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Abstract

In Lewis rats infected intracerebrally with the highly neurotropic Borna disease virus (BDV), the retina is one of the most severely
affected central nervous system (CNS) structures. While BDV-induced damage in the brain has been previously shown to be caused by a
T-cell-dependent process, the immunopathological mechanisms leading to BDV-induced retinitis remain to be elucidated.

RNA samples from retinae were subjected to RNase protection assays to detect transcripts of proinflammatory cytokines and chemokines
known to be involved in the recruitment of T-cells and macrophages in the CNS.

The observed expression profile of proinflammatory cytokines and chemokines, as well as the immunohistochemical detection of
aPTCR-positive, CD4- and CD8-positive T-cells in the BDV-infected retinae, is reminiscent of the situation observed in the brains of Lewis
rats during the acute phase of Borna disease (BD). This suggests that similar immunopathological mechanisms are operating in retinae and

brains of infected rats.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Borna disease virus (BDV) is the causative agent of
Borna disease (BD), an inflammatory central nervous sys-
tem (CNS) disease naturally occurring in horses and sheep,
but also in a variety of other species (for review see Stacheli
et al.,, 2000). Based on its unique genetic and biologic
properties, BDV is considered to be the prototypic member
of a new virus family, Bornaviridae, within the order
Mononegavirales (de la Torre, 1994; Schneemann et al.,
1995).

During recent years, BDV-infection of rats has been
proven to represent a valuable model to study a neurological
disease that is characterized by behavioural and motility
disturbances and blindness (Narayan et al., 1983a,b; Stitz
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et al., 1995). In the brain these neurological defects could
be attributed to a CD4+ T-cell dependent immunopatho-
logical mechanism where CD8+ T-cell mediated processes
are operative (Richt et al., 1989; Planz et al., 1993, 1995;
Stitz et al., 1995; Noske et al.,, 1998). An elevated
expression of several proinflammatory cytokines, and of
chemokines with T-cell and monocyte chemoattractant
characteristics, has been described in brains of infected
rats (Shankar et al., 1992; Morimoto et al., 1996; Hatalski
et al., 1998; Sauder and de la Torre, 1999; Sauder et al.,
2000). These soluble mediators play crucial roles in the
shaping of the inflammatory cascade resulting in a recruit-
ment of lymphocytes and monocytes into the CNS. After
intracerebral BDV-inoculation in adult Lewis rats, the virus
spreads in all brain regions where it predominantly infects
neurons, but also astrocytes (Carbone et al., 1991, 1993).
The infection leads to a disseminated nonpurulent menin-
goencephalitis. In surviving animals, the virus persists in the
CNS. Highest virus titers have been found in the cerebrum
and the retina (Narayan et al., 1983a). The pathomorpho-
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logical characteristics of the BDV-infected brain are degen-
erating neurons, predominantly in the hippocampal formation
and the frontoparietal cortex (Deschl et al., 1990; Narayan et
al., 1983a). In addition, massive astrocytosis and microglial
activation take place in the infected brain (Deschl et al., 1990;
Gonzalez-Dunia et al., 1997). Immune cell infiltrates in the
rat brain mainly consist of CD4+, CD8+ cells and macro-
phages (Deschl et al., 1990; Hatalski et al., 1998).

Neurodegenerative processes in the visual system, result-
ing in blindness, have been reported in BDV-infected rats,
rabbits, rthesus monkeys (Macaca mulatta) and horses (Krey
etal., 1979a; Stitz et al., 1981; Narayan et al., 1983a; Bilzer et
al., 1995; Kacza et al., 2000). In contrast to the brain, only
very limited, notably morphological data, exist on the com-
position of immune cell infiltrates as well as on the spectrum
of soluble immunomodulatory factors in the retina. In the
BDV-infected rat, synchronous infection of both retinae
occurs within 15-20 days after intracerebral inoculation,
and leads to a massive degeneration of retinal neurons
(Narayan et al., 1983a; Kacza et al., 2000). Microglia and
macrophages have been identified as main components of
retinal infiltrates (Geiss et al., 1990; Kacza et al., 2000),
whereas only a few lymphocytes, which were designated to
be plasma cells, were detected (Geiss et al., 1990). The main
glial element of the retina, the Miiller cells, show slightly
enhanced GFAP-expression and faint electrophysiological
alterations (Pannicke et al., 2001; Kacza et al., 2001).

