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Experimental rabies virus infection in Artibeus
jamaicensis bats with CVS-24 variants

Jessica E Reid and Alan C Jackson

Departments of Medicine and Microbiology and Immunology, Queen’s University, Kingston, Ontario, Canada

An experimental model of rabies was established in the fruit-eating bat species
Artibeus jamaicensis. The infections caused by CVS-N2c¢c and CVS-B2¢, which
are both stable variants of CVS-24, were compared after inoculation of adult
bats in the right masseter muscle. CVS-N2c produced neurologic signs of rabies
with paresis, ataxia, and inability to fly, while CVS-B2c did not produce neu-
rologic signs. Bats were sacrificed and the distribution of rabies virus antigen
was assessed in tissue sections with immunoperoxidase staining. Both viruses
spread to the brain stem and bilaterally to the trigeminal ganglia by days 2 to 3.
CVS-N2¢ had disseminated widely in the central nervous system (CNS) by day
4 and had involved the spinal cord, thalamus, cerebellum, and cerebral cor-
tex. CVS-B2c had infected neurons in the spinal cord on day 5 and in the
cerebellum, thalamus, and cerebral cortex on day 6. Infected pyramidal neu-
rons of the hippocampus were observed on day 5 in CVS-N2c infection, but
infected neurons were never noted in the hippocampus in CVS-B2c¢ infection.
CVS-N2c infected many more neurons and more prominently involved neu-
ronal processes than CVS-B2c. CVS-N2c spread more efficiently in the CNS
than CVS-B2c. Morphologic changes of apoptosis or biochemical evidence of
DNA fragmentation were not observed in neurons with either virus after this
route of inoculation. The different neurovirulent properties of these CVS vari-
ants in this model were not related to their in vivo ability to induce apoptosis.
Journal of NeuroVirology (2001) 7, 511-517.
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Introduction

Bats are important rabies vectors and they now are
responsible for the majority of human cases of ra-
bies in the United States and Canada (Noah et al,
1998; Jackson, 2000; Varughese, 2000). Our present
knowledge of rabies pathogenesis is largely based
on studies in experimental animal models, which
were most often performed in rodents (Jackson,
1994, 1997). Few experimental studies have been
performed in bat models of rabies, and the previous
studies did not use modern techniques. We have de-
veloped an experimental rabies model in adult Art-
ibeus jamaicensis bats (Ortega and Castro-Arellano,
2001), because a bat host is a more natural host than
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rodents such as mice or rats. Natural rabies is known
to occur in this species of fruit-eating bat (Price and
Everard, 1977), although it is not known to be an im-
portant rabies vector.

RNA virus strains exist as quasispecies because of
high mutation rates due to absence of proofreading
and repair and postreplicative error correction mech-
anisms (Domingo et al, 1996). Two stable rabies virus
variants, CVS-N2c¢ (N2c¢) and CVS-B2c¢c (B2c), have
been selected in cell culture from the CVS-24 strain
of fixed rabies virus, which is a mouse-adapted strain
(Morimoto et al, 1998; Morimoto et al, 1999). The
rabies virus glycoprotein of B2c has 10 amino acid
substitutions compared with that of N2c (Morimoto
et al, 1998). These virus variants have been observed
to have different biological properties: B2c is more
pathogenic in suckling mice, expresses higher lev-
els (4X) of rabies virus glycoprotein, transports less
rabies virus nucleocapsid protein in neuronal pro-
cesses, and is a stronger inducer of apoptosis in
primary neuron cultures. N2c is more pathogenic
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for adult mice, expresses lower levels of glycopro-
tein, and induces less apoptosis in primary neuron
cultures (Morimoto et al, 1999). The ability of these
virus variants to induce apoptosis in vivo has not yet
been reported. Hence, the relevance of the observa-
tions of apoptosis in primary neuron cultures has not
yet been established in animals. In this work, a com-
parative pathogenesis study was performed in bats
with these two variants after a peripheral route of
inoculation.

