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Inducible nitric oxide synthase deficiency 
promotes murine-β-coronavirus induced 
demyelination
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Abstract 

Background Multiple sclerosis (MS) is characterized by neuroinflammation and demyelination orchestrated by acti-
vated neuroglial cells, CNS infiltrating leukocytes, and their reciprocal interactions through inflammatory signals. An 
inflammatory stimulus triggers inducible nitric oxide synthase (NOS2), a pro-inflammatory marker of microglia/mac-
rophages (MG/Mφ) to catalyze sustained nitric oxide production. NOS2 during neuroinflammation, has been associ-
ated with MS disease pathology; however, studies dissecting its role in demyelination are limited. We studied the role 
of NOS2 in a recombinant β-coronavirus-MHV-RSA59 induced neuroinflammation, an experimental animal model 
mimicking the pathological hallmarks of MS: neuroinflammatory demyelination and axonal degeneration.

Objective Understanding the role of NOS2 in murine-β-coronavirus-MHV-RSA59 demyelination.

Methods Brain and spinal cords from mock and RSA59 infected 4–5-week-old MHV-free C57BL/6 mice (WT) and 
NOS2-/- mice were harvested at different disease phases post infection (p.i.) (day 5/6-acute, day 9/10-acute-adaptive 
and day 30-chronic phase) and compared for pathological outcomes.

Results NOS2 was upregulated at the acute phase of RSA59-induced disease in WT mice and its deficiency resulted 
in severe disease and reduced survival at the acute-adaptive transition phase. Low survival in NOS2-/- mice was 
attributed to (i) high neuroinflammation resulting from increased accumulation of macrophages and neutrophils and 
(ii) Iba1 + phagocytic MG/Mφ mediated-early demyelination as observed at this phase. The phagocytic phenotype of 
CNS MG/Mφ was confirmed by significantly higher mRNA transcripts of phagocyte markers-CD206, TREM2, and Arg1 
and double immunolabelling of Iba1 with MBP and PLP. Further, NOS2 deficiency led to exacerbated demyelination at 
the chronic phase as well.

Conclusion Taken together the results imply that the immune system failed to control the disease progression in 
the absence of NOS2. Thus, our observations highlight a protective role of NOS2 in murine-β-coronavirus induced 
demyelination.

Keywords NOS2, Mouse Hepatitis Virus (MHV), RSA59, Neuroinflammation, Demyelination, Phagocytic MG/Mφ, 
CD206, TREM2, Arg1

Background
Multiple sclerosis (MS) is the most widely studied neu-
roinflammatory and demyelinating disorder of the CNS 
and is common among young adults. It is characterized 
by the destruction of myelin and myelin-producing oli-
godendrocytes. The disease etiology is associated with 
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autoimmunity, several genetic and environmental factors, 
and pathogens such as viruses. A recent groundbreaking 
study by Bjornevik et al. [1] suggested Epstein Barr virus 
(EBV) as one of the leading causes of MS confirming the 
involvement of virus etiology. Neuroinflammation in MS 
is mediated by the production of several inflammatory 
mediators, including cytokines, chemokines, and reactive 
oxygen and nitrogen species by activated glial cells, such 
as microglia and astrocytes, and CNS infiltrating myeloid 
and lymphoid cells [2, 3]. In response to an inflammatory 
stimulus, inducible nitric oxide synthase (iNOS or NOS2) 
catabolizes L-arginine to generate nitric oxide (NO) that 
has been reported to significantly contribute to the oli-
godendrocyte degeneration, demyelination, and neuronal 
damage in MS [4].

During inflammation, NOS2 is induced in all leuko-
cytes, including macrophages, dendritic cells, NK cells, 
primary tumor cells, and to a certain extent, activated T 
cells [5]. NOS2 expression by microglia and macrophages 
is a prominent pro-inflammatory marker of neuroinflam-
mation and is implicated in MS pathophysiology [4].

MS patients revealed NOS2 expression in the chronic 
active plaques in diverse cell types, including microglia/
macrophages (MG/Mφ), ependymal cells, inflammatory 
cells, and to a certain extent astrocytes [6]. Studies using 
experimental animal models of MS have shown mixed 
results. Several experiments report improved disease 
symptoms upon inhibition of NOS2 or NOS2 deficiency 
[7–12], while in others, it rendered the system vulnerable 
to pathogen attack or exacerbated the disease [13–16]. 
Though studies implicating NOS2 in demyelination are 
limited, most indicate no effect or a detrimental effect of 
NOS2.

In this study, we investigated the effect of NOS2 on the 
pathological outcome of neuroinflammation and neuro-
inflammatory demyelination induced by RSA59, a spike 
gene recombinant strain of murine β-coronavirus (MHV-
A59), in an effort to better understand the NOS2-medi-
ated pro-inflammatory immune response [17]. RSA59 
infection induces a biphasic disease in mice character-
ized by acute phase (day 5/6 post-infection [p.i.]) hepa-
titis, meningitis, encephalitis, and successive chronic 
phase (day 15–30 p.i.) demyelination and concomitant 
axonal loss [17–22]. We previously showed an interplay 
between MG/Mφ and CD4 + T cells via CD40 recep-
tor (CD40) and CD40 ligand (CD40L) interaction in the 
RSA59 induced model. The absence of either CD4 + T 
cells or CD40L impaired viral clearance from the CNS 
and aggravated the severity of demyelination in the 
chronic phase [23, 24]. Confirming evidence of the pro-
tective role of CD4 + T cells was further illustrated in a 
parallel study performed in Ifit2-/- mice. RSA59 infected 
Ifit2-/- mice presented with dampened activation of MG/

Mφ resulting in low recruitment of CD4 + T cells in the 
CNS, which led to severe clinical disease and high mor-
tality in the mice [25]. Having studied the adaptive arm 
and its crosstalk with the innate arm during the RSA59-
induced immune response, we next examined the role 
of innate immune MG/Mφ to investigate the NOS2-
mediated proinflammatory immune response. We have 
compared 4–5-week-old male C57BL/6 mice with NOS2-
/- mice for pathological outcomes on RSA59 infection.

In the current study, we showed that NOS2 expression 
was upregulated at the acute phase of RSA59 infection 
and its absence led to more severe clinical disease score 
as compared to WT mice. Most strikingly NOS2-/- mice 
exhibited a drop in survival at the acute-adaptive tran-
sition phase (day 9/10 p.i.) associated with significant 
increase in the infiltration of macrophages and neutro-
phils in the brain. Resultantly, the transcript levels of 
TNFα, IFNγ and Ifit2 were higher in the NOS2-/- brains. 
However, the virus was successfully cleared from the 
CNS in both NOS2-/- and wildtype mice. In addition, 
demyelination pathology was observed as early as day 
9/10 p.i. in infected NOS2-/- mice as compared to day 30 
p.i. in the WT infected mice. The demyelinating plaques 
showed accumulation of amoeboid phagocytic MG/Mφ 
which was further confirmed by significant upregulation 
of phagocytic markers- CD206, TREM2 and Arginase1 
in the CNS. Confocal imaging of spinal cords at day 9/10 
p.i. showed engulfment of myelin basic protein (MBP) 
and proteolipid protein (PLP) by Iba1 + MG/Mφ. At the 
chronic phase as well NOS2-/- mice showed exacerbated 
demyelination. The results together indicated a protec-
tive role of NOS2 against murine β-coronavirus-induced 
demyelination.

