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ABSTRACT

Rabies is one of the most lethal of all infectious diseases. It is thought that the
severe clinical illness and fatal outcome is due to neuronal dysfunction, rather than
neuronal death, because only mild histopathological lesions are found under natural
conditions. In this study, we examine the hypothesis that excitotoxicity may serve as a
basis for neuronal dysfunction in rabies virus infection.

The administration of ketamine (60mg/kg intraperitoneally q12h) to adult ICR
mice inoculated intracerebrally or in the hindlimb footpad with the challenge virus
standard (CVS-11) strain of rabies virus did not result in reduced mortality or the
amelioration of clinical neurological disease compared to the administration of vehicle.
Therapy with ketamine did not reduce the number of infected neurons in various brain
regions or the severity of apoptotic changes in the brains of intracerebrally-inoculated
mice.

Transgenic mice expressing yellow fluorescent protein (YFP) in neurons and
inoculated in the hindlimb footpad with CVS displayed beading and fragmentation of the
dendrites and axons of layer V pyramidal neurons in the cerebral cortex, cerebellar mossy
fibers and axon tracts in the brainstem, whereas neuronal processes in the hippocampus
and perikarya showed relatively few changes under fluorescent microscopy. These
morphological abnormalities differ from the beading observed in excitotoxicity, which is
particularly severe in the hippocampus and is characterized by selective dendritic injury.

Toluidine blue staining of plastic embedded tissues revealed vacuoles within the
perikarya and proximal dendrites of pyramidal neurons in the cerebral cortex and
hippocampus of YFP mice, and larger vacuolation within the neuropil of the cerebral

cortex. Ultrastructurally, the neuropil vacuolation primarily represented swollen neuronal

il



processes and pre-synaptic nerve endings, while the cytoplasmic vacuoles corresponded
with swollen mitochondria. Mitochondrial swelling is a typical feature of excitotoxic
injury, but excitotoxicity is also associated with microtubule fragmentation, which was
not observed in the present study. Overall, we feel that the evidence does not support an
important role for excitoto?cicity in experimental rabies. Furthermore, the structural
abnormalities observed in YFP mice support a role for severe neuronal injury without
prominent neuronal death in rabies virus infection, as opposed to neuronal dysfunction

without morphological changes.
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CHAPTER 1: INTRODUCTION

I. The Rabies Virus

The rabies virus is a highly neurotropic virus which causes acute infection of the
central nervous system (CNS) for which there is no effective antiviral therapy in humans.
The rabies virus belongé to the Lyssavirus genus within the Rhabdoviridae family. Rabies
virions are rod- or bullet-shaped particles measuring 180nm in length and 75nm in
diameter (Wunner, 2007). The single-stranded negative-sense RNA genome of the rabies
virus encodes five proteins: nucleoprotein (N), phosphoprotein (P), matrix protein (M),
glycoprotein (G) and RNA-dependent RNA polymerase (L) (Wunner, 2007). The G
protein makes up the surface projections of the virus, which contain the cell surface

receptors and antibody binding sites, and is essential for pathogenicity (Wunner, 2007).

I1. Epidemiology of Rabies Virus Infection

Rabies is thought to be the most lethal of all infectious diseases. It is estimated
that there are 55,000 deaths per year largely due to endemic canine rabies in developing
countries of Asia and Africa (WHO, 2005). In Canada and the United States, most human
cases of rabies involve bats, while other common vectors include raccoons, skunks and
foxes (Jackson, 2000; Jackson, 2006). In 2004, there were seven iatrogenic cases of rabies
in Texas and Germany following organ transplantations from patients with undiagnosed
rabies (Hellenbrand et al., 2005; Srinivasan et al., 2005). Also in 2004, a patient in
Wisconsin was the first to survive rabies without administration of the rabies vaccine
prior to the onset of clinical disease (Willoughby e? al., 2005). Oral vaccination of
wildlife with 1ive attenuated rabies virus or recombinant rabies virus vaccines is the most

effective method to control rabies and may lead to the eradication of this lethal disease



(CDC, 1999). Although human rabies encephalitis remains untreatable in nearly all cases,

the infection is preventable.

II1. Rabies Pathogenesis

Rabies virus is transmitted in the saliva of mammals. Entry of the virus occurs in
subcutaneous tissues or muscle as the result of wounds or through direct contact with
mucosal surfaces (Jackson, 2000). During the incubation period in natural rabies, which
typically lasts from weeks to months, the virus remains close to the site of inoculation
(Charlton et al, 1997; Jackson, 2006). It has been hypothesized that viral replication in
muscle fibers during the incubation period may be necessary to generate sufficient
amounts of virus for entry into the peripheral nervous system (Charlton and Casey, 1981).
However, other studies have shown that the virus can enter nerve terminals directly
without replication in muscle, particularly in experimental models using fixed rabies virus
strains (Shankar et al., 1991; Lewis et al., 2000).

The co-localization of rabies virus antigen and a-bungarotoxin, which identifies
neuromuscular junctions, suggests a high concentration of rabies virus receptors at this
site (Lewis et al., 2000). Furthermore, a-bungarotoxin and d-tubocurarin, ligands of the
nicotinic acetylcholine receptor, prevent the infection of cultured myotubes and
peripheral nerve fibers, indicating that the nicotinic acetylcholine receptor may serve as a
peripheral receptor for the virus (Lentz et al., 1982). However, the distribution of the
virus is not restricted to the cholinergic system (Reagan and Wunner, 1985). Other
putative receptors include the neural cell adhesion molécule (Thoulouse et al., 1998) and
the p75 neurotropin receptor (Tuffereau et al., 1998; Langevin et al., 2002). The neural

cell adhesion molecule is also expressed in adult muscle and at the neuromuscular



junction (Moscoso et al., 1998; Polo-Parada et al., 2001).

Once the virus gains entry into peripheral nerve terminals via receptor mediated
endocytosis or membrane fusion, it then travels towards the CNS (centripetal spread)
within motor and sensory axons at a rate of approximately 50-100 mm per day (Tsiang ez
al., 1991a; Gaudin et al., 1999). Transection of nerve fibers (Baer and Lentz, 1991) or
disruption of axoplasmic transport by colchicine (Tsiang, 1979), a microtubule-disrupting
agent, reduce mortality in animals and indicate that the centripetal spread of the virus is
mediated by fast axoplasmic transport. Furthermore, the use of the rabies virus as a
neuroanatomical tracer to define circuits of synaptically linked neurons in rodents and
primates has shown that axonal transport of the rabies virus occurs exclusively in the
retrograde direction (Tang et al., 1999; Kelly and Strick, 2000). Evidence has also shown
that the rabies virus phosphoprotein interacts with the cytoplasmic dynein light chain
(LC8), which is important in actin-based vesicle transport and microtubule-directed
organelle transport in axons (Jacob et al., 2000; Raux et al., 2000). However, the role of
this interaction in the axonal transport of the ribonucleocapsid complex has yet to be
confirmed.

Once the virus reaches the spinal cord there is rapid and widespread dissemination
throughout the CNS. This occurs via direct transneuronal transfer of virus from perikarya
and dendrites to adjacent axon terminals due to viral budding (Charlton and Casey, 1979)
and intra-axonal spread along neuroanatomical pathways (Ceccaldi et al., 1989). In mice
infected with the challenge virus standard (CVS) strain of fixed rabies virus, the pattern
of infection in the pyramidal neurons of the hippocampus while sparing of the granule
cells in the dentate gyrus has raised speculation that infection may be dependent on the

presence of N-methyl-D-aspartate (NMDA) NR1 receptors (Gosztonyi and Ludwig,



2001). This is because (1) rabies virus spreads exclusively by retrograde fast axonal
transport and, therefore, cannot infect granule cells by the perforant path and (2) mossy
fibers from CA3 predominantly have a-amino-3-hydroxy-5-methly-4-isoxazole
propionate (AMPA) and kainate receptors, not NMDA receptors.

Replication of the rabies virus in the CNS is followed by its spread away from the
CNS (centrifugal spread) along neuronal pathways, particularly involving the
parasympathetic nervous system, back to peripheral tissues. At this late stage, intact viral
particles can be found in the peripheral nerve axons, unlike the exclusive presence of bare
nucleocapsids found during the centripetal phase of viral migration (Gosztonyi et al.,
1993). This final step in the dissemination of the virus is responsible for the infection of
the salivary glands, skeletal and cardiac muscle, adrenal glands, kidneys, retina, cornea,
pancreas and nerves around hair follicles (Jackson et al., 1999). In rabies vectors, viral
replication and budding from plasma membranes in the periphery takes place
predominantly in the salivary glands, releasing virus that is transmissible to other

mammals (Warrell and Warrell, 2004).

IV. Rabies Pathology
A. Encephalomyelitis

The characteristic pathological feature of rabies virus infection of humans and
animals is acute encephalomyelitis, which is a neurological disorder characterized by
inflammation of the brain and spinal cord. Inflammatory infiltrates, including
lymphocytes and monocytes and a small number of plasma cells, are found in the
leptomeninges and parenchyma (Tangchai et al., 1970; Rossiter and Jackson, 2007).

Additionally, perivascular cuffing with mononuclear cells and microglial nodules known

4



as Babes nodules are observed in the brainstem and spinal cord (Rossiter and Jackson,
2007). Although these inflammatory features are observed in a majority of rabies cases,
they are not unique to rabies. Babes nodules, which are microscopic accumulations of
activated microglia surrounding chromatolytic and degenerating neurons, are also seen in
other viral encephalitis and infectious disorders (Babes, 1892; Love and Wiley, 2002).
Also, Iwasaki et al. (1993) reported a fatal rabies case with virtually no inflammation or
tissue injury. Thus, fatal encephalitic rabies is not always associated with significant
inflammation.

One feature that is unique to rabies virus infection is the presence of Negri bodies.
Negri bodies are round or oval shaped eosinophilic inclusions that are found in the
cytoplasm of infected neurons (Rossiter and Jackson, 2007). They consist of viral
particles embedded in an amorphous or slightly electron-dense matrix containing
randomly oriented viral nucleocapsids (Gonzalez-Angulo et al., 1970). There is also a
small, basophilic/granular inner body within Negri body inclusions which differentiate
this type of inclusion from one found in healthy neurons known as lyssa bodies (Negri,
1903; Negri, 1909). Within an individual neuron, Negri bodies may be single or multiple
and are typically located in the perikaryon, but may occasionally be found in dendrites
and axons. Although Negri bodies are a specific diagnostic lesion in rabies infection, this
is only true in 50-90% of natural infections with the wild or “street” rabies virus strain.
They are almost never observed in infection with “fixed” rabies virus strains, which are
strains passaged in the laboratory (Kristensson ef al., 1996). As such, their pathogenic

significance remains unclear.



B. Apoptosis

Apoptosis, or programmed cell death, is an important cellular response that allows
organisms to eliminate cells that have been produced in excess, developed improperly or
sustained damage in order to maintain homeostasis (Thompson, 1995). It is also a
common mechanism by which viruses cause injury to host cells (Razvi and Welsh, 1995).
Apoptosis is orchestrated by genetic programs that signal the cell to utilize its own energy
to synthesize macromolecules which results in its own demise. There are two major |
apoptotic pathways: caspase-dependent and caspase-independent. Both induce

. characteristic morphological features which include oligonucleosomal DNA
fragmentation, multiple condensations of nuclear chromatin, plasma membrane bleb
formation, cell shrinkage and budding off of cellular fragments (apoptotic bodies), while
cytoplasmic membranes and organelle integrity are preserved (Bredesen, 1995).

The caspase-dependent pathway plays a vital role in the induction, transduction
and amplification of intracellular apoptotic signals (Fan ef al., 2005). Caspases are
aspartate-specific cysteine proteases which are present in the cell in an inactive form and
are irreversibly activated during apoptosis, leading to changes in ultrastructure, chromatin
condensation and nuclear fragmentation (Thoulouze et al., 2003). Alternative pathways
that do not utilize caspases involve noncaspase proteases such as cathepsins or calpain
(Leist and Jaattela, 2001) or the mitochondrial apoptosis-inducing factor (AIF) (Daugas et

al., 2000). AIF is a flavoprotein oxidoreductase which is found in the mitochondrial

intermembrane space. When cells initiate apoptosis AIF is released into the cytosol and is
then translocated to the nucleus where it induces chromatin condensation and DNA
fragmentation (Thoulouze et al., 2003).

Apoptosis can be blocked by the expression of anti-apoptotic genes such as the



Bel-2 proto-oncogenes. Bcl-2 is a protein that is located on the cytoplasmic surface of the
mitochondrial outer membrane, the endoplasmic reticulum membranes and on the nuclear
envelope (Thoulouze et al., 2003). It serves to stabilize the mitochondrial membrane
functions in a number of ways. Firstly, Bcl-2 controls the release of cytochrome ¢, an
intermediate in apoptosis, by preventing the activation of the caspase pathway and the
caspase-induced degradation of intracellular proteins (Yang et al., 1997). Bcl-2 also
exhibits antioxidative properties which inhibit the production of reactive oxygen species
(Reed, 1998). AIF translocation to the nuclease is also inhibited by Bcl-2 overexpression
(Susin et al., 1996).

Apoptosis has been found to play an important role in the pathogenesis of rabies
virus infection, but only under certain experimental conditions. In suckling and adult mice
inoculated intracerebrally with the CV'S strain of fixed rabies virus, widespread apoptosis
was observed in the cerebral cortex and hippocampus (Jackson and Rossiter, 1997;
Jackson and Park, 1998). CVS also induces apoptosis in rat prostatic adenocarcinoma
(AT3) cells (Jackson and Rossiter, 1997), mouse neuroblastoma cells (Theerasurakarn
and Ubol, 1998) and mouse embryonic hippocampal neurons (Morimoto et al., 1999),
while Purkinje cells of the mouse and rat embryonic spinal motor neurons are more
resistant to apoptotic cell death (Guigoni and Coulon, 2002). This finding suggests that
the mechanism of induction of cell death may be different between various neuronal cell
types. Furthermore, there is an age dependent susceptibility to apoptosis with suckling
mice demonstrating more apoptosis in more neuronal cell types than adult mice
inoculated intracerebrally with CVS (Jackson and Park, 1998).

