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Neonatal Borna Disease Virus (BDV) infection of the Lewis rat brain, leads to Purkinje cell
degeneration, in association with astroglial activation. Since astroglial gap junctions (GJ) are
known to influence neuronal degeneration, we investigated BDV dependent changes in
astroglial GJ connexins (Cx) Cx43, and Cx30 in the Lewis rat cerebellum, 4, and 8 weeks after

Keywords: neonatal infection. On the mRNA level, RT-PCR demonstrated a BDV dependent increase in
Astroglia cerebellar Cx43, and a decrease in Cx30, 8, but not 4 weeks p.i. On the protein level, Western blot
Gap junction analysis revealed no overall upregulation of Cx43, but an increase of its phosphorylated forms,
Connexin 8 weeks p.i. Cx30 protein was downregulated. Immunohistochemistry revealed a BDV

Borna Disease Virus dependent reduction of Cx43 in the granular layer (GL), 4 weeks p.i. 8 weeks p.., Cx43
immunoreactivity recovered in the GL, and was induced in the molecular layer (ML). Cx30
revealed a BDV dependent decrease in the GL, both 4, and 8 weeks p.i. Changes in astroglial Cxs
correlated not with expression of the astrogliotic marker GFAP, which was upregulated in radial
glia. With regard to functional coupling, primary cerebellar astroglial cultures, revealed a BDV
dependent increase of Cx43, and Cx30 immunoreactivity and in spreading of the GJ permeant
dye Lucifer Yellow. These results demonstrate a massive, BDV dependent reorganization of
astroglial Cx expression, and of functional GJ coupling in the cerebellar cortex, which might be

Cerebellum

of importance for the BDV dependent neurodegeneration in this brain region.
© 2008 Elsevier B.V. All rights reserved.

1. Introduction dependent Purkinje cell death, such as reduced levels of
neurotrophin receptors, and increased rates of apoptotic cell

Neonatal infection of the Lewis rat brain with the Borna Disease death, are well characterized (Zocher et al., 2000), the role of

Virus (BDV), is a model system to study the consequences of
persistent viral infections for brain function, morphology, and
behaviour (Pletnikov et al. 2001, 2002; Lancaster et al., 2006; for a
review see Hornig et al. (2003)). Amongst others, neonatal BDV
infections cause a loss of Purkinje neurons, and induce
sensorimotor deficits, characteristic for impaired cerebellar
functions (Bautista et al., 1994; Eisenman et al., 1999; Pletnikov
et al.,, 2001). Although some of the neuronal aspects of BDV
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astroglial changes is far from being clear.

In the healthy brain, astrocytes are important for the
maintenance of CNS homeostasis (Schousboe and Waagepeter-
sen, 2005), and for long range calcium signalling (Scemes et al.,
1998; Schipke et al., 2002). Since synapses are often enwrapped
by astrocytic processes, astrocytes are thought to modulate
synaptic transmission (Ventura and Harris, 1999). Also cerebellar
Purkinje neurons are ensheathed by astroglial endfeet, which

Abbreviations: BDV, Borna Disease Virus; BDV-p40, BDV Nucleoprotein 40; Cx, connexin; GFAP, glial fibrillar acidic protein; GJ, gap
junction; GL, granular layer; LY, Lucifer Yellow; ML, molecular layer; p.i., post infection
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probably modulate synaptic activity, and wiring (Meshul et al,,
1987), as well as electrophysiological characteristics of the
cerebellar cortex (Drake-Baumann and Seil, 1999). By previous
reports, markers of reactive astrogliosis, like vimentin, and
GFAP, have been demonstrated to be induced by persistent BDV
infection (Carbone et al., 1989, 1991), suggesting a role of
astrocytes during BDV dependent neuron degeneration.
Astrocytes are coupled by gap junctions (GJ), and GJ coupling
isknown to affect most astroglial functions (Charles et al., 1992;
Farahani et al., 2005; Froes and de Carvalho, 1998; Naus and
Bani-Yaghoub, 1998; Naus et al., 1999; Rozental et al., 2000a;
Spray et al., 1999; Stout et al., 2002; Tabernero et al., 2006; Ye et
al.,, 2003). GJs mediate the direct cytoplasmic contact between
adjacent astrocytes, thereby integrating them into a functional
syncytium. Within this syncytium, neurotransmitters, meta-
bolites, waste products, and ions are exchanged, resulting in
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spatial buffering of local concentration changes of these
substances (Froes and de Carvalho, 1998; Spray et al., 1999).
GJs are formed by connexins (Cx), a protein family with
more than 20 members, which are classified by their theore-
tical molecular weight (see S6hl and Willecke (2003) for a
review). Therefore the molecular weight of the predominant
astroglial Cx subtype Cx43, is around 43 kDa, whereas that of
Cx30, another astroglial Cx, is around 30 kDa (Altevogt and
Paul, 2004; Dermietzel et al., 2000; Nagy et al., 2001, 2003). Also
cerebellar astrocytes are known to express cx43 (Micevych and
Abelson, 1991; Belliveau and Naus 1995), whereas only limited
information exists on Cx30 in that brain region (Condorelli
et al., 2002). However, in other brain regions, Cx30 is
preferentially localized in astrocytes (Nagy et al., 1999). Despite
its astroglial expression, during kainate-induced seizures in
the rat brain, Cx30 mRNA levels are also induced in neuronal
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Fig. 1 - Confirmation of successful BDV infection in the brain samples investigated, by standard, and nested RT-PCR, and by
histological analysis. (A) Fluorescence image of an ethidium bromide stained agarose gel, demonstrating BDV-p40 specific
reaction products 4 weeks p.i., to be obtained only from RNA samples of BDV-infected, but not of control treated animals. (B)
Also 8 weeks p.i., BDV-p40 specific PCR bands are obtained exclusively from brain samples of BDV-infected animals. (C-F)
Morphological differences between the cerebellar cortex of non-infected (C, E), and BDV-infected (D, F) Lewis rats, 4 (C, D), and
8 (E, F) weeks p.i. 4 weeks p.i., in BDV-infected rats, a reduction of Purkinje neurons can be observed, whereas 8 weeks p.i.,
Purkinje neurons are almost completely lost. Bar=100 pm; bp = base pairs; GL = granular layer; ML = molecular layer;
Arrowhead = intact Purkinje neurons; double Arrow = degenerating Purkinje neurons. M=100 bp marker; p.i. = post infection.
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cells, undergoing apoptotic cell death (Condorelli et al., 2002), a
feature that might be also of importance for the present study.

