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General Introduction 

 

Many viruses which invade the cent ral nervous system (CNS) via the 

peripheral nervous system (neural spread ) have been reported ever since and 

they induced serious damage of centra l and peripheral nervous system to 

both animal and human. The studies on the infection and propagation 

mechanisms of these viruses are useful to understand the characters of them 

and finally they may be related to the development of therapeutic or 

preventive measures.  

Sensory neurons are most probably invo lved in the virus transfer from 

the site of the primary infection to th e CNS. Dorsal root ganglia (DRG) are 

crucial in the initial events or the gr ound of secondary viral propagation of 

the in vivo  and in vitro  infection by neurotropic viruses, since they can act as 

gates for the virus entrance into the CNS (Coulon et al. , 1989; Hirano et al. , 

2004; Jackson and Reimer, 1989; Park et al. , 2006). DRG has been useful in 

the understanding of these initial virus-host interaction events. In the 

previous report, Matsuda et al.  (2005) demonstrated that neural spread of 

pseudorabies virus (PRV), a neurotropic alphaherpes virus, in cultured nerve 

cells obtained from DRG of newbor n mice required the integrity of 

microtubules and intermediate filaments of the cells, whereas neural spread 

of influenza A virus was independent of microtubule integrity.  

In this study, I chose three neurot ropic viruses; swine hemagglutinating 

encephalomyelitis virus (HEV), rabies  virus (RV) and PRV, which show 

neural spread in animals. HEV belongs to the order Nidovirales , family 
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Coronaviridae , genus Coronavirus . The virus was first isolated in Canada 

from the brains of sucklin g piglets (Pensaert, 2006), an d identified as causes 

of encephalomyelitis or vomiting an d wasting disease in suckling piglets 

(Cutlip and Mengeling, 1972; Pensaert, 2006). In previous in vivo  studies 

using piglets and mice, HEV has been suggested to invade into the CNS by 

neural spread (Andries and Pensaert, 1980; Hirano et al. , 2004; Pensaert, 

2006; Yagami et al. , 1986; Yagami et al. , 1993). PRV, also known as 

Aujeszky's disease virus or  suid herpes virus 1, belongs to the subfamily 

Alphaherpesvirinae  of the family Herpesviridae  and it has been 

demonstrated to propagate transaxonally in vivo  and in vitro studies  (Card 

et al. , 1990; Enquist et al. , 2002; Field and Hill, 1974). RV belongs to the 

family Rhabdoviridae , genus Lyssavirus . RV is highly neurotropic and 

migrates to the neuronal soma by retrograde axonal transport and finally 

released into the CNS, resulting in lethal encephalitis in various animals 

(Jackson, 2006; Jackson, 2007; Murphy, 1977). 

This thesis is compos ed of two chapters. In chapter 1, I compared 

neurotropism and the role of cytoskeletal components in the neural spread of 

HEV with those of PRV using cultured  nerve cells and non-neuronal cells 

from DRG of newborn mice. In chapter 2, I examined cell tropism of RV and 

the roles of neuronal cytoskeletal co mponents in the production of viral 

nucleoprotein using cultured nerve cells  and non-neuronal cells from DRG of 

newborn mice. 
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Chapter 1 

 
Comparative studies on infection and propagation between swine 

hemagglutinating encephalomye litis virus and pseudorabies 

virus in the primary cultured mo use dorsal root ganglia cells 

 

 

Introduction 

 

Swine hemagglutinating encephalomyelitis virus (HEV) belongs to the 

order Nidovirales , family Coronaviridae , genus Coronavirus . The virus was 

first isolated in Canada from the brai ns of suckling piglets (Pensaert, 2006), 

and causes encephalomyelitis or vomiting and wasting disease in suckling 

piglets (Cutlip and Mengeling, 1972;  Pensaert, 2006). In previous in vivo  

studies using piglets and mice, HEV has been suggested to invade the CNS 

via the peripheral nervous system (neural spread) (Andries and Pensaert, 

1980; Hirano et al. , 2004; Pensaert, 2006; Yagami et al. , 1986; Yagami et al. , 

1993). However, the neural spread of HEV has not been examined by  in vitro  

studies.  

