons of Neuro-N-44
mice were positive for virus antigen when the animals were
infected as newborns. Pyramidal neurons of the CA3 region
were frequently virus antigen negative (Fig. 4A, top left panel
and insert). The transgene-derived N was clearly present in
infected dentate gyrus neurons (Fig. 4A, top right panel), in-
dicating that transgenically expressed N and BDV can coexist
in neurons with established viral infection. Interestingly, a
spot-like distribution of transgenically expressed N was ob-
served in a number of persistently infected dentate gyrus gran-
ule cells (Fig. 4A, top right panel insert). A similar staining
pattern never occurred in uninfected granule cells expressing
transgenic N, suggesting a redistribution of transgenically ex-

FIG. 3. Neurons of transgenic mice expressing BDV-N are resistant to BDV infection. (A) Transgenic (t) (�) and nontransgenic (�) Neuro-
N-44 animals 3 to 5 weeks of age were infected by the intracerebral route with mouse-adapted variants of BDV strain RW98 or strain H215. At
6 weeks (H215) or 9 weeks (RW98) postinfection, mice were sacrificed and samples of brain homogenates were analyzed by SDS-PAGE and
immunoblotting using a rabbit antiserum against BDV-P. (B) Immunohistochemical analysis of transgene expression and virus replication 5 weeks
postinfection in the hippocampus of selected transgenic (tg�) and nontransgenic (tg�) Neuro-N-44 mice infected with H215 at the age of 4 weeks.
Sagittal brain sections were stained with either MAb Bo18 (which selectively detects the transgene product) or MAb 21E7 (which detects viral P
antigen in infected cells). The lower left panel shows the typical distribution of BDV-infected cells in the hippocampus of nontransgenic mice. Note
that the majority of hippocampal neurons in brains of transgenic mice did not contain viral P antigen (lower right panel), indicating a lack of infection.
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FIG. 4. Age-dependent BDV resistance of dentate gyrus neurons in Neuro-N-44 mice. (A) Transgenic Neuro-N-44 animals were infected with
mouse-adapted BDV strain H215 at the indicated ages (d0, day 0; d8, day 8; d21, day 21). Animals were sacrificed 5 weeks postinfection. Brain
hemispheres were paraffin embedded, and 8-�m-thick sections were stained with anti-P MAb 21E7 (left panels) to visualize virus-infected cells or
with MAb Bo18 (right panels) to visualize transgenically expressed N. Note the high number of infected neurons in the dentate gyrus of Neuro-N
animals infected as newborns. The insert in the upper left panel shows a higher-magnification image of the CA3 region; arrows point to rare
infected pyramidal CA3 neurons. The insert in the upper right panel shows a higher-magnification image of BDV-infected dentate gyrus neurons
expressing transgenic N. Note the punctate staining pattern in most granular neurons, indicating a redistribution of transgenic N in infected cells.
(B) Nontransgenic littermates were infected as newborns (left panel) or at the age of 25 days (right panel) and sacrificed 5 weeks postinfection.
Brains were processed as described for panel A, and 8-�m-thick paraffin sections were stained with anti-P MAb 21E7 to visualize infected cells.
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pressed N in persistently infected neurons. When animals were
inoculated at postnatal day 8, a significant number of interneu-
rons but only a minor portion of dentate gyrus neurons were
virus infected. After inoculation at day 21, dentate gyrus gran-
ule cells and pyramidal neurons of the CA3 region as well as
most interneurons eventually failed to replicate BDV (Fig.
4A). In contrast, a high proportion of dentate gyrus neurons of
nontransgenic littermates harbored BDV when infected at the
age of 25 days, although the number of infected dentate gyrus
neurons was slightly higher when nontransgenic animals were
infected as newborns (Fig. 4B). Independently of the time of
inoculation, almost all CA3 region neurons in nontransgenic
mice were infected (Fig. 4B). Analysis of nontransgenic ani-
mals thus demonstrated that the age of the animals at the time
of infection had no significant influence on susceptibility of the
hippocampus to BDV infection within the first 3 to 4 weeks of
life and cannot explain the observed resistance of hippocampi
of 8- to 21-day-old Neuro-N-44 mice to BDV infection. On the
basis of these findings, we conclude that transgenically ex-
pressed N can prevent de novo infection but is not able to
terminate an established BDV infection in neurons.

