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Abstract

Rabies is a fatal encephalitis caused by the Rabies lyssavirus (RABV). The presence of minimal neuropathological changes
observed in rabies indicates that neuronal dysfunction, rather than neuronal death contributes to the fatal outcome. The role
of mitochondrial changes has been suggested as a possible mechanism for neuronal dysfunction in rabies. However, these
findings are mostly based on studies that have employed experimental models and laboratory-adapted virus. Studies on brain
tissues from naturally infected human and animal hosts are lacking. The current study investigated the role of mitochondrial
changes in rabies by morphological, biochemical and proteomic analysis of RABV-infected human and canine brains. Mor-
phological analysis showed minimal inflammation with preserved neuronal and disrupted mitochondrial structure in both
human and canine brains. Proteomic analysis revealed involvement of mitochondrial processes (oxidative phosphorylation,
cristae formation, homeostasis and transport), synaptic proteins and autophagic pathways, with over-expression of subunits of
mitochondrial respiratory complexes. Consistent with these findings, human and canine brains displayed elevated activities of
complexes I (p<0.05), IV (p<0.05) and V (p <0.05). However, this did not result in elevated ATP production (p <0.0001),
probably due to lowered mitochondrial membrane potential as noted in RABV-infected cells in culture. These could lead to
mitochondrial dysfunction and mitophagy as indicated by expression of FKBPS8 (p <0.05) and PINK1 (p <0.001)/PARKIN
(p>0.05) and ensuing autophagy, as shown by the status of LCIII (p <0.05), LAMP1 (p <0.001) and pertinent ultrastructural
markers. We propose that altered mitochondrial bioenergetics and cristae architecture probably induce mitophagy, leading
to autophagy and consequent neuronal dysfunction in rabies.
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Introduction

Rabies is a fatal viral encephalomyelitis caused by the rabies
lyssavirus (RABV), transmitted most commonly through
bites of rabid dogs. About 60,000 people die of rabies world-
wide every year, mostly in Asia and Africa, with India con-
tributing to more than 30% of the global burden. Globally,
canine-mediated rabies is associated with the loss of 3.7
million disability-adjusted life years (DALY's), mostly due
to premature deaths and 8.6 billion USD in economic losses
each year [1, 2]. The risk of acquiring rabies following expo-
sure to a rabid animal is about 15%, but varies (from 0.1 to
60%) depending on several factors [2]. The major stumbling
block in the development of effective therapy for rabies is
the lack of understanding of the basic mechanisms involved
in pathogenesis. Histopathological changes seen post-mor-
tem in the central nervous system of rabies-infected patients
are relatively mild and fail to explain the catastrophic out-
come [3]. This led to the hypothesis that RABV infection
induces neuronal dysfunction rather than structural dam-
age or neuronal death [4]. Several plausible mechanisms
that may lead to neuronal dysfunction have been proposed,
including defective neurotransmission, electrophysiologi-
cal alterations, nitric oxide neurotoxicity, excitotoxicity
and ion channel dysfunction; however, none has provided a
reasonable elucidation for the postulated neuronal dysfunc-
tion [5]. Studies using advanced laboratory techniques have
demonstrated degenerative structural changes in neuronal
processes, which were not obvious on routine histopatho-
logical examination [6—8] and suggested the role of oxida-
tive stress in such neurodegenerative changes [9]. Reactive
oxygen species (ROS), which play a significant role in oxida-
tive stress, are generated mainly in mitochondria. Oxidative
stress and mitochondrial dysfunction reportedly contribute
to neurodegenerative diseases [10] and other viral infections
[11]. Researchers have demonstrated mitochondrial dysfunc-
tion and oxidative stress in RABV-infected neurons in cul-
ture [5, 12, 13]. They provided further evidence to suggest
the specific role of RABV phosphoprotein in mitochondrial
dysfunction [14, 15]. A previous proteomics study from our
institute linked altered expression of mitochondrial proteins
with human RABYV encephalitis [16]. However, most of the
published studies reporting altered redox dynamics and
mitochondrial function have been performed in experimen-
tal models that employ Challenge Virus Standard (CVS), a
laboratory-adapted fixed strain of RABV [6, 12—14]. It is
well known that the pathogenic mechanisms triggered by
CVS in experimental models may not reproduce the natural
disease process caused by the wild-type strain (street virus)
of RABV in humans and canines. However, most research-
ers utilize fixed laboratory-adapted strains of RABV such
as CVS for laboratory experiments because they have

predictable properties (such as incubation period, clinical
and pathological effects), and are relatively inexpensive and
easy to handle, unlike street viruses isolated from naturally
infected animals, which have a variable incubation period
and unpredictable effects [17]. Studies on brain tissues from
RABV-infected humans and canines, which are the most
ideal samples to study the pathogenesis of this neurotropic
virus are lacking. To address these lacunae, we employed
morphological, biochemical and proteomic approaches to
delineate the role of mitochondrial dysfunction in RABV-
infected human and canine brains.

Materials and Methods

All chemicals and reagents were of analytical grade. Bulk
chemicals and solvents were obtained from Sisco Research
Laboratories (Mumbai, Maharashtra, India) and Merck
(Whitehouse Station, NJ, USA). Fine chemicals (JC-1 dye-
Cat. no. T3168), cell culture media, fetal bovine serum and
anti-p-actin antibody (RRID: AB_2305186) were obtained
from Sigma-Aldrich (St. Louis, MO, USA). RNA extrac-
tion kit (Cat. no. 52906) was procured from Qiagen (Hilden,
Germany) and quantitative PCR kit (Cat. no. 9111082) was
obtained from Geno Sen’s® (New Delhi, India). Electropho-
resis and Western blot reagents (Nitrocellulose membrane,
Bio-Rad Cat. n0.1620112; Advansta WesternBright ECL kit,
Advansta Cat. no. K-12045-D20) were from Bio-Rad Labo-
ratories (Hercules, CA, USA), Bangalore Genie (Bangalore,
Karnataka, India), and Advansta (San Jose, CA, USA). ADP/
ATP ratio assay kit (Cat. no. ab65313) and ATP synthase
enzyme activity kit (Cat. no. ab109714) was procured from
Abcam (Cambridge, MA, USA). Anti-Rabies Light Diag-
nostics DFA Reagent Antibody was procured from Merck,
Millipore (RRID: AB_917374). All primary antibod-
ies [Anti-FKBP8 (dilution 1: 1000)-RRID:AB_1848627;
Anti-OXPHOS (dilution 1: 100)-RRID: AB_2629281;
Anti-VDACI1 (dilution 1:1000)-RRID:AB_778788; Anti-
B-actin (dilution 1: 1000)- RRID-AB_2305186); Anti-LC3
(dilution 1:500)- RRID: AB_881433; Anti-LAMP1 (dilu-
tion 1:1000)-RRID: AB_775978; Anti-TOMM20 (dilution
1.500)- RRID: AB_945896; Anti-PINK1(dilution 1.500)-
RRID: AB_447627; Anti-PARKIN (dilution 1.500)- RRID:
AB_1566559] used for immunoblotting were obtained
from Abcam and Sigma-Aldrich. HRP-conjugated second-
ary antibodies (Goat Anti- rabbit IgG (dilution 1: 2000)-
RRID: AB_916366; Goat Anti- mouse IgG (dilution 1:
2000)-RRID: AB_11211441) were obtained from Banga-
lore Genei. Chemicals for electron microscopy were pro-
cured from TAAB laboratories and equipment Ltd (Alder-
maston, Berkshire, England). Tandem Mass Tag (TMT)
isobaric labeling kit (Cat. no. 90111) was obtained from
Thermofisher Scientific (Waltham, MA, USA). Proteomics
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grade Trypsin/Lys-C Mix (Cat. no. 38220090) was obtained
from Promega (Madison, WI, USA).

Study Design

Human brains from laboratory confirmed cases of rabies
viral encephalitis (n=10) and age-matched controls (n=10),
and RABV-infected canine brains (n=10) and age-matched
controls (n=10) collected post-mortem were selected. The
effect size was estimated as 2.53 with the sample size of 10
in each group and the estimated power was 0.99. Differ-
ent anatomical brain regions were subjected to histological
and ultrastructural analysis. Brain mitochondria extracted
from brain tissues of cases and controls were subjected to
proteomic analysis, and the protein profiles were analyzed
and compared to understand the molecular basis of mito-
chondrial dysfunction in rabies. This was followed by vali-
dation experiments (n =3 trials/experiment). Canine brains
[(cases and controls (n= 10, each)] were utilized for valida-
tion experiments (Fig. 1).

