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a b s t r a c t

The extracellular signal-regulated kinase (ERK) pathway has been shown to regulate pathogenesis of
many viral infections, but its role during rabies virus (RV) infection in vivo is not clear. In the present
study, we investigated the potential role of MEK-ERK1/2 signalling pathway in the pathogenesis of rabies
in mouse model and its regulatory effects on pro-inflammatory cytokines and other mediators of im-
munity, and kinetics of immune cells. Mice were infected with 25 LD50 of challenge virus standard (CVS)
strain of RV by intracerebral (i.c.) inoculation and were treated i.c. with U0126 (specific inhibitor of
MEK1/2) at 10 mM/mouse at 0, 2, 4 and 6 days post-infection. Treatment with U0126 resulted in delayed
disease development and clinical signs, increased survival time with lesser mortality than untreated
mice. The better survival of inhibitor-treated and RV infected mice was positively correlated with
reduced viral load and reduced viral spread in the brain as quantified by real-time PCR, direct fluorescent
antibody test and immunohistochemistry. CVS-infected/mock-treated mice developed severe histo-
pathological lesions with increased Fluoro-Jade B positive degenerating neurons in brain, which were
associated with higher levels of serum nitric oxide, iNOS, TNF-a, and CXCL10 mRNA. Also CVS-infected/
U0126-treated mice revealed significant decrease in caspase 3 but increase in Bcl-2 mRNA levels and less
TUNEL positive apoptotic cells. CVS-infected/U0126-treated group also showed significant increase in
CD4þ, CD8þ T lymphocytes and NK cells in blood and spleen possibly due to less apoptosis of these cells.
In conclusion, these data suggest that MEK-ERK1/2 signalling pathway play critical role in the patho-
genesis of RV infection in vivo and opens up new avenues of therapeutics.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

Rabies is a progressive and zoonotic neurological disease of
warm-blooded mammals including humans, caused by genus
Lyssavirus and family Rhabdoviridae [1e3]. The clinical signs in
dogs manifested as two different forms namely, furious form and
dump form. Both the forms are dangerous and ultimately lead to
death within 10 days of appearance of first clinical signs like
change in behaviour and paralysis [3]. Mouse (3e4 weeks old or a
litter of 2-day-old newborn mice) inoculation through intracere-
bral route is commonly used to study the pathogenesis of various
rabies virus (RV) strains. The mouse model has various advantages
like large amount of virus can be isolated from a brain,
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identification of RV strains, easily practicable, skills and facilities
are not required, and histological examination of Negri bodies [3].
The mitogen-activated protein kinases (MAPKs) are important
intermediates in signalling pathways that transduce extracellular
signalling into intracellular responses. MAPKs include ERK 1 and
2, and MEK1/2 signalling pathways which plays important role in
the regulation of cell survival, proliferation, differentiation and
cell death [4,5]. Many viruses manipulate ERK-MAPK pathway for
optimal viral replication [6e10]. The activation of ERK1/
2edependent signalling is a key process leading to selective in-
duction of iNOS, TNF-a, IL-6, IL-8, metalloproteinases and CXCL10
transcription [11e13].

The U0126 (1,4-diamino-2,3-dicyano-1,4-bis[2-
aminophenylthio]butadiene) is a potent and specific inhibitor of
ERK signalling shown to inhibit MEK 1 and 2/MAPK 1 and 2, and
inhibits pro-inflammatory cytokines [6,13,14]. Many viruses like
human immunodeficiency virus-1 (HIV-1), herpes simplex virus
type 1 (HSV-1), rabies virus [11,12], porcine reproductive and res-
piratory syndrome virus (PRRSV), coxsackievirus B3 [7], human
astrovirus [9], influenza B virus [8,10], rhinovirus, herpes virus and
Borna disease virus [6] activate MEK-ERK1/2 signalling pathway for
their optimal replication of virus in host cells. Treatment with
MEK1/2 inhibitor, U0126 significantly suppressed the post inter-
nalization step in viral replication process, including viral RNA
synthesis, protein expression and virus production, and blocked the
virus spread to neighbouring cells [6]. ERK1/2 activity might be
necessary to phosphorylate or stabilize the viral RNA dependent
RNA polymerase, which is essential for the initiation of viral RNA
replication [7,9]. Rodríguez et al. [15] reported that U0126 inhibits
multiplication of arenaviruses such as Junín, Pichinde and Tacaribe
in human and monkey cell cultures by inhibiting Raf/MEK/ERK
signalling pathway. Treatment with U0126 in VERO cells inhibits
yellow fever virus induced ERK1/2 phosphorylation and replication
by ~99% [16]. Treatment with U0126 reduced the levels of NS4AB
and endoplasmic reticulum membrane invagination stimulation
during the dengue virus (DENV-2 and -3) and Saint-Louis en-
cephalitis virus infection. In vivo results showed that U0126
significantly reduced the yellow fever virus titers in brain of mice
[16].

In vitro studies showed that RV activates ERK1/2-mediated sig-
nalling pathway, which stimulates macrophages resulted in secre-
tion of various pro-inflammatory cytokines, including interferon
(IFN)-a, IFN-b, interleukin (IL)-1a, IL-1b, IL-6, chemokines (CXCL10
and CCL5), nuclear factor kB (NF-kB) and NO [11,12]. Chemokines
have been associated with variety of neurodegenerative disorders
[17]. Nitric oxide is not normally detectable in brain, but detectable
after RV infection and peroxynitrites caused oxidative injury to
neurons leading to neuronal dysfunction [18,19]. Treatment with
ERK1/2 inhibitors such as U0126 reduced the RV induced NO, iNOS
and CXCL10 production.

