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Abstract 

Infection with challenge virus standard-11 (CVS) strain, a laboratory fixed 

rabies virus strain, induces neuronal process degeneration in both in vivo and in 

vitro models. CVS-induced axonal swellings of primary rodent dorsal root 

ganglion neurons are associated with 4-hydroxy-2-nonenal staining indicating a 

critical role of oxidative stress. Mitochondrial dysfunction is one of the most 

important causes of oxidative stress. We hypothesized that CVS infection 

induces mitochondrial dysfunction leading to oxidative stress. We investigated 

the effects of CVS infection on several mitochondrial parameters in different cell 

types. CVS infection increased electron transport chain capacity, Complex I and 

IV activities, but did not affect Complex II-III, citrate synthase, and malate 

dehydrogenase activities. CVS maintained normal oxidative phosphorylation 

capacity and proton leak, indicating a tight mitochondrial coupling. Possibly as a 

result of enhanced Complex activity and efficient coupling, a high mitochondrial 

membrane potential was generated. CVS infection reduced the intracellular ATP 

level and altered the cellular redox state as indicated by high NADH/NAD+ ratio. 

CVS infection was associated with a higher rate of hydrogen peroxide production. 

We conclude that CVS infection induces mitochondrial dysfunction leading to 

ROS overgeneration, oxidative stress and neuronal process degeneration. 
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1. Introduction: 

Rabies is a fatal viral infection caused by rabies virus. The virus targets the 

nervous system and induces acute encephalitis in the infected hosts leading 

eventually to death (Jackson and Wunner, 2007). The disease is considered as 

preventable, in part, due to the use of highly effective vaccines. Yet, rabies 

continues to be a serious issue worldwide. World Health Organization indicates 

that rabies virus infection leads to 35,000 to 50,000 deaths each year (WHO, 

1999). This number is believed to be an underestimate related to inadequate or 

perhaps lack of laboratory facilities and confirmatory tests (Knobel et al., 2005). 

Currently, there is no effective therapeutic approach against rabies probably due 

to our limited current knowledge about rabies pathogenesis (Jackson, 2011). A 

better understanding of the viral pathogenesis and the viral-host interactions 

would be of a great importance in order to develop an effective therapy for rabies.  

1.1 Epidemiology: 

The majority of rabies cases take place in Asia and Africa (Knobel et al, 

2005). The main route of transmission in these two continents is exposure to 

bites from rabid dogs (Knobel et al., 2005). As dogs are considered the main 

reservoirs for rabies virus, the incidence of human rabies in a particular 

population usually correlates with the incidence of canine rabies (Childs and 

Real, 2007). In the USA, 236 human rabies cases were identified from 1946 to 

1965 (Held et al., 1967). Most of the cases were due to exposure to infected 

dogs (Held et al., 1967). Nowadays, human rabies is very rarely seen in North 

America and Europe. Vaccination of dogs and availability of effective human 
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vaccines have led to the remarkable reduction of human rabies cases in these 

two continents (Centres for Disease Control and Prevention, 2005 and Advisory 

Committee on Immunization Practice, 1999). Based on the information obtained 

from the history of the patients and the molecular characteristics of the virus, 

several cases of human rabies in the USA and European countries have 

acquired the infection outside of these countries (Noah et al., 1998). Reporting 

―imported‖ human rabies is expected to continue until the infection is controlled in 

countries where rabies is endemic (Childs and Real, 2007). In Canada and the 

USA, most recent human rabies cases acquired in the two countries are acquired 

from bats (Krebs et al., 2003 and Public Health Agency of Canada, 2003). 

Human rabies cases reported in the USA are mostly associated with silver 

haired, tricolored, and, to a lesser extent, Brazilian free-tailed bats. Skunks, 

foxes, and racoons are also common rabies virus reservoirs in the USA (Blanton 

et al., 2011).     

Animal bites are responsible for most rabies virus transmission. Direct 

contact of mucosal membranes with infectious particles is another less common 

route for viral transmission (World Health Organization 2004). In Ethiopia, two 

human-to-human cases have been reported (Fekadu et al., 1996). A case of 

congenital, mother-to-child, rabies virus infection has been reported (Sipahioglu 

and Alpaut 1985). In addition to natural routes of transmission, iatrogenic routes 

also contribute to spreading human rabies infection. The USA (Houff et al., 

1979), France (Centres for Disease Control and Prevention, 1980), and three 

other Asian countries (Centres for Disease Control and Prevention 1981, Gode 
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and Bhide 1988, World Health Organization 1994) have reported rabies cases 

acquired from corneal transplantation. In the USA, transplantation of a liver, 

kidneys, and a vascular segment from a single rabies virus–infected donor 

resulted in four human rabies cases in 2004 (Srinivasan et al., 2005). One year 

later, Germany also reported rabies in three organ transplant recipients (Maier et 

al., 2010).  

1.2 Overview of the viral life cycle:                      

The rabies virus life cycle starts when a rabid animal bites a human or 

another animal. The infectious virus is inoculated subcutaneously or 

intramuscularly in the new host (Jackson, 2010). The incubation period is very 

variable from host to host ranging between 30 and 90 days in most cases (Smith 

et al., 1991). Molecular investigation conducted on skunks that were infected with 

street rabies virus strain indicated that the virus remains at the inoculation area 

during most of the incubation period (Charlton et al., 1997). The viral RNA was 

detected using reverse transcriptase polymerase chain reaction assay in the 

muscles at the site of inoculation at 2 months post-infection (Charlton et al., 

1997). This finding was further supported by immunohistochemistry staining 

where rabies virus-infected muscle fibers were detected at or near the site of 

infection (Charlton et al., 1997). On the other hand, the viral genome was absent 

in the spinal cord and the spinal ganglia (Charlton et al., 1997). The virus 

spreads to the central nervous system (CNS) in axons of peripheral nerves by 

retrograde fast axonal transport. The virus transports within the CNS via the 

axons (Klingen, et al., 2008, Kucera et al., 1985, Tsiang et al., 1991).  This 
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axonal transport is quite fast reaching up to 250 and 400 mm per day in 

retrograde and anterograde direction, respectively (Kucera et al., 1985, Tsiang et 

al., 1989, Tsiang et al., 1991). It is believed that both motor and sensory neurons 

are involved in this process (Kucera et al., 1985, Tsiang et al., 1991). The virus 

can transfer from one neuron to another along neuroanatomical connections 

(Jackson, 2010). Parasympathetic nervous system may play an important role in 

delivering the virus from the CNS to various organs such as salivary glands. The 

infectious viral particles are secreted in the saliva of the infected host and the 

cycle continues. 

1.3 The viral genome and proteins: 

Rabies virus is classified within the lyssavirus genus in which the genome 

is comprised of single RNA strand with negative sense (Jackson and Wunner 

2007, Tordo et al., 2005). The rabies virus genome is approximately 12 kb in size 

and is composed of five different genes responsible for encoding the five viral 

proteins: nucleoprotein, phosphoprotein, matrix protein, glycoprotein, and large 

protein (Le Mercier et al., 1997, and Marston et al., 2007). Each coding region 

(gene) is located between two non-coding ones (intergenic regions). The 

transcription is initiated by transcription initiation signals at the beginning of each 

gene, and is terminated by transcription termination polyadenylation signals at 

the end of this gene (Tordo et al., 1986b, Tordo and Poch. 1988a). With the 

exception of the intergenic region located between glycoprotein and large protein 

sequences, the non-coding sequences are relatively short in length in most of the 

lyssaviruses (Tordo et al., 1986b). In addition to the intergenic regions located 
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between the five genes, there are another two non-coding regions located at both 

genome termini (Tordo et al., 1986a, Tordo and Poch. 1988b). The leader is a 58 

nucleotide region and is located at the 3‘ end of the viral genome. This region is 

believed to be critical in initiating the transcription process (Tordo et al., 1986a). 

On the 5‘ end, approximately 70 nucleotides form the trailer, a non-coding region 

is responsible for terminating the genome transcription (Bourhy et al., 1989, 

Conzelmann and Schnell, 1994, Tordo and Poch. 1988b). Figure 1 and 2a shows 

the viral structural proteins and genomic structure, respectively. The viral 

nucleoprotein is composed of 450 amino acids, and it encapsidates the viral 

genome leading to nucleocapsid formation (Iseni et al., 1998, Thomas et al., 

1985). Then, the phosphoprotein (297 amino acids) is linked to both 

nucleocapsid and large proteins (2130 amino acids) to form ribonucleoprotein 

(Mavrakis et al., 2003, 2006, and Chenik et al., 1998). Matrix protein is 

comprised of 202 amino acids and is associated with the inner side of the viral 

membrane linking the viral nucleocapsid to the glycoprotein (505 amino acids) on 

the viral surface (Mebatsion et al., 1999). Upon completion of transcription and 

translation processes, rabies virus forms a bullet-like structure that has a conical 

and a flat end (Matsumoto et al., 1962, Tordo and Poch, 1988b). While the virion 

is 75 nm in diameter, the length is different among different strains and it ranges 

from 100 to 300 nm (Matsumoto et al., 1962, Tordo and Poch, 1988b).  

1.4 The viral replication cycle: 

Figure 2b explains the sequential steps of the rabies virus replication cycle. 
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Figure 1: Rabies virus structure. It is composed of five different proteins 

(nucleoprotein, phosphoprotein, polymerase or large protein, matrix protein, and 

glycoprotein) arranged in bullet-like structure (reproduced from Schnell et al, 

2010 with permission from Nature Publishing Group www.nature.com).  
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Figure 2: a) rabies virus genomic structure. Negative sense single 

stranded RNA composed of 5 genes (N, P, M, G, and L) and 6 non-coding 

regions (exist between the genes and at both genome termini. b) rabies virus 

replication cycle. The cycle starts with viral attachment and internalization. The 

viral genome is uncoated to initate transcription and translation processes 

followed by the viral replication. Then, the viral budding occurs at the plasma 

membrane and the cycle continues (reproduced from Schnell et al, 2010 with 

permission from Nature Publishing Group www.nature.com).  

file:///C:/Documents%20and%20Settings/njm33/Local%20Settings/Temporary%20Internet%20Files/Content.IE5/SQ92EMGX/www.nature.com
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1.4.1 Attachment and host receptors: 

Glycoprotein, in particular the amino acid at position 333, is critical for viral 

attachment to the receptors of the targeted cells (Tuffereau et al., 1989, Etessami 

et al.,. 2000). Several membrane molecules have been reported as receptors for 

rabies virus. For instance, Lentz and his colleagues indicated that rabies virus 

interacts with nicotinic acetylcholine receptor (nAChR) in order to bind mouse 

diaphragm (Lentz et al., 1982). A few years later, the same research group 

identified amino acids located between 173 and 204 in the rabies virus 

glycoprotein as critical sites for this viral-host interaction (Lentz et al., 1987). Pre-

treatment of dorsal root ganglion primary neurons with monoclonal antibodies 

raised against α-subunit of nAChR partially reduced their susceptibility to rabies 

virus infection (Castellanos et al., 1997). The neuronal cell adhesion molecule 

(NCAM) is another cellular component that is believed to play a significant role 

for rabies virus internalization (Thoulouze et al., 1998). Rabies virus-susceptible 

cell lines usually express NCAM on their surfaces. On the other hand, rabies 

virus-resistant cell lines lack NCAM (Thoulouze et al., 1998). Pre-treatment of 

PC12 cells, cell lines originated from rat adrenal medulla, with nerve growth 

factor enhances the expression of NCAM. The infectivity of rabies virus in NGF-

treated PC12 cells is approximately 3 times higher versus untreated PC12 cells 

(Thoulouze et al., 1998). Moreover, treatment of rabies virus-susceptible cells 

with either anti-NCAM antibodies or NCAM ligands drastically suppresses the 

infection (Thoulouze et al., 1998). Primary cortical neurons derived from NCAM- 
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deficient mice are less susceptible to rabies virus infection than those derived 

from wild type mice (Thoulouze et al., 1998). In vivo experiments conducted on 

NCAM-deficient mice revealed that the reduction of NCAM expression 

remarkably impairs the neuroinvasion by rabies virus (Thoulouze et al., 1998). 

Other host molecules such as the low affinity neurotrophin receptor (p75NTR) 

(Tuffereau et al., 1998, Langevin et al., 2002) and gangliosides, especially highly 

sialylated gangliosides (Superti F et al., 1986), are also believed to largely 

participate in the viral attachment to the host cells. 

1.4.2 The viral fusion and internalization: 

The virus induces endosome formation in order to internalize the host cells 

(Superti et al., 1984). The virus was detected by electron microscopy in both 

coated and uncoated vesicles. Due to low pH of the endosome, the viral 

glycoprotein is fused with the cellular membrane resulting in ribonucleocapsid 

release, a process called ―uncoating‖ (Superti et al., 1984). The viral glycoprotein 

plays a critical role in membrane fusion as the fusion is impaired when rabies 

virus glycoprotein is replaced with human immunodeficiency virus-1 (HIV-1)-

glycoprotein 160 (McGettigan et al., 2001). 