Materials and methods
Virus, inoculation of mice, and experimental design
Wild-type C57BL/6 mice (Jackson Laboratory, B6.129P2-
tm1Lau/J) were obtained from Jackson Laboratory and 
NOS2-/- mice (Jackson Laboratory, B6.129P2-tm1Lau/J, 
Stock No. 002609) [26] were obtained from the Animal 
Facility at the National Centre of Cell Science Pune, 
India. NOS2-/- mice did not show any inherent patholog-
ical differences to the WT mice (Additional file 1: Fig S4 
and S5). Five-week-old male MHV-free WT and NOS2-/- 
mice were infected with RSA59, an isogenic recombinant 
strain of the demyelinating mouse hepatitis virus; MHV-
A59, described previously [27]. The mice were inoculated 
intracranially with RSA59 at 20,000 (50% of 50% lethal 
dose, LD50) and 10,000 PFUs. The requirement of 10,000 
PFUs dose was due to low survival of the NOS2-/- mice 
infected with 20,000 PFUs of RSA59. Mock infected con-
trols were inoculated with phosphate-buffered saline 
(PBS) plus 0.75% bovine serum albumin (BSA).
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Mice were monitored daily post-infection for disease 
signs and symptoms, and changes in their weight were 
noted. Clinical disease severity was graded using the fol-
lowing scale: 0: no disease symptoms; 0.5: ruffled fur; 1: 
hunched back with mild ataxia; 1.5: hunched back with 
mild ataxia and hind limb weakness; 2: ataxia, balance 
problems and or partial paralysis; 2.5: one leg completely 
paralyzed, motility issues but still able to move around 
with difficulty; 3: severe hunching/wasting/paralysis of 
both hind limbs and severely compromised mobility; 
3.5: severe distress, complete paralysis, and moribund; 
4: dead. For RNA studies, mice were sacrificed on day 6 
(acute phase), day 10 (acute-adaptive transition phase), 
day 15 (chronic adaptive phase), and day 30 p.i. (chronic 
phase). For histopathological, immunohistochemical 
analyses, viral titer estimation, and flow cytometry exper-
iments, mice were sacrificed at day 9/10 p.i. (acute-adap-
tive chronic phase) and day 30 p.i. (chronic phase).

Estimation of viral replication
WT and NOS2-/- mice infected with RSA59 at 10,000 
PFUs and 20,000 PFUs were sacrificed at day 9/10 p.i. 
Brains were harvested and placed into 1  ml of isotonic 
saline containing 0.167% gelatin (gel saline). Brain tissues 
were weighed and kept frozen at −  80  °C until titered. 
Tissues were subsequently homogenized and using the 
supernatant, viral titers were quantified by standard 
plaque assay protocol on tight monolayers of L2 cells 
as described previously [27] using the formula: plaque-
forming units (PFUs) = (no. of plaques × dilution factor/
ml/gram of tissue) and expressed as log10 PFUs/gram of 
tissue.

Flow cytometry analysis
Mice were transcardially perfused with 20  ml PBS, and 
half brains were homogenized in 2 ml of RPMI containing 
25 mM HEPES (pH 7.2), using Tenbroeck tissue homog-
enizers. Tissue homogenate was then centrifuged at 450 g 
for 10  min. Obtained cell pellets were resuspended in 
RPMI containing 25 mM HEPES, adjusted to 30% Percoll 
(Sigma), and underlaid with 1 ml of 70% Percoll. A sec-
ond centrifugation cycle was applied at 800 g for 30 min 
at 4 °C, following which the cells were recovered from the 
30–70% interface, washed with RPMI, and suspended in 
FACS buffer (0.5% bovine serum albumin in Dulbecco’s 
PBS). Specific cell types were identified by staining with 
fluorochromes like fluorescein isothiocyanate (FITC), 
phycoerythrin [(PE), (PECy7)], peridinin chlorophyll pro-
tein [(PerCP), (PerCpCy5.5)], allophycocyanin [(APC), 
(APCCy7)] and violet excitable dyes [(V450), (V500)] 
conjugated MAb for 45  min on ice in FACS buffer. 
Expression of surface markers was characterized with 
MAb (all from BD Biosciences except where otherwise 

indicated) specific for CD45 (clone Ly-5), CD11b (clone 
M1/70), CD11c (clone HL3), CD3 (clone 145-2C11), CD4 
(clone GK1.5), CD8 (clone 53–6.7), NK1.1 (clone PK136), 
CD25 (clone PC61), and Foxp3 (clone G155-178). Intra-
nuclear staining was performed for Foxp3 after fixation 
and permeabilization (BD 562574) per the manufactur-
er’s guidelines.

To detect the expression of NOS2 in the immune cell 
subsets, intracellular staining for NOS2 was performed 
following the staining of surface markers as mentioned 
above. The cells were fixed and permeabilized (BD 
554714) as per the manufacturer’s guidelines and stained 
with anti-NOS2 antibody (Invitrogen PA3-030A) which 
was followed by washing and subsequent staining with 
secondary antibody (GαR APC).

Samples were acquired on a BD FACSVerse flow 
cytometer (BD Biosciences) and analyzed on FlowJo 10 
software (Treestar, Inc., Ashland, OR) [25]. First, doublet 
exclusion using FSC‐A and FSC‐W was performed, and 
then cells were gated based on forward scatter (FSC), 
and side scatter (SSC) to focus on live cells. Further, the 
cells were analyzed to differentiate myeloid and lymphoid 
populations. Myeloid cells were gated from a primary 
gating on CD45, and an independent CD3 gating or CD3 
gating in addition to CD45 was applied for the lymphoid 
populations. Single colors and FMOs were used in all the 
experiments. Beads were gated based on their FSC/SSC 
pattern.

Histopathology and immunohistochemical analysis
Mice were sacrificed at day 9/10 and day 30 p.i. Follow-
ing transcardial perfusion with PBS and post-fixation 
with 4% paraformaldehyde for 26–48  h, spinal cord tis-
sues were harvested and embedded in paraffin. For this, 
sections from cervical, lumbar, and thoracic regions of 
spinal cord from one biological sample were embedded 
in a single mould and sectioned into 5  μm thick trans-
verse sections using Thermo Scientific HM 355 S section-
ing system. The sections were then prepared and stained 
with hematoxylin and eosin for histopathologic analysis. 
Luxol fast blue (LFB) staining was performed to evalu-
ate demyelination in the spinal cord tissues, as described 
previously with minor modifications [23]. Immunohis-
tochemistry was performed in spinal cord section using 
antibody directed against MG/Mφ-specific calcium-
binding protein; Ionized calcium-binding adaptor mol-
ecule 1 (Iba1) (Wako; Catalog No. 019–19,741) in 1:600 
dilution. Bound primary antibodies were detected by an 
avidin–biotin immunoperoxidase technique (Vector Lab-
oratories) using 3,3-diaminobenzidine (DAB) as the sub-
strate [28]. Control slides from mock infected mice were 
stained in parallel. All the slides were coded and read in a 
blinded manner.