In natural rabies, the role of apoptosis is even less clear. Morphological

observations indicate that neuronal apoptosis does not play a prominent role in human



rabies (Fu and Jackson, 2005; Juntrakul ez al., 2005). Adle-Biassette and colleagues
(1996) describe a unique rabies case in which foci of deoxynucleotidyl transferase-
mediated dUTP nick-end labelling (TUNEL)-positive neurons were observed in the
brainstem and hippocampus. However, the presence of morphological features of
apoptosis is very important. Apoptosis is also not seen in experimental infection of
peripherally inoculated animals, which more closely reflects natural rabies than
intracerebral inoculation (Reid and Jackson, 2001).

Apoptosis may be a protective rather than pathogenic mechanism in rabies virus
infection because less pathogenic viruses induce more apoptosis than more pathogenic
viruses both in vitro (Morimoto et al., 1999) and in vivo (Jackson et al., 2006) using
peripheral routes of inoculation. The destruction of rabies virus infected cells by
apoptosis may serve to restrict viral propagation during infection and thus limit
neuroinvasion and transmission to other animals. This is supported by the finding that
minocycline, a tetracycline-derivative with anti-apoptotic properties, exacerbates clinical
disease and results in more infected neurons in the hippocampus of suckling mice
infected with CVS via the hindlimb thigh muscle (Jackson ef al., 2007). However, once
the virus reaches the CNS, apoptosis may contribute to severe clinical neurological

disease with a high mortality rate (Jackson et al., 2006).

C. Spongiform Lesions

Spongiform lesions are round or oval vacuoles found in the grey matter neuropil
of the CNS. They have been observed by Charlton and colleagues (1984, 1987, 1988) in
skunks inoculated intramuscularly, intracerebrally and intranasally with several street

rabies virus variants and in red foxes inoculated intramuscularly with a street virus



isolate. Charlton and colleagues (1984) also described similar findings in a small number
of rabies-positive skunks, foxes, cows, horses and cats naturally infected with rabies.
However, these findings are more typically associated with the transmissible spongiform
encephalopathies (TSEs), which include scrapie, transmissible mink encephalopathy
(TME), kuru and Creutzfeldt-Jakob disease (CID) (Charlton, 1984). The spongiform
changes of rabies are indistinguishable in size and shape at the light- and electron-
microscope level from those observed in the TSEs (Charlton, 1984; Bundza and Charlton,
1988). However, the distribution of vacuoles is different. In rabies, spongiform changes
are primarily found in the cerebral cortex and thalamus irrespective of the route of
inoculation, virus variant or preparation of virus used, whereas in the TSEs there is a
more widespread and variable distribution (Charlton ef al., 1987; Bundza and Charlton,
1988). The similarities between the spongiform lesions of rabies and the TSEs are
suggestive of a common pathogenetic mechanism. It should be noted that spongiform
changes are not a feature of human rabies.

The formation of spongiform lesions occurs at an early stage in rabies and
advances rapidly. There is a progression from small to large membrane-bound vacuoles in
cellular processes to large tissue spaces. The membrane-bound vacuoles occur primarily
in dendrites and less commonly in axons and astrocyte processes (Charlton, 1984). The
initial formation of these vacuoles is followed by a rapid enlargement within
approximately 3 days which causes distention of the neuronal process and compression of
the perivascular cytoplasm and adjacent neural tissue (Charlton et al., 1987). Eventually,
there is a disruption of the vacuolar membrane and the surrounding plasma membrane
(Charlton, 1984; Charlton et al., 1987). This produces the large spaces in the neuropil

which often contain granular material and membrane fragments that originate from the



initial disruption of the membrane-bound vacuoles and the plasma membrane of the
affected cellular processes (Charlton ef al., 1987). Cellular processes adjacent to the
spongiform lesions often protrude into the cavity space and are known as peripheral blebs
(Charlton, 1984; Charlton et al., 1987).

The mechanism by which rabies virus infection causes spongiform lesions has yet
to be determined. Charlton and colleagues have suggested that these lesions are produced
via an indirect mechanism since rabies virions and matrix have only been found in
neuronal processes in the vicinity of vacuoles, but not on the vacuolar membrane and
only rarely in processes containing vacuoles (Charlton, 1984; Bundza and Charlton,
1988). This hypothesis is further supported by their observation of vacuolated areas that
are devoid of rabies virus antigen (Charlton ez al., 1987). Vacuoles are also present in
tissues with little or no perivascular cuffing (Charlton, 1984) and have been observed in
immunocompromised skunks (Charlton ez al., 1987), arguing against the hypothesis that
the lesions are due to an inflammatory reaction. One possible mechanism proposed by
Charlton and colleagues is that a neurotransmitter imbalance may play a role in the
formation of spongiform lesions (Bundza and Charlton, 1988). In particular, it has been
hypothesized that the excitatory amino acids glutamate and aspartate possess excitotoxic
properties and can produce lesions (dendrosomatotoxic/ axon-sparing) that are
characterized by marked dendritic swelling (Olney et al., 1979; Collins and Olney, 1982).
Similar lesions can be produced by stimulation of cholinoceptive neurons, probably via
indirect activity of glutamate and aspartate (Collins and Olney, 1982). Although the
lesions produced by glutamate and aspartate are not identical to the spongiform lesions of
rabies, the affinity for dendrites, the rapid progression and the ability to produce lesions

remote from the site of stimulation led Charlton and co-workers to suggest a link between
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these two process which should be explored further.

V. Damage or Dysfunction — What Causes the Neurological Disease in Rabies?

Under natural conditions, rabies virus infection of the CNS causes mild
histopathological changes without prominent evidence of neuronal death despite its
catastrophic clinical outcome. These ﬁﬁdings have led to the idea that neuronal
dysfunction, rather than neuronal death, is responsible for the clinical features and fatal
outcome in natural rabies (Jackson, 2007; Fu and Jackson, 2005). It is known that some
viruses can alter cellular functions without causing morphological changes to the host cell
(Oldstone, 1984). In such cases, some of the differentiated functions of the cell suffer,
while the vital functions remain intact. This ensures the survival of the cell, but results in
specific functional disturbances. Some disturbances that have been suggested to play a
role in rabies virus infection include ion channel dysfunction, abnormalities in
neurotransmission, electrophysiological alterations, nitric oxide (NO) neurotoxicity and
changes in gene expression and protein synthesis. However, no fundamental abnormality
has been identified.

Ton channel dysfunction has been described in cultured neuroblastoma cells
infected with the RC-HL strain of rabies virus using the whole-cell patch clamp technique
(Iwata et al., 1999). In particular, there was a reduction in the functional expression of
ion channels responsible for voltage-dependent sodium currents and inward rectifier
potassium currents. However, delayed rectifier potassium currents were not affected,
suggesting that rabies virus infection does not cause non-specific dysfunction of ion
channels. Voltage-dependent sodium channels and inward rectifier potassium channels

play a role in generating the upstroke of action potentials and in determining the resting
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membrane potential, respectively. As such, alterations in the expression of these channels
were associated with a decrease in the resting membrane potential resulting from
membrane depolarization, and could prevent host neurons from generating synaptic
potentials or firing action potentials (Fu and Jackson, 2005). The outcome of these
alterations could be an interference of neuronal transmission in infected neurons, resulting
in functional impairment (Iwata et al., 1999).

A number of studies have implicated abnormalities in acetylcholine (ACh) and
serotonin (5-HT) neurotransmission in rabies virus infection. Tsiang (1982) described a
reduction in the specific binding of quinuclidinyl benzylate (QNB), a 3H-labeled
antagonist, to muscarinic ACh receptors in CVS-infected rat brains, particularly in the
hippocampus. Similar findings were observed in the hippocampus and brainstem of
naturally infected rabid dogs (Dumrongphol ef al., 1996). However, Jackson (1993) found
that the specific binding of *H-labeled QNB to muscarinic ACh receptors was not
significantly different in the cerebral cortex or hippocampus of CVS-infected and mock-
infected mice. Interestingly, Dumrongphol and colleagues (1996) reported a decrease in
receptor affinity in the hippocampus of infected dogs even when rabies virus antigen was
not observed. It has, therefore, been suggested that an unknown indirect mechanisms is
responsible for the decreased receptor binding (Fu and Jackson, 2005).

Abnormalities in 5-HT binding and release have also been described in models of
rabies virus infection. In the cerebral cortex of CVS-infected rats, maximum binding
(Bmax) of [3H]5-HT to 5-HT| receptors was markedly decreased 5 days after peripheral
inoculation (Ceccaldi et al., 1993). In particular, this decrease was specific for 5-HTp-
like receptors in this brain region. Furthermore, these decreases were observed before

rabies virus antigen was detected, indicating again that the effect of rabies virus infection
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on receptor binding is likely due to an indirect mechanism (Fu and Jackson, 2005). CVS
infection also caused a decrease in the potassium-evoked release of [*H]5-HT from virus
infected synaptosomes in the cerebral cortex of peripherally inoculated rats compared to
controls (Bouzamondo et al., 1993)

Alterations of the electrophysiological properties of neurons have also been
observed in rabies virus infection. Electroencephalographic (EEG) recordings from CVS-
infected mice demonstrated three evolutionary phases during the progression of the
disease (Gourmelon ef al., 1986). The initial phase exhibited changes in sleep stages,
including rapid eye movement (REM) sleep disappearance, the emergence of
pseudoperiodic facial myoclonus and the first clinical signs of disease. This was followed
by a generalized EEG slowing (2-4 cycles/sec) in the mature phase, while the terminal
phase coincided with the extinction of hippocampal thythmic slow activity (RSA) and
showed a flattening of cortical activity. The brain electrical activity ceased about 30
minutes before cardiac arrest. Alternatively, EEG recordings of street rabies virus-
infected mice did not show any gross electrical abnormalities until a few hours before
death (Gourmelon et al., 1991). However, there were alterations of sleep stages at an
early stage when clinical signs were absent, which included decreases in REM-sleep
stages and increases in the duration of waking stages. The preservation of hippocampal
RSA in CVS-infected mice and normal EEGs in street rabies-infected mice until late in
the progression of the disease support the argument that neuronal death is not the
mechanism of rabies virus lgthality.

Nitric oxide (NO) toxicity has been proposed as a mechanism of neuronal
dysfunction in rabies virus infection. Koprowski et al. (1993) reported that inducible

nitric oxide synthase (iNOS) mRNA, the product of which catalyzes the production of
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NO and is normally not detectable in the brain, was found in 3 of 7 street rabies virus
infected mice displaying paralysis. The induction of iNOS mRNA occurred rapidly and
coincided with the severity of clinical signs. iNOS was also detected in many cells,
identified as macrophages, throughout the brain and particularly near blood vessels in
CVS-infected rats (Van Dam et al., 1995). Direct measurements of NO revealed a 30-fold
increase in the brains of CVS infected rats compared to controls (Hooper et al., 1995).
Treatment of CVS-infected rats with aminoguanidine (AG), a selective inhibitor of iNOS,
resulted in prolonged survival compared to controls (Ubol et al., 2001). Furthermore,
treatment with AG delayed rabies virus replication by 2 days.

Lastly, rabies virus infection has also been shown to have effects on cellular RNA
and protein synthesis. Fu et al. (1993) reported that immediate-early-response genes
(IEGs) encoding transcription factors are dramatically and specifically induced in
particular regions of the hippocampus and cortex in CVS-infected rats. This increase in
IEG mRNA coincided with the expression patterns of rabies virus RNA. On the other
hand, levels of proenkephalin (pENK) mRNA and glyerceraldehye-3-phosphate
dehydrogenase mRNA were reduced at terminal stages of the disease. Other host gene
products that are significantly reduced at later stages of infection include the 5-
hydroxytryptamine receptor (Ceccaldi et al., 1993) and neuronal constitutive nitric oxide
synthase (Akaike et al., 1995). Prosniak et al. (2001) have estimated that approximately
90% of the genes detected in normal brains were down-regulated more than 4-fold in

mice 6 days post-inoculation, whereas only 1.4% were up-regulated at this time.

VI. Damage to Neuronal Processes — Cause of Neuronal Dysfunction?

Li and colleagues (2005) used pathogenic and attenuated strains of rabies virus to
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examine the structural integrity of neuronal processes in vitro and in vivo following
infection. Silver staining of infected brain sections showed sévere destruction and
disorganization of the dendrites of hippocampal neurons in mice infected intracerebrally
with the pathogenic strain, N2C, but not with the attenqated strain, SN-10, of rabies virus.
However, hematoxylin-eosin (HE) staining revealed an opposite effect in the cell bodies
of pyramidal neurons in the hippocampus. Pathological changes, including apoptosis,
necrosis and neuronal loss, were observed in animals infected with SN-10, while those
infected with N2C showed normal morphology.

Electron microscopy revealed similar findings. Hippocampal sections from N2C-
infected mice showed low electron densities and the transverse or longitudinal sections of
neuronal processes were no longer recognizable. Intracellular organelles, including the
rough endoplasmic reticulum and free ribosomes, disappeared almost completely, while a
few mitochondria were still visible. Furthermore, the number of synapses and presynaptic
vesicles decreased compared to mock-infected and SN-10-infected mice. However,
neuronal bodies in N2C-infected mice still showed normal morphologies, whereas there
were early signs of apoptosis in SN-10-infected mice.

In order to investigate the mechanism of neuronal process degeneration, primary
cortical neurons were stained for rabies virus antigen and cytoskeletal proteins, including
microtubule-associated protein 2 (MAP-2) and neurofilament. Most neurons stained for
viral antigen, but staining for the cytoskeletal proteins disappeared in primary neurons
infected with pathogenic, but not attenuated rabies virus. Li and colleagues (2005)
concluded that pathogenic rabies virus strains interrupt cytoskeletal integrity, thus
disrupting neurotransmission and causing neuronal dysfunction. On the other hand, they

suggested that attenuated rabies virus strains induce inflammation, which results in
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neuronal apoptosis and necrosis (Miyamoto and Matsumoto, 1967).

