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Abstract  
Myelin-associated inhibitory factors within the central nervous system (CNS) are considered to be one of 
the main obstacles for axonal regeneration following disease or injury. The nogo receptor 1 (NgR1) has 
been well documented to play a key role in limiting axonal regrowth in the injured and diseased mamma-
lian CNS. However, the role of nogo receptor in immune cell activation during CNS inflammation is yet 
to be mechanistically elucidated. Microglia/macrophages are immune cells that are regarded as pathogenic 
contributors to inflammatory demyelinating lesions in multiple sclerosis (MS). In this study, the animal 
model of MS, experimental autoimmune encephalomyelitis (EAE) was induced in ngr1+/+ and ngr1–/– 
female mice following injection with the myelin oligodendrocyte glycoprotein (MOG35–55) peptide. A fate-
map analysis of microglia/macrophages was performed throughout spinal cord sections of EAE-induced 
mice at clinical scores of 0, 1, 2 and 3, respectively (increasing locomotor disability) from both genotypes, 
using the CD11b and Iba1 cell markers. Western immunoblotting using lysates from isolated spinal cord 
microglia/macrophages, along with immunohistochemistry and flow cytometric analysis, was performed 
to demonstrate the expression of nogo receptor and its two homologs during EAE progression. Myelin 
protein engulfment during EAE progression in ngr1+/+ and ngr1–/– mice was demonstrated by western 
immunblotting of lysates from isolated spinal cord microglia/macrophages, detecting levels of Nogo-A 
and MOG. The numbers of M1 and M2 microglia/macrophage phenotypes present in the spinal cords of 
EAE-induced ngr1+/+ and ngr1–/– mice, were assessed by flow cytometric analysis using CD38 and Erg-2 
markers. A significant difference in microglia/macrophage numbers between ngr1+/+ and ngr1–/– mice was 
identified during the progression of the clinical symptoms of EAE, in the white versus gray matter regions 
of the spinal cord. This difference was unrelated to the expression of NgR on these macrophage/microg-
lial cells. We have identified that as EAE progresses, the phagocytic activity of microglia/macrophages 
with myelin debris, in ngr1–/– mice, was enhanced. Moreover, we show a modulation from a predominant 
M1-pathogenic to the M2-neurotrophic cell phenotype in the ngr1–/– mice during EAE progression. These 
findings suggest that CNS-specific macrophages and microglia of ngr1–/– mice may exhibit an enhanced ca-
pacity to clear inhibitory molecules that are sequestered in inflammatory lesions.

Key Words: microglia; experimental autoimmune encephalomyelitis; nogo receptor; myelin-associated inhibitory 
factors (MAIFs); Nogo A; neural regeneration 

Introduction 
Microglia are innate immune cells of the central nervous 
system (CNS), considered to exacerbate neuroinflammation, 
in chronic multiple sclerosis (MS) lesions (Streit et al., 2004). 
MS is a severe CNS disorder (Cudrici et al., 2006), character-
ized by extensive demyelination, with axonal damage or loss 
(Petratos et al., 2012; Singh et al., 2013b; Lee et al., 2014). It 
is well documented that CNS myelin-associated inhibitory 
molecules are considered major molecular barriers for axonal 
regeneration (Lee and Petratos, 2013). The inhibitory com-
ponents of myelin include Nogo-A, oligodendrocyte-myelin 
glycoprotein (OMgp) as well as myelin-associated glycopro-
tein (MAG) (Lee and Petratos, 2013). They are mainly found 
on the myelin sheath and interact directly with nogo recep-
tor 1 (NgR1) expressed on axons (Neumann et al., 2009). 
During neuroinflammation or physical injury within the 