A special type of astrocyte-like radial glia in the cerebellar
cortex are Bergmann glia cells, cell bodies of which are found
adjacent to Purkinje cells. They extend long radial processes
into the molecular layer (ML) of the cerebellar cortex, where
they ensheathe the synapses formed between parallel fibers,
and Purkinje cell dendrites. Although Bergmann glia are
known to be electrically coupled by GJs (Miller et al., 1996),
Cx types expressed in these cells have not yet been clarified
except for Cx29 in mice (Eiberger et al., 2006).

From previous studies by other groups, several infectious
agents like protozoans, and bacteria, have been demonstrated
to change astroglial coupling, and Cx expression (Campos de
Carvalho et al., 1998; Esen et al., 2007). However, although
astrocytes are primary sites of BDV replication (Carbone et al.,
1989, 1991), and BDV is known to modulate astroglial
functioning (Billaud et al., 2000), effects of persistent viral
infections, on astroglial GJs have been reported only very
recently (Koster-Patzlaff et al., 2007; Fatemi et al., 2008;

8 weeks p.i.

Eugenin and Berman, 2007). In a previous study, we have
analyzed BDV dependent changes in astroglial Cx expression
in the hippocampal formation, another brain region being
affected by persistent BDV infections (K&ster-Patzlaff et al.,
2007). In the present study, we analyze the expression of Cx43
and Cx30, as well as the astrogliotic marker GFAP during BDV
dependent Purkinje cell degeneration in vivo, and of BDV
dependent changes in functional GJ coupling in primary
cerebellar astroglial cultures in vitro.

2. Results

2.1. Verification of BDV infections by RT-PCR and
morphological effects

Persistent BDV infection of the brain samples used here, was
verified by amplification of cDNA fragments, specific for the
BDV nucleoprotein BDV-p40, by a standard, and a nested RT-
PCR protocol (Figs. 1A and B). Both, 4, and 8 weeks p.i., BDV-p40
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Fig.2 - Expression of Cx43 and Cx30 mRNAs in the cerebellar cortex of BDV-infected, and non-infected Lewis rats, 8 weeks p.i.,
as revealed by RT-PCR. (A) Ethidium bromide stained agarose gel of an RT-PCR, for the detection of Cx43 in total RNA of the
cerebellar cortex, from non-infected control animals, and BDV-infected rats, 8 weeks p.i. (B) Ethidium bromide stained agarose
gel of an RT-PCR, for the detection of Cx30, in total RNA of the cerebellar cortex, from non-infected control animals, and
BDV-infected rats, 8 weeks p.i. (C) Ethidium bromide stained agarose gel, of an RT-PCR for the detection of GAPDH in total RNA,
from the cerebellar cortex, of non-infected control animals, and BDV-infected rats, 8 weeks p.i. (D) Graph of the statistical
evaluation, of the intensity of Cx43 specific PCR bands, shown in (A), compared to the corresponding bands of GAPDH, as shown
in (C). (E) Graph of the statistical analysis, of the densitometric evaluation of Cx30 specific PCR bands, shown in (B), compared
to the corresponding bands of GAPDH, as shown in (C). Whereas the mRNA expression of Cx43 is significantly increased, mRNA
of Cx30 shows a BDV dependent decrease, 8 weeks p.i. Error bars = standard deviation, **p<0.01.
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amplification products could be detected by standard, and
nested RT-PCR in RNA samples of BDV-infected brains, but not
of non-infected controls. In addition, morphological analysis
of hematoxylin/eosin stained histological sections (Figs. 1C-F),
demonstrated a decrease in numbers of Purkinje cells in
neonatally BDV-infected Lewis rats (Figs. 1D, F), as compared
to non-infected controls (Figs. 1C, E), which was most promi-
nent 8 weeks p.i. (Fig. 1F).

2.2. BDV dependent changes in expression of Cx43 and
Cx30 as revealed by RT-PCR

As shown by RT-PCR using total RNA of the cerebellar cortex
from BDV-infected, and non-infected rats, 8 weeks p.i. (Fig. 2A),
Cx43 mRNA was induced in RNA samples of BDV-infected rats,
as compared to those from non-infected controls. In contrast to
that, mRNA expression of Cx30 was reduced by BDV, as revealed
by RT-PCR, using total RNA from the cerebellar cortex of BDV-
infected, and non-infected rats, 8 weeks p.i. (Fig. 2B). As loading
control, RNA-expression of the housekeeping gene GAPDH was
investigated in the same samples (Fig. 2C). Statistical analysis of
the optic density of Cx specific PCR bands, confirmed the BDV
dependent expression changes to be significant (Figs. 2D and E).
Similar experiments, with samples from 4 weeks p.i., revealed no
BDV dependent changes of either Cx43, or Cx30 (data not shown).

2.3. BDV dependent changes in expression of Cx43 and
Cx30 as revealed by Western blot analysis

As revealed on the protein level by Western blot analysis, using
samples of animals 8 weeks p.i., overall Cx43 immunoreactivity
was not significantly changed (p=0.055) by BDV infections,
compared to samples of non-infected controls (Fig. 3A). Instead,
an increase of those Cx43 specific bands, representing the
phosphorylated active form of this molecule, could be observed.
In contrast to that, immunoreactivity for Cx30 was reduced in
cerebellar protein samples from BDV-infected rats, 8 weeks p.i,,
thereby confirming the findings on the mRNA level (Fig. 3B). In
this case, the housekeeping gene p-actin, was analyzed as a
loading control (Fig. 3C). Statistical analysis of the optic density of
Cx specific immunoreactive bands, confirmed the BDV depen-
dent expression changes to be significant (Fig. 3D, E, and F).
Similar experiments with samples from 4 weeks p.i., revealed no
BDV dependent changes of either Cx43, or Cx30 (data not shown).

