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Abstract 

 
Borna disease virus (BDV) is a noncytolytic and neurotropic RNA virus that causes 
persistent infection in the central nervous system in a wide range of animal species.  
Previous research revealed that BDV phosphoprotein (P) and nucleoprotein (N) can 

interact with several host proteins, which might be associated with viral persistent 

infection and neurotransmitter pathways. In situ proximity ligation assay (in situ PLA) 
is a novel detection method used to detect protein-protein interactions in cultured cells 
and sectioned tissues. In this study, in situ PLA was used to detect BDV P in 
persistently infected C6 cells (C6BDV), and infected animal tissues. BDV-specific 
antibodies were also detected in serum from an experimentally infected cat. 
Furthermore, host-virus protein-protein interactions (i.e. BDV-P/-N with HMGB1, 
BDV-P /-N with Cdc2, BDV-P/-N with DLC8) and post-translational modification of 
BDV P, in the form of phosphorylation at serine residues, were studied. Our results 
indicate that in situ PLA could be useful to detect BDV P in infected cells and animal 
tissues, and BDV-specific antibodies in animal serum. Furthermore, both the earlier 
proven host-virus protein-protein interactions (i.e. BDV-P with HMGB1, BDV-P/–N 
with Cdc2) and interactions previously not reported (i.e. BDV-N with HMGB1, 
BDV-P with DLC8) were visualized in C6BDV. Moreover, phosphorylated BDV P 

was visualized in C6BDV as well. In general, in situ PLA has shown great strength to 
study protein-protein interactions. This method gives the possibility to study these 
interactions in tissue samples of natural hosts, and improves the way to detect how 
BDV interacts with the host and causes disease. 
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Introduction 

 
Epidemiology, pathogenesis and pathology 
 
Borna disease virus (BDV), a non-segmented negative stranded (NNS) RNA virus 
belonging to the family Bornaviridae in the order Mononegavirales, is the causative 
agent of Borna disease (BD). BDV was first described in Germany in the 18th century. 
When animals are infected naturally or experimentally, BDV causes a non-cytolytic 
persistent infection of cells in the central nervous system (CNS). The natural hosts of 
BDV include various animal species ranging from rodents to primates (e.g. sheep, 
cattle, donkey, dog, cat, rabbit, and bird) (Jordan and Lipkin, 2001; Hagiwara et al., 

2008). The clinical manifestation between experimentally and naturally infected 
animals is similar (Jordan and Lipkin, 2001). Recently, avian bornavirus (ABV) was 
found in parrots suffering from proventricular dilatation disease (PDD), characterized 
by gastrointestinal dysfunction accompanied with encephalomyelitis (Staeheli et al., 

2010). However, there still has a controversy about whether BDV can infect humans. 
BDV antibodies have been detected in patients with neurological and psychiatric 
diseases such as schizophrenia, which suggests that BDV might be associated with 
human psychiatric disorders (Bode et al., 1995).  
 
BDV is a strictly neurotropic virus that probably enters to the CNS via olfactory, 
oropharyngeal or gastrointestinal mucosae (Rott and Becht, 1995). It spreads within 
the CNS by intraaxonal transport in the form of ribonucleoprotein (RNP) complexes 
(Gosztonyi et al., 1993). Previous studies using experimentally infected rats showed 
that the pathogenesis of BDV is immune mediated and the immune response of 
antiviral T cells incurs neurological disorder (Gosztonyi and Ludwig, 1995). 
 
BDV infection can lead to non-purulent encephalomyelitis in the grey matter of the 
olfactory bulb, cerebral cortex, hippocampus, basal ganglia, and brain stem 
(Gosztonyi and Ludwig 1995). Furthermore, accompanying with neuronal 
degeneration, BDV can be found in perivascular mononuclear cells consisting of 
lymphocytes and macrophages (Gosztonyi and Ludwig 1995). 
 
Since BDV can cause persistent infection in the CNS, it is difficult to obtain 
confidently clinical manifestations in living animals. In the early stage of infection, 
only non-specific signs can be observed including slight hyperthermia, anorexia, 
constipation, jaundice, colic and difficulties in swallowing (Rott and Becht, 1995). In 
the acute phase of disease, some neurological signs resulting from the non-purulent 
encephalomyelitis can be observed (such as depression, ataxia, circular movements, 
collapsing, running into obstacles and paralysis) (Rott and Becht, 1995).  
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BDV genome organization and proteins 
 
The genome of BDV is around 8.9 kb long and encodes six open reading frames 
(ORFs) in the three transcription units framed by complementary termini similar to 
those of other NNS RNA viruses (Fig 1) (Briese et al., 1994; Wehner et al., 1997). 
Molecular biological analysis indicated that polypeptides encoded by these ORFs are 
nucleoprotein (N), phosphoprotein transcription activator (P), matrix protein (M), 
surface glycoprotein (G), RNA-dependent RNA polymerase (L) polypeptides which 
were found in other NNS RNA viruses, and a small non-structural protein called X or 
p10 (Perez et al., 2005; Schneider, 2005).  