BDV susceptibility of Astro-N-25 mice. BDV infection of
astrocytes was described for experimentally infected rats (8, 9)
and naturally infected horses (18) but had previously not been
demonstrated well with mice. We therefore used antibodies
against the viral N and GFAP to perform double-labeling
experiments on sections of wild-type B10.BR mouse brains
infected with BDV for 5 weeks. Indirect immunofluorescence
clearly revealed the presence of virus antigen-positive astro-
cytes (Fig. 5). The overall frequency of infected astrocytes was
rather low in the cerebrum. In the cerebellum, however, the
majority of infected cells appeared to be Bergmann glia cells,
a specialized type of cerebellar astrocytes. Viral antigen was
present in cell bodies as well as in the processes of Bergmann
glia cells that span the molecular layer of the cerebellum (data
not shown). After prolonged infection times (generally more
than 6 weeks), increasing numbers of infected Purkinje neu-
rons were also observed. Purkinje cells were only rarely in-
fected at earlier times even when high numbers of infected
Bergmann glia cells were present. This pattern of BDV spread

through the cerebellum was observed in MRL, B10.BR, and
C57BL/6 mice and was thus independent of the strain of mice
(data not shown).

Since most cells that were initially infected in the cerebellum
appeared to be Bergmann glia cells, we hypothesized that the
spread of BDV infection to the cerebellum might be dimin-
ished or delayed in Astro-N transgenic mice. We therefore
infected Astro-N-25 mice 3 to 5 weeks of age with BDV and
analyzed viral spread to the cerebrum and cerebellum 4 to 6
weeks later. Immunohistochemical analysis indicated that
BDV was still able to spread to the cerebellum of Astro-N-25
transgenic animals with efficiency comparable to that seen with
nontransgenic littermates. Immunoblot analysis of brain ly-
sates for viral P antigen revealed no significant alteration in the
amount of viral antigen in the cerebrum or cerebellum of
Astro-N-25 mice compared to the results seen with nontrans-
genic littermates (Fig. 6A). Analysis of infected cells in the
cerebellum by double immunofluorescence labeling revealed
that a significant proportion of infected cells expressed the
transgene (Fig. 6B to D). Since these double-positive cells were
mainly located at the boundary between molecular and gran-
ular layers, they likely represented Bergmann glial cells. It
remains unclear whether this finding indicates that N-mediated
resistance to BDV is not operative in astrocytes or whether
other factors (such as the level and/or the kinetics of transgene
expression) can explain the presence of BDV in transgene-
expressing Bergmann glia cells of Astro-N-25 mice.

The BDV-N-specific CD8 T-cell response is impaired in
Neuro-N-44 mice. Neuro-N-44 mice were refractory to induc-
tion of an autoimmune-like meningoencephalitis or neuro-
logical disorder by vaccination directed against the neo-self-
antigen (data not shown). To analyze the N-specific T-cell
response, Neuro-N-44 mice and nontransgenic littermates
were intravenously infected with a recombinant VV-N. At 7
days later, the animals were sacrificed and the spleens were
removed. After in vitro restimulation with TELEISSI-loaded
antigen-presenting cells, the N-specific cytotoxic activity of
splenic CD8 T cells was determined. Splenocytes from non-
transgenic mice efficiently and specifically lysed L929 target
cells coated with the immunodominant, BDV-N-specific pep-

FIG. 5. Mouse astrocytes can be infected with BDV. Newborn wild-type B10.BR mice were infected with BDV strain H215. At 5 weeks of age,
the animals were sacrificed and sagittal sections (8 �m in thickness) of paraffin-embedded brain hemispheres were stained with a mixture of anti-P
MAb 30H8 and rabbit anti-GFAP. Bound antibodies were visualized using a mixture of Cy2-labeled anti-rabbit antibody and Cy3-labeled
anti-mouse antibody. An uninfected animal served as the control.
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tide TELEISSI (Fig. 7A). In contrast, only very low levels of
lytic activity were detected in splenocyte cultures derived from
transgenic animals (Fig. 7B). Thus, the CD8 T-cell response of
Neuro-N-44 transgenic animals directed against BDV-N ap-
peared to be impaired.

