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Abstract: The aim of this study was to investigate the activity of apoptosis and autophagy in animals (cows, horses,
donkeys, dogs and cats) naturally infected with rabies by using immunohistochemistry, immunofluorescence, and
qPCR. The mRNA transcript levels of caspase-3, Bax, Bcl2 and LC3B were determined with qPCR. Caspase-3 and AIF
immunopositivity were not observed in the immunohistochemical and immunofluorescence staining, whereas
LC3B immunopositivity was determined intensively in the infected animals compared to the control groups. LC3B
immunopositivity was detected in the cytoplasm of the Purkinje cells in the cerebellum of the cows, horses and
donkeys, and also in the cytoplasm of the neurons in the cornu ammonis of the dogs and cats. While the expression
levels of caspase-3 and Bax were downregulated, the Bcl2 expression was up-regulated in the infected animals com-
pared to the uninfected animals. In addition, the LC3B levels were found to be significantly higher in the infected
animals. To the best of our knowledge, this work represents the first report of neuronal death in the central ner-
vous system by autophagy, rather than by caspase-dependent or AIF-containing caspase-independent apoptosis.
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Rabies is a disease that causes acute encephalitis
in the central nervous system and the subsequent
death in humans and animals. The rabies virus be-
longs to the genus Lyssavirus of the Rhabdoviridae
family (Jackson 2003). The disease is spread by in-
tramuscular or subcutaneous transport of an in-
fected mammal’s saliva (Warrell and Warrell
2004). Previous studies have reported that chang-
es in rabies-infected neurons are not fully under-
stood and this remains the case (Jackson 1993;
Dumrongphol et al. 1996; Jackson 2011; Kip et al.
2017). Nevertheless, models of cell death involving
apoptosis and autophagy have been studied in vivo
and in vitro (Jackson and Park 1998; Yan et al.
2001; Sarmento et al. 2005; Sarmento et al. 2006;
Scott et al. 2008; Suja et al. 2011; Peng et al. 2016;
Zan et al. 2016; Li et al. 2017; Liu et al. 2017).

Caspases have an important role in apoptosis
(Sarmento et al. 2006). There are two pathways
involved in apoptosis caused by caspases. The first
is an extrinsic pathway initiated by the cell surface
receptors with activation of caspase-8. The second
is an intrinsic pathway organised by the mitochon-
dria and with activation of caspase-9. Caspase-3
is active in both pathways (Ashkenazi and Dixit
1998; Budihardjo et al. 1999; Granville and Gottlieb
2002). In addition, a flavoprotein caspase [i.e.,
apoptosis-inducing factor (AIF)] is released from
the mitochondria and initiates an independent
pathway (Susin et al. 1999; Galluzzi et al. 2012).
The AIF release from the mitochondria to the cy-
toplasm is a critical initiative stage in the mito-
chondrial apoptotic process (Huang et al. 2016).
AIF signalling pathway-mediated apoptosis is one
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of the non-caspase-dependent cell death mecha-
nisms that are widely present in neurological dis-
eases (Nan et al. 2020). The members of the BCL2
family are key regulators of apoptosis (Adams and
Cory 1998). Based on their function, BCL2 fam-
ily members are classified in one of two groups:
proapoptotic vs antiapoptotic proteins. The pro-
apoptotic BCL2 family proteins, such as BAX, BAD,
BID and BCLXS, trigger and/or promote apoptosis,
whereas the antiapoptotic members of this family,
including BCL2, BCLXL and BCLW, protect the
cell by impeding the normal cell death (Youle and
Strasser 2008). Interestingly, the relative expres-
sion ratios of the pro- and antiapoptotic BCL2-
family members dictate the cell fate and sensitivity
(or resistance) of cells to multiple apoptotic stimuli,
including infections, growth factor deprivation, hy-
poxia, exposure to oxidants, irradiation, and treat-
ment with antineoplastic agents (Shinoura et al.
1999; Giotakis et al. 2016).