CNS, demyelination generates myelin debris enriched with 
myelin-associated inhibitors to axonal regeneration. Thus, 
the clearance of myelin debris may be an endogenous attempt 
at establishing a diseased tissue environment that promotes 
neural repair leading to neurological improvement (Neumann 
et al., 2009). In fact, it has been reported that there is a robust 
association between the efficiency of remyelination and the 
success of myelin debris elimination (Neumann et al., 2009). 
In addition, a number of studies have found that insufficient 
myelin clearance leads to a lack of axonal regeneration as seen 
in the damaged CNS (David and Lacroix, 2003; Oudega and 
Xu, 2006; Neumann et al., 2009). Current evidence implies 
that the existence of myelin-associated inhibitory factors also 
disturbs oligodendrocyte precursor cell differentiation into 
mature oligodendrocytes throughout the remyelination pro-
cess (Kotter et al., 2005; Sozmen et al., 2016).
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Histological studies have shown that NgR and its co-recep-
tor Troy/Lingo-1 are also expressed on macrophage/microg-
lia in demyelinating MS lesions (Satoh et al., 2007; Yan et al., 
2012). These data raise an interesting question of whether the 
expression of NgR on microglia might be a key factor in the 
regulation of inflammation following CNS injury. Important-
ly, our laboratory has defined that limiting neurodegeneration 
during EAE progression can be achieved through abrogating 
the NgR1 signal transduction mechanism (Petratos et al., 
2012). NgR1-dependent axonal pathology has been defined as 
the mechanism governing EAE and potentially MS pathology 
(Petratos et al., 2012). Furthermore, recent evidence suggests 
that microglia/macrophages may express NgR (Satoh et al., 
2005; Fang et al., 2015; Liu et al., 2015), and thus blockade of 
the signal transduction mechanisms in our NgR1-null mice, 
during the progression of EAE, may regulate innate immune 
mechanisms of disease induction and propagation. 

Two homologs of NgR exist, defined as NgRH1 and NgRH2 
(NgR2 and NgR3 respectively) but their biological relevance 
in disease is yet not to be fully elucidated (Pignot et al., 2003). 
Similar to NgR, these homologs contain a C-terminal GPI 
signal sequence and eight leucine-rich repeats (LRR) sur-
rounded by a leucine-rich repeat N-terminus (LRRNT) and a 
leucine-rich repeat C-terminus (LRRCT) (Pignot et al., 2003). 
NgR2 is a receptor protein that binds MAG with high affinity 
and can probably inhibit neurite outgrowth (Domeniconi et 
al., 2002). MAG is a well-known inhibitor of axonal growth 
during development and regeneration (Filbin, 2003; Sicotte et 
al., 2003; Venkatesh et al., 2005), but blocking this inhibitor 
is not enough to promote axonal regrowth within the injured 
spinal cord of mice (Venkatesh et al., 2005). NgR3 has been 
identified as a receptor for chondroitin sulfate proteoglycans 
(CSPGs) (Dickendesher et al., 2012). 

In the current study, we aimed to identify a functional role 
for NgR in microglial activity during inflammatory demye-
lination and axonal damage that manifests during the clinical 
progression of EAE. We investigated the expression of NgR 
within microglia/macrophage populations during the pro-
gression of EAE. We identified that NgR1-dependent microg-
lial/macrophage activity did not govern the dynamics of these 
cell populations during EAE progression. 

Materials and Methods 
Animals
Both ngr1–/–(Kim et al., 2004) and their ngr1+/+ littermates, 
were bred in-house and maintained at the Alfred Medical 
Research and Education Precinct (AMREP) animal facil-
ity. The AMREP Animal Ethics Committee (AMREP AE-
C#E/1532/2015/M) approved the use of these animals for 
experimentation, in accordance with the National Health and 
Medical Research Council of Australia code for the care and 
use of animals for scientific purposes. 

MOG35-55 induction of EAE and evaluation of clinical 
progression
The induction of EAE was performed to demonstrate the 
number and role of macrophages/microglia expressing NgR 
during the disease course. Sixty-eight ngr1+/+ and 51 ngr1–/–