Ethical Approval and Consent to Participate

The study was approved by the NIMHANS Institutional Eth-
ics Committee (IEC) (Approval No. NIMH/DO/ETHICS
SUB-COMMITTEE MEETING/2017 dated June 19, 2017).
The human brain samples were collected following writ-
ten, informed consent from the next of kin of the deceased.
The Human Brain Tissue Repository (HBTR), Depart-
ment of Neuropathology, NIMHANS, Bangalore, India
has IEC clearance to collect, store and distribute tissues for

research and publication [Approval no. NIMHANS/DO/98th
IEC/2015, dated July 2, 2015].

The canine tissues were collected from dogs which died
of suspected rabies, through the routine rabies surveil-
lance programme of Mission Rabies and the Department of
Animal Husbandry and Veterinary Services, Government
of Goa, India. These samples were sent to the NIMHANS
Rabies referral laboratory, Department of Neurovirology for
routine diagnostic confirmation.

Tissue Samples
Human Brain Tissues

Post-mortem brain tissues of histologically confirmed
RABV-infected cases (n=10) and age and sex-matched con-
trols (n=10) were obtained from HBTR. These were col-
lected post-mortem from patients who succumbed to rabies
at NIMHANS, following written informed consent of close
relatives of the deceased. Brain tissues from people who
succumbed to road traffic accidents were utilized as controls.
Brain tissues (both disease and controls) were collected at
autopsy, one half of the brain was stored in 10% neutral
buffered formalin and other half was frozen and stored at
— 80 °C till use [18, 19]. In the current study, frontal cortex
and cerebellum of RABV-infected brains and controls were
utilized.

For controls, the brain areas chosen for the current study
were anatomically farthest from the site of injury without
distinct oedema or grossly apparent pathology. These tissues
were subjected to histopathological assessment and the sam-
ples that maintained tissue integrity were utilized. Briefly,

RABY infected and control human and canine brains (n=10 each)

Anatomical regions: frontal cortex, cerebellum (human and canine)

-
Morphological Assessment of Proteomic Validation of
analysis viral load analysis L MSdata

(' Histopathology
(HE, LFB, Nissl)
* Ultrastructural
analysis (EM)
N\

gPCR ]

Fig. 1 Study design. RABV-infected human and canine brain tissues
and corresponding controls were selected for the study. Different ana-
tomical brain regions were subjected to histological (HE haematoxy-
lin—eosin, LFB Luxol Fast Blue), ultrastructural analysis (EM electron
microscopy) and estimation of viral load (gPCR Quantitative PCR).
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Crude brain mitochondria from human rabies cases and controls were
subjected to proteomic analysis, which included tryptic digestion,
Tandem-mass tag (TMT) labelling and mass spectrometry (LC-MS/
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formalin-fixed tissues from different brains were evaluated
for neuronal and glial alterations, anoxic changes, vascular
alterations (if any), blinded to post-mortem interval (PMI),
agonal state and gender, for myelin pallor.

The protocol of autopsy, tissue handling and other proce-
dures were uniform for all the samples. Such tissues sourced
from HBTR, have been earlier utilized as controls in human
brain aging, Parkinson’s disease and post-mortem studies
[20-34].

The sample size for both RABV-infected and control
brains was considered based on tissue availability in HBTR.
For both infected and control brains, samples from both gen-
ders with age 11-80 years were included, while cases with
a clinical history of alcoholism, diabetes, neurological, psy-
chiatric or other infectious diseases were excluded.

Canine Brain Tissues

Canine brains used in this study, collected at necropsy
from dogs that died of suspected rabies were received from
Mission Rabies, an international non-government organi-
zation engaged in canine rabies elimination in Goa state,
India. From these, cases (n=10) and controls (n=10) were
included following laboratory confirmation. Canines which
died due to causes other than rabies (non-neurological or
non-infectious causes such as critical spinal injury follow-
ing road traffic accident etc.) and confirmed to be RABV-
negative were included as controls. Care was taken to ensure
that whole brains were harvested from canines within PMI
of <12 h. The current study focused on frontal cortex and
cerebellum regions of both RABV-infected and control
canine brains.

The brain was divided in the mid-sagittal plane into left
and right hemispheres. One half was transported to NIM-
HANS in 10% neutral buffered formalin for morphological
studies. The other half was sectioned coronally into 10 to 12
slices at 0.5 cm thickness and each slice was stored in num-
bered zip locked bags and transported to NIMHANS on dry
ice. These samples were immediately stored at — 80 °C. In
addition, a small portion of the tissue was stored in 3% Glu-
taraldehyde for ultra-structural studies by electron micros-
copy (EM).

Our previous study [28] noted that PMI up to 26 h did
not affect the activity of mitochondrial complex 1. Assess-
ment of the activities of mitochondrial complexes I-IV and
ATP, ADP, ADP/ATP and AMP/ATP ratios with increasing
PMI (0-12 h) did not show any statistically significant effect
of PMI on these mitochondrial parameters (Supplementary
Fig. S1).

Laboratory Confirmation of RABV in Brain Samples

This was carried out by Fluorescent antibody technique
(FAT), the gold standard recommended by WHO [35].
Smears of fresh brain tissues (human and canine) on glass
slides were fixed in chilled acetone and incubated with anti-
RABYV monoclonal antibodies conjugated with fluorescein
isothiocyanate (FITC), for 45 min (Merck, Millipore). The
slides were washed and viewed under a fluorescence micro-
scope (Primostar with LED fluorescent attachment, Carl
Zeiss, Weimar, Germany).

Cell Culture Experiments

Details of cell lines and their maintenance, isolation and
infection with virus strains, cell viability and determination
of mitochondrial membrane potential are included in Sup-
plementary Information.

RNA Extraction and Viral Quantification by qPCR

The detection and quantitation of RABV from both human
and canine brains was carried out using commercially avail-
able Rabies quantitative real time PCR (qPCR) kit (Geno
Sen’s®, New Delhi, India). Brain tissue (~300-500 mg)
was minced and homogenized in isolation buffer [320 mM
sucrose, 5 mM TES (Tris (hydroxymethyl) Methyl amino
ethane Sulfonic acid, 1 mM EGTA, pH 7.2] and centrifuged
(1000xg for 5 min at 4 °C). One aliquot of the supernatant
(140 pl) was subjected to RNA extraction using QIAamp
Viral RNA Mini Kit (Qiagen, Hilden, Germany) according
to the manufacturer’s instructions and the other aliquot was
used for mitochondrial isolation. The RNA was subjected to
gPCR using RABV nucleoprotein (N) gene-specific primers
and probe. Amplification, data acquisition, and analysis were
carried out using an ABI 7500 real-time PCR Instrument
and software (Foster city, CA, USA) and the viral load was
expressed as viral copies/ml (Lowest detection limit=3575
copies/ml; Highest=35,750,000 copies/ml).

Histopathology

Different anatomical regions of fresh human and canine
brains were fixed in 10% neutral buffered formalin, sliced
coronally and processed for paraffin embedding and section-
ing. Five-micron thick sections were subjected to routine
histological examination including Haematoxylin—Eosin
(HE), Luxol Fast Blue (LFB) and Nissl staining as described
[36].
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Table 1 Details of the human brain tissues used in this study

Rabies

SI. no. Sample no. Age (years) Gender PMI
1 HR1 38 Female 4h
2 HR2 25 Male 48 h
3 HR3 12 Male l1h
4 HR4 46 Female 12h
5 HRS5 28 Male 14h
6 HR6 23 Female 2h
7 HR7 11 Male 2h
8 HR8 42 Male N/A
9 HR9 28 Male 15h
10 HR10 70 Male 11h
Control

SL. no. Sample no. Age (years) Gender PMI
1 HC1 55 Female 5h
2 HC2 14 Male 2h
3 HC3 23 Male 12h
4 HC4 80 Female 6h
5 HC5 45 Male 5h
6 HC6 17 Male 12h
7 HC7 23 Male 2h
8 HCS8 35 Male 2h
9 HC9 70 Female 9h
10 HC10 47 Male 11h

PMI post-mortem interval, y years, i hours, N/A not available

Electron Microscopy

RABV-infected canine brain (n=3) and human brain (n=1)
stored in 3% glutaraldehyde were processed for electron
microscopy. Ultrathin sections (70 nm) were then collected
on copper grids, stained with 1% Uranyl acetate for 1-2 h
followed by Lead citrate for 5—7 min as described [37, 38],
viewed under Transmission Electron Microscope (FEI, TEC-
NAI G? Spirit BioTwin, Netherlands). Selected images were
captured on MegaView-III CCD camera.

Mitochondrial Isolation and Enzyme Assays

Brain mitochondria were isolated from fresh frozen human
and canine brain tissues as described [39]. The tissue extract
prepared as indicated in the section on viral load analysis
was centrifuged (1000xg for 5 min at 4 °C). The supernatant
was collected and the pellet was resuspended in isolation
buffer followed by a second round of homogenization and
centrifugation as described above. The supernatants from
both steps were pooled and centrifuged (8500xg for 10 min

@ Springer

at 4 °C) and the crude mitochondrial fraction in the pellet
was resuspended in isolation buffer (~ 150 ul), overlaid on
6% (w/v) Ficoll solution, and centrifuged at 75,000xg for
30 min at 4 °C. The pellet was resuspended in reconstitution
buffer (250 mM sucrose, 10 mM TES, pH 7.2) and stored
at — 80 °C.