This observation prompted us to determine whether Neuro-
N-44 mice exhibited reduced susceptibility to BDV-induced
immunopathology and neurological disease. The B10.BR ge-
netic background favors symptomless persistent infection, but
Borna disease-like neurological disease can be induced in such
mice by peripheral infection with VV-N, which triggers an
N-specific CD8 T-cell response (23). Therefore, Neuro-N-44
mice and nontransgenic littermates were infected with BDV at
the age of 1 to 5 days (which largely circumvents the inhibitory
effect of transgenic N on BDV spread) (Fig. 4). At 9 weeks
later, the animals were immunized by infection with VV-N. At
the time of the VV challenge, all mice were healthy. Until day
10 postimmunization, however, all eight non-transgenic ani-
mals showed moderate to severe neurological disease. By con-
trast, none of the seven VV-N-challenged transgenic litter-
mates displayed signs of neurological disease (Fig. 7C).
Histological analysis showed that meningoencephalitis was
prominent in the brains of all the nontransgenic animals (Fig.
7D). By contrast, mononuclear cell infiltrates were not de-

tected in the brains of immunized transgenic animals (with the
exception of a single animal, which showed low-level menin-
goencephalitis) (Fig. 7D). Thus, BDV-infected Neuro-N-44
transgenic animals were largely resistant to vaccination-in-
duced neurological disease. RNA extracted from thymi of
transgenic and nontransgenic mice, as well as RNA from
brains of transgenic animals, was analyzed by reverse tran-
scriptase PCR (RT-PCR) for presence of N gene-derived tran-
scripts. We did not attempt to use nested RT-PCR, because
this method is prone to contamination artifacts. N-specific
RNA was detectable by nonnested RT-PCR in brain RNA
samples but not in thymic RNA samples (data not shown).
Using a single-tube RT-PCR assay, N-specific RNA was de-
tectable in 50% of the samples (data not shown). This indicates
that the N gene is expressed in the thymus of Neuro-N-44 mice
but probably at very low levels which are difficult to detect by
nonnested RT-PCR. We conclude that the observed lack of a
BDV-N-specific CD8� T-cell response in Neuro-N animals is
most likely due to central immunological tolerance towards the
transgene product.

Impaired BDV-N-specific CD8 T-cell response in Astro-
N-25 mice. As seen with Neuro-N mice, N-specific immuniza-
tion of Astro-N-25 mice did not result in autoimmune-like
meningoencephalitis or neurological disease. To assess the

FIG. 6. Transgenic N expression in astrocytes does not impair the efficacy of BDV infection. Astro-N-25 transgenic mice and nontransgenic
littermates were infected with BDV at the age of 3 weeks, and brain hemispheres were taken at 9 weeks postinfection for immunoblot analysis
(A) and immunohistological analysis (B to D) of brain homogenates. (A) Cerebella (cb) and the remaining parts of the brain hemispheres (ce)
of three transgenic (tg) (�) and three nontransgenic (�) animals were separately homogenized, and samples were analyzed by immunoblotting
using a rabbit antiserum against BDV-P (-P). Sagittal sections (8 �m in thickness) of paraffin-embedded brain hemispheres (used as described for
panel A) from selected animals were double stained with a rabbit polyclonal serum against P (�P) to detect virus infection and with MAb Bo18
detecting transgenically expressed N. Bound antibodies were visualized using a mixture of Cy2-labeled anti-rabbit antibody and Cy3-labeled
anti-mouse antibody. Confocal laser-scanning microscopy showed virus-infected, P-antigen-positive cells (B) and BDV-N transgene-expressing
cells (C); panel D shows overlaid images from panels B and C. Double-positive cells appear in yellow, and uninfected transgene-expressing cells
appear in red. The border between the molecular layer (top) and the granular layer (bottom) is indicated by a dotted line.
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ability of Astro-N-25 mice to mount an N-specific CD8 T-cell
response, we immunized 5- to 6-week-old transgenic mice and
nontransgenic littermates through the use of a prime-boost
protocol. Animals were primed by intramuscular injection of a
recombinant parapoxvirus ovis vector expressing N followed by
a booster infection with VV-N. High N-specific cytolytic activ-
ity was detected in restimulated splenocyte cultures from three
out of four nontransgenic mice (Fig. 8A), whereas splenocyte
cultures from all four Astro-N-25 mice showed no N-specific
cytolytic activity (Fig. 8B).