Although several in vitro studies have reported the role of MEK-
ERK1/2 pathway in rabies infection [11,12], its role in rabies
pathogenesis is not yet tested in clinically relevant in vivo model.
In the present study, treatment with U0126 resulted in delayed
development of clinical signs, increased survival time and lower
incidence of disease in mice than CVS-infected/mock-treated.
Treatment also reduced viral load and mitigated viral spread in
the brain. CVS-infected/mock-treated mice developed severe
histopathological lesions with higher levels of serum nitric oxide,
iNOS, TNF-a, and CXCL10 mRNA expression in brain. Inhibition of
MEK1/2 signalling significantly increased CD4þ, CD8þ T lympho-
cytes and NK cells in blood and spleen. The results confirm the
crucial role of MEK-ERK1/2 signalling pathway in the pathogen-
esis of RABV infection in vivo.
2. Materials and methods

2.1. Mice and ethical statement

Young Swiss albino mice (2e3 weeks age) of either sex were
procured from Laboratory Animal Resource (LAR) Section of the
Institute. The mice were kept in polypropylene cages and provided
feed and water ad libitum. The animals were kept under controlled
conditions (temperature 27 ± 2 �C; relative humidity 30e55%) with
12/12 h light/dark cycle. All the experiments were carried out as per
the prescribed guidelines of the Institute Animal Ethics Committee
(IAEC).

2.2. Virus and U0126

The CVS strain of rabies virus was provided by Division of Bio-
logical Products, ICAR-IVRI, Izatnagar. The virus dosewas calculated
by mouse inoculation test (MIT) using Reed and Muench method.
After determining LD50 titre, the virus aliquots were stored
at �80 �C. The MEK inhibitor, U0124 was dissolved in dimethyl
sulfoxide (DMSO) leading to final concentration of 10 mM U0126
solution and stored as frozen stocks at �20 �C.

2.3. Reagents and antibodies

Chemical inhibitor, U0126 and fluorescein isothiocyanate (FITC)-
conjugated monoclonal antibodies specific for RV nucleoprotein
were obtained from Sigma-Aldrich, St. Louis, USA. Other reagents
Fluoro-Jade B stain (Merck Millipore, USA), RNAlater® (Qiagen), TRI
Reagent® (Sigma-Aldrich, USA), Histopaque® (Sigma-Aldrich, USA),
DeadEnd™ Colorimetric TUNEL System (Promega, Madison, USA),
VECTASTAIN® ABC kit (Vector Laboratories, CA, USA) and total nitric
oxide assay kit (cat no. EMSNOTOT, Pierce Biotech, USA) were
procured from standard company. ELISA kit for estimation of
phosphorylated (Thr202/Tyr204) and total ERK1/2 protein was
purchased from Abcam, Cambridge, United Kingdom. Monoclonal
antibodies like Mouse T Lymphocyte Subset Antibody Cocktail; PE-
Cy7 CD3e, PE CD4, and FITC CD8a (Cat no. 558391) and PE-Cy™ 7
Mouse Anti-Mouse NK-1.1 antibody (Cat no. 552878) was procured
from BD Pharmingen™, BD Biosciences, CA, USA.

2.4. Experimental intracerebral infection and drug treatment

After acclimatization, mice were divided into 4 groups. For
intracerebral injection, the animal was grasped firmly by the loose
skin behind the head at lateral side of hemisphere from midline.
The skin was pulled taut and 26 gauge hypodermic needle was
inserted perpendicularly through the skull into the brain and
0.01 mL of solution was injected. The site of injection was 2 mm
from either side of the midline on a line drawn through the anterior
base of the ears [20]. The i.c. injection procedure was approved by
IAEC. Group-I (CVS-infected/mock treated, n ¼ 28) mice were
inoculated intracerebrally (i.c.) with 10 ml of 25 LD50 CVS strain of
RV on day 0 and treated with 10 ml of DMSO alone (mock treated)
on 0, 2, 4 and 6 DPI. The 25 LD50 dose of CVS strain of RV produced
sufficient pathology in mouse model. Group-II (CVS-infected/
U0126-treated, n ¼ 28) mice were inoculated i.c. with 10 ml of 25
LD50 CVS on day 0 and treated with 10 ml of 10 mM U0126 (MEK1/2
inhibitor) per mouse on 0, 2, 4 and 6 DPI. Group-III (U0126 and
DMSO-treated, n ¼ 28) mice were inoculated i.c. with 10 ml each of
10 mM U0126 alone DMSO on 0, 2, 4 and 6 DPI. Group-IV (PBS-
injected, n ¼ 28) mice were inoculated i.c. with 10 ml of sterile
phosphate-buffered saline (PBS) alone on 0, 2, 4 and 6 DPI. Three
mice from each group were euthanized at 6, 12 and 24 h post
infection (HPI), 5, 8 and 13 DPI by cervical dislocation.
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2.5. Assessment of clinical signs and sample collection

The mice were observed for clinical signs, such as ruffled fur,
tremors, hunchback appearance, in-coordination of hind limbs,
paralysis and prostration till 13 DPI. Disease progression was
evaluated by scoring the clinical signs as follows: 0 - normal mice; 1
- ruffled fur; 2 - tremors; 3 - incoordination; 4 - paralysis; 5 -
prostration; and 6 - death [21]. During euthanasia blood was
collected from heart with or without EDTA in vacutainers for serum
and CD4þ, CD8þ T lymphocytes and NK cells estimation by FACS.
The serum was stored at �20 �C for estimation of nitric oxide [19].
The spleenwas collected in ice for estimation of CD4þ, CD8þ and NK
cells. Tissues like brain, spleen, liver, kidney, lungs and heart were
collected in 10% neutral buffered formalin for histopathology. Brain
was collected in RNAlater® and stored in �20 �C for virus identi-
fication and estimation of various cytokines.