Results

Clinical disease

Bats infected with B2c did not demonstrate definite
clinical signs of rabies and there was no mortality.
N2c-infected bats developed signs of rabies including
leg spasticity and uncoordinated wing movements
beginning 4 days p.i. This advanced to ataxia, leg
paresis, and inability to fly by 7 days p.i. Bats became
moribund between 5 and 7 days p.i.
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Rabies virus antigen distribution

On day 2 p.i., rabies virus antigen was identified in
neurons in the ipsilateral trigeminal ganglia of bats
infected with both viruses (Figure 1A, C), and by day
3 p.i. both variants had spread to the brain stem and
bilaterally to the trigeminal ganglia (Figure 1B), in-
dicating centrifugal spread from the infected brain
stem. More neurons in trigeminal ganglia became in-
fected at later time points (Figure 1D). By day 4 p.i.,
N2c had spread to involve the cerebellum. Infection
was present in deep cerebellar nuclei and the Purk-
inje cell layer and in associated dendritic processes
in the molecular layer. B2c did not infect the cere-
bellum until day 5 p.i. (Figure 2). N2¢ had dissemi-
nated widely throughout the central nervous system
by day 4 p.i. Infected neurons were found through-
out the cerebral cortex, thalamus, caudate/putamen,
and spinal cord. Viral antigen had a widespread dis-
tribution in the brains of B2¢-infected bats 5 days p.i.
with many neurons infected; antigen was detected
in the cerebral cortex, thalamus, caudate/putamen,
and spinal cord. Subsequent cortical and brain stem
involvement by B2c was minimal compared to the

Figure 1 Immunoperoxidase staining for rabies virus antigen in trigeminal ganglia after inoculation of bats with B2¢ (A, B) and N2¢
(C, D). Antigen (arrowheads) is seen in neurons in the right (ipsilateral) (A) and left (contralateral) (B) trigeminal ganglia on day 2 p.i. with
B2c and in the right trigeminal ganglion on day 2 p.i. with N2¢ (C). By day 5 p.i., with N2c there is antigen staining in many neurons in
the right trigeminal ganglion (D). A, B, C, Inmunoperoxidase-hematoxylin;D, Inmunoperoxidase. A x 1580; B x 930; C x 460; D x 300.
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Figure 2 Rabies virus antigen in deep cerebellar nuclei (A, B) and in pyramidal neurons of the hippocampus (CA3 region) (C, D) 6 days
after inoculation with B2c¢ (A, C) and N2¢ (B, D). Prominent infection in neuronal processes are seen after inoculation with N2¢ (B), but not
with B2¢ (A). Pyramidal neurons of the hippocampus were infected with N2¢ (D), but not with B2¢ (C). Inmunoperoxidase-hematoxylin.

A, B x 460;C,D x 615.

infection caused by N2c. The intensity of staining
and the number of infected neurons continued to in-
crease up to day 7 p.i. in tissues infected with N2c,
whereas staining for viral antigen in bats infected
with B2c was maximal at day 6 p.i. as determined
by the amount and distribution of immunoreactive
signal. The amount of viral antigen in tissues at days
8 and 10 p.i. in bats infected with B2c showed a pro-
gressive decline in both signal strength and in the
number of neurons infected.

Infection with N2c involved a greater number of
neurons at all time points beginning 3 days p.i. and
more prominently involved neuronal processes than
did B2c (Table 1) as determined by a lesser and more
variable amount of staining in brain regions affected
by B2c. B2c primarily infected neuronal cell bodies,
yet N2c more prominently involved both cell bodies
and their associated processes in most brain regions
(Figure 2A, B).

N2c had extensively involved brain regions
throughout the CNS before infection was observed in
the hippocampus. No infected hippocampal neurons
were observed at any time point with B2¢ (Figure 2C),
although pyramidal neurons of the hippocampus

were initially noted to be infected on day 5 p.i. for
N2c¢ (Figure 2D). No infection was noted in the den-
tate gyrus with either virus.

