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Abstract

We previously reported that the avirulent fixed rabies virus strain Ni-CE induces a clear cytopathic effect in mouse neuroblas-
toma cells, whereas its virulent progenitor, the Nishigahara strain, does not. Infection with Nishigahara and Ni-CE mutants con-
taining a single amino acid substitution in the matrix protein (M) demonstrated that the amino acid at position 95 of M (M95) is a 
cytopathic determinant. The characteristics of cell death induced by Ni-CE infection resemble those of apoptosis (rounded and 
shrunken cells, DNA fragmentation), but the intracellular signalling pathway for this process has not been fully investigated. In 
this study, we aimed to elucidate the mechanism by which M95 affects cell death induced by human neuroblastoma cell infec-
tion with the Nishigahara, Ni-CE and M95-mutated strains. We demonstrated that the Ni-CE strain induced DNA fragmentation, 
cell membrane disruption, exposure of phosphatidylserine (PS), activation of caspase-3/7 and anti-poly (ADP-ribose) poly-
merase 1 (PARP-1) cleavage, an early apoptosis indicator, whereas the Nishigahara strain did not induce DNA fragmentation, 
caspase-3/7 activation, cell membrane disruption, or PARP-1 cleavage, but did induce PS exposure. We also demonstrated that 
these characteristics were associated with M95 using M95-mutated strains. However, we found that Ni-CE induced cell death 
despite the presence of a caspase inhibitor, Z-VAD-FMK. In conclusion, our data suggest that M95 mutation-related cell death is 
caused by both the caspase-dependent and -independent pathways.

INTRODUCTION
Rabies virus (RABV) causes lethal neurological symptoms in 
mammals and has a mortality rate of almost 100 %. There is no 
effective cure for rabies and effective vaccines are not widely 
available, resulting in an estimated 59 000 human deaths every 
year, mainly in Asia and Africa [1]. Therefore, discovering 
an effective cure and a more cost-effective vaccine than the 
prevailing options is necessary to overcome this global public 
health problem.

Understanding the molecular functions of each RABV protein 
in detail is crucial for developing therapeutic strategies or aviru-
lent live vaccines against rabies. The RABV genome encodes 

five structural proteins: nucleoprotein, phosphoprotein, matrix 
protein, glycoprotein and large protein (N, P, M, G and L 
proteins, respectively). The N, P and L proteins form a ribo-
nucleoprotein (RNP) complex together with the viral genomic 
RNA [2]. The M protein plays a key role in the recruitment of 
the RNP by host cell membranes and the budding of enveloped 
virus particles [3, 4]. The G protein forms projections from the 
surface of the viral envelope that bind to host cell receptors 
[5, 6]. To identify the viral proteins and amino acids responsible 
for the pathogenesis, we characterized two RABV strains: the 
Nishigahara strain, a virulent fixed strain with demonstrable 
lethality when inoculated intracerebrally to mice, and the Ni-CE 
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strain, a non-lethal offshoot of the Nishigahara strain obtained 
after 100 passages in chicken embryo fibroblast cells [7].

We previously reported that intracerebral inoculation of the 
CE(NiM95) strain, in which the Ala at position 95 in the M 
protein (M95) of Ni-CE was replaced with a Val from the 
M protein of the Nishigahara strain, was lethal in mice [8]. 
Moreover, we showed that M95 Ala is required to induce 
cell death because the Ni-CE strain, but not the Nishigahara 
or CE(NiM95) strain, induces a clear cytopathic effect (CPE) 
characterized by cell rounding, shrinkage and detachment in a 
mouse neuroblastoma cell line [9]. In general, RABV virulent 
strains do not induce prominent inflammation and cell death 
in the central nervous system, whereas fixed, non-lethal strains 
induce these effects, implying that the pathogenicity of RABV is 
inversely correlated with inflammation and cell death [10–12]. 
These previous studies suggest that the ability of M95 to induce 
cell death is correlated with the differences in the pathogenicity 
between the Nishigahara and Ni-CE strains; however, the intra-
cellular signalling pathway involved in M95-induced cell death 
has not been elucidated.

