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the attenuated virus (CTN) could lead to cell
apoptosis, which was minimal in the case of
infection with the most virulent virus (CNM1101C).
Furthermore, the extent and location of apoptosis
varied with each strain (Figure 7).
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Figure 6. Staining for caspase-3. Mouse
hippocampus tissue infected with CTN (A),
CNM1101C (C), CNM1103C (B), and negative
control tissue (D). The nucleus is stained
blue with DAPI; activated caspase-3 is

stained red. Magnification: A-D, 400x.
Activated caspase-3 is denoted by the arrow.
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Figure 7. Cell apoptosis. Sagittal sections
through the thalamus were prepared from
brain tissues harvested from moribund
10-day-old mice intracranially inoculated
with rabies virus strains CTN (n=4),
CNM1103C (n=4), or CNM1101C (n=4).
Sections were also prepared from controls
(n=4). The number of apoptotic cells in
different parts of the brain coronary sections
was determined. P<0.05 was considered
statistically significant (*P<0.05; **P<0.01).

Microglia Activation in Infected Mouse Brains

Staining for CD11lb, a surface marker for
microglia, can reflect microglial activation in the
brain. We found that microglia were activated in the
infected mouse brain in the CTN and CNM1103C
groups. Moreover, the activation in the CTN group
was significantly higher than that in the CNM1103C
group, while the activation in the CNM1101C group
was minimal (Figure 8).

In the CNM1103C and CTN groups, widespread
microglial activation was found in the cerebral cortex,
hippocampus, thalamus and hypothalamus. The
number of activated microglia was significantly
higher in the CTN group than in the CNM1103C
group (Table 2). In addition, the extent of activation
in the cerebral cortex, hippocampus, and
hypothalamus in the CTN group significantly differed
from that in the CNM1103C group (P<0.05; Figure 9).
Microglial activation was minimal throughout the
brain in the CNM1101C group (Figure 9).

CD3-positive T Lymphocyte Infiltration

In the CTN and CNM1103C groups, T lymphocyte
infiltration was evident in the cerebral cortex,
hippocampus, thalamus and hypothalamus (Figure
10). The number of CD3-positive cells was
significantly higher in the CTN group than in the
CNM1103C group (Table 2). In addition, the extent of
infiltration in the cerebral cortex, hippocampus and

Figure 8. CD11b staining of microglia in brains
of mice infected with rabies virus. Staining for
CD11b in the cerebral cortex tissue in the CTN
(A), CNM1101C (C), CNM1103C (B), and
negative control (D) groups. The nucleus is
stained blue with DAPI; activated microglia
are stained red and are denoted by the
arrows. Magpnification: A-D, 400x.
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hypothalamus in the CTN group significantly differed
from that in the CNM1103C group (P<0.05; Figure
11). T lymphocyte infiltration was minimal
throughout the brain in the CNM1101C group
(Figure 11). The above results suggest that the
extent of T lymphocyte infiltration is negatively
correlated with virulence.
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Figure 9. Activated microglia count. Sagittal
sections through the thalamus were
prepared using brain tissue harvested from
moribund 10-day-old mice intracranially
inoculated with the rabies strains CTN (n=3),
CNM1103C (n=3), or CNM1101C (n=3).
Sections were also prepared from the
controls (n=3). The number of activated
microglia in different parts of the brain
coronary sections was determined. P<0.05
was considered statistically significant
( P<0.05; P<0.01).

Figure 10. CD3-positive T Lymphocyte
Infiltration in brains infected with RABV.
CD3-positive T lymphocyte infiltration in the
cerebral cortex of mice in the CTN (A),
CNM1103C (B), CNM1101C (C), and negative
control (D) groups. The nucleus is stained
blue with DAPI; CD3-positive T lymphocytes
are stained green and are denoted by arrows.
Magnification: A-D, 400x.

Changes in MAP-2 Expression

Neuronal dendrites in the cerebral cortex are
long, smooth and continuous under normal
conditions (Figure 12A, 12E). In the CTN group, no
obvious morphological changes were detected in the
cerebral cortex (Figure 12B, 12F). In the CNM1103C
group, 41%+4.3% neuronal dendrites showed
obvious fracture and loss accompanied with neuron
swelling (Figure 12C, 12G). In the CNM1101C group,
58%+3.2% of neuronal dendrites showed fracture
(P<0.05), even after severe neuronal loss, indicating
that significant differences existed in the structural
integrity of dendrites in the cerebral cortex between
the CNM1103C and CNM1101C groups. The above
results suggest that the degree of pathological
damage to neuronal dendrites is positively
correlated with virus virulence (Table 2).

