CHAPTER I
LITERATURE REVIEWS

Rabies virus (RV) is a neurotropic RNA virus that is responsible for
encephalomyelitis in mammals classified in the Rhabdoviridae family of the
Mononegavirale order of viruses. It is further divided into the Lyssavirus genus (from
the Greek rhabdos, meaning “rod”), rabieswvirus and rabies-related viruses belong to a
‘ /é/together with the families
? :E:#Fe the “superfamily” taxon,

order Mononegaviridae, bﬂg" m eﬂr.s_‘ are RNA viruses that

separate genus.(13) The fami

contain nonsegmented, omes.(14) The genus

Lyssavirus presently c 17,18) One of these

defines rabies virus ( 21, " hereas the other six present

produce a rabies-like encephal s The i lated lyssaviruses include Lagos

bat virus (LBV) (genotype 2, ,sc_giypﬁ‘_.‘,-?{% . virus (MOKYV) (genotype 3,

(genotype 6) and Austrahan bat 1yssav1rus (ABLV) (genotypé 7). Three other viruses

included in theﬁu ﬂsdzrtﬂ ﬂrm(ﬂrﬂ 'ﬂ‘bﬂhﬁmg (OBOV) and

Rochambeau (RBUV), which have a serologxc (antlgemc relationship dlstant from all
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mammals. (]

2.1 Molecular composition and morphology of rabies virus particles.
All lyssaviruses share many biologic and physico chemical features as well as

amino acid sequence characteristic that classify them with other rhabdoviruses. These



include the bullet-shaped morphology, helical nucleocapsid (NC) or ribonucleoprotein
(RNP) core and structural proteins of the virus. The five structural proteins of the
virion contain the genomic RNA tightly encapsidated by the viral nucleoprotein (N)
and RNA polymerase complex, consisting of the large protein (L) and its co-factor, the
phosphoprotein (P). Both L and P proteins are involved in transcription and
replication. One matrix protein (M) interacts with both the nucleocapsid and the
plasma membrane and probably plays an important role in the virion maturation
process. The fifth is a type I transm 1#f coprotein (G). Three of the viral
proteins are located in the RN@ @he noncatalytic polymerase-
associated P and the camly@molyﬂem& proteins are involved in

W are phosphorylated in

rabies virus, unlike in i , in “which only the P is
Ny

phosphorylated.(20,21,22,2 "bizﬁphorylated by a unique

cellular protein kinase and inase C.(24) The number of

molecules of each protei i0n has been esti ferent laboratories with

somewhat variable results.(25) “argued e that these differences in

: ; WA T : .
associated with the wayjile studies were conduc er;ut laboratories.
1 |

Nevertheless, one-stoichiometric relationsni s from these estimates

with respect to the RNP ‘qg}ﬂl;c;s‘ ion that . valici‘r} the 2:1 ratio of the N
and P molecules per viriongDuring nascent protein synthesis and replication of viral
progeny RNA, ﬂ% uaﬁt%%%}tm tﬁ s%%}’r}ﬂojind to the newly
synthesized progeg' RNA. Also, the E is typically the protein produged in least
BRET P P T T o TR
associated %vith the lipid-bilayer envelope that surrounds the RNP core. The M lines
the viral envelope, forming an inner leaflet between the envelope and RNP core,

whereas the G produces the spikelike projections or peplomers on the surface of the

viral envelope.(26) Rabies virions also have been found to contain such cellular
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proteins as actin and heat shock proteins of the hsp70 type, similar to other negative-
strand RNA viruses.(27,28,29)

Although the explanation for cellular proteins in mature virions is not entirely
clear, it is possible that the molecular chaperones, such as the heat shock protein
calnexin, that associate with the viral proteins during synthesis are incorporated into
virions after binding to and assisting in G folding.(30) Also, a small fraction of

calnexin and possibly other chaperone proteins may escape from the endoplasmic

reticulum (ER), where they functlon;ts‘r oper protein folding before being

expressed on the cell surface “‘b&},
cytoskeleton proteins nonnw wmay be incorporated into

virions as a consequence n_and function in virus

rs.(31) In a similar manner,

budding.(29,32) Other cyto psure infracellular transport of viral
RNP.(33,34) Cellular kinas : AT ¢ s 1 function of P in rabies
virus also may be packaged i 3 J (2 e center of the bullet-shaped
virus particle is a core of the 4 th d protein, the RNP core
that extends along its longitudi Xis.and 1 ( a lipid-protein envelope.