We previously reported that CPE induced by the Ni-CE strain 
was accompanied by the apoptosis-like characteristics of cell 
death, displaying cell rounding, shrinkage and DNA fragmenta-
tion [9]. Apoptosis is a physiological process of cell death char-
acterized by specific morphological and biochemical changes 
[13]. Caspases, a family of cysteine proteases, are prominent 
in apoptosis. Caspase-3 and -7 are well-known executioner 
caspases [14] that induce phosphatidylserine (PS) exposure, 
DNA fragmentation and cell shrinkage [15, 16]. Accordingly, 
apoptosis is defined as cell death caused by executioner caspases 
[17].

In this study, we aimed to elucidate the mechanisms by which 
M95 affects the cell death caused by RABV infection. We inves-
tigated cell death dynamics and apoptotic characteristics such 
as DNA fragmentation, activation of the executioner caspases, 
cell membrane disruption and PS exposure in human neuro-
blastoma cells infected with the Nishigahara, Ni-CE, or M95 
mutant strains.

METHODS
Cells, viruses and reagents
Human SK-N-SH neuroblastoma cells and mouse NA neuro-
blastoma cells maintained in Eagle’s minimum essential 
medium (E-MEM; FUJIFILM Wako Pure Chemical, Osaka, 
Japan) supplemented with 10 % foetal calf serum, penicillin 
(100 U ml−1), streptomycin (100 µg ml−1) and amphotericin B 
(2.5 µg ml−1) were cultured at 37 °C in a humidified atmosphere 
with 5 % CO2. The RABV strains targeted for evaluation were 
the Nishigahara, Ni-CE, CE(NiM95) and Ni(CEM95) strains; 
the latter strain was derived from the Nishigahara strain with a 
single substitution at M95 replacing valine (Nishigahara M95) 
with alanine (Ni-CE strain M95) (Fig.  1]. Each strain was 
recovered from the relevant cloned cDNA as reported previ-
ously [7, 9, 18]. The fixed RABV strains CVS and ERA were 
also used as positive controls in this study. Stocks of all viruses 

Fig. 1. Schematic diagram of the genome organization and CPE-inducing 
ability of the Nishigahara, Ni-CE and M95-mutated strains in NA cells. 
Grey and white lines represent M95 derived from the Nishigahara (Val) 
or the Ni-CE strain (Ala), respectively. −, low CPE in NA cells; +, high CPE 
in NA cells [9].

Fig. 2. Cell death induction by the Nishigahara, Ni-CE and M95-mutated 
strains in human neuroblastoma SK-N-SH cells. (a) CPE induction by 
the Nishigahara, Ni-CE and M95-mutated strains in SK-N-SH cells. Cells 
were infected with each strain (m.o.i.=1) and observed at 48 h post-
infection (h p.i.) with a microscope. Scale bars represent 25 µm. (b) 
Viability of SK-N-SH cells infected with each strain at m.o.i.=3. After 24, 
48 and 72 h p.i., cell viability was measured using a CellTiter-Glo assay 
kit. Cells treated with 1.0 µM staurosporine (Sts) for 4–6 h were used 
as positive controls. Luminescence is represented as the mean plus 
or minus the sd based on three wells; fold-changes in luminescence 
from the mock-infected sample are shown. The Student–Newman–
Keuls test was used to determine statistical significance. *, significant 
difference (P <0.05).
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were prepared in NA cells. Staurosporine (Sts; FUJIFILM Wako 
Pure Chemical) was used as an apoptosis inducer and Z-VAD-
FMK (Peptide Institute, Ibaraki, Japan) was used as a caspase 
inhibitor.

CPE observation
Monolayer SK-N-SH cultures grown in a 96-well plate (TPP, 
Trasadingen, Switzerland) were infected with each RABV strain 
at a multiplicity of infection (m.o.i.) of 1. Morphological changes 
in infected cells were observed with an inverted microscope 
(Eclipse Ti-S, Nikon, Tokyo, Japan) at 24, 48, and 72 h post-
infection (p.i.).