1.4.3 Transcription and translation: 

Rabies virus enters the neurons at axon locations which do not provide the 

suitable environment for transcription, translation and replication (Schnell et al., 

2010 and Malgaroli et al., 2006). Therefore, the whole virus or only the viral 

capsid needs to be transported to the cell bodies in order to initiate protein 

synthesis (Klingen, et al., 2008, Jacob et al., 2000, and Raux et al., 2000). Figure 

http://www.ncbi.nlm.nih.gov/pubmed?term=Superti%20F%5BAuthor%5D&cauthor=true&cauthor_uid=2868068
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3 shows how rabies virus enters the neurons at axons and how it is transported 

to the cell bodies. Once the virus reaches the cell body, the RNA polymerase is 

activated and, thereby, initiates the genome transcription. Recently, it was 

proposed that the viral transcription and replication take place in the Negri bodies 

(Lahaye et al., 2009). The first transcript produced by the polymerase complex is 

the leader RNA. This uncapped transcript which lacks ploy A tail is relatively 

short, 55 to 58 bp (Colonno and Banerjee 1978, Leppert et al., 1979). After the 

transcription of the leader RNA, the nucleoprotein‘, phosphoprotein‘, matrix 

protein‘, glycoprotein‘, and large protein‘ mRNAs are transcribed (Tordo et al., 

1986b). Upon transcribing a given mRNA, the transcription stops at the next 

intergenic region prior to restarting the transcription of the next mRNA. This stop-

start fashion is important for mediating the viral gene expression. Unlike the 

leader RNA, all the other viral mRNAs have caps and poly A tails (Ogino and 

Banerjee, 2007). In the presence of an adequate amount of nucleoprotein, 

transcription switches to replication: A complete complementary positive sense 

RNA is produced which serves as a template for the progeny genome (Liu et al., 

2004). When the new nucleoprotein is synthesized, it specifically binds to the 

viral RNA via a phosphoprotein-regulated mechanism (Masters and Banerjee, 

1988). Phosphorylation of the Ser 389 in nucleoprotein enhances phosphoprotein 

and nucleoprotein-RNA complex interaction (Toriumi and Kawai, 2004). Indeed, 

viral replication and transcription were impaired when the phosphorylation site 

was mutated (Wu et al., 2002). Matrix protein is also believed to be important in  
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Figure 3: The viral entry and transportation within neurons. Rabies 

virus enters axons at neuromuscular junctions, and, then, either the whole virus 

or the viral capsid is transported to the cell body in order to initiate the 

transcription of the viral genome (reproduced from Schnell et al, 2010 with 

permission from Nature Publishing Group www.nature.com).  
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mediating the transcription rate (Finke et al., 2003). Figure 2a shows an overview 

of the transcription of the viral genome. 

1.4.4 Budding: 

Budding and release of the progeny virions can be regarded as the last 

step in the viral life cycle. It takes place at the plasma membrane although it is 

unknown how the virions transfer to the budding site. It is believed that both 

glycoprotein and matrix protein play a significant role in this process (Mebatsion 

et al., 1996, Mebatsion et al., 1999). Indeed, the viral yield was suppressed by 

500,000-fold and 30-fold in the absence of matrix protein and glycoprotein, 

respectively (Mebatsion et al., 1999, Mebatsion et al., 1996). When the progeny 

virions are released, they infect the neighbor cells and the cycle continues. 

1.5 Host Immune response: 

Rabies virus enhances its gene expression in order to produce an 

adequate amount of viral components. However, in order to complete the 

replication cycle, this amount must be below the level that triggers cell death and 

the host immune response (Schnell et al, 2010). Alternatively, the virus can 

employ a tactic to escape immune response when it is triggered (Schnell et al, 

2010). It was shown that factors of the innate immune response are activated in 

response to rabies virus infection. For instance, retinoic acid-inducible gene I 

(RIG-I) is overexpressed during rabies virus infection (Hornung et al., 2006). The 

overexpression of RIG-I, in turn, induces type I interferon (e.g. IFN-β) which 

drastically suppresses the viral pathogenesis (Faul et al., 2008). The virus has 

evolved a mechanism to evade such an immune response by upregulating the 
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production of its phosphoprotein (Brzozka et al., 2005). The viral phosphoprotein 

blocks the phosphorylation of some IFN-β-mediated factors (e.g. IFN regulatory 

factor 3) and, thereby, impairs IFN-β activation (Brzozka et al., 2005). Toll-like 

receptor-3 (TLR-3) also plays a role in the secretion of type I IFN, and it was 

found to be upregulated during rabies virus-induced encephalitis (Jackson, et al. 

2006).  Recently, a role of TLR-3 in the formation of rabies virus-induced Negri 

bodies has been identified (Menager et al., 2009). Rabies virus also interferes 

with IFN-signal transduction pathways (Vidy et al., 2005). Indeed, interaction 

between the viral phosphoprotein and Signal Transducers and Activators of 

Transcription-1 (STAT1) in the cytosolic compartment blocks the nuclear 

translocation of STAT1. This prevents the activation of the downstream nuclear 

process required for viral clearance (Vidy et al., 2005). Pathogenic rabies virus 

strains evade the immune system in the brain by impairing the trafficking of the 

immune cells through the blood brain barrier (Hooper et al., 2007). It was shown 

that pathogenic silver haired bat rabies strain, but not an attenuated strain, is 

associated with intact blood brain barrier (Hooper et al., 2007). As a 

consequence, the immune effector cells are unable to enter the CNS (Hooper et 

al., 2007). The host immune system induces apoptosis as a defense mechanism 

against several viral infections (Isamu et al., 2004). It is likely that only attenuated 

strains induce apoptosis. CVS strain, pathogenic rabies strain, induces apoptosis 

neither in mouse nor human lymphocytes (Thoulouze et al., 1997). In contrast, 

ERA strain, attenuated strain, induces apoptosis in both types of lymphocytes 

(Thoulouze et al., 1997). Whereas intracerebral inoculation of CVS induced 

http://en.wikipedia.org/wiki/STAT_protein
http://en.wikipedia.org/wiki/STAT_protein
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neuronal cell death in the infected mice (Jackson et al., 1997 and 

Theerasurakarn et al., 1998), peripheral inoculation did not induce apoptosis of 

neurons indicating the importance of the route of infection in apoptosis induction 

(Scott et al., 2008). No evidence of apoptosis has been observed in postmortem 

brain tissues from fatal human rabies cases (Jackson et al., 2008). Proteomic 

analysis indicated that only attenuated strains stimulate the expression of pro-

apoptotic proteins; proteins that play a critical role in inducing apoptosis (Dhingra 

et al., 2007). It is believed that the expression level of viral glycoprotein is a 

critical factor for inducing apoptosis as attenuated strains produce a greater 

amount of glycoprotein in comparison with pathogenic strains (Faber et al., 2002 

and Prehaud et al., 2003). Although some exceptions apply, pathogenic rabies 

virus strains are likely to evade apoptosis and, thereby, enhance their 

pathogenicity. 

1.6 The viral pathogenesis: 

Studies conducted on experimental animals have greatly improved our 

current understanding about rabies pathogenesis (Jackson et al., 2007). 

However, these studies do not mimic the natural infection in several aspects 

such as the strain of the virus and the route of inoculation. Indeed, laboratory 

fixed rabies virus strains rather than wild type strains are widely used in these 

studies (Jackson et al., 2007). An in vitro study indicated that the virus enters the 

neurons at neuromuscular junctions via interacting with nicotinic acetylcholine 

receptors (Lentz et al., 1982). Subsequently, the virus travels among the axons 

via retrograde axonal transport (Tang et al., 1999, Kelly and Strick, 2000). After 
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the infection is developed, rabies virus spreads widely in the central nervous 

system. Accumulating data suggest that the neuropathogenesis of rabies is due 

to impairment of neuronal functions rather than induction of neuronal death 

(Iwasaki and Tobita, 2002 and Jackson and Wunner, 2007). Both in vivo and in 

vitro studies revealed that rabies virus infection induces alterations in the 

neuronal functions (Jackson et al., 2007). It was shown that rabies virus infection 

affects the functions of neurotransmission components such as α-amino-n-butryic 

acid (Ladogana et al., 1994), opioid (Munzel and Koschel, 1981), serotonin 

(Ceccaldi et al., 1993) and acetylcholine (Tsiang, 1982). Although some 

alterations were observed, none of them had enough significance to explain 

rabies-virus induced neuronal dysfunction (Jackson et al., 2007). Iwata and his 

colleagues studied the effect of rabies virus infection on membrane ion channels 

(Iwata et al., 1999). Ion channels of plasma membrane play a significant role in 

the neurons response to neurotransmitters. Abnormalities in ion channels, in 

particular voltage-dependent Na+ current and inward rectifier K+ current, 

functions were observed in rabies virus-infected mouse neuroblastoma cell line 

(Iwata et al., 1999). The viral infection also resulted in depolarization of resting 

membrane potential (Iwata et al., 1999). Rabies virus-induced nitric oxide is 

another potential explanation for the neuronal dysfunction (Hooper et al.,. 1995). 

Nitric oxide serves as an intermediate component in neuronal signal 

transmission. However, overproduction of nitric oxide may lead to free radical 

formation (e.g., peroxynitrite) and cellular damage. It was shown that laboratory 

fixed strain induces nitric oxide generation by upregulating nitric oxide synthase 
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activity (Hooper et al., 1995). Wild type rabies street strain remarkably enhanced 

the mRNA expression level of induced nitric oxide synthase (iNOS) (Hooper et 

al., 1995). In comparison with expression level of genes in normal brain, the 

expression level of approximately 90% of the genes is suppressed in the infected 

brain (Prosniak et al., 2001). Of note, some genes involved in cell metabolism 

were overexpressed in the rabies virus-infected brain (Prosniak et al., 2001). 

1.7 Rabies virus-induced neurodegeneration: 

Severe degeneration in neuronal processes associated with mild 

pathological alteration in cell bodies was observed in the brain of rabies virus 

N2C-infected mice after intracerebral inoculation (Li et al., 2005). Disappearance 

of intracellular organelles and synaptic structures was evident in the infected 

brain (Li et al., 2005). Similar findings were observed in rabies virus N2C- 

infected primary neurons at 5 days post-infection (Li et al., 2005). Attenuated 

rabies virus strain (SN-10) induced neither of these pathological changes in mice 

nor in primary neurons (Li et al., 2005). 

In the transgenic mice model that express yellow fluorescent protein, 

peripheral inoculation of rabies virus was associated with only mild inflammatory 

and histopathological alterations within the CNS (Scott et al., 2008). Similarly, 

evidence of apoptosis was very limited (Scott et al., 2008). Severe degeneration 

in the axons and dendrites of various neuronal cell types such as layer V cortical 

pyramidal neurons and inferior cerebral peduncle, and mossy fibers was 

observed at 6 days post-infection (Scott et al., 2008). These  
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Figure 4: CVS induced neuronal process degeneration in transgenic 

mice that express yellow fluorescence protein. Mossy fiber axons of mock-

infected (A), CVS-infected (B), and moribund (C) mice. Inferior cerebellar 

peduncle axons of mock-infected (D), and moribund (E) mice. Central tracts in 

the brainstem in mock-infected mice (F) and CVS-infected moribund mice (G). 

Distended axonal profile was observed in CVS-infected moribund mice 

(arrowheads). (reproduced from Scott et al, 2008 with permission). 
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morphological abnormalities were remarkable in moribund mice (Scott et al., 

2008) (Figure 4). Vacuolations and swollen mitochondria were also demonstrated 

in the infected neurons. These swollen mitochondria were localized particularly at 

the site of the process swellings and beadings suggesting a role for mitochondria 

in these morphological abnormalities (Scott et al., 2008). 

1.8 Oxidative stress: 

All cell types, especially neurons of the brain, are vulnerable to oxidative 

stress (Gandhi and Abramov, 2012). In comparison with other cells, there is a 

high demand for energy in neuronal cells. Oxygen is consumed in relatively high 

amounts by neurons to initiate oxidative phosphorylation and produce ATP. 

Indeed, 20% of the total amount of body oxygen is consumed by the brain 

(Halliwell et al, 2006). Some of the oxygen consumed by neurons during normal 

physiological aerobic respiration is used to generate reactive species such as 

hydrogen peroxide, nitric oxide, hydroxyl and superoxide. Reactive oxygen 

species play a pivotal role in several cellular biochemical activities such as cell 

signaling, cell adhesion, host defense and regulation of enzyme activities (Dröge, 

2001). But accumulation or overproduction of reactive oxygen species (ROS) 

have undesirable effects on the cells (Freidovich, 1999). Indeed, interaction 

between different ROS can lead to more devastating outcomes (Huie and 

Padmaja, 1993). Interaction between superoxide and nitric oxide produces 

peroxynitrite, an oxidant that can cause severe damage to cellular amino-acids, 

nucleic acids, and lipid-containing molecules (Huie and Padmaja, 1993). Lipid 

peroxidation is a common consequence of oxidative stress in which reactive 

http://www.hindawi.com/27965243/
http://www.hindawi.com/40458981/
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oxygen species oxidatively damage the lipid-containing components (e.g., 

arachidonic acid and linoleic acids) and produce 4-hydroxy-2-nonenal (4-HNE), a 

highly reactive electrophile which can be toxic to the cells (Ferrari, 2000, and 

Keller et al., 1997). Thus, increased 4-HNE expression is used as a marker for 

oxidative stress. Imbalance between oxidant and antioxidant systems either due 

to an increase in ROS production or a defect in antioxidant defense activity leads 

to ROS accumulation and oxidative stress. 

1.8.1 Pro-oxidants and sources of ROS: 

Univalent reduction of oxygen generates superoxide whereas bivalent 

reduction produces hydrogen peroxide. It was shown that plasma membrane, 

mitochondrial membrane, and endoplasmic reticulum membrane catalyze 

superoxide production (Chance et al., 1979). Cytosolic (e.g., flavoprotein 

xanthine oxidase), membrane-bound (e.g., NADPH cytochrome P-450 

reductase), and peroxisome enzymes are other enzymatic sources of superoxide 

and hydrogen peroxide (Fridovich et al., 1970, Brass et al., 1991, and Chance et 

al., 1979). Non-enzymatic sources involve the metabolism of prostaglandin, 

catecholamine, and hemoglobin (Misra and Fridovich, 1972, and Cohen and 

Heikkila, 1974).  The immune system may also contribute to ROS production 

(Babior et al., 1973). Oxidative burst induced by immunocytes (e.g., phagocytes) 

in order to eliminate bacterial or viral-infected cells largely depends on the ability 

of these cells to produce high amounts of ROS by plasma membrane NADPH 

oxidase (Babior et al., 1973).  