s s { . .
The RNA is single-stranded, nonse‘:‘;mf:nt and has negative-sense or minus-strand

e IR .
polarity.(35) This 1mp‘§:s that isolated (naked) minus=strand._genome RNA is not

the tightly coiled core o@ll virions i from a ﬂﬁlble right-handed helix

structure that has a periodigity, of approximately,7.5 nm per turn. The RNP core in
standard size inﬂiu %Jo’ra %sﬂsﬂp@%&@ ﬂS@nm but measures
between 4.2 andq!l6 mm in length when relaxed aﬂ fully extendewike a tread,
e QRGN T AN

Du ng virus assembly, the RNP core is surrounded by M, one of the two
membrane proteins of the virus, to form the “skeleton” structure of the virus.(38) As
virus particles mature and bud through the cellular membrane, the skeleton structure

acquires the lipid bilayer envelope that is 7.5 to 10 nm thick surrounding the mature
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virion. Located on the external surface of the viral envelope are the surface projections
that measure 8.3-10 nm in length, each projection or spike containing three molecules
(a trimer) of the viral G.(39) These have been described when viewed in the EM as the
“short spikes extending outward with the appearance of hollow knobs at their distal
ends”.(36) It is estimated that the height of the “hollow knobs” or “heads” of the spike
is about 4.8 nm, the rest of the spike is made up of the thin “stalk” on which the head
rests.(39)

ﬂﬁﬂ‘a"v‘f&m‘%ﬂ?ﬁﬂ‘i
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2.2 Genome organization
The RNA is single-stranded, nonsegmented and has negative-sense or minus-

strand polarity. This implies that isolated (naked) minus-strand genome RNA is not
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infectious and it cannot be translated directly into protein.(11) The first event in
infection, therefore, is transcription of the genome RNA to produce complementary
(positive strand) monocistronic messenger RNA (mRNA) molecules from each of the
viral genes or cistrons in the genome. The viral proteins are synthesized from
themonocistronic mRNAs. The organization and general features of the rabies virus
genome RNA are similar to other negative-strand RNA viruses within the

Mononegavirales order and, in particular, to other rhabdoviruses.(40) At the 3’end

(first 58 nucleotides) of the 11,932 nuel

i vf? enome RNA of rabies virus (PV
N & Immediately downstream of

the Le sequence, in sequent e thb’ﬁveMenes (N,P,M, G, and L)

followed by noncoding tr :

The genes are separated by relati inucleotic e 0 pentanucleotide) sequences

strain) is a noncoding (extrageni

otldes) at the 5° end.(41,42)

located between the N and'P ggnes ﬂeqt the P and M genes and

intergenic region between

represent a potential geneﬁut lack able ﬁ)tein. It has been given

the designation of remnent .gene or pseudogene (P), recognizing that it once
represented an %H@l% %m %dWc%Jaqﬂlgble protein.(42)
Interestingly, in thfylong intergenic regign, two sequenges stand out that appear to give
ovtnc®) RO O HA DM e
consensus ﬁlRNA start signal (UUAU), which is located 10 nucleotides downstream
(or UUGU in MOKYV, 20 nucleotides downstream) from the stop signal for the mRNA
of the G gene in the rabies virus genome. The other is a stretch of 25 nucleotides

located upstream from the L gene, which resembles a polyadenylation (poly A) signal
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located at the end of mRNA molecules. These signals suggest that the virus may have
inherited and since lost a protein ORF in its evolution, analogous to the nonviral
protein of the infectious hematopoietic necrosis virus, a fish rhabdovirus.(42)
Strangely, the ¥ region represents the most divergent area of the genome.(45)

The Le sequence at the 3’end of the genome RNA serves a multifunctional
purpose in rabies viruses. Within the 3’ terminal Le sequence, a specific cis-acting

signal (a specific nucleotide sequence “acting within” the genome RNA) functions as a

signal (or promoter) for template reco g§\ grt

or RNA polymerase complex ( signal initiates genome RNA
. . . ‘ J.