Autophagic cell death, which is a more recent is-
sue, has been reported to be an important pathway
for the removal of intracellular pathogens from the
cell such as viruses (Liu et al. 2017). In addition, mi-
crotubule-associated protein 1 light chain 3 (LC3)
is an important marker controlled by autophagy-
related (ATG) genes during autophagy (Kirkegaard
et al. 2004; Warrell and Warrell 2004; Yang et al.
2005; Klionsky et al. 2012). In previous in vivo and
in vitro studies, the rabies virus has been reported
to cause apoptosis (Yan et al. 2001; Thoulouze et al.
2003; Sarmento et al. 2005; Sarmento et al. 2006; Zan
etal. 2016). Recent studies have shown that the virus
causes autophagy in vitro (Peng et al. 2016; Li et al.
2017; Liu et al. 2017). However, there is no detailed
data on apoptosis and autophagy mechanism in ani-
mals infected with a natural rabies virus.

This study aimed to evaluate the apoptosis and
autophagy in animals (cows, horses, donkeys, dogs
and cats) naturally infected with rabies by using
different methods such as immunohistochemistry,
immunofluorescence and quantitative polymerase
chain reaction (qPCR).

MATERIAL AND METHODS
Animals

The brain samples (n = 3 for each species) were
taken from five different species (cows, horses,
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donkeys, dogs, and cats) that had been diagnosed
with natural rabies by qPCR.

In addition, brain samples (n = 3 for each species)
of cows, horses, donkeys, dogs and cats without
rabies were used as negative controls. Five animals
were selected from each of the species included
in the study. The cerebellum in the herbivores
(cows, horses, and donkeys) and the cornu ammo-
nis region in the carnivores (dogs and cats) were
examined by immunohistochemistry, immunofluo-
rescence, and qPCR.

Immunohistochemistry detection
of caspase-3, AIF and LC3B

The cerebellum and cornu ammonis tissues were
fixed in 10% neutral buffered formalin, embedded
in paraffin after dehydration in graded ethanol, clear-
ing in xylene. Tissues were cut into 5 pum and placed
onto poly-L-lysine coated slides. The sections were
then deparaffinised, rehydrated, and placed in 3%
hydrogen peroxide to block the endogenous peroxi-
dase activity. The sections were pre-treated in a ci-
trate buffer (pH 6.0) in a microwave for 15 minutes.

Then, sections were incubated with primary anti-
bodies for caspase-3 antibodies (Novus Biological,
Littleton, CO, USA; Cat. No. NB600-1235, dilution
1:400), AIFM1 antibodies (Aviva System Biology,
San Diego, CA, USA; Cat. No. AVARP02013_P050,
dilution 1:400) and anti-LC3B antibodies (Abcam,
Cambridge, UK; Cat. No. ab48394, dilution 1:400)
at 37 °C for 1 hour.

After a phosphate buffer solution (PBS) wash, the
sections were incubated with the secondary anti-
bodies [EXPOSE Mouse and Rabbit Specific HRP/
DAB detection IHC kit (Abcam; Cambridge, UK;
Cat. No. ab80436)] at room temperature for 20 min-
utes. The tissue sections were analysed using 3,3'-di-
aminobenzidine (DAB) chromogen for colorimetric
visualisation. The sections were counter-stained
with Mayer’s haematoxylin. The immunopositivity
was evaluated as negative (—) or positive (+).