Effects of Rabies Virus Infection on MAP-2 Protein
Expression

The normal control and CTN groups were richer
in MAP-2 than the CNM1101C and CNM1103C
groups (Figure 13A, 13D, 13G, 13J). Virus antigen was
detected in infected neurons in the CTN, CNM1101C,
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Figure 11. Numbers of CD3-positive T
Lymphocyte Infiltration in brains infected
with RABV. Sagittal sections through the
thalamus were prepared using brain tissue
harvested from 10-day-old, moribund mice
intracranially inoculated with the rabies
strains CTN, CNM1103C, and CNM1101C
(n=3 for each strain). The number of
CD3-positive cells in different parts of the
mouse brain sections was determined. All
views covering the brain tissue section were
photographed at 10x magnification and
montaged together. P<0.05 was considered
statistically significant (*P<0.05; **P<0.01).
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Figure 12. Staining for MAP-2 in brain tissues of moribund mice. Pathological changes in neuronal
dendrites in the inferior cerebellar peduncle (icp) after infection with strains CTN (B), CNM1103C (C),
and CNM1101C (D). Structural changes in neuronal dendrites in the cerebral cortex after infection with
strains CTN (F), CNM1103C (G), and CNM1101C (H). (A, E) Negative controls. Alexa Fluor-488-labeled
MAP-2 protein appears green and is denoted by arrows. Magnification: A-H, 200x.
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Figure 13. Effects of rabies virus infection on MAP-2 protein expression. Mice were sham infected
(control, 1 d) or infected with rabies virus strains CNM1101C (2 d), CNM1103C (2 d) or CTN (attenuated
strain; 1 d). On the moribund day, brain tissue was fixed with 4% paraformaldehyde and probed with
rabbit monospecific polyclonal antibodies to the N or P protein of the rabies virus (B, E, H, K) and with
anti-MAP-2 antibodies (A, D, G, J). Magnification, 400x. Plates C, F, I, and L showing colocalization of N
or P protein of the rabies virus and anti-MAP-2 antibodies.



Street rabies virus strain pathogenicity

759

and CNM1103C groups. Colocalization of the virus
antigen with MAP-2 was absent in the CNM1101C
group (Figure 13L). MAP-2 was absent from neuronal
bodies with detectable virus antigen, and the greater
the distribution of the virus antigen, the lower the
level of MAP-2. In the CTN group, MAP-2 was
colocalized with the virus antigen, as indicated by
the reddish- yellow staining (Figure 13F). MAP-2 had
dissolved in areas with the greatest distribution of
virus antigen, but overall, it was mainly colocalized
with the virus antigen. In the CNM1103C group,
colocalization of MAP-2 and virus antigen (Figure 13I)
was seen in nerve cells damaged by virus infection.
In addition, the rabies virus antigen mainly adhered
to the cytoplasm and MAP-2 in nerve cells.

DISCUSSION

The ICR mouse model of infection with three
different rabies virus strains were successfully
established as verified by DFA[3'4], which is
recommended by the WHO for the laboratory
diagnosis of rabies viral antigen, and by Electron
microscopym. The ultrastructural characteristics of
the virus, such as size, shape, envelope, core and
virus precursor, were consistent with a virus
belonging to the genus Lyssavirus of the family
Rhabdoviridae. Comparison of the pathogenicity of
the three rabies virus strains showed that their
relative neuroinvasiveness and neurovirulence were
in the order CNM1101C>CNM1103C>CTN. Infection
with the street rabies virus strain CNM1101C was
characterized by severe dendrites damage, but
minimal cell apoptosis, T lymphocyte infiltration and
microglial activation. Infection with the attenuated
strain CTN produced severe T lymphocyte infiltration,
microglial activation and cell apoptosis, but left the
neuronal dendrites relatively intact. Finally, infection
with the street virus strain CNM1103C was
characterized by T lymphocyte infiltration, microglial
activation, and cell apoptosis as well as dendrites
damage.