female mice, weighing 18–22 g, aged 8–12 weeks were utilized 

in this study. They were subcutaneously injected in the lower 
flanks with either 200 μg MOG35–55 (Purar Chemical, Shang-
hai, China) emulsified in 200 μL of Complete Freund’s Adju-
vant (CFA; Sigma-Aldrich, St. Louis, MO, USA) accompanied 
with 4 μL/mL of Mycobacterium tuberculosis or CFA alone. 
The immunized mice were then injected intraperitoneally 
(i.p.) with two doses of 350 μg pertussis toxin (List Biologi-
cal Laboratories, Inc., Campbell, CA, USA), on days 1 and 3 
post-induction (dpi), with MOG35–55. The mice were checked 
daily and scored for their disease progression as follows: 
pre-onset (score 0, usually observed throughout 1–12 dpi), 
onset (score 1; usually observed between 10–18 dpi), peak 
stage of the disease (score 2, usually between 16–26 dpi) and 
chronic stage of the disease (score ≥ 3, usually between 22–30 
dpi). Mice were then killed through CO2 inhalation at differ-
ent stages of the disease and either transcardially perfused 
with 4% paraformaldehyde (PFA) for immunohistochemical 
analysis to be performed on spinal cords, or the same freshly 
collected CNS tissues for macrophage/microglia immuno-
panning or protein extraction for western immunoblotting. 

Immunofluorescent labeling and confocal microscopy
Immunohistochemistry was performed to identify and enu-
merate microglia/macrophage cells, which populate lesion 
and non-lesion areas of the spinal cord with and without 
EAE induction. CNS tissues from EAE-induced mice were 
examined for the presence of either CD11b- and Iba1-posi-
tive microglia/macrophage cells, along with the colocalization 
of either NgR or NgR3. The tissue sections were incubated 
for 1 hour at 60°C, followed by paraffin dewaxing. After in-
cubation, the sections were incubated in the proteinase K 
(PK) (Qiagen, Hilden, Germany), then washed with phos-
phate-buffered saline (PBS). Tissues were then post-fixed 
with 4% paraformaldehyde for 30 minutes, and then washed 
with PBS. The slides were blocked overnight at 4°C in block-
ing buffer (5% fetal bovine serum (FBS), 5% normal goat se-
rum, 0.1% Triton-X 100 in PBS) for all EAE tissues. Then, the 
slides were incubated for 2 hours at room temperature with 
the primary antibodies polyclonal rabbit anti-CD11b (1:100) 
(Abcam, Cambridge, United Kingdom) or polyclonal rabbit 
anti-Iba1 (1:500) (Wako Chemicals USA, Richmond, VA, 
USA). Sections were then further incubated with a monoclo-
nal anti-NgR antibody (1:100) (R&D Systems, Minneapolis, 
MN, USA). After the slides were washed with PBS, the sec-
ondary antibody anti-rabbit 555 (1:200) (Alexafluor 555 con-
jugated, anti-rabbit IgG (H+L), Life technologies, Carlsbad, 
CA, USA) was used for both CD11b and Iba1, while anti-rat 
488 (1:200) (Alexafluor 488 conjugated goat anti-rat IgG, Life 
technologies, Carlsbad, CA, USA) was used as a secondary 
antibody for anti-NgR. Next, the slides were washed with 
PBS and finally incubated with 4′,6-diamidino-2-phenylin-
dole (DAPI) at a dilution of 1:2000. The slides were analyzed 
under an upright Nikon A1r confocal microscope (Nikon, 
Tokyo, Japan) and the images were captured.

Semi-quantitative analysis of CD11b-positive microglia/
macrophage cells along with NgR within white and grey 
matter spinal cord
The immunostained EAE-induced mouse CNS sections 



898

Alrehaili AA, Lee JY, Bakhuraysah MM, Kim MJ, Aui PM, Magee KA, Petratos S (2018) Nogo receptor expression in microglia/macrophages 
during experimental autoimmune encephalomyelitis progression. Neural Regen Res 13(5):896-907. doi:10.4103/1673-5374.232488

stained with the anti-CD11b antibody were then processed 
for semi-quantitative analysis of the number of microglia/
macrophages, which expressed NgR in grey and white mat-
ter using MetaMorphTM software (Molecular devices, Silicon 
Valley, CA, USA). The areas of white and grey matter, which 
had NgR-positive microglia/macrophage cells, were estimat-
ed per unit area (μm2). Approximately 500 sections (> 50 μm 
apart) were analysed (from n = 3–12 mice/clinical score, 3–7 
sections/mouse and 3–7 images per section).

The data were analyzed using GraphPad Prism 6 software 
(GraphPad Software, La Jolla, CA, USA), in order to compare 
the numbers of either single CD11b-positive microglia/mac-
rophages or double labeled NgR-positive microglia/macro-
phages in both genotypes across different clinical scores.