transcnptlon.(46,47,48,49)@( WS at the 3’ and 5’ ends of
i i e*there is /a | hi Wuence complementary,

including an exact base comple ’ e"‘\@r and the last 11 nucleotides

viral RNA transcriptase (L-alone)

at the 3’ and 5’ ends of the ge N A spectivel; is is compelling evidence
that the promoter sequences P .r and TrC (3’ end of the

nome) regions, provide

a common function in trans ) ical
During transcription, a pos'rﬁfﬁe_i‘s'ﬁ' der RNA and five mRNAs are
LA T
synthesized. The rephjiltxon proc"és§ “yields ontaining full length

positive sense genomic @IA : prot% that governs the viral

tropism.(50,51)

roman ST T BIVRS, vy

animals generally moculate virus-laden saliva through the skin intg ;muscle and
sbeutanéos fgsuf (e e G it ’% VA bie ofelateas win
abundant n%rve supply alone is not the sole determinant for rabies risk. It is also the
severity of the wound (transdermal bite with bleeding), particularly if deep enough to
reach the muscles, at areas where muscle surfaces contain high density of nicotinic

acetylcholine receptor (AchR) that determines the likelihood of developing rabies.
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During the incubation period the virus can replicate locally in muscle cells or
attach directly to nerve endings. Having gained access to peripheral nerves, it travels in
a retrograde direction within the axoplasm. When the reaches the central nervous

system, there is massive replication on membranes within neurons.

2.3 Transport of rabies virus to the CNS

Rabies virus migrates along peripheral nerves towards the central nervous

i#l nal transport system. Because this

5 y to track neural pathways.

system at about 12-100 mm per day vi

movement is strictly retrograde

es, because antigen was

: \g%soon after peripheral

detected in sensory nerve

inoculation in several studi

U . p . I
the rabies virus phosphoprotein ,artxcvflﬁl inv no acid residues at position

143 and 147 interacts strongly w‘i%:é?.— 10 sytotoplasmic dynein light chain

= | |-'I_..l"...“,-"fl ] .f
(LC8).(53) LCS8 is a c‘(ﬂlponent of both «

transport in axons. Ho&ver, i\ eracti@ of the rabies virus

phosphoprotein and dynein for-axonal transportyof the ribonucleocapsid complex has

ot e s aci) b B e e i e of e

phosphoprotein encompassmg a conserved LC8-interacting motif anwlmultaneous
st W A5kt i C bl 53 I REARE oo
neuroattenuatlon in mice. Interestingly, mutants with deletions in the LC8 binding
region of the phosphoprotein remained as pathogenic as their parent virus after

transmuscular inoculation of suckling mice, indicating that LC8 is actually dispensable
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in young mice for the spread of pathogenic rabies virus from a peripheral site to the
CNS.(54)

Recently study demonstrated that the glycoprotein (G) is important for the
transsynaptic spread of rabies virus between neurons by bind with neuronal receptor.
Yan et al examined the role of rabies virus glycoprotein in determining the topographic
distribution of rabies virus infection 7 days after stereotaxic inoculation of virus into

the hippocampus of rats using a variety of rabies virus strains and recombinant viruses,

including a rabies virus recombinant sing the vascular stomatitis virus

glycoprotein. With all of the r

that of parental viruses ﬁWhe

further evidence is provided t

1 distribution was similar to

derived.(55,56) Hence,

15 \wxerts a very important

influence on the distribution of s ous system. Mazarakis
and team have also recently : 4 [ tabi coprotein-pseudotyped
lentivirus (equine infectious ctors enhance gene transfer to
neurons by facilitating 2 a variety of studies
emphasize the importance J: in the uptake, transport
transsynaptic spread and topograﬁﬁ‘;r::_-d:s 1 of the infection in the nervous

system.(57,58)

3

2.4 Spread of virus withigthe
Viral replication is intraneuronal, but thegmechanism of interneuronal spread is

s o B b RIS A o s

perikarya and virus d1ssem1nates via plasma membrang.budding and duﬁgt cell to cell
i A b i MW}@ Haroihet fpeifion i
the strlatum rabies virus has been shown to travel by retrograde fast axonal transport
(200-400 mm/day). It is not known exactly which tract is preferentially involved. In
vivo, rabies virus also can spread in the cell, particularly cells of peripheral nerves and

neuronal cells of the CNS, through intraaxonal transport in a microtubule network-
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dependent process, dynein light chain (LC8) by bind with phosphoprotein of rabies
virus. Neurons are the CNS cells selectively involved, although infection of astrocytes
and glail cells in animals and humans has been reported.(10,59,60,61) The fact that
budding of virus is very rarely seen at synapses by electron microscopy suggests that
infectious naked nucleocapsids are transferred across synapses.