Cell viability assay
A CellTiter-Glo 2.0 Cell Viability Assay Kit (Promega, 
Madison, WI, USA) was used to measure ATP lumi-
nescence as an indicator of metabolically active cells. 
Briefly, SK-N-SH cells were cultured in a 96-well white 
plate (Thermo Fisher Scientific, Waltham, MA, USA) and 

infected with each RABV strain (m.o.i.=3). At 24, 48 and 72 
h p.i., equal volumes of the cell titre substrate buffer mixture 
and medium were added to each well. After shaking at room 
temperature for 1 min, luminescence was measured with 
a Glo-MAX Explorer Microplate Reader (Promega). Cells 
cultured with 1.0 µM Sts for 4–6 h were used as positive 
controls.

Terminal deoxynucleotidyl transferase-mediated 
dUTP nick-end labelling (TUNEL) assay
Apoptotic cells were detected by TUNEL assay using a 
MEBSTAIN Apoptosis TUNEL kit III (MBL, Aichi, Japan). 
Briefly, SK-N-SH cells grown on an eight-well chamber 
slide (SPL Life Sciences, Pocheon, Republic of Korea) were 
infected with each RABV strain (m.o.i.=1). At 48 h p.i., cells 
were fixed in phosphate-buffered saline (PBS) containing 
4 % paraformaldehyde (FUJIFILM Wako Pure Chemicals) 
for 30 min. Subsequently, the cells were permeabilized with 
100 % methanol at room temperature for 1 min. Before 

Fig. 3. Detection of apoptotic cells by TUNEL assay using SK-N-SH cells infected with the Nishigahara, Ni-CE, or M95-mutated strains. 
Cells were infected with each strain (m.o.i.=1). At 48 h p.i., apoptotic cells were detected by TUNEL staining. Green staining shows 
apoptotic cells (TUNEL-positive). Red staining shows cells infected with rabies virus (targeting N protein). Blue staining shows cell nuclei 
(DAPI). Scale bars represent 25 µm.
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TUNEL staining according to the manufacturer’s instruc-
tions, the cells were incubated with an anti-RABV N protein 
mouse monoclonal antibody (anti-N mAb #13–27) [19] 
diluted in PBS at 37 °C for 30 min. After being washed five 
times with PBS, the slides were incubated with an Alexa 
Fluor 594-conjugated anti-mouse IgG secondary antibody 
(Invitrogen, Carlsbad, CA, USA) diluted in PBS at 4 °C over-
night. After being washed five times with PBS, the nuclei 
were stained by ProLong Diamond Antifade Mountant with 

DAPI (Invitrogen). Cells were examined using a BZ-X710 
fluorescence microscope (Keyence, Osaka, Japan).

Real-time assessment of PS exposure and cell 
membrane disruption

Real-time assessment of PS exposure and cell membrane disrup-
tion as indicators of early and late apoptosis, respectively, was 
performed using a Real-Time-Glo Annexin V Apoptosis and 

Fig. 4. Chronological analysis of PS exposure (luminescence) and cell membrane disruption (fluorescence). SK-N-SH cells were infected 
with mock (a) or the Nishigahara (b), Ni-CE (c), Ni(CEM95) (d), or CE(NiM95) (e) strain (m.o.i.=3). Luminescence and fluorescence are 
represented as the mean plus or minus sd based on three wells. The Student–Newman–Keuls test was used to determine statistical 
significance. *, P <0.05 compared with mock-infected cells; #, P <0.05 compared with Nishigahara-infected cells.
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Necrosis Assay (Promega) according to the manufacturer’s 
instructions. Briefly, SK-N-SH cells were seeded into a 96-well 
white plate. After infection with each RABV strain (m.o.i.=3), 
cells were cultured in E-MEM containing the detection reagent, 
which had been prepared according to the manufacturer’s 
instructions. Cells cultured in the same mixture containing 
0.1 µM Sts were used as positive controls. The luminescence 
and fluorescence of the cultured cells were measured chrono-
logically to evaluate PS exposure and cell membrane disruption, 
respectively, at different time points using a Glo-MAX Explorer 
Microplate Reader.