2.6. Histopathology

The coronal sections at the mid level of cerebrum, cerebellum
and hippocampus were processed by paraffin embedding tech-
nique to obtain 4 m thick sections and stained by haematoxylin and
eosin (H&E). The lesions were scored in cerebrum, grey matter (3
laminae), white matter and hippocampus based on severity on a
0e3 scale (0 - normal histological architecture; 1 - mild meningitis,
congestion/haemorrhage, neuronal degeneration, neural oedema
andmild perivascular cuffing; 2 - moderate meningitis, congestion/
haemorrhage, neuronal degeneration, gliosis, moderate peri-
vascular cuffing and nonsuppurative encephalitis; 3 - severe
meningitis, congestion/haemorrhage, neuronal degeneration, per-
ivascular cuffing and nonsuppurative encephalitis).

2.7. Estimation of ERK1/2 kinase activity by ELISA

The amounts of phosphorylated (Thr202/Tyr204) and total
ERK1/2 protein in brain was estimated by using commercially
available ELISA kit (Abcam, Cambridge, United Kingdom) according
to the manufacturer's instruction. The sensitivity of the kit for
phospho-ERK is 0.1 ng/mL (range: 0.2e20 ng/mL) and total ERK1/2
is 0.6 ng/mL (range: 0.6e60 ng/mL). The phosphorylated ERK1/2
assay detects endogenous levels of ERK1/2 in tissue homogenate,
only when phosphorylated at Thr202/Tyr204. Brain tissues were
thoroughly washed with PBS to remove blood. 100e200 mg of
tissue was minced and homogenized in chilled 1x cell extraction
buffer (Abcam, Cambridge, United Kingdom). The mince was
incubated for 20 min in ice and centrifuged at 18,000 � g for
20 min at 4 �C. Supernatants were collected in clean tubes and
stored at �80 �C. The protein concentration in the sample was
quantified by the Lowry method, using bovine serum albumin
(BSA) as standard [22]. Samples were diluted to desired concen-
tration (1e2 mg/mL) in 1x cell extraction buffer. Absorbance was
measured at 405 nm using an ELISA plate reader and the concen-
trations of phosphorylated and total ERK1/2 proteins were calcu-
lated from the standard curve.

2.8. Direct fluorescent antibody test

The cryosections as well as smears prepared from cut sections of
the brains were air dried, heat fixed and covered with 50 ml of anti-
rabies nucleocapsid FITC conjugate. Slides were incubated at 37 �C
for 1 h in a darkmoist chamber andwashed thricewith PBS (pH 7.2)
and mounted with aqueous mountant. Finally, slides were viewed
under fluorescent microscope (Leitz Leica, Germany) for the pres-
ence of specific apple green fluorescence. During the process,
positive and negative controls were kept along with test slides.
2.9. Immunohistochemistry (IHC)

The paraffin sections were deparaffinised, rehydrated and
microwaved in 10 mM tri-sodium citrate buffer (pH 6.0) for antigen
retrieval [19]. Endogenous peroxidase activity was quenched with
0.3% hydrogen peroxide (H2O2) in methanol and blocked with 5%
goat serum. Sections were incubated with primary anti-rabies
monoclonal antibody for overnight at 4 �C in humidified chamber
and biotinylated anti-mouse secondary antibody and VECTASTAIN
ABC reagent (Vector Biologicals, USA) for 30 min at RT. Sections
were stained with 3,30-Diaminobenzidine (DAB) chromogen and
counter-stained with Meyer's haematoxylin and mounted in
aqueous medium. The distribution and intensity of positive signals
were visualized under the light microscope. Quantitative analysis
of immunopositive cells was done by counting both positive and
negative cells (minimum of 1000 cells) in 15e20 representative
high-power fields [19].

2.10. Peripheral blood mononuclear cell (PBMC) isolation

Anti-coagulated blood (approx. 0.5 mL from 3 mice) was pooled
according to experimental groups and diluted with Dulbecco's PBS
(D-PBS; 1x; pH 7.2; ratio 1:1) without calcium and magnesium. The
diluted blood was subjected to density gradient separation by
gentle layering of Histopaque® with density of 1.083 g/mL (ratio
1:1) and centrifuged at 1800 rpm for 10 min at RT which resulted in
the separation of PBMCs at the plasma-histopaque interface. The
PBMC layer was collected and washed in isotonic PBS (250 g for
10 min) and re-suspended in RPMI-1640 (Hyclone, Fischer Scien-
tific, USA) for cell count and viability assay, and in Stain Buffer (BSA;
BD Biosciences, USA) for flow cytometry. The cell viability was
determined immediately by using trypan blue dye exclusion with
PBS as the diluent. The cell viability was more than 90%.

