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The challenge virus standard-11 strain (CVS) of fixed rabies virus produces
neuronal apoptosis in widespread areas of the brain of mice after intracerebral
inoculation. The role of the adaptive immune response in producing neuronal
apoptosis in this model was evaluated by comparing the infections in adult
C57BL/6] mice with nude mice (T cell deficient) and Rag1 mice (T and B cell
deficient). Both strains of immunodeficient mice showed very similar clinical
disease and neuropathological findings, including marked neuronal apopto-
sis. The adaptive immune response is unlikely of fundamental importance in
producing neuronal apoptosis in the brains of mice in this model. Journal of

NeuroVirology (2004) 10, 409-413.
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An understanding of rabies pathogenesis will likely
be important in the development of novel therapies
for rabies encephalitis, which is a fatal disease in hu-
mans (Jackson, 2002a, 2002b; Jackson et al, 2003).
Neurotropic viruses may cause neuronal cell death
by either apoptosis or necrosis (Griffin and Hardwick,
1999; Allsopp and Fazakerley, 2000; Fazakerley and
Allsopp, 2001). Apoptosis depends on synthesis of
macromolecules and requires energy, whereas, in
contrast, necrosis is associated with energy failure
(Friedlander, 2003). The destruction of infected cells
by apoptosis has been proposed as an innate host
cellular response that acts to limit viral propagation
during infection (Alcami and Koszinowski, 2000).
The challenge virus standard-11 strain (CVS) of fixed
rabies virus has been observed to induce apop-
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totic cell death in rat prostatic adenocarcinoma cells
(Jackson and Rossiter, 1997), mouse neuroblastoma
cells (Theerasurakarn and Ubol, 1998), and in mouse
embryonic hippocampal neurons (Morimoto et al,
1999), although only limited apoptosis is produced
in human neuroblastoma SK-N-SH and lymphoblas-
toid Jurket T-cell lines (Thoulouze et al, 1997, 2003;
Prehaud et al, 2003). CVS and other lyssaviruses have
been shown to induce caspase dependent apopto-
sis in mouse neuroblastoma cells (Ubol et al, 1998;
Kassis et al, 2004). Rabies encephalitis in adult, suck-
ling, and neonatal mice inoculated intracerebrally
with CVS is associated with marked neuronal apop-
tosis in multiple brain regions (Jackson and Rossiter,
1997; Jackson and Park, 1998; Theerasurakarn and
Ubol, 1998). In contrast, adult animals infected with
CVS by peripheral routes of inoculation demonstrate
severe and fatal encephalitis without prominent neu-
ronal apoptosis (Reid and Jackson, 2001; Jackson,
2003), and CD3-positive T cells are the main con-
tributor to the pool of apoptotic cells in central ner-
vous system (CNS) tissues (Baloul and Lafon, 2003).
Morimoto et al (1999) have observed that CVS vari-
ants that are more neurovirulent in adult mice pro-
duce less apoptosis in vitro over a period of 72 h
in primary hippocampal neurons than produced by
less neurovirulent variants. Lafon and coworkers
have shown that intramuscular inoculation in the
hindlimbs of mice with the Pasteur strain of rabies
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virus (PV) produces local and irreversible paralysis
of the inoculated limbs that is associated with in-
fected neurons in the spinal cord that undergo apop-
totic cell death (Galelli et al, 2000). Furthermore,
they noted that PV-infected nude mice did not de-
velop paralysis or neuronal apoptosis, although these
mice succumbed from fatal infection. These observa-
tions have indicated that neuronal apoptosis in this
abortive model is likely controlled by the immune
response with a T cell-dependent immune response
triggered by PV. In contrast, peripheral inoculation of
CVS was not observed to be associated with T cell-
mediated apoptosis, and there is evidence that this
occurs as a result of virus-induced stimulation of cell
death in migrating T cells and secretion of neuro-
protective factors, including interleukin (IL)-6, which
limits inflammation (Baloul and Lafon, 2003). These
“protective” measures allow preservation of neuronal
integrity and the neuronal network, resulting in suc-
cessful propagation of CVS infection in the CNS with
a fatal outcome.

The role of the immune response in the neu-
ronal apoptosis associated with intracerebral in-
oculation of CVS has not been studied in de-
tail, although it has been reported that the brains
of CVS-infected immunosuppressed mice demon-
strated massive apoptosis (Theerasurakarn and Ubol,
1998). We have studied CVS infection of immun-
odeficient mice, including both nude mice (T cell
deficient) and Ragl mice (T and B cell deficient)
(Mombaerts et al, 1992) and compared the infec-

tions with CVS-infected syngeneic immunocompe-
tent mice in order to explore the role of the adaptive
immune response in producing the apoptotic neu-
ronal death in the brain in this model.