2.4. BDV dependent layer specific changes in Cx43
immunoreactivity in the rat cerebellar cortex as
revealed by immunofluorescent staining

To detect BDV dependent changes in Cx43 expression in
different layers of the cerebellar cortex, patterns of Cx43
immunoreactive plaques in the cerebellar cortex of BDV-
infected, and non-infected rats, was investigated by indirect
immunofluorescent staining (Figs. 4A-]). In cerebellar sec-
tions of non-infected control animals, 4 weeks p.i. (Figs. 4A
and C), only few, and weakly stained Cx43 immunoreactive GJ
plaques were detectable in the ML, whereas in the granular
layer (GL), high numbers of strongly stained Cx43 immuno-
positive GJ plaques, could be observed. In the brains of BDV-
infected rats, 4 weeks p.i. (Figs. 4B and D), abundance of Cx43

immunoreactive GJ plaques, remained low in the ML, and was
greatly diminished in the GL, as compared to non-infected
controls (Figs. 4A, and C).

8 weeks p.i., in sections of non-infected animals (Fig. 4E and
G), abundance of Cx43 immunoreactive GJ plaques was low in
ML, and high in GL. In corresponding sections of BDV-infected
rat brains (Figs. 4F and H), staining for Cx43 remained high in
the GL, and revealed a massive induction in the ML. Distribu-
tion of Cx43 positive GJ plaques in the ML, suggests them to be
located in radial glia cells (Fig. 4H). Changes in immunohisto-
chemical staining intensities for Cx43 in the different layers of
the cerebellar cortex were determined densitometrically,
followed by statistical evaluation, confirming all described
changes to be significant (Fig. 41, and J). An overview on BDV
dependent changes in immunohistochemical staining for
Cx43, is also given in Table 1.

2.5. BDV dependent layer specific changes in Cx30
immunoreactivity in the rat cerebellar cortex as revealed by
immunoperoxidase staining

Also Cx30, another astroglial Cx subtype, revealed BDV depen-
dent spatial and temporal expression changes, as shown by
immunoperoxidase staining (Figs. 5A-]). Thus, in the brain of a
non-infected control animal (Figs. 5A and C), almost no Cx30
immunoreactive GJ plaques were observed in the ML, whereas
in the GL, strong Cx30 specific immunoreactivity was detectable
4 weeks p.i. In BDV-infected animals (Figs. 5B and D) this pattern
was not changed for the ML, however, in the GL, immunor-
eactivity for Cx30 was nearly entirely lost 4 weeks p.i.

In control treated animals, 8 weeks p.i., a similar pattern
could be observed, with high Cx30 specific immunoreactivity in
the GL, and a lack of Cx30 specific immunoreactivity in the ML
(Figs. 5E and G). In BDV-infected animals at this late time point
(Figs. SF and H), Cx30 specific immunoreactivity was nearly
entirely lost in the GL, and remained undetectable in the ML.

Changes in immunoperoxidase staining for Cx30 in the
different layers of the cerebellar cortex, were determined
densitometrically, followed by statistical evaluation, which
confirmed the described changes to be significant (Figs. 5I,
and J). An overview on BDV dependent changes in immuno-
histochemical staining for Cx30, is also given in Table 1.

2.6. Immunofluorescent detection of BDV dependent
changes in the expression of glial fibrillar acidic protein
in the rat cerebellar cortex

Since persistent BDV infection is known to result in astrogliosis,
an important question was, whether changes in cerebellar
astroglial GJ expression could be correlated to BDV dependent
astrogliotic changes. To clarify this point, expression of the
astrogliotic marker glial fibrillar acidic protein (GFAP) was
analyzed in the cerebellar cortex of BDV-infected, and corre-
sponding control animals, 4, and 8 weeks p.i. by immunofluo-
rescent detection (Figs. 6A-E). Whereas 4 weeks p.i., staining
intensity of GFAP in radial glial processes of the cerebellar
cortex of BDV-infected rats was only moderately increased,
as compared to non-infected animals (Figs. 6A, and B),
8 weeks p.i., this increase was much stronger (Figs. 6C,
and D). A similar increase in GFAP immunoreactivity, could
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Fig. 3 - Investigation of the immunoreactivity for Cx43 and Cx30, in the cerebellar cortex of BDV-infected, and non-infected Lewis
rats, 8 weeks p.i., by Western blot. (A) ECL exposure of a Western blot, for the detection of cerebellar Cx43 in whole cell extracts, from
non-infected control animals, and BDV-infected rats, 8 weeks p.i. (B) ECL exposure of a Westemn blot, for the detection of cerebellar
Cx30, in whole cell extracts from non-infected control animals, and BDV-infected rats, 8 weeks p.i. (C) ECL exposure of a Western blot,
for the detection of cerebellar B-Actin, in whole cell extracts from non-infected control animals, and BDV-infected rats 8 weeks p.i.
(D) Graph of a statistical evaluation, of the intensity of the Cx43 specific protein bands, shown in (A), compared to the corresponding
bands of B-Actin, shown in (C). (E) Graph of the statistical evaluation, of the ratio between the intensity of the phosphorylated active
form of Cx43, and the non-phosphorylated inactive form of this molecule, as shown in (A). Whereas immunoreactivity for Cx43 was
not altered in the BDV-infected cerebellar cortex, a BDV dependent shift from the non-phosphorylated inactive form, to the
phosphorylated active form of Cx43, could be observed. (F) Graph of the statistical evaluation of the intensity of the Cx30 specific
protein bands, shown in (B), compared to the corresponding bands of B-Actin, shown in (C). Cx30 immunoreactivity is decreased in the
cerebellar cortex of BDV-infected rats. Error bars = standard deviation, *p<0.05.

also be observed in astrocytes in the GL, 4, and 8 weeks p.i. ing for GFAP in the ML of the cerebellar cortex, were also
(Figs. 6A-D). Thus, expression of GFAP is indeed induced in densitometrically analyzed, and statistically evaluated, con-
the cerebellar cortex of BDV-infected rats, suggesting a direct, firming the described changes to be significant (Fig. 6E). An

or inverse correlation to the expression pattern of Cx43, or overview on BDV dependent changes in immunohistochem-
Cx30 respectively. Changes in immunofluorescent stain- ical staining for GFAP is given in Table 1.