2.11. Separation of splenocytes

Spleen was minced into small pieces and splenocytes were
squeezed from the splenic capsule in PBS (pH 7.4) through 70 mm
nylon mesh cell strainer in a Petri dish to create single cell sus-
pension by gently mashing spleen pieces with the rubber end of a
plunger from a 1 mL tuberculin syringe. Any large aggregates and
tissue pieces were discarded. The suspensions of dispersed cells
were again filtered through cell strainer into a sterile centrifuge
tube on ice. Then, cells were centrifuged at 1500 rpm for 10 min at
4 �C and supernatant was discarded. The cell pellet was re-
suspended in chilled red blood cell (RBC) lysis buffer and centri-
fuged at 1500 rpm for 5min at 4 �C. Supernatant was discarded and
pellet was washed in isotonic PBS (250 g for 10 min) and re-
suspended in RPMI-1640 for cell count and viability assay, and in
Stain Buffer (BSA; BD Biosciences, USA) for flow cytometry. The cell
viability was determined immediately by using trypan blue dye
exclusion with PBS as the diluent. The cell viability was more than
90%.

2.12. Flow cytometry

Cells isolated from blood and spleen were reconstituted in
200 ml of Stain buffer and processed for estimation of frequency of
CD4þ, CD8þ and NK cells by fluorescence-activated cell sorting
(FACS) in various groups (BD FACSCalibur™ Instrument, USA). The
cells were incubated with 10 ml of PE and FITC labelled cocktail
antibody for CD4 and CD8 cells, respectively and 10 ml of PE-Cy 7
antibody for NK cells at RT in dark for 45 min. Ten thousand cells
were counted during FACS and analysis of cells were performed
using the BD CellQuest™ pro software (BD Bioscience, USA).
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2.13. RNA extraction and reverse transcription

Total RNA was isolated from the brain by using TRIZOL reagent.
The integrity of the RNA was tested by electrophoresis and reverse
transcription was performed as per Baloul et al. [21]. Rabies virus
nucleoprotein (RVN) gene was detected by reverse transcription
with 1 mM RVN-protein-specific sense primer instead of oligo dT.
2.14. Quantitative real-time PCR (qRT-PCR)

Chemokine CXCL10, cytokine TNF-a and other molecules like
iNOS, caspase-1 and Bcl-2 mRNA expression (relative quantifica-
tion), and rabies viral genome quantification (absolute quantifica-
tion) in brain samples were carried out by qRT-PCR (Mx 3000TM
System, Stratagene, USA), using SYBR Green 1 dye and gene specific
primers mentioned in Table 1. The PCR reactions were set up with
25 ml reaction mix consisting of 10 ml of 2.5X QuantiTech SYBR
Green PCR master mix, 1 ml (10 pmol) of each gene-specific primer
and 2 ml of cDNA template (100 ng concentration). Cytokine/che-
mokine gene expression was measured by quantification of the
cDNAwith respect to the cDNA fromuninfectedmice as a calibrator.
All quantifications were normalised with respect to an endogenous
control b-actin. The relative value obtained for quantification was
expressed as 2�DDCt [19].

For absolute quantification of rabies viral RNAs, a standard curve
was generated using serial dilutions of known rabies-specific DNA
copy numbers (PCR product) by running test samples in qRT-PCR.
An absolute standard curve method was used to calculate the
copy numbers of RV N RNA in mouse brain tissue. To exclude the
contamination of genomic DNA, control cDNA reactions were pre-
pared in parallel without reverse transcriptase. These were uni-
formly negative.
2.15. Estimation of total nitric oxide in serum

Serum samples collected from different groups at various time
intervals were subjected to total nitric oxide estimation by Griess
reaction. Briefly, 200 ml of 1x reagent diluent was pipetted into
duplicate wells in a 96-well-plate. Then 50 ml of diluted nitrate
standard and samples were added followed by 25 ml of NADH and
diluted nitrate reductase and plates were incubated at 37 �C for
30 min. Later, 50 ml of Griess reagent I followed by 50 ml of Griess
reagent II were added to all the wells, and incubated at room
temperature (RT) for 10 min. Optical density (OD) of each well was
taken using a micro-plate reader at 550 nm wavelength.
Table 1
Primers used for amplification of different genes by conventional PCR and real-time PCR

Gene name Primer sequences Annea

RabN F:50-AATCAGGTGGTCTCTTTGAAG-30

R:50-AGCCCAATTCCCTTCTACATC-30
50

RabN F:50-TATGAGTACAAGTACCCTGCC-30

R:50-ATTCCATAGCTGGTCCAGTCTTC-30
50

b-actin/P/M F:50-TCTAGGCACCAAGGTGTG-30

R:50-TCATGAGGTAGTCCGTCAGG-30
56

CXCL10 F:50-CACCATGAACCCAAGTGCTGCCGT-30

R:50-AGGAGCCCTTTTAGACCTTTTTTG-30
55

TNF-a F:50-CCCTTTACTCTGACCCCTTT-30

R:50-AACCTGACCACTCTCCCTTT-30
62

iNOS/P2/M F:50-TGCATGGACCAGTATAAGGCAAGC-30

R:50-CTCCTGCCCACTGAGTTCGTC-30
55

Caspase 3 F:50-GGCTTGCCAGAAGATACCGGT-30

R:50-GCATAAATTCTAGCTTGTGCGCGTA-30
55

Bcl2 F:50- GATGACTTCTCTCGTCGCTAC-30

R:50-ACGCTCTCCACACACATGAC-30
56
2.16. Fluoro-Jade B staining

The brain sections were mounted on 2% gelatine coated slides
and immersed in 1% sodium hydroxide (NaOH) in 80% alcohol
(20 mL of 5% NaOH added to 80 mL absolute alcohol) for 5 min,
followed by 70% alcohol for 2 min and in distilled water for 2 min.
The slides were incubated with 0.06% potassium permanganate for
10 min and stained with 0.0004% FJB for 20 min. The slides were
cleared by immersion in xylene for 1 min before mounting with
DPX. FJB labelled degenerating neurons were visualized under
ultra-violet illumination [27].