Five-and-a-half-week-old female Ragi C57BL/6]
mice (stock no. 002216, The Jackson Laboratory, Bar
Harbor, ME), nude C57BL/6] mice (stock no. 000819,
The Jackson Laboratory), and C57BL/6] mice (The
Jackson Laboratory) were inoculated intracerebrally
with a dose of 857 plaque-forming units of CVS in
0.03 ml. All C57BL/6] mice and Rag1 mice developed
signs of clinical rabies on 7 to 8 days post infection
(p.i.). The mice became hunched and slow and de-
veloped limb paralysis. They were killed on days 8 to
10 p.i. when their neurologic disease became severe.
Clinical signs developed 1 day later in five of eight
(63%) nude mice than in C57BL/6] mice and in Rag1
mice, but progression was quicker and severe disease
occurred at the same time.

Mice were killed after they developed severe neu-
rologic signs between 8 and 10 days p.i. Brain
tissues were fixed in buffered 4% paraformalde-
hyde and embedded in paraffin. Histopathologic
changes were evaluated on cresyl violet—stained tis-
sue sections. Morphologic changes in neurons in-
cluded multiple condensations of nuclear chromatin
and cytoplasmic shrinkage. Apoptotic neurons were
widely distributed in the brain, but changes were
most marked in pyramidal neurons of the hip-
pocampus and in neurons in deep cerebellar nuclei
(Figure 1). There was a variable amount of associated
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Figure 1 Hippocampus (A-C) and pyramidal neurons of the hippocampus (CA1 region) (D-F) in CVS-infected C57BL/6] mouse (A, D),
nude mouse (B, E), and Rag mouse (C, F) on day 8 or 9 p.i. All mice show loss of pyramidal neurons in the CA3 region (A-C). The CA1
region shows neuronal loss, nuclear condensations of chromatin, and cytoplasmic shrinkage (D-F) in all mice. Deep cerebellar nuclei
of CVS-infected C57BL/6] mouse (G), nude mouse (H), and Rag? mouse (I) days 8 to 10 p.i. showing loss of neurons, apoptotic nuclear
changes, and severe vacuolation in all mice. Cresyl violet staining. A-C, x30; D-F, x270; G-I, x170.



Table 1 Morphological changes in apoptotic neurons

Neuronal apoptosis in immunodeficient mice with rabies virus
M Rutherford and AC Jackson 411

Brain region C57BL/6] mice (n = 14) Nude mice (n = 8) Rag1 mice (n = 8) Significance
Cerebral cortex 2.69 + 0.46 2.19 £ 0.26 2.25 + 0.46 P > .05 (NS)
Hippocampus: CA1 region 3.50 + 0.58 3.83 £ 0.26 3.88 £0.23 P > .05 (NS)
Hippocampus: CA3 region 4.00+0 4.00£0 4.00£0 P > .05 (NS)
Cerebellum: Purkinje cells 3.25 + 0.46 3.13 £ 0.52 3.00 +0.76 P > .05 (NS)
Cerebellum: deep cerebellar nuclei 3.63 + 0.44 3.00 + 0.29 3.13 £ 0.52 P > .05 (NS)
Midbrain tegmentum 2.38 £ 0.23 2.25 £ 0.27 2.13 +£0.23 P > .05 (NS)

Morphological changes of apoptosis were evaluated in neurons in the cerebral cortex, hippocampus (CA1 and CA3 regions), cerebellum
(deep cerebellar nuclei and Purkinje cells), and midbrain under high magnification (40x objective). A semiqualitative evaluation of the
severity of apoptotic changes was performed twice and 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 deviation: 0, no significant changes; 1, mild changes; 2,
moderate changes; 3, severe changes; 4, very severe changes or neuronal loss. Statistical significance was evaluated with a nonparametric,
one-way ANOVA analysis using Bonferroni’s multiple test comparison with a confidence level of 95% for significance (P < .05) (Rosner,

1995). NS, not significant.