VILI. Is There a Role for Excitotoxicity in Rabies?

Another hypothesized mechanism of neuronal injury in rabies is excitotoxicity, or
the pathological process by which neurons are damaged or killed by the over-activation of
jonotropic receptors for the excitatory neurotransmitter glutamate, such as the N-methyl-
D-aspartate (NMDA) receptor (Nargi-Aizenman et al., 2004). There has been speculation
that the NMDA receptor may be a rabies virus receptor. In mice infected with the
challenge virus standard (CVS) strain of fixed rabies virus, the pattern of infection in the
pyramidal neurons of the hippocampus while sparing of the granule cells in the dentate
gyrus suggests that infection may be dependent on the presence of NMDA NR1 receptors
(Gosztonyi and Ludwig, 2001). Furthermore, the non-competitive NMDA-receptor
antagonists MK-801 and ketamine have been found to inhibit rabies virus infection in
vitro and in the rat brain (Lockhart ef al., 1991; Tsiang et al., 1991b; Lockhart ef al.,
1992). This reduction in infection was attributed to the inhibition of viral genome
transcription. The use of ketamine has been further supported as one of the agents given
for the treatment of rabies with the survival of a case of rabies in which the patient did not
receive immune prophylaxis, which was the first of its kind (Willoughby et al., 2005). As
such, it has been proposed that excitotoxicity may play a role in rabies virus infection.

Excitotoxicity is also believed to play a role in epilepsy, hypoxia-ischemia,
Huntington’s disease, stroke, amyotrophic lateral sclerosis and Alzheimer’s disease (Xue
et al., 1994; Gill and Lodge, 1997; Lee et al., 1999; Young, 1997; Weiss and Sensi, 2000;
Oliva ef al., 2002). Furthermore, excitotoxicity has been found to play a role in some viral

infections of the nervous system, including Sindbis virus encephalomyelitis and human
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immunodeficiency virus infection (Nath et al., 2000; Nargi-Aizenman et al., 2001;
Darman et al., 2004).

Excitotoxicity is characterized by dendritic beading, or dendrotoxicity, and
neuronal death. These pathologicél changes can be induced not only by glutamate, but
also by glutamate analogs such as kainic acid (kainate), AMPA and NMDA, when
administered via various routes, including subcutaneously, intraperitoneally and
intraventricularly (Nadler et al., 1977; Olney et al., 1979; Ikegaya et al., 2001). High
concentrations of glutamate or its analogues result in neuronal death within minutes to
hours, while lower concentrations cause dendritic beading within as little as 3 minutes
(Koh et al., 1990; Park et al., 1996; Hasbani et al., 1998). For example, application of
kainate to cultured hippocampal slices invoked neuronal death selectively in area CA3 at
concentrations in the range of lOO-300uM, whereas it produced varicosities in all
hippocampal sub regions at a low concentration of 30uM (Ikegaya ef al., 2001). Similar
findings were found using NMDA and AMPA.

Dendrotoxicity is characterized by the formation of large swellings or “beads,”
which are separated from each other by thin dendritic segments, and preservation of the
neuronal cell body (Olivia et al., 2002). Beading is most commonly observed and is most
severe in the hippocampus (Olney et al., 1979). More specifically, beading appears to
occur in dendritic branches distal to the site of excitation (Oliva et al., 2002). In some
cases beading is reversible, but in others beading irreversibly invades proximal dendritic
segments and gradually encompasses the entire dendritic tree (Ikegaya et al., 2001; Oliva
et al., 2002).

Electron microscopy of the hippocampus of rats treated with kainic acid

intraperitoneally revealed areas of vacuolation which corresponded to dilated branches of
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hippocampal dendrites (Olney et al., 1979). These processes were empty except for
variable amounts of particulate debris and an occasional degenerated mitochondrion. In
hippocampal slice cultures exposed to NMDA, dendritic varicosities contained clear
vacuoles and many short fragments of cytoskeletal elements, while the region between
varicosities contained few organelles (Ikegaya et al., 2001). Charlton (1984, 1987) has
described similar findings in the neuropil of rabies virus-infected skunks. The neuropil
microvacuolation that he observed consisted of membrane-bound vacuoles in dendrites
which possess some similarities to excitotoxic amino acid-induced dendritic swelling.

It has been proposed that dendritic beading is a distinct feature of excitotoxicity
that is not causally related to neuronal death, which is also an outcome of this
pathological process (Ikegaya et al., 2001). In studies of dissociated neocortical neurons
and hippocampal explant slice cultures, the intracellular movement of sodium and
chloride, but not calcium was found to produce dendritic beads (Hasbani ef al., 1998; Al-
Noorie and Swann, 2000). Furthermore, dendritic beading has also been caused by the
activation of voltage-gated sodium channels based on findings that veratridine, a voltage-
sensitive sodium channel activator, effectively evoked varicosity formation, but did not
cause signs of neuronal death (Oliva et al., 2002). Neuronal death, on the other hand, is
associated with excess intracellular calcium, which is mediated predominantly by NMDA
receptor activation (Choi et al., 1988). This glutamate-induced calcium influx results in
the activation of phospholipases, oxidases, proteases and phosphatases, which leads to
lethal metabolic derangement (Nicotera and Orrenius, 1998). This is further supported by
the finding that NMDA-induced neuronal death, but not NMDA -induced dendritic
beading, can be prevented by the use of calcium-free medium (Hasbani et al., 1998;

Tkegaya et al., 2001). In contrast to NMDA-induced neuronal death, which is regionally
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specific to area CA1 of the hippocampus in particular, dendritic swelling of hippocampal
neurons occurs throughout the hippocampus. As such, Tkegaya and colleagues (2001)
believe beading and neuronal death are two phenomena that are separable and involve
distinct mechanisms. Furthermore, the finding that exposure of cultured hippocampal
slices to low sodium conditions or proteinase inhibitors prevents varicosity formation, but
aggravates NMDA-induced neuronal death suggests that beading may be associated with
an early, self-protective response against excitotoxic death (Ikegaya et al., 2001).

Proposed mechanisms of dendritic beading include water influx and cytoskeleton
damage, both of which are believed to be the result of sodium entry into dendrites.
Hasbani and colleagues (1998) observed an increase in dendritic volume following
NMDA application to cortical cultures, which suggests the necessity of water and solute
entry in varicosity formation. Sodium entry, followed by chloride entry to maintain
electrical neutrality, may induce varicosity formation by drawing water across the
dendritic plasma membrane in order to maintain osmotic balance (Al-Noori and Swann,
2000). This is supported by the finding that NMDA-induced varicosity formation in
cortical cultures was attenuated in hypertonic media (Hasbani et al., 1998).

Sodium, chloride and water entry may also lead to the disruption of cytoskeletal
elements resulting in dendritic beading (Cornet et al., 1988). Exposure of hippocampal
slices to microtubule-depolymerizing agents colchicine and nocodazole or actin-

depolymerizing agents cytochalasin D and latrunculin A produce dendritic beading, but

not neuronal death (Ikegaya et al., 2001). Similarly, fragmented microtubules have been
observed in NMDA-induced dendritic varicosities in cortical neurons (Emery and Lucas,
1995) and beaded dendrites of human cortical biopsies (Purpura et al., 1982). Transient

NMDA exposure of hippocampal slices is also associated with the loss of microtubule
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associated protein 2 (MAP-2) from dendrites (Hoskison and Shuttleworth, 2006;
Hoskison ef al., 2007). These findings suggest that sodium influx may activate proteases
which could result in cytoskeletal protein degradation. This is supported by the finding
that co-application of NMDA and a cocktail of protease inhibitors significantly attenuated
varicosity formation in cultured rat hippocampal slices (Tkegaya et al., 2001). The end
result of cytoskeletal degradation is the accumulation of organelles and cytoplasm in
regions where microtubule loss is sufficient enough to interrupt cytoplasmic transport,

ultimately causing varicosity formation (Emery and Lucas, 1995)
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CHAPTER 2: THESIS OBJECTIVES

The events in rabies virus infection that lead to CNS disease and a fatal outcome
are still not well understood. Under natural conditions, rabies virus infection causes mild
histopathological changes without prominent evidence of neuronal death despite its
lethality. These observations suggest that virus-induced neuronal dysfunction, rather than
neuronal death, is the basis for the acute and fatal neurological infection (Fu and Jackson,
2005). We have hypothesized that excitotoxicity with NMDA receptor activation plays an
important role in the pathogenesis of rabies. In order to investigate the basis of neuronal
dysfunction, the morphological changes in neuronal processes of transgenic mice (C57BL
background) expressing the yellow ﬂuoreécent protein (YFP) in neurons were
characterized after rabies virus infection. Furthermore, the role of NMDA receptor
activation in rabies virus infection was explored in mice infected intracerebrally or by a
peripheral route with CVS and treated with ketamine, a non-competitive NMDA receptor

antagonist, or vehicle.
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CHAPTER 3: MATERIALS AND METHODS
I. Virus
The challenge virus standard (CVS-11) strain of fixed rabies virus, which was
obtained from Dr. William H. Wunner (The Wistar Institute, Philadelphia, PA.), was used

in these studies.

I1. Animals and Inoculations
Ketamine Study

Six-week-old female ICR mice (Charles River Canada, St. Constant, Quebec)
were inoculated either intracerebrally with 857 PFU or in the right hindlimb footpad with
3.0 x 10® PFU of CVS in 0.03mL (intracerebral, n = 36; footpad, n = 54). Uninfected
controls were inoculated with vehicle, phosphate-buffered saline (PBS), in the same
manner (intracerebral, n = 6; footpad, n = 6). Half of the infected mice and half of the
controls were given 60mg/kg ketamine (Pfizer, Kirkland, QC) in 0.05mL PBS (vehicle)
intraperitoneally every 12 hours, which anesthetized the mice for a short period of time.
The remaining mice received 0.05mL PBS intraperitoneally every 12 hours. Clinical
signs of disease, including limb weakness and paralysis, were recorded daily and mice
were euthanized at early time points or once moribund to compare the progression of

disease and mortality between treatment groups.

Study in YFP Mice
Six to 7-week-old male and female transgenic mice (C57BL background)
expressing yellow fluorescent protein (YFP) in neurons (H-line) were inoculated in the

right hindlimb footpad with 3.1 x 10" PFU of CVS in 0.03mL or mock-infected in a

22



similar manner (virus-infected, n = 23; mock-infected n = 21). The original colony of
mice was created by Feng and colleagues (2000). In this study, B6.Cg-Tg(Thy1-
YFP)16Jrs/J male mice (The Jackson Laboratory) were mated with C57BL female mice
(Charles River Canada, St. Constant, Quebec). In subsequent matings, male offspring
expressing YFP in neurons (YFP positive) were mated with YFP negative females. YFP
positive mice of the H-line express the protein predominantly in layer V of the cerebral
cortex, in mossy fibers of the cerebellum and in dorsal root ganglia (Feng et al., 2000).
There is no expression in the Purkinje cells or molecular layer of the cerebellum.

Each procedure involving the use of animals was subject to the review and
approval by the Queen’s University Animal Care Committee. All animals were housed

and manipulated in accordance to the Canadian Council on Animal Care Guidelines.

I11. Preparation of Tissue Sections
Ketamine Study

ICR mice were anesthetized with isoflurane and perfused with buffered 4%
paraformaldehyde between days 3 to 6 post-infection (p.i.), or after they developed
clinical rabies and became moribund. Of those mice inoculated intracerebrally, 4 mice in
each treatment groups were perfused on day 3 and day 5 p.i. for evaluation of carly time
points. The remaining 20 mice, two of which did not develop clinical disease in the
vehicle treatment group, were perfused once moribund. In the footpad inoculation group,
4 mice from each treatment group were perfused on each of days 3 through 6 p.i. for early
time point evaluation. The remaining 22 mice, one of which did not develop clinical
disease in the vehicle treatment group, were perfused once moribund. One intracerebrally

and one footpad mock-infected mouse from each treatment group was perfused on day 3,
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7 or 9 p.i. Brains were removed and immersion-fixed in the same fixative for 24 h at 4°C.,
Tissue was dehydrated and embedded in paraffin (Fisher Scientific, Ottawa, ON) using a
Tissue-Tek tissue embedding console system (Miles Laboratories, Mishawaka, IN).
Coronal tissue sections (6pm) were prepared on a Microtome 2030 Biocut (Reichert-
Jung, Germany) and mounted onto SuperFrost slides (Fisher Scientific, Ottawa, ON) for

cresyl violet and immunohistochemical staining.

Study in YFP Mice

YFP transgenic mice (YFP mice) were anesthetized with isoflurane and perfused
with modified Karnofsky’s fixative (2.5% glutaraldehyde and 2% paraformaldehyde in
0.1M cacodylate buffer) once they became moribund (virus infected, n = 3; mock
infected, n = 3) or with buffered 4% paraformaldehyde once they developed hindlimb
paralysis (virus infected, # = 5; mock infected, n = 5) or after they became moribund
(virus infected, n = 15; mock infected, n = 13). Brains were removed and immersion-
fixed in the same fixative for 24 h at 4°C. Tissues from 7 moribund mice and 6 mock-
infected mice perfused with 4% paraformaldehyde were embedded in paraffin and
sectioned as described above for histological and immunohistochemical studies using
light microscopy. The tissue from those mice perfused with modified Karnofsky’s
fixative was embedded in plastic for toluidine blue staining and electron microscopy.
Coronal sections (50um) of various brain regions from the remaining mice were cut on a
Leica VT 10008 vibratome (Leica, Germany) and either stored in 16 well plates in PBS at
4°C for fluorescent rabies virus antigen staining or transferred to SuperFrost slides and
coverslipped with Polymount (Polysciences, Warrington, PA) for morphological studies

using fluorescent microscopy.
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IV. Cresyl Violet Staining

Paraffin embedded tissue sections were deparaffinized by heating in an oven at
60°C for 10 minutes and subsequently immersed in Histoclear (Diamed Lab Supplies,
Mississauga, ON) for 2 minutes. Tissue was rehydrated by successive immersion in 100%
ethanol, 95% ethanol, 70% ethanol and distilled water (dH,O) for 2 minutes each. Slides
were stained with cresyl violet for 5 minutes and rinsed in PBS for 2 minutes. This was
followed by immersion in 70% ethanol, 95% ethanol, 95% ethanol with 2mL of glacial
acetic acid, 95% ethanol and 100% ethanol until the desired colour was achieved and then
Histoclear for 2 minutes. Slides were then coverslipped with Permount (Fisher Scientific,
Fair Lawn, NJ).