148

BRAIN RESEARCH 1219 (2008) 143-158

Fluorescence Intensity

(arbitrary units)

Cx43 4 weeks-'p.i. /. ;.7 Control

SGL;

Cx43 8 weeks p.i., -

- G 4
S
ok

IHC CX43 - Mean = SD
4 weeks p.i. n=24
1,00E+06 -
8,00E+05
6,00E+05 -
*kk

4,00E+05 *
2,00E+05
0,00E+00

CON BDV CON BDV

ML GL

Fluorescence Intensity

(arbitrary units)

IHC Cx43 Mean + SD
8 weeks p.i. n=24

7,00E+05
6,00E +05 -
5,00E+05 - *k
4,00E+051
3,00E+05 1
2,00E+05 -
1,00E+05
0,00E+00

CON BDV CON BDV

ML GL



BRAIN RESEARCH 1219 (2008) 143-158 149

2.7. BDV dependent changes of functional GJ coupling in
primary cerebellar astroglial cultures

To clarify, whether the BDV dependent changes in Cx ex-
pression, described above, lead also to altered functional GJ
coupling, an in vitro system of primary cerebellar astroglial
cultures was established. As shown in Figs. 7A, and B, repeated
incubation of these cultures with BDV, lead to successful
infection, since, compared to non-infected control cultures,
BDV-infected cultures revealed increased immunoreactivity
for an antibody directed to the viral BDVp40 protein. Astroglial
nature of the cells used for this study, was verified by
immunocytochemical staining for the astrogliotic marker
protein GFAP. Both, control cultures (Fig. 7C), and BDV-
infected cells (Fig. 7D) revealed strong GFAP immunoreactivity.
This was accompanied by an increase in immunoreactivity for
Cx43 (Figs. 7E and F), and also of Cx30 (Figs. 7G, and H). In
addition, Western blot analysis revealed an increase in
immunoreactivity for both, Cx43, and Cx30, as well as an
increase in the phosphorylated forms of Cx43 (Inset in Figs. 7F
and H). As a loading control immunoreactivity for p-actin was
investigated, which was not changed at all (data not shown).
To asses BDV dependent changes in functional GJ coupling,
BDV-infected primary cerebellar astroglial cultures were ana-
lyzed by the scrape loading technique, for their capability of
intercellular transfer of the GJ permeant fluorescent dye Lucifer
yellow (LY), to neighbouring cells. As shown in Fig. 8A, non-
infected primary cerebellar astroglial cells, revealed spreading
of LY to neighbouring cells. In BDV-infected cultures, inter-
cellular spreading of LY was significantly enhanced (Figs. 8B, C).

3. Discussion

The present study demonstrates BDV dependent Purkinje cell
degeneration, to be associated with changes in expression,
and function of astroglial GJ proteins Cx43, and Cx30, in the
Lewis rat cerebellar cortex, and in primary cultures of
cerebellar astroglial cells. These changes included: 1.) a global
increase of Cx43 mRNA, and a decrease of the mRNA coding
for Cx30, as revealed by RT-PCR. 2.) An increase in the
phosphorylated active forms of Cx43 protein, and a global
decrease of Cx30 protein expression, as revealed by Western
blot analysis. 3.) A decrease of both Cx30, and Cx43 immuno-
reactivity in the GL of BDV-infected rats, 4 weeks p.i. 4.) An
induction of Cx43, but not of Cx30 in the ML of BDV-infected
rats, 8 weeks p.. 5.) An induction of the astrogliotic marker

Table 1 - Region specific changes in immunoreactivity
for the astroglial gap junction proteins Cx43, and Cx30,

and for the intermediate filament protein GFAP, in the
BDV-infected rat cerebellar cortex

CON BDV
Cx43
4 weeks p.i. ML + -
GL +++ +
8 weeks p.i. ML + ++
GL +++ +++
Cx30
4 weeks p.i. ML - -
GL +++ +
8 weeks p.i. ML - -
GL +++ +
GFAP
4 weeks p.i. ML + ++
GL + ++
8 weeks p.i. ML + +++
GL + +++

+++ = high immunoreactivity , ++ = medium immunoreactivity, + =
low immunoreactivity, — = no immunoreactivity; GL = granular
layer, ML = molecular layer.

protein GFAP, in ML, and GL of BDV-infected rats 4, and
8 weeks p.i. 6.) Increased functional coupling, as revealed by
intercellular transfer of the GJ permeant dye LY, in BDV-
infected primary cerebellar astroglial cultures.

An important point that should be discussed right at the
beginning, is, that for both expression levels of Cx43, and of
Cx30, depending on the particular method used, somewhat
inconsistent results were obtained. Thus, although expression
of Cx30 in the GL was reduced, as demonstrated by immuno-
cytochemistry 4 weeks p.., this was not paralleled by a
decrease on either the mRNA level, or the protein level,
when Western blotting and RT-PCR was applied. With regard
to this point, it should be noted that the variability of the
signals obtained by RT-PCR, and Western blot analysis,
4 weeks p.i.,, was much greater, than that observed 8 weeks
p.i. A possible explanation for this finding could be that,
depending on Cx turnover variable amounts of Cx protein
are located in intracellular stores, such as the endoplasmic
reticulum, or the Golgi apparatus. These molecules might be
detected by Western blot, but not by immunocytochemistry.
Also the lack of differences in Cx43 mRNA and protein
detected 4 weeks p.i. by Western blot and RT-PCR, despite an

Fig. 4 - Immunofluorescent detection of Cx43, in histological sections of the cerebellar cortex, of control treated, and
BDV-infected Lewis rats, 4, and 8 weeks p.i. (A, B) Overview on Cx43 immunofluorescence, in the cerebellar cortex of a control
treated (A), and a BDV-infected (B) rat brain, 4 weeks p.i. (C, D) Detailed view of Cx43 immunofluorescence, in the cerebellar
cortex, of a control treated (C), and a BDV-infected (D) rat brain, 4 weeks p.i. (E, F) Overview on Cx43 immunofluorescence, in the
cerebellar cortex of a control treated (E), and a BDV-infected (F) rat brain, 8 weeks p.i. (G, H) Detailed view of Cx43
immunofluorescence, in the cerebellar cortex of a control treated (G), and a BDV-infected (H) ratbrain, 8 weeks p.i. (I, J)) Graphs of
the statistical analysis, of a densitometric evaluation of the staining intensity, at 6 accidentally chosen areas, in a series of 4
immunostainings, as shown in (A-H). 4 weeks p.i., Cx43 immunoreactivity is significantly reduced in both, GL, and ML of
BDV-infected animals. 8 weeks p.i., Cx43 immunoreactivity is induced, in ML, but not in GL of BDV-infected animals.
Arrowhead = Purkinje neurons. GL = granular layer, ML = molecular layer, Bar represents 200 pm in A, B, E, and F, and 50 ym in G,

D, G, and H. Error bars = standard deviation, *p<0.05, **p<0.01.
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Fig. 6 - Immunofluorescent detection of the astrogliotic marker protein GFAP, in the cerebellar cortex of control treated (A, C),
and BDV-infected (B, D,) Lewis rats, 4 (A, B), and 8 (C, D) weeks p.i. (E) Graph of the statistical evaluation of a densitometry, of the
immunoreactivity in a series of immunostainings, as shown in (A-D). GFAP immunoreactivity is significantly induced, in the
cerebellar cortex of BDV-infected rats, both, 4, and 8 weeks p.i. Arrowhead = Purkinje neurons, GL = granular layer,

ML = molecular layer. Bar represents 50 um, Error bars = standard deviation, *p<0.01.

apparent downregulation of this Cx in the GL as revealed
by immunocytochemistry, could be explained by a similar
way.