Pathological changes in nerve cells of ICR mice

brain tissue were observed. Infection with the street
virus strains CNM1101C and CNM1103C resulted in
different degrees of Nissl body dissolution in the
cerebral cortex and hippocampus, solidification,
vacuolar degeneration in the neuropil, occasional
nuclear rupture or dissolution and pale or absent
cytoplasmic staining. These findings are consistent
with the pathological changes detected by Chun-Ho
Park et al.’” in the cerebellum of 6-week-old
C57BL/6J adult mice infected with the fixed virus
strain CVS-11.

The histopathological findings in the CTN group
were similar to those in the control group, which is
inconsistent with the results of Fu et al.[32'34], who
reported that the vaccine strain SN-10 caused
necrosis and apoptosis of the pyramidal neurons and
neuron loss in the brains of mice, but that the fixed
strain N2C, which has moderate virulence, could only
cause minimal pathological damage to the neurons.
It is unclear why only the pathogenic rabies strains
(CNM1101C and CNM1103C) induced neuronal
degeneration in our study. Compared with the
pathogenic strains, the attenuated strain (CTN)
resulted in much greater T lymphocyte infiltration in
the hippocampus. Therefore, we concluded that the
nerve cell degeneration seen in rabies was not
caused by T lymphocyte infiltration.

On electron microscopy, we found that the
cytoplasm, but not the nucleus, of infected neurons
was damaged. Several cytoplasmic organelles were
affected in all three groups, but the changes in the
ER were the most severe. In the CNM1101C group,
severe ER dilation and hyperplasia resulted in
vacuoles of varying sizes and shapes, containing
many tiny vacuoles. In the CNM1103C group, the
vacuoles contained tiny granules of low electron
density, which we speculated were ribosomes shed
from the ER. In the CTN group, mild ER dilation and
hyperplasia were observed, and ER vacuoles
contained tiny granules of low electron density. The
findings in the CTN group were consistent with the
ultrastructural changes detected by Fu et al.” in
mouse brains infected with the vaccine strain SN-10.

Table 2. Comparison of Pathological Changes in Mouse Brain Tissue
Caused by Different Strains of Rabies Virus

Strain Inclusion Bodies Cell Apoptosis Microglia Activation CD3 Lymphocyte MAP-2 Correlation
CTN - ++ ++ ++ - -
CNM1103C + + + + + +
CNM1101C + - - - ++ ++

Note. -, absence; +, weak; ++, strong.
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In the CNM1103C group, we found severe
mitochondrial deformation and cavitation, which
was consistent with the report of Jackson et al.
about organelle damage in the neurons of adult ICR
mice infected with the fixed strain CVS. In the
CNM1101C group, the mitochondrial lesions were
the most severe; the inner cristae had been shed,
and the entire mitochondrion showed cavitation. By
comparison in the CTN group, the mitochondria
were only slightly damaged.

Inclusion bodies were detected in the two street
virus groups, and their main ultrastructural
component was matrix. The structure of virus
inclusion bodies differed with the rabies virus strain.
In the CNM1101C group, typical bullet-shaped rabies
virus was visible at the edge of the matrix in the
inclusion bodies. Typical rabies virus was also
observed in an area of high electron density in the
cytoplasm of human cerebellar Purkinje cells in 2009
by Minoru Tobiume et al.”. In the CNM1103C group,
virus was only visible in the inclusion bodies without
any matrix. Thus, matrix in inclusion bodies could
only be observed after infection with a virulent
rabies virus strain. The reason for this phenomenon
requires further investigation.

Apoptosis in the brain tissue of infected mice
was investigated as it has been reported that
infection with an attenuated rabies virus strain, but
not a virulent strain, can cause death by
apoptosislzz'sgl. This finding was subsequently
confirmed in our study. Infection with the
attenuated strain CTN caused significant apoptosis in
the brains of infected mice, but the virulent strain
CNM1101C caused only minimal apoptosis. Mild
apoptosis and structurally intact nerve cells are
favorable conditions for virus infection and
proliferation, and might help the virus to enter the
central nervous system and escape immunological
surveillance. Interestingly, we found that the street
virus strain  CNM1103C, which has not been
passaged in mouse brain or tissue cells, induced
apoptosis of brain nerve cells (P<0.05), which was
inconsistent with previous reports that street virus
infections do not induce cell apoptosis[24’39]. However,
Ubol and Kasisith™®” have previously reported that a
street virus isolated from canine brain tissue could
induce apoptosis in mouse tissue. However, the
reasons for this discrepancy in the findings of the
above studies remains unclear.