Page 4 of 14Kamble et al. Virology Journal           (2023) 20:51 

Quantification of histopathological sections
Image analysis was performed using Fiji’s basic densi-
tometric thresholding application (Image J, NIH Image, 
and Scion Image) as described previously [29]. Briefly, 
image analysis for Iba1 stained sections was performed 
by capturing the images at the × 4 for brain and × 10 for 
the spinal cord so that the entire section (i.e., the scan 
area) could be visualized within a single frame. The RGB 
image was deconvoluted into three different colors to 
separate and subtract the DAB-specific staining from the 
background hematoxylin staining. The perimeter of each 
spinal cord tissue was digitally outlined, and the area was 
calculated in square micrometers. A threshold value was 
fixed for each image to ensure that all antibody-marked 
cells were taken into consideration. The amounts of Iba1 
staining were termed the percent area of staining which 
was calculated for every single section available per spi-
nal cord and plotted.

To determine the area of demyelination, LFB stained 
spinal cord transverse-sections from each mouse were 
chosen and analyzed using Fiji (Image J, NIH Image, and 
Scion Image) [29, 30]. The total perimeter of the white 
matter regions in each transverse-section was marked, 
and the area was calculated by adding together the dor-
sal, ventral, and anterior white matter areas in each sec-
tion. Also, the total area of the demyelinated regions was 
outlined and collated for each section separately. The 
percentage of spinal cord demyelination per section per 
mouse was calculated for all available sections.

RNA isolation, reverse transcription, and quantitative PCR
RNA was extracted from brain tissues of RSA59 infected 
WT and NOS2-/- mice and mock infected mice using the 
TRIzol isolation protocol following transcardial perfusion 
with diethylpyrocarbonate (DEPC)-treated PBS. The total 
RNA concentration was measured using a NanoDrop 
ND-2000 spectrophotometer. One microgram of RNA 

was used to prepare cDNA using a high-capacity cDNA 
reverse transcription kit (Applied Biosystems). Quan-
titative real-time PCR analysis was performed using a 
DyNAmo ColorFlash SYBR Green qPCR kit (Thermo Sci-
entific) in a Step One Plus real-time PCR system (Thermo 
Fisher Scientific) under the following conditions: initial 
denaturation at 95 °C for 7 min, 40 cycles of 95 °C for 10 s 
and 60 °C for 30 s and melting curve analysis at 60 °C for 
30  s. Reactions were performed in duplicates or tripli-
cates. Sequences for the primers used are given in Table 1. 
Absolute quantitation was achieved using the threshold 
(ΔCT) method. mRNA expression levels of target genes 
in mock and RSA59 infected WT and NOS2-/- mice 
were normalised with GAPDH. The average of the rep-
licates for each mouse biological sample  were expressed 
as mRNA expression to depict the changes between the 
infected WT and NOS2-/- groups as well as between the 
mock infected WT and NOS2-/- groups, if any.

Immunofluorescence microscopy
Infected WT and NOS2-/- mice were sacrificed at day 
9/10 p.i. and day 30 p.i. and spinal cord tissue sections 
were harvested, processed, and embedded in paraf-
fin. 5 μm thick transverse sections of spinal cord were 
used to perform immunofluorescence imaging. The 
tissue sections parallel to those used for correspond-
ing histopathology were stained. Briefly, the slides were 
deparaffinized followed by rehydration and antigen 
unmasking. The slides were then permeabilized with 
0.2% Triton X-100 in phosphate buffered saline (PBS) 
by shaking incubation at RT for 15  min and blocked 
using 1% bovine serum albumin (BSA) prepared in 0.2% 
Triton X-100-1X PBS solution at 37 °C for 1 h. This was 
followed by shaking incubation at 4  °C for 16  h with 
primary antibodies prepared in blocking solution. Each 
section on each sample slide was stained for the fol-
lowing combinations separately: i) Anti-Iba1 (1: 500, 

Table 1 List of primers used for quantitative real time PCR

Primer sequence (5′- 3′)

Forward primer Reverse primer

GAPDH GCC CCT TCT GCC GATGC CTT TCC AGA GGG GCC ATC C

NOS2 TGG CCA CCT TGT TCA GCT ACGC GGT GCC AAG GCC AAA CAC AGC ATA 

N gene GTT GCA AAC AGC CAA GCG GGG CGC AAA CCT AGT 

TNFα CTG TAG CCC ACG TCG TAG C TTG AGA TCC ATG CCG TTG 

IFNγ GTC TCT TCT TGG ATA TCT GGA GGA ACT GTA GTA ATC AGG TGT GAT TCA ATG ACGC 

Ifit2 GGG AAA GCA GAG GAA ATC AA TGA AAG TTG CCA TAC AGA AG

CD206 TGG AGG CTG ATT ACG AGC AGT TTG GTT CAC CGT AAG CCC AAT 

P2Y6 TGC CAA TCT ACA TGG CAG CA CAC GAC TCC ACA CAC TAC CC

TREM2 CAG TGT CAG AGT CTC CGA GG CAC AGG ATG AAA CCT GCC TGG 

Arg1 CAT GGA AGT GAA CCC AAC TC CTG TCT GCT TTG CTG TGA TG
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Wako; Catalog No. 019–19,741) and anti-MBP home-
made serum antibody (1:1); ii) Anti-Iba1 (1:500) and 
home-made serum antibody against PLP (1:1). Slides 
were then washed and incubated for 1 h at 37  °C with 
combination of secondary antibodies AlexaFluor568 
and AlexaFluor488 (1:750 each) prepared in blocking 
solution. Finally, the slides were washed in PBS and 
mounted using Vectashield with DAPI.

Epifluorescence images were acquired using Olym-
pus virtual slide scanner (VS200) and processed using 
OlyVIA software. Confocal imaging was performed 
using Zeiss Confocal Microscope (LSM710) and the 
images were processed with Zen 2010 software.

Statistical analyses
Values were represented as mean values ± standard 
errors of the mean (SEM). Values were subjected to 
unpaired student’s t-tests with Welch’s correction or 
Kruskal- Wallis One- Way ANOVA or Ordinary One- 
Way ANOVA or Two- Way ANOVA with multiple 
comparison tests (Tukey’s test and the Holm-Sidak 
test) for calculating the significance of differences 
between the means. Log-rank (Mantel-Cox) test was 
used for calculating the statistical significance in mor-
tality between groups. All statistical analyses were 
done using GraphPad Prism 8 (La Jolla, CA). A P-value 
of < 0.05 was considered statistically significant.

Results
NOS2 is induced in C57BL/6 WT mice during the acute 
phase (day 5/6 p.i.) of the RSA59 infection and its 
deficiency results in increased mortality in the infected 
mice
Inflammatory stimuli are major factors that induce NOS2 
expression, which is otherwise strictly regulated within 
the cells [31]. WT mice infected with 20,000 PFUs (50% 
LD50) of RSA59 showed significantly high expression 
of NOS2 transcripts at day 5/6 p.i. which is the peak of 
acute phase neuroinflammation, after which the lev-
els declined (Fig.  1A). Flow cytometry analysis further 
confirmed the upregulation in NOS2 protein expres-
sion in brains of WT mice infected at 10,000 PFUs on 
day 5/6 p.i. As compared to the mock-infected controls, 
both frequency of the NOS2-expressing cells- primarily 
macrophages, natural killer cell, and natural killer T cell 
population (Additional file 1: Fig S1)- and the intensity of 
NOS2 expression (MFI) were significantly higher in the 
brain lysates of infected WT mice (Fig. 1B, C, and D). The 
data thus proved an innate immune effector function of 
NOS2 in RSA59-induced acute neuroinflammation.