Another discrepant finding with regard to different meth-
ods applied was also, that, although overall Cx43 protein
expression, as detected by Western blot analysis, was not
increased 8 weeks p.i., Cx43 immunoreactivity, as shown by
immunohistochemistry, was induced in the ML at this time

point. This could be explained by the fact, that the regionally
restricted changes observed in ML by immunohistochemical
staining, is probably too week to result in a significant change
in total Cx43 expression, as detected in the protein samples
from the whole cerebellar cortex, as used for Western blot
analysis.

A special finding of the present study was, that the global
increase in Cx43 mRNA, detected by RT-PCR, at least with the

Fig. 5 - Immunoperoxidase detection of Cx30 specific immunoreactivity, in the cerebellar cortex of control treated, and

BDV-infected Lewis rats, 4, and 8 weeks p.i. (A, B) Overview on Cx30 immunoreactivity in the cerebellar cortex, of a control
treated (A), and a BDV-infected (B) rat brain, 4 weeks p.i. (C, D) Detailed view of Cx30 immunofluorescence, in the cerebellar
cortex of a control treated (C), and a BDV-infected (D) rat brain, 4 weeks p.i. (E, F) Overview on Cx30 immunofluorescence, in the
cerebellar cortex of a control treated (E), and a BDV-infected (F) rat brain, 8 weeks p.i. (G, H) Detailed view of Cx30
immunoreactivity, in the cerebellar cortex of a control treated (G), and a BDV-infected (H) rat brain, 8 weeks p.i. (I, J) Graphs of the
statistical analysis of a densitometric evaluation, of the staining intensity at 6 accidentally chosen areas, in a series of

4 immunostainings, as shown in (A-H). Cx30 immunoreactivity is significantly reduced in GL of BDV-infected rats, 4, and

8 weeks p.i. Arrowhead = Purkinje neurons. GL = granular layer, ML = molecular layer, Bar represents 200 pm in A, B, E, and F,
and 50 pm in G, D, G, and H. Error bars = standard deviation, **p<0.01.



152 BRAIN RESEARCH 1219 (2008) 143-158

BDV P40 Control

Fig. 7 - Immunohistochemical characterization of non-infected, and BDV-infected primary cerebellar astroglial cultures

in vitro. (A, B) Inmunofluorescent detection of BDV-p40 in non-infected control cultures (A), and in BDV-infected (B) primary
cerebellar astroglial cells. (G, D) Immunofluorescent detection of GFAP, in non-infected controls (C), and in BDV-infected

(D) cultures of primary cerebellar astroglial cells. (E, F) Inmunofluorescent detection of Cx43, in non-infected controls (E), and in
BDV-infected cultures (F) of primary cerebellar astrocytes (Inset: Western blot analysis for the detection of Cx43, in similar
cultures as shown in E, and F). (G, H) Inmunoperoxidase detection of Cx30 in non-infected controls (G), and in BDV-infected
(H) cultures of primary cerebellar astrocytes (Inset: Western blot analysis for the detection of Cx30 in similar cultures as shown in
G, and H). Both, total immunoreactivity for Cx43, and Cx30, as well as for the phosphorylated active forms of Cx43, were distinctly
increased in BDV-infected primary cerebellar astroglial cultures, as compared to non-infected controls. Bar represents 20 pm.

comparable small sample numbers used, did not translate be observed in primary cerebellar astroglial cultures, suggest-
into a statistically significant increase in overall cerebellar ing this mechanism to be a key factor for BDV dependent
Cx43 protein, as revealed by Western blotting. In contrast, a changes in functional coupling. From the literature it is
relative increase of the phosphorylated active forms of Cx43, known, that serin phosphorylation activates GJ channels
could be observed. Increased Cx43 phosphorylation could also formed by Cx43, due to a higher open probability (for a review
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Fig. 8 - Functional coupling, in BDV-infected, and control treated primary cerebellar astroglial cells, as revealed by intercellular
spreading of the GJ permeant fluorescent dye LY, after scrape loading. (A) Scrape loading experiment, for the detection of LY
dye transfer in non-infected controls. (B) Similar experiment with BDV-infected primary cerebellar astroglial cells. (C) Graph of
the statistical evaluation, of a series of scrape loading experiments, as depicted above. Dye spreading is significantly increased
in BDV-infected primary cerebellar astrocytes. Bar represents 100 pm in A, and B. LY = Lucifer Yellow, Error bars = standard

deviation. *p<0.01.

see Moreno and Lau (1996)). Therefore, the BDV dependent
increase in Cx43 phosphorylation observed here in vivo, was in
accordance to the in vitro finding of an increased dye transfer
rate in BDV-infected primary astroglial cultures. The fact that
persistent BDV infections lead to changes in Cx43 phosphor-
ylation, clearly distinguishes this condition from other disease
related changes in GJ coupling, such as protozoan or bacterial
infections, which are not accompanied by changes in Cx43
phosphorylation (Campos de Carvalho et al., 1998; Esen et al.,,
2007).