 

Figure 1. Genomic organization and transcriptional map of BDV. The boxes shown the following 
ORFs: G, glycoprotein; L, RNA-dependent RNA polymerase; M, matrix protein; N, nucleoprotein; P, 
phosphoprotein; X, non-structural protein. S1-S3, transcription initiation sites; T1-T4, transcription 
termination sites. Three transcription units are indicated. 
 
The X protein is readily detected in BDV infected cells, but does not present in virus 
particles (Wehner et al., 1997). Previous studies indicated that the combination of X 
and P can inhibit nuclear distribution of P, and work as a cofactor/regulator of the 
viral polymerase (Kobayashi et al., 2003). Furthermore, X protein associated with 
mitochondria can inhibit virus-induced apoptosis of persistently infected cells 
(Poenisch et al., 2009). M protein is present on the surface of the virion envelope and 
mediates the attachment of the virion to cellular receptor (Kliche et al., 1994, Hatalski 
et al., 1995). G protein which is expressed from the second ORF of the third 
transcription unit is probably mediate early stage event in infection including virus 
attachment and entry. The L protein which comes from the last ORF is a 
RNA-dependent RNA polymerase that can interact with P protein (Jordan and Lipkin, 
2001). 
 
N protein which is encoded by the first ORF exists either as 40 kDa or 38 kDa form.  
Previous studies exposed that p40 is primarily present in the nucleus and p38 is 
primarily present in the cytoplasm (Pyper and Gartner 1997; Kobayashi et al., 1998). 
It is likely that p38 enter the nucleus by interacting with P (Jordan and Lipkin 2001). 
However, the significance of the two N isoforms in vivo is unknown. Previous 
research suggested that N protein is important for nuclear targeting (Jordan and 
Lipkin, 2001). 
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P protein, which is abundantly expressed from the second ORF of the second 
transcription unit of the BDV genome in infected cells, associates and cooperates with 
the polymerase. It plays an important role in virus transcription and replication 
(Lipkin et al., 1990; Thierer et al., 1992). Moreover, P protein is phosphorylated by 
the protein cellular kinases protein kinase C (PKC)  and casein kinase II (CKII) 
(Schwemmle et al., 1997.). The P phosphorylation could be associated with 
conformational changes that influence the ability of P protein to form homo-multimer, 
to bind other viral proteins and to serve as transcriptional activator (Barik and 
Banerjee, 1992). In addition, previous research suggests that the regulation of P 
phosphorylation could associate with viral spread efficiency (Schmid et al., 2007 and 
2010 ). 
 
Implications for host-virus protein-protein interactions 
 
Previous research revealed that there are several host-virus protein-protein 
interactions between BDV and its host. BDV phosphoprotein directly binds to 
amphoterin-HMGB1 and inhibits the function of amphoterin-HMGB1 by decreasing 
p53- mediated transcription activation of cyclin G promoter (Kamitani et al., 2001). P 
protein also can interact with the gamma-aminobutyric acid receptor-associated 
protein (GABARAP), which may disrupt the trafficking of GABARs (Peng et al., 

2008). In addition, P protein can associate with TBK-1 and inhibit the latter's kinase 
activity, which counteracts TBK-1-dependent IFN expression (Unterstab et al., 2005). 
The interactions between nucleoprotein and Cdc2-Cyclin B1 complex which regulates 
the cell cycle transition from G2 to M phase decelerated proliferation of infected host 
cells due to a delayed G2-to-M transition (Planz et al., 2003). This study focused on 
the interactions between viral proteins and host proteins (i.e. HMGB1, DLC8 and 
Cdc2), and also concerned post-translational modifications of BDV P (i.e. 
phosphorylation of serine residues in situ).  
 
HMGB1, a multifunctional protein, is a nonhistone architectural protein that is 
involved in many biological processes including chromatin remodeling, transcription, 
DNA damage repair etc. Moreover, HMGB1 also has been shown as an inflammatory 
signal transducer to participate in inflammation. Recently, HMGB1 has been 
recognized as an alertor which can release danger signals when occurring infection 
and/or tissue damage, or binding to Toll-like receptor 4 (TLR4) as a ligand or 
advanced glycation end-products (RAGE) as a receptor (Yang et al., 2010). The 
binding of HMGB1 to RAGE leads to activation of the MAPK and NF-kB, which in 
turn induces a pro-inflammatory response. In non-activated monocytes/macrophages, 
HMGB1 is a nuclear protein (Yang et al., 2010). Upon activation by an infection, 
HMGB1 is acetylated and can thereby leave the nucleus to reach the cell surface and 
be released (Yang et al., 2010). Then the released HMGB1 can bind to RAGE and 
TLR4 of neighboring cells, which will lead a pro-inflammatory response and release 
of pro-inflammatory cytokines. Therefore, the interactions between BDV P and 
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HMGB1 can be the way for BDV to reduce the inflammatory response to evade the 
host immune response. 
 