The aim of the work described here was to identify
cellular elements and soluble factors involved in BDV-
induced inflammation in the retina, a CNS region constantly
and heavily affected in rats infected with BDV.

Immunohistochemically, we provide first evidence that
T-cells represent a component of early retinal infiltrates.
Furthermore, data are presented that elucidate the expression
profile of proinflammatory cytokines and T-cell-acting che-
mokines in the BDV-infected retina.

2. Materials and methods
2.1. Animals

The animal experiments were approved by the Independ-
ent Ethical Committee of the Regierungsprésidium Leipzig,
License No. TVV 3/2001. Lewis rats (LEW/CRL BR) were
purchased from Charles River (Sulzfeld, Germany) and bred
in the experimental center of the Medical Faculty, Univer-
sity of Leipzig. Infections of animals were done under
anesthesia (ketamine/xylazine).

2.2. Infection of rats

The BDV stock used in the experiments was the first
passage of the Giessen strain He/80 (kindly provided by J.
Richt, Giessen) in adult Lewis rats. Stock homogenates
were prepared 4 weeks pi and stored at — 70 °C till used

for infection. Four-week-old Lewis rats were inoculated
intracranially by injection into the left brain hemisphere
with 50 ul BDV stock homogenate diluted in RPMI-1640.
As control, animals were mock infected with a rat brain
homogenate diluted in the same medium.

2.3. Preparation of retinae for histological and immuno-
histochemical analysis

Immediately after the death of the animals, they were
perfused transcardially with 0.1 M phosphate buffered
saline (PBS) followed by perfusion with 4% paraformalde-
hyde (PFA) in the same buffer. For detection of CD4-
positive cells, of glial fibrillary acidic protein (GFAP)
positive cells and of microglial cells, perfusion with fixative
was omitted.

Dissected retinae of animals perfused with PFA were
postfixed in the same fixative, and cryoprotected in 30%
sucrose overnight. Fixed and unfixed retinaec were embed-
ded in Tissue-Tek OCT compound (Sakura) and snap frozen
at —40 °C. Ten-micrometer-thick sections were cut with a
cryostat (Microm, Walldorf, Germany), mounted onto poly-
L-lysine coated slides and stored at —20 °C until being
used. Unfixed retina slices were fixed in 4% PFA or in
isopropyl for 5 min at room temperature prior to the staining
procedure.

2.4. Preparation of RNA

To minimize contamination of retinal tissue with intra-
vasal cells, rats were perfused with PBS. Subsequently,
eyes were enucleated, retinae dissected and stored in RNA-
later (Ambion, TX, USA) at —20 °C till RNA-extraction.
Total RNA from dissected retinae was isolated using the
RNAclean™ method (AGS, Hybaid, Heidelberg, Ger-
many) according to manufacturer’s specifications. Precipi-
tated RNA samples were dissolved in 0.5 mM EDTA and
stored at —70 °C. Quality and quantity of total RNA
prepared was evaluated photometrically and by electro-
phoresis.

2.5. Immunohistochemical and histological analysis

For histological analysis, retinae were stained either with
hematoxylin/eosin or methylene blue.

Except for the visualization with diaminobenzidine
(DAB), all steps of the immunohistochemical procedure
were performed in 0.1 M Tris-buffered saline pH 7.4
(TBS). Endogenous peroxidase activities were abolished
by incubation of the specimens with 0.3% hydrogen per-
oxide in TBS for 15 min. Unspecific binding sites were
quenched by incubation of slides in TBS containing 5%
normal goat serum (blocking solution) just prior to the
incubation of slides with primary antibodies in blocking
solution at 4 °C overnight. For detection of pan T-cells, a
monoclonal antibody (mAb) against rat a3 T-cell receptor
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(aPTCR) (clone R73; gift of J. Richt, Giessen; dilution
1:10), for detection of CD4-positive cells the mAb W3/25
(Serotec, Oxford, UK; dilution 1:500) and for detection of
cytotoxic T-cells and NK cells an mAb against CD8 (Ox8,
Serotec; dilution 1:200) was used. The CD45R antibody
(clone HIS24, pan B-cell, Pharmingen; 1:200) was used for
the detection of B-lymphocytes. Specimens from lymph
nodes processed in parallel served as positive control. For
virus antigen detection, an mAb recognizing the BDV-
nucleoprotein p40 (Bo 18; gift of J. Richt, Giessen; dilution
1:100) was used. Retinal Miiller cells were detected with a
polyclonal rabbit serum against GFAP (DAKO, Denmark)
at a 1:2000 dilution. For recognition of microglia/macro-
phages, the Ox42 antibody, specific for rat CD11b, (Serotec;
dilution 1:200) was used. Control experiments were done
either by omitting incubation with the primary antibody or
by using mouse IgG2b (Serotec; dilution 1:100) as a
primary antibody. Incubation with primary antibodies was
followed by incubation with a rat adsorbed, biotin conju-
gated goat-anti-mouse IgG (1:400, Dianova, Hamburg,
Germany) or with a biotinylated goat-anti-rabbit 1gG
(DAKO; 1:1000), respectively. Bound secondary antibodies
were revealed with an avidin—biotin—peroxidase kit (ABC,
Vector Laboratories) and DAB as a substrate.