Western blot analysis
To further investigate the expression of NgR on activated 
microglia, western blot analysis was performed on microglial 
cell lysates. The cells were firstly isolated from the spinal cord 
of naïve ngr1+/+, ngr1–/– mice and EAE-induced ngr1+/+and 
ngr1–/– mice after being immuno-panned using a polyclonal 
Iba1 antibody. Microglia were re-suspended in a cell lysis 
buffer (Cell Signaling Technology, Danvers, MA, USA) along 
with PhosSTOP™ phosphatase inhibitor cocktail (Roche Ap-
plied Science, Penzberg, Germany) and protease inhibitor 
cocktail (Sigma-Aldrich). Homogenates were centrifuged at 
13,000 × g for 15 minutes and protein concentrations were 
estimated, using the bicinchoninic acid (BCA) protein assay 
reagent kit (Life technologies, Carlsbad, CA, USA).

Cell and tissue lysates (10 μg of protein) were run on 4–12% 
Bis-Tris gel (Life technologies). The membranes from the 
previously defined lysates were blocked with 5% skim milk 
in Tris-buffered saline with 0.1% Tween-20 TBST and then 
incubated overnight at 4°C with the primary antibodies that 
included polyclonal anti-NgR (Merck Millipore, Darmstadt, 
Germany) (1:1000), polyclonal rabbit anti-NgR2 (1:200) (San-
ta Cruz Biotechnology, Dallas, TX, USA) and polyclonal rab-
bit anti-NgR3 (1:200) (Santa Cruz Biotechnology) antibodies, 
all diluted in the same blocking buffer. In addition, isolated 
microglia were also probed with different primary antibodies, 
such as monoclonal anti-myelin oligodendrocyte glycoprotein 
(MOG) (1:5000) (Merck Millipore, Darmstadt, Germany), 
polyclonal rabbit anti-myelin basic protein (MBP) (1:20,000)
(Merck Millipore), polyclonal rabbit anti-contactin-associ-
ated protein (Caspr) (1:10,000) (Abcam, Cambridge, United 
Kingdom) and polyclonal rabbit anti-Nogo-A (1:4000) (Mer-
ck Millipore) antibodies, to analyze the microglial behavior 
and activity within demyelination and axonal damage during 
the progression of EAE disease. The membranes were then 
washed in TBST, and HRP-conjugated secondary antibodies 
for each primary antibody were used that included anti-rabbit 
or anti-mouse or anti-goat (all diluted at 1:10,000) IgG (Merck 
Millipore) for 2 hours at room temperature. The membranes 
were washed with TBST and incubated with Luminata ECL 
chemiluminescence (Merck Millipore), developed, and im-
aged using ChemiDoc™ Touch Gel Imaging System (Bio-Rad, 
Hercules, CA, USA). Protein loading levels were analyzed by 
further staining of these membranes using monoclonal an-
ti-alpha-tubulin (1:15,000) (Merck Millipore) or monoclonal 

anti-beta-actin (1:20,000) (Merck Millipore) incubated in 
skim milk blocking buffer that consisted of 0.01% w/v sodium 
azide. Four to six individual samples were analyzed for all 
tissue and cell lysate experimental paradigms then individual 
protein band optical densities measured by Image Lab v5.2.1 
(Bio-Rad) for statistical purposes.

Isolation of macrophages/microglia using immunopanning
An immunopanning method was adopted to isolate spinal 
cord macrophages/microglia from ngr1+/+and ngr1–/– mice with 
or without EAE induction, using the polyclonal anti-Iba-1 an-
tibody (Wako Chemicals USA, Richmond, VA, USA). 

Preparation of panning plate
Two petri dishes (100 mm × 15 mm) were incubated over-
night at 4°C with 2 mL of Tris buffer (50 mM, pH 9.5) and 
150 μL of anti-rabbit IgG1 was used as the capture antibody. 
After three washes with 1× PBS, the dishes were incubated 
with 2 mL of polyclonal rabbit anti-Iba-1 antibody (Wako 
Chemicals USA) for 2 hours at room temperature. 