Mitochondria were subjected to enzyme assays of mito-
chondrial complex I (CI), complex II (CII), complex III
(CIII) and complex IV (CIV) as described and normalized to
the respective Citrate Synthase activity [39]. Complex V was
assayed using a commercial kit (Abcam; Cat. no. ab109714)
according to the manufacturer’s instructions.

Estimation of ADP/ATP Ratio

Estimation of ADP/ATP ratio was carried out in freshly pre-
pared total brain extracts based on bioluminescence, using a
commercial kit (Abcam; Cat. no. ab65313) according to the
manufacturer’s instructions. AMP/ATP ratio was determined
as described [40].
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Table 2 Details of the canine brain tissues used in this study

SI. no. Sample no. Age Gender PMI

Rabies
1 CR1 2 years Male <12h
2 CR2 3 years Female <12h
3 CR3 3 years Male <12h
4 CR4 4 months Female <12h
5 CRS N/A (Adult) Male <12h
6 CR6 3 years Male <12h
7 CR7 4 years Male <12h
8 CR8 1 years Male <12h
9 CR9 3 years Male <12h
10 CR10 N/A (Adult) Male <12h

SI. no. Lab ID Age Gender PMI

Control
1 CC1 4 months Female <12h
2 CcC2 3 months Male <12h
3 CC3 2 years Male <12h
4 CC4 3 years Male <12h
5 CCs 4 years Male <12h
6 CC6 4 months Female <12h
7 CC7 N/A (Adult) Female <12h
8 CC8 N/A (Adult) Female <12h
9 CC9 N/A (Adult) Female <12h
10 CC10 N/A (Adult) Female <12h

PMI post-mortem interval, y year, mo months, & hours, N/A not available

Mitochondrial Proteomics
Sample Preparation

Crude mitochondrial preparations (enriched with mito-
chondria, synaptosomes and microsomes) were isolated
from RABV-infected human brains (frontal cortex, n=10
and cerebellum, n=10) and controls (frontal cortex, n=10
and cerebellum, n=10). The mitochondria were sonicated
(1X10 s at 37% amplitude) in 1X PBS containing 0.05%
SDS. Following protein estimation [41], 20 pg protein from
each brain sample within a group was pooled. At each step,
the samples were normalized for protein concentration by
protein estimation and 10% SDS PAGE.

Tryptic Digestion, Tandem Mass Tag (TMT) Labelling
and Strong Cation Exchange (SCX) Chromatography

Equal protein (200 pg) from each group was reduced and
alkylated using 10 mM of dithiothreitol and iodoaceta-
mide, respectively. Alkylated proteins were digested with
sequencing grade modified trypsin (Promega) at 37 °C for

12 h. Tryptic digests were dried and labelled with TMT
reagent (Thermo Fisher Scientific, Waltham, MA, USA) as
per the manufacturer’s protocol. The labelling efficiency for
each sample was checked by analysing 2 pg peptides on
the mass spectrometer followed by pooling of equal amount
of labelled peptides from control and rabies samples. The
pooled sample was dried and fractionated using Strong Cat-
ion Exchange Chromatography (SCX). Each fraction was
then desalted using C18 stage-tips and subjected to liquid
chromatography tandem mass spectrometry (LC-MS/MS)
[42].

LC-MS/MS

Each fraction was analysed in triplicate on Thermo Orbitrap
Fusion tribrid mass spectrometer interfaced with Easy-nL.C
1000 system (Thermo Scientific, Bremen, Germany) [43].
The peptides were loaded on 2 cm Acclaim PepMapC18
pre-column (Thermo Fisher Scientific) and further resolved
on 25 cm long C18 column (3 pm, 100 A) using a linear
gradient of 5% to 30% of solvent B (0.1% formic acid in
95% Acetonitrile) over 110 min and flow rate of 300 nl/min.
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Data Analysis

Raw data from the 6 fractions (in triplicates) were searched
against the reference human protein database in NCBI
(Refseq version 75) using MASCOT and SEQUEST search
engines (version 2.4.1) through Proteome Discoverer 2.1
suite (Thermo Fisher Scientific, Bremen, Germany).

For data-sets, search parameters included carbamidylation
of Cys and TMT at the peptide N-terminus as static modifi-
cations and oxidation of Met and N-terminal protein acetyla-
tion as dynamic modifications. Trypsin was considered as
the proteolytic enzyme and one missed cleavage was allowed
during the search. Percolator node provided in the Proteome
Discoverer software was used to compute false discovery
rate (FDR) and 1% peptide spectrum matches (PSM). The
abundance value of the TMT-reporter ions obtained by MS
analysis was used to identify the fold change of individ-
ual proteins quantified in this study. Proteins with relative
fold change of >1.30 was considered as up-regulated and
fold change of <0.66 as down-regulated, compared to the
respective controls, as described earlier [44, 45]. Gene ontol-
ogy (GO) analysis was done on Cytoscape (Version 3.6) and
ClueGO analysis was used for prediction of protein—protein
interactions using significance or p-value (< 0.05) [46]. Pro-
tein identification and analysis were done using MitoCarta
(Version 2.0) [47, 48] for mitochondrial proteins, SynDB
[49] for synaptic proteins and HADb (http://autophagy.lu/
index.html) for autophagy related proteins.

SDS-PAGE and Western Blotting

Brain tissues were minced, homogenized, sonicated in 1X
PBS with 1X protease inhibitor cocktail (Sigma-Aldrich)
and centrifuged (14,000xg for 10 min at 4 °C). Total pro-
tein in the supernatant was subjected to protein estimation
(Bradford 1976), followed by SDS-PAGE and western blot
[50]. Alternatively, crude mitochondria, were solubilized in
2X Laemmli’s buffer and subjected to SDS-PAGE. Western
blot was carried out with primary antibody [Anti-FKBPS
(dilution 1:1000); Anti-OXPHOS (1:100); Anti-VDACI1
(1:1000); Anti-LC3 (1:500); Anti-LAMP1 (1:1000); Anti-
TOMM?20 (1:500); Anti-PINK1 (1:500); Anti-PARKIN
(1:500)], followed by HRP-conjugated secondary antibody
[Goat Anti-rabbit IgG (1:2000); Goat Anti-mouse IgG
(1:2000)]. The western signal was visualised using Advansta
WesternBright ECL chemiluminescence kit (K-12045-D20).
B-actin and Tom20 served as loading controls. The western
signal was recorded in a gel documentation system (Bio-
Rad Laboratories Inc.), quantified using ImageJ software
and normalized to the respective anti-f-actin signal (dilution
1:1000) signal [51].
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Statistical Analysis

Quantitative data shown as bar graphs are represented
as cumulative data from n >3 independent experiments
(excluding proteomics, which was in technical triplicates)
and expressed as mean + SD. For multiple comparisons,
ANOVA or student’s t test using GraphPad Prism, Version
8.00 for Windows (GraphPad Software, La Jolla, California
USA, www.graphpad.com) was used and p <0.05 was con-
sidered significant. Raw data from the MS experiment (list
of proteins and fold-changes across the replicates compared
with controls) was uploaded on Perseus software for calcu-
lation of p value and generation of heat maps [52] and pro-
teins identified with statistical significance of p <0.05, were
listed. Data obtained in the current study were not assessed
for normality prior to statistical analysis. No test for outliers
was conducted. No blinding was performed during the study,
except for the histopathological assessment of brain tissues
and MS experiment.

Results

Characterization of the RABV-Infected Human
and Canine Brains

Two anatomical regions each from RABV-infected post-
mortem human and canine brain samples (n=10), and
age-matched non-infected controls (n=10) were selected
for the study (Tables 1, 2). RABV infection in the brains
was confirmed by Fluorescent Antibody technique (FAT)
(Fig. 2A-D). RT-PCR data showed high viral load in all
the anatomical regions in both RABV-infected human and
canine brains (Table 3).