Further experiments comparing WT and NOS2-/- 
mice showed that NOS2 deficiency led to significant 

weight loss (Fig.  1E), heightened clinical score (Fig.  1F) 
and high mortality in mice infected with 20,000 pfus of 
RSA59 (Fig.  1G). Despite this, NOS2 deficiency did not 
affect acute phase CNS pathology (Additional file  1: 
Fig S2). However, the survival of NOS2 deficient mice 
dropped significantly at day 9/10 p.i. i.e., at the acute-
adaptive transition phase. To check whether the drop in 
survival could be attributed to incomplete viral clearance, 
viral load in the CNS was determined. Transcript levels 
of N (nucleocapsid) gene (Fig. 1H) and viral titers (Fig. 1I) 
in infected WT and NOS2-/- mice remained comparable 
at the acute-adaptive transition phase indicating that the 
heightened disease severity observed in NOS2-/- mice 
was due to factors intrinsic to the immune responders.

NOS2 deficiency results in increased infiltration 
of macrophages and neutrophils in the brain 
at the acute-adaptive transition phase
Previous studies in RSA59 infected mice model have 
shown that CD4 + T cells and their reciprocal com-
munication with MG/Mφ protected the mice from 
severe chronic demyelination [23, 24]. NOS2 being a 
marker of pro-inflammatory MG/Mφ, whether its defi-
ciency affected infiltration of the leukocytes in the CNS 
at the acute-adaptive transition phase (day 9/10 p.i.) 
was assessed next. Flow cytometry analysis of WT and 
NOS2-/- mice infected with 10,000 PFUs showed no 
differences in the resident CD45loCD11b + microglia 
(Fig. 2 A). However, there was an increase in the infiltra-
tion of the myeloid CD45hiCD11b + Ly6G- macrophages 
and CD45hiCD11b + Ly6G + neutrophils (Fig.  2 B) in 
infected NOS2-/- mice brains. The numbers of CD4 + and 
CD8 + T lymphocytes (Fig. 2 C and D) were comparable 
in WT and NOS2-/- mice which could explain the ade-
quate viral clearance in NOS2 deficient mice. Whether 
the inflammatory status of brain was affected due to influx 
in macrophages and neutrophils was checked next and it 
was observed that the levels of inflammatory cytokines 
TNFα, IFNγ and Ifit2 were comparatively higher in 
infected NOS2-/- mice brains. Thus, NOS2 did not hinder 
the innate-adaptive crosstalk but there was more influx 
of macrophages and neutrophils in the brain which influ-
enced the brain inflammatory status.

NOS2 deficiency results in early severe demyelination 
and leads to an increased accumulation of phagocytic 
MG/Mφ in the spinal cords of RSA59 infected mice 
at the acute-adaptive transition phase
Next, the effect of the increased number of macrophages 
and neutrophils and thereby the altered inflamma-
tory status of the brain on CNS pathology was checked. 
Although brain pathology was not affected (Additional 
file  1: Fig S3), pathology of the spinal cord in WT and 
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Fig. 1 RSA59 infection upregulates NOS2 expression in WT brains at the acute phase (day 5/6 p.i.) and its deficiency results in drop in survival at 
the acute-adaptive transition phase (day 9/10 p.i.) NOS2 transcripts were determined in the brain of WT mice (n = 3 to 4 per group per time point) 
infected at 20,000 PFUs at days 6, 10, 15 and 30 p.i. by qRT-PCR. Results were normalised to GAPDH, and values calculated using the ΔCT method 
were compared and expressed as Mean ± SEM (A). NOS2 expression was determined by flow cytometry in the brain harvested from WT mice 
infected at 10,000 PFUs at day 5/6 p.i. (B) shows representative flow cytometry dot plots and histograms showing percentages of NOS2 + cells, 
gated from live cell populations that were gated from singlets, and their absolute numbers and NOS2 MFI are graphically represented in (C) and (D), 
respectively. Wildtype (WT) (n = 11 to 14) and NOS2-/- (n = 17 to 18) mice were infected with 20,000 PFUs of RSA59 and monitored daily for weight 
change (E), development of clinical disease (F) and survival (G). Clinical scores were assigned by an arbitrary scale of 0–4 as described in Materials 
and Methods. N gene (viral nucleocapsid gene) transcripts levels in the CNS at day 9/10 p.i. (H) were determined by qRT-PCR and values calculated 
using the ΔCT method were represented graphically as mRNA expression normalised to GAPDH. (n = 3 to 5). Plaque assay was performed to 
determine viral titers CNS of mice (n = 4 to 7) infected at 10,000 PFUs day 9/10 p.i. (I). Statistical analysis was performed using Ordinary One- way 
ANOVA test for (A); unpaired student’s t test with Welch’s correction for (C) and (D); Two- Way ANOVA with Tukey’s multiple comparison test for (E), 
(F), (H), and (I); and Log-rank (Mantel-Cox) test for survival proportions (G). Results were expressed as Mean ± SEM. *Asterisk represents statistical 
significance between infected WT and infected NOS2-/- groups. p < 0.05 was considered as significant. *p < 0.05, **p < 0.01, ***p < 0.001 and 
****p < 0.0001. Each dot in the dot plots represents one biological sample
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NOS2-/- mice showed drastic differences on day 9/10 p.i. 
(acute-adaptive transition phase). H&E staining of the 
spinal cord sections showed higher myelitis in infected 
NOS2-/- mice as compared to WT controls (Fig.  3 A, 
black arrows). Additionally, Luxol fast blue staining 
(LFB) revealed increased demyelination in the NOS2-
/- mice (Fig. 3 B, dashed lines indicated by blue arrows). 
The demyelinating plaques showed a distinct accumula-
tion of Iba1 + MG/Mφ. Quantification of the percent 

demyelination and Iba1 expression in the spinal cords of 
infected mice revealed significantly high demyelination 
in the absence of NOS2 (Fig. 3D) but a similar expression 
of Iba1 by the activated MG/Mφ (Fig.  3E). The distinct 
amoeboid morphology of the Iba1 + MG/Mφ present in 
the demyelinating plaques in NOS2-/- mice indicated a 
phagocytic phenotype.

Therefore, to verify the MG/Mφ phenotype status, 
the transcript levels of different phagocytic markers 

Fig. 2 NOS2 deficiency increases the infiltration of macrophages and neutrophils in RSA59 infected mice brains. Flow cytometry analysis was 
performed on brains from WT and NOS2-/- mock and RSA59 infected (10,000 PFUs) brains at day 9/10 p.i. Infiltrating peripheral cells were 
distinguished by CD45hi gating from live cell populations gated from singlets. Similarly, CD45lo gate was used to extract brain resident cell 
populations. Representative flow cytometry contour plots showing percentages of CD45lo CD11b + microglia populations and their graphical 
representation in mock and RSA59 infected WT and NOS2-/- groups are given in (A). Percentages of CD45hi CD11b + Ly6G- macrophages and 
CD45hi CD11b + Ly6G + neutrophils are presented in representative contour plots and quantification of their numbers in graphical form in (B). 
(C) shows the representative contour plots of CD45hi CD3 + CD4 + T cells and its graphical representation of the absolute numbers. Similarly (D) 
shows the representative contour plots of CD45hi CD3 + CD8 + T cells and its graphical representation of the absolute numbers. Transcript levels of 
TNFα, IFNγ and Ifit2 assessed in WT and NOS2-/- mice brains are shown in (E). (Real time quantitative PCR experiment was performed in triplicates 
and average expression per sample as calculated by ΔCT method was plotted. Each dot corresponds to one biological sample.) Statistical analysis 
was performed using Two- Way ANOVA with Sidak’s multiple comparison test between mock and infected WT and NOS2-/- groups. Results were 
expressed as Mean ± SEM. n = 3 to 4 for MI and 5 to 7 for Infected for A, B, C and D. n = 3 for MI and 3 to 4 for Infected for E..*Asterisk represents 
statistical significance. p < 0.05 was considered as significant. *p < 0.05 and**p < 0.01
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were assessed at day 9/10 p.i. in WT and NOS2-/- mice 
infected with 20,000 PFUs. Results showed the transcript 
levels of CD206, TREM2 and Arg1 were significantly 
upregulated in brain, TREM2 and Arg1 were signifi-
cantly upregulated in the spinal cord. while P2Y6 showed 
no change in both brains (Fig.  3F) and spinal cords of 
infected NOS2-/- mice (Fig. 3G).