Preparation of mouse spinal cord cell suspension
The spinal cord was dissected from the ngr1+/+and ngr1–/– mice 
and transferred into 15 mL tubes with 8 mL Earle’s balanced 
salt solution (EBSS). After the fragments had settled, the 
EBSS was removed. The tissue was enzymatically dissociated 
to make a single-cell suspension. The tissue was incubated at 
37°C for 30 minutes with papain at a final concentration of 
20 U/mL (Worthington Biochemical Corp., Lakewood, NJ, 
USA). Next, the tissue was washed with 4 mL EBSS, followed 
by an ovomucoid solution in BSA (10 mg/mL) (Sigma) and 
100 μL DNAse (0.005%). The cells were triturated until a ho-
mogenous solution was obtained. 

Panning
The dissociated cells were then re-suspended in 2 mL pan-
ning buffer (0.02% BSA, 12.5 U/mL in dPBS) and filtered 
through a 40 μm mesh. Subsequently, the single cell suspen-
sion was sequentially panned on anti-Iba-1 antibody coated 
panning plates and incubated for 45 minutes in a 10% CO2 
incubator at 37°C. Then, the purified cells were removed by 
1 mL of trypsin solution (12 mL) (0.25% Trypsin EDTA (1.2 
mL), Ca2+ Mg2+- free EBSS (10.8 mL). The trypsin was neu-
tralized with 10% FBS in DMEM, then washed by adding 2 
mL DMEM with PBS to the panning dish, with continuous 
swirling to gather more cells. Finally, the cells were gently dis-
lodged by pipetting and harvested by centrifugation at 220 × g 
for 15 minutes. 

Analysis of isolated cells by fluorescence-activated cell 
sorting (FACS) 
The cells were re-suspended in 2 mL FACS wash buffer and 
then filtered through a 40 μm mesh. Viable cells were estimated 
and the cells were then added to 1 mL of FACS wash and cen-
trifuged for 3 minutes at 220 × g and 4°C. After removing the 
supernatant, the cells were incubated for 30 minutes on ice with 
either polyclonal rabbit anti-CD11b antibody (1:10) or poly-
clonal rabbit anti-Iba-1 (1:10) and polyclonal rabbit anti-NgR 
antibody (1:10), polyclonal rabbit anti-NgR2 and polyclonal 
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rabbit anti-NgR3 antibodies (1:100) as primary antibodies, 
followed by 30 minute incubation on ice with anti-rabbit 647 
(1:200), anti-rat 488 (Alexafluor 488 goat anti-rat IgG (1:200) 
and anti-goat 488 (1:200), Life Technologies) as secondary anti-
bodies. The cells were also counterstained with DAPI (1:2000). 
Finally, the cell population was analyzed by using an FACS 
Canto II flow cytometer (BD Biosciences, Franklin Lakes, NJ, 
USA). Post-flow cytometric analysis was performed on Flow-
Logic (Inivai Technologies, Mentone, Australia).

Phenotyping of microglia/macrophages
To identify the biological properties and function of microglia/
macrophages during neuroinflammation, cells were isolated 
from spinal cords of EAE-induced ngr1+/+ and ngr1–/– mice 
using the immunopanning method. The cells were then im-
muno-stained with anti-rat CD38-FITC monoclonal antibody 
(1:50) (BD Biosciences) to define M1 phenotype and anti-rat 
Egr-2-PE monoclonal antibody (1:20) to detect M2 phenotype, 
along with their isotype controls including RatIgG2a, kappa 
Isotype Control FITC (1:200) (BD Biosciences), and Rat IgG2a, 
kappa Isotype Control PE (1:200) (BD Biosciences). The immu-
no-stained live cells were analyzed using Canto II flow cytome-
ter (BD Biosciences), and then post-analysis was performed on 
FlowLogic (Inivai Technologies, Mentone, Australia).

Statistics
Data were analyzed using GraphPad Prism v6.05 software 
(GraphPad software, La Jolla, CA, USA). Data were represent-
ed as the mean ± standard error of the mean (SEM) and stan-
dard errors were calculated for each group of naïve or diseased 
mice at different clinical scores of EAE, followed by a one-way 
analysis of variance (ANOVA) analysis with a Tukey’s post-hoc 
test. A one-way ANOVA was used to determine statistical sig-
nificance (P < 0.05) at a 95% confidence level for semi-quanti-
tative analysis and a one-tailed Student’s t-test was performed 
for optical density levels acquired from immunoblotting anal-
ysis as well as FACS data. Two-way ANOVA and Friedman’s 
non-parametric repeated measures were used for analysis of 
differences in the clinical progression of EAE between differ-
ent genotypes (ngr1+/+ and ngr1–/– mice). 