Histopathological Changes in the Brain Following
RABYV Infection

RABV-infected human and canine brains (n=35 each) dis-
played the presence of Negri bodies, a pathological hall-
mark of RABV infection, in different anatomical regions
(Fig. 2E, F and M, N). The brains also revealed varying
degree of perivascular and meningeal inflammation, micro-
glial response and neuronophagia (Fig. 2G-I, O-P). Inflam-
mation was predominant in frontal cortex (data not shown)
in canine brains, whereas only one human brain showed
prominent inflammation and neuronophagia. The density of
Negri bodies varied across the anatomical regions. Round
to oval discrete eosinophilic Negri bodies were identified in
the large reticular neurons and Purkinje cells of the cerebel-
lum (Fig. 2E). While few infected neurons exhibited chro-
matolysis and vacuolation (Fig. 2S), the overall neuronal
morphology in all the regions tested was unchanged (Fig. 2J,
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«Fig.2 Morphological analysis of RABV-infected human and canine
brains. A-D Fluorescent antibody test (FAT) to confirm the presence
of RABYV infection. Smears of fresh brain tissues (human and canine;
n=10, each) were fixed and stained with fluorescently labelled anti-
RABV monoclonal antibodies and viewed under a fluorescence
microscope. Apple green fluorescence indicates the presence of
RABYV antigen. A and C are controls (human and canine), while B
and D are from RABV-infected human frontal cortex and canine fron-
tal cortex respectively (A—C, 40x). E-L Neuropathological changes
in RABV-infected human brains. Fresh human brain regions (n=5)
were fixed, embedded in paraffin and sectioned, followed by routine
histological examination. Purkinje cells of human cerebellum (E)
and pyramidal neurons of human frontal cortex (F) with character-
istic eosinophilic intracytoplasmic Negri bodies (dotted circles and
arrows) are shown. Neuronophagia and perivascular inflammation
in frontal cortex are shown in G and H (dotted circle in both). Dif-
fuse microglial nodules and inflammation were noted in cerebellum
(I, dotted circle). The neuronal morphology of infected neurons in
cerebellum was well-preserved without evidence of neuronal degen-
eration along with prominent nucleoli (J, dotted circles and arrows).
Frontal cortex (K, star) and cerebellum (L, star) showed well pre-
served myelin as highlighted by Luxol Fast Blue (LFB) staining
[E-J: H&E, K, L: LFB; In all the images, magnification =scalebar].
Similarly, canine RABV-infected brains (n=5) showed characteristic
eosinophilic intracytoplasmic Negri bodies in frontal cortex (M, dot-
ted circles and arrows) and cerebellum (N, dotted circles and arrows)
along with neuronophagia (O, dotted circle) and meningeal inflam-
mation (P, dotted circle). The neuronal morphology of infected neu-
rons was well-preserved along with prominent nucleoli (Q, R, dotted
circles and arrows). Representative image of canine brain showing
chromatolysis with vacuolation (S, dotted circles and arrows). Myelin
was well preserved in all the tested regions (T, star). [M-R: H&E, S:
Nissl, T: LFB; In all the images, magnification =scalebar]

Q, R) with intact myelin (Fig. 2K, L, T). Taken together,
histopathology in RABV-infected human brains was similar
to canine. However, the inflammatory responses in human
brains were relatively lesser than canine (Relative quantita-
tion not shown).

Ultrastructural analysis by TEM showed the presence
of RABV as electron dense intracellular Negri bodies pre-
dominantly in canine brains (Fig. 3A—C) and as electron
dense intra-cytoplasmic particles in human brains (Fig. 3J,
K). Organellar ultrastructure in RABV-infected human
brain (Fig. 3J) and canine brains (Fig. 3G-I) showed swol-
len mitochondria with altered/disintegrated cristae and
dilated endoplasmic reticulum compared to controls. Com-
pared to human, canine samples showed a greater number of
abnormal mitochondria with disintegrated cristae (Relative
quantification not shown). These structural changes indi-
cated mitochondrial dysfunction, although such structural
alterations were noted in many but not all the fields scanned.
This prompted us to assess the proteomic changes in brain
mitochondria. Considering the pathological implications for
humans and the potential technical difficulty in analysis with
similar robustness in canine mitochondria, proteomic analy-
sis was carried out only in human brain samples.

@ Springer

Table 3 Viral load in different anatomical regions of RABV-infected
human and canine brains tested by RT-PCR (Expressed as viral copy
numbers/ml; E exponent)

Sample no. Frontal cortex Cerebellum

Canine
CRI1 1.51E+07 2.84E+08
CR2 1.27E+07 3.13E+08
CR3 7.39E+07 2.94E+09
CR4 9.24E+09 8.33E+08
CRS 4.62E+08 1.80E+07
CR6 2.25E+07 4.16E+07
CR7 5.40E+03 4.26E+03
CR8 8.33E+04 3.50E+01
CR9 1.25E+05 2.25E+02
CR10 6.70E +05 3.28E+04

Human
HRI 4.86E+07 1.55E+05
HR2 6.77E+06 6.58E+05
HR3 7.57E+04 5.85E+07
HR4 9.34E+06 2.55E+05
HRS5 5.70E+06 1.00E +05
HR6 8.61E+05 1.38E+08
HR7 3.59E+07 6.17E+05
HR8 3.32E+04 6.10E +05
HR9 2.61E+04 8.64E+03
HR10 6.22E+07 8.37E+07

Mitochondrial Proteomic Analysis of RABV-Infected
Human Brains

Crude mitochondrial preparations (enriched for mitochon-
dria, synaptosomes and microsomes) prepared from RABV-
infected human brains and controls (pooled into Group 1 to
4) were subjected to proteomic analysis (Fig. 4A).

Analysis of the MS data identified 3583 proteins (1%
FDR; p<0.05) across all the groups. Among these, differ-
entially regulated proteins included 664 up-regulated (439 in
frontal cortex, 416 in cerebellum and 191 common proteins)
and 245 down-regulated proteins (200 in frontal cortex, 77
in cerebellum and 32 common proteins) (Fig. 4C-F). Gene
Ontology (GO) analysis and functional grouping revealed
that the differentially regulated proteins were predomi-
nantly mitochondrial (n=163 proteins), synaptic (n= 187
proteins) and autophagic (n=83 proteins) (Fig. 4G, Table 4
and Supplementary Tables S1 and S2). Other pathways
included cytoskeletal and apoptotic proteins (Supplemen-
tary Table S3).
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«Fig. 3 Ultrastructural analysis of RABV-infected canine and human
brains. Brain samples (canine brain, n=3 and human brain, n=1)
stored in Glutaraldehyde were post-fixed with Osmium tetroxide,
dehydrated, cleared and infiltrated with Araldite and Propylene oxide.
Ultrathin sections on copper grids were stained with Uranyl acetate
and Lead citrate and viewed under TEM. Canine: A-I, Human: J, K.
A TEM image showing the presence of intracytoplasmic Negri bod-
ies in canine brains as dense grey regions (arrows). B and C RABV
particles inside Negri bodies in canine brains (arrow). The preserved
structures of mitochondria (D, arrow), Golgi apparatus (E, arrow)
and endoplasmic reticulum (F, arrow) in uninfected canine brain
(control) are shown. RABV infected canine brains showed abnormal
swollen mitochondria with vacuolation (G, arrow) dilated or disinte-
grated cristae architecture (H, arrow) and dilated rough endoplasmic
reticulum (I, arrows). RABV particles in human brains are shown in
J (white arrows) and K (white arrows). Human brains showed the
presence of mitochondria with preserved (J, white arrow head) and
abnormal structure (J, black filled arrows). (Scale bar corresponds to
lpmin A and F, 0.5 pm in B-E and H-J and 0.2 pm in G and K)

Considering the EM data (Fig. 3), we focused on differen-
tially expressed mitochondrial proteins, which were mainly
associated with oxidative phosphorylation (OXPHOS) com-
plexes, cristae formation, mitochondrial homeostasis and
transport. Networking analysis revealed significant inter-
linking and strong functional interaction of these pathways
(Fig. 5 and Table 4).

Among the OXPHOS complexes, 16 of CI subunits, 8
of CIIL, 5 of CIV and 20 of CV were upregulated (Table 4).
Western blot confirmed slight over-expression of the CI
subunit NDUFBS8 and the CIII subunit UQCRC2 (Fig. 6A).
To assess the effect of these changes, we carried out enzyme
assays of complexes CI-CV in RABV-infected human brain
mitochondria vs. controls. Activities of CI, CIV and CV
were significantly higher compared to control in all four
regions, while the activity of CIII showed an increasing but
statistically insignificant trend in frontal cortex (Fig. 6B-F).
Interestingly, correlation between viral load (copy num-
ber) and activities of CI-CV was not statistically signifi-
cant either in frontal cortex or cerebellum (Supplementary
Table S4). Unlike OXPHOS enzymes, expression of TCA
cycle enzymes such as Malate Dehydrogenase (MDH) was
unchanged and the same was validated by enzyme assay
(Supplementary Fig. S2).
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To compare these data in canine brains, OXPHOS assays
were carried out in canine brain mitochondria. CI and CIV
activities were elevated in frontal cortex and cerebellum
compared to control (Fig. 6G—K). On the other hand, CII
activity was elevated only in frontal cortex (Fig. 6H), while
CV activity was relatively unchanged in both frontal cortex
and cerebellum (Fig. 6K). Similar to the human data, cor-
relation between viral load of RABV-infected canine brains
and complex activities was not statistically significant (Sup-
plementary Table S4).