Immunofluorescence detection
of caspase-3, AIF and LC3B

After deparaffinisation, the slides were boiled
in an antigen retrieval solution (pH 6.0) (Cat. No.
ab96674; Abcam, Cambridge, UK) in a microwave
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for 15 min to unmask the antigens. The sections
were incubated for 15 min with a protein block so-
lution (Abcam, Cambridge, UK; Cat. No. ab80436;)
to prevent nonspecific binding. The sections were
incubated at 37 °C with caspase-3 antibodies
(Novus Biological, Littleton, CO, USA; Cat. No.
NB600-1235, dilution 1 :400), AIFM1 antibodies
(Aviva System Biology, San Diego, CA, USA; Cat.
No. AVARP02013_P050, dilution 1:400) and anti-
LC3B antibodies (Abcam, Cambridge, UK; Cat.
No. ab48394, dilution 1:400) for 45 minutes. The
sections were washed with PBS for 5 minutes.
After washing, Goat Anti-Rabbit IgG H&L (FITC)
(Abcam, Cambridge, UK; Cat. No. ab6717, dilution
1:50) was used as a secondary antibody at 37 °C
for 30 minutes. Finally, all the sections were cov-
ered with a Fluoroshield Mounting Medium with
DAPI (Abcam, Cambridge, UK; Cat. No. ab104140)
for evaluation by fluorescence microscopy (Zeiss
Scope Al with an Axio cam ICc5 camera attach-
ment system; Zeiss, Oberkochen, Germany). The
immunopositivity was evaluated as being either
negative (—) or positive (+).

Total RNA isolation

Three formalin-fixed, paraffin-embedded (FFPE)
brain sections were subjected to deparaffinisation
in accordance with the methodology of a previous
study (Vahed et al. 2016). The total RNA isolation
was achieved from the collected FFPE biopsy sam-
ples through the utilisation of Trizol (Invitrogen,
Carlsbad, CA, USA). The total RNA isolation was
achieved according to kit manufacturer’s instruc-
tions. Following the total RNA isolation, the RNA
concentration was measured using NanoDrop
(Epoch Microplate Spectrophotometer; BioTek
Instruments, Inc, Winooski, VT, USA). The RNA
samples were set in 1.5% agarose gel in a 1XTBE so-
lution for 1 h at 80 V (volts) with the goal of control-
ling the total RNA quality and was visualised by a gel
imaging system (Bio-Rad Gel Doc XR+; Hercules,
CA, USA). The RNA quality was then determined.

DNase I treatment and cDNA synthesis
DNase I (Thermo Scientific, Waltham, MA, USA)

was used to prevent any DNA contamination in the
isolated RNA samples. The DNase I treatment was

performed in line with the protocol provided in the
kit. Subsequently, 1 ug was taken from these RNAs
and the cDNA was synthesised through utilisation
of a miScript Reverse Transcription Kit (Qiagen,
Hilden, Germany) in accordance with the protocol
provided. The purity and quantity of the obtained
cDNAs were measured with a spectrophotometer
(Epoch Microplate Spectrophotometer; BioTek
Instruments, Winooski, VT, USA) and the cDNAs
were diluted at the same ratios. The cDNA sam-
ples were then stored at —20 °C for utilisation in real-
time polymerase chain reaction (PCR) studies
(Comakli et al. 2020).

qPCR

The primers used for the diagnosis of the rabies
virus were identified by Nagaraj et al. (2006). SYBR
Green was used in the qPCR and a melting curve
was added after the study to prevent possible false
reactions.

The qPCR was performed through utilisation
of a CFX96 BioRad device in order to measure
the mRNA transcript levels of the caspase-3, Bax,
Bcl2, and LC3B genes. The beta-actin gene was
employed as an internal control. The master mix
content created in the real-time PCR experiments
included a SYBR Green 2X Rox Dye Master Mix
(Qiagen, Hilden, Germany), forward and reverse
primers designed for genes, cDNAs as templates
and nuclease-free water. The samples were analysed
in a qPCR device following the preparation of the
master mixes and the obtained Ct values were cal-
culated according to the 2724t method.

The expression levels of the respective genes
were determined (Livak and Schmittgen 2001).
The primer sequences of the genes are shown
in Tables 1 and 2.