Since B10.BR mice show a high degree of resistance to

BDV-induced disease (22), we crossed Astro-N-25 with MRL
mice to produce F1 offspring with intermediate resistance. The
resulting transgenic and nontransgenic mice were infected with
BDV and observed for neurological symptoms. The nontrans-
genic animals started to show severe neurological symptoms at
2 to 3 months postinfection. In contrast, none of the Astro-N-
25 animals showed any disease symptoms until the experiment
was terminated at 20 weeks postinfection (Fig. 8C). Histolog-
ical analysis demonstrated that BDV had spread at similar
levels in the brains of nontransgenic and transgenic mice (data
not shown). Inflammation was observed in brains of nontrans-
genic animals, whereas the brains of transgenic Astro-N-25 mice
showed no mononuclear cell infiltration (data not shown), in-
dicating that disease was caused by N-specific CD8 T cells, as
seen with MRL mice (22). It is highly unlikely that the spon-
taneous disease observed after long-term infection of non-
transgenic B10.BR mice was due to CD8 T cells with specific-
ities for other viral proteins and that activation of such CD8 T
cells was also impaired in Astro-N-25 mice by an unknown
mechanism. We have previously shown that the disease-induc-
ing CD8 T cells are directed against the viral N (23). Moreover,
only peripheral immunization with N, but not with other viral
proteins, induced neurological disease in symptomless persis-
tently infected B10.BR mice. Thus, an impaired N-specific
CD8 T-cell response appeared to be responsible for the resis-
tance of Astro-N-25 mice to BDV-induced CD8 T-cell-medi-
ated disease.

FIG. 7. N-specific CD8� T-cell response is impaired in Neuro-N-44
mice. (A and B) Spleens from two VV-N-immunized nontransgenic
(non-tg) (A) and five Neuro-N-44 (B) mice were recovered 7 days
post-VV infection, and single cell suspensions were restimulated for 9
days with TELEISSI peptide. Cytolytic activity of restimulated cultures
was determined in a 51chromium release assay using L929 target cells
coated with TELEISSI (closed symbols) or the irrelevant control pep-
tide FEANGNLI (open symbols). Results are representative of two
independent experiments. (C and D) Severity of disease (C) and de-
gree of meningoencephalitis (D) in persistently BDV-infected Neuro-
N-mice and nontransgenic littermates after infection with VV-N are
shown as mean values for the following groups of mice: two Neuro-
N-44 mice and five nontransgenic littermates infected with BDV strain
H215 at the age of 5 days (expt. 1) and five Neuro-N-44 mice and three
nontransgenic littermates infected as newborns (expt. 2). VV-N infec-
tion was performed at day 65 (expt. 1) or 64 (expt. 2). Animals were
observed for clinical symptoms until day 13 post-VV infection (C).
Severity of disease was scored in a range from 0 to 3 (0, no symptoms;
1, low degree of ataxia and increased anxiety; 2, clear ataxia, torticollis,
uncontrolled movements of extremities when the animal was held up
by the tail, rough fur or hunched posture, and characteristic position of
hind limbs when animal was lifted by the tail; 3, pronounced weight
loss, severe ataxia and torticollis, paraparesis, apathy, and morbidity).
(D) Meningoencephalitis was scored on an arbitrary scale from 0 to 3
(0, no infiltrates; 1, up to two perivascular infiltrates per brain section,
with one or two layers of cells and some mononuclear cells in menin-
ges; 2, three to five perivascular infiltrates per brain section (mostly
with multilayer appearance), incidental spread into parenchyma, and
intermediate meningitis; 3, more than five perivascular infiltrates per
brain section (with multiple layers of cells), strong infiltration of pa-
renchyma at multiple sites, and strong meningitis.