Matsuda et al. (2005) demonstrated that the neural spread of 

pseudorabies virus (PRV), a neurotropic alphaherpesvirus, in cultured nerve 

cells obtained from dorsal root ganglia  (DRG) of newborn mice required the 

integrity of microtubules and intermediate filaments of the cells, whereas 
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the neural spread of influenza A was independent of microtubule integrity. In 

this chapter, I compared neurotropism of HEV with that of PRV. The roles of 

neuronal cytoskeletal components in the neural spread of HEV was also 

compared with those of PRV using cult ured nerve cells and non-neuronal 

cells from DRG of newborn mice.  

 

 

Materials and Methods 

 

Viruses 

  The HEV 67N strain was first isolat ed from the nasal cavities of 

apparently healthy feeder pigs in 1972 in the United States. This virus was 

propagated in FS-L3 cells (Sasaki et al. , 2003). Pseudorabies virus, also 

known as Aujeszky's disease virus or  suid herpes virus 1, belongs to the 

subfamily Alphaherpesvirinae  of the family Herpesviridae . Pseudorabies 

virus strain Yamagata-S  81 (PRV) was the first Japanese isolate from piglets 

(Itakura et al. , 1981). This virus was propagat ed in cloned porcine kidney  

(CPK) cells.   

 

DRG cell culture 

DRG of the spinal  cords of newborn ICR/Jcl mice (2-4 days old) were 

dissociated by incubation with 1 mg/ml collag enase (Sigma-Aldrich, St. Louis, 
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MO, U.S.A.) at 37°C for 30 min. Dissociated cells were resuspended  at a 

concentration of 50,000 nerve ce lls (about 100 ganglia) per  ml in 

maintenance medium (MM) comprised of Eagle's minimal essential  medium 

(Sigma-Aldrich) supplemented  with 10% heat-inactivated  fetal bovine serum 

(Biofluids,  Rockville, MD, U.S.A.), 50 U/ml penicillin (GIBCO, Gaithersburg, 

NY, U.S.A.) and  50 µg/ml streptomycin (GIBCO). Collagen-coated 35 mm 

dishes with central 14 mm  glass coverslips (Matsunami  Glass, Osaka, Japan) 

were seeded with 100 µl  of the cell suspension. Cells were then incubated in 

MM with  10 µM 5-fluoro-2'-deoxyuridine (Sigma-Aldrich) and  40 nM 2.5S  

nerve growth factor (Invitrogen,  Carlsbad, CA, U.S.A.) in a 5%  CO2 

atmosphere at 37°C. The medium wa s changed every 2-3 days. After 7-10 

days of incubation, when an axonal ne twork of nerve cells had formed,  dishes 

were used for the experiments. In each dish, non-neuronal cells were 

admixed with nerve cells. All the experiments using experimental animals 

were conducted in accordance with the policies of the Animal Care and Use 

Committee, Graduate School of Veteri nary Medicine, Hokkaido University.  

 

Infection of cultured DRG cells with HEV and PRV 

Cultured DRG cells on the 14 mm coverslip were inoculated  with either 

HEV at 10 6.7 TCID 50/ml or PRV at 10 4.37 TCID 50/ml in 100 µl of MM and 

incubated for 1 hr at 37°C. The viral suspension  was removed and cells were 

washed three times with MM, then  incubated in MM for 24,  48 and 60 hr. At 
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least three  samples were examined for each time point. Mock-infected DRG 

cells were used as a negative control. 

 

Cytoskeletal interference and viral propagation in cultured DRG cells  

Nocodazole (NOC; Sigma-Aldrich) was used for the disruption of 

microtubules, acrylamide (ACR; Sigma -Aldrich) for the perturbation of 

intermediate filaments and cytochal asin D (CYD; Sigma-Aldrich) for the  

disruption of microfilaments. Full-grow n nerve cells with axonal networks 

were prepared on 14 mm  coverslips in 35 mm dishes. The cultured DRG cells 

were treated with NOC at  1, 5 and 10 µM or ACR at 1,  2 and 3 mM for 23 hr 

before infection. In the case of CYD, DRG cells were treated at 1, 2.5 and 5 

µM for 2 hr before infection. After that the cells were inoculated  with either 

HEV at 10 6.7 TCID 50/ml or PRV at 10 4.37 TCID 50/ml in 100 µl of MM and 

incubated for 1 hr  at 37°C. The inoculum was then removed by  washing with 

MM three times and MM was applied with each drug. At 2 hr after 

inoculation with each virus, the inoculum of CYD was then removed by  

washing with MM three times and MM was applied without CYD and 

incubated until 48 hr after inoculation with each virus. At 48 hr after 

inoculation with each virus, infected DRG cells in all dish es were fixed for 

morphological  examination.  Stock solutions of NOC  (10 mM) and CYD (1  

mM) in DMSO  and ACR (1 M) in double-distilled water were prepared and  

diluted to the final concentration in  MM. The maximum concentrations of 
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the inhibitors were chosen to maxi mize the drug effects without any 