Caspase-3/7 activity assay
The caspase-3/7 activity of RABV-infected cells was detected 
using a Caspase-Glo 3/7 Assay (Promega). SK-N-SH cells were 
cultured in 96-well plates and infected with each RABV strain 
(m.o.i.=1). At 36 and 48 h p.i., the cells were lysed with Caspase-
Glo buffer on ice for 10 min. Cells cultured with 1.0 µM Sts for 

4–6 h were used as positive controls. Cell lysates were trans-
ferred into a 96-well white plate and the corresponding caspase 
substrate dissolved in Caspase-Glo buffer was added. After 
shaking at room temperature for 1 min, caspase-3/7 activity 
was measured as luminescence using a Glo-MAX Explorer 
Microplate Reader.

Western blotting
SK-N-SH cells infected with each RABV strain (m.o.i.=1) were 
lysed at 24 h p.i. using RIPA buffer [50 mM Tris-HCl (pH 
7.5), 150 mM NaCl, 1 mM EDTA, 1 % NP-40, 0.5 % sodium 
deoxycholate] including a protease inhibitor cocktail (Nacalai 
Tesque, Kyoto, Japan). After incubation on ice for 15 min, the 
cell lysates were centrifuged (12 000 g, 10 min, 4 °C), and the 
collected supernatants were mixed with an equal volume of 
2× sodium dodecyl sulfate/polyacrylamide gel electrophoresis 
(SDS-PAGE) sample buffer [125 mM Tris/HCl (pH 6.8), 4 
% SDS, 20 % (w/v) glycerol, 0.01 % bromophenol blue, 10 % 
(v/v) 2-mercaptoethanol]. After incubation at 95 °C for 5 min, 
proteins in the samples were separated by 10 % SDS-PAGE 
and then transferred onto Immobilon-P membranes (Merck 
Millipore, Burlington, MA, USA). After blocking with PBS 
containing 5 % skim milk (FUJIFILM Wako Pure Chemicals) 
and 0.1 % Tween-20 (FUJIFILM Wako Pure Chemicals), 
membranes were incubated at 4 °C overnight with anti-poly 
(ADP-ribose) polymerase 1 (PARP-1) rabbit monoclonal anti-
body (#9542, Cell Signaling, Danvers, MA, USA), anti-N mAb 
#13–27, or anti-tubulin mouse monoclonal antibody (T5168; 
Sigma Aldrich, St Louis, MO, USA) diluted in PBS containing 
1 % skim milk and 0.1 % Tween-20. After washing with PBS 
containing 0.1 % Tween-20, the membranes were incubated 
at 37 °C for 1 h with horseradish peroxidase-conjugated anti-
mouse IgG (P0260, Dako, Glostrup, Denmark) or anti-rabbit 
IgG (P0448, Dako) as the secondary antibody. Protein bands 
were visualized using ECL Prime Western Blotting Detection 
Reagent (GE Healthcare, Chicago, IL, USA), and images were 
acquired using ImageQuant LAS 500 (GE Healthcare).

Statistical analysis
Statistically significant differences between two groups were 
analysed using Student’s t-test and among multiple groups 
were analysed using one-way analysis of variance (ANOVA), 
followed by the Student–Newman–Keuls test. A P-value of 
<0.05 was considered statistically significant.