2.17. TUNEL staining for detection of apoptosis

The brain sections were fixed in 4% para-formaldehyde and
permeabilized by proteinase K (20 mg/mL). They were equilibrated
with equilibration buffer and incubated with rTdT reaction mix for
60 min in humidified chamber. The reaction was terminated with
2x SSC. The endogenous peroxidase was blocked with 0.3% H2O2
and incubated with streptavidin HRP (1:500). DAB chromogen was
added for colour development and slides were mounted. Apoptotic
cells were observed under light microscope. Quantitative analysis
of TUNEL positive cells was done by counting both positive and
negative cells (minimum of 1000 cells) in 5e10 representative
high-power fields [19].

2.18. Statistical analysis

Statistical analysis was performed using GraphPad Prism
version 4.0 software (San Diego, California, USA). The one-way
ANOVA followed by Tukey's Post-hoc test was used to analyze the
data from different groups in respect of various parameters. The P
value < 0.05 was considered statistically significant difference be-
tween the control and treated groups.

3. Results

3.1. Clinical signs and survival rate

Progression of the disease was assessed by mean clinical score
(Fig. 1a). In CVS-infected/mock-treated group, clinical signs had
developed on 3 DPI, became severe on 5 DPI onwards and all the
mice died on 9 DPI. The maximum intensity of clinical signs and
mortality was observed on 8 and 9 DPI (Fig. 2). The mice had ruffled
fur (3 mice) and tremors (3 mice) on 5 DPI. There were in-
coordination and paralysis (5 mice) on 6 DPI, and prostration (7
.
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Fig. 1. Mean clinical (a) and histopathological (b) score in CVS-infected/mock-treated (dotted line) and MEK-ERK1/2 inhibited (solid line) groups (n ¼ 28 mice/group). Mean with
asterisks (*P < 0.05; **p < 0.001; ***p < 0.0001) at a given DPI indicates statistically significant. Error bars indicate the SD.

Fig. 2. KaplaneMeier survival curve for CVS-infected/mock-treated (dotted line) and
MEK-ERK1/2 inhibited (solid line) groups (n ¼ 18 mice/group) and mortality was
recorded daily.
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mice) on 7 DPI. All mice in this group were dead by 9 DPI (Fig. 2).
Strikingly, in CVS-infected/U0126-treated groupmice exhibited less
severe clinical signs even on 6 DPI with less number of animals
were affected, and mortality was started on 7 DPI and 50% of mice
were survived much longer. After 13 DPI, 4 mice were survived up
to 30 DPI and were euthanized (Fig. 2). The other two groups of
mice (U0126 alone and PBS alone) were found to be normal
throughout the experiment.
3.2. Gross lesions and histopathology

The CVS-infected/mock-treated mice showed severe meningeal
congestion in brain, debility, marked reduction in spleen size, and
distention of urinary bladder. However, these changes were milder
in CVS-infected/U0126-treated group. The inhibitor control and
negative control groups had no changes throughout the experi-
mental period. The severity of histopathological lesions was
assessed by mean histopathological score (Fig. 1b). On 5 DPI, CVS-
infected/mock-treated group showed characteristic perivascular
infiltration of mononuclear cells (MNCs) in the grey and white
matter, mild meningitis, pyknotic neurons with acidophilic cyto-
plasm and foci of glial nodules in cerebral hemisphere (Fig. 3a). The
neurons of dentate gyri and CA2 regions were degenerated with
mild diffuse microgliosis. However, The CVS-infected/U0126-
treated group had less severe lesions (Fig. 3b). On 8 and 9 DPI,
CVS-infected/mock-treated group showed severe neuronal changes
like pyknotic neurons and karyorrhexis in cerebral hemisphere and
hippocampus (CA1 and CA2 regions), and CVS-infected/U0126-
treated group merely showed mild perivascular reaction and glio-
sis. On 13 DPI, MAP kinase treated group had more mild reaction
like sparse infiltration of MNCs in meninges and mild neuronal
degeneration in CA2 region. Overall, lesions were more prominent
in cerebrum and hippocampus in brain than other anatomical sites.
Histopathological changes were not seen in the brains of control
groups mice (Fig. 3c and d).

3.3. Estimation of ERK1/2 kinase activity

The CVS-infected/mock-treated mice had higher levels of
phosphorylated (pT202/Y204) and total ERK1/2 at 12 HPI onwards,
which reached peak on 8 DPI in brain homogenates. The CVS-
infected/U0126-treated mice had lower levels of phosphorylated
(Fig. 4a) and total (Fig. 4b) ERK1/2. No significant variations were
noticed in control mice.

3.4. Quantification of viral load

Rabies viral nucleoprotein (N gene) was detected in brain
samples as early as at 6 HPI. During 6 and 24 h post infection, the
number of copies was higher in CVS-infected/mock-treated group
than in CVS-infected/U0126-treated mice. Strikingly, the viral load
was very significantly low in CVS-infected/U0126-treated group at
8 and 9 DPI. On 13 DPI, the virus concentration was drastically
reduced in CVS-infected/U0126-treated group over the course of
infection (Table 2).