Table1 Regionalevaluationforpresenceofrabiesvirusantigenin
neuronal processes as compared to antigen in cell bodies without
involvement of processes

CVS-B2c CVS-N2c

Brain region (m=13) m=17) Significance
Neocortex 1.00 4.00 NS
Piriform cortex 1.00 5.00 NS
Caudate/putamen 1.00 4.00 P <0.05
Diencephalon 1.00 5.00 P <0.05
Hippocampus — 1.00 —
Cerebellum 1.00 5.00 NS
Deep cerebellar nuclei 1.50 4.50 P <0.05
Midbrain 3.00 2.00 NS
Pons/medulla 1.00 5.00 P <0.05
Spinal Cord 1.00 5.00 P <0.05

Rating scale scores expressed as the median score after inocula-
tion with B2c and N2c: 1, 0-20% of infected cells/field with viral
antigen involving processes; 2, 21-40%; 3, 41-60%; 4, 61-80%;
5,81-100%. Significance was assessed by using Fisher’s exact test
(Statistical Analysis System for Windows, version 8.0, SAS Insti-
tute Inc., Cary, NC).
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Figure 3 Cerebral cortex (fifth layer) on day 6 p.i. with N2¢ showing staining for rabies virus antigen (A) and morphologic features
(B). Antigen is seen in many cortical neurons and their processes (A). The infected neurons appear morphologically normal without
features of apoptosis (B). (A) Inmunoperoxidase-hematoxylin; (B) Cresyl violet. A x 460; B x 560.

Morphologic features

Typical morphologic changes of apoptosis, includ-
ing condensation of nuclear chromatin and shrink-
age of cellular cytoplasm, were not observed in
CNS neurons in either N2c- or B2c-infected bats. In-
fected neurons throughout the CNS appeared mor-
phologically normal (Figure 3). However, a few small
cells compatible with inflammatory cells were noted
with condensed nuclei in B2c-infected bats between
days 6 and 10 p.i. in the brain stem, diencephalon,
caudate/putamen, and cerebral cortex, and they were
present in regions with infiltrations of inflammatory
cells. Similar cells were also observed on days 6 and 7
in N2c-infected bats in the same regions. More
marked leptomeningeal and perivascular inflamma-
tory infiltrates were observed in bats infected with
N2c than with B2c, whereas inflammatory infiltrates
in the parenchyma were similar with both viruses in
all regions (Table 2).

Table 2 Inflammatory cell infiltrate in regional areas of the brain
as seen on days 4—6 postinoculation

CVS-Bac CVS-N2c

Brain region (m=8) (mn =10) Significance
Leptomeninges 0.50 3.50 P <0.05
Perivascular 1.00 2.00 P <0.05
Neocortex 0.00 0.50 NS
Piriform cortex 0.00 1.00 NS
Diencephalon 0.00 2.00 NS
Cerebellum 0.00 1.00 NS
Midbrain 0.00 0.00 NS
Pons/medulla 2.25 3.00 NS
Spinal cord 1.00 2.00 NS

Rating scale scores expressed as median score after inoculation
with B2¢ and N2c: 0, 0-5 inflammatory cells/high power micro-
scopic field; 1, 6-10 inflammatory cells/field; 2, 11-15 inflamma-
tory cells/field; 3, 16—20 inflammatory cells/field; 4, >20 inflam-
matory cells/field. Significance assessed by using Fisher’s exact
test (Statistical Analysis System for Windows, version 8.0).

TUNEL staining

Scattered TUNEL-positive cells were observed in
B2c-infected bats in the brain stem, diencephalon,
caudate/putamen, and cerebral cortex on days 6 to
10 p.i., which corresponded to areas that were infil-
trated with many inflammatory cells and contained
neurons that stained positive for rabies virus antigen.
Similar TUNEL-positive cells were observed in the
sameregions in N2c-infected bats on days 6 and 7 p.i.
Positive TUNEL staining was not observed at earlier
time points and was not observed in cell types with
definite neuronal morphology, including hippocam-
pal neurons. Strong TUNEL staining of neurons was
observed on positive control slides pretreated with
DNase I.