Analysis of the Mechanisms Underlying
Mitochondrial Dysfunction in Rabies Brains

First, we assessed whether elevated OXPHOS activities
influenced ATP production. While the total ATP and ADP
in frontal cortex and cerebellum of human brains were sig-
nificantly lower than control, the ADP/ATP ratio was not
significantly different between the two (Fig. 7A—C and Sup-
plementary Fig. S3A-C). AMP/ATP ratio revealed increas-
ing but statistically insignificant trend in Rabies samples (vs.
control) (Fig. 7D and Supplementary Fig. S3D). Although
similar trend was noted in canine brains, the decrease in ATP
and ADP content compared to controls was not as drastic as
noted in the human brains (Fig. 7E-H and Supplementary
Fig. S3E-H).

Since ATP levels were lower despite elevated OXPHOS
activities, we surmised that altered membrane potential
could contribute to mitochondrial dysfunction. Interest-
ingly, VDACI, a component of the mitochondrial membrane
permeability transition pore was over expressed in human
RABY brains (Table 4 and Fig. 8A, B). To assess the role of
altered membrane potential, we assessed cultured Neuro2a
cells (neuronal cell line) and BHK?21 cells (non-neuronal cell
line) infected by CVS-11 and SV strains of RABV for differ-
ent time points (0-72 h) (Fig. 8C, D). RABYV infection at 0.3
MOI caused time-dependent loss of cell viability (Fig. 8E,
F) and lowered membrane potential (Fig. 8G, H). Taken
together, we surmised that lowered mitochondrial mem-
brane potential could contribute partly to lowered ATP pro-
duction in RABV-infected brains, leading to mitochondrial
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«Fig. 4 Total proteomics of RABV-infected human brain mitochon-
dria vs. controls. A Workflow of the proteomics experiment. Total
mitochondria were isolated from individual human control (C)
and RABV-infected human brains (anatomical regions and num-
ber of samples are indicated) and pooled into 4 groups (1-4). Pro-
tein extracts from 4 groups were subjected to tryptic digestion,
TMT labelling, strong cation exchange (SCX) fractionation, mass
spectrometry (MS) and data analysis. The SDS PAGE profile of
all 10 groups is shown in B. Heat map in C shows the number of
upregulated (>1.3 fold) and downregulated (<0.66 fold) proteins
in RABV-infected human brains compared to controls. The up-reg-
ulated and down-regulated proteins are indicated by red and green
colours respectively (unchanged =white). D Number of differentially
expressed proteins in frontal cortex and cerebellum of human brains.
The number of up-regulated and down-regulated proteins common/
unique to frontal cortex and cerebellum is shown in E and F respec-
tively. Functional classification of all the up-and down-regulated pro-
teins in RABV-infected brains highlighting the three major groups:
mitochondrial proteins, synaptic compartment and autophagic path-
way is shown in G

dysfunction. Another potential mechanism is altered cristae
structure, as indicated by EM (Fig. 3G, H and J) and over-
expression of the cristae protein MICOS13 and transmem-
brane proteins TMEM11and TMEMG65 (Table 4).

Western blot data validated the over-expression of Pepti-
dyl-prolyl cis—trans isomerase (FKBPS), a mitophagy protein
(1.5-fold vs. control; Supplementary Table S1), indicating
that RABV-mediated mitochondrial dysfunction probably
culminates in mitophagy in the brain (Fig. 81, J). Since
mitophagy could ultimately lead to autophagy, we assessed
the morphological and biochemical markers of autophagy.
Both RABV-infected human and canine brain tissues showed
evidence of autophagy in EM. Structures representing initia-
tion and elongation of phagophore or isolation membrane
and typical double membraned autophagosome like vesi-
cles containing organelles and debris were noted in RABV-
infected canine brain (Fig. 9A—C), while autolysosome was
noted along with autophagosome in RABYV infected human
brain (Fig. 9D-F). To further investigate whether autophagy
is caused by RABYV infection, protein expression of LC3, an
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autophagy marker that binds to autophagosome membrane,
was examined. Conversion of LC3I to LC3II was signifi-
cantly higher in RABV-infected human brains compared vs.
controls (Fig. 9G, H). LAMP1 was also overexpressed in
RABV-infected human brains indicating the formation of
autolysosome (Fig. 9G and I). Western blot also revealed
elevated PINK1 (protein linked to mitophagy) expression
in RABV-infected human brains and that mitophagy is
independent of PARKIN (protein linked with PINK1 and
mitophagy) (Fig. 9J-L) since PARKIN expression remained
unchanged between RABV-infected and control brains.

Discussion

Most studies on RABV employ CVS, which does not mimic
natural infection by wild strains and could be both strain and
cell-specific [53]. Lack of mechanistic studies on natural
RABYV infection in humans and canines is a critical lacuna
in understanding rabies pathogenesis. Hence, assessment of
natural RABV infection from site of entry to the brain is
physiologically pertinent to human pathology.

From the bite site, RABV is transported to the neurons
via receptors or Neuronal cell adhesion molecules (NCAMs)
[54]. We noted upregulation of NCAM1 (1.3-fold vs. con-
trol) (Supplementary Table S2), in the cerebellum, a pre-
dominant location for RABV antigen [55]. The virus is then
internalized by endocytosis [56] for subsequent transport,
which depends on actin and microtubules [57, 58]. In RABV-
infected samples, Actin binding LAM protein 1 (ABLIM1),
was upregulated (1.32-fold in cerebellum vs. control) (Sup-
plementary Table S2). Most of the related proteins includ-
ing BIN1 (frontal cortex-0.59 fold, cerebellum-0.66 fold,
vs. control) [59], WASP-WAVE family of proteins including
WASF1 (FC- 0.59 vs. control) and dynamin (DNM1- 0.49
fold vs. control) [60] were downregulated in RABV-infected
human brains. We speculate that, this trend has got more to
do with recruitment and promoting polymerization rather
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Table 4 List of differentially expressed mitochondrial proteins in RABV-infected human frontal cortex (FC) and cerebellum (CB)
SL. no. Gene symbol Description FC CB
MICOS proteins
1 C190rf70 PREDICTED: MICOS complex subunit MIC13 isoform X1 1.5 2.8
2 DNAICI11 dnaJ homolog subfamily C member 11 ucC 1.4
OXPHOS-Complex I subunits
3 NDUFV3 PREDICTED: NADH dehydrogenase [ubiquinone] flavoprotein 3, mitochondrial isoform X1 1.6 2.7
4 NDUFA6 NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 6 ucC 1.5
5 NDUFAS NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 8 isoform 1 1.3 1.4
6 NDUFB2 NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 2, mitochondrial precursor 1.4 1.0
7 NDUFB3 PREDICTED: NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 3 isoform X1 ucC 1.4
8 NDUFB6 NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 6 isoform 1 ucC 1.4
9 NDUFS4 NADH dehydrogenase [ubiquinone] iron-sulfur protein 4, mitochondrial isoform 1 precursor ucC 1.7
10 NDUFC2 NADH dehydrogenase [ubiquinone] 1 subunit C2 isoform 1 ucC 1.4
11 NDUFA2 NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 2 isoform 1 ucC 1.3
12 NDUFAF6 NADH dehydrogenase (ubiquinone) complex I, assembly factor 6 precursor ucC 1.7
13 NDUFS7 NADH dehydrogenase [ubiquinone] iron-sulfur protein 7, mitochondrial uc 22
14 NDUFAF4 NADH dehydrogenase [ubiquinone] 1 alpha subcomplex assembly factor 4 ucC 1.4
15 NDUFS3 NADH dehydrogenase [ubiquinone] iron-sulfur protein 3, mitochondrial precursor ucC 1.6
16 NDUFV2 NADH dehydrogenase [ubiquinone] flavoprotein 2, mitochondrial precursor ucC 1.4
17 NDUFAS5 NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 5 isoform 1 ucC 1.5
18 NDUFA12 NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 12 isoform a ucC 1.3
OXPHOS-Complex III subunits
19 CYTB Cytochrome b (mitochondrion) 1.5 1.3
20 UQCRC1 Cytochrome b-c1 complex subunit 1, mitochondrial precursor ucC 1.4
21 UQCRC2 Cytochrome b-c1 complex subunit 2, mitochondrial precursor ucC 1.4
22 UQCRFS1 Cytochrome b-c1 complex subunit Rieske, mitochondrial ucC 1.6
23 UQCRB Cytochrome b-c1 complex subunit 7 isoform 1 ucC 1.6
24 UQCRH Cytochrome b-c1 complex subunit 6, mitochondrial isoform 1 precursor ucC 1.4
25 UQCRI10 Cytochrome b-c1 complex subunit 9 isoform a ucC 1.4
26 CYCS Cytochrome ¢ ucC 2.0
OXPHOS-Complex IV subunits
27 COX7C Cytochrome c oxidase subunit 7C, mitochondrial precursor ucC 14
28 COX6C PREDICTED: cytochrome c oxidase subunit 6C isoform X1 1.4 24
29 COX7B Cytochrome ¢ oxidase subunit 7B, mitochondrial precursor ucC 22
30 COX411 Cytochrome c oxidase subunit 4 isoform 1, mitochondrial isoform 1 precursor ucC 1.8
31 COX5A Cytochrome c oxidase subunit SA, mitochondrial precursor ucC 1.3
OXPHOS-Complex V subunits
32 ATP5]2 ATP synthase subunit f, mitochondrial isoform 2a ucC 1.6
33 ATPSJ ATP synthase-coupling factor 6, mitochondrial isoform b precursor 1.3 1.5
35 ATP5D ATP synthase subunit delta, mitochondrial precursor 1.3 1.6
36 ATP5I ATP synthase subunit e, mitochondrial 1.6 2.7
37 ATP5E ATP synthase subunit epsilon, mitochondrial ucC 1.6
38 ATP5G2 ATP synthase F (0) complex subunit C2, mitochondrial isoform b precursor 1.6 33
39 ATP5A1 ATP synthase subunit alpha, mitochondrial isoform a precursor 1.3 1.5
40 ATP5C1 ATP synthase subunit gamma, mitochondrial isoform L (liver) precursor ucC 1.4
41 ATP50 ATP synthase subunit O, mitochondrial precursor ucC 1.6
42 ATPSL ATP synthase subunit g, mitochondrial ucC 1.7
43 ATP5J2 ATP synthase subunit f, mitochondrial isoform 2a ucC 1.6
44 ATP5]J ATP synthase-coupling factor 6, mitochondrial isoform b precursor 1.3 1.5
45 ATP5D ATP synthase subunit delta, mitochondrial precursor 1.3 1.6
46 ATPS5I ATP synthase subunit e, mitochondrial 1.6 2.7
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Table 4 (continued)