3.5. dFAT and IHC

The rabies virus infected brain sections revealed weak positive
signals with dFAT up to 24 HPI with specific apple green fluores-
cence. The signals were more intense at subsequent time intervals
in CVS-infected/mock-treated group (Fig. 5a) than in CVS-infected/
U0126-treated group (Fig. 5b). In IHC, immunopositive brown sig-
nals were more intense and significantly higher number of neurons



Fig. 3. Histopathological findings on 8 DPI in different groups. a. Perivascular infiltration of mononuclear cells, severe edema and neuronal degeneration in cerebral cortex of CVS-
infected/mock-treated group. H&E x400. b.Mild perivascular edema and mild neuronal degeneration in cerebral cortex of MEK-ERK1/2 inhibited groups. H&E x400. c and d. Normal
histology of brain in inhibitor (U0126) control (c) and negative (PBS) control (d) groups. H&E x400.

Fig. 4. a. Phosphorylated ERK1/2 (pT202/Y204) and b. total ERK1/2 levels (pg/mL) in brain homogenate of various groups (n ¼ 28 mice/group). Mean with asterisks (*P < 0.05;
**p < 0.001; ***p < 0.0001) at a given DPI indicates statistically significant when compared to PBS control. Error bars indicate the SD.

Table 2
Absolute copy number of rabies virus in CVS-infected/mock-treated, and CVS-infected/U0126-treated groups by real-time PCR.

Hours and days post infection Group-I (CVS þ DMSO) Group-II (CVS þ U0126)

6 h 1.69 � 104 1.03 � 104

12 h 1.97 � 104 1.21 � 104

24 h 1.91 � 105 1.58 � 104*

5 d 1.09 � 1010 4.86 � 108*

8 d 1.69 � 1010 1.05 � 108*

9 d 1.76 � 1010 1.42 � 106*

13 d e 3.58 � 104

The mean with asterisks (*) at a given HPI and DPI indicates statistically significant (P < 0.05) when compared to group-I.
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Fig. 5. Direct fluorescent antibody technique (dFAT) and immunohistochemical detection of rabies virus in CVS-infected/mock-treated (a, c) and MEK-ERK1/2 inhibited (b, d)
groups. a. Brain showing strong and diffuse positive signals with bright apple green fluorescence of rabies antigen in brain. dFAT x200. b.MEK-ERK1/2 inhibited mice brain showing
mild and weak positive signals. dFAT x200. c. Cerebral cortex showing strong positive signals for rabies antigen in neuronal cytoplasm. IHC-DAB-MH x200. d. Cerebral cortex
showing weak positive signals of rabies antigen. IHC-DAB-MH x200. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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showed positive signals in cerebrum of CVS-infected/mock-treated
mice (Fig. 5c) than in CVS-infected/U0126-treated mice, which
showed mild signals and less number of positive neurons (Fig. 5d).
On 5, 8, 9 and 13 DPI, cerebral cortex and hippocampus showed
more positive signals than cerebellum. The quantification of
immunopositive neurons in brain of CVS-infected/mock-treated
and CVS-infected/U0126-treated groups has been presented in
Fig. 6a.
Fig. 6. Quantification of immunopositive (a) and TUNEL positive (b) cells in brain parenchym
Mean with *P < 0.05; **p < 0.001 indicates statistically significant. Error bars indicate the
3.6. Kinetics of immune cell population (immunophenotyping)

Both infected groups (I and II) showed significantly increased
number of CD4þ and CD8þ T cells in blood and spleen up to 24 HPI
than in control groups (Fig. 7a and b). From 5 to 13 DPI the numbers
of CD4þ and CD8þ T cells were lower in CVS-infected/mock-treated
mice. However, the decline was lower in CVS-infected/U0126-
treated group (Fig. 7). On 8 DPI, the levels of CD4þ and CD8þ T
a in CVS-infected/mock-treated and MEK-ERK1/2 inhibited groups (n ¼ 28 mice/group).
SD.



Fig. 7. Kinetics of immune cell population in blood and spleen of various groups at different days post infection (DPI). Mean with asterisks (*P < 0.05; **p < 0.001) at a given DPI
indicates statistically significant when compared to PBS control. Error bars indicate the SD.
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cells in blood and spleen were significantly low in CVS-infected/
mock-treated than CVS-infected/U0126-treated group (Fig. 7d). In
blood the CD4þ/CD8þ ratio in CVS-infected/mock-treated mice
increased till 8 DPI and then gradually decreased. But the pattern
was reverse in CVS-infected/U0126-treated group. In spleen the
ratios in both groups revealed opposite trend compared to blood
(data not shown).The NK cells also followed the similar kinetics as
CD4þ and CD8þ T cells (Fig. 7).

3.7. qPCR for CXCL10, TNF-a, iNOS, caspase 3 and Bcl-2 mRNA
expression

The CXCL10, TNF-a and iNOS mRNA expressions were signifi-
cantly higher and reached peak on 8 and 9 DPI in CVS-infected/
mock-treated group as compared to CVS-infected/U0126-treated
group (Fig. 8a,b,c). Consistently, the nitric oxide levels in serum
were found to be higher in CVS-infected/mock-treated mice
(Fig. 8d). Interestingly, the caspase 3 mRNA expression was up
regulated as early as 6 HPI, and reached peak on 9 DPI in CVS-
infected/mock-treated group when compared to CVS-infected/
U0126-treated group, which had revealed significantly low levels at
all intervals (Fig. 8f). The Bcl-2 mRNA expression did not vary in all
the groups up to 12 HPI, but expression was increased at 24 HPI,
significantly high at 5 DPI, and highest on 13 DPI in CVS-infected/
U0126-treated group (Fig. 8e). The CVS-infected/mock-treated
group showed lower levels at all intervals. The CXCL10, TNF-a,
iNOS, caspase 3 and Bcl-2 mRNA expression in both the control
groups were not affected.