Statistical analysis

The IBM SPSS v20 (IBM, USA) program was em-
ployed for the statistical analysis. The statistical
differences of the mRNA transcript levels of the
caspase-3, Bax, Bcl2, and LC3B genes were anal-
ysed by a one-way analysis of variance (ANOVA).
For statistical comparisons, probability levels
of P < 0.05, P <0.01, and P < 0.001 were accepted
as statistically significant.
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RESULTS
Detection of rabies in brain tissues

The mean cycle threshold (Ct) values and melting
curve temperatures obtained after the real-time
PCRs in five different animal species with rabies
infection are shown in Table 3. According to the

(A) (E)
(B) (F)
© (G)
(D) (H)

Table 3. The detection of rabies with RT-PCR in the

infected animals

RT-PCR Horse Donkey Cow  Cat  Dog
Mean cycle 5040 5996 29.84 2994 29.72
threshold
I\f[eltmg curve oo 82.0 82.0 820 820
(°C)

o)

0)

(K)

(L)

Figure 1. Cerebellum. Natural rabies infection activated LC3B, but not caspase-3 and AIF
Cerebellum sections showing negative staining for caspase-3 in the granule cells and Purkinje cell compartments
of the rabies-infected cow (A), horse (B), donkey (C), and control (D) animals. View of negative staining for AIF in the
granule cells and Purkinje cell compartments of the cerebellum of the rabies-infected cow (E), horse (F), donkey (G), and
control (H) animals. Purkinje cell compartments of cerebellum showing strong positive signals for LC3B in the rabies-
infected cow (I), horse (J), donkey (K), but not LC3B positivity in the control animals (L). IHC x 20
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Figure 2. Cornu ammonis. Natural rabies infection activated LC3B, but not caspase-3 and AIF

Cornu ammonis segments and neuropile sections showing negative staining for caspase-3 in the pyramidal neurons, and

neurons of the rabies infected dog (A), cat (B), and control animals (C). Negative staining for AIF in the dentate gyrus

cells or neuropile tissue of the rabies-infected dog (D), cat (E) and control (F) animals. Pyramidal neurons in the cornu

ammonis showing strong positive signals for LC3B in the rabies-infected dog (G) and cat (H). (I) Control. IHC x 20

results, the lowest Ct value was 29.72 °C in the dogs
and the highest was 30.88 °C in the horses.

Immunohistochemistry results

The caspase-3, AIF, and LC3B expressions were
investigated in the cerebellum and cornu ammonis
sections of the naturally rabies-infected different

6

animal species. The caspase-3 and AIF immu-
nopositive cells were undetected in the cerebel-
lum sections of the control (Figure 1D, H, L) and
the cows (Figure 1A, E), horses (Figure 1B, F),
and donkeys (Figure 1C, G). In contrast, as shown
in Figure 1I-K, the LC3B immunopositivity was
intensely observed in the cerebellum sections
of the different animal species and was found
in the cytoplasm of the Purkinje cells in the cer-
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Figure 3. Representative fluorescence micrographs showing the positivity and negativity of caspase-3, AIF, and LC3B
in the cerebellum of the rabies-infected animals by immunofluorescence

Control group (D, H, L) shows negative caspase-3, AIF, and LC3B immunoreactivity. Most of the granule cells and Purkinje
cell compartments in the cerebellum of the rabies-infected cow (A), horse (B), and donkey (C) animals were caspase-3
negative. View of the negative AIF immunostaining reaction in the granule cells and Purkinje cell compartments in the
cerebellum of the rabies-infected cow (E), horse (F), and donkey (G). Purkinje cell compartments of the cerebellum show-
ing strong and diffuse LC3B positive signals with bright green fluorescence in the rabies-infected cow (I), horse (J), and
donkey (K). FITC x 20

ebellum. Similarly, in the cornu ammonis of the Immunofluorescence results

control (Figure 2C, F, I) and the rabies-infected

dogs (Figure 2A, D) and cats (Figure 2B, E), im- To determine whether the immunohistochemi-
munopositivity for caspase-3 and AIF was not de- cal data were correctly showing for the caspase-3,
tected, whereas these infected animals intensely  AIF, and LC3B positivity and negativity, immuno-
exhibited LC3B immunopositivity (Figure 2G, H).  fluorescence staining was performed. The results