Discussion

Two stable variants of CVS-24—B2c and N2c—have
been previously characterized, and N2¢ was found to
be more pathogenic in adult mice (Morimoto et al,
1999). We have compared the infections of adult
bats after inoculation of these viruses in the mas-
seter muscle. After this route of inoculation, clinical
neurologic disease was not noted in the B2c-infected
bats. In contrast, N2c-infected bats developed severe
and progressive neurologic disease, which was asso-
ciated with widespread infection of neurons in the
CNS.

After inoculation of the viruses in the masseter
muscle, there was rapid spread of both viruses to
the brain stem and bilateral trigeminal ganglia, indi-
cating centrifugal spread to the contralateral trigemi-
nal ganglia. Hence, differences in the distribution of
these viral infections were not yet apparent at these
early time points, suggesting that a fundamentally
different mechanism of axonal transport within cra-
nial nerves is unlikely for the two viruses. However,



by day 4, N2c had spread widely in the CNS and
had involved the cerebral cortex, thalamus, cerebel-
lum, and spinal cord. B2¢ had infected spinal cord
neurons on day 5 and neurons in the cerebral cortex,
thalamus, and cerebellum on day 6. Infection of hip-
pocampal neurons, which occurs late after periph-
eral routes of inoculation in mouse models (Jackson
and Reimer, 1989), was observed on day 5 in N2c
infection, but was not noted in B2¢ infection. In ad-
dition, B2c¢ infected a smaller number of neurons
than N2c. B2c spread more slowly through the neu-
roaxis than N2c, which could be explained by less ef-
ficient trans-neuronal spread and/or a slower rate of
intraneuronal transport, including axonal transport,
of B2¢ than N2¢. N2c also induced a more marked in-
flammatory reaction than B2c in the leptomeninges
and perivascular regions.

The pathways of viral spread of N2c¢ and B2c in
this bat model were similar to the pathways for vir-
ulent strain CVS-11 and avirulent variant RV194-2
after inoculation into the masseter muscle of adult
mice (Jackson, 1991). In both models, the virulent
viruses (N2c and CVS-11) infected more neurons
than the nonvirulent viruses (B2c and RV194-2). The
neuroanatomical pathways result in late infection in
the hippocampus in both rabies virus (Jackson and
Reimer, 1989) and Borna disease virus (Carbone et al,
1987) infections after peripheral routes of inoculation
in rodent models. Relatively inefficient spread may
result in the absence of hippocampal infection with
the nonvirulent viruses, rather than the hippocam-
pus being a critical site of involvement for neurovir-
ulent infections. A fundamental difference between
the findings in the two models was that the aviru-
lent virus (B2c) in the bat model spread through the
CNS more slowly than virulent N2¢, yet CVS-11 and
RV194-2 infected regional areas of the CNS at about
the same time (Jackson, 1991). In both of these mod-
els, neurovirulence may relate to the burden of in-
fected neurons in the CNS rather than infection of
neurons in specific sites.

Neuronal apoptosis occurs in the brains of adult
(Jackson and Rossiter, 1997a; Theerasurakarn and
Ubol, 1998), suckling (Jackson and Park, 1998), and
neonatal (Theerasurakarn and Ubol, 1998) mice in-
fected with CVS-11 by the intracerebral route, and
the apoptosis involves more neurons and more neu-
ronal cell types in suckling mice than in adult mice,
including both infected neurons (e.g., neurons in the
dentate gyrus of the hippocampus) and uninfected
neurons (e.g., external granular layer of the cere-
bellum) (Jackson and Park, 1998). The involvement
of uninfected neurons suggests that indirect mecha-
nisms must be important in the induction of apopto-
sis in vivo in these cells. Street rabies virus strains
have also been recently reported to be associated
with apoptosis (Ubol and Kasisith, 2000). Apopto-
sis has also been observed in CNS cells, includ-
ing spinal cord motor neurons, of mice infected in-
tramuscularly in the hindlimbs with the attenuated
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Pasteur strain of rabies virus (Galelli et al, 2000).
These mice developed local and irreversible flaccid
paralysis. In contrast, nude mice (lacking T cells) did
not develop paralysis or significant apoptosis, sug-
gesting that apoptosis in this model is induced by a
T cell-dependent immune response.