Absence of NOS2 leads to demyelination due to active 
engulfment of MBP and PLP by Iba1 + MG/Mφ as early 
as day 9/10 p.i.
To further confirm that the phagocytic phenotype of 
Iba1 + MG/Mφ was responsible for myelin loss at day 
9/10 p.i., confocal imaging of spinal cord sections double 
immunolabelled for Iba1 and MBP, and Iba1 and PLP, was 
performed. Amoeboid Iba1 + MG/Mφ were present in 
regions devoid of MBP and PLP in both WT and NOS2-
/- mice (Fig.  4A and B, white arrows) and appeared to 
move towards the MBP and PLP enriched regions for 
subsequent engulfment (Fig. 4A and B, insets with yellow 
arrows indicating engulfment of myelin protein by amoe-
boid Iba1 + MG/Mφ). Although, it should be noted that 
the loss of MBP and presence of Iba1 + MG/Mφ was both 
more abundant in NOS2-/- mice. Thus, it can be con-
cluded that the change in inflammatory milieu of brain 
due to increased infiltration of MG/Mφ in the absence of 
NOS2 led to production of phagocytic MG/Mφ pheno-
types and early demyelination mediated by these cells.

NOS2 deficiency leads to severe demyelination 
at the chronic phase (day 30 p.i.)
Demyelination in RSA59 infected WT mice is a charac-
teristic of the chronic phase and is a direct consequence 
of myelin striping by amoeboid microglia [17, 21]. Since 
NOS2-/- mice showed the presence of prominent demy-
elinating plaques as early as day 9/10 p.i., the effect of 
NOS2 on chronic phase demyelination was checked next. 
H & E, and LFB staining were performed on spinal cord 

sections from WT and NOS2-/- mice infected at 10,000 
PFUs. NOS2-/- mice showed more myelitis (Fig. 5 A black 
arrows) and demyelination in the spinal cords (Fig.  5 B 
blue arrows). The demyelination quantified showed a sig-
nificantly higher percentage in NOS2-/- mice. Confocal 
staining of areas corresponding to demyelination plaques 
in parallel sections showing prolific presence of amoe-
boid Iba1 + MG/Mφ engulfing myelin protein was found 
in both infected WT and NOS2-/- spinal cord sections as 
expected at day 30 p.i. (Fig. 5C and D, insets). Although, 
loss of MBP was comparatively more in infected NOS2-/- 
(Fig. 5C) spinal cord sections. Thus, it can be concluded 
that effect of NOS2 was persistent for as long as day 30 
p.i. and its absence worsened the demyelination pathol-
ogy over time.

Discussion
The role of NOS2 in neurodegeneration has been stud-
ied in murine experimental models of MS utilising demy-
elination-inducing chemicals, peptides, or virus strains, 
the outcomes of which often depend on differential dis-
ease pathology and the role of infiltrating T cells. In the 
early 2000s Lane and Perlman laboratories showed that 
absence of NOS2 does not affect demyelination [11, 32]. 
These studies were carried out incorporating MHV-JHM, 
a highly neurovirulent strain of MHV as compared to 
RSA59 [33]. In the neurotoxicant cuprizone-induced 
demyelination model, on the other hand, absence of 
NOS2 exacerbated demyelination at early time points 
[15]. As compared to JHM where mice succumb to death 
at day 12 p.i. due to severe demyelination, RSA59 infec-
tion in WT mice causes prominent demyelination around 
day 30 p.i. allowing us to dissect the immune responses 
involved over time. The current study was thus initiated 
to revisit the role of NOS2 in demyelination using MHV-
RSA59 infection as the model.

RSA59 infection in C57BL/6 WT mice led to upregu-
lation of NOS2 mRNA and protein at the acute phase, 
i.e., day 5/6 p.i. confirming its role in RSA59-induced 

(See figure on next page.)
Fig. 3 NOS2 deficiency leads to increased demyelination in the spinal cords of RSA59 infected mice at the acute-adaptive transition phase 
(day 9/10 p.i.) concurrent with increased expression of phagocytic markers. 5 µm thick transverse sections of RSA59 infected (20,000 PFUs) WT 
and NOS2-/- mice spinal cords were stained for the presence of inflammatory lesions by H & E (A), demyelination by LFB (B) and activated MG/
Mφ by Iba1 (C). Black arrows in (A) indicate the regions with myelitis. Blue arrows in (B) indicate the demyelinating plaques. Black boxed areas 
highlighted by black arrow represent higher magnification of grey matter area, and brown boxed areas highlighted by brown arrow represent 
higher magnification of white matter below the corresponding Iba1 stained spinal cord transverse-sections in (C). Scale bar 100 µm. (D) and (E) are 
the quantification of percent demyelination and percent Iba1 stained area, respectively (n = 4 to 5 mice per group. 1 to 6 sections corresponding to 
different regions of the spinal cord were analysed and each dot in the graph represent one section from one spinal cord). Results were expressed as 
Mean ± SEM. *Asterisk represents statistical significance calculated between infected WT and infected NOS2-/- mice using unpaired student’s t test 
with Welch’s correction. p < 0.05 was considered as significant. *p < 0.05. mRNA was isolated from brain and spinal cord tissue of mock and infected 
(20,000 PFUs) RSA59 WT and NOS2-/- mice. Transcript levels of CD206, P2Y6, TREM2 and Arg1 were analyzed for brain (F) and spinal cord (G) by 
qRT- PCR. Results were expressed as Mean ± SEM. (n = 3 to 5. The mRNA expression was calculated by ΔCT method and average expression per 
biological sample was plotted.)) *Asterisk represents statistical significance using Two- ANOVA with Tukey’s multiple comparisons test. p < 0.05 was 
considered as significant. *p < 0.05 and **p < 0.01
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Fig. 3 (See legend on previous page.)
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Fig. 4 Early demyelination in the absence of NOS2 is an effect of engulfment of MBP and PLP by Iba1 + MG/Mφ. (A) to (B) are representative 
epifluorescence scans of spinal cord sections and respective confocal photomicrographs. 5 μm thick transverse sections of paraffin embedded 
spinal cords from infected WT and NOS2-/- mice at day 9/10 p.i. were double immunolabelled for MBP (green) with Iba1 (red) and PLP (green) with 
Iba1 (red) and counterstained with DAPI (blue). Insets highlight areas that show engulfment of MBP or PLP by Iba1 + MG/Mφ. Scale bar 100 μm for 
epifluorescence image and 10 μm for confocal image