DLC8, a dynein light chain protein, was identified as a transport molecule in the 
cytoplasm. Several viruses use DLC8 in different stages of their infective cycle inside 
the host cell. For example, the interactions between Rabies virus P protein and DLC8 
were important to the transport of the virus from peripheral neurons to CNS, which is 
in accordance with the fact that DLC8 is a subunit of the dynein motor complex 
involved in retrograde cargo transport (Greber and Way 2006). Similarly, the 
ebolavirus viral protein VP35, which can bind to DLC8 and form complex with N and 
L, is essential for transcription and replication in artificial minigenome system 
(Kubota et al., 2009). Therefore, EBOV transcription and viral replication might be 
relative to VP35-DLC8 interactions (Kubota et al., 2009). Furthermore, DLC8 can 
bind to the p35-binding protein and take part in the regulation of apoptosis (Lo et al., 
2005). It also can bind to IĸBα and possibly can regulate the activity of NFĸB which 
is a transcription factor involved in inflammation and apoptosis (Crepieux et al., 
1997). So far, there is no proof indicates that there are any interactions between DLC8 
and BDV protein. Since N protein is important for nuclear targeting and P is thought 
to be an essential cofactor for viral polymerase, the interactions between DLC8 and 
P/N could reveal how BDV enter to CNS and lead a persistent infection. 
 
Cdc2, also known as cyclin-dependent kinase 1 (Cdk1), can form complex with 
Cyclin B1. During the G2 phase of the cell cycle, this complex is activated through 
dephosphorylation of Thr14 and Tyr15, and phosphorylation of Thr161 of Cdc2 
(Castedo et al., 2002). When Cyclin B1 is phosphorylated, the Cdc2-Cyclin B1 
complex is translocated into the nucleus. This translocation is needed for cells to enter 
the M phase. If the activation of complex Cdc2-Cyclin B1 is not functional, the cells 
can be driven into apoptosis. Moreover, BDV N previously has been shown that it can 
interact with both phosphorylated and non-phosphorylated Cdc2, as well as with 
Cyclin B1 (Planz et al., 2003). However, BDV P shows that it only can interact with 
the non-phosphorylated form of Cdc2. Furthermore, BDV N can reduce the 
proliferation rate of transfected rat fibroblast cells, which has not been shown in BDV 
P transfected cells, but in BDV-infected cells. This might be the way for persistent 
infection of BDV. 
 
Phosphorylation of BDV P is mainly carried out by protein kinase C (PKC) at the 
serine residues 26 and 28 (Schmid et al., 2007). It has been shown that PKC 
phosphorylation of BDV P is essential for optimal viral spread in neurons. However, 
BDV P might competitively interfere with normal PKC substrates, which can affect 
synaptic plasticity (Prat et al., 2009). 
 
The study of protein-protein interactions in situ in cell or tissue is always cumbersome. 
The in situ proximity ligation assay (in situ PLA) as a novel detection method was 
recently introduced to detect protein-protein interactions in cultured cells and 
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sectioned tissues (Söderberg et al., 2006). First, two or more primary antibodies are 
used to recognize the target protein or protein complex. After removing the antibodies 
that have failed to bind their target, two secondary antibodies conjugated with 
oligonucleotides are added to bind the primary antibodies. If the proteins are in close 
proximity, the oligonucleotides on the antibodies can be used as template to form a 
DNA circle consisting of two linear oligonucleotides by a DNA ligase. Then this 
circle can be amplified by rolling circle amplification (RCA) to form a long single 
stranded concatemer of repeated product. The repeated product is visualized by 
hybridization with fluorophore-labeled oligonucleotides. In situ PLA requires dual 
recognition by the secondary antibodies, which greatly enhances the selectivity. 
However, this approach has never been used for detection of virus in tissue and 
host-virus protein-protein interactions.  
 