1.8.2 Antioxidants and scavenging of ROS: 
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Under normal physiological condition, mitochondrial uncoupling is one way to 

combat ROS formation by preventing the generation of a very high mitochondrial 

membrane potential (Sack, 2006). Although generation of high mitochondrial 

membrane potential by electron transport chain Complexes is required to 

produce ATP, a very high mitochondrial membrane potential also greatly favors 

ROS formation (Starkov et al., 2003, and Murphy, 2009). Uncoupling factors 

such as thyroid hormones and uncoupler proteins are activated when the 

mitochondrial membrane potential exceeds the desirable limit and, thus, 

decreases proton pumping across the inner mitochondrial membrane (Terada, 

1990). In addition to uncouplers, antioxidant systems are activated in order to 

eliminate ROS overgeneration and accumulation. Antioxidants either directly 

scavenge the produced ROS or indirectly inhibit their formation (Gilgun-Sherki et 

al., 2001). Vitamins (e.g., vitamin E and vitamin C) (Frei, 1994), zinc (Powell, 

2000) and glutathione (Shen D et al., 2005) are examples of non-enzymatic 

antioxidant components. Enzymatic antioxidants include superoxide dismutase, 

catalase, and glutathione peroxidase (Fang et al., 2002 and Uday et al., 1990). 

Whereas manganese-superoxide dismutase (Mn-SOD) is found in the 

mitochondria, copper-zinc superoxide dismutase (Cu-Zn SOD) is located in the 

cytosolic and extracellular compartments (McCord et al., 1971 and Marklund et 

al., 1982). The main function of superoxide dismutase is to convert superoxide 

molecules to hydrogen peroxide and oxygen. This should prevent the release of 

superoxide into cytoplasm. In addition, it will prevent superoxide-nitric oxide 

interaction and peroxynitrite formation (Jourd‘heuil et al., 1997). Mitochondrial 
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superoxide dismutase seems to be more important than the other superoxide 

dismutases. Almost no effect was seen in mice when the cytosolic superoxide 

dismutase was knocked out (Ho et al., 1997). A similar finding was observed in 

extracellular superoxide dismutase-knockout mice. However, these mice showed 

hypersensitivity to hypoxia (Carlsson et al., 1995). In contrast, mitochondrial 

superoxide dismutase-knockout mice suffered severe cardiomyopathy and 

serious neuronal degeneration followed by death within a few days (Li et al., 

1995). Catalase is found mainly in the peroxisomes. Catalase breaks down 

hydrogen peroxide and releases oxygen (Mueller et al., 1997). Glutathione 

peroxidase also reacts with and removes hydrogen peroxide, but no oxygen is 

released (Brigelius-Floh, 1999, Krishna et al., 2010). Glutathione peroxidase can 

be detected in both mitochondria and cytoplasm (Meredith and Reed, 1982, and 

Griffith and Miester, 1985). 

1.9 Viral infections associated with oxidative stress: 

Several neurotropic and non-neurotropic viral infections are believed to 

induce oxidative stress either by enhancing ROS generation or by impairing 

antioxidant dysfunction (Schwarz, 1996). The level of intracellular glutathione, an 

antioxidant, was reduced in HIV–infected lymphocytes (Buhl et al., 1989). As 

macrophages modulate the level of glutathione in the lymphocytes (Gmiinder et 

al., 1990), it was suggested that the viral infection may reduce the glutathione 

concentration by inducing macrophage dysfunction (Muller et al., 1990). The 

increased level of ROS in the cells is another reason for the depletion of 

intracellular glutathione level. A potential mechanism for ROS overproduction is 
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through the release of cytokines that have a pro-oxidant activity such as tumor 

necrosis factor (TNF) and interleukin-1 (IL-1) as a response to the infection 

(Gloenbock et al., 1991, and Klempner et al., 1978). Both the infected cells and 

the phagocytes are able to promote TNF release. TNF targets the mitochondrial 

respiration by promoting electron leakage and superoxide production (Schulze-

Osthoff, 1992). This action is known to be inhibited by vitamin E, an antioxidant 

(Schulze-Osthoff, 1992). IL-1 release is stimulated by the activated monocytes 

(Klempner et al., 1978). As a result, neutrophils secrete lactoferrin, a lysosomal 

protein that interacts with iron and form lactoferrin-iron complex (Klempner et al., 

1978). Lactroferrin-iron complex is sequestered in the reticuendothelial system. If 

the iron uptake exceeds the cellular iron-binding capacity, iron interacts with 

superoxide and forms hydroxyl radicals. It was shown that the activity of catalase 

is increased as HIV disease progresses probably as a compensatory mechanism 

for glutathione loss (Left et al., 1992). The expression of HIV genes promotes the 

ROS-induced apoptosis in the T cells (Sandstrom et al., 1993). It was shown that 

N-acetyl cysteine, an antioxidant, inhibits both the viral replication and its ROS-

induced apoptosis (Malorui et al., 1993). In hepatitis B-infected transgenic mice, 

the level of ROS generation by activated phagocytes was increased (Hegan et 

al., 1994). Similarly, high levels of superoxide radicals were detected in the 

resting neutrophils of children with chronic hepatitis B infection, although 

activated neutrophils did not follow the same trend (Vierucci et al., 1983, and 

Uehara et al., 1994). The expression of hepatitis B genome in human hepatoma 

hep 3B cells decreased the activity of superoxide dismutase and catalase 
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whereas glutathione peroxidase was completely absent (Bannister et al., 1986). 

It was suggested that oxidative stress plays a role in the carcinogenesis of both 

hepatitis B and hepatitis C, probably by inducing oxidative damage in the DNA of 

the infected cells. Woodchuck hepatitis virus and borna virus also induce ROS 

generation, in particular they prompt nitric oxide production via upregulating nitric 

oxide synthase (Liu et al., 1991, 1992, and Zheng et al., 1993). Indeed, it was 

shown that the activity of nitric oxide synthase and the level of nitric oxide in the 

brain of borna virus-infected rats determine the severity of the viral pathology 

(Zheng et al., 1993). As mitochondria are well known targets for ROS, 

mitochondrial respiration of influenza B virus-infected human hepatocytes was 

assessed in the presence and absence of the activated macrophages (Schwarz 

et al., 1994). Whereas the mitochondrial respiration was normal in the absence of 

macrophages, it was significantly inhibited in the presence of macrophages 

(Schwarz et al., 1994). The addition of vitamin E or monoclonal antibody directed 

against TNF corrected the respiration inhibition (Schwarz et al., 1994). Therefore, 

it was concluded that influenza B virus-infected human hepatocytes are sensitive 

to TNF pro-oxidant activity (Schwarz et al., 1994). The level of several 

antioxidants like vitamin A and vitamin E were reduced in the lung of influenza A 

virus-infected mice (Hennet et al., 1992). Another in vivo study of influenza A 

virus-infected mice showed that the levels of superoxide and hydrogen peroxide 

were increased in the bronchi alveolar lavage fluid (BALF) and cell-free (BALF), 

respectively (Buffington et al., 1992). Application of superoxide dismutase 

conjugated with pyran polymer protected the mice from lethal influenza A-
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induced pneumonia (Oda et al., 1989). Noteworthy, oxidative stress plays a 

critical role in the pathogenesis of several non-infectious neurodegenerative 

disorders such as Alzheimer‘s disease, Parkinson‘s disease and diabetic 

neuropathy in addition to its critical role in the pathogenesis of infectious 

diseases.  

1.10 Rabies virus-induced oxidative stress: 

The morphological abnormalities observed in rabies virus-infected 

neuronal processes were remarkably similar to these observed in sensory 

neurons from diabetic rats (Lauria et al., 2003, Zherebitskaya et al., 2009). 

Oxidative stress plays a crucial role in inducing axonal swellings in cultured 

neurons derived from diabetic rats (Zherebitskaya et al., 2009). Therefore, the 

role of oxidative stress in rabies virus infection was investigated. Evidence of 

oxidative stress were observed in rabies virus-infected mouse dorsal root 

ganglion (DRG) cultured neurons (Jackson et al., 2010). Rabies virus infection 

induced axonal swellings in the infected neurons at 48 and 72 hours post-

infection (Jackson et al., 2010) (Figure 5). These swellings were labelled by 4-

HNE immunostaining, a biomarker for lipid peroxidation (Jackson et al., 2010) 

(Figure 5). The number of 4-HNE puncta was significantly higher in the infected 

cells in comparison with their controls. In this model, the axonal outgrowth was 

dramatically reduced in rabies virus infected neurons (Jackson et al., 2010). 

Recently, evidence of oxidative stress generation, axonal swelling induction, and 

axonal outgrowth reduction was also observed in rabies virus-infected rat dorsal 

root ganglion cultured neurons (Kammouni et al., 2012). Nuclear factor  
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Figure 5: CVS induced axonal swelling in DRG primary neurons. (A, 

B, and E) mock-infected neurons. (B, D, and F) CVS-infected neurons. A and B 

were stained with β-tubulin; a marker of neurons. C and D were stained with 4-

HNE; a marker of lipid peroxidation. E and F show when both stains were 

merged. Strong expression was observed in CVS-infected neurons with and 

without axonal swellings (arrowheads and arrow, respectively). (reproduced from 

Jackson et al., 2010 with permission).  
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kappa B (NF-κB) p50 and p65 subunit were overexpressed in CVS-infected 

neurons as indicated by western blotting analysis (Kammouni et al., 2012). CVS 

infection in the presence of SN50, a peptide that prevents NF-κB translocation to 

the nucleus, increased the 4-HNE puncta in the axons of infected neurons 

(Kammouni et al., 2012). On the other hand, ciliary neurotropic factor, a 

neurotrophic factor and NF-κB activator, significantly reduced the number of 4-

HNE puncta in the infected neurons (Kammouni et al., 2012). Quantitative 

assessment of NF-kB p50 subunit levels in nuclear and cytoplasm indicated 

higher nuclear to cytoplasm ratio in CVS-infected cells versus mock-infected 

neurons at 24 hours post infection, but the nuclear localization of p50 subunit 

was impaired at 48 and 72 hours post-infection (Kammouni et al., 2012). It was 

concluded that rabies virus induces oxidative stress in the infected neurons by 

inhibiting NF-kB activation (Kammouni et al., 2012) although other cellular 

mechanisms may also be involved. 

1.11 Mitochondria: 

Mitochondria are significantly involved in modulating numerous cellular 

functions such as energy production, apoptosis induction, calcium homeostasis, 

hormone biosynthesis, ROS generation and scavenging (Henze and Martin, 

2003). Mitochondria are found in the cytosolic compartment of eukaryotic cells. 

They are composed of two main compartments: the intermembrane space which 

is located between the outer and inner membrane and the matrix which is 

surrounded by the inner site of the inner membrane. Of note, Krebs cycle takes 

place in the mitochondrial matrix. The inner membrane is folded into cristae in 
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order to increase the surface area of the inner membrane and enhance ATP 

production (Henze and Martin, 2003). 

1.11.1 Mitochondria as a source of energy: 

Mitochondria consume oxygen molecules during aerobic respiration. The 

production of cellular energy constitutes two pathways: oxidation (electron 

transport chain) and phosphorylation (Kalckar, 1974). Complex I, NADH-

Coenzyme Q oxidoreductase, is the first (Hirst et al., 2005) and largest enzyme 

in size, approximately 1000 kilo Dalton (Lenaz et al., 2006), in the electron 

transport chain. It is composed of 39 nuclear-encoded and 7 mitochondrial 

encoded subunits (Carroll et al., 2003, Chomyn et al., 1985 and 1986). Upon 

Complex I and NADH interaction, two electrons enter Complex I at its flavin 

mononucleotide (FMN) site (Ohnishi et al., 1998). As a result, FMN is reduced 

and four protons are pumped across the mitochondrial inner membrane (Brandt 

et al., 1997). Complex II, succinate dehydrogenase, is the second enzyme in 

electron transport chain, and it is also a Krebs cycle enzyme (Cecchini et al., 

2003). Its main functions are succinate oxidation and ubiquinone reduction. 

Noteworthy, no proton pumping takes place at Complex II. Q-cytochrome c 

oxidoreductase is regarded as Complex III in the electron respiratory chain (Berry 

et al., 2000). It constitutes 22 proteins equally separated between two major 

subunits forming a dimer (Iwata et al., 1998). Ubiquinol and cytochrome c are 

oxidized and reduced, respectively, at Complex III (Berry et al., 2000). In a two 

step-reaction (Q-cycle), four protons are pumped into the intermembrane space 

(Trumpower et al., 1990, Hunte et al., 2003). Complex IV or cytochrome c 
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oxidase is the last enzyme in the electron transport chain (Calhoun et al., 1994). 

The main function of Complex IV is to oxidize cytochrome c and pass an electron 

to oxygen releasing water and pumping four protons into the intermembrane 

space (Yoshikawa et al., 2006). Due to proton pumping through Complex I, III, 

and IV from the matrix to the intermembrane space, an electrochemical gradient 

is generated creating the mitochondrial membrane potential (Schultz and Chan 

2001, Nicholls, 2004). ATP synthase, which is powered by the mitochondrial 

membrane potential, completes the oxidative phosphorylation pathway via 

consuming the proton gradient generated by electron transport chain in order to 

produce energy in the form of ATPs (Boyer et al., 1997). Three or four protons 

are consumed to generate one molecule of ATP (Van Walraven et al., 1996, and 

Yoshida et al., 2001). Figure 6 shows an overview of the oxidative 

phosphorylation process.  