7


https://www.agriculturejournals.cz/web/vetmed/

Original Paper Veterinarni Medicina, 67, 2022 (01): 1-12
https://doi.org/10.17221/221/2020-VETMED

(A) (D) (G)

(B) (E) (H)

(C) (F)

@

Figure 4. Representative fluorescence micrographs showing the positivity and negativity of caspase-3, AIF, and LC3B

in the cornu ammonis segments and neuropile sections of the rabies-infected animals by immunofluorescence

Control group (C, F, I) shows negative caspase-3, AIF, and LC3B immunoreactivity. Neurons in the neuropile tissue of the

rabies-infected dog (A) and cat (B) animals were caspase-3 negative. View of the negative AIF immunostaining reaction

in the neurons in the neuropile tissue of the rabies-infected dog (D) and cat (E). Pyramidal neurons in cornu ammonis

showing strong LC3B-positive signals with bright green fluorescence in the rabies-infected dog (G) and cat (H). FITC x 20

of the immunofluorescence staining showed that
there was no marked difference in the caspase-3,
AIF, and LC3B immunopositivity according to the
immunohistochemistry results. The caspase-3
and AIF immunopositivity did not show an in-
dividual difference in the control (Figure 3D,
H, L, and Figure 4C, F, I) and the rabies-infected
cows (Figure 3A, E), horses (Figure 3B, F), don-

8

keys (Figure 3C, G), dogs (Figure 4A, D), and cats
(Figure 4B, E). However, the LC3B immunopositiv-
ity was compatible with the immunohistochemistry
results. Namely, LC3B showed intense positivity
both in the cerebellum sections of the rabies-in-
fected cows (Figure 3I), donkeys (Figure 3]), and
horses (Figure 3K) and in the cornu ammonis sec-
tions of the dogs (Figure 4G) and cats (Figure 4H).
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Figure 5. mRNA transcript levels of the caspase-3, Bax, Bcl2 and LC3B genes in the brain tissues

Values represent the mean * SE of three independent experiments for each sample. Statistical significance was analysed

using a one-way ANOVA (P < 0.001)

Expression profiles of caspase-3, Bax, Bcl2,
and LC3B

The expression levels of the caspase-3, Bax, Bcl2
and LC3B genes in the rabies-positive cow, horse,
donkey, dog and cat brain tissues were determined
by qPCR. The caspase-3 expression levels in the
infected brain tissues were increased compared
to the control group. However, this increase was
not statistically significant (P > 0.05). When the
LC3B expression level was examined, it was ob-
served that LC3B was up-regulated to a statistically
significant level in the rabies-positive brain tissues
compared to the control groups (P < 0.01). In ad-
dition, it was observed that the expression of the
LC3B gene in the dogs and cats was higher than that
of the cows, horses and donkeys. Moreover, while
the expression level of Bax was down-regulated
in the infected brain tissues compared to control
group (P < 0.05), the Bcl2 expression level was up-
regulated (P < 0.05) (Figure 5).

DISCUSSION

As a defence mechanism against viruses, apoptosis
limits viral replication by eliminating the infected
cells. However, this process also contributes to the
spread of the virus (Zan et al. 2016). Various studies
have been conducted to investigate apoptosis by use
of cell cultures and using animals infected with dif-
ferent strains of the rabies virus (Jackson and Rossiter
1997; Jackson and Park 1998; Thoulouze et al. 2003;
Sarmento et al. 2006; Scott et al. 2008). Autophagy,
which is directly associated with the pathogenicity
or replication of viruses, has been reported as a type
of cell death that can take place before apoptosis

in viral infections (Alexander et al. 2007; Maiuri
et al. 2007; Rodriguez-Rocha et al. 2011; Tang et al.
2013; Sharma et al. 2014). This study investigated the
efficacy of the autophagic cell death model in addi-
tion to the apoptotic cell death in different animal
species with a natural rabies infection.