(See figure on next page.)
Fig. 5 NOS2 deficiency exacerbates the chronic phase (day 30 p.i.) demyelination. 5 µm thick transverse- sections of RSA59 infected (10,000 PFUs) 
WT and NOS2-/- mice spinal cords were stained for the presence of inflammatory lesions by H & E (A), and demyelination by LFB (B). Black arrows in 
(A) indicate the regions with myelitis. Regions with black outlined boxes are shown in insets. Blue arrows in (B) indicate the demyelinating plaques. 
Scale bar 200 µm. (C) is the quantification of percent demyelination. (n = 5 to 7 and the dots represent all the sections from all the spinal cords. 1 
to 6 sections corresponding to different regions of the spinal cord were analysed). *Asterisk represents statistical significance calculated between 
infected WT and infected NOS2-/- mice using unpaired student’s t test with Welch’s correction. **p value < 0.01. Confocal photomicrographs of 
demyelinating plaques are represented in (C) through (D). 5 μm thick transverse spinal cord sections from infected WT and NOS2-/- mice were 
double immunolabelled for MBP (green) with Iba1 (red) and PLP (green) with Iba1 (red) and counterstained with DAPI (blue). Insets highlight areas 
that show engulfment of MBP or PLP by Iba1 + MG/Mφ. Scale bar 10 μm
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Fig. 5 (See legend on previous page.)
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acute neuroinflammation. Further NOS2 deficiency led 
to increased mortality and uncommon demyelination 
pathology at the acute-adaptive transition phase. How-
ever, it did not affect viral clearance, which is in line 
with the above reports. We have previously reported 
the crucial role of CD4 + T cells in mounting anti-viral 
immune response against RSA59. In the absence of 
either CD4 + T cells or their activation marker CD40L 
which mediates the MG/Mφ-CD4 + T cell crosstalk, the 
virus persisted in the CNS. This in turn lead to continual 
activation of MG/Mφ concurrent with high expression 
of phagocytic markers to eliminate both the debris and 
virus-infected cells resulting in severe chronic demy-
elination as a bystander effect [23, 24]. In addition, liga-
tion of CD40 on microglial cells has been reported to 
induce NOS2 expression [34]. In the absence of NOS2 
the crosstalk between MG/Mφ and CD4 + T cell was 
not affected as evident from successful viral clear-
ance and comparable CD4 + T cell numbers in infected 
NOS2-/- mice, however there was an increased infiltra-
tion of macrophages and neutrophils in infected NO2-
/- mice brains at the acute-adaptive transition phase. 
The infected NOS2-/- brains also showed higher levels 
of inflammatory markers TNFα, IFNγ and Ifit2 which 
could be attributed to the increased infiltration of mac-
rophages and neutrophils though the inflammatory sta-
tus needs to be reconfirmed at protein expression level 
as well. Many studies have reported direct role of NO in 
inhibiting leukocyte recruitment by reducing the leuko-
cyte-endothelial interactions [35]. Thus, lower levels of 
NO in NOS2-/- mice could be one of the reasons for high 
macrophage and neutrophil infiltration. A slightly simi-
lar alteration in myeloid cell infiltration was also reported 
in a relatively recent study in the experimental autoim-
mune encephalomyelitis (EAE) model of MS where it 
was showed that in the absence of NOS2 there was high 
recruitment of pathogenic CD11b + F4/80 − Gr-1 + cells 
and low infiltration of regulatory CD11b + F4/80 − cells 
in the brain during the priming phase and in the spinal 
cord during the effector phase [36]. This indicated that 
effect of NOS2 was phase-dependent which is also appar-
ent in the current study. NOS2 production is highest at 
the acute phase (day 5/6 p.i.), its deficiency however did 
not affect CNS pathology during acute neuroinflamma-
tion (day 5/6 p.i.) but resulted in early demyelination 
at the acute-adaptive transition phase (day 9/10 p.i.) 
implying that the system adopted auxiliary mechanisms 
which could not be sustained over time. Demyelina-
tion pathology at the acute-adaptive transition phase 
in the spinal cords of NOS2-/- mice was accompanied 
by amoeboid Iba1 + MG/Mφ. Early studies by Wu and 
Perlman in MHV-JHM model have shown a correlation 
of increase in the number of F4/80 + macrophages with 

demyelination and showed the presence of distinct acti-
vated ameboid F4/80 + macrophages in the demyelinat-
ing plaques [33]. The early demyelination observed in 
the RSA59 infected NOS2-/- mice was accompanied by 
significant upregulation of MG/Mφ phagocytic mark-
ers CD206, TREM2 and Arg1 in the CNS confirming the 
anti- inflammatory phagocytic phenotype of MG/Mφ 
[37–41]. The phagocytic markers were not further veri-
fied at protein expression level however, confocal imag-
ing of the demyelinating plaques confirmed considerably 
more loss of MBP due to engulfment by Iba1 + MG/Mφ 
in infected NOS2-/- spinal cord sections. A lucid study 
in the EAE induced model of MS targeted the expres-
sion of NOS2 and Arg1 by mononuclear phagocytes 
showing that the cells specify and adapt to their pheno-
type locally guided by the CNS-derived signals and can 
change their individual phenotypes over time accordingly 
[42]. Another aspect of regulation of polarization in mac-
rophages was shown by Van den Bossche et al. [43] where 
inhibition of NOS2 led to the rescue of NO suppressed 
mitochondrial respiration and enhanced inflammatory 
to anti-inflammatory phenotypic repolarization of mac-
rophages. This proved that the local redox and immune 
milieu is important in deciding the fate of the cells and 
thereby the pathological outcome. It can thus be con-
cluded that changes in brain inflammatory milieu due to 
more influx of macrophages and neutrophils led to early 
progression of MG/Mφ into an amoeboid phagocytic 
phenotype responsible for early demyelination in the 
absence of NOS2. Though anti-inflammatory phagocytic 
phenotype has been shown to be beneficial in various 
inflammatory diseases [44], persistent activation could 
damage the healthy tissue as observed by RSA59-induced 
early demyelination in this study which worsened by day 
30 p.i. at which point majority of the myelin MBP was 
stripped off from the white matter axons. Current study 
thus suggests that the absence of NOS2 led to the loss of 
regulation in the recruitment of macrophages and neu-
trophils leading to enhanced inflammation which poten-
tially caused the increased disease severity and mortality 
in the mice.

Conclusion
Contrary to the previously reported pathogenic role 
of NOS2 in MS and related autoimmune animal mod-
els, we show that β-coronavirus-RSA59 infected NOS2 
deficient mice exhibit exacerbated disease with acceler-
ated demyelination. This was accompanied by increased 
accumulation of neutrophils and macrophages and a high 
prevalence of phagocytic MG/Mφ. We thus show a pro-
tective role of NOS2 in RSA59-induced demyelination 
and the study adds to the limited knowledge of the role of 
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NOS2 in modulating the demyelination process in exper-
imental animal models of MS.

Abbreviations
MS  Multiple sclerosis
CNS  Central nervous system
NOS2  Inducible nitric oxide synthase
MHV  Mouse hepatitis virus
WT  Wildtype
p.i.  Post infection
MG/Mφ  Microglia/macrophage
TNFα  Tumour necrosis factor α
IFNγ  Interferon γ
Ifit2  Interferon induced protein with tetratricopeptides 2
CD206 or MRC1  Mannose receptor C type 1 protein
TREM2  Triggering receptor expressed on myeloid cells 2
Arg1  Arginase 1
NO  Nitric oxide
NOS  Nitric oxide synthase
MFI  Median fluorescent intensity
GAPDH  Glyceraldehyde-3-phosphate dehydrogenase
N gene  Nucleocapsid gene
LFB  Luxol fast blue staining
MBP  Myelin basic protein
PLP  Proteolipid protein
EAE  Experimental autoimmune encephalomyelitis

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12985- 023- 02006-1.