However, interneuronal infection is dependent on the presence of viral
glycoprotein, which suggests that intact virus can cr;)ss the synapse. The mechanism of

uptake is unknown, but one possibili
i\

“ h the synaptic vesicle recycling

system. Direct transmission of i

At the onset of illness whelw

nervous system in somati autonemi es deposits virus in many tissues,

ell across synaptic junctions.

ne@nal@appears there is little or

Centrifu of virus from the central

including skeletal and cag cle- adrenal g idney, retina, cornea,
pancreases and nerves around'hair ol o e viral replication with budding

from plasma membranes takes pl; g!p}'ﬁi 1 1 > salivary glands, excreting

1 l'...-"'.-",,.-'
2.5 Neuronal dysfunctﬂl and death = 4"' &

In human beings; fh death can occur with

only minor histopathologj | changes I'rabies 1s n@nally characterized by
severe neurologic signs amd.fatal outcome with relatively mild neuropathologic

N e SULNAS e e e

neuronal cell death must play an important role in producing the diseases »

e QNI A 4 16 b e
mamfestatlons (including mood and behavior, motor weakness, etc.) be due to a
differential response of the various CNS regions. Cerebrum symptoms dominate the
clinical picture in furious rabies and spinal cord and/or peripheral nerve symptoms in

dumb rabies. Similar regional CNS rabies antigen distribution can be found in both
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forms. There is also no correlation between the site of bite and virus localization.
Brainstem, thalamus, basal ganglia and spinal cord are preferential sites of rabies viral
infection in both forms of rabies. Moreover minimal or no rabies viral antigen was
found in the hippocampus and neocortex. During the early phase of clinical rabies
(within 72 hrs.) serum cortisol levels were significantly elevated as compared to those
with viral encephalitis other than rabies and others with immune-mediated

encephalitis. This indicates early stimulation of limbic structures, including the

hypothalamus, which may relate to beh A%

The presence and amoun
clinical and functional sever‘iw@asﬂ| Ac
necessarily lead to rapid (M )

the brain and spinal cord ca i g clinical signs appear.(10)

.‘) not appear to determine the
irus to the CNS does not

ath High titers of virus in

2.5.1 Abnormality of neuro

Abnormality of neurot itfe ot ing serotonin, opioid, GABA
AL : :
and muscarinic acetylcholin€ tr smmﬁﬁ ‘h en found experimentally, in some
-F'
S
=

cases in specific brain areas, and ﬁuz:ﬁwa s assoetated with the presence of virus.
_..l"...“ A s oz . )
Results show no clear ei(flanatlon of tie ‘hnfb‘fc ! nction suggested by the

classic clinical features) €hanges in neurotrai
brain networking and regulation o cover, @ies virus nucleocapsid

inhibits the actin-bundling effeet induced by dephosphosynapsin I, a neuron-specific

protin whih i @MEH V-L%Jo% c i ol cohdlelon 62
252 HAIRWBIUNNINYA Y

Dysfunctlon of ion channels has been shown in rabies virus infected cultured
mouse neuroblastoma NA cells with the whole cell patch clamp technique.(63) The
infection reduced the functional expression of voltage-dependent sodium channels and

inward rectifier potassium channels and there was a decreased resting membrane
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potential reflecting membrane depolarization. There was no change in the expression
of delayed rectifier potassium channels, indicating that nonselective dysfunction of ion
channels had not occurred. The reduction in sodium channels and inward rectifier
potassium channels could prevent infected neurons from firing action potentials and

generating synaptic potentials, resulting in functional impairment.

2.5.3 Nitric oxide neurotoxicity

The role of nitric oxide toxici nal dysfunction in rabies is not

clear,(64) but it could be rela_td,; : ion of neuronal nitric oxide
e —

synthase, through interactw Wn.(ﬁ) Koprowski and

Neurotropic V1ru’5s may cause cell death h psis or necrosis. Each

of these forms of cell’;death orphologic features.