2.6. Ribonuclease protection assay

A commercially available multiprobe template set allow-
ing generation of riboprobes to detect transcripts of inter-
leukin (IL) 1o, IL1PB, IL2, IL3, IL4, ILS, IL6, IL10, tumor
necrosis factor (TNF) o, TNFR and interferon (IFN) y was
used for the investigation of rat cytokines (rCK-1, Pharmin-
gen, San Diego, CA, USA). Plasmids used for rat chemo-
kine riboprobe synthesis are described in detail elsewhere
(Sauder et al., 2000). Partial sequences of rat XCL1 (lym-
photactin), CCL2 (monocyte chemotactic protein-1, MCP-
1), CCL4 (macrophage inflammatory protein-1p; MIP-1p),
CCLS (RANTES), CXCL10 (interferon inducible protein-
10; IP-10) and mouse L32, subcloned into pPGEM-3Z vector,
were linearized using the restriction enzyme HindlIIl. Fol-
lowing purification, the linearized plasmids were pooled as
a template set with a final concentration of 50 ng/ul each.
The ribosomal protein L32 (encoded by a housekeeping
gene) included in both the chemokine and cytokine template
set was used for normalization of expression of monitored
genes. In vitro transcription of riboprobes, hybridization and
RNase treatments were done according to the manufactur-
er’s instructions (RiboQuant™, Pharmingen). For radiolab-
eling, 100 uCi [a->*]P-UTP (3000 Ci/mmol) was used in a
final volume of 20 pl. After riboprobe transcription, tem-
plates were digested with DNase 1. Labeled probes were
extracted with phenol—chloroform, precipitated in ethanol,
dried and dissolved in hybridization buffer. Retinal target
RNA (10 pug) was vacuum dried and resuspended in 8 pl
hybridization buffer. For hybridization, radiolabeled probe
set was added at a final concentration of 4 x 10° cpm/ul for

the chemokine set and of 8 X 10° cpm/ul for the cytokine
set. Samples were denatured at 90 °C for 1-2 min, slowly
cooled to 56 °C and incubated at 56 °C in a thermocycler
for 14 to 16 h. After RNase and Proteinase K treatment, the
protected RNA was phenol—chloroform extracted, precipi-
tated, washed with ethanol, dried and resuspended in the gel
loading buffer supplied by the manufacturer. RNA was
separated electrophoretically on polyacrylamide gels con-
taining 8 M urea. Dried gels were exposed to phosphoimager
plates (Kodak). For quantitative analysis scanned images
were analyzed with the multianalyst software (Kodak, Ger-
many).

For statistical analysis, mean values of RNA expression
levels of mock-infected and BDV-infected animals were
compared by a two-tailed Student’s #-test.

3. Results
3.1. Clinical observations

All BDV-infected rats developed signs of a severe neuro-
logical disorder by day 30 after infection, with hunched
body posture, paresis of the hind limbs and rough fur.
Weight and size of the infected animals was reduced as
compared to mock-infected littermates.

Indirect ophthalmoscopic examination at survival times
ranging from 2 weeks to almost 6 months showed no
obvious signs of inflammation in the fundus of the infected
animals.

3.2. Detection of virus antigen in the retinae of infected rats

To assess the spatial and temporal distribution of BDV-
antigen in the retinae of infected rats, we performed immu-
nohistochemical staining using a mAb specifically recog-
nizing the BDV-nucleoprotein p40 that is abundantly
expressed in infected tissues (Stitz et al., 1998) (Fig. 1).

