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Rabies pathogenesis
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Rabies is as old as antiquity, but the disease remains
an important public health problem today. Our un-
derstanding of the pathogenesis of this disease comes
mostly from studies using experimental animals, par-
ticularly rodents, and �xed strains of rabies virus
(Jackson, 2002). As such these studies do not rep-
resent natural conditions where animals are infected
with street strains of rabies virus by inoculation into
subcutaneous tissues or muscle. Clinical disease un-
der natural conditions does not usually develop for
a period of weeks to months and sometimes for over
1 year. There is evidence that the virus remains close
to the site of inoculation during most of the long incu-
bation period in natural rabies (Charlton et al, 1997).
In experimental rabies and in studies performed
in vitro, it has been demonstrated that rabies virus
binds to nicotinic acetylcholine receptors at neuro-
muscular junctions (Lentz et al, 1982). We know also
that rabies virus spreads within axons by retrograde
fast axonal transport.

Although recent evidence has shown that the
rabies virus phosphoprotein interacts with the
cytoplasmic dynein light chain (Jacob et al, 2000;
Raux et al, 2000), which is an important component
of the microtubule-based transport system, it is
not clear whether this alone accounts for the viral
transport mechanism. After infection develops in
spinal cord or brain stem neurons, rabies virus
disseminates rapidly throughout the central nervous
system by fast axonal transport along neuroanatom-
ical connections. Under natural conditions, rabies
virus infection of the CNS causes only relatively
mild neuropathological changes without prominent
evidence of neuronal death (Iwasaki and Tobita,
2002). Together, these observations have led to
the concept that the neurological disease in rabies
must result from neuronal dysfunction rather than
neuronal cell death. A variety of studies of rabies
virus infection in experimental animals and in
vitro have provided evidence of abnormalities in
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neurotransmission involving acetylcholine, sero-
tonin, and ° -amino-n-butyric acid (GABA) (Jackson,
2002). Dysfunction of ion channels has been shown
in infected cultured cells (Iwata et al, 1999). In-
duction of inducible nitric oxide synthase mRNA
(Koprowski et al, 1993) and increased levels of nitric
oxide (Hooper et al, 1995) have been demonstrated in
rabies virus-infected rodents, but the signi�cance of
all of these �ndings in experimental rabies is uncer-
tain. What relevance they may have is also uncertain,
because no fundamental defect has yet been found
explaining the neuronal dysfunction in natural
rabies.

Viruses may cause cell death by either apoptosis or
necrosis, and this topic has been recently reviewed
(Grif�n and Hardwick, 1999; Allsopp and Fazakerley,
2000; Fazakerley and Allsopp, 2001). Apoptosis de-
pends on synthesis of macromolecules and requires
energy, while necrosis is associated with energy
failure. Each of these forms of cell death is associated
with typical morphologic features. The challenge
virus strain (CVS) of �xed rabies virus has been ob-
served to induce apoptotic cell death in rat prostatic
adenocarcinoma cells (Jackson and Rossiter, 1997),
mouse neuroblastoma cells (Theerasurakarn and
Ubol, 1998), and mouse embryonic hippocampal
neurons (Morimoto et al, 1999). Morimoto and
coworkers have observed that variants that are more
neurovirulent in adult mice produce less apoptosis
over a period of 72 h in primary hippocampal
neurons than is produced by less neurovirulent
variants (Morimoto et al, 1999).

Prominent apoptotic death has been observed in
neurons in the brains of mice of various ages that
were inoculated intracerebrally with the CVS strain
and immunosuppression of adult mice did not re-
duce the apoptotic process (Jackson and Rossiter,
1997; Jackson and Park, 1998; Theerasurakarn and
Ubol, 1998). In this issue of the Journal of NeuroVi-
rology, Guigoni and Coulon (2002) describe an ex-
perimental in vitro system in which they studied
the capacity of embryonic neurons to survive rabies
virus infection. They found that primary cultures
of CVS-infected puri�ed rat spinal motoneurons did
not show major evidence of apoptosis over a period
of 7 days, while infected neurons in crude primary
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spinal cord cultures did not survive more than 2 days.
This difference in survival was not dependent on
the presence of factors in the culture medium. In
contrast, cultures of puri�ed hippocampal neurons
showed apoptosis in over 90% of neurons within
3 days. These results suggest that different neuronal
cell types respond differently to rabies virus infec-
tion, and that the presence of glial cells and/or neu-
rons other than motoneurons are essential for apop-
tosis of spinal motoneurons. Physical contact with
glia or synaptic contact with other spinal cord neu-
rons may be necessary for induction of apoptosis in
motoneurons, but not for apoptosis of hippocampal
neurons.

However, apoptosis in infected cells in culture, in-
cluding embryonic cells, does not closely correspond
to what is observed in infected animals. Animals in-
oculated peripherally with CVS strains do not show
the prominent apoptosis that is observed in neurons
infected with the same virus after intracerebral in-
oculation (Reid and Jackson, 2001). Also, con�icting
results have been reported by different investigators
with respect to the occurrence of neuronal apopto-
sis after intracerebral inoculation of different street
(wild-type) rabies virus variants in mice (Ubol and
Kasisith, 2000; Yan et al, 2001). Hence, in rabies
virus infection it appears there are complex mech-
anisms involved in cell death or survival of neurons
both in vitro and in animal models using different
viral strains and routes of inoculation. On a more
hopeful note, neuronal cell death is not prominent in
natural rabies, and perhaps a greater understanding
of the mechanisms involved in neuronal apoptosis
in experimental animal models may provide further
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