Figure 2 Cerebelli of CVS-infected C57BL/6] mouse (A), nude
mouse (B), and Rag? mouse (C) days 8 to 10 p.i. showing marked
degeneration of Purkinje cells with mineralization in all mice.
TUNEL staining in a CVS-infected C57BL/6 mouse on day 9 p.i.
showing signal in a Purkinje cell (D) and in a CVS-infected Rag1
mouse day 9 p.i. showing signal in pyramidal neurons of the hip-
pocampus (E). Inmunoperoxidase staining for activated caspase-3
in CVS-infected nude mice on day 8 p.i. showing signal in neu-
rons in a deep cerebellar nucleus (F) and in the pyriform cortex
(G). Immunoperoxidase staining for rabies virus antigen in the hip-
pocampus (H) of a CVS-infected C57BL/6] mouse showing exten-
sive staining in pyramidal neurons of the hippocampus and mild
staining of neurons in the dentate gyrus. A-C, Cresyl violet stain-
ing; D, E, TUNEL staining with methyl green counterstaining; F-
H, immunoperoxidase-hematoxylin. A-C, x720; D, x580; E, x40;
F, x2400; G, x1900; H, x35.

mineralization in deep cerebellar nuclei. Moderate
changes were also noted in neurons in the cere-
bral cortex, diencephalon, and brainstem, and also
in occasional Purkinje cells (Figure 2A to C). Min-
eralization was also noted in Purkinje cells with
degenerative changes. Infiltration of mononuclear in-
flammatory cells was observed in the leptomeninges,
perivascular regions, and in the brain parenchyma
of the C57BL/6] mice, but not in the brains of either
nude mice or Ragl mice. Activated microglial cells
were noted in the brains of all of the CVS-infected
mice. There was no significant difference in the sever-
ity or distribution of the apoptotic neuronal changes
in the C57BL/6] mice, nude mice, and Ragl mice
(Table 1).

Oligonucleosomal DNA fragmentation was as-
sessed in situ in sections using the terminal de-
oxynucleotidyl transferase—-mediated dUTP-biotin
nick-end labeling (TUNEL) method using a TdT-
FragEL DNA fragmentation detection kit (catalog no.
QIA33) (Oncogene Research Products, San Diego,
CA). Positive TUNEL staining was observed in
widespread brain neurons with morphologic changes
of apoptosis, including Purkinje cells (Figure 2D)
and hippocampal (Figure 2E) and cortical neu-
rons. Immunohistochemical staining for cleaved (ac-
tivated) caspase-3 (Asp175) (Cell Signaling Technol-
ogy, Beverley, MA) was observed in neurons in brain
regions of mice with apoptotic neuronal changes
(Figure 2F and G). However, the numbers of neu-
rons that demonstrated staining for activated caspase-
3 were much smaller than the numbers of neurons
showing morphologic changes of apoptosis and pos-
itive TUNEL staining, and also considerably less
than for immunohistochemical staining for activated
caspase-3 in suckling mice infected by intracerebral
inoculation with the SAD-L16 strain of fixed rabies
virus (P. Rasalingam and A.C. Jackson, unpublished
observations). Hence, there is uncertainty about to
what extent neuronal apoptosis involves caspase-
dependent pathways in this model.

Tissue sections were stained for rabies virus
antigen by the avidin-biotin-peroxidase complex
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method using monoclonal mouse anti-rabies virus
immunoglobulin G (IgG) 5DF12 primary antibody
(obtained from Alexander I. Wandeler, Centre of Ex-
pertise for Rabies, Canadian Food Inspection Agency,
Nepean, Ontario) as previously described (Jackson
et al, 1999).

Rabies virus antigen was widely distributed in
neurons throughout the brains of all of the CVS-
infected mice, which had severe disease. Infection
was prominently noted in the pyramidal neurons of
the hippocampus (Figure 2H) and neurons in the
brainstem, cerebellum (deep cerebellar nuclei and
Purkinje cells), and cerebral cortex. Neurons were
also noted to be infected in the dentate gyrus of
the hippocampus. C57BL/6] mice, nude mice, and
Ragl mice exhibited similar amounts and similar
distributions of rabies virus antigen in the brain (data
not shown).

Intracerebral inoculation of CVS in adult C57BL/6]
mice resulted in a severe encephalitis associated with
widespread neuronal apoptosis in multiple brain ar-
eas. The present study of CVS infection in adult
C57BL/6] mice showed similar findings as in pre-
vious studies of CVS infection in adult ICR mice
(Jackson and Rossiter, 1997). However, there were
some differences, including apoptosis of occasional
infected Purkinje cells and infection of neurons
in the dentate gyrus of the hippocampus in the
C57BL/6] mice. Nude mice and Ragl mice are use-
ful tools in assessing the role of the adaptive im-
mune response in producing CVS-induced neuronal
apoptosis. Both CVS-infected nude mice and Rag1
mice demonstrated widespread neuronal apoptosis
in the brain, which was similar to the changes in the
brains of infected immunocompetent C57BL/6] mice.
These findings are consistent with the observations of
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