Whereas no expression of p40 protein was detectable at 14
days pi (Fig. 1A), the protein could be demonstrated in all
retinae studied at 21 days pi in the nerve fiber layer (NFL), the
ganglion cell layer (GCL) and the inner plexiform layer (IPL)
(Fig. 1B). Atday 25 pi, p40-specific staining was additionally
found in neuronal somata of the inner nuclear layer (INL) and
in the outer plexiform layer (OPL) (Fig. 1C,F). Thirty-one
days pi, all retinae investigated displayed nucleoprotein
immunoreactivity in all retinal layers, except for the photo-
receptor layer (PRL), where specific staining was virtually
absent (Fig. 1D,G). No expression of the nucleoprotein was
detected in the nonneuronal retinal pigment epithelium (RPE)
and in the lamina choriocapillaris.

3.3. Detection of lymphocytes in the infected retinae

Histological examination revealed mononuclear cells
infiltrating the retina particularly in the PRL and in close
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day 14

day 21

Fig. 1. Immunohistochemical analysis of the distribution of BDV-nucleoprotein (p40) with mAb Bol8 in retinae of mock-infected (E) and BDV-infected rats
(A-D, F, G) at different time points post infection (pi). Whereas by day 14 pi no p40 protein was detectable (A), 21 days pi neuronal somata in the ganglion
cell layer (GCL) (B, arrows), the nerve fiber layer (NFL) and the inner plexiform layer (IPL) were labeled (B, asterisks). At 25 days pi p40-immunoreactivity
was additionally found to be present in the inner nuclear layer (INL) (C, arrows). Thirty-one days post BDV-infection p40 expression was detected in the outer
plexiform layer (OPL) and the outer nuclear layer (ONL) (D, G). No p40-specific staining was found in the photoreceptor layer (PRL) (G, asterisks), the retinal
pigment epithelium (RPE) and the choroid (G). Photomicrographs E and F display cryostat sections of retinae processed on the day 25 post mock- (E) and
BDV-infection (F) counterstained with methylene blue. The scale bar depicted in panel A applies to A—F and represents 20 um. The scale bar in G represents

40 pm.

proximity to vessels in the inner plexiform layer (IPL) by
day 25 pi (not shown). To reveal the involvement of
lymphocytes in these infiltrates, immunohistochemical
examination was performed with monoclonal antibodies
against aPTCR, CD4, CDS8 and CD45R. Staining of lymph
nodes, processed in parallel with the examined retinae,
served as a positive control and revealed the tissue-specific
pattern of lymphocyte distribution. Accordingly, both B-
cells localized to follicles in the cortical zone, and T-cells
were present predominantly in paracortical areas (data not
shown).

Retinae were examined 14, 21, 25 and 31 days pi. No
lymphocytes were found in the histologically inconspicuous
retinae at 14 days post BDV-infection (not shown). Only
single T-cells were found in central retinal areas in three out
of eight retinae investigated 21 days pi (Fig. 3A).

Employing three different T-cell specific antibodies,
several T-cells/NK-cells were detected in infected rats at
days 25 and 31 pi in the inner layers (NFL, GCL, IPL) in
close vicinity to intraretinal vessels (Fig. 2A,B). Twenty-
five days pi scattered parenchymal infiltrates of T-cells were
found in all retinae investigated. Larger infiltrates, extending
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over all retinal layers, were only found in 5 out of 19 retinae
investigated 25 and 31 days pi (Fig. 2E,F). No T-cells were
detected within the retinae of mock-infected control animals
at any time point investigated (Fig. 3D). Whereas very few
T-cells (one to three T-cells per five retinal slices inves-
tigated) were detected in the underlying choroidal tissue of
the control animals, the frequency of these choroidal T-cells

was increased in the infected animals (Fig. 2C,D). Choroidal
T-cells were often observed in close relation to the blood
vessels (Fig. 2C,D). Besides an increased number of T-cells
in the outer retinal layers 31 days pi there were no obvious
differences in number and distribution of CD4-positive,
CDS8-positive or R73-positive T-cells between days 25 and
31 pi (Fig. 2A,B; Fig 3B,C). The distribution of CD4-