Morphologically, apoptosgis characte car and cytoplasmic condensation

of single parenchyma cells follewed by fragmentation of the nuclear chromatin and

subsequent formﬁlxufﬂ 'lﬁf]a&m;if%ﬂfl ﬂﬁar material and

cytoplasm.(67) Phagocytosm of this material occugs,, although an ginflammatory
st 0y i b e ok i
by preservatlon of cell outlines, and there is variable swelling of the cell and of
organelles. Cellular fragmentation occurs as a late event in necrosis. There are
derangements in energy and substrate metabolism in necrosis that result in breaks in

the plasma membrane and organellar membranes. Apoptosis is associated with
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endonuclease-mediated cleavage of the DNA of nuclear chromatin, resulting in DNA
fragments with sizes in multiples of a single nucleosome length (180 bp). The
internucleosomal cleavage of the DNA results in a ladder appearance on agarose gel
electrophoresis, whereas in necrosis there is less specific degradation of DNA into a
smear containing fragments of different sizes.

During viral infection, the destruction of infected cells by apoptosis can be

considered as an innate cellular response to limit viral propagation. Apoptosis can

occur either through an intrinsic reacti

Q

infected cells or by the action of

cytotoxic T cells, which induce K S cted cells by triggering the
secretion of cytokines such w n and granzymes and by

activating Fas in the target cellseT ruse cxlltate their dissemination
by developing anti-apoptoti 1 xic T lymphocyte (CTL)
and natural killer (NK) cell r e _ ibit ivation of the caspases
induced by death receptors, : _. i-apoptotic protein Bcl-2,
inactivate p53 or secrete ne pic,, fac additi iruses use numerous
mechanisms to prevent presentation _J_g‘ﬁ__‘ mol r to evade CTL or NK
killing.(68) 22

= "'--"'

v:ﬂxs strain (CVS‘) of ﬁx

The challenge has been observed to

cells(65), mouse
neuroblastoma cells(69) aB ih mouse em nic hipp cam@ neurons.(70) In vitro

and in vivo experiments using cultured rat prostatic:adenocarcinoma (AT3) and mouse

neuroblastoma ceﬂu&ir’g a%]a&‘lt%]lﬁlcw&a}vﬂ cﬁs strain of fixed

rabies virus showé%I characteristic morphological features of apoptosis, evidence of

otgomelatol DhBniaic it 4 i Fhcaprk 4 core

dependent programme and Bcl-2 transfected AT3 cells were resistant to

apoptosis.(65,71) Apoptosis was first observed and most marked in pyramidal neurons
of the hippocampus, where there was a little infection, and in neurons scattered in the

neocortex in CVS-infected adult mice. More apoptosis was evident in the brain of
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suckling mice than in those of adult mice. Further the presence of rabies antigen does
not correlate with the apperance of apoptosis.(65,72) Purkinje cells expressed viral
antigen but did not show apoptosis, whereas neurons in the external granular layer of
the cerebellum did not express viral antigen, but demonstrated greater apoptotic
changes. These imply that rabies virus induces apoptosis in vivo by both direct and
indirect mechanisms. Apoptosis can also be induced by the cytokine-nitric oxide

process via initiation of a breakdown of sphingomyelin and ceramide production and
@‘ %e most important defense

filaments, which would prevenifranspor sid protein and neuronal

glutamate exitoxicity etc.(10)

Further more apoptosis

spread of virus. The extent of apaptesis wit ount of expression of

Guigoni and coulon observed that primary cultures o “CVS-infected purified

rat spinal motoneurons d@not show maj 0 apo;itjsis over a period of 7

days, wheras infected neurenhs-did not survivegmore than 2 days in crude primary

oo o) b 4 b e s

the culture medlum In contrast, cultures of purified hippocampus neurons showed
apoposs ) V4 94l b et duf] T bl diedef ot hisreren
neuronal ce?l types respond differently to rabies virus infection, and that the presence
of glial cells and/or neurons other than motoneurons are essential for apoptosis of
spinal motoneurons. Physical contact with glia or synaptic contact with other spinal

cord neorons may be necessary for induction of apoptosis in motoneurons, but not for
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apoptosis of hipppocampal neurons. However, apoptosis in infected cultured cells,
including embryonic cells, does not closely correspond to what is observed in infected
animals. Peripherally inoculated animals with CVS strains do not show the prominent
apoptosis that is observed in neurons after intracerebral inoculation.(80) Conflicting
results have been reported by different investigators with respect to the occurrence of
neuronal apoptosis after intracerebral inoculation of different street (wild type) rabies

virus variants in mice.(81,82) Hence, in rabies virus infection, there are complex

7 4
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