RESULTS
Ni-CE and Ni(CEM95) strains induced stronger CPE 
and reduced cell viability in human neuroblastoma 
cells
To investigate whether the cell death induced by Ni-CE 
infection observed in mouse neuroblastoma NA cells [9] 
also occurred in other cell lines, we inoculated Nishigahara, 
Ni-CE and M95 mutants [CE(NiM95) and Ni(CEM95)] 
into human SK-N-SH neuroblastoma cells. We observed a 
stronger CPE in SK-N-SH cells infected with the Ni-CE and 
Ni(CEM95) strains than in those infected with Nishigahara 

Fig. 5. Caspase-3/7 activities in RABV-infected SK-N-SH cells. (a) 
Caspase-3/7 activities in SK-N-SH cells infected with the CVS, ERA, 
Nishigahara and Ni-CE strains (m.o.i.=1) at 24 and 48 h p.i. Fold 
changes in luminescence from the mock-infected sample are shown. 
The Student–Newman–Keuls test was used to determine statistical 
significance. *, significant difference versus mock-infected cells (P 
<0.05). (b) Caspase-3/7 activities in SK-N-SH cells infected with the 
Nishigahara, Ni-CE, Ni(CEM95) and CE(NiM95) strains at 36 and 48 h 
p.i. Luminescence is represented by the mean plus or minus the sd 
based on three wells. The Student–Newman–Keuls test was used to 
determine statistical significance. *, P <0.05.
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and CE(NiM95) strains at 48 h p.i. (Fig. 2a); specifically, cells 
infected with the Ni-CE and Ni(CEM95) strains were more 
rounded, shrunken and detached, resembling the response 
previously reported in NA cells. Furthermore, to determine 
whether CPE is related to cell death, we investigated cell 
viability by measuring ATP luminescence. SK-N-SH cells 
infected with the Ni-CE and Ni(CEM95) strains showed lower 
luminescence than cells infected with the Nishigahara and 
CE(NiM95) strains (Fig. 2b), demonstrating that the Ni-CE 
and Ni(CEM95) strains induced cell death more strongly. 
These results indicate that the M95 position is also related to 
the human SK-N-SH cell death induced by Ni-CE infection.

M95-related cell death also results in DNA 
fragmentation
A TUNEL assay to detected DNA fragmentation, a character-
istic of apoptosis, was performed on SK-N-SH cells infected 
with each RABV strain. A greater proportion of TUNEL-
positive cells were detected among SK-N-SH cells infected 
with the Ni-CE and Ni(CEM95) strains than among those 
infected with the Nishigahara and CE(NiM95) strains (Fig. 3). 
This result suggests that DNA fragmentation occurs during 
the process of cell death induced by Ni-CE infection.

M95-related cell death is involved in cell membrane 
disruption
To investigate the relationship between cell death induced 
by Ni-CE infection and the host cell membrane, we detected 
PS exposure and cell membrane disruption in real-time 
using SK-N-SH cells infected with each RABV strain. Lumi-
nescence and fluorescence (representing PS exposure and 
cell membrane disruption, respectively) were measured at 
different time points in the infected cells. Both Ni-CE- and 
Nishigahara-infected cells showed higher luminescence than 
mock-infected cells between 18 and 36 h p.i., with comparable 
levels of luminescence (Fig. 4a–e). Notably, after 36 h p.i., 

luminescence decreased dramatically in Ni-CE-infected cells 
but not in Nishigahara-infected cells. In contrast, fluorescence 
levels were higher in Ni-CE-infected cells than in Nishigahara-
infected cells between 18 and 72 h p.i. These results suggest 
that the Ni-CE strain induced cell membrane disruption and 
cell death through PS exposure, whereas Nishigahara strains 
did not induce cell membrane disruption despite PS exposure. 
Notably, Ni(CEM95)-infected and CE(NiM95)-infected cells 
showed the same dynamics of luminescence and fluorescence 
as those of Ni-CE-infected and Nishigahara-infected cells, 
respectively (Fig. 4d, e). These results indicate that M95 is 
strongly related to cell membrane disruption but not to PS 
exposure.