1.11.2 Mitochondria as a source of ROS: 

Although ROS can be produced in cells via various pathways, some sources 

seem to be more significant than others. Mitochondria can be regarded as the 

major source for ROS. Figure 7 shows an overview of the mitochondrial role in 

ROS production. Mitochondrial superoxide steady state concentration is 5 to 10 

times more than that detected in the nucleus and cytoplasm. Both sub-

mitochondrial particles and intact mitochondria contribute to hydrogen peroxide 

production (Jensen et al., 1966, Hinkle et al., 1967, Chance et al., 1971, Boveris 

et al., 1972, and Loschen et al., 1975). It was suggested that the whole amount 

of mitochondrial hydrogen peroxide is due to dismutation of superoxide (Boveris  
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Figure 6: Oxidative phosphorylation process. As the electrons are transported 

through the electron transport chain Complexes, protons are pumped from the 

mitochondrial matrix to the intermembrane space generating a high mitochondrial 

membrane potential. ATP synthase, then, consumes this mitochondrial 

membrane potential to phosphorylate ADP and produce energy (reproduced from 

Brownlee, 2001, with permission from Nature Publishing Group 

www.nature.com).  

file:///C:/Documents%20and%20Settings/njm33/Local%20Settings/Temporary%20Internet%20Files/Content.IE5/SQ92EMGX/www.nature.com
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Figure 7: The relationship between mitochondria and ROS production. 

Mitochondrion is one of the major cellular sources and targets of ROS. In normal 

physiological condition, ROS are used for redox signaling. In pathological 

conditions, ROS production is enhanced mainly by electron transport chain 

Complexes. Mitochondrial DNA is vulnerable to ROS. ROS-induced mutations in 

mitochondrial DNA lead to mitochondrial dysfunction. Mitochondrial dysfunction 

leads to more ROS formation and more devastating outcomes (reproduced from 

Murphy, M. P. "How Mitochondria Produce Reactive Oxygen Species." Biochem 

J 417, no. 1 (2009): 1-13). 
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et al., 1975). Within mitochondria themselves, several sites for ROS generation 

have been identified. Electron transport chain, in particular Complex I and 

Complex III, can be regarded as the main ROS generators in the mitochondria. 

Superoxide molecules produced at Complex I are found mainly in the 

mitochondrial matrix (Brand et al., 2004). The presence of succinate, Complex II 

substrate, has additive effect on superoxide production at Complex I potentially 

via reverse electron transport system (Liu et al., 2002). Myxothiozole either 

increases or decreases superoxide level in the presence of NADH (Complex I- 

substrate), or succinate (Complex II-substrate), respectively (Giulivi et al., 1995). 

The level of ROS production was increased in the presence of Complex III-

inhibitor, antimycin A. Hence, Complex III was suggested as a site of ROS 

production (Ohnishi et al., 1980, and Ericinska et al., 1976). Within Complex III, 

ubisemiquinone and cytochrome-b have been identified as oxygen reactants and, 

thus, identified as superoxide-producing components (Ohnishi et al., 1980, and 

Ericinska et al., 1976). When NADH to NAD+ ratio is increased in the cells, Krebs 

cycle enzyme, in particular α- ketoglutarate dehydrogenase, greatly contribute to 

ROS production. Figure 8 shows three common modes of ROS production by the 

mitochondria under normal and abnormal mitochondrial function. Other 

mitochondrial sources of ROS such as cytochrome P-450 (Bernhardt, 1996) and 

monoamine oxidase (Pizzinat et al., 1999) have been identified. 

1.11.3 Mitochondria as a target for ROS: 

Mitochondria are one of the main cellular targets for ROS. Figure 7 shows an 

overview of the vulnerability of mitochondria to ROS. The number of bases that  

http://www.springerlink.com/content/?Author=R.+Bernhardt
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Figure 8: Three common modes for mitochondrial ROS production. Mode1: 

the increase of NADH to NAD+ ratio, for example, due to a defect in Complex I 

leads to ROS overproduction at Complex I and α-ketoglutarate dehydrogenase. 

Mode 2: high mitochondrial membrane potential is associated with low ATP 

production leading to reverse electron flow and high amount of ROS. Mode 3: 

under normal physiological condition, mitochondrial produce a low amount of 

ROS (reproduced from Murphy, M. P. "How Mitochondria Produce Reactive 

Oxygen Species." Biochem J 417, no. 1 (2009): 1-13) 
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are oxidatively modified in the mitochondrial DNA is up to 20 higher than it is in 

nuclear DNA (Brown et al., 1979). Part of this can be explained by the fact that 

mitochondrial DNA lacks the protective histone that is found around nuclear DNA 

(Rasmussen et al., 1998). Moreover, mitochondrial DNA is closer to the sites of 

ROS production than nuclear DNA. In rat liver mitochondria, pyridine nucleotides 

are lost in the presence of hydrogen peroxides (Birt and Bartley, 1960). 

Furthermore, calcium release is enhanced and cell cytotoxicity is promoted 

(Richter and Jörg Schlegel, 1960). It was shown that hydrogen peroxide and 

nitric oxide alters several mitochondrial parameters such as electron transport 

chain Complexes and aconitase activities (Raza et al., 2011). In rat liver 

mitochondria, nitric oxide and peroxynitrite open mitochondrial transition pores 

and activate calcium efflux (Radi et al., 2002). Modulating the mitochondrial 

transition pores may lead to pro-apoptotic proteins and promote apoptosis (Radi 

et al., 2002). 

1.12 Rationale, hypothesis, and objectives of this study: 

CVS rabies virus strain infection induces oxidative stress in both mouse 

and rat DRG primary neurons (Jackson et al., 2010, and Kammouni et al., 2012). 

However, the underlying mechanisms of this process have not been identified. 

Although several cellular components may induce oxidative stress in the infected 

cells, mitochondria can be considered as the main source of ROS. Indeed, 

alteration of mitochondrial functions can enhance ROS production and/or 

suppress ROS scavenging leading to ROS accumulation and oxidative stress 

induction in the cells (Murphy, 2009).  In addition to the critical role of the 
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mitochondria in oxidative stress induction, previous findings indicated that rabies 

virus protein, in particular the matrix protein, is localized to the mitochondria of 

the infected cells (Gholami et al., 2008). These facts led to our hypothesis that 

rabies virus induces oxidative stress by inducing mitochondrial dysfunction. The 

purpose of this study is to investigate a linkage between the mitochondrial 

functions and oxidative stress in rabies virus infected cells. Our objectives 

include assessment of several mitochondrial parameters in CVS-infected cells 

and comparing them to mock-infected cells. Four different cell types were initially 

used in this study: rat DRG primary sensory neurons, nerve growth factor (NGF)-

treated PC12 cells, mouse neuroblastoma cells (MNA), and baby hamster kidney 

clone S13 cell (BHK-S13). The biochemical activity of Krebs cycle enzymes 

(citrate synthase and malate dehydrogenase) and electron transport chain 

Complexes (Complex I, Complex II-III, and Complex IV) were assessed. Several 

states of mitochondrial respiration (leak respiration, coupled respiration, 

uncoupled respiration, and Complex IV respiration) were also studied. Finally, the 

effect of the viral infection on the mitochondrial membrane potential, the levels of 

NAD+, NADH, NADH/NAD+ ratio, intracellular ATP, hydrogen peroxide 

production were determined.  
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Materials and methods: 

2.1 Virus: 

 The challenge virus standard-11 strain of fixed rabies virus (CVS), 

obtained from William H. Wunner (The Wistar Institute, Philadelphia, PA), was 

used in these studies. Virus propagation was conducted using baby hamster 

kidney (BHK) (clone C13) cells grown in Dulbecco‘s modified Eagle medium 

(DMEM) (11995; Invitrogen, Carlsbad, CA) supplemented with 10% fetal calf 

serum (B15-001; PAA cell culture company, Etobicoke, Canada) at 37°C in 

humidified air containing 5% CO2. Viral titers of stock virus were determined by 

counting fluorescent foci on mouse neuroblastoma (MNA) cells. 

2.2 Cell types and growth condition: 

Four different cell types were used in this study: rat DRG primary sensory 

neurons, nerve growth factor (NGF)-treated PC12 cells, mouse neuroblastoma 

cells (MNA), and baby hamster kidney clone S13 cell (BHK-S13). 

Rat DRG neurons were prepared as described previously (Kammouni et 

al. 2012). Briefly, adult male Sprague Dawley rats (University of Manitoba, 

Winnipeg, MB, Canada) were killed by decapitation. DRG neurons were 

dissected after the vertebral column was removed. DRG were treated with 

0.125% collagenase type 4 (47C9497; Worthington, Lakewood, NJ) and then 

with 2.5% trypsin (57H9722; Worthington, Lakewood, NJ) for 45 min at 37°C in 

order to dissociate the cells. Neonatal calf serum (NCS) was added to a final 

concentration of 33% to neutralize the collagenase/trypsin. After successive 

washing with Ham‘s F12 media (11765-054; Invitrogen) containing 10% fetal 
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bovine serum, the cells were collected, filtered, and centrifuged at 300 x g for 10 

min. The cell pellet were resuspended and centrifuged in Ham‘s F12 media 

containing 15% essentially fatty-acid-free bovine serum albumin (BSA) (A9205; 

Sigma-Aldrich) for 10 minute at 900 X g. 2 ml of Ham‘s F12 media containing 2 

mM L-glutamine and Bottenstein‘s N2 supplements without insulin were used to 

resuspend the cell pellet. Bottenstein‘s N2 supplements contain 0.1 mg/ml 

transferrin, 20nM progesterone (P8783; Sigma-Aldrich), 100 μM putrescine 

(P7505; Sigma-Aldrich), 30 nM sodium selenite (S5261; Sigma-Aldrich), and 0.1 

mg/ml fatty acid-free BSA (A9205; Sigma-Aldrich). Cells were seeded on six-well 

plates (Nunclon Surface). Then, cultures were kept for 2 days in N2/F-12 medium 

at 37°C in humidified air containing 5% CO2 prior to viral adsorption. 

PC12 cells were cultivated and differentiated for 3 days in DMEM 

containing 50 nmol/ml NGF (N2513; Sigma-Aldrich) in the presence of either 1% 

horse serum (26050-088; Invitrogen) and 0.5% fetal bovine serum or 10% horse 

serum and 5% fetal bovine serum at 37°C in humidified air containing 5% CO2 

prior to viral adsorption. 

MNA cells were cultivated in Minimum Essential Medium Eagle (12-662F; 

Lonza, Walkersville, MD) containing 1% sodium bicarbonate (17-613E; Lonza), 

40mM L-Glutamine (G7513; Sigma-Aldrich), tryptosephosphate broth (T0800; 

Teknova, Hollister, CA) containing 0.14% tryptose, 0.014% Glucose, 0.035% 

sodium chloride, 0.0175% sodium phosphate dibasic and 10% fetal calf serum at 

37°C in humidified air containing 5% CO2 prior to viral adsorption. 
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BHK-S13 cells were cultivated in DMEM containing 10% fetal calf serum 

at 37°C in humidified air containing 5% CO2 prior to viral adsorption. 

2.3 Viral infection: 

Cells were infected with CVS at multiplicity of infection (MOI) of 10 

fluorescent foci forming unit per cell. After 1 hr of viral absorption, appropriate 

and fresh media were added to each cell type. 

2.4 Cell viability assay: 

 The cell viability was determined by trypan blue (17-942E; Lonza) 

exclusion test. Viable cells are able to exclude the trypan blue staining whereas 

dead cells retain the dye in their cytoplasm. Seventy two hrs post-infection mock-

infected and CVS-infected PC12 cells were stained with trypan blue at 1:1 ratio 

and the percentage of viable cells was determined. 

2.5 Measurement of protein concentration: 

The protein concentration was measured in 96 well plate using Bio-Rad 

DC protein assay kit (500-0116; Bio-Rad, Mississauga, Canada). Cells were 

lysed in lysis buffer containing 1% NP-40. Then, 5 μl from the sample, 25 μl of 

alkaline copper tartrate solution (reagent A), 200 μl of dilute folin reagent 

(reagent B) were added in each well. After 15 min incubation at room 

temperature, the absorbance was recorded by SpectraMax Plus384 

spectrophotometer (Molecular Devices, Sunnyvale, CA) at 750 nm wavelength. 

The protein concentration was determined from a standard curve prepared by 

bovine serum albumin (2930; Omnipur, Gibbstown, NJ). 

 2.6. Western blotting analysis for 4-HNE expression: 
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  Western blotting analysis was performed according to the protocol 

described previously (Kammouni et al., 2012). At 72 hrs post-infection, CVS- and 

mock-infected PC12 cells were lysed using ice-cold neurofilament stabilization 

buffer containing: 0.1 M Pipes, 5 mM MgCl2, 5 mM EGTA, 0.5 % Triton X-100, 

20% glycerol, 10 mM NaF, 1 mM PMSF and protease inhibitor cocktail. Protein 

concentrations were determined. Equal amounts of proteins (5 μg) from CVS and 

mock-infected PC12 samples were loaded onto 10% SDS-PAGE gel. The 

proteins were electrotransferred onto a nitrocellulose membrane at 100 V for one 

hour. Then, it was incubated overnight with rabbit polyclonal antibody anti-

extracellular signal-regulated kinase (ERK) (sc-93, Santa Cruz Biotechnology) or 

rabbit polyclonal anti-HNE Michael adducts (#393207, EMD Millipore, Temecula, 

CA) (1/1000) followed by incubation with HRP-linked anti-rabbit IgG (Jackson 

Immunoresearch Laboratories). Western blotting luminol reagent (sc-2048, Santa 

Cruz Biotechnology) was used for protein detection. Imaging was performed by a 

BioRad Fluor-S. Densitometeric scan of the blots was detected using Quantity 

one software. Results are expressed as ratio of scan value of 4-HNE protein to 

ERK protein. 