Results 
NgR expression on microglia/macrophages throughout 
spinal cord sections of naïve and EAE-induced ngr1+/+ or 
ngr1–/– mice
To assess the NgR expression among microglia/macrophage 
populations present throughout the CNS during neuroin-
flammation and axo-myelin degeneration, immunofluores-
cence was performed on mouse spinal cord and optic nerve 
tissues. Mouse microglia/macrophages were immunostained 
using two specific markers to these reactive cells, CD11b an-
tibody and Iba-1. In the ngr1+/+ mice without disease, NgR 
was expressed within both CD11b- and Iba1-positive cells 
throughout the grey and white matter tracts (Additional Fig-
ure 1A, B). During the chronic stage of EAE disease (clinical 
score 3), we were able to identify immunolabeled microglia/
macrophages expressing NgR, which exhibited an activated 
amoeboid morphology (Additional Figure 1A, B). These 
findings confirmed that NgR is expressed within microglia/

macrophages throughout the spinal cord at different stages of 
disease, displaying various active cell morphologies following 
EAE induction. 

Throughout the spinal cord of ngr1–/– mice that were im-
munized with MOG35–55, we identified NgR-immunoreactivity 
within the CD11b-positive microglia/macrophages in clusters 
of DAPI+ cells (Additional Figure 1C). Similarly, anti-NgR- 
and Iba1-labeled microglia/macrophages were demonstrated 
to be present within white and grey matter in the spinal cord 
sections of ngr1–/– mice obtained from EAE-induced mice 
(Additional Figure 1D). The detection of NgR-immunola-
beling in the ngr1–/– mice may suggest that the anti-NgR anti-
bodies are non-specific for NgR1 detection. 

Mapping microglial/macrophage numbers throughout the 
spinal cord of ngr1+/+ and ngr1–/– mice during the 
progression of EAE
Only ~50% of the EAE-induced ngr1–/– mice exhibited dis-
ease symptoms (Figure 1A and Table 1), therefore we only 
included those mice that progressed with EAE for immuno-
histochemical analysis to obtain a direct comparison with 
wild type littermate mice at the same stage of disease. We 
mapped the activated microglia/macrophage populations that 
expressed NgR within the spinal cord grey and white matter 
to illustrate their relevance during the disease progression in 
particular as the cell populations relate to neurodegeneration. 
It was clear that ngr1–/– mice had a reduced incidence of EAE, 
delay in onset (if EAE was successfully induced) and exhibit-
ed reduced severity of symptoms (Figure 1A and Table 1).

Significant differences were demonstrated in the number of 
CD11b-positive microglia/macrophages along with NgR-posi-
tive cells expressed on these populations within the white matter 
when compared to grey matter (Figures 1B, C). In addition, 
we noticed that the numbers of NgR-positive microglia/macro-
phages were significantly increased in white matter areas during 
disease progression in EAE-induced ngr1+/+ mice when com-
pared with similar areas in the naïve ngr1+/+mice (Figure 1B, C). 

To examine how NgR1-positive microglia/macrophages af-
fect CNS axon integrity, we analyzed the relationship of these 
populations with the progression of EAE over time in white 
matter versus grey matter areas. Microglia/macrophages 
increased in number during myelin and axonal damage as 
EAE progressed (Additional Figure 2). However, when we 
examined the spinal cord grey matter compartment, the data 
showed that microglia/macrophages were elevated in the 
white matter tracts where chronic inflammatory lesions exist 
(Figure 1B, C, and Additional Figure 2). Therefore, we ob-
served a decrease in the number of microglia/macrophages in 
grey matter with increases in white matter lesion areas, irre-
spective of NgR1 expression within these cells.