Because B2c was observed to cause much more
severe apoptosis than N2c in primary neuron cul-
tures (Morimoto et al, 1999), the occurrence and ex-
tent of neuronal apoptosis induced by these vari-
ants in vivo is of particular interest. Neither of these
viruses induced morphologic changes of apoptosis
or positive TUNEL staining in neurons after this
peripheral route of inoculation, despite infection
of many neurons in different regions of the brain.
At later time points, probable inflammatory cells
showed features of apoptosis based on morphol-
ogy and TUNEL staining in the infections produced
by both viruses. TUNEL staining of infiltrating T
cells and microglia/macrophagesundergoing apopto-
sis has previously been demonstrated in experimen-
tal allergic encephalomyelitis (Kohji and Matsumoto,
2000; Ray et al, 2000). Noninfected TUNEL-positive
cells were also observed in the vicinity of dying in-
fected neuronsin nonfatal paralyzed mice induced by
the attenuated Pasteur strain of rabies virus (Galelli
et al, 2000).

In mouse models, we have observed much more
neuronal apoptosis after the intracerebral and stereo-
taxic routes of brain inoculation than after peripheral
routes of inoculation (A. C. Jackson, unpublished
observations). The different neurovirulent properties
of the CVS variants in the present model were clearly
not related to their in vivo ability to induce apoptosis.
In contrast, we have observed neuronal apoptosis in
bats inoculated intracerebrally with CVS-11, which
was most prominent in neurons in the diencephalon
(C. C. Phelan and A. C. Jackson, unpublished obser-
vations). Hence, virus-induced apoptosis in primary
neuron cultures does not necessarily correlate
with the occurrence of apoptosis in vivo. Neuronal
apoptosis in viral infections in animal models is
complex and it may be influenced by a number
of factors, including the age of the host, the viral
strain, the route of inoculation, and host defences.
Further studies are needed to better understand
this phenomenon and also its relevance to natural
rabies.

Materials and methods

Viruses

Variants N2¢ and B2c, previously selected from chal-
lenge virus standard (CVS)-24 (Morimoto et al, 1998;
Morimoto et al, 1999) were obtained from Bernhard
Dietzschold (Thomas Jefferson University, Philadel-
phia, PA). Viral stocks for N2¢c and B2¢ were prepared
in mouse neuroblastoma cells (NA) for N2c¢ and in
BHK-21 cells for B2c. The titer of N2c was 1.3 x 108
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focus-forming units (FFU)/ml and the titer of B2¢c was
2.3 x 108 FFU/ml.

Animals and inoculations

Adult Artibeus jamaicensis bats (Granby Zoo,
Granby, Quebec) were used. Forty bats were inocu-
lated intramuscularly in the right masseter muscle
with 4.0 x 10% FFU of either N2c (7 males and 13 fe-
males) or B2c (10 males and 10 females) in a vol-
ume of 0.02—0.03 ml. Three uninfected control bats
(2 males and 1 female) were mock-infected intramus-
cularly in the right masseter muscle with PBS with
2% fetal bovine serum.

Preparation of tissue sections

Bats were anaesthetized with methoxyflurane and
perfused with buffered 4% paraformaldehyde.
Brains, spinal cords, and trigeminal ganglia of two
to four infected bats for each variant were removed
daily on days 2-7 postinoculation (p.i.), and also on
days 8 and 10 p.i. for B2c. These samples were fixed
by immersion in the same fixative for 18 h at 4°C, de-
hydrated, and paraffin embedded. Coronal sections
of brain, transverse sections of brain stem and spinal
cord, and sections of trigeminal ganglia were cut at
multiple levels on a microtome (5 pm). Tissues for
histological examination were stained with cresyl
violet.

Immunoperoxidase staining

Tissue sections were stained for rabies virus anti-
gen by the avidin-biotin-peroxidase (ABC) method as
previously described (Jackson et al, 1999). Deparaf-
finized slides were successively reacted with 5%
normal rabbit serum, anti-rabies virus monoclonal
antibody 5DF12, which is identical to clone HAM
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