2.7 Measurement of citrate synthase and malate dehydrogenase activities:  

Citrate synthase and malate dehydrogenase activities were measured by 

spectrophotometric approach in mock-infected and CVS-infected cells at 72 hrs 

post-infection as previously described with minor modifications (Chowdhury et al, 

2000, Chowdhury et al, 2010, Silverstein and Sulebele, 1970). All measurements 

were conducted on 96-well plate in a total reaction volume of 100 μl. The assays 
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were optimized. Therefore, the concentrations of chemicals, the incubation 

periods, and the assays run time in each assay can be different from those 

previously reported. The protocols (including the concentration of chemicals, the 

incubation periods, and the assay run time) used in our studies are fully 

described below. 

2.7.1 Assessment of citrate synthase activity: 

2.7.1.1 Principle of the assay: 

Measurement of citrate synthase activity was based on the ability of the 

enzyme to facilitate the formation of citrate in the presence of acetyl-CoA and 

oxaloacetic acid. The formation of citrate converts 5,5′-Dithiobis(2-nitrobenzoic 

acid) (DTNB) to 5-thio-2-nitrobenzoic acid (TNB) and, thus, changes its color.  

2.7.1.2 Preparation and storage of stock solutions: 

1 mM DTNB (D8130; Sigma-Aldrich) stock solution was prepared in 1 M 

Tris-HCL buffer (pH 8.2). 10 mM Acetyl coenzyme A (acetyl-coA) (A2056; Sigma-

Aldrich) stock solution was prepared in distilled water. 10 mM Oxaloacetic acid 

(O-4126; Sigma-Aldrich) stock solution was prepared in 0.1 M Tris-HCL buffer 

(pH 8.2). The stock solutions of DTNB, Acetyl-CoA, and oxaloacetic acid were 

aliquoted in tubes and stored at -20°C.  

2.7.1.3 Procedure: 

To determine citrate synthase activity, 0.1 mmol/L DTNB and 1-5 μg 

sample were added in Tris-HCl buffer (pH 8.2) containing 0.05% lauryl maltoside 

(D4641; Sigma-Aldrich). 0.1 mmol/L acetyl-CoA was added and the absorbance 

was followed at 412 nm for 5 minutes. Then, the reaction was started by adding 
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0.05 mmol/L oxaloacetic acid, and citrate synthase activity was monitored for 

another 5 minutes. 

2.7.2 Assessment of malate dehydrogenase activity: 

2.7.2.1 Principle of the assay: 

Measurement of malate dehydrogenase activity was based on the ability 

of the enzyme to oxidize β-Nicotinamide adenine dinucleotide (NADH), and 

convert oxaloacetic acid to malate. 

2.7.2.2 Preparation and storage of stock solutions: 

1 mM NADH (N8129; Sigma-Aldrich) stock solution was freshly prepared 

in distilled water and kept on ice. Oxaloacetic acid stock solution was prepared 

as described above (2.7.1 Assessment of citrate synthase activity).  

2.7.2.3 Procedure: 

The reaction buffer (100 mM phosphate buffer saline containing 0.05% 

lauryl maltoside) contained 100 μmol/L NADH, 0.05 mmol/L oxaloacetic acid, 5 

μg sample. Then, the reduction in absorbance due to NADH oxidation was 

monitored at 340 nm for 2 minutes. 

2.8 Assessment of electron transport chain (ETC) Complex activities: 

The biochemical activities of electron transport chain (ETC) Complex were 

determined by spectrophotometer approach in mock-infected and CVS-infected 

cells at 72 hrs post-infection as previously described with minor modifications 

(Chowdhury et al, 2000, Chowdhury et al, 2010, and Kiebish et al, 2008). All 

measurements were conducted in 96-well plates in a total reaction volume of 100 
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μl. The protocols (including the concentration of chemicals, the incubation 

periods, and the assay runt time) used in our studies are fully described below. 

2.8.1 Assessment of Complex I activity: 

2.8.1.1 Principle of the assay: 

Complex I activity was measured as rotenone-sensitive NADH-

cytochrome c reductase activity. The reaction was based on the ability of 

Complex I, in the presence of NADH, to pass electron to Complex III which, in 

turn, reduces oxidized cytochrome c. Rotenone, Complex I-specific inhibitor, was 

added and rotenone-sensitive activity was calculated. 

2.8.1.2 Preparation and storage of stock solutions: 

10 mM NADH stock solution was freshly prepared as described above 

(2.7.2 Assessment of malate dehydrogenase activity). 0.1 M Potassium cyanide 

(KCN) (207810; Sigma-Aldrich) stock solution was freshly prepared in 200 mM 

potassium phosphate buffer (pH 7.4). 2.5 mM Rotenone was freshly prepared in 

absolute ethanol (R8875; Sigma-Aldrich). The stock solution of oxidized 

cytochrome c (C2506; Sigma-Aldrich) was prepared in 10 mM potassium 

phosphate buffer (pH 7.4), aliquoted in tubes, and stored at -20°C. 

2.8.1.3 Procedure: 

To determine Complex I activity, samples were subjected to three cycles 

of freezing and thawing. The reaction buffer contained 20 mmol/L potassium 

phosphate buffer (pH 7.4), 100 μmol/L NADH, 1 mmol/L KCN, and 1-5 μg sample 

were pre-incubated for 3 minutes. Then, 100 μmol/L oxidized cytochrome c was 
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added. The reaction was followed at 550 nm for 5 minutes and for another 5 

minutes after adding 25 μmol rotenone.  

2.8.2 Assessment of Complex II-III activity: 

2.8.2.1 Principle of the assay: 

Complex II-III activity was measured as rotenone-sensitive succinate-

cytochrome c reductase activity. In the presence of succinate, Complex II passes 

electron to Complex III which, in turn, reduces oxidized cytochrome c. In order to 

exclude any contribution from Complex I in this reaction, rotenone, Complex I-

specific inhibitors, was added in the reaction mixture.  

2.8.2.2 Preparation and storage of stock solutions: 

Stock solutions of, oxidized cytochrome c, KCN and rotenone were 

prepared as described above (2.8.1 Assessment of Complex I activity). 1 M 

Succinate (Sigma-Aldrich S2378) stock solution was freshly prepared in distilled 

water.  

2.8.2.3 Procedure: 

To determine Complex II-III activity, samples were subjected to three 

freeze-thaw cycles. 50 mmol succinate, 1 mmol/L KCN, 25 μmol/L rotenone, and 

1-5 μg sample were pre-incubated in 20 mM potassium phosphate buffer 

containing 0.01% BSA for 3 minutes. 100 μmol/L oxidized cytochrome c was 

added, and the increase in absorbance was followed at 550 nm for 5 minutes. 

2.8.3 Assessment of Complex IV activity: 

2.8.3.1 Principle of the assay: 
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Complex IV activity was measured as cytochrome c oxidase activity. The 

assay was based on the ability of Complex IV to oxidize the reduced cytochrome 

c. 

3.8.3.2 Preparation of stock solution: 

The stock solution of reduced cytochrome c was kindly prepared by Dr. 

Subir Roy Chowdhury. The stock solution was aliquoted in tubes and stored at -

20°C. 

2.8.3.3 Procedure: 

To determine Complex IV activity, 1-5 μg samples were pre-incubated in 

20 mM potassium phosphate buffer containing 0.05% lauryl maltoside for 10 

minutes. Then, 40 μmol/L of reduced cytochrome c was added. The oxidation 

rate of the reduced cytochrome c was measured for 5 minutes. 

2.9 Mitochondrial respiration assay: 

 Mitochondrial respiration in CVS-infected and mock-infected PC12 cells 

were assessed using OROBOROS Oxygraph-2k (OROBOROS instruments 

GmbH, Innsbruck, Austria) as previously described (Chowdhury et al, 2010). 

2.9.1 Preparation and storage of stock solutions: 

5 mg/ml digitonin (D-180-250; Gold Biotechnology, St. Louis, MO), 1 M 

puryvate (P2256; Sigma-Aldrich), 1 M ascorbate (A7631; Sigma-Aldrich), and 0.1 

M N,N,N′,N′-Tetramethyl-p-phenylenediamine dihydrochloride (TMPD) (T3134; 

Sigma-Aldrich) stock solutions were freshly prepared in distilled water. 1 M 

malate stock solution was prepared by Dr. Subir Roy Chowdhury. 0.5 M 

adenosine 5′-diphosphate monopotassium salt dehydrate (ADP) (Sigma-Aldrich; 
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A5285) stock solution was prepared in distilled water containing 6.8% potassium 

hydroxide (KOH). The ADP stock solution was aliqouted in tubes and stored at –

80°C. 50 mM FCCP (ab120081; Abcam) stock solution was prepared in absolute 

ethanol, aliqouted in tubes, and stored at –80°C. 2 mM antimycin A (A8674; 

Sigma-Aldrich) and 5 mM oligomycin (O4876; Sigma-Aldrich) stock solutions 

were prepared in absolute ethanol, aliqouted in tubes, and stored at –20°C. 0.1 

M KCN was freshly prepared in 200 mM potassium phosphate buffer (pH 7.4). 

2.9.2 Principle and procedure:  

At 72 hrs post-infection, the cells were harvested and washed with 

phosphate buffer saline. The cells were counted and 2x106 cells were added to 

each chamber of OROBOROS Oxygraph-2k in a total volume of 2 ml. The 

respiration media contained 80 mmol/l potassium chloride (KCl), 10 mmol/l Tris-

HCl (T5941; Sigma-Aldrich), 3 mmol/l MgCl2 (M-33-500; Fisher Scientific, Fair 

Lawn, NJ), 1 mmol/l EDTA (BP120-500; Fisher Scientific), 5 mmol/l potassium 

phosphate (pH 7.4). Because whole cell lysates rather than isolated mitochondria 

were used, digitonin was added after addition of the cells for permeabilization. 

Digitonin permeabilizes the plasma membrane of the cells whereas the 

mitochondrial membrane remains intact. 10 mmol/l pyruvate and 5 mmol/l malate 

(M7397; Sigma-Aldrich) were added in order to start the basal respiration. This 

step was followed by the addition of 2 mmol/l ADP to start the coupled 

respiration. After inhibiting the coupled respiration with 1 μmol/l oligomycin, an 

ATP synthase inhibitor, the coupled respiration was measured as oligomycin-

sensitive respiration whereas oligomycin-insensitive respiration determined the 
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leak respiration of the cells. Addition of oligomycin blocks reverse proton 

pumping through ATP synthase. FCCP was titrated and 0.25 μmol/l was found to 

induce maximum uncoupling of the mitochondria. FCCP catalyzes the proton 

transfer to the matrix and, thus, abolishes the mitochondrial membrane potential. 

0.25 μmol/l FCCP was added to initiate the uncoupled respiration followed by the 

addition of 1 μg/ml antimycin A. Uncoupled respiration was calculated as an 

antimyicn-sensitive FCCP-induce respiration. Then, Complex IV respiration was 

induced by the addition of 5 mmol/l ascorbate and 0.5 mmol/l TMPD. 0.25 mmol/l 

of KCN, a Complex IV-specific inhibitor, was added and Complex IV respiration 

rate was measured as a KCN-sensitive ascorbate and TMPD-induced 

respiration. The rate of oxygen consumption was determined using OROBOROS 

DatLab software. 

2.10 Measurement of NAD+, NADH, NADH/NAD+ ratio: 

 2.10.1 Principle of the assay:  

NAD+ and NADH levels were determined by EnzyChromTM NAD+/NADH 

Assay Kit (ECND-100; Bioassay System, Hayward, CA) in mock-infected and 

CVS-infected PC12 cells at 72 hr post infection. The reaction was based on the 

ability of NADH to reduce tetrazolium dye (MTT) through alcohol dehydrogenase-

based reaction.  

2.10.2 Procedure: 

According to the manufacturer‘s instructions, 1x105 cells from mock-

infected and CVS-infected groups were incubated with either 100 µl NAD+ or 

NADH buffer for NAD+ or NADH extraction, respectively. Samples were heated 
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at 60°C for 5 min before adding 20 µl assay buffer. Then, the extracts were 

neutralized by adding 100 µl of the opposite extraction buffer. After 5 min 

centrifugation, 40 µl of the supernatant were used for each assay. 80 µl of the 

working solution containing 50 μL assay Buffer, 1 μL enzyme, 10 μL 1v% 

Ethanol, 14 μL phenazine methosulfate (PMS) and 14 μL MTT was added to 

each sample and incubated for 15 min. The reduction of MTT color was 

measured at 565nm. NAD+ and NADH concentration were determined from a 

standard curve prepared using the standard solution provided with the kit. Then, 

NADH/NAD+ ratio was calculated. 

2.11 Detection of ATP levels: 

 2.11.1 Principle of the assay: 

The ATP levels were determined using ATP Colorimetric/Fluorometric 

Assay Kit (K354-100; Biovision, Mountain View, CA) in mock-infected and CVS-

infected PC12 and MNA cells at 72 hr post infection. This assay was based on 

glycerol phosphorylation and the level of ATP can be detected by both 

colorimetric and fluorometric methods.  

2.11.2 Procedure: 

According to the manufacturer‘s instructions, 100 µl of ATP extraction 

buffer were added to 1X106 cells from mock-infected and CVS-infected samples. 