Activation of caspase-3/7 is involved in M95-
related cell death for SK-N-SH cells
Apoptosis is induced by executioner caspases, mainly 
caspase-3, according to the definition of the Nomenclature 
Committee on Cell Death [17]. Thus, we examined the activity 
of executioner caspases in SK-N-SH cells infected with each 
strain to clarify whether cell death induced by Ni-CE infection 
is associated with apoptosis. We demonstrated that the Ni-CE 
strain induced caspase-3/7 activity, in a similar manner to the 
positive control RABV strains (CVS and ERA) [20, 21], and 
this induced activity was significantly greater than that seen 
with mock infection or the Nishigahara strain in SK-N-SH 
cells (Fig. 5a). Notably, the Ni-CE and Ni(CEM95) strains 
induced higher caspase-3/7 activity than either mock infec-
tion or the Nishigahara or CE(NiM95) strain (Fig. 5b). These 
results indicate that the cell death induced by Ni-CE infection 
is associated with the activation of executioner caspases.

PARP-1 cleavage is involved in M95-related cell 
death
Cleavage of PARP-1 by caspases is considered to be a hallmark 
of apoptosis [22]. Thus, we investigated PARP-1 cleavage in 
SK-N-SH cells infected with each strain. Distinct PARP-1 
cleavage was detected in cells infected with the Ni-CE and 
Ni(CEM95) strains and cells treated with Sts. However, 
PARP-1 cleavage was less pronounced in cells infected 
with the Nishigahara and CE(NiM95) strains than in those 
infected with the Ni-CE and Ni(CEM95) strains (Fig. 6). This 
result indicates that PARP-1 cleavage is involved in cell death 
induced by Ni-CE infection.

Cell death induced by Ni-CE infection is also related 
to the caspase-independent pathway
To investigate whether the cell death induced by Ni-CE infec-
tion depends on canonical caspase-dependent apoptosis, we 
investigated the caspase-3/7 activity, PARP-1 cleavage and 
cell viability of RABV-infected cells in the presence of the 
caspase inhibitor Z-VAD-FMK (Fig. 7). We demonstrated 
that Z-VAD-FMK significantly reduced caspase-3/7 activity 
in SK-N-SH cells infected with the Ni-CE and Ni(CEM95) 
strains (Fig. 7a). Moreover, PARP-1 cleavage was partially 
recovered in cells infected with each RABV strain by treat-
ment with Z-VAD-FMK (Fig. 7b). These results suggest that 

Fig. 6. Western blot analysis of PARP-1 cleavage. SK-N-SH cells were 
infected with each RABV strain (m.o.i.=1) and lysed at 24 h p.i. Cells 
treated with 1.0 µM Sts for 4–6 h were used as positive controls. 
Proteins were detected with antibodies against PARP-1 and the RABV N 
protein (RABV-N). Tubulin was used as a loading control.
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Fig. 7. Effect of the caspase inhibitor Z-VAD-FMK on caspase-3/7 activity, cell viability and PARP-1 cleavage on SK-N-SH cells infected 
with the Nishigahara, Ni-CE and Ni(CEM95) strains. (a) Effects of the caspase inhibitor Z-VAD-FMK on caspase-3/7 activity in SK-N-SH 
cells infected with the Nishigahara, Ni-CE and Ni(CEM95) strains (m.o.i.=1). DMSO (white bars) or Z-VAD-FMK (20 µM; grey bars) was 
treated after RABV infection. After 48 and 72 h p.i., caspase-3/7 activity was measured. Luminescence is represented as the mean plus 
or minus the sd based on three wells. The Student–Newman–Keuls test was used to determine statistical significance. *, significant 
difference (P <0.05). (b) SK-N-SH cells were infected with each RABV strain (m.o.i.=1). Cells were treated with DMSO or Z-VAD-FMK (20 
µM) after RABV infection and lysed at 48 h p.i. Cells treated with 1.0 µM Sts for 4–6 h were used as positive controls. Proteins were 
detected with antibodies against PARP-1 and the RABV N protein (RABV-N). Tubulin was used as a loading control. (c) Effect of Z-VAD-
FMK treatment on the viability of SK-N-SH cells infected with each RABV strain (m.o.i.=1). Cells were treated with DMSO (white bars) or 
Z-VAD-FMK (20 µM; grey bars) after RABV infection. At 48 and 72 h p.i., cell viability was measured using a Cell Titer Glo assay kit. Cells 
treated with 0.1 µm staurosporine (Sts) for 72 h were used as positive controls. Luminescence is represented as the mean plus or minus 
the sd based on three wells. The Student–Newman–Keuls test was used to determine statistical significance. *, significant difference (P 
<0.05).
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the mechanism of cell death induced by Ni-CE infection is 
related to executioner caspases in SK-N-SH cells. However, 
despite the fact that Z-VAD-FMK treatment at the same 
concentration inhibited the activity of caspase-3/7, there was 
no recovery of viable cells by Z-VAD-FMK treatment in cells 
infected with each virus strain (Fig. 7c). These results suggest 
that the cell death induced by Ni-CE infection depends on a 
caspase-independent pathway as well as caspase-dependent 
canonical apoptosis.