Morphological changes of apoptosis were evaluated in neurons stained for cresyl
violet in the cerebral cortex and hippocampus (CA1 and CA3 regions) of ICR mice
inoculated intracerebrally and compared between ketamine and vehicle treatment groups
using light microscopy (40x objective). A semiquantitative evaluation of the severity of
apoptotic changes was performed on day 3 p.i. (vehicle, n=4; ketamine, n=4) or day 5 p.1.
(vehicle, n=4; ketamine, n=3) or once mice were moribund (vehicle, n=3; ketamine, n=6)
with the following scheme: 0, no significant changes; 1, mild changes; 2, moderate
changes; 3, severe changes; and 4, very severe changes and/or neuronal loss. The identity
of all slides was masked during scoring in order to prevent bias in the evaluation.

A histological examination of the cerebral cortex and area CA1 of the
hippocampus in YFP tissue sections was also performed. A comparison was made

between tissues from infected and mock-infected YFP animals.
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V. Hematoxylin and Eosin Staining

Paraffin embedded tissue sections from YFP mice were deparaffinized and
rehydrated as previously described. The sections were stained with Harris Modified
Hematoxylin for 5 minutes then dipped in water 10 times, acid alcohol 3 times and again
in water 10 times. Prior to counterstaining the tissue sections with Eosin working solution
for 8 minutes, the tissue was washed in tap water substitute for 2 minutes and water for 5
minutes. Lastly, the tissue was dehydrated by dipping the slides 3 times in 95% ethanol, 5
times in 100% ethanol and then immersing the slides in 100% ethanol for 2 minutes. The
slides were immersed in Histoclear for 4 minutes prior to being coverslipped with
Permount. A histological examination of the cerebral cortex and area CA1 of the
hippocampus was performed. A comparison was made between tissue from infected and

mock-infected YFP animals.

VI. Immunohistochemistry
A. Rabies Virus Antigen Staining - EnVision Method

Paraffin embedded tissue sections were stained for rabies virus antigen using the
EnVision method. Slides were deparaffinized and rehydrated as previously described.
Slides were incubated in 1.0% H,0, in MeOH for 30 minutes and rinsed twice in PBS for
1 minute prior to treatment with monoclonal mouse anti-rabies virus nucleocapsid protein
IgG 5DF12 diluted 1:160 overnight at room temperature (obtained from Alexander I.
Wandeler, Centre of Expertise for Rabies, Canadian Food Inspection Agency, Nepean,
Ontario). Slides were rinsed twice in PBS for 1 minute prior to application of
DakoCytomation EnVision+ System-HRP labeled polymer anti-mouse secondary

antibody (DakoCytomation, Denmark) for 40 min. After rinsing in PBS twice for 1
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minute, slides were incubated in 0.5mg/mL 3,3-diaminobenzidine tetrachloride (DAB;
Polysciences, Warrington, PA) in 0.01% H,0, in PBS for 8 minutes. Slides were rinsed
twice in PBS for 2 minutes, incubated in 0.5% CuSQOy4 in 0.15M NaCl for 5 minutes, and
rinsed in tap water twice for 1 minute. Tissues were counterstained with Gill’s
hematoxylin for 1 minute, rinsed in tap water for 1 minute, tap water substitute for 2
minutes and tap water for 1 minute. Sections were then dehydrated by successive
immersion in 70% ethanol, 95% ethanol and 100% ethanol for two minutes each. After
immersion in Histoclear for 2 minutes, sections were coverslipped with Permount.

Rabies virus infection was evaluated in the midbrain tegmentum, cercbral cortex
and hippocampus (CA1 and CA3 regions) of ICR mice inoculated intracerebrally or in
the right hindlimb footpad in both the ketamine and vehicle treatment groups. Slides
stained for rabies virus antigen from mice perfused on days 3 through 6 (n=4 in each
treatment group on each day, except n=3 on day 5 in the intracerebrally inoculated
ketamine-treated group)/ or moribund mice (intracerebrally inoculated: vehicle, n=3;
ketamine, n=6 / footpad-inoculated: vehicle, n=8; ketamine, n=11) were blinded and the
numbers of infected neurons were counted in three different fields with the most marked
staining within the same brain region using high power (40x) objective. The average
number of infected neurons was compared between treatment groups for each early time
point and in moribund mice.

Rabies virus infection was also evaluated in the cerebral cortex and area CA1 of
the hippocampus of moribund YFP mice. Staining in infected and mock-infected tissues

was compared.
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B. Rabies Virus Antigen Staining - Fluorescent Method

Floating tissue sections (50pm) from YFP mice were stained for rabies virus
antigen using Alexa Fluor 568 goat anti-mouse IgG (H+L) fluorescent secondary
antibody (Molecular Probes, Eugene, OR), which fluoresces red. Tissue sections were
stained in 16 well plates using a nutating mixer to ensure exposure of tissue to the
reagents. Sections were first washed in PBS for 10 minutes prior to incubation with 0.3%
H,0, in 50 % MeOH for 30 minutes. Sections were washed 3 times in PBS for 10
minutes and then blocked in 10% normal goat serum (NGS) for one hour prior to the
application of monoclonal mouse anti-rabies virus nucleocapsid protein IgG SDF12
diluted 1:200 for 48 hours at 4°C. Sections were washed three times in PBS for 10
minutes and then incubated for 18 hours at 4°C in Alexa Fluor 568 goat anti-mouse IgG
(H+L) diluted 1:800. The secondary antibody was centrifuged for 5 minutes prior to use
and only the supernatant was used in the dilution. After the secondary antibody was
added, the plates were covered with aluminum foil to reduce exposure to light. Sections
were then washed three times in 0.2% Triton X-100 and once in PBS for 10 minutes each
time. Sections were transferred to SuperFrost slides and allowed to partially dry before
being coverslipped with Polymount. The rabies virus antigen staining was viewed using a

N21 fluorescent filter and compared between infected and mock-infected YFP mice.

C. Caspase-3 Staining

Paraffin embedded tissue sections from YFP mice were deparaffinized and
rehydrated as previously described. Slides were microwaved in a 10mM sodium citrate
and 0.05% Tween 20 solution (pH 6) for 1 minute on high power and 9 minutes on

medium power, and then cooled for 20 minutes prior to being rinsed twice in PBS. The
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tissue was blocked for 20 minutes with 5% NGS in PBS and then rinsed 3 times in PBS
with 0.1% Tween 20. Cell Signalling anti-cleaved caspase-3 primary antibody, diluted
1:200 in PBS with 2% NGS, was applied to the slides overnight in a humidity chamber at
room temperature. Tissues were washed twice in PBS with 0.1% Tween 20 and the
secondary biotinylated goat anti-rabbit antibody diluted 1:100 in PBS with 2% NGS was
applied for 30 minutes. Slices were then washed in PBS with 0.1% Tween 20 three times
before quenching the endogenous peroxidases with 1% H,0, in MeOH for 30 minutes.
After washing the sections twice in PBS with 0.1% Tween 20, they were incubated with
ABC reagent for 30 minutes and again washed twice in PBS with 0.1% Tween 20 prior to
incubation with 0.5mg/mL DAB in PBS containing 0.01% H,0, for 8 minutes. Next,
slices were rinsed twice in tap water, incubated in 0.5% CuSQOj, in 0.15M NaCl for 5
minutes, rinsed twice in tap water and counterstained in hematoxylin for 1 minute. Lastly,
the tissue was rinsed twice in tap water, tap water substitute for 3 minutes, twice in tap
water again and then dehydrated by successive immersion in 70% ethanol, 95% ethanol
and 100% ethanol for two minutes each. After immersion in Histoclear for 4 minutes,
sections were coverslipped with Permount. Caspase-3 staining was compared in the
cerebral cortex and area CA1 of the hippocampus from infected and mock-infected YFP

mice.

VII. Terminal Deoxynucleotidyl Transferase Mediate dUTP Nick End Labeling
(TUNEL) Staining

Paraffin embedded tissue sections from YFP animals were deparaffinized and
rehydrated as previously described. Slides were microwaved in 10mM citrate buffer (pH

3) for 1 minute on high power and 9 minutes on medium power, and then cooled for 20
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minutes before rinsing twice in PBS for 2 minutes. Sections were next incubated in
15pg/mL Proteinase K (Sigma) in 10mM Tris (pH 8) for 15 minutes then rinsed twice in
dH,0 for 2 minutes. For positive controls, slides were equilibrated in DN buffer (30mM
Tris, 4mM MgCl,, 0.1mM dithiothreitol) for 5 minutes, incubated in 1 pL/mL DNase
(Pharmacia) in DN buffer for 10 minutes and rinsed five times in dH,O for 3 minutes.
Next, endogenous peroxidases were quenched in 3% H,0, in PBS for 5 minutes. Sections
were rinsed twice in dH,O for 5 minutes then blocked in 1X blocking solution
(Boehringer Mannheim) for 20 minutes in a humid chamber at room temperature. Slides
were washed twice in PBS for 2 minutes prior to equilibration in terminal transferase
(TdT) buffer (5x buffer is 1M sodium cacodylate and 150mM Tris pH 6.6 with bovine
serum albumin) for 5 minutes and incubated in TdT enzyme solution (20uL 5x TdT
buffer, 4uL 25mM CoCly, 0.24pL Biotin-16-dUTP (Roche), 75.72uL dH,0 and 0.04pL
TdT enzyme (Roche)) for 60 minutes in a reaction chamber at 37°C. This reaction was
stopped by placing the slides in a 300mM sodium chloride and 30mM sodium citrate
solution (pH 7.2) for 45 minutes. Sections were rinsed twice in PBS for 2 minutes before
applying the Vectastain Elite ABC reagent (prepared 30 minutes before use) for 30
minutes in a humid chamber. Slides were again rinsed twice in PBS for 2 minutes then
incubated in 0.5mg/mL DAB in PBS containing 0.01% H,O, for 8 minutes and rinsed
twice in tap water for 2 minutes. Tissue was counterstained with methyl green (2% in
0.1M sodium acetate pH 4.2) for 10 minutes, quickly rinsed with 2 dips in ice cold dH>0,
then rinsed in three changes of butanol for 3 dips, 3 dips and 2 minutes. Lastly, slides
were immersed in Histoclear for 4 minutes then coverslipped with Permount. TUNEL
staining was compared in the cerebral cortex and area CA1 of the hippocampus from

infected and mock-infected YFP mice.
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VIII. Bielschowsky Silver Staining

Paraffin embedded tissue sections from YFP mice were deparaffinized and
rehydrated as previously described. Slides were incubated in 50mL of 20% silver nitrate
solution (20mg silver nitrate, 100mL dH,0) for 30 minutes at 37°C in the dark. Slides
were then placed in dH,0O while concentrated ammonium hydroxide was added drop by
drop to the 20% silver nitrate solution until the initial precipitate disappeared. Next, slides
were returned to the silver nitrate solution for 15 minutes in the dark. Two drops of
concentrated ammonium hydroxide were added to 50mL of dH,0 and used to wash the
slides. Two or three drops of developer (20mL 37% unbuffered formalin, 100mL dH,O,
1001 concentrated nitric acid, 0.5mg citric acid) were added to the silver nitrate solution
and this solution was used to stain the slides for 3-5 minutes. Lastly, slides were washed
in dH,0, fixed in 5% aqueous sodium thiosulfate (Smg sodium thiosulfate, 100mL dH,0)
for 1-5 minutes and washed well in several changes of distilled water before being
dehydrated and coverslipped with Permount. Silver staining was compared in the cerebral

cortex of infected and mock-infected YFP mice.

IX. Fluorescent Microscopy

Morphological features of beading were evaluated in neurons expressing YFP in
vibratome sections of the cerebral cortex, hippocampus, cerebellum and brainstem from
virus-infected moribund mice perfused on days 9 through 12 p.i. and mice with right
hindlimb paralysis perfused on day 6 p.i. using an I3 fluorescent filter and a Leica
fluorescent microscope and compared to mock-infected YFP mice. The percentage of
affected dendrites and axons was quantified separately in the cerebral cortex of moribund

and control mice (virus-infected, n=5; mock-infected, n=5). Slides were masked and the
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total number of dendrites or axons and the number of dendrites or axons displaying signs
of beading or fragmentation were counted in three different fields using high power (25x)
objective. The average number of affected dendrites or axons was divided by the average
number of total dendrites or axons to determine the percentage of dendrites or axons (+
standard error of the mean) with abnormal morphology. Sections of the various brain
regions in mice with right hindlimb paralysis were examined in order to describe the
morphological changes in neuronal processes at an early time point (day 6 p.i.) in the
progression of infection. Fluorescent microscopy was also used to identify the nuclei of

origin of the cerebellar mossy fibers.

X. Toluidine Blue Staining

Tissues from YFP mice perfused with Karnofsky’s fixative were dissected after
being immersion-fixed in the same fixative for 24 h at 4°C. Sections of the frontal cortex,
area CA1 of the hippocampus and cerebellum from all 6 mice were then immersed in 1%
osmium tetroxide, dehydrated by successive immersion in 70% ethanol, 85% ethanol,
95% ethanol and 100% ethanol, cleared with propylene oxide and infiltrated with resin
(Jembed resin; J.B. EM Services, Dorval, Quebec). Sections (1pm thick) were stained
with toluidine blue and examined using light microscopy. The percentage of pyramidal
neurons displaying cytoplasmic vacuolation in layer V of the cerebral cortex and in area
CA1 of the hippocampus were quantified (Cortex: virus-infected, n=3; mock-infected,
n=3/ CA1l: virus-infected, n=2; mock-infected, n=3). Slides were masked and the total
number of neurons and the number of neurons displaying signs of cytoplasmic
vacuolation were counted in three different fields using high power objective (cortex,

40x; CA1, 100x). The average number of affected neurons was divided by the average
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number of total neurons to determine the percentage of neurons (+ standard error of the

mean) with cytoplasmic vacuolation in CVS-infected and mock-infected YFP mice.