Then, samples were homogenized in perchloric acid followed by a neutralization 

step using deproteinizing sample preparation kit (K808-200; Biovision). After 2 

min centrifugation, supernatants were collected and used for the assay. 50 µl of 

reaction mix containing 44 µl ATP assay buffer, 2 µl ATP probe, 2 µl ATP 
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converter, and 2 µl developer mix were added to each sample. After 30 minute 

incubation in dark, optical densities were read at 570 nm using SpectraMax 

Plus384 spectrophotometer. The intracellular ATP level was determined from a 

standard curve prepared using the ATP standard solution provided with the kit. 

2.12 Assessment of mitochondrial membrane potential: 

 2.12.1 Principle of the assay: 

The mitochondrial membrane potentials were determined using 

tetramethylrhodamine ethyl ester (TMRE) Mitochondrial Membrane Potential 

Assay Kit (113852; Abcam, Toronto, Canada) in mock-infected and CVS-infected 

PC12 and MNA cells at 72 hr post infection. This kit is based on the ability of 

TMRE, a positively-charged dye, to stain actively respiring mitochondria, 

negatively-charged organelles. While depolarized or inactive mitochondria fail to 

retain TMRE, hyperpolarized or active respiring mitochondria are able to 

sequester TMRE. Fluorescence intensity distinguishes between depolarized, 

normal, and hyperpolarized mitochondria. TMRE is the least toxic dye among the 

most widely used ones (e.g., Rhodamine 123). Redistribution of the dye across 

the plasma membrane is quite fast. It can function in both matrix quench and 

matrix non-quench modes although TMRE is a common choice for the non-

quench mode. Quench mode occurs when the concentration of the dye in the 

matrix reaches a certain threshold where further dye accumulation does not 

affect the intensity of fluorescent signal. Depolarization of mitochondria in quench 

mode leads to a transient increase in the whole cell fluorescent signal due to the 

dye redistribution across the plasma membrane. In non-quench mode, the dye 
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concentration accumulated in the matrix should be adequately below the 

threshold concentration. In this mode, depolarization of the mitochondria is 

mirrored by a decrease in whole cell fluorescent signal. Quench mode is usually 

applied to determine a rapid change in the mitochondrial membrane potential 

whereas non-quench is applied to assess pre-existing values. 

2.12.2 Optimization and validation of the assay: 

In this study, the dye functions in non-quench mode and TMRE was 

titrated (5-100 nM) to determine the lowest concentration that gave a reasonable 

signal. 25 nM was chosen as the optimum concentration. Carbonylcyanide p-

trifluoromethoxyphenylhydrazone (FCCP) is a mitochondrial uncoupler that 

specifically collapses the mitochondrial membrane potential by facilitating proton 

transfer into the mitochondrial matrix. Hence, FCCP was used to induce 

mitochondrial depolarization. The lack of increase in whole cell fluorescent signal 

after the addition of 1 μM FCCP further confirms that the dye functions in non-

quench mode.  

2.12.3 Procedure: 

At 72 hrs post-infection, 2X105 cells of mock-infected and CVS-infected 

samples were loaded with 25 nM TMRE, and incubated for 30 minutes in the 

dark at 37°C. Just before washing out TMRE-containing media, 1 μM FCCP, 

mitochondrial uncoupler, was added to some samples. FCCP-treated cells were 

used as controls in this experiment. The media was then washed out in order to 

eliminate background interference. Using fluorescence microplate reader, the 

fluorescence intensity was determined at excitation 549 nm and emission 575nm. 
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 2.13 Assessment of hydrogen peroxide production: 

The rate of hydrogen peroxide production was determined in MNA cells at 

72 hrs post-infection using the Amplex Red Hydrogen Peroxide/Peroxidase 

Assay kit (Invitrogen A22188). 

 2.13.1 Principle: 

The assay is based on the ability of Amplex Red reagent (10-acetyl-3,7-

dihydroxyphenoxazine) in the presence of horseradish peroxidase (HPR) to 

detect the rate of H2O2 production from the cells. 

 2.13.2 Procedure: 

At 72 hrs post-infection, 1 X 104 cells of mock-infected and CVS-infected 

cells were added per well of 96-well plate. The cells were allowed to attach for 2 

hrs at 37°C in humidified air containing 5% CO2. Media was removed and 50 μl 

of 1X reaction buffer containing digitonin and 10 mmol/l succinate were added to 

each well. Then, 50 μl of working solution containing 100 μM Amplex Red 

reagent and 0.2 U/ml HRP was added to each well. The reaction was followed for 

2 hrs at excitation/emission 530/590 nm using a fluorescence microplate reader. 

2.14 Statistical analysis: 

Standard two-tailed Student‘s t-test was used to determine the 

significance of the difference between the means of mock-infected and CVS-

infected cells. The difference was indicated as statistically significant when p < 

0.05. 
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3. Results: 

3.1 PC12 cells viability assay: 

 No significant difference in the cell viability was observed between mock-

infected and CVS-infected cells at 72 hrs post infection. The percentage of viable 

cells was 99.8 ± 0.2% in mock-infected cells versus 99.5 ± 0.3% in CVS-infected 

cells (p=0.410). Results were obtained from 3 independent experiments 

performed in duplicate, and expressed as mean ± the standard error of the mean 

(SEM). 

3.2 Western blotting analysis for 4-HNE expression in PC12 cells: 

In comparison with mock-infected cells, CVS infection significantly 

increased 4-HNE expression by approximately 2-fold (p=0.003) at 72 hrs post-

infection (Figure 9). Results were obtained from duplicate samples from one 

experiment, and, are expressed as mean ± SEM.  

3.3 Krebs cycle enzyme activities: 

3.3.1 Citrate synthase activity: 

No significant difference was found in the activities of citrate synthase 

enzyme between mock infected and CVS-infected DRG (p=0.690), PC12 

(p=0.465), MNA (p=0.963), and BHK-S13 (p=0.307) cells (Figure 10). For DRG, 

results were obtained from duplicate samples from one experiment. For PC12, 

MNA, and BHK-S13, results were obtained from duplicate samples from 2 or 3 

independent experiments. Results are expressed as mean ± SEM. 

 3.3.2 Malate dehydrogenase activity: 
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No significant difference was found in the activities of malate 

dehydrogenase enzyme between mock infected and CVS-infected PC12 

(p=0.119), MNA (p=0.366), and BHK-S13 (p=0.217) cells (Figure 11). Results 

were obtained from duplicate samples from 2 or 3 independent experiments. 

Results are expressed as mean ± SEM. 

3.4 Electron transport chain Complex activities: 

3.4.1 Complex I activity: 

Complex I activity was significantly upregulated in all types of CVS-

infected cells. In comparison with mock-infected cells, the activity in CVS-infected 

DRG neurons, PC12, MNA, and BHK-S13 cells was increased by 34.6% 

(p=0.009), 38.8% (p=0.042), 64.4% (p=0.001), and 75.0% (p=0.0001), 

respectively (Figure 12). For DRG, results were obtained from duplicate samples 

from one experiment. For PC12, MNA, and BHK-S13, results were obtained from 

duplicate samples from 2 or 3 independent experiments. Results are expressed 

as mean ± SEM. 

3.4.2 Complex II-III activity: 

Measurement of Complex II-III activity did not reveal a significant 

difference between mock-infected and CVS-infected DRG (p=0.212), PC12 

(p=0.142), MNA (P=0.093), and BHK-S13 (p=0.203) cells (Figure 13). For DRG, 

results were obtained from duplicate samples from one experiment. For PC12, 

MNA, and BHK-S13, results were obtained from duplicate or triplicate samples 

from 2 or 3 independent experiments. Results are expressed as mean ± SEM. 

3.4.3 Complex IV activity: 
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 Complex IV activity was significantly increased in all type of CVS-infected 

cells. The activity was increased by 29.2% (p=0.004) in DRG neurons, 29.3% 

(p=0.004) in PC12, 33.8% (p=0.017) in MNA, and 43.7% (p=0.007) in BHK-S13 

cells (Figure 14). For DRG, results were obtained from duplicate samples from 

one experiment. For PC12, MNA, and BHK-S13, results were obtained from 

duplicate or triplicate samples from 2 or 3 independent experiments. Results are 

expressed as mean ± SEM. 

3.5 Mitochondrial respiration: 

Several respiratory states have been assessed in mock-infected and CVS-

infected PC12 cells (Figure 15). The leak respiration and OXPHOS capacity were 

not different in mock and CVS-infected cells (p=0.847 and p=0.868, respectively). 

On the other hand, both ETC capacity and Complex IV respiration were 

significantly enhanced by 33.4% (p=0.018) and 49.1% (p=0.027), respectively, in 

the CVS-infected cells in comparison with mock-infected cells (Figure 16). 

Results were obtained from duplicate samples from 3 independent samples, and 

are expressed as mean ± SEM. 

3.6 NAD+ levels, NADH levels, and NADH/NAD+ ratios: 

At 72 hrs post-infection, CVS infection did not significantly affect the NAD+ 

level (p=0.901) (Figure 17a). The NADH level was significantly higher by 42.6% 

(p=0.043) in CVS infected PC12 cells than in mock-infected cells (Figure 17b). 

NADH/NAD+ ratio in CVS-infected cells was increased by 36.8% (p=0.018) in 

comparison with mock-infected cells (Figure 17c). Results were obtained from 
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duplicate samples from 3 independent experiments, and are expressed as mean 

± SEM. 

3.7 Intracellular ATP levels: 

The intracellular ATP levels of CVS-infected cells were significantly lower 

than the intracellular ATP level in mock-infected cells at 72 hrs post-infection. In 

CVS-infected PC12 cells, the ATP level was lower by 26.7% (p=0.0022), 

whereas it was decreased by 36.5% (p=0.0004) in CVS-infected MNA cells 

(Figure 18). Results were obtained from duplicate or triplicate samples from 3 

independent experiments, and are expressed as mean ± SEM. 

 3.8 Mitochondrial membrane potential: 

The mitochondrial membrane potential was significantly enhanced in CVS-

infected cells in comparison with mock-infected cells at 72 hrs post-infection. In 

comparison with mock-infected cells, the mitochondrial membrane potential was 

enhanced by 27.9% (p=0.0.033) and 42.9% (p=0.009) in CVS-infected PC12 and 

MNA cells, respectively. In the presence of FCCP, no significant change was 

observed in CVS-infected PC12 (p=0.189) and MNA (p=0.459) cells (Figure 19). 

Results were obtained from duplicate or triplicate samples from 3 independent 

experiments, and are expressed as mean ± SEM. 

 3.9 Hydrogen peroxide production: 

The rate of succinate driven-hydrogen peroxide production was increased 

in CVS-infected cells by 51.4% (p=0.0167) in comparison with mock-infected 

cells (Figure 20). Results were obtained from duplicate samples from 2 

independent experiments and are expressed as mean ± SEM. 
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Figure 9: Enhanced 4-HNE expression in CVS-infected PC12 cells at 72 hrs post-infection. a) 
Western blot of mock-infected and CVS-infected PC12 cells at 72 hrs post-infection. Cell 

protein lysates were loaded on 10% SDS-PAGE gel. b) Relative scan value show 
approximately 3-fold increase in 4-HNE expression (P=0.003) in CVS-infected cells versus 

mock-infected cells. Results were obtained from duplicate samples from one experiment, 
and, are expressed as mean ± SEM (from Kammouni and Jackson with permission). 
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Figure 10: CVS infection did not alter citrate synthase activity  at 72 hrs post-
infection. No significant difference was observed in CVS-infected DRG (p=0.690), PC12 
(p=0.465), MNA (p=0.963), and BHK-S13 (p=0.307) in comparison with mock-infected 
controls. For DRG, results were obtained from duplicate samples from one experiment. 

For PC12, MNA, and BHK-S13, results were obtained from duplicate samples from 2 or 3 
independent experiments. Results are expressed as mean ± SEM. 
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Figure 11: CVS did not affect malate dehydrogenase activity at 72 hrs post-infection. 
No significant difference was observed in CVS-infected PC12 (p=0.119), MNA (p=0.366), 
and BHK-S13 (p=0.217) in comparison with mock-infected controls. Results were 
obtained from duplicate samples from 2 or 3 independent experiments. Results are 
expressed as mean ± SEM. 
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Figure 12: CVS infection upregulated Complex I activity at 72 hrs post-infection. In 
comparison with mock-infected cells, the activity in CVS-infected DRG neurons, PC12, 

MNA, and BHK-S13 cells was increased by 34.6% (p=0.009), 38.8% (p=0.042), 64.4% 
(p=0.001), and 75.0% (p=0.0001), respectively. For DRG, results were obtained from 

duplicate samples from one experiment. For PC12, MNA, and BHK-S13, results were 
obtained from duplicate samples from 2 or 3 independent experiments. Results are 
expressed as mean ± SEM. (* means p < 0.05, ** means p < 0.01, *** means p < 0.001). 
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Figure 13: CVS infection did not change Complex II-III activity. No significant difference 

was observed in CVS-infected DRG (p=0.212), PC12 (p=0.142), MNA (p=0.093), and BHK-
S13 (p=0.203) in comparison with mock-infected controls. For DRG, results were 
obtained from duplicate samples from one experiment. For PC12, MNA, and BHK-S13, 
results were obtained from duplicate or triplicate samples from 2 or 3 independent 
experiments. Results are expressed as mean ± SEM. 
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Figure 14: CVS infection upregulated Complex IV activity. In comparison with mock 
infected cells, the activity was increased by 29.2% (p=0.004) in DRG neurons, 29.3% 
(p=0.004) in PC12, 33.8% (p=0.017) in MNA, and 43.7% (p=0.007) in BHK-S13 cells. For 
DRG, results were obtained from duplicate samples from one experiment. For PC12, 

MNA, and BHK-S13, results were obtained from duplicate or triplicate samples from 2 or 
3 independent experiments. Results are expressed as mean ± SEM. (* means p < 0.05, 

** means p < 0.01) 
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Figure 15: Mitochondrial respiration of Mock-infected and CVS-infected PC12 cells at 
72 hrs post-infection. Several substrates and inhibitors were added as indicated in order 

to assess various mitochondrial respiration states. Blue lines show the oxygen level in 
the chamber of electrode and expressed in nmol/ml. Red lines show oxygen flow per 
million cells (pmol O2/(s*Mill) cell). Digitonin (Dig) was added to induce permeabilization 
in the cells. Pyruvate (Pyr), malate (Mal), and adenosine diphosphate (ADP) were added 
to initiate coupled respiration. Then, oligomycin (Olig) was added to inhibit the 
phosphorylation system. Oxidative phosphorylation capacity was measured as 
oligomycin-sensitive coupled respiration. Oligomycin-insensitive respiration represented 

the leak respiration. FCCP was added to initiate uncoupled respiration. Antimycin A (AA) 
was added to inhibit the uncoupled respiration. Electron transport chain capacity was 

determined as Antimycin A-sensitive uncoupled-respiration. Complex IV respiration was 
induced by Ascorbate (Asc) and (TMPD). KCN was added to inhibit Complex IV 

respiration. Complex IV rate was determined as KCN-sensitive ascorbate + TMPD-
induced respiration.  