FIG. 8. Impaired BDV-N-specific CD8 T-cell response in Astro-
N-25 mice. (A and B) Spleen cells from immunized nontransgenic
(A) and Astro-N-25 (B) mice were restimulated with TELEISSI pep-
tide-loaded antigen-presenting cells. Cytolytic activity levels of restim-
ulated cultures were determined in a 51chromium release assay using
L929 target cells coated with TELEISSI (closed symbols) or the irrel-
evant control peptide FEANGNLI (open symbols). (C) Five (Astro-
N-25 � MRL)F1 mice (solid line) and three nontransgenic littermates
(dashed line) were infected with BDV strain H215 at the age of 16
days. They were observed for clinical symptoms until 20 weeks postin-
fection.
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DISCUSSION

We report the establishment of two transgenic mouse lines
that express the N of BDV in neurons or astrocytes at high
levels. We found that neurons were resistant to BDV when the
transgene was strongly expressed before virus infection. Resis-
tance to BDV infection was particularly evident in the hip-
pocampus, a preferred site of BDV replication in the CNS. We
noted that virtually all hippocampus neurons of adult Neuro-
N-44 mice expressed the transgene very well. Interestingly,
BDV was able to replicate in hippocampal neurons when mice
were infected early in life before transgenic N expression
reached maximal levels, emphasizing the need for preformed
BDV-N for efficient viral interference. With both Neuro-N-44
and Astro-N-25 mice, autoimmune-like meningoencephalitis
and neurological disease could not be induced by peripheral
immunization of the animals with a recombinant VV-N. Sim-
ilarly, these diseases could not be induced when Neuro-N mice
with persistent BDV infections were infected with VV-N. In
contrast, meningoencephalitis and neurological disease was
readily induced under these conditions in nontransgenic litter-
mates. These observations can be explained by our finding that
the N-specific CD8 T-cell response was severely impaired in
both types of transgenic mice. Our transgenic mice appear to
exhibit immunological tolerance toward the transgene product.

Although the expression levels of the N transgene in Neuro-
N-44 and Astro-N-25 mice were surprisingly high, no obvious
functional deficits or disturbances of the CNS cytoarchitecture
were observed. This indicated that expression of BDV-N alone
in either neurons or astrocytes is nontoxic. Neurotoxic effects
have been reported after transgenic expression of HIV gp120
(12, 46) and human foamy virus proteins (4, 47) in the CNS.
The low-level pathogenic potential of singly expressed BDV-N
was not unexpected, because BDV is noncytolytic in cell cul-
ture. It is further well tolerated in brains of mice devoid of
antiviral CD8 T cells (22). Negative effects of BDV replication
in the CNS of mice lacking a fully competent immune system
were only detectable in very sensitive learning tests (38). Very
recently, a study analyzing transgenic mice expressing the P of
BDV under the control of a GFAP promoter also did not
detect any gross neuroanatomical alterations such as neuronal
loss or astrogliosis (27). Interestingly, however, detailed anal-
ysis of brains from BDV-P-transgenic mice revealed some neu-
robiological abnormalities, including reduced synaptic density
and lower expression of brain-derived neurotrophic factor and
serotonin receptor (27). At present, we cannot rule out the
possibility that subtle changes in brain cytoarchitecture or be-
havior might also have occurred in our N-transgenic animals.