XI. Electron Microscopy

Ultrathin sections were cut from four resin-embedded samples of the frontal
cortex, two infected and two mock-infected. Sections were stained with uranyl acetate
and lead citrate and examined with an electron microscope (Hitachi H7000; Hitachi,

Schaumburg, Illinois, USA) at 75 kV.

XII. Statistical Analyses

Clinical disease and mortality data from ketamine and vehicle-treated
intracerebrally and footpad inoculated ICR mice were analyzed using Kaplan-Meier
survival curves and log rank tests. T-tests for the significance of the difference between
the means of two samples were used to compare the number of rabies virus infected
neurons between ketamine and vehicle treatment groups in intracerebrally and footpad
inoculated ICR mice and the percentage of cortical and hippocampus pyramidal neurons
displaying beading/fragmentation or cytoplasmic vacuolation between mock-infected and
virus-infected YFP mice. Mann Whitney tests for the significance between two
independent samples were used to compare the severity of apoptosis between ketamine
and vehicle treatment groups in intracerebrally inoculated ICR mice. A value of p<0.05

was considered statistically significant.

33



CHAPTER 4: RESULTS
1. Evaluation of the Effects of Ketamine in Rabies Virus Infected Mice
A. Clinical Observations

Mice infected in the right hindlimb footpad with CVS and treated with either
ketamine or vehicle developed hindlimb paralysis between days 5 and 6 p.i. Over the next
3 days there was progression to quadriparesis and all surviving mice became moribund by
day 9 p.i. A logrank test indicated that there was no difference in the onset or progression
of disease (Fig. 1A, p=0.54), or in the mortality rate between mice that received ketamine
or vehicle (Fig. 1C, p=0.53).

Mice infected intracerebrally with CV'S began to display signs of rabies, including
ataxia and paralysis, on day 6 p.i., and were all affected by day 8 p.i. in the ketamine
treatment group and by day 7 p.i. in the vehicle treatment group. There was no significant
difference in the onset or progression of disease between mice that received ketamine or
vehicle as determined by a logrank test (Fig. 1B, p=0.30). All mice treated with ketamine
were moribund by day 9 p.i., and those treated with vehicle by day 8 p.i. Again, a
logrank test indicated no difference in the mortality rate between treatment groups (Fig.

1D, p=0.50).

B. Rabies Virus Antigen Distribution
Mice inoculated in the right hindlimb footpad displayed few neurons staining for

rabies virus antigen in the midbrain tegmentum on day 3 p.i. in the ketamine treatment
group. On day 4 p.i., antigen was observed in the midbrain tegmentum of both treatment
groups, and in the cerebral cortex of mice treated with vehicle, while mice treated with

ketamine first displayed antigen in the cerebral cortex on day 5 p.i. By day 6 p.i., the
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number of infected neurons increased in the midbrain tegmentum and cerebral cortex of
both treatment groups, and infection first appeared in areas CA1 and CA3 of the
hippocampus. A comparison of the number of infected neurons in the various brain
regions between treatment groups on days 3 through 6 p.i. did not show a significant
difference (Table 1, p>0.05 for all brain regions). Similarly, there was no difference in the
amount of infection in the cerebral cortex (Fig. 3A and B) or areas CA1 and CA3 (Fig.
3C and D) of the hippocampus between treatment groups in tissue from moribund mice
inoculated in the footpad (Fig. 2A, p>0.()5.). However, there was a greater number of
infected neurons in the midbrain tegmentum of moribund mice treated with ketamine
compared to vehicle (Fig. 2A, p=0.0009; Fig. 3E and F).

Mice inoculated intracerebrally in both treatment groups displayed rare but
comparable virus antigen staining in the cerebral cortex, area CA1 of the hippocampus
and midbrain tegmentum on day 3 p.i. Area CA3 of the hippocampus was more heavily
stained than other regions on day 3 p.i., but was similar between treatment groups (Table
1, p>0.05 for all brain regions). By day 5 p.i. the number of infected neurons in all areas
had markedly increased, but there was no difference between treatment groups (Table 1,
p>0.05 for all brain regions). This finding was also observed in tissue from moribund

mice in both treatment groups (Fig. 2B, p>0.05 for all brain regions).

C. Histopathological Changes

Very mild morphological changes of apoptosis, including cytoplasmic shrinkage
and nuclear condensation, were observed in the cerebral cortex of mice inoculated
intracerebrally and treated with ketamine on day 5 p.i., but not in mice treated with

vehicle. Mild apoptotic changes were also observed in area CA1 of the hippocampus in
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both treatment groups on day 5 p.i. Hippocampal subfield CA3 showed more moderate
changes of apoptosis in both treatment groups on this day.

Tissues from moribund mice in both treatment groups displayed only mild to
moderate changes of apoptosis in the cerebral cortex. Extensive apoptotic cell death and
cell loss were observed in areas CA1 and CA3 of the hippocampus, particularly in the
vehicle treatment group (Fig. 3G and H). Comparisons of the two treatment groups using
a Mann Whitney test indicated that there was no significant difference in the severity of

apoptosis between treatments at any time point (Table 2, p>0.05).

I1. Evaluation of the Structural Integrity of Neuronal Processes in Rabies Virus
Infected YFP Transgenic Mice

A. Rabies Virus Antigen Distribution

Staining for rabies virus antigen in paraffin embedded tissue sections revealed
widespread infection of neurons in the cerebral cortex (Fig. 4A) and hippocampus (Fig.
4C) of CVS-infected YFP moribund mice. In both of these regions antigen was found in
the perikarya of pyramidal neurons and in the dendritic processes. Control tissues showed

low background staining (Fig. 4B and D).

B. Histopathological Changes

Pathological changes were minimal in paraffin embedded tissue sections stained
for cresyl violet and hematoxylin and eosin (HE). The predominant findings were
inﬂémmatory changes in the leptomeninges and parenchyma and perivascular cuffing.
Activated microglia were observed throughout the cerebral cortex, in areas CA1 and CA3

of the hippocampus and surrounding blood vessels in both of these regions (Cortex, Fig.
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5A and C; CALl, Fig. 6A and C). Low grade inflammation was also observed in the
leptomeninges. Overall, there was no well defined cytopathology in pyramidal neurons
under light microscopy.

Pathological findings were more evident in the cerebellum. Activated microglia
were abundant, especially in the molecular layer. The leptomeninges also displayed
increased inflammation in comparison to the leptomeninges of the cerebral cortex. HE

staining also revealed vacuolation in the deep cerebellar white matter (Fig. 7A).

C. Caspase-3 and TUNEL Staining

Caspase-3 and TUNEL staining revealed little evidence of apoptosis in the
cerebral cortex and hippocampus of moribund YFP mice. Caspase-3 staining was rarely
observed in the cerebral cortex of these animals, and this very mild staining was in non-
neuronal cells (Fig. 8A). The hippocampus of moribund animals (Fig. 8C) and the
cerebral cortex and hippocampus of control mice showed low background staining (Fig.
8B and D).

TUNEL staining was increased compared to caspase-3 staining, but was still only
observed in few cells in the cerebral cortex of moribund YFP mice (Fig. 9A). There was
also rare TUNEL staining in area CA1 of the hippocampus (Fig. 9D). Positive controls
for oligonucleosomal DNA fragmentation, which were pre-treated with DNase, revealed
widespread TUNEL staining throughout the cerebral cortex (Fig. 9C) and hippocampus
(Fig. 9F) of moribund YFP mice, while tissues from mock-infected mice showed low

background staining (Fig. 9B and E).
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D. Fluorescent Microscopy

Studies using fluorescent microscopy revealed morphological abnormalities in
neuronal processes expressing YFP in regional brain areas of moribund mice (perfused on
days 9 through 12 p.i.), including the cerebral cortex, brainstem, hippocampus and
cerebellum. Analysis of these same brain regions at an early time point (day 6 p.i.) in
mice with right hindlimb paralysis revealed only minor changes in selective regions. The
variation in severity of these abnormalities did not only exist between the two different
time points, but also between different brain regions at a given time point. In moribund
animals, the changes in affected processes ranged from interspersed swellings on intact
processes, also known as beading, to severely distended sections of neuronal processes
without apparent physical connections between the residual swollen pieces
(fragmentation). Processes that displayed beading were also characterized by inter-bead
segments that were thinner than neuronal processes in mock-infected tissue.

Mice with hindlimb paralysis displayed very minor morphological changés in
processes of the cerebral cortex, hippocampus and cerebellum and no abnormalities in the
perikarya in these regions. Distal dendrites of pyramidal neurons in the cerebral cortex
(Fig. 10A) and area CAl of the hippocampus displayed extremely rare beading in one of
five animals. Rare beading was also observed in axons in the cerebral cortex of four of
five animals (Fig. 10C). The mossy fibers of the cerebellum were most noticeably

affected with minor beading occurring primarily in the cerebellar commissure, which

connects the two hemispheres of the cerebellum (Fig. 10E). The more obvious
involvement of the cerebellum is consistent with the sequential infection of the
cerebellum that is followed by infection of the cerebral cortex then hippocampus after

footpad inoculation (Jackson and Reimer, 1989). However, examination of fluorescent
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rabies virus antigen staining at this time point also revealed widespread staining in the
cerebral cortex (Fig. 11A). Antigen staining in area CAl of the hippocampus‘ was
minimal and varied in intensity between animals.

In the cerebral cortex of moribund mice, the dendrites of many layer five
pyramidal neurons exhibited marked structural abnormalities, while relatively few
perikarya showed structural changes. Rare perikarya were shrunken, whereas 12.2 £2.7%
of dendrites showed beading and fragmentation in CVS-infected mice (Fig. 12A, C and
E) versus 0% of dendrites in mock-infected mice (p=0.01). Dendrites in mock-infected
mice were characterized by a gradual tapering in diameter from the proximal dendrite to
the distal dendrite (Fig. 12B, D and F). The axons of pyramidal neurons were more
involved but displayed less severe morphological abnormalities than the dendrites,
primarily displaying signs of beading and, to a lesser extent, fragmentation in 40.5 £+ 7.8%
of axons in infected tissues (Fig. 12G) vs. 2.4 + 1.2% of axons in mock-infected tissues
(p=0.002; Fig. 12H). Axons in control cortical tissues were slightly varicose, but this is
characteristic of these processes. |

Fluorescent microscopy was also used to examine the fluorescent rabies virus
antigen staining in the cerebral cortex of moribund mice, which confirmed widespread
infection of cortical neurons (Fig. 11B). It was not possible to identify the cell bodies of
beaded or fragmented neuronal processes staining for rabies virus antigen or vice versa
since the sections were only rarely cut in a plane with visualization of a complete neuron
and, in addition, fragmentation of dendrites made it difficult to follow their course.

Mossy fibers in the cerebellum of moribund animals showed severe fragmentation
in the majority of axons within the cerebellar commissure (Fig. 13A), and less severe

beading in the white matter of the folia. Beading was also observed in the granular layer
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of the cerebellum where extensions of the mossy fibers synapse with granule cells (Fig.
13C). The granule cells themselves did not display any morphological abnormalities, but
there was variability in the size and shape of these cells in control mice which made it
difficult to identify subtle pathological changes. Mossy fibers in control tissues are also
varicose and vary in diameter, but these features are distinct from the beading and
fragmentation observed in infected tissues (Fig.v 13B and D).

Axons were also involved at various levels in the brainstem of moribund mice. In
particular, the tracts traveling rostral-caudally through the central brainstem, which
include the tectobulbar tract and the medial longitudinal fasciculus, displayed distended
and fragmented axons of varying degrees of severity (Fig. 14A and C). In some tissue
samples it seemed that there was also a loss of neuronal processes in this region compared
to controls (infected, Fig. 14C; control, Fig. 14D). Another area which consistently
showed signs of beading involved the fibers of the inferior cerebellar peduncles, some of
which become the mossy fibers of the cerebellum (Fig. 14E). Mossy fibers originate as
axons emerging from a number of nuclei in the brainstem and spinal cord, including the
pontine nucleus, vestibular nuclei, lateral reticular nucleus, spinal trigeminal nucleus and
the external cuneate nucleus, then travel towards the cerebellum (Yatim et al., 1996;
Rodriguez and Dymecki, 2000). Although the major source of the cerebellar mossy fibers
is knéwn to be the pontine nuclei, the cell bodies of these nuclei did not express YFP in
these animals (Fig. 14G). Examination of the nuclei which do express YFP in the
brainstem revealed that a probable source of the mossy fibers expressing YFP are the
vestibular nuclei (Fig. 14H). Axons emerging from these nuclei displayed severe
fragmentation as they traveled into the cerebellum. Staining of tissue sections containing

the vestibular nuclei for fluorescent rabies virus antigen indicated that some of these cell
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bodies are infected, but not a majority. It is likely that additional nuclei in the spinal cord
or caudal brainstem express YFP and contribute to the mossy fibers because of
involvement of fibers in the inferior cerebellar peduncle.

In contrast to the findings in other brain regions of moribund mice, area CA1 of
the hippocampus showed very few structural abnormalities (Fig. 15A) despite extensive
rabies virus infection (Fig. 4C, Fig. 11C). In most cases, infected tissues were
morphologically indistinguishable from control tissues (Fig. 15B). Abnormal shrunken
perikarya of CA1 pyramidal neurons were rare (Fig. 15C and D). Even more uncommon
were changes in the distal dendrites, which took the form of mild dendritic beading. There

were no observable abnormalities in the axons of CA1 pyramidal neurons.