Expression of Cx43 mRNA, and protein in the postnatal
cerebellar cortex, is well established (Micevych and Abelson,
1991; Abergetal., 1999), and also the expression of Cx30in the GL
of the cerebellar cortex, has already been reported (Condorelli
etal., 2002). In addition, changes in astroglial Cx expression have
been already demonstrated during bacterial, and protozoan
infections (Campos de Carvalho et al., 1998; Esen et al., 2007),
whereas information on the effects of persistent viral infections,
have been reported only very recently (Fatemi et al., 2008;
Eugenin and Berman, 2007). Thus, intrauterine infections with
the Influenza virus, during the second trimester of pregnancy,
lead to long lasting changes in astroglial GJs in the offsprings’
brains (Fatemi et al., 2008). Also during brain infections with the
human immunodeficiency virus, astroglial GJs seem to be able
to transmit proapoptotic signals from infected to non-
infected astrocytes, probably amplifying the negative con-
sequences of the infection (Eugenin and Berman, 2007). This
suggests, that also the changes in astroglial Cx expression
reported here, could contribute to BDV dependent Purkinje

cell degeneration by similar mechanisms. On the other hand,
it has been reported by previous studies, that in mice with a
heterozygous defect for Cx43, ischemia dependent neuronal
apoptosis is increased, arguing for a protective role of BDV
dependent changes in cerebellar astroglial GJs. Even more,
since in the same mice, Cx30 is upregulated in the areas of
neuronal damage, probably compensating the reduction in
Cx43 (Nakase et al., 2003).

Changes in astroglial Cx expression are often associated
with reactive astrogliosis, as it has been described for BDV
dependent neuron degeneration (Carbone et al., 1989, 1991).
We have investigated this for the cerebellar cortex. However,
the BDV dependent induction of the astrogliotic marker GFAP,
in both GL, and ML, did not correlate with the BDV dependent
changes in the expression of Cx43, and Cx30. This has also
been described for kainate-induced neurodegeneration in the
rat brain, where the expression of astroglial Cxs was unaf-
fected, despite a massive induction of GFAP (S6hl et al., 2000).
In the present study, only the induction of GFAP in radial glia,
supported a direct relationship between astrogliosis, and an
upregulation of Cx43. Nevertheless, the dramatic loss of Cx30
in the GL of BDV-infected rats, 4, and 8 weeks p.i., argues for an
important role of astroglial GJs during BDV dependent
neurodegeneration. Mechanistic support for this comes from
studies with knockout mice, with an astrocyte-specific dele-
tion of Cx43, where the lack of Cx43 in astrocytes, did not lead
to a gross neurodegeneration per se (Theis et al., 2003).
However, these animals demonstrated increased neuronal
vulnerability to global brain ischemia (Nakase et al., 2004).



154 BRAIN RESEARCH 1219 (2008) 143-158

Since both dentate gyrus granule cells and Purkinje neurons
are amongst the neurons with increased stress vulnerability
(Yamaoka et al., 1993; Welsh et al., 2002), virus dependent
changes in astroglial gap junction coupling could play a role
for the slowly progredient neurodegeneration during persis-
tent BDV infection.

Despite the subacute course of the disease after neonatal
BDV infection, an inflammatory response has nevertheless
been reported (Sauder et al., 2000; Stitz et al., 2002), leading to
an activation of microglial cells (Weissenbdck et al., 2000;
Ovanesov et al.,, 2006), and the release of proinflammatory
cytokines, like interleukin-6, tumor necrosis factor «, as well
as interleukin-la, and -1p (Sauder and de La Torre, 1999).
However, microglial activation, and the resulting release of
tumor necrosis factor «, interleukin-1p, interleukin-6, and
interferon-y, have been shown to reduce astroglial Cx43
expression, and functional coupling (Faustmann et al., 2003;
Hinkerohe et al,, 2005; Méme et al., 2006). Together, these
findings suggest, that the release of these factors might also be
involved in BDV dependent changes of astroglial Cx expres-
sion, reported in the present study.

An important question with regard to BDV dependent
changes in cerebellar Cx expression is, whether these
changes lead to altered functional coupling. Due to biological
safety reasons, we have addressed this question in an in vitro
system of primary cerebellar astroglial cultures, that have
been repeatedly infected with the BDV. By this, an induction
of Cx43, and of Cx30 expression, as well as of Cx43
phosphorylation occurs in conjunction with increased
spreading of the GJ permeant dye LY. Thus, in contrast to
the in vivo situation, an upregulation of Cx30 was observed in
cultured primary cerebellar astrocytes. This clearly demon-
strates, that BDV does not only affect Cx expression, but
changes also functional GJ coupling in astroglial cells.
However, since the observed in vitro effects do not match
the changes in Cx expression observed in vivo, the relevance
of these findings with regard to the in vivo situation remains
still questionable.

In a previous study, we could demonstrate, that expression
and function of astroglial Cxs are also affected by BDV in the
hippocampal formation (Koster-Patzlaff et al., 2007). Compar-
ing these results to the findings of the present study, some
important similarities and differences can be observed,
suggesting BDV dependent changes in astroglial GJ coupling,
to be highly brain region specific. Thus, an induction of Cx43,
as well as of Cx30 could be seen in the dentate gyrus of the
hippocampal formation, whereas in the CA3 region, Cx43 was
reduced, and Cx30 is increased (Koster-Patzlaff et al., 2007).
Therefore BDV leads to an upregulation of Cx43 in both, the
cerebellar cortex, and the hippocampal formation, whereas
Cx30 is induced in the hippocampal formation, but repressed
in the cerebellar cortex, obviously reacting in an opposite
manner in both brain regions.

In conclusion, the present study is the first one, to
demonstrate BDV dependent changes in cerebellar astroglial
GJ expression in the Lewis rat brain in vivo, and of functional
astroglial GJ coupling in vitro. Together with the previously
reported changes in the hippocampal formation, it completes
the view on the role of this important regulatory network
during BDV dependent neurodegeneration.

4. Experimental procedures
4.1.  Animal care and viral infections

Animal experiments were done with permission of the
government of Lower Saxony (Reference nr.:. 509.42502/01-
40.03). Pregnant Lewis rats, purchased by Charles River
(Sulzfeld, Germany), were kept in standard cages with free
access to food, and water at a 12 h/12 h dark/light cycle, at
20 °C. For viral infections, 30 pl of a brain homogenate,
representing a total of 1x10* focus forming units of the 5th
brain passage of BDV He/80 strain RW98ub rat adapted (kindly
provided by Dr. Peter Staeheli, Freiburg), was injected intra-
cranially into the right hemisphere of newborn Lewis rat pups,
within 12 h following birth. Corresponding control animals,
were injected with similar amounts of a brain homogenate,
from non-infected animals. Either 4 or 8 weeks p.i., animals
were killed by nitrogen intoxication, with the brains being
removed, and shock frozen on dry ice immediately. Brains
were dissected midsagitally, and stored at —80 °C. In order to
allow statistical evaluation, for every experimental value, at
least four independent samples were analyzed.