It has recently been demonstrated that cells grown in cul-
tures and rat brains infected with BDV resist infection by a
second strain of BDV (15, 17), a phenomenon termed super-
infection exclusion or homologous interference (1, 28). Resis-
tance to BDV infection was virus specific and mediated by
unbalanced expression of the BDV nucleocapsid components
N, P, and X in stably expressing cell lines (17). We now present
evidence that unbalanced expression of nucleocapsid compo-
nents can also mediate resistance to BDV infection in vivo.
Brains of adult transgenic mice expressing N in neurons
showed drastically reduced susceptibility to BDV infection.
Areas with a high density of transgene-expressing neurons

(such as the dentate gyrus and the CA3 and CA1 regions of the
hippocampus) were fully resistant to BDV infection (Fig. 3).
However, the CNS of Neuro-N-44 mice could still be infected
with BDV. Since BDV spreads intraaxonally along neuronal
connections (18), a preceding BDV infection might block the
pathways required for dissemination of a second incoming
virus more efficiently than transgenic expression of a single
BDV component. In most brain regions of Neuro-N-44 mice,
transgene-expressing neurons were interspersed with neurons
that do not express the transgene (Fig. 1). This pattern of
transgene expression in neurons most probably does not reflect
the existing neuronal connections. The stochastic distribution
of N-expressing and nonexpressing neurons along synaptic
connections might explain the residual spread of BDV.

The mechanism by which transgenically expressed BDV-N
can block the establishment of a persistent BDV infection
remains unknown. Experiments with cell cultures indicated
that inhibition is not due to interfering RNA (17). Since pre-
existing BDV-P and -X proteins were also inhibitory, it is also
unlikely that downregulation of the viral entry receptor can
account for the resistance phenomenon. These experiments
favored the view that unbalanced expression of nucleocapsid
components is detrimental for replication initiation of incom-
ing BDV (17). Using the recently established system for re-
constitution of a functionally active BDV polymerase complex
in cell culture, it could be shown that efficient reconstitution of
active BDV polymerase can only be achieved when the molar
ratio of N to P was within a narrowly defined range from 30:1
to 10:1 (40). This result clearly supports the notion that the
relative amounts of nucleocapsid components are very impor-
tant for the formation of an active BDV polymerase complex
and that disturbance of the optimal ratio can abolish viral
replication. In contrast, BDV infection was not abolished when
overexpression of N started subsequent to establishment of
persistent infection of the cell culture (17). Similarly, BDV
could spread in transgenic mice infected as newborns almost as
efficiently as in wild-type animals, most probably because effi-
cient expression of the transgene does not occur before 2
weeks of age, when the virus has already reached most neu-
rons.

These observations demonstrate that once an infection is
established and the BDV polymerase complex is active within
an infected cell, polymerase activity is less sensitive to the
increased amounts of N which alter the optimal N/P ratio.
Thus, creating an imbalance in the amounts of N and P most
severely impairs the activity of the BDV polymerase complex
during initiation of the infection. In contrast, no detectable
impairment occurs when the infection has already been estab-
lished. Interestingly, these mechanisms of BDV inhibition by
overexpressed N in cells grown in cultures and in CNS neurons
of the living host are probably identical. The specificity of the
inhibition has been demonstrated in cell cultures by two inde-
pendent approaches. First, stable cell lines expressing the N of
the unrelated Thogoto virus were as susceptible to BDV in-
fection as the parental UTA-6 cell line (17). Second, cell lines
expressing BDV-N were still susceptible to infection with both
vesicular stomatitis virus and influenza A virus (17), which
replicate in the cytoplasm and the nucleus, respectively.

At first glance, the unhindered spread of BDV in the CNS of
Asto-N-25 mice was rather surprising. However, because only
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a limited number of astrocytes expressed the transgene at
detectable levels in the cerebrum (Fig. 2G to I) and because
BDV mainly replicates in neurons, no strong inhibitory effect
would be expected even if the transgene product were active in
this cell type. In the cerebellum, astrocytes serve more fre-
quently as host cells for BDV. Virus inhibition in transgenic
mice might therefore be most pronounced in this brain re-
gion. For unclear reasons, we also found no inhibitory effect of
astrocyte-specific expression of BDV-N in the cerebellum.
Since variation in transgene expression controlled by a GFAP
promoter has been observed in transgenic mouse lines express-
ing �-galactosidase (5, 16, 26) (for a review, see reference 6),
it is possible that the critical threshold concentration of N was
not reached in the Bergmann glia cells. The possibility remains
that the levels of transgenic N expression were not constant
over time. Circumstantial evidence indeed suggests that ex-
pression of transgenes under the control of the GFAP pro-
moter is episodic (37). Levels of transgenic N might therefore
intermittently fall below the putative inhibitory threshold and
thus allow virus spread. This might lead to progressive infec-
tion of most Bergmann glia cells in the presence of a constant
number of transgene-expressing cells. A more trivial explana-
tion (that infection occurred before the onset of transgenic N
expression) seems unlikely, because BDV usually does not
reach the cerebellum before 2 to 3 weeks postinoculation into
the thalamic region and because transgenic N expression was
already detectable in the cerebellum at postnatal day 5. An
alternative explanation is that the N-mediated block of BDV
replication might not be operative in astrocytes. Unfortunately,
this cannot easily be evaluated by in vitro experiments using
explant cultures of astrocytes (because mouse cells grown in
cultures usually do not support BDV infection) (43).