E. Bielschowsky Silver Staining

Silver staining revealed changes in a minority of axons in the cerebral cortex of
moribund YFP mice in comparison with mock-infected cortices. These rare axons
displayed minor degrees of beading and an undulating course as they traveled from the

neuron cell bodies to the deep white matter of the cortex (Fig 16A).

F. Toluidine Blue Staining

Morphological evaluation of the cerebral cortex, area CA1 of the hippocampus
and cerebellum in toluidine blue-stained sections of moribund YFP mice revealed
vacuoles within neuronal cell bodies and processes in addition to larger vacuolation
within neuropil. In pyramidal neurons of the cerebral cortex in CVS-infected mice,
numerous irregular round vacuoles were observed within the cytoplasm of the perikarya

and in the proximal dendrites (Fig. 17C, D and E). The vacuoles caused distention of the
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area occupied by the cytoplasm. On average, 60.8 + 8.5% of pyramidal neurons in CVS-
infected mice showed such abnormalities while only 1.0 + 0.2% did in mock-infected
mice (p=0.002). Pyramidal neurons displaying normal morphology in control tissue had
faint cytoplasm that was roughly uniform in diameter around a clear nucleus with a
prominent dark nucleolus (Fig. 17F).

The neuropil vacuolation in the cerebral cortex of moribund mice varied in
severity between animals (Fig. 17A and G). Vacuoles also varied in size and prevalence
throughout the cerebral cortex of individual a;nimals, with clusters of severe vacuolation
composed of various sized vacuoles occurring in a multifocal distribution throughout the
cortex. The size of the neuropil vacuoles varied from the size of the irregular round
vacuoles that were observed within the cytoplasm of the perikarya to the size of neuronal
perikarya themselves, or slightly larger.

Pyramidal neurons in area CA1 of the hippocampus of CVS-infected moribund
mice showed similar pathological findings to those found in pyramidal neurons of the
cerebral cortex, but were not as frequent. Spherical vacuoles were observed in the
cytoplasm and proximal dendrites of 21.7 + 16.1% of pyramidal neurons in infected
animals (Fig. 18A and C) vs. 0% in mock-infected animals (p=0.41). This comparison is
not significant due to the lack of variance in values for the mock-infected group. Again,
these vacuoles caused distention of the cytoplasm and distortion of the cell body.
Pyramidal neurons in mock-infected mice did not show any signs of vacuolation and had
faint cytoplasm which was approximately uniform in diameter around the nucleus (Fig.
18B and D).

Neuronal processes in the cerebellar white matter of CVS-infected mice displayed

signs of swelling, including enlarged myelinated axons, creating the appearance of
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vacuolation in this area (Fig. 18E). Since processes in white matter vary in diameter in
controls (Fig. 18F), only the most severe abnormalities were apparent in infected tissues.

Vacuoles were also present in the molecular layer.

G. Electron Microscopy

The predominant finding from electron microscopy studies of the cerebral cortex
of moribund YFP mice was the presence of swollen mitochondria within the perikarya,
dendrites and axons of pyramidal neurons (Fig. 19A and C; Fig. 20 A and C). The degree
of swelling varied from increases in the size of the cristae spaces to empty matrices with a
loss of cristae. However, some neurons displayed very little or no mitochondrial swelling,
which indicates that these morphological changes are not due to fixation. Also, a few
neurons that lacked mitochondrial swelling contained nucleocapsid material, indicating
that these cells were still at an early stage in the injury process despite the moribund
status of the animal. Swelling was also observed within the cisternae of the Golgi
apparatus (Fig. 19A and C) in neurons with and without mitochondrial swelling, which
suggests that swelling of the Golgi appalrafus may precede mitochondrial swelling.
Furthermore, pyramidal neurons in infected tissue appeared to have less well defined
endoplasmic reticulum than control tissue. The swollen mitochondria likely correspond to
the numerous round vacuoles observed within the perikarya and proximal dendrites of
pyramidal neurons in toluidine blue stained sections of the cerebral cortex.

Axonal and dendritic beading may be the result of mitochondrial swelling in
neuronal processes. Swollen mitochondria were found to co-localize with areas of
increased diameter in neuronal processes (Fig. 20A). The severity of mitochondrial

swelling was also greater in dendrites than axons, which correlates with observations
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made using fluorescent microscopy that axonal beading was less severe than dendritic
beading. In spite of these morphological alterations, numerous axondendritic synapses
were present along the length of dendrites (Fig. 20C). Also, microtubules were observed
throughout neuronal processes, while the presence of neurofilaments was more variable
(Fig. 20C).

The neuropil vacuolation observed in toluidine blue stained tissue sections
primarily represented severely distended neuronal processes and swollen nerve endings.
Ultrastructurally, many of these neuropil vacuoles were found to contain mitochondria
and microtubule debris. Furthermore, some of the vacuoles also contained synaptic
vesicles or synaptic densities (Fig 20E), confirming a neuronal origin. In some cases,
however, the vacuoles were devoid of any residual material. As such, we cannot exclude
the possibility that some of the neuropil vacuoles may represent swollen astrocytes,
particularly vacuoles surrounding blood vessels.

Despite the abnormal changes in organelle structure, cortical pyramidal neurons
did not display features of major neuronal degeneration (Fig. 19A). There was no
evidence of swelling of the cell body or degeneration of the plasma or nuclear
membranes. Nuclei were clear and contained prominent nucleoli which did not display
chromatin condensations. There were also multiple synapses between axon terminals and
the perikarya. The presence of nucleocapsid material in the cytoplasm of the majority of
pyramidal neurons displaying mitochondrial swelling confirmed that they were infected

(Fig. 19A).
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CHAPTER 5: TABLES
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Table 1. Rabies virus infection was evaluated in the midbrain, cerebral cortex and
hippocampus (CA1 and CA3 regions) of mice inoculated in the right hindlimb footpad or
intracerebrally and treated with either vehicle or ketamine twice daily on days 3 through 6
p.i. (n=4 in each treatment group on each day, except n=3 on day 5 in the intracerebrally
inoculated ketamine-treated group). Slides stained for rabies virus antigen were blinded
and the numbers of infected neurons were counted in three different fields with the most
marked staining within the same brain region using high power (40x) objective. Counts
are expressed as the mean score + standard error of the mean. Treatment with vehicle or
ketamine was compared using an unpaired t-test, and a p value < 0.05 was considered to
be significant.

Brain Region Velicle Ketamine p value
Footpad Inoculation
Day 3
Midbrain 0+0 03=03 0.42
Cerebral cortex 00 00 1.00
Hippocampal subfield CAl 00 0+90 1.00
Hippocampal subfield CA3 0+0 0x0 1.00
Day 4
Midbrain 24x18 1.0+0.7 0.49
Cerebral cortex 03+0.3 0x0 0.42
Hippocampal subfield CAl 0+0 0+0 1.00
Hippocampal subfield CA3 0+0 0+0 1.00
Day 5
Midbram 182+ 1.7 6.8=0.5 0.14
Cerebral cortex 260%155 5240 0.24
Hippocampal subtield CAl 00 0£0 1.00
Hippocampal subfield CA3 0=0 0+0 1.00
Day 6
Midbrain 206+43 201+£50 0.94
Cerebral cortex 587x93 53.9+46 0.66
Hippocampal subfield CAl 19x16 06=x0.0 0.46
Hippocampal subfield CA3 6440 62£58 0.97
Intracerebral Inoculation
Day 3
Midbrain 05=03 05=03 1.00
Cerebral cortex 0.8+04 0503 0.79
Hippocampal subfield CAl 1307 S3x1.1 0.13
Hippocampal subfield CA3 62+32 19.7 47 0.24
Day §
Midbrain 27.0+3.0 253+£26 0.80
Cerebral cortex 763105 76.4=11.6 0.99
Hippocampal subtield CAl 33.6x6.0 32973 0.97
Hippocampal subfield CA3 52.8£4.1 68.6 + 10.5 0.40
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Table 2. Morphological changes of apoptosis were evaluated in neurons in the cerebral
cortex and hippocampus (CA1 and CA3 regions) of mice inoculated intracerebrally with
CVS and treated with either vehicle or ketamine twice daily (40x objective). A
semiquantitative evaluation of the severity of apoptotic changes was performed on day 3
p.i. (no changes observed) or day 5 p.i (vehicle, n=4; ketamine, n=3) or once mice were
moribund (vehicle, n=3; ketamine, n=6) with the following scheme: 0, no significant
changes; 1, mild changes; 2, moderate changes; 3, severe changes; and 4, very severe
changes and/or neuronal loss. The identity of all slides was masked during scoring in
order to prevent bias in the evaluation. Rating scale scores are expressed as the mean
score + standard error of the mean. Treatment with vehicle or ketamine was compared
using the Mann Whitney test, and a p value < 0.05 was considered to be significant.

Brain Region Ketamine Vehicle p-value
Day 5§
Cerebral cortex 0.3+03 0+0 0.42
Hippocampal subfield CA1l 0.7+£03 0.8+05 1.00
Hippocampal subfield CA3 2010 1.3+0.8 0.65
Moribund
Cerebral cortex 1.3+£0.2 1.0+£0 0.40
Hippocampal subfield CA 1 2.840.5 40+£0 0.25
Hippocampal subfield CA3 3.7+0.3 400 0.65

47



CHAPTER 6: FIGURES
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Figure 1. Kaplan-Meier curves of the cumulative neurological signs of disease (A, B)
and cumulative mortality (C, D) in mice inoculated in the right hindlimb footpad (A, C)
or intracerebrally (B, D) with CVS and treated twice daily with vehicle (dashed) or
ketamine (solid). Vehicle treatment (A and C, n=10; B and D, n=8) and ketamine
treatment (A and C, n=11; B and D, n=10) groups were compared using log rank tests,
which indicated that there was no difference in the mortality rate between treatment
groups (A, p=0.54; B, p=0.30; C, p=0.53; D, p=0.50).
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Figure 2. Counts of the number of infected neurons in various brain regions of moribund
mice after right hindlimb footpad (A) and intracerebral (B) inoculation of CVS and twice
daily treatment with vehicle (shaded) or ketamine (solid). Slides stained for rabies virus
antigen were blinded and the numbers of infected neurons were counted in three different
fields of the same brain region using high power (40x) objective in areas with the most
marked staining. Vehicle treatment (A, n=8; B, n=3) and ketamine treatment (A, n=11; B,
n=6) groups were compared using an unpaired z-test (* represents statistical significance
at a confidence level of 95%) and the error bars represent the standard error of the mean.
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Figure 3. Rabies virus antigen in the cerebral cortex (A, B), CA3 region of the
hippocampus (C, D) and midbrain tegmentum (E, F) in vehicle- (A, C, E) and ketamine-
(B, D, F) treated moribund mice infected with CVS via hindlimb footpad inoculation
showing a similar distribution, although more infected neurons were present in the
midbrain with ketamine treatment. Cresyl violet staining of the CA1 region of the
hippocampus from moribund mice infected with CVS intracerebrally that received
vehicle (G) and ketamine (H) showing many apoptotic neurons with condensations of
nuclear chromatin. Magnification: A and B, x85; C and D, x260; E and F, x45; G and H,
x525
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Figure 4. Rabies virus antigen in the cerebral cortex (A, B) and area CA1 of the
hippocampus (C, D) in moribund YFP mice infected with CVS (A, C) or mock-infected
YFP mice (B, D). Widespread infection was observed in the perikarya and dendritic
processes of pyramidal neurons throughout both of these regions in infected mice.
Control tissues showed low background staining. Magnification: A and B, 100x; C and D,
200x
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Figure 5. Hematoxylin and eosin (A, B) and cresyl violet (C, D) staining of the cerebral
cortex in moribund YFP mice inoculated with CVS (A, C) or mock-infected YFP mice
(B, D). Activated microglia were present throughout the cerebral cortex, particularly
surrounding blood vessels, in infected mice (arrowheads). Magnification: 126x
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Figure 6. Hematoxylin and eosin (A, B) and cresyl violet (C, D) staining of area CA1 of
the hippocampus in moribund YFP mice inoculated with CVS (A, C) or mock-infected