Given the absence of a satisfactory antemortem diagnostic test, it is very difficult to 
certify BD in living animal. However, several serological methods can be used as 
guideline for clinician. Nested RT–PCR is usually used to detect BDV RNA in brain 
tissue or peripheral blood monocytes of naturally infected animals, and is highly 
sensitive which has been considered as a great advantage (Sauder and de la Torre, 
1998). However, high risk of laboratory contamination of nested RT-PCR is another 
problem to be concerned. Therefore, real-time RT-PCR has recently been introduced, 
combining the need for high sensitivity and specificity, together with decreased risk of 
contamination (Schindler et al., 2007; Wensman et al., 2007). However, serology is 
still considered to be important and the most reliable tests employed are IFA, ELISA 
and Western blot assays (Villanueva et al., 2010). As the most common method used 
in BDV-serology, IFA is considered to be specific, but not sensitive enough. ELISA is 
commonly used in serology, since it is easy to standardize and do not need highly 
trained staff compared to IFA, but it is limited for detecting low-affinity, low-titer 
anti-BDV antibodies. However, there is no consensus that using this method for 
routine diagnostics. Some Western blot assays have been developed and used to detect 
viral antibodies, but it is considered to be cumbersome and insensitive (Flower et al., 
2008; Villanueva et al., 2010). In addition, serums from mammals with confirmed 
BDV infection by serological methods usually recognize the viral N, and P antigens 
(Villanueva et al., 2010). Nevertheless, in situ PLA has never been used for detection 
of BDV-specific antibodies in serum from infected animals. This approach might be a 
new way for BDV diagnosis in serology. 
 
In this study, in situ PLA was used to detect BDV in infected cells, tissues from 
experimentally and naturally infected animals, and to detect BDV-specific antibodies 
in serum from an experimentally infected cat. Moreover, the visualization of the 
host-virus protein-protein interactions (i.e. BDV-P/-N with HMGB1; BDV-P /-N with 
Cdc2; BDV-P /-N with DLC8) and post-translational modifications of the viral 
phosphoprotein were performed as well. 
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Materials and Methods 

 
Cell Culture and Tissue Section 

 
C6 (rat glioma) cells infected with BDV He/80 (Cubitt et al., 1994) were used in 
immunofluorescence assay (IFA) and in situ PLA. Vero monkey cells infected with 
BDV He/80 were used in the serological assay. Non-infected and persistently infected 
cells were cultured in DMEM containing 5% FBS, 1% L-Glutamine and 1% 
penicillin-streptomycin solution and grown in a humidified 5% CO2 incubator at 37°C. 
For IFA and in situ PLA, cells were seeded in LabTek® II Chamber slides (Nunc, 
Rochester, NY). Cells were washed three-times in PBS and fixed for 10 minutes in 
acetone and then air dried before use. 
 
Brain tissue samples were taken from an experimentally infected rat, a German horse 
with classic Borna disease and a Swedish cat with staggering disease using 
non-infected rat, horses and cats as negative controls. Formalin-fixed 
paraffin-embedded (FFPE) sections of brain tissue were deparaffinized and rehydrated 
in xylene and alcohol. Then heat-induced epitope retrieval (HIER) in citrate buffer at 
pH 6.0 (Dako, Glostrup, Denmark) was performed. 
 
In situ proximity ligation assay (in situ PLA) 

 

The primary antibodies were used as follow:  
 
Antibody Source Working dilution 
Rabbit polyclonal anti-BDV 
P (p23) 

Johansson et al., 2002 1:50000 in cells 
1:10000 in tissue 

Rabbit polyclonal anti-BDV 
N (p40)  

Johansson et al., 2002 1:25000 in cells 

Mouse monoclonal anti-BDV 
P (p23) 

Ludwig et al., 1993 1:50 in cells and tissue 

Mouse monoclonal anti-BDV 
N (p40) 

Ludwig et al., 1993 1:50 in cells 

Rabbit polyclonal anti-human 
HMGB1 

ab18256, Abcam, 
Cambridge, UK 

1:16000 in cells 

Rabbit polyclonal anti-human 
DLC8 

ab87283, Abcam, 
Cambridge, UK 

1:4000 in cells 

Mouse monoclonal [A17] 
anti-xenopus Cdc2 

ab18, Abcam, 
Cambridge, UK 

1:500 in cells 

Mouse monoclonal [3C171] 
anti-phosphoserine 

ab17465, Abcam, 
Cambridge, UK 

1:2500 in cells 
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PLA reagents were purchased as Duolink kit (Olink Bioscience, Uppsala, Sweden).  
 
Acetone fixed C6 cells and HIER treated sections were blocked by a blocking buffer 
(TBS with 5% goat serum) for 60 minutes at room temperature, to reduce unspecific 
binding of the antibodies. Primary antibodies were diluted (as above) in blocking 
buffer, added to cells or tissues and incubated overnight at 4°C. Afterwards, the 
primary antibodies were removed and the cells or tissues were washed three times 
with TBS-T. 
 