 

CVS CVS 

Mock 
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Figure 16: CVS infection enhanced ETC capacity and Complex IV respiration in PC12 
cells at 72 hrs post-infection. No significant changes were observed in leak respiration 
(p=0.847) and OXPHOS capacity (p=0.868) in CVS-infected cells. ETC capacity was 
enhanced by 33.4% (p=0.018) and Complex IV respiration rate was increased by 49% 
(p=0.027). Results were obtained from duplicate samples from 3 independent samples, 

and are expressed as mean ± SEM. (* means p < 0.05). 

* * 
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a) 

b) 

c) 

Figure 17: Increased  NADH levels, and 
NADH/NAD+ ratio in CVS-infected PC12 
cells. a) There was no significant 
difference in the NAD+ level (p= 0.901) 

in mock-infected versus CVS-infected 
cells at 72 hrs post-infection. B) NADH 

level was significantly increased by 
42.6% (p= 0.043) in CVS-infected cells 
versus mock-infected cells at 72 hrs 
post-infection. C) NADH/NAD+ ratio was 
was significantly increased by 36.0%  
(p=0.018) in CVS-infected cells versus 
mock-infected cells at 72 hrs post-

infection. Results were obtained from 
duplicate samples from 3 independent 

experiments, and are expressed as mean 
± SEM. (* means p < 0.05). 
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Figure 18: Reduced level of intracellular ATP in CVS-infected cells at 72 hrs post-
infection. Intracellular ATP level was significantly reduced in CVS-infected PC12 and 

MNA cells by 26.7% (p=0.0022) and 36.5% (p=0.0004), respectively versus mock-
infected cells. Results were obtained from duplicate or triplicate samples from 3 

independent experiments, and are expressed as mean ± SEM. (** means p < 0.01, *** 
means p < 0.001) 
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Figure 19: Increased mitochondrial membrane potential in CVS-infected cells at 72 hrs 

post-infection. CVS infection induced mitochondrial membrane potential in the infected 
PC12 and MNA cells versus mock-infected cells by 27.9% (p=0.0.033) and 42.9% 

(p=0.009), respectively. Results were obtained from duplicate or triplicate samples from 
3 independent experiments, and are expressed as mean ± SEM. (* means p < 0.05, ** 
means p < 0.01) 
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Figure 20: Increased succinate-driven hydrogen peroxide production in CVS-infected 
MNA cells at 72 hrs post-infection. Hydrogen peroxide production was significantly 

higher in CVS-infected cells by 51.4% (p=0.0167) versus mock-infected cells. Results 
were obtained from duplicate samples from 2 independent experiments, and are 
expressed as percentage of rate relative to that for mock-infected cells. (* means p < 
0.05) 
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4. Discussion: 

The mechanisms by which rabies virus infection induces 

neurodegeneration remain elusive. Accumulating evidence suggests that rabies 

virus induces neuronal dysfunction in the infected cells. Jackson et al. (2010) and 

Kammouni et al. (2012) demonstrated that CVS infection induced axonal 

swellings associated with 4-HNE staining in adult rodent DRG primary neurons. 

4-HNE is a toxic component produced by lipid peroxidation, a downstream 

process of oxidative stress. Quantitative analysis indicated that adducts of 4-HNE 

expression were significantly enhanced in CVS-infected DRG neurons versus 

mock-infected controls. Therefore, it was concluded that oxidative stress plays a 

critical role in CVS-induced morphological abnormalities in the neuronal 

processes. Here we show that 4-HNE expression was also enhanced in CVS-

infected PC12 in comparison with mock-infected cells. The role of mitochondria 

in inducing oxidative stress in a variety of infectious and non-infectious 

neurological disorders is well recognized (Uttar et al., 2009, Schwarz, 1996). 

Several sites within mitochondria have been identified as ROS generators 

(Murphy, 2009). Mitochondrial DNA, which plays an important role in the 

synthesis of numerous mitochondrial and non-mitochondrial proteins, is believed 

to be vulnerable to ROS (Murphy, 2009). Moreover, the exogenous treatment of 

DRG primary neurons with 4-HNE greatly alters several mitochondrial 

parameters (Akude et al, 2010). In CVS-infected DRG neurons, active respiring 

mitochondria were localized at the sites of 4-HNE-labelled axonal swelling 

(Jackson et al., 2010). Accumulation of swollen mitochondria at the site of axonal 
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swellings was also observed in CVS-infected axons of transgenic mice that 

express yellow fluorescence protein (Scott et al., 2008). Here we have 

investigated the effects of rabies virus infection on several mitochondrial 

parameters, and have linked these alterations to the oxidative stress induction. 

Four different cell types: DRG, NGF-treated PC12, MNA, and BHK-S13 

cells (primary neurons, differentiated neuronal cell lines, non-differentiated 

neuronal cell lines, and non-neuronal cell lines, respectively) were initially 

studied. The susceptibility of these cells to rabies virus infection is variable. 

Approximately 29-52% of PC12 and DRG neurons were infected at 72 hr post-

infection whereas up to 100% of BHK and MNA cells are infected by 24 hr post-

infection (Jackson et al., 2010 and Thoulouze et al., 1998). This variability has 

been explained, at least in part, by the expression of neuronal cell adhesion 

molecule (NCAM), which acts as a rabies virus receptor, on these cells 

(Thoulouze et al., 1998). CVS infection did not affect the viability of PC12 cells as 

determined by trypan blue exclusion test. Similar findings were previously 

observed in CVS-infected mouse DRG primary neurons, and MNA cells (Jackson 

et al., 2010 and Gholami et al., 2008). 

The Krebs cycle is one of the most important mitochondrial pathways. The 

protein structure of Krebs cycle enzymes involves both nuclear-encoded and 

mitochondrial-encoded subunits. It was shown that the presence of ROS, in 

particular superoxide anions, inhibits the activity of citrate synthase and induces 

mitochondrial swelling in isolated mitochondria from rat brain (Galindo et al., 

2003). Similarly, oxidative stress downregulates the activity of several Krebs 
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cycle enzymes (i.e., citrate synthase, malate dehydrogenase, and aconitase) in 

myocardial tissues (Sharma et al., 2007). Hence, we evaluated the effect of CVS 

infection on citrate synthase and malate dehydrogenase activities. In our studies, 

citrate synthase and malate dehydrogenase activities remained normal in all 

types of CVS-infected cells at 72 hrs post-infection. Krebs cycle enzyme activities 

in particular and mitochondrial function as a whole can be affected by the 

presence of superoxide anions, which are membrane-impermeable components, 

in the mitochondrial matrix. Yet, overexpression of antioxidant enzymes can 

prevent such damage. Kammouni et al. (2012) showed that the expression of 

mitochondrial superoxide dismutase is increased in CVS-infected DRG neurons. 

This antioxidant enzyme dismutates superoxide to hydrogen peroxide, a 

membrane-permeable component that can diffuse through mitochondrial 

membranes to the cell cytoplasm and, thereby, not affect the Krebs cycle 

enzymes. Therefore, the normal activities of citrate synthase and malate 

dehydrogenase in CVS-infected cells can be explained, at least in part, by the 

overexpression of superoxide dismutase. 

The ETC is another important pathway that takes place in the 

mitochondria. Different sites within ETC Complexes have been reported to be 

involved in ROS production. Complex I and III are considered the main ROS 

generators (Murphy, 2009). ETC respiration capacity and its Complex, in 

particular Complex I and Complex IV, activities were upregulated in all types of 

CVS-infected cells. The increase in Complex I activity correlated with the 

susceptibility of the cells to rabies virus infection. It was previously shown that 
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rabies virus matrix protein is localized to the mitochondria. However, the viral 

matrix protein does not directly interact with Complex IV (Gholami et al., 2008). 

As the increase in Complex I activity correlated with the susceptibility of the cells 

to rabies virus infection, Complex I can be considered as a potential direct target 

for rabies virus. The level of NADH, which is a Complex I substrate, was also 

increased in the CVS-infected cells. NADH is important for the function of 

apoptosis inducing factor (AIF), which a NADH oxidase that is believed to be 

crucial for the activity of Complex I (Modjtahedi et al., 2006). Complex I is one of 

the main sites of ROS generation. It was previously shown that hydrogen 

peroxide production directly correlates with the concentration of Complex I 

(Kussmaul and Hirst, 2006). Interestingly, ROS overproduction was reported in 

association with both increased and decreased activity of Complex I (Li et al., 

2003, and Lee et al., 2011). In addition, ROS production at Complex I is believed 

to occur during both forward and reverse electron flow (Selivanov et al., 2011). 

Therefore, Complex I can be an important source for ROS in rabies virus-infected 

cells. 

The activities of Complex II-III were normal in all types of CVS-infected 

cells. Consistent with our findings, Nakamichi et al., 2004 observed that only 

attenuated rabies virus strain (HEP), but not CVS, significantly inhibited the 

succinate dehydrogenase (Complex II) activity in murine neuroblastoma cells. 

Similarly, normal to only a slight decrease in Complex II activity was observed in 

CVS-infected infected murine B (A20) and T (EL4) cells (Nakamichi et al., 2004). 

In contrast, hyperactivity of Complex II was observed in CVS-infected 
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macrophages (RAW264) whereas the activity remained normal in HEP-infected 

macrophages (Nakamichi et al., 2004).  

Complex IV activity was up-regulated in all types of CVS-infected-cells. 

However, this increase did not correlate with the susceptibility of the cells to the 

infection which suggests an indirect viral effect. Gholami et al., (2008) showed a 

very modest, albeit statistically insignificant increase, in Complex IV activity in 

human epithelial carcinoma (Hela) cells infected with wild-type rabies virus (dog 

isolate from Thailand) at 24 and 48 hrs post-infection (Gholami et al., 2008). 

Hence, this modest increase in Complex IV activity might be important after 

taking into consideration the fact that only 10% of Hela cells were susceptible to 

CVS infection at 24 hrs post-infection, although the susceptibility of Hela cells to 

wild-type rabies virus infection were not assessed and might be different 

(Thoulouze et al., 1998). About 200% increase in Complex IV was detected in 

the same cells after transfection with rabies virus matrix protein (Gholami et al., 

2008). Furthermore, replacement of amino acid residue 77 and 81 of Mokola 

virus, a rabies-related virus, matrix protein with that from dog isolate rabies virus 

resulted in more than 250% increase in Complex IV activity (Gholami et al., 

2008). The increased Complex IV activity may play a role in apoptosis prevention 

in CVS-infected cells. Mokola virus, which comprises several conserved regions 

of gene sequence and protein structure with rabies virus, significantly inhibited 

Complex IV activity in human epithelial cells leading to apoptosis. The decreased 

activity of Complex IV resulted in release of the cytochrome c from mitochondria. 

As a consequence, apoptosomes were formed, and caspases were activated 
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which eventually led to apoptosis (Gholami et al., 2008). Interestingly, the ratios 

of mitochondrial to cytoplasmic cytochrome c in rabies virus infected and rabies 

virus matrix protein-transfected cells were not only higher than that in Mokola 

virus-infected and Mokola virus matrix- transfected cells, but they were even 

higher than the ratio of mitochondrial to cytoplasmic cytochrome c in non-infected 

cells (Gholami et al., 2008). Therefore, CVS-infected cells may avoid apoptosis 

by increasing the activity of Complex IV and sequestering cytochrome c in the 

mitochondria (Gholami et al., 2008). 

We evaluated the effect of CVS infection on the mitochondrial membrane 

potential, and found that the mitochondrial membrane potential was significantly 

increased in infected cells versus mock-infected cells. The increased proton 

pumping through hyperactive Complex I and IV in association with normal proton 

leakage can explain this finding. Furthermore, the increased NADH level in the 

infected cells may further contribute to maintain a high mitochondrial membrane 

potential via inhibiting mitochondrial permeability transition (MPT) pore and 

stimulating voltage-dependent anion channels closure (Zoratti and Szabò, 1995). 

There is evidence that mitochondria swellings are associated with increased 

mitochondrial membrane potential (Garlid and Paucek, 2003). Thus, the increase 

in the mitochondrial membrane potential may be responsible for the swollen 

mitochondria that was previously observed in rabies virus-infected transgenic 

mice. However, others have reported mitochondrial swellings in the presence of 

normal or even low mitochondrial membrane potential (Scott et al., 2008, Gao et 

al., 2001, and Lyamzaev et al., 2004). Generation of a high mitochondrial 
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membrane potential is required for ATP production in the cells. However, it also 

favors mitochondrial ROS formation via several pathways (Murphy, 2009).  