YFP mice (B, D). Activated microglia are present throughout the hippocampus in infected
mice (arrowheads). Magnification: 215x
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Figure 7. Hematoxylin and eosin staining of the cerebellum of moribund YFP mice
inoculated with CVS (A) or mock-infected YFP mice (B). Extensive vacuolation is
evident in the deep cerebellar white matter in infected mice (A). Magnification: 300x
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Figure 8. Caspase-3 immunostaining in the cerebral cortex (A, B) and area CA1 of the
hippocampus (C, D) in moribund YFP mice inoculated with CVS (A, C) or mock-
infected YFP mice (B, D). A rare caspase-positive cell was observed in the cerebral
cortex of CVS-infected mice (arrowhead). Low background staining was observed in the
hippocampus of infected mice (C) and in mock-infected mice (B, D). Magnification: A
and B, 113x; C and D, 227x
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Figure 9. TUNEL staining in the cerebral cortex (A, B, C) and area CA1 of the
hippocampus (D, E, F) in moribund YFP mice infected with CVS (A, C, D, F) or mock-
infected YFP mice (B, E). Positive controls (C, F), pre-treated with DNAase, showed
widespread staining, while infected mice only showed staining in a few scattered cells,
which were likely inflammatory cells, in the cerebral cortex (A, arrowheads). The
hippocampus of infected mice (D) and tissue from mock-infected mice (B, E) showed
low background staining. Magnification: A, B and C, 109x; D, E and F, 218x
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Figure 10. Minor morphological abnormalities in neuronal processes of CVS-infected
YFP mice displaying hindlimb paralysis. Dendrites (A, B) and axons (C, D) in the
cerebral cortex of infected (A, C) and mock-infected (B, D) mice were morphologically
very similar. Mossy fibers in the cerebellar commissure of CVS-infected mice show
minor beading (E, arrows) compared to mock-infected tissues (F). Magnification: A, B, E
and F, 85x; C and D, 205x
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Figure 11. Fluorescent rabies virus antigen staining in the cerebral cortex (A, B) and
hippocampus (C) of CVS-infected YFP mice that displayed right hindlimb paralysis (A)
or were moribund (B, C). Rabies virus antigen was present throughout the cerebral cortex
of mice with right hindlimb paralysis. In moribund animals, rabies virus antigen was
widespread in the cerebral cortex and hippocampus. Magnification: 60x
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Figure 12. Morphological abnormalities in layer V pyramidal neurons in the cerebral
cortex of moribund YFP mice inoculated with CVS (A, C, E, G). Beading and
fragmentation is observed in a minority of dendrites (A, C, E), while axons are less
severely beaded but more involved (G) in infected mice. There are no abnormalities in the
dendrites (B, D, F) or axons (H) of mock-infected mice. Axons in mock-infected mice

are slightly varicose (H), which is characteristic of these fibers. Magnification: A and B,
85x; C, D, G and H 205x; E and F, 340x
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Figure 13. Morphological abnormalities in the cerebellar mossy fibers of moribund YFP
mice inoculated in the hindlimb footpad with CVS. Mossy fibers in the cerebellar
commissure show severe beading and fragmentation (A), while mossy fibers entering the
granular layer show signs of beading (C). No abnormalities were observed in mock-
infected mice (B, D). Magnification: 85x
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Figure 14. Morphological abnormalities in YFP-positive axonal processes in the
brainstem of moribund YFP mice inoculated with CVS in the right hindlimb footpad. (A,
C) Central tracts traveling rostral-caudally displayed distended processes (arrows) and
may have some degree of axonal loss. (E) Processes in the inferior cerebellar peduncles
were also beaded (arrows). (B, D, F) Tracts in mock-infected mice did not display any
abnormalities. (G) The pontine nuclei did not display fluorescent perikarya, indicating
that it was not an important source of the fluorescent cerebellar mossy fibers. (H) The
neurons in the vestibular nuclei of moribund transgenic mice expressed YFP and fibers
originating from this nucleus traveled into the cerebellum and displayed beading.
Magnification: A, B, E, F, G and H 60x; C and D, 155x
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Figure 15. Rare morphological abnormalities in area CA1 of the hippocampus in
moribund YFP mice inoculated with CVS in the right hindlimb footpad. The hippocampi
of infected (A) and mock-infected (B) mice were morphologically very similar. Shrunken
and degenerating perikarya were rarely observed (C, D). Magnification: A and B, 205x; C
and D, 340x
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Figure 16. Silver staining of axons in the cerebral cortex of moribund YFP mice
peripherally inoculated with CVS (A) or mock-infected YFP mice (B). Rare axons in
tissues from moribund animals displayed evidence of minor beading and undulating
courses as they traveled from the neuron cell bodies to the deep white matter of the cortex
(arrow indicates magnified area in inset). Magnification: A and B, 414x; inset, 920x
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Figure 17. Toluidine blue staining in the cerebral cortex of moribund YFP mice infected
with CVS (A, C, D, E) or mock-infected YFP mice (B, F). Numerous round vacuoles
were observed within the perikarya and proximal dendrites of many layer V pyramidal
neurons in infected mice (C, D, E), but were rare in mock-infected mice (F). Vacuolation
was also observed throughout the neuropil in infected mice (A, G), which was not

observed in control tissues (B). Magnification: A and B, 484x; C, D, E and F, 1412x; G,
1051x
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Figure 18. Toluidine blue staining in area CA1 of the hippocampus (A, B, C, D) and the
cerebellum (E, F) of moribund YFP mice infected with CVS (A, C, E) or mock-infected
YFP mice (B, D, F). Numerous round vacuoles were observed in the perikarya and
proximal dendrites in infected mice (A, C), but were not observed in mock-infected mice
(B, D). Vacuolation was observed within the cerebellar white matter of infected mice (E)
which was not present in mock-infected mice (F). Magnification: A and B, 531x; C and
D, 1327x; E and F, 403x
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Figure 19. Electron micrographs of pyramidal neurons in the cerebral cortex of CVS-
infected moribund YFP mice (A and C) and mock-infected YFP mice (B). (A) Swollen
mitochondria (solid arrows) are present throughout the cytoplasm of the perikarya and
proximal dendrite of a pyramidal neuron in infected tissue, while the nuclear membrane
and plasma membrane remain intact. Virus nucleocapsid material (arrowhead) and
swollen Golgi apparatus (open arrow) are also observed in the cytoplasm of the perikarya.
(C) A magnified view of the boxed area in (A) shows swollen mitochondria (solid arrow)
and swollen Golgi apparatus (open arrow) in the cytoplasm of an infected pyramidal
neuron. (B) Mitochondria (solid arrows) in mock-infected tissues are elongated and the
cristae are compact.
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Figure 20. Electron micrographs of the cerebral cortex of CVS-infected moribund YFP
mice (A, C, E) and mock-infected YFP mice (B and D). (A) Axons of pyramidal neurons
contained swollen mitochondria (solid arrow) in infected tissues, which corresponded
with areas of beading. (C) Dendrites in infected tissues also contained swollen
mitochondria (solid arrow), while the microtubules and an axodendritic synapse
(arrowhead) were morphologically normal. (E) Vacuoles in the neuropil of infected
tissues contained synaptic vesicles (arrowheads), indicating that they are neuronal in
origin and represent pre-synaptic nerve endings (inset is a magnified view of the synaptic
vesicles indicated by the lower left arrowhead). (B, D) Mitochondria (arrows) in mock-
infected tissues mitochondria are elongated and the cristae are compact.
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CHAPTER 7: DISCUSSION

The rabies virus is a highly neurotropic virus which causes acute infection of the
CNS for which there is no effective antiviral therapy in humans. Despite its lethality, only
mild histopathological lesions are found under natural conditions, suggesting that
neuronal dysfunction, rather than neuronal death, is responsible for the clinical features
and fatal outcome (Jackson, 2002; Fu and Jackson, 2005). However, mechanisms of
neuronal dysfunction are still not understood (Fu and Jackson, 2005). A number of viral-
induced diseases of the CNS were shown to be a result of the action of excitatory amino
acids on the N-methyl-D-aspartate acid (NMDA) receptor, or the pathological process
known as excitotoxicity (Nath et al., 2000; Nargi-Aizenman et al., 2001; Darman et al.,
2004). Studies with rat cortical neurons and with a rat model suggested the possibility that
the noncompetitive NMDA receptor antagonists ketamine and MK-801 might be effective
therapeutic agents for human rabies (Lockhart et al., 1991; Tsiang ef al., 1991b; Lockhart
et al., 1992) and that ketamine inhibits viral RNA genome transcription (Lockhart et al.,
1992). A recent human rabies survivor also received therapy with ketamine, amongst
other drugs (Willoughby et al., 2005). Consequently, we have examined the hypothesis
that excitotoxicity may play an important role in the pathogenesis of rabies. In the present
study, we evaluated the effects of ketamine and examined morphological changes with an
emphasis on the structural integrity of neuronal processes in experimental rabies in mice
in order to assess whether excitotoxicity could be the basis for neuronal dysfunction in
rabies virus infection.

The administration of ketamine (60mg/kg every 12 h intraperitoneally) to CVS-
infected ICR mice did not result in reduced mortality or the amelioration of clinical

neurological disease compared to the administration of vehicle. There was also no
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reduction in the number of infected neurons in various brain regions over the time course
of infection in ketamine-treated mice. These findings contrast with those reported by
Lockhart and colleagues (1991) who demonstrated, using more qualitative methods of
analysis than in the current study,l that the same dosage of ketamine inhibited viral spread
after stereotaxic inoculation of rats with CVS. Ketamine is metabolized in the liver by the
cytochrome P-450 proteins 1A, 2B, 2E1 and 3A (Chan et al., 2005) and mice have more
2EI and 1A activity than rats (Nakajima ez al., 1993). Although mice metabolize
ketamine more rapidly than rats (Olson and Renchko, 1988), and therefore require higher
doses of ketamine to achieve anesthesia (100 mg/kg vs. 40-60 mg/kg intraperitoneally), a
lesser dose of ketamine (20mg/kg) than that used in the present study has been shown to
be neuroprotective in a mouse model of and epilepsy (Guler et al., 2005). Similarly, a 2, 5
or 10 mg/kg dose of ketamine was found to suppress endotoxin-induced NF-xB
expression, which plays a primary role in. ischemic and traumatic brain injury (Sakai et
al., 2000). Also, the antiviral dosage of ketamine used by Lockhart and colleagues (1991)
could be much higher than the neuroprotective dosage. It is highly unlikely that there is a
species-specific difference in the therapeutic effect of ketamine. Furthermore, virus eritry
using footpad inoculation better evaluates viral spread through the neuroaxis than by
stereotaxic inoculation, and provides a more comprehensive analysis of the therapeutic
efficacy of ketamine, or lack thereof.

CVS infection via the intracerebral route of inoculation is associated with
widespread neuronal apoptosis (Jackson and Rossiter, 1997). Neuronal apoptosis is also
produced by the action of high concentrations of glutamate or its analogues on the
ionotropic glutamate receptors, particularly the NMDA receptor (Koh ef al., 1990; Park et

al., 1996; Hasbani et al., 1998). However, therapy with ketamine did not reduce the
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severity of apoptotic changes in the brains of intracerebrally inoculated ICR mice, nor did
it provide beneficial effects clinically or histopathologically. In in vitro studies, we also
found that ketamine, as well as MK-801, did not provide any significant neuroprotective
effect in CVS-infected primary cultures of cortical and hippocampal neurons, which also
demonstrated morphological features of apoptosis (Weli et al., 2006).

Peripheral inoculation with CVS, on the other hand, is characterized by
inflammation of the brain and spinal cord without prominent neuronal apoptosis (Reid
and Jackson, 2001; Jackson, 2003). YFP mice inoculated in the hindlimb footpad with
CVS displayed inflammatory changes throughout the cerebral cortex, hippocampus and
cerebellum, including inflammation of the leptomeninges and parenchyma and
perivascular cuffing. Despite widespread infection, as demonstrated by rabies virus
antigen staining, terminal deoxynucleotidyl transferase mediated dUTP nick end labeling
(TUNEL) staining, which is a marker for apoptosis that is not entirely specific, was
minimal in the cerebral cortex and hippocampus of moribund mice. TUNEL staining also
labeled a few non-neuronal cells, which were likely inflammatory cells. Staining for
activated caspase-3, which is a downstream executioner of the apoptosis pathway, was
rare in the cerebral cortex and was not observed in area CA1 of the hippocampus.
Overall, there was no well defined pathology in the brains of CVS-infected YFP mice
under light microscopy despite the advanced neurological disease.

However, when tissue from CVS-infected YFP mice was examined using
fluorescent microscopy, previously unrecognized morphological abnormalities were
observed in neuronal processes of the cerebral cortex, cerebellum and brainstem. These
structural changes ranged in severity from interspersed swellings on intact processes, also

known as beading, to severely distended sections of neuronal processes which lacked
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apparent physical connections between the residual swollen pieces (fragmentation).
Neuronal perikarya, however, were largely unaffected with only rare shrunken cell bodies
observed in the cerebral cortex and area CA1 of the hippocampus of moribund animals.
These morphological findings appeared relatively late in the time course of infection.
Only minor beading was observed in the cerebellar commissure at an early time point (6
days p.i.) despite widespread infection of the cerebellum and cerebral cortex at this time,
which suggests that these changes do not function to limit the spread of rabies through the
neuroaxis. These structural alterations resemble dendrotoxicity, which is a typical feature
of excitotoxicity. Dendrotoxicity is characterized by the formation of large swellings or
“beads,” which are separated from each other by thin dendritic segments, with
preservation of the neuronal cell body (Olivia ef al., 2002). Beading is believed to result
from the intracellular movement of sodium and chloride, but not calcium, through NMDA
receptors (Hasbani et al., 1998; Al-Noorie and Swann, 2000).

Despite the morphological similarities between the beading observed in rabies
virus infection and the beading resulting from excitotoxicity, there are important
differences in the localization of these structural abnormalities which suggest that
excitotoxicity is likely not the cause of beading in rabies virus infected neurons. In
particular, the hippocampus is among the brain regions most vulnerable to excitotoxic
injury (Olney et al., 1979). In contrast, our study demonstrated relatively few structural
abnormalities in the hippocampus of CVS-infected YFP mice, although this brain region
is prominently infected in rabies. It is known that the hippocampus is infected relatively
late in comparison to the rest of the brain following peripheral inoculation of CVS
(Jackson and Reimer, 1989), which could potentially account for the minimal

morphological changes observed within this structure. However, rabies virus antigen
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staining, although sparse, was observed in the hippocampus at an early time point when
mice displayed hindlimb paralysis (day 6 p.i.), and extensive staining was observed in
moribund animals (days 9 through 12 p.i.).

The presence of axonal beading in rabies virus infected tissues is another
distinguishing feature that differs from dendrotoxicity. In CVS-infected YFP mice,
beading was observed in axons of layer V pyramidal neurons in the cerebral cortex,
ascending and descending axonal tracts within the brainstem and in the cerebellar mossy
fibers. Excitotoxicity, on the other hand, is characterized by selective dendritic injury,
which is one of the earliest signs of excitotoxic injury and occurs in a number of
neurological disease and neurodegenerative disorders (Park et al., 1996; Hasbani et al.,
1998; Vanicky et al., 1998). The vulnerability of dendrites, and not axons, to excitotoxic
injury can be explained by the predominantly somatodendritic distribution of glutamate
receptors. Axons are, however, capable of undergoing beading concurrently with
dendritic beading when the route of sodium entry is through voltage-sensitive channels,
rather than receptor-operated channels (Hasbani ef al., 1998). Simultaneous beading in
dendrites and axons has also been observed following the cortical superfusion of cats with
ouabain, a Na'/K" ATPase inhibitor which causes an intracellular build-up of sodium
(Lowe, 1978). The expression of Na'/K" ATPase has been shown to decrease in mice
infected with the B2C strain of rabies virus resulting in an increase in intracellular sodium
(Dhingra et al., 2007). These findings indicate that sodium entry is sufficient to initiate
the process of beading and suggest that the initiation of varicosity formation is not
necessarily unique to glutamate-gated channels. Furthermore, axonal beading does not
appear to result from the activation of ionotropic glutamate receptors.