Fig. 2. Immunohistochemical detection of T-lymphocytes with antibodies against the a3 T-cell receptor (TCR) and CD8 in cryostat sections 25 and 31 days pi.
At both time points, the immunoreactive cells were typically localized within the inner retinal layers in close vicinity to intraretinal vessels (A, B; arrowheads).
Bulbi of BDV-infected animals displayed an increased number of choroidal T-cells located attached to and around large blood vessels (C, D; arrowheads).
Photomicrographs E and F are consecutive sections of a large retinal infiltrate, where o PTCR-immunoreactive and CD8-immunoreactive T-cells were found to
be present in all retinal layers. The scale bar in panel A applies to all images and represents 20 um; cho—choroid, ret—retina.
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Fig. 3. Detection of CD4-T-cells with the mAb W3/25 in retinal cryostat sections of BDV-infected (A—C) and mock-infected rats (D). At 21 days pi single
CD4-T-cells were found in the GCL in central retinal areas (A, arrows). Much larger numbers of CD4-positive cells were found 25 and 31 days pi (B, C). No
CD4-positive cells were found in the retinae of mock-infected animals (D). The scale bar in panel A represents 50 um. The scale bar in panel B applies to
photomicrographs B, C and D and represents 20 um; cho—choroid, n.o.—optical nerve.

positive cells correlated with the distribution of R73-pos-
itive T-cells in consecutive sections (not shown).

At day 25 pi, CD45R-positive cells, indicative of B-cells,
were predominantly found in the innermost retinal layers
similar to the localization of T-cells (Fig. 4A,B). In addition
to T-cells, an enhanced number of B-cells localized to the
choroid was observed (Fig. 4C). CD45R-positive cells were
found only rarely in rat bulbi 31 days pi.

3.4. Activation of retinal glial cells in infected rats

The involvement of retinal glial cells in the early phase of
the BDV-induced retinitis was analyzed by immunohisto-
chemistry using a GFAP-specific antibody recognizing
astrocytes and an antibody against CD11b (Ox42) as a
marker for microglia/macrophages, respectively. Staining
of retinal Miiller cells with the GFAP antiserum revealed

Fig. 4. Detection of B-lymphocytes with the CD45R specific antibody in cryostat sections of rat bulbi 25 days post BDV-infection. B-lymphocytes were
typically found to be located in the inner retinal layers (A) and in contact to intraretinal vessels (B). In the choroid (cho), an increased number of CD45R
immunoreactive cells were detected (C). The scale bar in panel A, applying to all images, represents 20 pm; ret—retina.
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an up-regulation of GFAP in these cells 25 days post BDV-
infection (Fig. 5A,B). At the same time Ox42-immunostain-
ing indicated a strong up-regulation of CDI11b in the inner
retinal layers and the appearance of macrophages in the
outer part of the BDV-infected retina (Fig. 5SD). In retinae of
mock-infected animals, only a weak Ox42-staining of single
microglial cells was observed. Macrophages were not
detected (Fig. 5C).

3.5. Cytokine expression

A commercially available multiprobe set was used to
monitor by ribonuclease protection assay (RPA) the expres-
sion profile of proinflammatory (IL1a, IL13, IL2, IL3, ILS,
IL6, TNFa, TNFR) and anti-inflammatory cytokines (IL4,
IL10) during the first 36 days after intracerebral BDV-
infection. The expression of the ribosomal protein L32 was
measured for normalization of samples. Total RNA was
prepared from retinae following perfusion of the rats. At
day 21 pi, expression of cytokine transcripts was found to be

GFAP
A
A A
A * r * *
0OX42
* *
* * *

C

unchanged in all retinae investigated except for one retina that
exhibited slightly elevated expression of mRNA coding for
IL1a, IL1B, IL6, IL10, TNFa, TNFp and IFNvy (Fig. 6A).
Enhanced expression of these transcripts was also observed
25, 31 and 36 days after BDV-infection, with the exception of
the IL6 mRNA, which was only elevated in retinac of BDV-
infected rats, sacrificed 25 and 31 days pi (Fig. 6B,C). No
constitutive cytokine mRNA-expression was found in mock-
infected animals at the stages investigated here.

At all times investigated, mRNA expression levels of
proinflammatory cytokines IL1p and TNFa appeared to be
more abundant, compared to the expression of the other
cytokine transcripts found to be elevated in the BDV-
infected retina (Fig. 6A—D).