apparent cytotoxic effect on cell morphology. The intermediate and minimum 

concentrations were used to confirm the effect of inhibitors. Controls were 

treated with an  equal volume of DMSO or double-distilled water.  At least 

three dishes were used for each treatment . Student’s t -test was used to 

assess the statistical significance  of differences between the groups ( P < 0.01 

and P < 0.05). Each experiment was performed at least three times.  

 

Immunocytochemical analysis 

 

DRG cells were fixed with 4% para formaldehyde (Merck, Darmstadt, 

Germany) for 10 min and  permeabilized with 0.2% Triton X-100 

(Sigma-Aldrich) for 5 min.  Nonspecific binding of antibodies was blocked by 

incubation  with 2% bovine serum albumin (Sigma-Aldrich) for 30 min.  Newly 

prepared mouse antiserum against H EV and rabbit antiserum against PRV 

(a gift from Dr. E. Ono) was used for the detection of viral antigens.  A mouse 

monoclonal anti-tubulin �EIII isoform antibody (Chemicon International, 

Temecula, CA, U.S.A.), rabbit polyclonal anti-tubulin �EIII isoform antibody 

(Abcam, Cambridge, UK), mouse anti -neurofilament-M&H phosphorylated 

form antibody (Chemicon  International), rabbit polyclonal anti-pan 

neurofilament antibody (BIOMOL Inte rnational, Plymouth Meeting, PA, 

U.S.A.) and Alexa Fluor 488-conjugat ed phalloidin (Molecular Probes, 

Eugene, OR, U.S.A.)  were used to visualize microtubules, neurofilaments 
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and microfilaments, respectively.  Alexa Fluor 488-conjugated anti-rabbit IgG 

donkey serum (Molecular Probes), Al exa Fluor 488-conjugated anti-mouse 

IgG donkey serum (Molecular Probes), Alexa Fluor 555-conjugated 

anti-mouse IgG donkey serum  (Molecular Probes) and Alexa Fluor 

555-conjugated anti-rabbit IgG donkey serum  (Molecular Probes) were used 

as secondary antibodies. Hoechst  33258 (Wako Pure Chemical Industries, 

Osaka, Japan) was used for nuclear staining.  Analyses were performed with 

an Olympus Fluoview FV500 confocal  laser scanning microscope (Olympus, 

Tokyo, Japan) and Fluoview so ftware version 5.0 (Olympus).  For calculating 

the infectivity of each virus, images of  5 fields were viewed at random, and 

the number of antigen-positive DRG cell s was counted. At le ast three dishes 

were used for each treatment. Student’s t -test was used to assess the 

statistical significance of difference s between the groups. Each experiment 

was repeated at least three times.  

 

 

Results 

 

Infectivity of viruses in ne rve cells in cultured DRG  

The percentage of antigen-positive nerve cells in the 14 mm coverslip 

was counted at each time point. Nerve cells were identified by 

immunohistochemistry using the anti-tubulin �EIII antibody in our cultured 

DRG cells. The time courses of propagation of both viruses in DRG nerve 
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cells were similar and cells that were antigen-positive for both viruses 

increased time dependently. In HEV in fection, viral antigen-positive nerve 

cells were not detected at 0 and 24 hr po st inoculation (p.i.) (Fig. 1A, B), but 

after that they sharply increased. At 48 hr p.i. (Fig. 1C), about 85% of the 

nerve cells were viral antigen-positive and this figure reached 90% at 60 hr 

p.i. (Fig. 1D). The viral antigens of HEV first appeared at the cell periphery 

of nerve cells and then extended to the whole cytoplasm of the cells. After 

that, the viral antigens were detected  in the axons (Fig . 1C, D). In PRV 

infection, viral antigen-positive nerve cells  were not detected at 0 hr p.i. (Fig. 