DISCUSSION
Previous studies have shown that attenuated RABV strains 
induce cell death both in vitro and in vivo, whereas viru-
lent RABV strains have shown less pronounced effects 
[11, 20, 23, 24]. Therefore, the suppression of cell death 
induction is considered to be one of the mechanisms of RABV 
pathogenesis. However, the exact mechanism underlying cell 
death induced by attenuated RABV remains unknown. In 
this study, using the Nishigahara and Ni-CE strains and their 
M95-mutant viruses, we demonstrated that the amino acid 
at position 95 of the RABV M protein plays a crucial role in 
cell membrane disruption, but not in PS exposure. Moreover, 
we showed that cell death induced by Ni-CE infection was 
not only associated with the caspase-3/7 pathway, the major 
executioner caspases in apoptosis, but also with the caspase-
independent pathway.

In this study, when human SK-N-SH cells were inoculated 
with each RABV strain, the cells infected with the Ni-CE and 
Ni(CEM95) strains showed significant CPE and cell death 
and prominent DNA fragmentation, whereas those infected 
with the Nishigahara and CE(NiM95) strains induced low 

CPE or DNA fragmentation (Figs 2 and 3). These results were 
similar to those of Mita et al. [9] for NA cells derived from 
mouse neuroblastomas. This suggests that the M95 mutation 
is involved in cell death in neuroblastoma cells from different 
animal species.

A recent study has also shown that the RABV M protein is 
a cytopathic determinant [21] and that the amino acids at 
positions 67–79 of the M protein of the CVS-11 strain, a fixed 
RABV strain, are related to cell death characterized by DNA 
fragmentation, PARP-1 cleavage, and caspase-3 activation in 
mouse neuroblastoma N2a cells [21]. Here, we found that 
the Ni-CE strain also induced similar DNA fragmentation, 
PARP-1 cleavage and caspase-3/7 activation to those induced 
by the CVS-11 strain in human neuroblastoma SK-N-SH 
cells. Notably, it has been shown that the CVS-11 strain also 
activates both caspase-dependent and caspase-independent 
cell death pathways [24]. These findings suggest that RABV-
induced cell death may be caused by a common mechanism 
among multiple strains, although there are differences in the 
amino acid regions that determine it.

Although all strains used in this study induced PS exposure 
on the cell membrane, the Ni-CE and Ni(CEM95) strains, 
but not the Nishigahara and CE(NiM95) strains, dramati-
cally induced cell membrane disruption (Fig.  4), strongly 
suggesting that M95 is related to cell membrane disrup-
tion. Thus, the M protein with Ala at M95 may induce cell 
membrane disruption followed by PS exposure, whereas the 
M protein with Val at M95 does not induce cell membrane 
disruption despite the occurrence of PS exposure (Fig. 8). 
Generally, cell membrane disruption occurs after PS expo-
sure [25]. Three major mechanisms of PS exposure have 