4.2. RT-PCR

Left cerebellar hemispheres of four animals, were cut into
500 um transverse brain slices on a Frigomobil (Reichert & Jung,
Nufdloch, Germany), total RNA of which, was isolated by Trifast
(Peqlab, Erlangen, Germany), and purified with DNase I
(Invitrogen, Karlsruhe, Germany). First strand cDNA synthesis
was carried out with random hexamer primers (Fermentas, St.
Leon-Rot, Germany), and RevertAid M-MuLV reverse tran-
scriptase (Fermentas, St. Leon-Rot, Germany), using 1 pg of
total RNA. PCR amplification was performed in a Mastercycler
gradient (Eppendorf, Hamburg, Germany), using a commercial
PCR Master Mix (Fermentas, St. Leon-Rot, Germany), with the
primary reaction containing 1 pl of cDNA, 12.5 pl PCR Master
Mix, 0.2 pmol/] of each primer in a total volume of 25 ul. For
detection of BDV, the following primers were used: BDV-p40:
(forward 5’-ACG CCC AGC CTT GTG TTT CT-3/, reverse 5'-AAT
TCT TTA CCT GGG GAC TCA A-3'; fragment length 449 bp).
Cycling conditions involved an initial 2’ denaturation step at
95 °C, followed by 40 cycles, each consisting of a 30”
denaturation step at 94 °C, a 45” annealing step at 58 °C, and
a 1’ extension step at 72 °C. Reactions were terminated by a
final elongation step of 10’ at 72 °C. Reaction products obtained
were analyzed by agarose gel electrophoresis, followed by
ethidium bromide staining, and subsequent fluorescent detec-
tion. In order to enhance detection specificity, an additional
round of nested PCR reactions was performed, for which each
sample contained 1 pl of the primary PCR template, 11 pl PCR
Master Mix, 0.2 pmol/l of each primer, at a total volume of 25 pl.
Primer pairs were as follows: BDV-p40 nested: (forward 5'-CTC
GTG AAT CTT ACC TGT CGA CG-3’; reverse: 5'-TCC TGC TTT
AAT CTT AGA TGA CG-3'; fragment length 188 bp). Nested
cycling conditions, were as described for the primary ampli-
fication, with the exception that only 30 cycles were used for
amplification. Again, reaction products were analyzed by
agarose gel electrophoresis. Cx43 and Cx30 mRNAs were
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detected using the following primer pairs: Cx43 (forward: 5'-
TCCTTGGTGTCT CTCGCT TTG A-3'; reverse: 5'-CTG GCT CTG
CTG GAA GGT CGT T-3’; fragment length 456 bp) and Cx30
(forward: 5'-TTC CAG TTC ACC TCA CAC GG-3'; reverse: 5'-ACC
ACG AGG ATC ATG ACT CG-3’; fragment length 373 bp). Cycle
conditions included an initial step of 94 °C for 3/, 35 amplifica-
tion cycles (94 °C 1/, 60 °C 1.5/, 72 °C 1.5’), and a final elongation
step at 72 °C, for 10'. As a loading control, the housekeeping gene
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
detected, using the following primer pairs: GAPDH: (forward 5'-
CCT TCA TTG ACC TCA ACT ACA T-3/; reverse 5’-CCA AAG TTG
TCA TGG ATG ACC-3’; fragment length 398 bp). Cycling
conditions for amplification of Cx43, Cx30, and GAPDH, were
all chosen in order to cover the exponential phase of amplifica-
tion, to allow semiquantitative comparison of intensities of the
obtained PCR bands. Intensity of PCR bands of 4 independent
experiments, was measured densitometrically, and mean
values and standard deviations were calculated. Significance
was analyzed with Student’s two-tailed t-test, and alternatively
by the Wilcoxon rank-sum test.

4.3. Western blot analysis

Left cerebellar hemispheres of four animals, as specified above,
were cut into 500 um transverse brain slices, on a Frigomobil
(Reichert & Jung, Nufdloch, Germany). Each slice was thawed in
500 pl of ice chilled homogenation buffer, containing 25 mmol/l
Tris pH 7.5, 1 mmol/l EDTA, 1 % SDS (w/v), 0.5 mmol/l DTT and
40 pl/ml Protease Inhibitor Cocktail (Roche, Basel, Switzerland).
After mechanical homogenation, and sonication at 4 °C, protein
concentrations were determined according to Bradford (1976).
Protein samples of 10 pg were size fractionated in electrophoresis
sample buffer (0.5 mmol/l TRIS/HCI pH 6.8, 2% SDS (w/v), 10%
glycerol (v/v), 5% p-mercaptoethanol (v/v) and 0.001% bromo-
phenol blue (w/v)), by SDS-PAGE (Laemmli, 1970). Proteins were
blotted onto polyvinylidene difluoride membranes (PVDF; Roth,
Karlsruhe, Germany), which were then blocked for8h at4 °Cin 3
% (w/v) nonfat dry milk in TRIS-buffered saline, with 0.01 %
Tween 20 (TBST). Blots were probed with antibodies against Cx30
(rabbit polyclonal; dilution 1:80, Invitrogen, Carlsbad, California,
USA), or Cx43 (mouse monoclonal, dilution 1:300; Invitrogen,
Carlsbad, California, USA), diluted in TBST with 0.1% nonfat dry
milk. Primary antibodies were detected by incubation with
appropriate peroxidase conjugated secondary antibodies (goat
anti-rabbit, dilution 1:20.000; goat anti-mouse, dilution 1:10.000;
both from Pierce, Rockford, Illinois, USA), which were visualized
by exposing CLXposure X-ray films (Pierce, Rockford, Illinois,
USA), during the application of an enhanced chemilumines-
cence detection solution (Pierce ECL Western Blotting Substrate,
Pierce, Rockford, Illinois, USA). After development, and fixation
of the films, ECL-signals were scanned, and were evaluated
densitometrically for quantification, using the Metamorph
image analysis software (Molecular Devices, Sunnyvale, Califor-
nia, USA). For aloading control, blots were stripped, and reprobed
with an antibody directed to p-actin (mouse monoclonal,
dilution 1:5000; Sigma-Aldrich, Steinheim, Germany) being
detected as described above. Intensity of Western blot signals
of 4 independent experiments was measured densitometrically,
and mean values, and standard deviations were calculated.
Significance was analyzed with Student’s two-tailed t-test, and

alternatively by the Wilcoxon rank-sum test. As one would
expect, p-values obtained by both tests were basically the same.