The secondary antibodies or proximity probes (anti-rabbit PLUS and anti-mouse 
MINUS for cells, anti-mouse PLUS and anti-rabbit MINUS for tissue) were diluted 
1:5 in blocking buffer, added to the cells or tissues and incubated in a humid chamber 
for 120 minutes at 37°C. Then the cells or tissues were washed three times with 
TBS-T and incubated with hybridization stock diluted 1:5 in ddH2O, and incubated 15 
minutes at 37°C. After washing extensively, the ligation stock was diluted 1:5 and 
ligase was added to a final dilution of 1:40, followed by incubation same as before for 
15 minutes at 37°C. Then the polymerase was diluted 1:80 in the amplification stock 
diluted 1:5, which was added to cells or tissues and incubated for 90 minutes at 37°C. 
Thereafter, the cells or tissues were washed two times for 3 minutes with TBS-T. 
Then detection of the proximity probes was performed with the Duolink detection kit 
613 (tissue) or 563 (cells). The detection stocks were diluted 1:5 in ddH2O, added to 
the cells or tissue and incubated 60 minutes at 37°C. Finally, the cells and tissue were 
washed by TBS-T and TBS. 
 
To gain morphological information and relieve background autofluorescence 
problems on the FFPE tissue slides, the fluorescent signals were converted to 
chromogenic signals by using DuoCISH kit (Dako, Glostrup,Denmark). Tissue slides 
were manually stained according to the manufacturer's manual.  
 
Detection of BDV P using in situ PLA in serum 
 
First, anti-cat IgG PLUS probe was prepared using the ProbeMaker kit (Olink 
Bioscience). Briefly, the goat anti-cat IgG (Jackson Immunoresearch, West Grove, PA) 
was diluted from 40 mg/ml to 1 mg/ml. The total volume was 20 μl. Then 2 μl 
Conjugation Buffer was added to 20 μl of the anti-cat IgG to be conjugated. The 
anti-cat IgG solution was added to the vial of activated oligonucleotide and incubated 
at room temperature overnight. Then, 2 μl Stop Buffer was added to the reaction and 
incubated at room temperature for 30 mins. At last, 24 μl of Storage solution was 
added for stabilizing the antibody.  
 
BDV-infected and non-infected Vero cells were used. The fixation and block step 
were same as above (see In situ PLA).  
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The primary antibodies and PLA probes were used as follow:  
 
Primary 
antibodies 

Souce Working 
dilution of 
primary 
antibodies 

Proximity 
probes 

Souce Working
dilution 

Experimenta-
lly infected 
cat serum 

Cat no.8 
(Lundgren 
et al., 1997) 

1:20, 1:40, 
1:80, 1:160 

Anti-cat PLUS Probem-
aker 
(Olink) 

1:25 

Anti-BDV p23 
MINUS 
(Johansson et 

al.,) * 

 1:100 

Non-infected 
cat serum 

Cat no.12 
(Lundgren 
et al., 1997) 

1:20 Anti-cat PLUS Probem-
aker 
(Olink) 

1:25 

Anti-BDV p23 
MINUS *  

 1:100 

Rabbit serum 
by p23 
immunized 

Johansson 
et al., 2002 

1:20, 1:40, 
1:80, 1:160 

Anti-Rabbit 
PLUS 

Probem-
aker 
(Olink) 

1:5 
 

Anti-BDV p23 
MINUS * 

 1:100 

* Anti-BDV p23 MINUS was conjugated by K. -J. Leuchowius. 
 
The remaining steps are the same as in in situ PLA described above.  

  

Immunofluorescence 

 

To evaluate antibodies dilution, C6 cells were processed by IFA using same treatments 
as used in in situ PLA. TRITC-conjugated goat anti-rabbit (Jackson Immunoresearch, 
West Grove, PA) and FITC-conjugated swine anti-mouse IgG (Dako, Glostrup, 
Denmark) were used as secondary antibodies at a 1:100 dilution. Hoechst was added 
to visualize nuclei. 
 
Immunohistochemistry 
 
To evaluate workability of antibodies in tissue section, Vector ABC Elite (Vector 
Laboratories, Burlingame, CA) was used on HIER-treated tissue slides according to 
the manufacturer's manual. Slides were incubated in 0.3% H2O2 for 30 minutes to 
quench endogenous peroxidase. After blocking, primary antibody and biotinylated 
secondary antibody incubation steps, slides were incubated with VectaStain ABC 
reagent for 30 minutes at 37°C. DAB Peroxidase Substrate Kit (Vector Laboratories, 
Burlingame, CA) was used to visualise the antibody binding sites. 
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Imaging 

 

The slides were checked by Nikon immunofluorescence microscope. The images were 
captured with Coolpix using NIS elements software. Brightfield imaging was 
performed on Leica SCN400 slide scanner. Subsequently, images were processed with 
Adobe Photoshop CS4 (Adobe System, Inc.). The images were analyzed with the 
Duolink ImageTool (Olink Bioscience) to quantify the signals in in situ PLA. 