Additional file 1. Supplementary images for the main text.

Acknowledgements
We thank the Animal facility at the National Centre of Cell Science, Pune, India, 
for providing the NOS2-/- mice (B6.129P2-tm1Lau/J, Jackson Laboratory; Stock 
No. 002609) used in the study. We thank Mr. Ritabrata Ghosh, Operator (Zeiss 
Confocal Microscope LSM710), Central imaging facility, IISER Kolkata and Mr. 
Saurabh Datta, Operator for Olympus digital slide scanner (VS200) for image 
acquisition. We thank the IISER-Kolkata animal facility for providing the neces-
sary support. We thank DBT for supporting and funding the Flow cytometry 
facility.

Author contributions
MK and JDS designed and planned all the experiments. SK and FS performed 
flow cytometry experiments along with MK and helped analyze the results. 
MK and JDS analyzed the data and wrote the manuscript. FS blindly quantified 
histopathological data, assigned clinical scores to the experimental mice, 
and helped MK write the manuscript. BS helped in critically reviewing the 
manuscript. MK, FS, and JDS participated in data interpretation. JDS super-
vised and reviewed the overall study. All authors read and approved the final 
manuscript.

Funding
This work was supported by a Department of Biotechnology, India, research 
grant (BT/PR 20922/MED/122/37/2016), and internal support from IISER 
Kolkata. University Grants Commission (UGC) provided fellowship to MK and 
Council for Scientific and Industrial Research (CSIR) to FS and SK.

Availability of data and materials
The datasets supporting the conclusions of this article are included within the 
article and its supporting information.

Declarations

Ethics approval and consent to participate
All experimental procedures and animal care and use were strictly regulated 
and reviewed per animal ethics approved by the Institutional Animal Care 
and Use Committee at the Indian Institute of Science Education and Research 
Kolkata (AUP no. IISERK/ IAEC/AP/2019/45). Experiments were performed 
following the guidelines of the Committee for the Purpose of Control and 
Supervision of Experiments on Animals (CPCSEA), India.

Consent for publication
All authors have read the final manuscript and approved it for publication.

Competing interests
Authors declare that no competing interests exist.

Author details
1 Department of Biological Sciences, Indian Institute of Science Education 
and Research Kolkata, Mohanpur 741246, India. 2 National Centre for Cell Sci-
ence, Ganeshkhind, Pune, India. 3 Department of Ophthalmology, University 
of Pennsylvania Scheie Eye Institute, Philadelphia, PA 19104, USA. 

Received: 11 November 2022   Accepted: 6 March 2023

References
 1. Bjornevik K, Cortese M, Healy BC, Kuhle J, Mina MJ, Leng Y, et al. Longi-

tudinal analysis reveals high prevalence of Epstein-Barr virus associated 
with multiple sclerosis. Science. 2022;375(6578):296–301.

 2. Hoglund RA, Maghazachi AA. Multiple sclerosis and the role of immune 
cells. World J Exper Med. 2014;4(3):27–37.

 3. Martin R, McFarland HF, McFarlin DE. Immunological aspects of demyeli-
nating diseases. Annu Rev Immunol. 1992;10:153–87.

 4. Smith KJ, Lassmann H. The role of nitric oxide in multiple sclerosis. Lancet 
Neurol. 2002;1(4):232–41.

 5. Bogdan C. Nitric oxide synthase in innate and adaptive immunity: an 
update. Trends Immunol. 2015;36(3):161–78.

 6. Hill KE, Zollinger LV, Watt HE, Carlson NG, Rose JW. Inducible nitric oxide 
synthase in chronic active multiple sclerosis plaques: distribution, cel-
lular expression and association with myelin damage. J Neuroimmunol. 
2004;151(1–2):171–9.

 7. Ding M, Zhang M, Wong JL, Rogers NE, Ignarro LJ, Voskuhl RR. Antisense 
knockdown of inducible nitric oxide synthase inhibits induction of 
experimental autoimmune encephalomyelitis in SJL/J mice. J Immunol. 
1998;160(6):2560–4.

 8. Brenner T, Brocke S, Szafer F, Sobel RA, Parkinson JF, Perez DH, et al. Inhibi-
tion of nitric oxide synthase for treatment of experimental autoimmune 
encephalomyelitis. J Immunol. 1997;158(6):2940–6.

 9. Zhao WG, Tilton RG, Corbett JA, McDaniel ML, Misko TP, Williamson JR, 
et al. Experimental allergic encephalomyelitis in the rat is inhibited by 
aminoguanidine, an inhibitor of nitric oxide synthase. J Neuroimmunol. 
1996;64(2):123–33.

 10. Cross AH, Misko TP, Lin RF, Hickey WF, Trotter JL, Tilton RG. Amino-
guanidine, an inhibitor of inducible nitric oxide synthase, ameliorates 
experimental autoimmune encephalomyelitis in SJL mice. J Clin Investig. 
1994;93(6):2684–90.

 11. Chen BP, Lane TE. Lack of nitric oxide synthase type 2 (NOS2) results 
in reduced neuronal apoptosis and mortality following mouse 
hepatitis virus infection of the central nervous system. J Neurovirol. 
2002;8(1):58–63.

 12. Ying F, Cunjing Z, Feng F, Shuo W, Xin Z, Fukang X, et al. Inhibiting Inter-
leukin 17 Can ameliorate the demyelination caused by A. cantonensis via 
iNOS Inhibition. Mediat Inflam. 2017;2017:3513651.

 13. Fenyk-Melody JE, Garrison AE, Brunnert SR, Weidner JR, Shen F, Shelton 
BA, et al. Experimental autoimmune encephalomyelitis is exacerbated in 
mice lacking the NOS2 gene. J Immunol. 1998;160(6):2940–6.

 14. Zielasek J, Jung S, Gold R, Liew FY, Toyka KV, Hartung HP. Administration 
of nitric oxide synthase inhibitors in experimental autoimmune neuritis 

https://doi.org/10.1186/s12985-023-02006-1
https://doi.org/10.1186/s12985-023-02006-1


Page 14 of 14Kamble et al. Virology Journal           (2023) 20:51 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

and experimental autoimmune encephalomyelitis. J Neuroimmunol. 
1995;58(1):81–8.

 15. Arnett HA, Hellendall RP, Matsushima GK, Suzuki K, Laubach VE, Sherman 
P, et al. The protective role of nitric oxide in a neurotoxicant-induced 
demyelinating model. J Immunol. 2002;168(1):427–33.

 16. Raposo C, Nunes AK, Luna RL, Araujo SM, da Cruz-Hofling MA, Peixoto 
CA. Sildenafil (Viagra) protective effects on neuroinflammation: the role 
of iNOS/NO system in an inflammatory demyelination model. Mediators 
Inflamm. 2013;2013: 321460.

 17. Das Sarma J, Kenyon LC, Hingley ST, Shindler KS. Mechanisms of primary 
axonal damage in a viral model of multiple sclerosis. J Neurosci Off J Soc 
Neurosci. 2009;29(33):10272–80.