SL. no. Gene symbol Description FC CB
47 ATPSE ATP synthase subunit epsilon, mitochondrial ucC 1.6
48 ATP5G2 ATP synthase F (0) complex subunit C2, mitochondrial isoform b precursor 1.6 33
49 ATP6VIF V-type proton ATPase subunit F isoform 2 1.4 1.8
50 ATP6 ATP synthase FO subunit 6 (mitochondrion) ucC 1.4
51 ATP6VIF V-type proton ATPase subunit F isoform 2 1.4 1.8
52 ATP6 ATP synthase FO subunit 6 (mitochondrion) ucC 1.4

Mitochondrial transport and homeostasis
53 DHX30 PREDICTED: putative ATP-dependent RNA helicase DHX30 isoform X1 1.6 2.0
54 MICU1 PREDICTED: calcium uptake protein 1, mitochondrial isoform X1 ucC 1.6
55 FIS1 Mitochondrial fission 1 protein ucC 1.6
56 SLC25A6 ADP/ATP translocase 3 ucC 1.5
57 SLC25A4 ADP/ATP translocase 1 ucC 1.5
58 SLC25A5 ADP/ATP translocase 2 1.4 1.8
59 SLC25A3 Phosphate carrier protein, mitochondrial isoform b precursor ucC 1.6
60 MRPL1 PREDICTED: 39S ribosomal protein L1, mitochondrial isoform X1 ucC 2.0
61 OPA3 Optic atrophy 3 protein isoform b ucC 1.4
62 MPV17 Protein Mpv17 1.3 2.7
63 MGARP Protein MGARP 2.6 1.8
64 DAP3 28S ribosomal protein S29, mitochondrial isoform 1 ucC 1.3
65 MRPL15 39S ribosomal protein L15, mitochondrial ucC 1.5
66 MTIF2 Translation initiation factor IF-2, mitochondrial isoform a precursor 1.4 2.7
67 PARK?7 Protein deglycase DJ-1 ucC 1.3
68 SOD1 Superoxide dismutase [Cu—Zn] ucC 1.4
69 UQCRFS1 Cytochrome b-c1 complex subunit Rieske, mitochondrial ucC 1.6
70 MTIF2 Translation initiation factor IF-2, mitochondrial isoform a precursor 1.4 2.7
71 SUPV3L1 ATP-dependent RNA helicase SUPV3L1, mitochondrial isoform 1 1.3 1.3
72 VDACI1 PREDICTED: voltage-dependent anion-selective channel protein 1 isoform X1 ucC 1.6
73 VDAC3 Voltage-dependent anion-selective channel protein 3 isoform 1 ucC 1.4
74 VDAC2 Voltage-dependent anion-selective channel protein 2 isoform 1 1.4 2.5
75 TMEMG65 PREDICTED: transmembrane protein 65 isoform X1 ucC 1.9
76 TMEMI11 Transmembrane protein 11, mitochondrial ucC 1.9
77 TMEM35 Transmembrane protein 35 uc 28

Other proteins
78 LRPPRC Leucine-rich PPR motif-containing protein, mitochondrial precursor ucC 1.3
79 HK1 Hexokinase-1 isoform HKI uc 14
80 HSPD1 60 kDa heat shock protein, mitochondrial 1.3 1.3
81 PC PREDICTED: pyruvate carboxylase, mitochondrial isoform X1 ucC 1.3
82 TUFM Elongation factor Tu, mitochondrial precursor ucC 1.3
83 GPIL PREDICTED: glucose-6-phosphate isomerase isoform X1 1.5 1.0
84 CKMTI1A Creatine kinase U-type, mitochondrial isoform 1 precursor 1.5 1.4
85 CKMTI1A Creatine kinase U-type, mitochondrial isoform 1 precursor 1.5 1.4
86 TKT PREDICTED: transketolase isoform X1 14 1.0
87 ALDHILI1 Cytosolic 10-formyltetrahydrofolate dehydrogenase isoform 1 1.3 0.9
88 CS Citrate synthase, mitochondrial precursor ucC 1.3
89 SUCLA2 Succinyl-CoA ligase [ADP-forming] subunit beta, mitochondrial precursor ucC 1.6
90 PDHB Pyruvate dehydrogenase E1 component subunit beta, mitochondrial isoform 1 precursor ucC 1.3
91 PHB2 Prohibitin-2 isoform 1 ucC 1.3
92 ALDHS5A1 Succinate-semialdehyde dehydrogenase, mitochondrial isoform 1 precursor ucC 1.4
94 CYC1 Cytochrome c1, heme protein, mitochondrial precursor ucC 1.3
95 PRDXS5 Peroxiredoxin-5, mitochondrial isoform a precursor 1.5 ucC
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Table 4 (continued)

SL. no. Gene symbol Description FC CB
96 SLC25A22 PREDICTED: mitochondrial glutamate carrier 1 isoform X1 ucC 1.3
97 GDAP1 Ganglioside-induced differentiation-associated protein 1 isoform a ucC 1.4
98 DLST Dihydrolipoyllysine-residue succinyltransferase component of 2-oxoglutarate dehydrogenase complex, UC 1.3