 

Results 

 
Using in situ PLA for detection of BDV P in brain tissue from infected animals 

 

Initially, BDV P was used in persistently infected C6 cells (C6BDV) and non-infected 
C6 cells (C6) to evaluate the in situ PLA (Leuchowius and Wensman, unpublished 
data). Then IHC was displayed in experimentally infected rat to evaluate BDV P 
(Leuchowius and Wensman, unpublished data).  
 
In my study, brain tissue from an experimentally infected rat was investigated for 
BDV P in in situ PLA. High amounts of specific signals could be observed on the 
cerebral cortex of the infected rat (Figure 2a). At higher magnification, the specific 
signals exhibited as red spots in the infected rat (Figure 2b). However, some general 
staining could be observed in the granular cell layer of the cerebellum of the 
non-infected rat (Figure 2c and 2d). 
 
Based on these results, a naturally infected cat previously BDV-positive by real-time 
RT-PCR (Wensman et al., 2007), was investigated. Further, a naturally infected horse, 
confirmed to have classic BD, also was investigated. As shown in Figure 3a, BDV P 
showed as red staining could be detected in the naturally infected cat. However, some 
red staining was also observed in the non-infected cat (Figure 3b). In the brain tissue 
of the German horse with classic Borna disease, specific signals of high intensity 
could be seen as red spots (Figure 4a).  
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a  b  

c  d  

 
Figure 2. Detection of BDV P using in situ PLA in brain tissue of the same experimentally infected rat 
and non-infected rat as in IHC. a-b. In situ PLA of BDV P in experimentally infected rat using rabbit 
polyclonal and mouse monoclonal anti-BDV P (p23) antibodies. The red staining is BDV P. (a) 1X 
magnification. (b) 40X magnification. c-d. In situ PLA of BDV P in non-infected rat using the same 
rabbit polyclonal and mouse monoclonal anti-BDV P (p23) antibodies. (c) 1X magnification. (d) 20X 
magnification. 
 

a  b  

 
Figure 3. Detection of BDV P using in situ PLA in brain tissue of the naturally infected cat and 
non-infected cat. a. in situ PLA of BDV P in naturally infected cat using rabbit polyclonal and mouse 
monoclonal anti-BDV P (p23) antibodies. The red staining indicated by arrow is BDV P. 20X 
magnification. b. in situ PLA of BDV P in non-infected cat using the same rabbit polyclonal and mouse 
monoclonal anti-BDV P (p23) antibodies. 10X magnification.  
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a  b  

 
Figure 4. Detection of BDV P using in situ PLA in brain tissue of the naturally infected horse and 
non-infected horse. a. in situ PLA of BDV P in naturally infected horse using rabbit polyclonal and 
mouse monoclonal anti-BDV P (p23) antibodies. The red staining is BDV P. 20X magnification. b. 
Non-infected horse. 20X magnification. 
Photos by Anna-Lena Berg, Astrazeneca, Södertälje, Sweden 

 
Using in situ PLA for detection of BDV P specific antibodies in serum from infected 

cat 

 
To be able to detect BDV-specific antibodies, serum from an experimentally infected 
cat was investigated using in situ PLA. First, anti-cat IgG was directly conjugated 
with PLA oligonucleotide arm to make the anti-cat PLUS. To evaluate the anti-BDV 
p23 MINUS, serum from a BDV p23 immunized rabbit (Johansson et al., 2002) was 
determined in infected Vero cells using anti-rabbit PLUS from the Duolink kit (Olink 
Bioscience). As shown in Figure 5a, specific signal as red spots were detected in 
nuclei. Next, the titre of BDV-specific antibodies in serum from an experimentally 
infected cat was determined by IFA using two-fold dilutions from 1:20-1:160). Except 
for the highest dilution (1:160), signals could be observed (data not shown). Serum 
from the same cat was then analyzed by in situ PLA. BDV P was detected in the 
nuclei and with high intensity at all dilution levels, thereby indicating presence of 
BDV P-specific antibodies (Figure 5b). However, it was hard to find clearly specific 
signal when the same serum was incubated on non-infected Vero cells (Figure 5d). 
Serum from a non-infected cat was used as a negative control. No signals were found 
in the non-infected cat serum performed on infected and non-infected Vero cells.  
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a   b  

c   d  

Figure 5. Detection of BDV P using in situ PLA in serum. a. Positive control, BDV P in experimentally 
infected rabbit serum by vero cells infected with BDV. The red spots are BDV P, nuclei are blue. 20X 
magnification. b. in situ PLA of BDV P in naturally infected cat serum by vero cells infected with BDV. 
c. Negative control, BDV P in non-infected cat serum by vero cells infected with BDV. d. Negative 
control, BDV P in naturally infected cat serum by normal vero cells. 
 