The mechanism underlying beading also appears to differ between excitotoxicity
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and rabies virus infection. In cortical neurons exposed to NMDA, the resulting
varicosities were found to contain fragmented microtubules (Emory and Lucas, 1995),
and similar findings were also observed in beaded dendrites from human cortical biopsies
(Purpura et al., 1982). In addition, transient NMDA exposure of hippocampal slices is
associated with the loss of microtubule associated protein 2 (MAP-2) from dendrites
(Hoskison and Shuttleworth, 2006; Hoskison et al., 2007), which can be reduced by
treatment with glutamate release inhibitors (Springer et al., 1997). The outcome of
cytoskeletalydegradation is the accumulation of organelles and cytoplasm in regions
where microtubule loss is sufficient to interrupt cytoplasmic transport, resulting in the
formation of varicosities (Emery and Lucas, 1995). In this study, ultrastructural
examination of the cytoskeleton revealed intact microtubules throughout the length of
beaded neuronal processes in the cerebral cortex, while the presence of neurofilaments
was more variable. Silver staining, which stains cytoskeletal elements, also revealed the
preservation of cytoskeletal architecture in the cerebral cortex, hippocampus and
cerebellum of moribund YFP mice. Similarly, Lockhart and colleagues (1992) found no
gross alterations in cytoskeletal organization following infection of rat cortical neurons.
Changes in the shape of neuronal processes may represent localized disturbances of
volume regulation mediated solely by the entry of ions and water (Hasbani et al., 1998).
Although Li ef al. (2005) reported a loss of MAP-2 staining in the processes of primary
neurons infected with the pathogenic N2C strain of the rabies virus, their findings
described destruction and disorganization of neuronal processes as opposed to beading.
They also used a different virus strain that is more pathogenic than the one used in the
present study, which could potentially explain the differences in cytoskeletal integrity.

Also, these findings were observed in vitro as opposed to in vivo.
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Based on the fluorescent microscopy studies, it appears that rabies virus infection
selectively alters the morphology of neuronal processes following peripheral inoculation,
while neuronal perikarya remain relatively unchanged. However, more detailed
morphological studies using 1um toluidine blue stained plastic sections revealed
numerous spherical vacuoles within the perikarya and proximal dendrites of pyramidal
neurons in the cerebral cortex and hippocampus of moribund YFP mice. The percentage
of pyramidal neurons exhibiting cytoplasmic vacuoles in the cerebral cortex (60.8 +
8.5%) exceeded the percentage of pyramidal neurons displaying dendritic beading in the
same brain region (12.2 + 2.7%). Similarly, the percentage of pyramidal neurons
exhibiting cytoplasmic vacuoles in the hippocampus (21.7 = 16.1%) exceeded the
percentage of pyramidal neurons displaying dendritic beading in the hippocampus (0%).
Vacuolation was also observed within the neuropil of the cerebral cortex and cerebellar
white matter. Ultrastructurally, it was determined that these intracellular vacuoles
corresponded to swollen mitochondria. Interestingly, some swollen mitochondria were
localized in areas of swelling in neuronal processes and corresponded with the sites of
beading.

Intracerebral models of rabies virus infection are characterized by widespread
neuronal death (Jackson and Rossiter, 1997) and mitochondrial swelling, as well as
swelling of the Golgi apparatus and extensive dilation of endoplasmic reticulum
(Matsumoto, 1963; Jenson ef al., 1967; Fekadu et al., 1988; Jackson and Rossiter 1997,
Li et al., 2005; Rasalingam et al., 2005). Mitochondrial swelling is a typical indicator of
lethal cellular injury (Trump et al., 1974a). Neurons containing swollen mitochondria are
labeled as ‘moribund’ because they are not yet dead, since in dead neurons mitochondria

are collapsed (Emery et al., 1987). Swelling of mitochondria is a common response of
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neurons to glutamate (Olney, 1969; Olney, 1971; Randall and Thayer, 1992), epileptic
activity (Olney et al., 1983; Olney et al., 1986) and cerebral ischemia (Garcia et al., 1977,
Kalimo et al., 1977; Jenkins et al., 1981), all of which are associated with excitotoxic
neuronal injury. Mitochondrial swelling has also been observed in rabies virus infected
cultures of mammalian neural tissues which displayed signs of neuronal degeneration
(Matsumoto et al., 1974). Peripheral inoculation, as previously mentioned, is
characterized by inflammation of the brain and spinal cord, but not by prominent neuronal
cell death (Reid and Jackson, 2001; Jackson, 2003). In this study, peripherally inoculated
moribund YFP mice also showed minimal histopathological changes in paraffin
embedded tissue sections and minimal staining for TUNEL or activated caspase-3. It is
unclear if mitochondrial swelling following peripheral inoculation of rabies virus is
caused by a similar underlying mechanism as that after intracerebral inoculation since
neuronal degeneration is not a prominent feature of this model.

One mechanism of mitochondrial swelling involves elevated intracellular calcium
(Bernardi et al., 1998), which is also implicated in excitotoxic cell death. In cultured
spinal cord neurons, exposure to NMDA or the calcium ionophore A23187 results in high
amplitude mitochondrial swelling (Emery and Lucas, 1995). The resulting accumulation
of intracellular calcium is believed to open the mitochondrial permeability transition pore
(MTP), which allows the energy-independent diffusion of ions or low molecular weight
sugars and metabolites into mitochondria, resulting in swelling (Bernardi et al., 1998).
However, in a previous study, we demonstrated that when rabies virus infected cultures of
cortical and hippocampal neurons from mice were briefly exposed to glutamate, there was
no increase in intracellular calcium (Weli ez al., 2006). Also, accumulation of intracellular

calcium is associated with the degradation of microtubules and neurofilaments, which did
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not occur to a significant degree in the present study (Emery et al., 1991). Thus,
mitochondrial swelling in rabies virus infection, regardless of the route of inoculation,
may not be due to excess intracellular calcium, particularly increases in calcium resulting
from the activation of ionotropic glutamate receptors.

Mitochondrial swelling is also produced by the action of reactive oxygen species
(ROS), which is a calcium independent mechanism (Galindo et al., 2003). In rabies virus
infection, elevations of inducible nitric oxide synthase (iNOS) mRNA, the product of
which catalyzes the production of nitric oxide (NO), have been observed (Koprowski et
al., 1993). Direct measurements of NO using spin trapping also revealed a 30-fold
increase in the CNS of CVS infected rats compared to controls (Hooper ef al., 1995). NO
can go on to react with superoxide anion 0, leading to the formation of peroxynitrate,
which is a reactive oxygen species (Akaike et al., 1995). However, superoxide-induced
mitochondrial swelling is also associated with increases in caspase activity (Galindo et
al., 2003). In the present study, caspase-3 staining was rare in the cerebral cortex of
moribund YFP mice and was absent in the hippocampus. Furthermore, oxidative stress is
associated with the disruption of microtubules (Mirabelli ez al., 1989; Rogers et al., 1989,
Roediger and Armati, 2003), which was also not apparent in the present study.

Sodium and chloride may also play a role in mitochondrial swelling, as well as
Golgi swelling (Emery et al., 1991), both of which are observed in neurons following
peripheral inoculation of YFP mice with CVS. Neurons injured in a low-calcium and low-
chloride medium exhibit dilation of Golgi cisternae as well as an in increase in the
electron opacity of mitochondria (Emery et al., 1991). Monensin, a sodium ionophore,
also causes dilation of Golgi cisternae. On the other hand, if chloride but not sodium is

present in the medium, there is dilation of the mitochondria and cisternae of the smooth
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endoplasmic reticulum. Dilated endoplasmic reticulum and high amplitude swelling of
mitochondria are also observed in kidney slices incubated at 4°C, which disrupts the
water balance and sodium pumps in these cells (Trump et al., 1974b). As previously
mentioned, sodium and chloride entry into neuronal processes are also implicated in the
formation of varicosities (Lowe, 1978; Hasbani ef al., 1998). More specifically, sodium
entry is believed to cause the intracellular movement of chloride to maintain electrical
neutrality, which in turn draws water across the plasma membrane in order to maintain
osmotic balance, thus resulting in varicosity formation (Al-Noori and Swann, 2000). This
sequence of ionic movement also corresponds with the sequence of changes in organelle
structure observed in this study. The initial entry of sodium agrees with our observation
of some neurons which displayed swollen Golgi and morphologically normal
mitochondria. The entry of chloride ions which follows sodium entry then results in
mitochondrial swelling. This is typically followed by the swelling and fragmentation of
endoplasmic reticulum, which results in the marked cytoplasmic vacuolation that is
observed in severely degenerating neurons following mild hypothermia, NMDA
application, exposure to the calcium ionophore A23187 (Emery and Lucas, 1995),
dendritic transaction (Emery et al. ,‘ 1987; Emery et al., 1991), intracerebral CVS
inoculation in mice (Jenson et al., 1967; Jackson and Rossiter, 1997) or rabies virus
infection of cultured mammalian spinal and dorsal root ganglions (Matsumoto et al.,
1974). However, the intracellular vacuoles resulting from the fragm‘entation of
endoplasmic reticulum are more numerous and irregularly shaped than the cytoplasmic
vacuolation observed in the present study. This observation suggests that neurons in the
peripheral model of rabies virus infection are not degenerating, or at least are not far

along in the injury process, even when animals are moribund.
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But do these swollen mitochondria result in the neuropil vacuolation observed in
the cerebral cortex of moribund YFP mice? Charlton and colleagues (1984, 1987)
observed what they described as spongiform lesions similar to those observed in the
transmissible spongiform encephalopathies (TSE) in the cerebral cortex and thalamus of
street rabies virus-infected skunks. They believed that these large space occupying lesions
began as small membrane-bound vacuoles that were found predominantly in dendrites
and rarely in axons, astrocytes or perikarya. The rapid enlargement of these vacuoles
eventually resulted in the disruption of the vacuolar membrane and the surrounding
plasma membrane, producing large spaces in the neuropil which often contained granular
material and membrane fragments that originated from the initial disruption of the
membrane-bound vacuoles and the plasma membrane of the affected cellular processes.
However, it does not seem likely that the same process occurred in the present study. The
membrane bound vacuoles in neurons of moribund YFP mice corresponded to
mitochondria whereas the cytoplasm adjacent to the membrane-bound vacuoles usually
contained normal organelles, including mitochondria, in the rabies virus infected skunks
(Charlton et al., 1987). Furthermore, these membrane-bound vacuoles observed by
Charlton were rarely observed in the perikarya, but we observed vacuoles predominantly
in the cell bodies of pyramidal neurons (60.8 + 8.5%). Charlton (1984) also rarely
observed rabies virions or matrix in neuronal processes containing vacuoles, while viral
nucleocapsid was commonly observed next to swollen mitochondria in the present study.
Lastly, the spongiform lesions described by Charlton and colleagues often contained
granular material and membrane fragments, while the neuropil vacuolation in rabies virus
infected mice often contained mitochondria and residual microtubule material. These

observations suggest that the neuropil vacuolation observed in the present study
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represented intracellular environments that are likely neuronal in origin. Furthermore,
some of the vacuoles also contained synaptic vesicles or synaptic densities, which
indicates that these vacuoles represented severely distended neuronal processes or
swollen nerve endings. In some cases, however, the vacuoles were devoid of any residual
material. As such, we cannot exclude the possibility that some of the neuropil vacuoles
may represent swollen astrocytes, particularly those vacuoles surrounding blood vessels.

The structural changes observed in YFP mice challenge the hypothesis that
neuronal dysfunction is responsible for the clinical features and fatal outcome in rabies
virus infection. Typically, natural rabies and peripheral models of rabies virus infection
are associated with relatively mild neuropathological changes and few degenerative
neuronal changes. However, we observed changes not only in the morphology of
neuronal processes, but also in organelle structure. These findings indicate that injury
prominently involving neuronal processes may be sufficient to explain the severe clinical
disease with a fatal outcome in rabies rather than neuronal dysfunction without

morphological changes.
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CHAPTER 8: SUMMARY AND CONCLUSIONS

We have examined the hypothesis that excitotoxicity may serve as a possible
mechanism of neuronal dysfunction in rabies virus infection. However, the present study
argues against a role for excitotoxicity in this fatal neurological infection. Ketamine, a
non-competitive NMDA receptor antagonist, did not provide any beneficial effects
clinically, histopathologically or by analysis of the number of infected neurons in ICR
mice inoculated intracerebrally or peripherally with CVS. The morphological
abnormalities in neuronal processes of moribund YFP mice inoculated peripherally with
CVS also differed from the dendritic beading that is characteristic of excitotoxicity. We
rarely observed structural changes in the dendrites of hippocampal pyramidal neurons, but
did observe changes in the axons of pyramidal neurons in the cerebral cortex and axons in
the cerebellum and brainstem. We also did not observe the microtubule fragmentation
that is characteristically found in dendritic beads in excitotoxicity.

It is well established that animals inoculated peripherally with rabies virus do not
exhibit prominent neuronal cytopathology or neuronal death (Reid and Jackson, 2001).
However, in the present study, previously unrecognized changes in the morphology of
neuronal processes and organelle structure were observed in moribund YFP mice. These
structural changes may readily explain the severe clinical disease and fatal outcome in
rabies virus infection. The focal constrictions between varicosities could cause electrical
isolation of dendrites from neuronal perikarya. These findings support a role for severe
neuronal injury without prominent neuronal death in rabies virus infection, as opposed to
neuronal dysfunction without morphological changes.

Experiments should be undertaken to examine the role of sodium and chloride

influx in mitochondrial swelling and beading of neuronal processes in rabies virus
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infection. In particular, electrophysiological studies éxamining different sodium channels
or the Na'/K"-pump could elucidate the mechanisms producing beading in neuronal
processes. The electrophysiological properties of brain neurons infected by rabies virus
have not yet been evaluated. Such studies would provide important information about the

functional consequences of rabies virus infection.
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