4.4. Immunocytochemistry

Frozen samples of the right cerebellar hemispheres of 4 control
treated, and 4 BDV-infected animals, were fixed for 10’ by 4%
paraformaldehyde (PFA) in phosphate-buffered saline (PBS), at
room temperature, and were subsequently embedded into
paraffin. Samples were then cutinto 5 pm thick sagittal sections
on a rotation microtome, and classified according to Paxinos and
Watson (1998). Sections used in this study were all taken from a
region 3 to 6 mm lateral to the midline, with only the rostral
foliae being photographically evaluated. After deparaffination,
and rehydration by a sequence of xylol and solutions with
decreasing ethanol content, sections were pretreated for 30’
with a target retrieval buffer (pH 6.2, Dako, Glostrup, Denmark) at
95 °C. The primary antibody directed to Cx30 (rabbit polyclonal,
dilution 1:50; Invitrogen, Carlsbad, CA, USA), was applied over-
night at 4 °C. For visualization of Cx30 immunoreactivity,
sections were incubated with a goat anti-rabbit/HRP secondary
antibody (dilution 1:500, Pierce, Rockford, IL, USA), and detected
by staining with di-amino benzidine (DAB+; Dako, Glostrup,
Denmark). Counterstain was performed with hematoxylin. After
dehydration, sections were covered with Entellan (Merck,
Darmstadt, Germany). Alternatively Cx43 immunoreactivity
(mouse monoclonal, Invitrogen, Carlsbad, California, USA,
dilution 1:100) was detected fluorescently by the ARK-CSAII-
kits (Dako, Glostrup, Denmark), according to the manufacturers’
instructions, with the slides being covered by a fluorescence
mounting medium (DAKO, Glostrup, Denmark), under glass
cover slips. Virus dependent astrogliosis was detected by a
primary antibody, directed to GFAP (rabbit polyclonal, ready-to-
use, Dako, Glostrup, Denmark), and a fluorescence coupled
secondary antibody (goat anti-rabbit, dilution 1:500, Invitrogen,
Carlsbad, California, USA). For all immunocytochemical stain-
ings, control reactions in the absence of primary antibodies were
found to be negative. Microscopic evaluation was performed
with an Axiophot microscope, equipped with epifluorescence,
and an Axiocam System for image acquisition (Carl Zeiss, Jena,
Germany). Images for every experimental series were obtained
under standardized illumination conditions, with fixed camera
settings, in order to allow direct quantification. The observed
changes in Cx expression were quantified by densitometric
evaluation of the Cx specific staining in 6 randomly chosen fields
of standardized size, for each of the investigated layers, on 4
sections, of 4 animals analyzed, using the Metamorph image
analysis software (Molecular Devices, Sunnyvale, CA, USA). The
obtained values were statistically analyzed by Student’s two-
tailed t-test (p<0.05).

4.5. Cell culture

Primary cerebellar astroglial cultures, were obtained as described
earlier (McCarthy and de Vellis, 1980; Reuss et al., 1998).
Cerebellar tissue samples from newborn Lewis rat pups, were
dissected and collected in ice-cold Hanks’ balanced salt solution
(HBSS). Tissue pieces were dissociated by trituration with a fire-
polished Pasteur pipette. Following centrifugation, the pellet was
resuspended in Dulbecco’s Modified Eagle’s Medium (DMEM),
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supplemented with 10% fetal calf serum, penicillin (50 IU/ml),
and streptomycin (50 pg/ml), (all from Gibco-BRL, Berlin,
Germany). The cell suspension out of 6 cerebellae, was seeded
on a 75 cm? tissue culture flask (Costar, Cambridge, MA, USA),
coated with poly-L-lysine (Sigma-Aldrich, Steinheim, Germany).
Cells were immediately infected with BDV, by adding 10 pl of a
brain homogenate, containing ca. 0.33x10* focus forming units
of the 5th brain passage of BDV strain He/80 RW98ub, rat adapted
(kindly provided by Dr. Peter Staeheli, Freiburg) to the cell culture
flask. Control cultures were treated with a similar brain homo-
genate from non-infected animals. After 3 days, cells were
washed 3 times with ice-cold HBSS, to reduce oligodendrocyte
numbers, and were subsequently grown to confluency in DMEM
as stated above. The culture medium was changed every other
day, with the cultures being reinfected as stated above. After
2 weeks, cells were dissociated by trypsinization, with the re-
sulting cell suspension being seeded either on 10 cm cell culture
grade petri dishes (Beckton-Dickinson, Heidelberg, Germany) for
scrape loading (see below), or on 12 mm glass cover slips in
multiwell plates for immunocytochemical analysis of BDV p40,
the astrocyte-specific marker GFAP, and Cx43 and Cx30 as
described above. For Western blot analysis astrocytes were
cultured on 10 cm cell culture grade plastic petri dishes (Becton,
Dickinson, Heidelberg, Germany), and were harvested and
analyzed as described above.

4.6. Scrape loading

For scrape loading (Doble et al., 1996), confluent monolayers of
primary cerebellar astroglial cells were washed three times with
sterile saline (0,9% NaCl), and were covered with 1 mg/ml LY-CH
(Sigma-Aldrich, Steinheim, Germany) in sterile saline at 37 °C. For
each petri dish, four parallel scrapes were set in the monolayer
with a scalpel blade, with the dye solution being removed after 2/,
and the cells being washed three times with sterile saline. 4’ after
setting the scrapes, cells were fixed for 10’ with an ice-cold
solution of 1% PFA in sterile saline to stop further spreading of the
dye. After three washes with sterile saline, dye spreading was
documented photographically, using an inverse microscope
equipped with epifluorescence (Zeiss, Jena, Germany), with stan-
dardized illumination conditions, and camera settings. For statis-
tical evaluation, distances of dye spreading were measured at 10
locations at each of four scrapes in 4 independent experiments.
Significance was analyzed by Student’s two-tailed t-test (p<0.05).
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