Using in situ PLA for detection of host-virus protein-protein interactions in 

persistently infected cells 

 
First, the primary antibodies were evaluated in C6 cells using IFA (not shown). Then 
host-virus protein-protein interactions (BDV-P and -N, with HMGB1; BDV-P and –N, 
with Cdc2; BDV-P and -N, with DLC8) and post-translational modifications of the 
viral phosphoprotein were demonstrated in C6BDV and C6 cells using in situ PLA. 
As shown in Figure 6, there is a remarkable difference in the number of signals 
between C6BDV and C6 cells. As shown in Figure 7, the positive control, BDV N 
showed an oversaturation of signals in nuclei of C6BDV cells. The interactions 
between HMGB1 and BDV P, HMGB1 and BDV N, Cdc2 and BDV P, and Cdc2 and 
BDV N were detected in nuclei more than in cytoplasm. The interactions between 
DLC8 and BDV-P were detected both in nuclei and cytoplasm. For DLC8 and BDV N 
interactions, there was a quite high background. The post-translational modifications 
of BDV P were delivered by the interactions of BDV P with phosphoserine. Most of 
the interactions between BDV P and phosphoserine could be observed in the nuclei. 
Two negative controls, when the primary antibodies were left out, were definitely 
negative. 
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Figure 6. Signal quantification of protein-protein interactions. Seven protein-protein interactions was 
analyzed in C6BDV and C6 cells: BDV P and DLC8, BDV N and DLC8, BDV P and HMGB1, BDV N 
and HMGB1, BDV P and Cdc2, BDV N and Cdc2, and post-translational modifications of BDV P 
(BDV P and Phosphoserine); BDV N detection was used as positive control; The samples with no 
primary antibody and just added probes were used as negative control. The signals were quantified 
using Duolink Image Tool.  
Signals quantification by Karl-Johan Leuchowius, Uppsala University 
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Figure 7. Visualization of host-virus protein-protein interactions in C6BDV and C6 cells: BDV P and 
DLC8, BDV N and DLC8, BDV P and HMGB1, BDV N and HMGB1, BDV P and Cdc2, BDV N and 
Cdc2, and post-translational modifications of BDV P (BDV P and Phosphoserine); BDV N detection 
was used as positive control; The samples with no primary antibody and just added probes were used as 
negative control. The red spots are interactions, nuclei are blue. 20X magnification. 
Photo by Karl-Johan Leuchowius, Uppsala University 
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Discussion 

 
BDV P in brain tissue from infected animals 
 
In this study, some general staining which was probably caused by endogenous 
peroxidase was found in the cerebellum of non-infected rat by in situ PLA. The 
general staining can be defined as background compared to the spot-like signals in the 
infected rat. Previous studies suggest that the inflammatory reaction in the CNS 
caused by BDV is characterized as a nonsuppurative meningoencephalitis of the gray 
matter of the olfactory bulb, cerebral cortex, hippocampus, basal ganglia, and 
brainstem (Villanueva et al., 2010). Compared with the rat stereotaxic map (Paxinos 
and Watson, 1997), most of the red staining in the infected cat was found at the 
olfactory tubercle, piriform cortex, anterior olfactory nucleus and cerebral cortex as 
well. 
 
The results from naturally infected horse indicate that in situ PLA could be a useful 
tool for posthumous diagnosis in infectious diseases, especially when viral antigen is 
scarce. Since the amount of BDV antigen in infected cat is lower than in the other 
hosts, the signal from infected cat is less than in infected horse. Further, some 
background was observed in the non-infected cat. Taken together, this suggests that 
further evaluation of BDV P in situ PLA should be performed on infected cats.  
 
BDV P specific antibodies in serum from infected cat 

 

Serology has been widely used in the diagnosis of mammalian BDV infection, even if 
there has controversy around its interpretation (Ludwig and Bode, 2000). In this study, 
serum from infected cat and immunized rabbit reacted strongly with P protein of 
infected Vero cells in in situ PLA at the highest titre. However, IFA as the most 
common method used in serology cannot detect BDV P at the same titre. This 
indicates that in situ PLA for detection of antibodies is more specific and sensitive 
than IFA. Nevertheless, in situ PLA is considered more complex than IFA since it has 
several different incubation and washing steps. To summarize, since the present of 
BDV antibodies in serum largely corresponded with the development of clinical BD, 
it’s hard to detect BDV specific antibodies from serum in the early stage of infection. 
All the serologic results obtained from the early stage of infection are probably low 
false negative reactions. Therefore, most of serological methods need to combine with 
nested RT-PCR to diagnose BDV infection. 
 