3.6. Chemokine expression
We have shown that retinal infiltrates are characterized by

both T-cells and macrophages. To answer the question
whether T-cell and macrophage attracting chemokines are

GFAP

D

Fig. 5. Labeling of retinal Miiller cells and astrocytes with a GFAP antiserum and of microglial cells with the Ox42 antibody in retinae obtained from mock- (A,
C) and BDV- (B, D) infected animals 25 days post infection. In retinae of mock-infected animals, the GFAP antiserum only labels Miiller cell endfeet and
astrocytes in the NFL (A; asterisks) and Miiller cell processes predominantly in the IPL (A; arrowheads). After BDV-infection, Miiller cells display an
enhanced GFAP-expression throughout all retinal layers (B). In control animals, only a few single microglial cells, located in the NFL, GCL and IPL, express
Ox42 (C; asterisks). A dense network of microglial cells was labeled in the BDV-infected retina (D). In the outer retinal layers, several more round shaped,
Ox42-immunoreactive macrophages were observed (D, arrowheads). The scale bar in panel A, applying to all images, represents 20 pm.
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Fig. 6. Kinetics of expression of various cytokine genes in retinae of BDV-infected Lewis rats analyzed by RPA. Total RNA samples (10 pug) from whole
retinae of mock-infected (m.i.) and BDV-infected rats sacrificed at 21, 25, 31 and 36 days pi were subjected to RPA. Notations on the left of the first
autoradiograph indicate positions of the undigested probes (A; p). The identities of the protected probes hybridized with cytokine transcripts obtained from
BDV-infected or mock-infected (m.i.) retinae each are indicated on the right (A—D). Expression of L32 transcripts was used for normalization of expression of
monitored cytokine genes. Densitometric quantification of the cytokine gene expression at 25, 31 and 36 days pi is given below the autoradiographs. Black
columns represent mean values (+ S.E.M.) from BDV-infected animals, white columns represent mean values (= S.E.M.) from mock-infected animals.

*Differences are statistically significant at P<0.05.

expressed in infected retinae, RPA for a number of chemo-
kines were performed. Chemokines are low molecular weight
chemotactic cytokines. Based on the position and the number
of their first conserved cysteine residues they are classified
into four groups, CXC, CX;5C, CC and C (Zlotnik and Yoshie,
2000). Most CC chemokines, such as CCL2, CCL4 and
CCLS are chemoattractants for monocytes. CCL2 and
CCLS5 also attract T-cells. The CXC-chemokine CXCLI10 is
particularly involved in the recruitment of activated T-cells
and NK-cells. The only known member of the C-chemokine
family in rodents, XCL1, seems to play a role in attraction of

both T-cells and macrophages (for review see Hesselgesser
and Horuk, 1999).

To study chemokine gene expression in retinae of BDV-
infected rats, we used an RPA multiprobe set that allows the
analysis of transcripts of rat chemokine genes coding for
XCL1, CCL2, CCL4, CCL5 and CXCLI10. Retinaec were
investigated 25 days pi, i.e., when lymphocytes were first
found to infiltrate the BDV-infected retinae, and 36 days pi.
None of the chemokines investigated was found to be
expressed in control retinae. Twenty-five days after infec-
tion, expression of all chemokine transcripts investigated
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Fig. 7. Kinetics of expression of various chemokine genes in retinae of BDV-infected Lewis rats analyzed by RPA. Autoradiographs depicted display RPA-
analysis of total RNA, isolated 25 and 36 days post mock-infection (m.i.) or BDV-infection. Denomination of the protected probes is given in B. Columns
indicate mean values ( = S.E.M.) of relative RNA-content calculated by normalizing the band intensities against the corresponding L32 transcript levels. See
Section 2.6 for further information. *Differences are statistically significant at 7 <0.001.

was markedly increased with expression being most prom-
inent for CXCL10, CCL2 and CCL4 (Fig. 7A). In retinae
investigated at day 36 pi, expression of the latter two
chemokines was reduced to levels comparable to XCLI
and CCLS5 (Fig. 7B). CXCL10-expression also decreased at
this time point but was still remarkably higher than expres-
sion of the other chemokines investigated (Fig. 7B).

4. Discussion

Our previous studies, analyzing the BDV-induced reti-
nitis at 5 weeks to 8 months pi, revealed a strong activation
of resident microglia and macrophages accompanied by a
massive degeneration of all retinal neurons (Kacza et al.,
2000, 2001).

The present study was performed to address the question
whether this picture represents a region-specific primary
reaction, where T-cell independent mechanisms might be
active, or alternatively, the result of a pathogenic process
comparable to that observed in the brains of BDV-infected
Lewis rats.

In all retinac of animals sacrificed 21 days or later
following intracranial BDV-infection, the viral nucleopro-
tein was detected by immunocytochemistry. Nucleoprotein
immunoreactivity was first found in the NFL and the GCL,
indicating the optic nerve as the entrance route of infectious
BDV. This observation is consistent with earlier findings in
rabbits, where dissection of the optic nerve prevented retinal
infection and subsequent retinopathy (Krey et al., 1979b).