Fig. 8. Summary of M95-related cell membrane dynamics in SK-N-SH cells infected with RABV. (a) The Nishigahara or CE(NiM95) strain 
does not induce cell membrane disruption despite PS exposure. (b) The Ni-CE or Ni(CEM95) strain induces cell membrane disruption 
through PS exposure.
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been described thus far: (1) Ca2+-mediated activation of 
TMEM16F; (2) caspase-mediated activation of Xkr8; and 
(3) caspase-mediated inactivation of the ‘flippase’ complex, 
ATP11c and CDC50a [26–29]. In this study, we showed that 
cell death induced by Ni-CE infection was caspase-dependent 
in SK-N-SH cells, suggesting the involvement of either the 
Xkr8 or flippase complex mechanism. However, we found that 
SK-N-SH cells infected with the Ni-CE and Ni(CEM95) strains 
induced cell membrane disruption followed by PS exposure 
in the presence of Z-VAD-FMK (data not shown). Therefore, 
Ca2+-mediated activation of TMEM16F, which is known as 
a caspase-independent phenomenon, may be associated 
with the M95-related cell death mechanism. Additionally, 
galectin-1, a β-galactoside-binding lectin, has been reported 
to induce PS exposure in neutrophils without altering cell 
viability [30]. Therefore, the Ni-CE and Ni(CEM95) strains 
may also induce PS exposure by activating galectin-1. Further 
molecular studies are needed to elucidate the mechanism of 
cell death following PS exposure involving M95.

In the present study, we showed that the PARP-1 cleavage 
during M95-related cell death was partially recovered by the 
caspase inhibitor, Z-VAD-FMK. PARP-1 is an intracellular 
protein that detects and repairs DNA breaks [31] and is 
mostly cleaved by activated caspase-3/7 [32, 33]. However, 
PARP-1 cleavage is triggered by both caspase-dependent and 
-independent pathways. Masdehors et al. [34] reported that 
PARP-1 cleavage may be regulated by a ubiquitin-associated 
‘N-end rule pathway’ in a caspase-independent manner. In 
contrast, Yang et al. [35] demonstrated that transforming 
growth factor-β, a cytokine involved in various physiological 
processes, induces PARP-1 cleavage in the presence of a 
caspase inhibitor. Thus, PARP-1 cleavage occurring during 
Ni-CE infection-induced cell death may be associated with 
both caspase-dependent and caspase-independent signalling.

Here, we demonstrated that the Ni-CE strain induced cell 
death regardless of the presence of Z-VAD-FMK. Thus, 
caspase-independent programmed cell death mechanisms 
may also be associated with cell death induced by Ni-CE infec-
tion. New types of programmed cell death have recently been 
discovered [17], some of which are caspase-independent and 
induce antiviral immune responses [36–38]. For instance, the 
M protein of the vesicular stomatitis virus (VSV), a member 
of the family Rhabdoviridae, is involved in the novel cell 
death systems, necroptosis and parthanatos [37, 39]. Necrop-
tosis is a newly discovered type of programmed cell death 
that is morphologically necrotic and caspase-independent. 
Receptor-interacting serine/threonine-protein 1 (RIPK1), a 
key signalling molecule in necroptosis [17], is upregulated 
in cells transfected with the VSV M protein [37]. In contrast, 
the VSV M protein may also induce parthanatos, which is 
another programmed cell death pathway that causes DNA 
fragmentation by PARP hyperactivation and apoptosis-
inducing factor activation [39, 40]. We have not found any 
homologous amino acid regions between the VSV and RABV 
M proteins that might be associated with these novel forms 
of cell death. However, the question of whether the RABV M 
protein activates these systems requires further investigation.

In conclusion, we found that cell death induced by Ni-CE 
infection is characterized by PS exposure following cell 
membrane disruption and is related to both caspase-
dependent and caspase-independent pathways in SK-N-SH 
cells. The mechanisms by which a single amino acid change 
is involved in cell death remains unclear and the details of 
caspase-dependent and caspase-independent signalling are 
still unknown. We believe that elucidation of the mechanism 
of RABV-induced cell death would be a great advance in our 
understanding of the pathogenicity of this virus.
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