mitochondrial isoform 1 precursor
99 AHCYLI1 Adenosylhomocysteinase 2 isoform a 1.5 1.3
100 ACAD9 Acyl-CoA dehydrogenase family member 9, mitochondrial uc 1.6
101 BDHI PREDICTED: D-beta-hydroxybutyrate dehydrogenase, mitochondrial isoform X1 ucC 1.5
102 CYB5R3 NADH-cytochrome b5 reductase 3 isoform 3 ucC 1.4
103 PRDX2 Peroxiredoxin-2 1.3 1.3
104 NIPSNAP1 Protein NipSnap homolog 1 isoform 1 ucC 1.5
105 ME2 NAD-dependent malic enzyme, mitochondrial isoform 1 precursor ucC 14
106 GBAS Protein NipSnap homolog 2 isoform 1 ucC 14
107 SPG7 Paraplegin isoform 1 precursor 1.3 1.5
108 HSDL2 Hydroxysteroid dehydrogenase-like protein 2 isoform 1 13 1.2
109 GFM1 Elongation factor G, mitochondrial isoform 2 13 14
110 OCIADI OCIA domain-containing protein 1 isoform 4 ucC 1.3
111 THNSL1 PREDICTED: threonine synthase-like 1 isoform X1 ucC 14
112 MUT PREDICTED: methylmalonyl-CoA mutase, mitochondrial isoform X1 1.3 14
113 HSDLI1 PREDICTED: inactive hydroxysteroid dehydrogenase-like protein 1 isoform X1 ucC 13
114 ATPIF1 ATPase inhibitor, mitochondrial isoform 1 precursor ucC 14
115 ABCB7 ATP-binding cassette sub-family B member 7, mitochondrial isoform 1 ucC 1.4
116 ACADM Medium-chain specific acyl-CoA dehydrogenase, mitochondrial isoform d precursor ucC 14
117 MACRODI1 PREDICTED: O-acetyl-ADP-ribose deacetylase MACROD1 isoform X1 1.4 1.5
118 AKR7A2 Aflatoxin B1 aldehyde reductase member 2 isoform 1 1.4 0.9
119 ABHD11 Protein ABHDI11 isoform 1 ucC 1.5
120 PDK2 Pyruvate dehydrogenase kinase, isozyme 2 isoform 1 precursor ucC 1.3
121 CCDC127 Coiled-coil domain-containing protein 127 1.6 2.6
122 PACSIN2 PREDICTED: protein kinase C and casein kinase substrate in neurons protein 2 isoform X1 1.4 ucC
123 GLS2 Glutaminase liver isoform, mitochondrial isoform 1 precursor ucC 2.1
124 PDPR PREDICTED: pyruvate dehydrogenase phosphatase regulatory subunit, mitochondrial isoform X1 1.6 2.0
125 TK2 Thymidine kinase 2, mitochondrial isoform 1 precursor 1.4 1.6
126 MPV17 Protein Mpv17 1.3 2.7
127 GLOD4 Glyoxalase domain-containing protein 4 ucC 1.9
128 LYPLALI PREDICTED: lysophospholipase-like protein 1 isoform X1 1.4 ucC
129 IBAS7 Putative transferase CAF17, mitochondrial isoform 1 precursor uc 3.0
130 HEBP1 Heme-binding protein 1 1.3 1.6
131 DUT Deoxyuridine 5'-triphosphate nucleotidohydrolase, mitochondrial isoform 1 precursor 1.4 ucC
132 MRPLA47 39S ribosomal protein L47, mitochondrial isoform a ucC 1.6
133 MECR PREDICTED: trans-2-enoyl-CoA reductase, mitochondrial isoform X1 1.3 2.0
134 MRPS7 28S ribosomal protein S7, mitochondrial 1.5 ucC
135 MPCl1 Mitochondrial pyruvate carrier 1 isoform 1 ucC 1.8
136 CCDC51 PREDICTED: coiled-coil domain-containing protein 51 isoform X1 1.3 ucC
137 ACSS3 Acyl-CoA synthetase short-chain family member 3, mitochondrial precursor ucC L5
138 COQ3 PREDICTED: ubiquinone biosynthesis O-methyltransferase, mitochondrial isoform X1 ucC 1.8
139 PNPLAS PREDICTED: calcium-independent phospholipase A2-gamma isoform X1 ucC 1.8
140 ISCA1 Iron-sulfur cluster assembly 1 homolog, mitochondrial precursor uc 22
141 MGST1 Microsomal glutathione S-transferase 1 isoform a 1.3 uC
142 ISCU Iron-sulfur cluster assembly enzyme ISCU, mitochondrial isoform 2 precursor ucC 1.4
143 MRPLA49 39S ribosomal protein L49, mitochondrial 1.4 ucC
144 ABCD2 ATP-binding cassette sub-family D member 2 1.3 1.9
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Table 4 (continued)

SL. no. Gene symbol Description FC CB
145 TXNDCI12 Thioredoxin domain-containing protein 12 precursor 1.3 ucC
146 MRPS5 28S ribosomal protein S5, mitochondrial isoform a ucC 1.3
147 LYPLAI Acyl-protein thioesterase 1 isoform 1 1.5 1.5
148 AIFM3 Apoptosis-inducing factor 3 isoform 1 UcC 1.4
149 LYRM4 LYR motif-containing protein 4 isoform 1 ucC 1.3
150 MRPL38 39S ribosomal protein L38, mitochondrial ucC 1.7
151 FDX1 Adrenodoxin, mitochondrial precursor uc 64
152 MRPLI11 39S ribosomal protein L11, mitochondrial isoform a 1.3 1.5
153 ME1 NADP-dependent malic enzyme ucC 1.6
154 HOGAL1 4-hydroxy-2-oxoglutarate aldolase, mitochondrial isoform 1 4.0 5.9
155 CLYBL PREDICTED: citrate lyase subunit beta-like protein, mitochondrial isoform X1 ucC 1.3
156 NMNAT3 PREDICTED: nicotinamide/nicotinic acid mononucleotide adenylyltransferase 3 isoform X1 1.5 0.6
157 NCEH1 Neutral cholesterol ester hydrolase 1 isoform b 0.6 ucC
158 NIPSNAP3A Protein NipSnap homolog 3A 0.6 ucC
159 RPS14 40S ribosomal protein S14 0.6 ucC
160 SSBP1 Single-stranded DNA-binding protein, mitochondrial precursor 0.6 0.6
161 Cl4orf2 6.8 kDa mitochondrial proteolipid isoform 1 0.6 ucC
162 FDPS Farnesyl pyrophosphate synthase isoform a 0.6 ucC

163 AGAP2

PREDICTED: arf-GAP with GTPase, ANK repeat and PH domain-containing protein 2 isoform X1 0.6 ucC

The gene symbol and gene name of different mitochondrial proteins along with the fold change in expression (vs. control) noted in the human

mitochondrial proteomics (UC-Unchanged)

than protein expression itself. Proteins involved in endocy-
tosis were relatively unchanged in RABV-infected brains
(Data not shown).

Most viruses shift from actin to microtubule mediated
retrograde transport for long range movement [58]. Micro-
tubule associated proteins 2 and T (MAP2 and MAPT)
[61] were down-regulated in RABV-infected human brains,
although this did not correspond to loss of neuronal archi-
tecture (Fig. 2J, Q, R) [8]. RABV utilizes the dyenins and
kinesins for transport [58], although their expression was
unchanged in RABV- infected brains (Data not shown).

We hypothesize that RABV induces mitochondrial dys-
function by structural or functional mechanisms. Although
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the number of differentially regulated synaptic proteins was
significantly higher, we focused on mitochondrial proteins,
considering that previous studies from our group [16] and
others [12-15] indicated mitochondrial damage following
RABYV infection. Further, mitochondrial dysfunction could
in turn contribute to synaptic and neuronal dysfunction.
RABYV infection altered mitochondrial structure (Fig. 3G,
H), which could probably be due to altered expression of
cristae proteins, which could alter the organization of cris-
tae, outer membrane (OM), inner membrane (IM) proteins
and OXPHOS complexes [62]. Expression of mitochondrial
contact site cristae junction organizing system (MICOS)
proteins [63] such as DNAJC11 [63, 64], TMEM11, an
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«Fig.5 Functional networking and predicted protein—protein inter-
actions of the differentially regulated mitochondrial proteins from
RABV-infected human brains and the constituent major pathway clus-
ters based on Gene ontology (GO) and ClueGO analysis in total, fron-
tal cortex and cerebellum MS profile

OM chaperone and other OM proteins were upregulated
(Table 4), probably contributing to altered organization of
cristae and respiratory complexes [62]. MIC13/C190rf70,
a cristae protein [63] governed by MICOS proteins [63,
65-67], was upregulated in RABV-infected human brain
(Table 4). Apart from MICOS, subunits of FO-F1 ATP syn-
thase, which contribute to cristae organization [68—70] were
upregulated (Table 4).

Altered OXPHOS complexes contribute to mitochon-
drial dysfunction [71, 72]. Consistent with Alandijany et al.
[12], CT and CIV activities were elevated and CIII activity
was relatively unchanged both in canine and human brains.
While CII activity was exclusively increased in canine, CV
was elevated in human brains (Fig. 6B—K). Kammouni et al.
[14] showed that RABV phosphoprotein could elevate CI
activity, which could be over and above the upregulation of
CI subunits. Unlike CI and CIV, overexpression of the CII
subunit SDHB as indicated by western blot (Fig. 6A) and not
in the MS data (Table 4; The expression of other CII subu-
nits remained unchanged), did not increase the activity of
CII indicating that the overexpression of this subunit alone
might not be sufficient to significantly alter CII organiza-
tion and enzyme activity. Similarly, overexpression of CIII
subunits in human cerebellum (8 subunits) and frontal cortex
(1 subunit) did not result in elevated activity (Fig. 6D). It
is possible that elevated CIII activity potentially requires
(i) all the three catalytic subunits to be over expressed,
while CytB was the only catalytic subunit over-expressed
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in RABV-infected human brain vs. controls (Table 4) and
(ii) increased assembly of active complex which might not
have been complete. This requires further experimentation
either in RABV-infected mouse or cell culture models for
a meaningful inference. Interestingly, elevated OXPHOS
activities did not correlate with viral load (Supplementary
Table S4) indicating that the effects of viral load could
be in the linear phase of disease progression. Since post-
mortem samples represent end-stage disease, this could
be effectively assessed only in animal models. Increased
OXPHOS activities did not lead to increased ATP produc-
tion (Fig. 7 and Supplementary Fig. S3), which could prob-
ably be due to lowered membrane potential as demonstrated
in cell culture experiments (Fig. 8G, H). MS data revealed
that protein components of the mitochondrial permeability
transition pore (mPTP) such as voltage-dependent anion-
selective channel proteins 1 and 2 (VDAC 1 and 2) were
over-expressed (Table 4 and Fig. 8 A, B). Whether this could
alter mPTP opening and membrane potential contributing to
mitochondrial dysfunction is only speculative at this stage
and requires further experimentation.