In the initial studies conducted on the subject,
it was reported that the virus caused apoptosis
in suckling and adult mice (Jackson and Rossiter
1997; Jackson and Park 1998). In subsequent stud-
ies on rabies in humans, it was found that apoptosis
did not play an important role (Rossiter and Jackson
2007; Fernandes et al. 2011). In contrast to caspase-
dependent apoptosis in which caspases are pres-
ent in apoptosis, caspase-independent apoptosis
involving proteases, such as cathepsins, calpain
or AIF, has been observed (Susin et al. 1999; Daugas
et al. 2000; Galluzzi et al. 2012). Both cell culture
and experimental studies performed in mice have
produced different results, though different virus
strains were used in these studies (Yan et al. 2001;
Sarmento et al. 2005; Sarmento et al. 2006; Scott
et al. 2008; Suja et al. 2011; Zan et al. 2016).

In cell culture studies, the virus has been reported
to induce caspase-dependent and AIF-containing
caspase-independent apoptosis (Thoulouze et al.
2003). While the challenge virus has been shown
to cause caspase-dependent and AIF-mediated cas-
pase-independent apoptosis in the cell culture, this
type of apoptosis was not reported in a study on the
silver-haired bat (Sarmento et al. 2006; Zan et al.
2016). In experimental studies conducted in mice
[and in addition to the silver-haired bat rabies virus
(SHBRV)] (Yan et al. 2001; Sarmento et al. 2005),
it has been determined that street viruses (SV9)
do not cause apoptosis (Suja et al. 2011). However,
in another study that used the challenge virus
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standard (CVS), apoptotic cell death was found
to be very rare in the neurons (Scott et al. 2008).

This study is the first investigation of its kind
to use gene expression, immunohistochemistry and
immunofluorescence methods to demonstrate that
no caspase-dependent (caspase-3) apoptosis oc-
curs in cases of lethal rabies infections in animals.
In addition, it has been shown, for the first time,
that there is no involvement of AIF-containing cas-
pase (as evaluated by the immunohistochemistry
and immunofluorescence methods). The reason
why apoptosis was detected in previous in vivo
and in vitro studies and not in this investigation
is probably due to the strains, pathogenicity, or vi-
ral activation of the autophagic cell death without
activating the apoptotic cell death in animals with
a natural infection.

Autophagy, which is currently the subject of much
research, is a condition which protects cells under
oxidative stress (Czaja 2011; Yap et al. 2016). In the
case of autophagy encoded by autophagy-related
genes, LC3B is a commonly used marker to demon-
strate autophagy (Kirkegaard et al. 2004; Yang et al.
2005; Xie and Klionsky 2007; Klionsky et al. 2012).
Studies conducted on the relationship between the
rabies virus and autophagy are scarce. In in vitro
studies, it was shown that the virus caused au-
tophagy (LC3B) with increased LC3B levels (Peng
etal. 2016; Lietal. 2017; Liu et al. 2017). Our study
is the first report of LC3B-mediated autophagy
in animals that died of a natural rabies infection
as detected by the gene expression, immunohis-
tochemistry, and immunofluorescence methods.

In conclusion, this study investigated the ef-
fectiveness of apoptosis and autophagy in rabies-
infected cows, horses, donkeys, dogs, and cats.
It has been observed that the expression level and
immunopositive of LC3B in brain tissues infected
with rabies is much higher than that of caspase-3.
The experimental results provided by the different
methods are in agreement with respect to the over-
all conclusions. Furthermore, it has been identified,
for the first time, that the virus caused neuronal
death in the central nervous system by autophagy,
not by caspase-dependent (caspase-3) and AIF-
containing caspase-independent apoptosis.
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