3.8. Fluoro-Jade B staining

Brain sections of both infected group (I and II) mice did not show
any FJB positive degenerating neurons with specific bright green
fluorescence at 6, 12 and 24 HPI. On 5 DPI, CVS-infected/mock-
treated group showed few FJB positive neurons. Later, greater
number of FJB positive neurons was found in cerebral cortex, hip-
pocampus and cerebellum on 8 DPI (Fig. 9a), in comparison to a few
in CVS-infected/U0126-treated group (Fig. 9b). On 13 DPI, CVS-
infected/U0126-treated group showed few FJB positive neurons in
all parts of brain. The brain sections from control mice were
negative for FJB positive neurons.

3.9. TUNEL assay and DNA ladder pattern

Consistent with higher expression of caspase 3 mRNA, TUNEL
positive apoptotic cells were widespread in brain, especially in



Fig. 8. Relative expression profiles of different genes (a,b,c,e,f) in brain by quantitative real-time PCR and nitric oxide (mM/L) in serum (d) from various groups. Relative expression of
genomic mRNAwas calculated as 2�DDCt and compared to non-infected mice. The meanwith asterisks (*P < 0.05; **p < 0.001; ***p < 0.0001) at a given DPI differs significantly when
compared to PBS control. Error bars indicate the SD.
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hippocampus and cerebral cortex in the CVS-infected/mock-treated
group (Fig. 9c). However, in CVS-infected/U0126-treated group
mice showed only a few TUNEL positive cells (Fig. 9d). Apoptotic
cells in the CVS-infected/mock-treated brain sections could be
detected as early as 24 HPI and were abundant on 8 and 9 DPI
(Fig. 6b). These results were also confirmed by DNA ladder assay
and typical ladder pattern of 200 bp size was seen in CVS-infected/
mock-treated group, but CVS-infected/U0126-treated group did not
show typical ladder pattern (data not shown).
4. Discussion

To better understand the role of MEK-ERK1/2-MAPK signalling
pathway in pathogenesis of rabies and its inhibitory effect on pro-
inflammatory cytokines (CXCL10, TNF-a), iNOS and other molecules
(caspase-3 and Bcl-2), the present study was conducted. Use of
MEK-ERK-1/2 inhibitors did delay in development of clinical signs,
increased survival rate and duration. The delay in commencement
of clinical signs and better survivability of mice could be due to



Fig. 9. Fluoro-Jade B staining and TUNEL assay in CVS-infected/mock-treated (a, c) and MEK-ERK1/2 inhibited (b, d) groups. a. Brain showing more FJB positive degenerating
neurons. x100. b. Few FJB positive degenerating neurons in brain. x100. c. Brain showing brown colour more TUNEL positive apoptotic cells. x100. d. Brain showing few TUNEL
positive apoptotic cells. x100. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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reduced viral load and its spread in the brain, as confirmed by qRT-
PCR, dFAT and IHC. The results were similar as seen in other viral
infections [10,14,16,25]. Treatment with MAPK inhibitor during
dengue [28] and avian influenza virus infections in mice [10]
resulted in significantly increased survival time.

In CVS-infected/mock-treated group, maximum mortality was
observed on 8 and 9 DPI but at the same time, in CVS-infected/
U0126-treated group just mortality was started. This might be due
to increased ERK levels, viral load and cytokine expressions on 8
and 9 DPI. The CVS-infected/mock-treated group also showed
prominent histopathological lesions in brainwithmore FJB positive
degenerating neurons, clearly suggesting the virus-mediated in-
flammatory and degenerative changes. The infection had prolifer-
ating effect onmicroglial cells and augmenting expressions of iNOS,
TNF-a and CXCL10 mRNA levels in the brain, facilitating higher
chemotaxis for macrophages/microglial cells, which in turn
secreted higher inflammatory cytokines leading to severe histo-
pathological changes. These effects inducing proliferation of
microglial cells could be due to ERK 1/2 mediated signalling
pathway owing to its mitogenic role [4]. Consistently, treatment
with ERK1/2 inhibitor (U0126) reduced all these effects indicating
that ERK1/2 mediated viral-induced inflammatory changes and
pathologies. Inhibition of MEK-ERK1/2 resulted in less severe le-
sions in brain, decreased viral load, decreased expressions of
CXCL10, TNF-a and iNOS, and reduced proliferation of microglial
cells. The inhibitory effects of MEK-ERK1/2 on rabies infection and
inflammatory cytokines were reported in vitro by Nakamichi et al.
[11,12]. Thus, these data emphasize that MEK-ERK1/2 pathway play
important role in pathogenesis of rabies.

In the present study, highest levels of ERK have been observed
on 5e9 DPI, might be due to increased viral load, which stimulates
ERK1/2 signalling pathways. Nakamichi et al. [12] demonstrated
that RV infection and replication, but not exposure to inactivated
virions, directly activates MAPK-ERK1/2-mediated signalling
pathway in microglia. In the present study, CVS-infected/U0126-
treated mice had significantly reduced viral loads measured by
qRT-PCR and reduced positive signals in dFAT and IHC. It is well
proven that MAPK signalling pathway is essential for infection,
replication and viral spread, and inhibition leads to defect in
replication of many human viral infections viz. HIV-1, HSV-1, rabies
virus, PRRSV, Coxsackievirus B3 and others [6e12]. MEK inhibitor
U0126 exerts antiviral effect directly in reducing viral load by
inactivating virus or indirectly by immunomodulation [14,29]. MEK
inhibition also leads to blockade of nuclear cytoplasmic transport of
viral ribonucleoproteins (RNPs) complexes [30]. Droebner et al. [14]
reported that U0126 treatment against highly pathogenic avian
influenza virus and pandemic H1N1v resulted in both in vitro and
in vivo antiviral action. In vivo results showed that treatment with
U0126 in adult BALB/c mice infected with yellow fever virus
significantly reduced the virus titres in brain [16].