There are many different pathways that initiate
apoptosis“g’zz'sm, of which caspase-dependent
apoptosis is one of the most important. During

apoptosis, through hydrolysis of the peptide bond at
the aspartic acid residue of the C end (P1 residue),
caspase activated downstream caspase or relevant
substrate proteins in the cell, leading to changes in
cellular structure and metabolism and finally cell
apoptosis[22'38’41]. In this study, immunofluorescence
staining for active caspases demonstrated that
caspase-3-mediated apoptosis occurs in the brains of
mice infected with CNM1103C and CTN, and the
extent and severity of apoptosis varied with the
strain. Our in vivo study also showed that the street
virus CNM1103C isolated from bovine brain tissue
could induce cell apoptosis in the mouse brain,
which was an unexpected finding. In the CNM1101C
group, however, minimal caspase-3-mediated
apoptosis was evident, suggesting that apoptotic
pathways other than the caspase-3-dependent
apoptotic pathway might be involved. In addition,
the degree of apoptosis was negatively correlated
with the pathogenicity of the virus, indicating that
cell apoptosis played a protective role in rabies virus
infection.

The presence of Inflammatory cells in the brain
tissue of rabies-infected ICR mice was investigated.
CD11b is a microglial surface marker, and increased
staining for CD11b can indicate microglial activation
in the brain?. We found that the number of
activated microglia and the extent of microglial
activation were significantly greater in the CTN
group than in the CNM1103C group. Moreover,
microglial activation was minimal in the CNM1101C
group. In the CNM1103C and CTN groups,
widespread microglial activation was present in the
cerebral cortex, hippocampus, thalamus and
hypothalamus. Thus, microglial activation was
negatively correlated with virus virulence.

The CD3 molecule is a surface marker of T
lymphocytes, which play an important role in cellular
immunitym]. T lymphocyte infiltration is therefore a
manifestation of the inflammatory responselzo’“].
CD3-positive cell infiltration in the cerebral cortex,
hippocampus, thalamus and hypothalamus was
significantly greater in the CTN group than in the
CNM1103C group (P<0.05), and was slightly higher
than background in the CNM1101C group. Thus T
lymphocyte infiltration was negatively correlated
with virus virulence, which parallels the conclusion
drawn from microglia activation. Therefore, we
concluded that the neuronal damage in rabies is not
caused by T lymphocyte infiltration and microglial
activation.

Damage to neuronal dendrites in brain tissue of
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rabies-infected ICR mice was observed. The MAP-2
protein, which is specifically expressed in neuronal
dendrites, was used to assess damage to neuronal
dendrites®. Dendrites damage was present in the
CNM1101C and CNM1103C groups, but was mostly
absent in the CTN group. Furthermore, the degree of
damage, and therefore the severity of nerve
dysfunction, was positively correlated with virus
virulence. Our findings were consistent with the
changes detected by Fu et al.?%in MAP-2 expression
after infection with the vaccine strain SN-10.

To explore the correlation between nerve cell
damage and rabies virus antigen localization, we
examined the integrity of cytoskeletal proteins by
double staining for the virus antigen and the
cytoskeletal protein MAP-2. Colocalization of virus
antigen and MAP-2 was absent in the CNM1101C
group, but was present in the CTN and CNM1103C
groups. In addition, since the rabies virus antigen
mainly localized to the cytoplasm and MAP-2 in the
nerve cells, we speculated that virus transmission in
the central nervous system occurs along the
dendrites. In combination with the findings on
dendrite damage, these data suggest that nerve
degeneration in rabies infection might be
attributable to damage to the integrity of
cytoskeletal proteins, without which normal nerve
functions cannot be maintained. Thus, decrease in
MAP-2 expression was positively correlated with
virus virulence, but the mechanism underlying this
decrease remains to be explored.

In conclusion, the virulence of the three rabies
virus strains in this study differed. The pathological
changes observed in mice also differed between the
three strains. Inclusion bodies containing matrix
were only observed after infection with the most
virulent strain (CNM1101C). Cell apoptosis was
negatively correlated with virus pathogenicity, and
therefore may play a protective role in rabies virus
infection. However, infection with the street virus
CNM1103C did induce cell apoptosis, which was a
unexpected finding. Decreased expression of MAP-2,
which is specific for neuronal dendrites, was
positively  correlated with  virus  virulence.
Furthermore, the degree of dendrite damage, and
therefore the severity of nerve dysfunction, was
positively correlated with virus virulence.
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