The importance of direct recognition of neurons by antigen-
specific CD8 T cells in the development and maintenance of
CNS inflammation is still unclear. Viral infections that mainly
target neurons, such as LCMV in newborn mice (14), neuro-
virulent Sindbis virus (25), and BDV (18, 22), are valuable
models for studying such interactions in the CNS. The upregu-
lation of MHC class I molecules on astrocytes and neurons in
vivo upon infection or other proinflammatory stimuli remains
controversial (2, 24, 30). Important issues that can now be
addressed with our transgenic model of BDV-induced disease
include the question of whether and under which circum-
stances BDV-N-specific CD8 T cells can recognize N-express-
ing neurons in the CNS. Astro-N-25 mice should represent a
positive control for such experiments. It has been shown that
by immunization with purified �-galactosidase, CD4 and CD8
T-cell-mediated inflammation can be induced in animals ex-
pressing �-galactosidase in astrocytes (3). Furthermore, intra-
venous application of CD8 T cells specific for a peptide derived
from influenza virus A/PR8/34 hemagglutinin induced mono-
phasic brain inflammation in mice expressing this protein
transgenically in astrocytes (7), indicating that CD8 T cells can
recognize MHC class I-restricted antigens in the resting CNS.

Since the N-specific CD8 T-cell response is impaired in our
transgenic mice, future experiments aimed at inducing a BDV-
N-dependent inflammation in the brain of these animals will
require the transfer of sufficient amounts of N-specific CD8 T
cells. The impaired N-specific CD8 T-cell response is probably
a consequence of a central tolerance towards the neo-self-

antigen due to low-level thymic expression of N. The Thy-1.2
expression cassette used to construct Neuro-N-44 transgenic
mice lacks the entire open reading frame of Thy-1 and has
been reported to eliminate elements required for transgene
expression in the thymus (50). However, we are not aware of
any studies investigating the immune responses against trans-
gene products expressed under control of this promoter. The
assumption that low-level expression of the transgene in the
thymus is responsible for the impaired N-specific CD8 T-cell
response is supported by our finding that a highly sensitive
RT-PCR analysis of thymic RNA samples from Neuro-N-44
mice detects N-specific RNA. Since our study was not aimed at
the investigation of possible mechanisms of tolerance to over-
expressed transgene products, we did not extend such RT-PCR
studies to Astro-N mice. However, since low-level thymic ex-
pression has been demonstrated for a number of CNS-specific
antigens (11), it may be assumed that GFAP-promoter driven
genes are also expressed to low levels in the thymus. Alterna-
tively, expression of N in the intestinal tissue of Astro-N-25
mice might have induced peripheral tolerance. Such extrathy-
mic tolerance induction has been demonstrated in mice over-
expressing an H-2Kb transgene under the control of the GFAP
promoter (41). It should be noted that in studies of GFAP-�-
galactosidase mice, no transgene-specific tolerance which
might be related to the characteristics of the various types of
GFAP promoters used was reported (3). Future studies using
our transgenic mice for investigations of the interaction of
CD8 T cells with N-expressing neurons and astrocytes will
need to be performed by adoptive transfer of N-specific CD8 T
cells induced by immunization of non-transgenic mice.
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