The failure to detect the nucleoprotein in adjacent choroid
tissue, and the observed stepwise spread of nucleoprotein
expression towards the outer retinal layers further support
the transneuronal trafficking of infectious virus towards and
inside the retina.

The neurodegenerative effects in the brain of BDV-
infected rats have been shown to be the result of a T-cell-
mediated delayed-type hypersensitivity reaction in which
CDS8 T-cells are the main effector cells triggering the
immune response (Stitz et al., 1995). Here we show, for
the first time, the entry of CD8 and apTCR expressing
lymphocytes into the BDV-infected retina. The typical
localization of these T-cells within the vascularized inner
retinal layers permits the assumption that these T-cells enter
the retina via the endothel of intraretinal blood vessels.
Activated T-cells are able to bind to RPE cells (Mesri et al.,
1994) and transmigrate through the RPE-mediated blood—
retina barrier following activation of the RPE cells by IFN-y
(Devine et al., 1996). The observed accumulation of cho-
roidal T-cells and of a few T-cells located in the PRL
indicate that the Bruch’s membrane and the RPE cells
may constitute a second entrance route of lymphocytes
during retinal BDV-infection.

Consistent with earlier observations in the brains of
BDV-infected rats (Deschl et al., 1990; Hatalski et al.,
1998), B-cells were detected in the BDV-infected retina
25 days pi. In contrast to these studies, describing an
increase in the number of B-cells/plasma cells during the
acute stage of BD, in the retina only rare B-cells were
detected 31 days pi. Notably, the antibody used in our
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experiments does recognize the B-cell form of leucocyte
common antigen, therefore labeling premature B-lympho-
cytes but no mature B-cells and plasma cells (Kroese et al.,
1987). For this reason, the presence of the latter at 31 days
pi cannot be excluded.

Invasion of T-cells into the brain is absent or significantly
reduced in immunosuppressed BDV-infected rats (Narayan
et al., 1983a,b) as well as in neonatally infected rats, which
develop immunotolerance (Herzog et al., 1984). Whereas
several factors such as the proinflammatory cytokines
TNFa, IL1a/B and IL6, and the chemokines CXCLIO,
CCLS5 and CCL4 are still expressed in the brains of these
animals (Morimoto et al., 1996; Sauder and de la Torre,
1999; Hornig et al., 1999; Sauder et al., 2000), the lympho-
kine IFN-y is exclusively expressed in the brains of immu-
nocompetent animals which develop a strong T-cell
response (Morimoto et al., 1996).

In addition to the proinflammatory cytokines IL1a/(,
IL6, TNFa and P, also IFN+y was expressed as early as at
day 21 post BDV-infection in one out of seven retinae
investigated. It is conceivable that IFN+vy, most likely
secreted by intraretinal or intrachoroidal T-cells/NK cells,
triggers changes at the blood—retina barrier that subse-
quently facilitate additional accumulation of T-cells in the
retina. At day 25 pi, expression of the proinflammatory
cytokines IL1a/P, IL6, TNFa and B, IFNy was up-regu-
lated in all retinae investigated. At this time point, several T-
cells and macrophages were found in the retinae of infected
animals suggesting that these infiltrating cells contribute to
the observed cytokine expression within in the CNS (Zhao
and Schwartz, 1998; Munoz-Fernandez and Fresno, 1998).

Results obtained from several brain regions of neonatally
BDV-infected rats, suggest that the increased expression of
cytokines IL1a/p, IL6 and TNFa in these regions is
mediated by reactive astrocytes and microglia (Sauder and
de la Torre, 1999). After induction of experimental auto-
immune uveitis (EAU), retinal astroglia and microglia
release proinflammatory cytokines IL1p and TNFa (Gulla-
palli et al., 2000). In the BD V-infected retina, Miiller cells as
well as microglia are activated as evidenced by up-regulated
GFAP and Ox42 immunoreactivity, respectively. RPE cells,
specialized glial cells, presumably present in the retinal
tissue preparations used for RNA-extraction, are capable
of cytokine expression. TNFa is constitutively released by
RPE cells in the rat retina (de Kozak et al., 1994). Among
certain other cytokines, IL1 and IL6 were found to be
released by RPE cells upon stimulation with IL1 and TNFa
(reviewed in Holtkamp et al., 2001).