 18. Shindler KS, Kenyon LC, Dutt M, Hingley ST, Das SJ. Experimental optic 
neuritis induced by a demyelinating strain of mouse hepatitis virus. J 
Virol. 2008;82(17):8882–6.

 19. Lavi E, Gilden DH, Wroblewska Z, Rorke LB, Weiss SR. Experimental demy-
elination produced by the A59 strain of mouse hepatitis virus. Neurology. 
1984;34(5):597–603.

 20. Lavi E, Gilden DH, Highkin MK, Weiss SR. Persistence of mouse hepatitis 
virus A59 RNA in a slow virus demyelinating infection in mice as detected 
by in situ hybridization. J Virol. 1984;51(2):563–6.

 21. Das SJ. Microglia-mediated neuroinflammation is an amplifier of virus-
induced neuropathology. J Neurovirol. 2014;20(2):122–36.

 22. Chatterjee D, Addya S, Khan RS, Kenyon LC, Choe A, Cohrs RJ, et al. Mouse 
hepatitis virus infection upregulates genes involved in innate immune 
responses. PLoS ONE. 2014;9(10): e111351.

 23. Chakravarty D, Saadi F, Kundu S, Bose A, Khan R, Dine K, et al. CD4 defi-
ciency causes poliomyelitis and axonal blebbing in murine coronavirus-
induced neuroinflammation. J Virol. 2020;94(14):e00548-20.

 24. Saadi F, Chakravarty D, Kumar S, Kamble M, Saha B, Shindler KS, et al. 
CD40L protects against mouse hepatitis virus-induced neuroinflamma-
tory demyelination. PLoS Pathog. 2021;17(12): e1010059.

 25. Das Sarma J, Burrows A, Rayman P, Hwang MH, Kundu S, Sharma N, et al. 
Ifit2 deficiency restricts microglial activation and leukocyte migration 
following murine coronavirus (m-CoV) CNS infection. PLoS Pathog. 
2020;16(11): e1009034.

 26. Laubach VE, Shesely EG, Smithies O, Sherman PA. Mice lacking inducible 
nitric oxide synthase are not resistant to lipopolysaccharide-induced 
death. Proc Natl Acad Sci USA. 1995;92(23):10688–92.

 27. Das Sarma J, Scheen E, Seo SH, Koval M, Weiss SR. Enhanced green fluo-
rescent protein expression may be used to monitor murine coronavirus 
spread in vitro and in the mouse central nervous system. J Neurovirol. 
2002;8(5):381–91.

 28. Wheeler DL, Sariol A, Meyerholz DK, Perlman S. Microglia are required for 
protection against lethal coronavirus encephalitis in mice. J Clin Investig. 
2018;128(3):931–43.

 29. Goodman ZD. Grading and staging systems for inflammation and fibrosis 
in chronic liver diseases. J Hepatol. 2007;47(4):598–607.

 30. Singh M, Kishore A, Maity D, Sunanda P, Krishnarjuna B, Vappala S, et al. 
A proline insertion-deletion in the spike glycoprotein fusion peptide 
of mouse hepatitis virus strongly alters neuropathology. J Biol Chem. 
2019;294(20):8064–87.

 31. Nathan C, Xie QW. Nitric oxide synthases: roles, tolls, and controls. Cell. 
1994;78(6):915–8.

 32. Wu GF, Pewe L, Perlman S. Coronavirus-induced demyelination occurs in 
the absence of inducible nitric oxide synthase. J Virol. 2000;74(16):7683–6.

 33. Wu GF, Perlman S. Macrophage infiltration, but not apoptosis, is corre-
lated with immune-mediated demyelination following murine infection 
with a neurotropic coronavirus. J Virol. 1999;73(10):8771–80.

 34. Jana M, Liu X, Koka S, Ghosh S, Petro TM, Pahan K. Ligation of CD40 
stimulates the induction of nitric-oxide synthase in microglial cells. J Biol 
Chem. 2001;276(48):44527–33.

 35. Bogdan C. Nitric oxide and the immune response. Nat Immunol. 
2001;2(10):907–16.

 36. Sonar SA, Lal G. The iNOS activity during an immune response controls 
the CNS pathology in experimental autoimmune encephalomyelitis. 
Front Immunol. 2019;10:710.

 37. Stahl PD, Ezekowitz RAB. The mannose receptor is a pattern recognition 
receptor involved in host defense. Curr Opin Immunol. 1998;10(1):50–5.

 38. Takahashi K, Rochford CDP, Neumann H. Clearance of apoptotic neurons 
without inflammation by microglial triggering receptor expressed on 
myeloid cells-2. J Exp Med. 2005;201(4):647–57.

 39. Rath M, Muller I, Kropf P, Closs EI, Munder M. Metabolism via arginase or 
nitric oxide synthase: two competing arginine pathways in macrophages. 
Front Immunol. 2014;5:532.

 40. Rodriguez PC, Quiceno DG, Ochoa AC. L-arginine availability regulates 
T-lymphocyte cell-cycle progression. Blood. 2007;109(4):1568–73.

 41. Katzenelenbogen Y, Sheban F, Yalin A, Yofe I, Svetlichnyy D, Jaitin DA, et al. 
Coupled scRNA-Seq and intracellular protein activity reveal an immuno-
suppressive role of TREM2 in cancer. Cell. 2020;182(4):872–85.

 42. Locatelli G, Theodorou D, Kendirli A, Jordao MJC, Staszewski O, 
Phulphagar K, et al. Mononuclear phagocytes locally specify and 
adapt their phenotype in a multiple sclerosis model. Nature Neurosci. 
2018;21(9):1196.

 43. Van den Bossche J, Baardman J, Otto NA, van der Velden S, Neele AE, van 
den Berg SM, et al. Mitochondrial dysfunction prevents repolarization of 
inflammatory macrophages. Cell Rep. 2016;17(3):684–96.

 44. Neumann H, Kotter MR, Franklin RJ. Debris clearance by microglia: an 
essential link between degeneration and regeneration. Brain J Neurol. 
2009;132(Pt 2):288–95.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Inducible nitric oxide synthase deficiency promotes murine-β-coronavirus induced demyelination
	Abstract 
	Background 
	Objective 
	Methods 
	Results 
	Conclusion 

	Background
	Materials and methods
	Virus, inoculation of mice, and experimental design
	Estimation of viral replication
	Flow cytometry analysis
	Histopathology and immunohistochemical analysis
	Quantification of histopathological sections
	RNA isolation, reverse transcription, and quantitative PCR
	Immunofluorescence microscopy
	Statistical analyses

	Results
	NOS2 is induced in C57BL6 WT mice during the acute phase (day 56 p.i.) of the RSA59 infection and its deficiency results in increased mortality in the infected mice
	NOS2 deficiency results in increased infiltration of macrophages and neutrophils in the brain at the acute-adaptive transition phase
	NOS2 deficiency results in early severe demyelination and leads to an increased accumulation of phagocytic MGMφ in the spinal cords of RSA59 infected mice at the acute-adaptive transition phase
	Absence of NOS2 leads to demyelination due to active engulfment of MBP and PLP by Iba1 + MGMφ as early as day 910 p.i.
	NOS2 deficiency leads to severe demyelination at the chronic phase (day 30 p.i.)

	Discussion
	Conclusion
	Anchor 26
	Acknowledgements
	References