Host-virus protein-protein interactions in persistently infected cells 

 
Previous studies suggested that BDV P can directly bind to HMGB1 and inhibit its 
function to repress p53-mediated transcriptional activity, which may be involved in 
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unique features of BDV infection in CNS cells, such as noncytolytic replication and 
persistent infection (Zhang et al., 2003). In this study, the results indicate that 
HMGB1 might interact with BDV N as well, which has never been reported. However, 
BDV P and BDV N can interact with each other (Berg et al., 1998). If the proteins 
studied are close enough (approximately up to 40 nm), the in situ PLA can generate a 
signal. Therefore, the interactions between BDV N and HMGB1 might be the result of 
indirect interactions via BDV P.  
 
Previous studies have shown that BDV N can interact with both phosphorylated and 
non-phosphorylated Cdc2, and with Cyclin B1 as well (Planz et al., 2003). BDV P 
was shown only to interact with the non-phosphorylated form of Cdc2. In this study, 
the results confirm that Cdc2 can interact with both BDV P and BDV N. Furthermore, 
previous studies indicated that interactions between Cdc2 and BDV N can reduce the 
proliferation rate in transfected and infected cells, which might be involved in unique 
features of BDV persistence (Planz et al., 2003). However, the effect of the interaction 
between Cdc2 and BDV P is still unknown. 
 
The interaction between DLC8 and Rabies virus P protein has been reported in 
previous studies (Greber and Way 2006). Since DLC8 is a subunit of the dynein motor 
complex involved in minus end-directed movement of organelles along microtubules, 
the DLC8-P interaction might explain how virus transport from the infected site to the 
CNS (Greber and Way 2006). In addition, the Ebola (EBOV) viral protein VP35, 
which can bind to DLC8 and form complex with N and L, is essential for transcription 
and replication in an artificial minigenome system (Kubota et al., 2009). Therefore, 
EBOV transcription and viral replication might be related to VP35-DLC8 interactions 
(Kubota et al., 2009). Interestingly, Rabies virus, Ebola virus and BDV all belong to 
the order Mononegavirales. The result of this study suggests that there might be 
potential interactions between BDV P and DLC8, which could reveal how BDV 
transport from the peripheral neurons to the CNS. However, these interactions still 
need to be further investigated and confirmed by other methods. Due to the 
interference of high background, it is hard to identify the interactions between BDV N 
and DLC8.  

 
Since normal cells also have a lot of proteins phosphorylated at serine residues, and 
the polyclonal BDV P antiserum has a certain degree of cross-reactivity, some 
background was observed for BDV P and phosphoserine interactions in the 
non-infected C6 cells. Because of in situ PLA generating signal when two proteins are 
close enough, it is hard to distinguish whether this interaction happened in 
post-translational modifications of BDV P or between phosphorylated host proteins 
and BDV P and/or BDV N. Previous study using minireplicon assay indicated that 
BDV P is phosphorylated by PKCɛ at serine residues 26 and 28 and by CKII at serine 
residues 70 and 86. Moreover, the phosphorylation of BDV P negatively regulates its 
cofactor activity that improves the viral polymerase activity and the viral spread 
efficiency (Schmid et al., 2007). Furthermore, P phosphorylation might prevent 
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uncontrolled polymerase activity and subsequent lysis of cells, which might be the 
reason for persistently infection of BDV in cells without causing a cytopathic effect 
(Schmid et al., 2007). Recent research suggested that BDV P also acts as a kinase 
decoy which can competitively interfere with normal PKC substrates that affects 
synaptic plasticity (Prat et al., 2009). 
  
To summarize, this was the first time in situ PLA was used to detect BDV protein in 
tissue and BDV-specific antibodies in serum, and to visualize earlier proven 
host-virus protein-protein interactions (i.e. the interactions between BDV-P and 
HMGB1, BDV-N and Cdc2, and BDV-P and Cdc2). Furthermore, some interactions 
(i.e. the interactions between BDV-N and HMGB1, BDV-P and DLC8) which have 
never been reported were also detected in this study. However, these interactions still 
need further investigation to be confirmed. In most methods used to detect 
protein-protein interactions, it is always hard to distinguish direct interactions and 
indirect interactions in protein complexes. The same problem also occurs in in situ 
PLA. To overcome this problem, cells transfected respectively with BDV P and BDV 
N should be used in host-virus protein-protein interactions research in future. In 
general, in situ PLA shows great strength to study protein-protein interactions. It gives 
new possibilities to study these interactions in tissue samples of natural hosts, and 
improves the way to detect how BDV interacts with the host and causes disease.  
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