Previous studies have demonstrated autophagy in models
of RABV infection [53, 73] and others including Newcastle
Disease virus and Dengue virus 2 and 3 [74, 75]. Such stud-
ies speculated that autophagy could be neuroprotective or
lead to increased viral replication and exacerbated infection.
Interestingly these studies did not highlight the mitophagy
and autophagy markers, which make it a novel finding in
human and canine brains (Table 4 and Figs. 81, J, 9). Ultras-
tructural images revealed different stages of autophagosome
formation both in human and canine brains (Fig. 9A-F).
Biochemical evidences confirmed activation of autophagy,
based on western blot of different markers including LC3,
LAMPI, PINK1 and PARKIN (Fig. 9G-L).
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«Fig. 6 Validation of the proteomics data from RABV-infected human
brains. The MS data from the mitochondrial proteomics experi-
ment obtained using human RABV brain samples were validated by
western blot and enzyme assays. A Brain mitochondria pooled from
control (n=10) and RABV-infected brains (n=10) were subjected
to western blot using mitochondrial antibody cocktail containing
antibodies against one subunit each of CI (NDUFBS), CII (SDHB),
CIII (UQCRC2) and CV (ATP5A). Tom20 served as loading con-
trol. Number on each band corresponds to its intensity (quantification
indicated in arbitrary OD units normalized to the respective Tom20
signal) following densitometric analysis in a gel documental system
(Tecan GmBH). B-F Enzyme assay of mitochondrial complexes, CI
(B), CII (C), CIII (D), CIV (E) and CV (F), normalized to the respec-
tive citrate synthase (CS) activity in frontal cortex (n=10) and cer-
ebellum (n=10) of both human control and RABV-infected human
brains. G-K Enzyme assay of mitochondrial complexes, CI (G), CII
(H), CIII ), CIV (J) and CV (K), normalized to the respective cit-
rate synthase (CS) activity in frontal cortex (n=10) and cerebellum
(n=10) of canine control and RABV-infected human brains. Data
represented as mean+SD (n=3 trials per experiment for all assays;
*p<0.05, ¥**p<0.01 and ***p<0.001 compared to the respective
controls; ns not significant)

Human and canine rabies share similar pathological and
clinical features [76—78]. Both showed high viral load in
all the regions (Table 3). While Negri bodies were distinct
in canine, they were not evident in human brains (Fig. 3).
The histopathology in human and canine brains was similar,
although the inflammatory response in human was lesser
than in canine (Fig. 2). The pathological and biochemi-
cal profiles including OXPHOS activities are comparable
between RABV-infected human and canine brains. Further
experimentation is required to delineate the molecular differ-
ences underlying rabies pathology between the two species.

For most part of the study, we focused only on the natural
RABY infected human and canine brains, which is novel and
pathologically pertinent. Although cell models used in ear-
lier studies provide mechanistic information [12—-15], they
do not represent the pathological milieu relevant to humans.
Secondly, the path of viral transport from the site of bite to
the brain cannot be recapitulated in vitro. Thirdly, cells in
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Fig.7 Assessment of ADP/ATP ratio in human and canine brains.
The ADP and ATP content in the frontal cortex of human and canine
control and RABV-infected brains were quantitated, followed by cal-
culation of ADP/ATP and AMP/ATP ratios. A-D correspond to the
data from human frontal cortex control (n=10) and infected samples
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(n=10), while E-H correspond to the data from canine frontal cor-
tex control (n=10) and infected samples (n=10). Data represented
as mean + SD (n=3 trials per experiment for all assays; ***p <0.001,
#*#¥%p <0.0001 compared to the respective controls; ns not signifi-
cant)
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«Fig.8 Assessment of the role of mitochondrial membrane potential
and mitophagy following RABV infection. RABV-infected human
brain tissues were assessed for components of mitochondrial perme-
ability transition pore (mPTP), followed by validation of the role of
altered mitochondrial membrane potential in cell models of RABV
infection. Total mitochondrial extracts from cerebellum of control
(n=3) and RABV-infected (n=3) human brains were subjected to
anti-VDAC1 western blot with Tom20 as loading control (A) fol-
lowed by quantitation of the western signal (B). Data represented
as mean+SD (n=3 trials per experiment for all assays; **p<0.01,
compared to control). Neuronal (N2a) and non-neuronal cell lines
(BHK-21) were infected with two strains of RABYV, i.e., CVS-11 and
SV as confirmed by Fluorescent Antibody Test (FAT). Representative
images of FAT following CVS-11 and SV infection are indicated in C
and D respectively. RABV-infection dependent loss of cell viability
in N2a and BHK-21 cell lines at different hours post infection (hpi)
vs. untreated control, as assessed by MTT assay is shown in E and F
respectively. Data represented as mean+SD (n=3 trials per experi-
ment for all assays; **p <0.01, **¥p <0.001, ***¥*p <0.0001, ns not
significant, compared to respective control). For analysis of mito-
chondrial membrane potential (AY), fluorescence measurement fol-
lowing JC-1 treatment of RABV-infected N2a and BHK-21 cell lines
at different time points post infection (hpi) was carried out. Repre-
sentative images of control and RABV-infected BHK-21 cells at dif-
ferent time points post-infection are shown in G. The ratio of red:
green fluorescence (A JC-1 fluorescence) at different time points post
infection in both cell lines is depicted in H. To understand the role
of mitophagy, total mitochondrial extracts from cerebellum of con-
trol (n=3) and RABV-infected (n=3) human brains were subjected
to anti-FKBP8 western blot with Tom20 as loading control (I) fol-
lowed by quantitation of the western signal (J). Data in all graphs are
represented as mean+SD (n>3 trials per experiment for all assays;
*p<0.05, **p<0.01, ****¥p<0.0001, compared to respective con-
trol). Control experiments carried out to assess mitochondrial depo-
larization and hyperpolarization in N2a and BHK-21 cell lines are
depicted in Supplementary Fig. S4A-B
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culture do not have the tissue architecture applicable to the
adult human brain. However, for validating the proteomic
data, a cell model is ideal. We employed neuronal cells to
assess RABYV infection relevant to brain and a non-neuronal
cell line to determine if the changes are neuron-specific
(Fig. 8G, H).

Although the current study is one of the first studies done
on RABV-infected human and canine brains, it has certain
limitations. Since post mortem brain samples represent ter-
minal stage of the disease early events and disease progres-
sion cannot be investigated. Such studies require an animal
model of RABYV infection which needs to be pursued.

Conclusion

This is one of the first comprehensive studies on human and
canine brains that investigated the mechanisms underly-
ing RABYV pathogenesis, at the molecular level. Our data
based on morphological, proteomic and cell culture studies
revealed disrupted mitochondrial ultrastructure, altered pro-
teome and altered enzyme activity of respiratory complexes
in RABV infected brains. This along with impaired mito-
chondrial membrane potential, probably leads to mitochon-
drial dysfunction. Our data linked mitochondrial dysfunc-
tion with mitophagy and ensuing autophagy which could
ultimately lead to neuronal dysfunction in rabies. These data
not only delineate the events in rabies pathobiology but may
help in evolving novel therapeutic strategies.
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«Fig. 9 Ultrastructural and biochemical evidences of autophagy in
RABV-infected human and canine brains. Canine and human brain
samples stored in Glutaraldehyde were processed for electron micros-
copy as described in Fig. 3. Ultrathin sections on copper grids were
stained with Uranyl acetate and Lead citrate and viewed under TEM.
Formation and elongation of phagophore (A and B, dotted circle) and
double membraned autophagosome like vesicles (C, dotted circle)
observed in RABV infected canine brains. Presence of autophago-
some (D and E, dotted circles) and autolysosome like vesicle (F,
dotted circle) in RABV infected human brains. Western blot analy-
sis revealed that LC3 I to LC3 II conversion, a marker of autophagy
was significantly higher in RABV infected human brains (G, H) vs.
control. LAMP1, a marker of autolysosome formation showed sig-
nificant increase in RABYV infected brains (G, I) compared to control.
PINK1 showed significantly increased expression in RABV infected
brains compared to control (J, K), while the expression of PAR-
KIN remained unchanged (L, K), (n=3 per experiment, *p<0.05,
**p <0.01, ns non significant, C control, R rabies)

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11064-022-03556-6.
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