The second clinical stage of BDV-infected animals is
characterized by an increase of cytokines such as IL4 and
TGFp, involved in the down-regulation of the cellular
immune response. In the brain, both Th2-cytokines were
slightly enhanced already during the acute phase of BD
(Hatalski et al., 1998). In contrast to [L4-expression, IL10-
expression was slightly enhanced 21, 25, 31 and 36 days
post BDV-infection. IL10 belongs to the group of cytokines

typically expressed by CD4 + Th2 cells. However, resident
cells, in particular, retinal microglia (Broderick et al., 2000)
cannot be excluded as potential source of IL10-mRNA.

Finally, we investigated the expression of chemokines
primarily acting on T-cells and macrophages. We found a
high conformity of the chemokine pattern in the retina with
that previously described in the brain of BDV-infected rats
(Sauder et al., 2000). As in the brain the CXCL10 gene was
expressed more prominently than other chemokine genes in
the BDV-infected retina. Prominent expression of CXCL10
has also been observed in brains of mice infected with
lymphocytic choriomeningitis virus, mouse adenovirus type
1 or mouse hepatitis virus (Asensio and Campbell, 1997;
Charles et al., 1999; Lane et al., 1998). Thus, the chemokine
gene expression pattern in the BDV-infected retina displays
similarities to a chemokine expression profile frequently
observed in virus-induced CNS inflammation.

With the exception of XCLI1, expression of all chemo-
kines investigated can be attributed to astrocytes and micro-
glia activated in response to viral infections (for review see
Glabinski and Ransohoff, 1999).

While CXCL10 has previously been found to be present
in the aqueous humor of patients suffering from acute
anterior uveitis (Verma et al., 1997) or from diabetic retin-
opathy (Elner et al., 1998), in this study CXCL10-expression
could for the first time be directly localized to the retina.
Sauder et al. (2000) provided evidence, supporting the
conclusion that astrocytes represent the major source of
CXCLI10 gene expression in the BDV-infected rat brain. A
particular prominent expression of CXCL10 was found in the
cerebellar Bergmann glia. These astrocytes share a variety of
similarities with retinal Miiller cells, suggesting the latter, in
addition to retinal astrocytes, as a possible source of the
retinal CXCL10-expression observed in our study.

CCL2 and CCL4, two other chemokines found to be
markedly elevated in the BDV-infected retina, were shown
to be expressed by human RPE cells and by retinal endo-
thelial cells upon stimulation with IL1p and TNFa (Crane et
al., 2000). Furthermore, in the rabbit retina, IL13 was
shown to be capable of inducing the expression of CCL2
by perivascular macrophages and astrocytes (Cuff et al.,
2000).

Since we observed an elevated expression of IL13 and
TNFa in infected retinae, it is likely that these molecules
contribute to the triggering of retinal chemokine gene
expression.

The expression of chemokines does not seem to depend
strictly on induction by cytokines. In the brains of triple
knockout mice, lacking T- and B-cells and functional IFNvy-
and IFNa/p-receptors, the expression of CXCL10 and
CCLS5 is markedly induced after BDV-infection, suggesting
that BDV is able to activate the expression of these two
chemokines through alternative signaling pathways (Sauder
et al., 2000). In brains of the mentioned triple knockout
mice, only few scattered CXCL10-expressing astrocytes
were found. The presence of functional IFNa/B-receptors
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enhanced the number of these CXCL10-positive cells,
suggesting that virus-induced IFN might serve to amplify
CXCL10-synthesis in BDV-infected brains (Sauder et al.,
2000). BDV-infected neurons, extremely abundant and dis-
tributed fairly evenly, probably do not contribute to the
production of chemokine inducing factors, since CXCL10-
positive astrocytes were found only scattered in the brains of
the triple knockout animals infected with BDV (Sauder et
al., 2000).

In conclusion, we found a striking similarity between the
retina and the brain of BDV-infected rats with respect to
cytokine and chemokine expression profiles, recruitment of
infiltrating immune cells, and activation of resident cells.
The early appearance of CD4-positive and CD8-positive T-
cells and the expression of T-cell specific cytokines as IFNvy,
TNF@R and IL10 differ from the observations in the brains of
immunotolerant BDV-infected rats. This suggests identical
immunopathological mechanisms to be operative in both the
brain and the retina of infected immunocompetent rats.

The retina represents a suitable model region for inves-
tigations in the CNS, because of its well defined laminated
organization and the exposed position, permitting clinical
examination. These retinal advantages together with the data
presented here emphasize the BDV-infected retina as a
valuable model to study interactions of neural cells and
the immune system.
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