1E) and slowly increased until 24 hr p.i.  (Fig. 1F). After that, the number of 

positive cells sharply increased from 24 to  48 hr p.i. At 48 hr  p.i., 100% of the 

cells were viral antigen-positive (Fig. 1G, 2). The viral antigens appeared 

first in nuclei or perinuclear regions (Fig. 1F), and then moved to periphery 

of the neuronal cell bodies (Fig. 1G ). After that, viral antigen-positive 

granules appeared in the axons (Fig. 1H). No severe  damage due to virus 

infection was observed in the nerve cells except  for mild swelling of cell 

bodies (Fig. 1).  

 

Infectivity of viruses in non-neuronal cells in cultured DRG 

In this cultured DRG cells, no n-neuronal cells coexisted with  nerve cells. 

The non-neuronal cells were not stained by the anti-tubulin �EIII antibody. 

These cells were spindle-shaped with fusiform nuclei or irregularly shaped 
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with flattened nuclei. The non-neuronal cells were not infected with HEV but 

34% of them became PRV antigen-posi tive at 48 hr p.i. (Fig. 3, 4). 

 

Effects of cytoskeletal perturbation on viral propagation   

 

The cytoskeletal morphology was not modified by viral infection without 

drug treatment, and each inhibitor specifically affected the morphology of 

the targeted cytoskeletal component. The nerve cells untreated with NOC 

had confocal images of granular to fi brillary tubulin staining (Fig. 5A, E). 

Nerve cells treated with NOC lost these characteristics depending on the 

concentration of the inhibitor (Fig. 5B, C, F, G), and only a few fine linear 

microtubules were observed at the ma ximum concentration (Fig. 5D, H). The 

number of PRV-positive cells was reduced drastically with an increase of the 

NOC concentration in the medium (Fig. 5F, G) and PRV-positive nerve cells 

were scarcely observed in dishes treated with 10 µM NOC (Fig. 5H). In 

contrast, the number of HEV-positive nerve cells gradually decreased with 

the increase of the NOC concentratio n (Fig. 5B-D, 8A). Neurofilaments 

(intermediate filaments) exhibited fibrillary staining in control nerve cells 

(Fig. 6A, E). With ACR treatment, neurofilament protein characteristically 

accumulated at the axon terminals and this change became evident with the 

increased ACR concentrations (Fig . 6B-D, F-H). Cells that were 

antigen-positive for HEV or PRV decreased with increased ACR 

concentrations (Fig. 6, 8B). The morp hological changes of actin filaments 
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(microfilaments) were few by CYD treatment, and the percentages of 

antigen-positive nerve cells were not si gnificantly different from the control 

for both viruses (Fig. 7, 8C).  
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Fig. 1. Confocal images of cultured nerve cells after HEV and PRV infection. 

The cultured nerve cells are immunostai ned for viral antigens (red), tubulin 

�EIII (green) and nuclei (blue). Viral anti gens are HEV (A-D) and PRV (E-H). 

Confocal images of cultured nerve cells at  0 hr p.i. (A, E), at 24 hr p.i. (B, F), 

at 48 hr p.i. (C, G) and at 60 hr p.i.  (D, H). Insets in D and H are higher 

magnification of axons. Arrows indicate viral antigens in the axons (yellow). 

Bars=100 µm. 
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Fig. 2. Percentages of virus antigen-positive nerve cells in cultured DRG cells.

Closed squares are HEV and open squares are PRV. Each value is expressed

as the mean ?<SD.
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Fig. 3. Confocal images of virus antigen- positive non-neuronal cells in 

cultured DRG cells infected with HEV and PRV. The cultured DRG cells are 

immunostained for viral antigens (red), tubulin �EIII ��(green) and nuclei (blue). 

Nerve cells are immunostained for tubulin �EIII ��and non-neuronal cells are 

not stained for tubulin �EIII ����Arrows indicate non-neuronal cells. Bars=100 

µm.  
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Fig. 4. Percentages of virus antigen-positive non-neuronal cells in cultured DRG cells.
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mean ?<SD.

17



18 
 

 

 

 

 

 

 

 

Fig. 5.  Confocal images of virus antige n-positive nerve cells with NOC 

treatment. Confocal images of nerve cells are immunostained for viral 

antigens (red), tubulin �EIII ����green) and nuclei (blue). Nerve cells were 

infected with HEV (A-D) or PRV (E -H). Concentrations of NOC are 1 µM (B, 

F), 5 µM (C, G) and 10 µM (D, H). As for control, vehicle of NOC (A, E) was 

used. Bars=100 µm. 






































































