In the present study, CVS-infected/mock-treated group showed
significantly increased serum NO levels and higher iNOS mRNA
levels in brain, as reported previously [18,19]. MAPK/ERK1/2 sig-
nalling pathway mediated NO production from macrophages/
microglial cells. ERK activates IRF3 stimulating NO-inducing cyto-
kines such as IFN-b, IL-6 and iNOS leading to production of NO
[11,31]. During rabies virus infection, it was shown that excess NO
induces damage to blood brain barrier (BBB) and neurotoxicity
leading to neurodegeneration [18,19,25]. In the present study,
increased NO level was correlated positively with prominent his-
topathological lesions in brain. In addition, a positive correlation
was seen between NO, CXCL10 and TNF-a concentrations with
brain lesions.

On the other hand, the CVS-infected/U0126-treated mice reac-
ted less severely to infection which correlated with decreased
serum NO and iNOS mRNA levels in brain, with perceptible
decrease in clinical signs and mortality. Nakamichi et al. [11] re-
ported that in vitro MAPK/ERK kinase inhibition resulted in
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significantly decreased NO production from rabies virus infected
macrophages. Decreased/inhibition of NO by iNOS inhibitor
significantly increased the survival time of mice and delay in
development of clinical signs during rabies virus infection [18,19].

Even though ERK1/2 is a pro-survival factor in the MAP kinase
family and contributes to the regulation of cell proliferation and
differentiation, under some circumstances, ERK1/2 can function in
a pro-apoptotic manner. In the neuronal system, ERK1/2 has been
suggested to be involved in neurodegeneration [32] and ERK1/2
activation promotes low potassium-induced neuronal degenera-
tion predominantly through caspase-3 dependent plasma mem-
brane damage [33]. In the present study, neurodegenerative lesions
of brain were observed in the infected mice with increased
expression of caspase-3 and TNF-a, but a significant decrease in
Bcl-2 mRNA levels. Further, greater number of TUNEL positive
apoptotic cells with typical DNA ladder pattern was observed,
suggesting ERK-mediated cell death. MAPK signalling pathways
play an important role in the initiation and progression of cell death
[34]. MAPK familymembers like ERK pathways are activated during
viral infection, and communicate apoptotic signals within cells
[4,5,35]. TNF-a also mediates apoptosis during virus infection via
activation of Ras/Raf/ERK signalling pathways inducing phosphor-
ylation of Bcl-2 leading to cytochrome c release and caspase-3
activation in mitochondria [36]. MAPK pathway mediated
apoptosis is unique during viral infections like bluetongue virus,
alphaherpesvirus, reovirus and Japanese encephalitis virus
[24,32,37]. Inhibition of MEK-ERK1/2 pathway also confers pro-
tection against neuronal cell death by reducing Bax expression,
mitochondrial membrane depolarization, cytochrome c release,
caspase-3 activation and ultimately lead to inhibition of apoptosis
[13,37,38]. Thus, ERK inhibitor treatment reduced dead cells in CVS-
infected mice.

Migrating T lymphocytes from the periphery through BBB pro-
vides protection against infections in brain [39]. In CVS-infected/
mock-treated mice early increase and thereafter significant
decrease in CD4þ, CD8þ Tcells and NK cells in blood and spleenwas
remarkable. During rabies virus infection CD8þ T lymphocytes
become ineffective due to apoptosis of migrating T cells. Also rabies
virus infected neurons did not reveal apoptosis but leukocytes
became apoptotic [1,2,40]. Presently, increase in caspase-3 and
TNF-a, and decrease in Bcl-2 in brain appeared to be responsible for
apoptosis of T and NK cells. Rabies virus increases the expression of
various pro-apoptotic and other genes in both the infected and
non-infected neurons as well as non-neuronal resident cells of CNS
[41,42]. The morphology of TUNEL positive apoptotic cells
confirmed that lymphocytes were undergoing apoptosis. In our
study, ERK inhibitor reduced TNF-a expression with ameliorating
brain lesions and less T cell death suggesting that MEK/ERK-
dependent TNF-a play a role in apoptosis of T cells.

The present study reported for the first time that MEK-ERK1/2
inhibition in vivo had protected T cells from demise during rabies
infection. It could be due to reduced rabies viral load in brain
resulting in reduced killing of protective migrating T cells. MEK-
ERK1/2 inhibition during rabies infection exhibited anti-apoptotic
effect on T cells with decreased clinical expression of disease and
low mortality.

In conclusion, CVS-infected/mock-treated mice developed se-
vere histopathological lesions and FJB positive degenerating neu-
rons along with increased serum NO, CXCL10, iNOS, TNF-a, and
caspase 3 mRNA levels. Treatment with specific inhibitor of MEK1/
2, U0126 had clinically and pathologically deterred the intensity
clinical expressions, morbidity and mortality in rabies virus infec-
tion in mice. The present study for the first time evidenced the role
of MEK-ERK1/2 signalling pathway in the pathogenesis of rabies
virus infection in vivo. Further studies using mice with gene knock-
out for MEK-ERK/MAPK pathway would reveal the critical role
these molecules for pathogenesis of rabies.
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