Interestingly, the enhanced capacity of ETC in the infected cells was 

accompanied by a reduction in the intracellular level of ATP. This reduction is 

likely due to an increase in ATP hydrolysis rather than a defect in ATP synthesis. 

Inhibition of ATP synthase activity and oxidative phosphorylation dyscoupling are 

two common mechanisms that lead to a decrease in ATP production. We have 

observed normal oxidative phosphorylation capacity suggesting a normal ATP 

synthase activity, although direct assessment of ATP synthase expression and 

activity would be more informative. Azzu et al., (2008) indicated that 4-HNE 

expression in the presence of high mitochondrial membrane potential dyscouples 

oxidation and phosphorylation. During mitochondrial dyscoupling ATP production 

is decreased due to high proton leakage from the mitochondria. However, we 

have observed normal proton leakage which may exclude this hypothesis. In 

addition to the above-mentioned mechanism, interaction between CVS and 

adenine nucleotide translocator (ANT) is another potential mechanism for 

inhibition of ATP synthesis. ANT is crucial for ADP/ATP exchange and, thus, for 

ATP synthesis (Halestrap and Brenner, 2003). Several viruses (e.g., HIV, 

cytomegalovirus (CMV), and hepatitis B virus (HBV)) directly bind and affect ANT 

(Chang et al., 2006, Goldmacher, 2002, and Bergametti et al., 1999). HIV Vpr 

interacts with ANT and enhances its opening whereas CMV and HBV inhibit its 

opening. In both cases, this may suppress ATP synthesis (Chang et al., 2006, 

Goldmacher, 2002, and Bergametti et al., 1999). Opening of ANT diminishes the 

http://www.ncbi.nlm.nih.gov/pubmed?term=Halestrap%20AP%5BAuthor%5D&cauthor=true&cauthor_uid=12871123
http://www.ncbi.nlm.nih.gov/pubmed?term=Brenner%20C%5BAuthor%5D&cauthor=true&cauthor_uid=12871123
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high mitochondrial membrane potential and inhibits ATP synthesis. Closure of 

ANT may affect ATP synthesis by impairing the ADP translocation from 

cytoplasm to the mitochondria, and the ATP translocation from the mitochondria 

to the cytoplasm (Halestrap and Brenner, 2003). Increased ATP hydrolysis can 

be due to the viral replication. Vesicular stomatitis virus (VSV) is another 

rhabdovirus that shares with rabies virus a very similar structure, genome, and 

replication cycle. It was shown that VSV utilizes the cellular ATP in order to 

complete its replication cycle (Beckes et al., 1987). Another hypothesis that may 

explain reduced ATP levels in rabies virus-infected cells is the presence of ROS. 

It was shown that the presence of hydrogen peroxide reduced the cellular ATP 

level in both dose- and time-dependent manners (Teepker et al., 2007). 

Regardless of the underlying mechanism, the reduction of intracellular ATP level 

may explain the reduction of axonal outgrowth that was previously observed in 

rabies virus-infected DRG neurons (Jackson et al., 2010). The depletion of ATP 

level may affect the function of motor proteins (e.g., dynein and kinesin) which 

play a critical role in mediating normal mitochondrial transportation (Chang et al., 

2006). Normal mitochondrial trafficking is believed to be important during 

neuronal development (Chang et al., 2006). HIV soluble viral protein R (Vpr), 

which is present in the cerebrospinal fluid (CSF) of HIV-infected individuals with 

neurological symptoms, directly interacts with adenine nucleotide translocator 

(ANT) in the mitochondrial inner membrane, and enhances its opening (Kitayama 

et al., 2008). As a consequence, ATP synthesis is inhibited, mitochondrial 

transportation is interfered, and axonal outgrowth is reduced (Kitayama et al., 

http://www.ncbi.nlm.nih.gov/pubmed?term=Halestrap%20AP%5BAuthor%5D&cauthor=true&cauthor_uid=12871123
http://www.ncbi.nlm.nih.gov/pubmed?term=Brenner%20C%5BAuthor%5D&cauthor=true&cauthor_uid=12871123
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2008). Aggregation of mitochondria was previously observed in rabies virus-

infected DRG neurons which may suggest abnormality in the transportation of 

the mitochondria (Jackson et al., 2010). Therefore, we propose that rabies virus 

infection may reduce the axonal outgrowth by decreasing the level of ATP and 

impairing the trafficking of the mitochondria. Also, the enhanced ETC capacity in 

the infected cells can be a compensatory mechanism driven by the mitochondria 

in order to meet the cellular energy demand. 

The NADH to NAD+ ratio is a redox system believed to be crucial in 

determining the cellular redox state that is significantly involved in mediating 

several biological functions such as energy metabolism, oxidation, antioxidation, 

and cell fate (Ying, 2008). We have observed an increase in the NADH level and 

the NADH to NAD+ ratio in infected cells indicating alteration of the cellular redox 

state. The increase of NADH level can be due to reverse electron flow, which is a 

significant source for ROS production, from Complex III to Complex I which 

converts NAD+ to NADH (Murphy, 2009). Alteration in the redox state may affect 

several biochemical reactions within the cell (Ying, 2008). NADH can promote 

the release of ferrous iron leading to ―reductive stress‖ (Jaeschke et al., 1992). In 

addition, oxidizing NADH by xanthine oxidase/xanthine dehydrogenase can 

enhance ROS generation (Zhang et al., 1998). α-ketoglutarate dehydrogenase is 

another source for NADH-dependent ROS generation (Starkov et al., 2004). It 

was shown that NADH inhibits the activity of adenine monophosphate-activated 

protein kinase (AMPK) (Rafaeloff-Phail et al., 2004). Downregulation of AMPK 

resulted in suppression of neurite outgrowth in sensory neurons from diabetic 

http://www.google.ca/search?hl=en&tbo=d&biw=840&bih=398&spell=1&q=xanthine+oxidase/xanthine+dehydrogenase&sa=X&ei=LrLIUIDeMur7iwL3uIHACA&ved=0CCoQvwUoAA
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rats (Roy Chowdhury et al., 2012). Hence, reduction of axonal outgrowth in CVS-

infected neurons can be due to the presence of high NADH and the 

downregulation of AMPK. Sirtuin (SIRT) expression is also regulated by 

NADH/NAD+ ratio. Gambini et al., (2011) indicated that the increase in NADH to 

NAD+ ratio upregulated the expression of SIRT mRNA and protein. It is well-

known that the upregulation of SIRT family enhances mitochondrial biogenesis. 

For instance, SIRT3 expression is an important regulator for all ETC Complexes 

(I, II, III, IV, and V). Physical interaction between SIRT3 and a Complex I subunit 

(NDUFA9) has been identified (Ahn et al., 2008). Treatment of mitochondria with 

exogenous SIRT3 increased Complex I activity by increasing the deactykation of 

several proteins (Ahn et al., 2008). In SIRT3-deficient or knockdown models, the 

activities of these Complexes were decreased probably due to increased 

acetylation of the Complexes (Ahn et al. 2008, Bao et al. 2010, Kim et al. 2010, 

and Cimen et al. 2010). Hence, the hyperactivity of ETC Complexes in CVS-

infected cells can be due to a high NADH to NAD+ ratio, overexpression of SIRT, 

and increased deacetylation of Complexes‘ proteins.  

The alteration of cellular redox state, induction of high mitochondrial 

membrane potential, and reduction of intracellular ATP level provide a conductive 

environment for mitochondrial ROS production (Murphy, 2009). Here we show 

that hydrogen peroxide production was significantly higher in CVS-infected cells 

versus mock-infected cells in the presence of succinate. Succinate accelerates 

ATP-dependent reverse electron flow through Complex I to NAD+ which leads to 

high NADH/NAD+ ratio and ROS overproduction (Selivanov et al., 2011). The 

http://www.ncbi.nlm.nih.gov/pubmed/18794531
http://www.ncbi.nlm.nih.gov/pubmed/20647045
http://www.ncbi.nlm.nih.gov/pubmed/20129246
http://www.ncbi.nlm.nih.gov/pubmed/20000467
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mechanisms by which reverse electron transport increases ROS generation 

remain unclear. However, it is known that ROS production mainly occurs at 

Complex I (Selivanov et al., 2011).  Also, this process is believed to be inhibited 

in the presence of Complex I inhibitors (e.g., rotenone) and mitochondrial 

uncouplers (e.g., FCCP) (Miwa and Brand, 2003). We postulate that CVS 

infection induces reverse electron transport-driven hydrogen peroxide 

overgeneration which leads to oxidative stress. Production of hydrogen peroxide 

through reverse electron transport was previously suggested under normal 

physiological conditions in which differentiated muscles produce high amounts of 

hydrogen peroxide at hyperactive Complex I (Lee et al., 2011). Alteration of 

redox state in the differentiated muscle was observed as indicated by a high 

NADH/NAD+ ratio. Addition of rotenone, which is a Complex I-inhibitor, not only 

decreased the NADH/NAD+ ratio, but also inhibited hydrogen peroxide 

production in differentiated muscles (Lee et al., 2011). 

Here we show that rabies virus infection induces hydrogen peroxide 

production. It was shown that rabies virus infection induces nitric oxide 

production (Hooper et al., 1995, and Nakamichi et al., 2004). Although the 

presence of nitric oxide, superoxide, and hydrogen peroxide can cause harm to 

cells, interaction between these components can lead to more devastating 

outcomes. For instance, interaction of nitric oxide with superoxide leads to 

peroxynitrite formation. Also, singlet oxygen can be formed by interaction of 

hydrogen peroxide with nitric oxide or superoxide. The generation of this deadly 
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mixture of radical and non-radical ROS can explain the rabies virus-induced 

neuronal degeneration. 

Given the evidence that oxidative stress and mitochondrial dysfunction are 

crucial in rabies virus-induced neuronal degeneration, therapeutic approaches 

protecting mitochondria from oxidative damage may be effective strategies to 

prevent rabies virus-induced neuronal dysfunction. Unfortunately, there is no 

current effective therapy for oxidative stress and mitochondrial dysfunction. The 

neuroprotection efficiency of conventional antioxidants (i.e., Vitamin E, Vitamin C, 

creatine, and coenzyme Q10) has been studied in several neurodegenerative 

disorders. Unfortunately, they showed no consistent benefits in clinical trials, in 

part, due to the difficulty of delivering them to the mitochondria (Szeto, 2006). To 

overcome this problem, ―mitochondria-targeted‖ antioxidants were developed and 

their efficiency in vivo was assessed (Adlam et al., 2005, Szeto, 2006, and Xun 

et al., 2012). These antioxidants, which specifically target the mitochondria, 

showed promising results in preventing mitochondrial destruction, improving 

mitochondrial functions, and enhancing cell survival in mice with cardiovascular 

or neurodegenerative diseases (Adlam et al., 2005, and Xun et al., 2012). The 

mitochondrial-targeted antioxidants can be considered as a potential therapeutic 

approach to rabies virus infection. 
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5. Conclusions:    

Rabies virus induced several alterations in mitochondrial functions in a 

variety of cultured cells. The ETC Complex activities, in particular Complex I 

and IV, were increased. The increase in Complex I activity was positively 

correlated with the susceptibility of the cells to the infection indicating a direct 

effect of the virus on this Complex. Hyperactivity of Complex I was associated 

with increase in NADH level, a Complex I-substrate. The increase in Complex 

IV activity was not correlated to the susceptibility of the cells to the infection. 

The enhanced ETC capacity in the infected cells is likely due to the reduction of 

the intracellular ATP level and/or the alteration of the cellular redox state as 

indicated by a high NADH/NAD+ ratio. Regardless, a high mitochondrial 

membrane potential was generated in the mitochondria of the infected cells due 

to high proton pumping, tight coupling and normal proton leakage. Several sites 

within mitochondria may enhance ROS generation in the presence of high 

mitochondrial membrane potential, high NADH/NAD+ ratio, and low ATP level. 

Hydrogen peroxide production was significantly higher in rabies virus-infected 

cells probably due to reverse electron transport. We conclude that rabies virus 

induces mitochondrial dysfunction, enhances ROS generation, and induces 

oxidative stress which eventually leads to neuronal degeneration and death of 

the host. 
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6. Future directions: 

We have observed that rabies virus altered several mitochondrial 

parameters providing a conductive environment (high mitochondrial membrane 

potential, tight mitochondrial coupling, high NADH to NAD+ ratio, and low ATP 

level) for ROS over-generation (Murphy, 2009). The next step will be to identify 

the mitochondrial sites for ROS production. Due to increased production of 

hydrogen peroxide in CVS-infected cells in the presence of succinate, we 

postulate that rabies virus induces mitochondrial ROS overproduction at 

Complex I by accelerating reverse electron transport (Murphy, 2009). During 

reverse electron flow, the main electron leakage site is at the ubiquinone binding 

site of Complex I. Addition of rotenone, Complex I-inhibitor, dramatically reduces 

ROS production during reverse electron transport. In contrast, addition of 

succinate further induces reverse electron flow and, thereby, enhances ROS 

production (Liu et al., 2002). It was also shown that reverse electron flow-driven 

ROS production is highly sensitive to mitochondrial membrane potential-

diminishing agent (i.e., uncouplers). By studying ROS production on the 

mitochondrial preparations in the presence or absence of several ETC substrates 

and inhibitors, we will be able to confirm this hypothesis and probably identify 

other sources for ROS production. In case of positive results, the next step will 

be to determine the viral component that is responsible for induction of 

mitochondrial dysfunction. It was shown that matrix protein of dog isolate rabies 

virus is localized to the mitochondria of Hela cells (Gholami et al., 2008). Hence, 

matrix protein might be the first viral protein to be considered. 
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