Despite deletion of ngr1, we still found NgR immunoreac-
tivity on microglia/macrophages. Our results demonstrated 
that significant differences existed in the numbers of microg-
lia/macrophages expressing NgR between grey and white 
matter areas of ngr1–/– mice that developed EAE symptoms 
and pathology (Figure 1D–F). However, significant reduc-
tions in both of these cell populations were shown within grey 
matter (Figure 1D–F). 

In spinal cord white matter, the numbers of these dou-
ble-positive cells within naïve mice and also at the pre-onset 
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Figure 1 Substantial delay in the development of EAE in ngr1–/– mice after immunization with MOG35–55 associated with reduction in microglial/
macrophage cell number that is unrelated to NgR1 expression within these cell types.

(A) Delay in the onset and severity of disease in 
ngr1–/– mice (n = 51, red line) post-immunization 
with MOG35–55 when compared to ngr1+/+ mice (n 
= 68, black line). EAE clinical scores were deter-
mined as following: Pre-onset stage (7–12 dpi), 
onset stage (12–23 dpi), peak stage (24–28 dpi) 
and chronic stage (28–30 dpi). Data are repre-
sented as the mean ± SEM (****P < 0.0001, two-
way ANOVA and Friedman’s non-parametric 
repeated measures). (B) There were significant 
differences in the number of CD11b-positive 
microglial/macrophage cells or microglial cells 
that were positive for NgR between white and 
grey matter for naïve ngr1+/+mice and during the 
disease progression of EAE-induced ngr1+/+ (one-
way ANOVA with post-hoc Tukey’s multiple 
comparison test; ##P < 0.01, **P < 0.01, ####P 
< 0.0001, and ****P < 0.0001; n = 3 for naïve 
ngr1+/+mice; n = 5 for clinical score 0; n = 12 for 
clinical score 1 and n = 7 for clinical score 3). (C) 
The linear elevation in numbers of microglial/
macrophage cells along with those that were 
co-labeled with NgR during the progression of 
EAE in female ngr1+/+mice occurs in the white 
matter but not the grey matter. (D) In EAE-in-
duced ngr1–/–mice, NgR-labeling was detected 
in microglial/macrophage cell populations, with 
significant differences in the number of these 
cells between the white and grey matter areas 
of naïve ngr1–/–and EAE-induced ngr1–/– mice at 
clinical score 0 (one-way ANOVA with post-hoc 
Tukey’s multiple comparison test; #P < 0.05, *P 
< 0.05, **P < 0.01, ####P < 0.0001 and ****P < 
0.0001; n = 5 for naïve ngr1–/– mice; and n = 5 for 
clinical score 0). In addition, significant reduc-
tions in the number of these NgR-positive mi-
croglial cells within white matter and grey matter 
areas could be demonstrated in ngr1–/–mice when 
EAE progression could be documented in these 
mice (***P < 0.001 and ****P < 0.0001; n = 5 
for naïve ngr1–/– mice; and n = 5 for clinical score 
0. Also, n = 6 for clinical score 1 and n = 5 for 
clinical score 3). (E) The linear graphical repre-
sentation of these data illustrates the reduction 
in numbers of microglia/macrophages localized 
within the grey matter of the ngr1–/– mice when 
disease progresses. The numbers of single labeled 
CD11b+ macrophage/microglial cells with those 
cells co-labeled with CD11b+ and NgR+ follow-
ing EAE-induction, are represented for both 
white and grey matter. This pattern cannot be 
replicated in the white matter. (F) Synthesis of 
the linear representation of CD11b-positive mac-
rophage/microglial cells in the spinal cord grey 
and white matter areas of ngr1–/– compared with 
ngr1+/+ mice as EAE progresses. The numbers of 
CD11b-positive macrophage/microglial cells in 
the spinal cord white matter of naïve, ngr1–/– mice 
are very high when compared to ngr1+/+ mice. 
As EAE progresses independently in these two 
genotypes, the numbers of CD11b-positive mac-
rophage/microglial cells reach similar levels, sug-
gesting that numbers of these cells are increased 
substantially only in ngr1+/+mice. However, in 
grey matter, the numbers of these cells were sta-
ble in EAE-induced ngr1+/+ mice but significantly 
dropped in ngr1–/– mice as EAE progressed. EAE: 
Experimental autoimmune encephalomyelitis; 
NgR: Nogo receptor; MOG35–55: myelin oligoden-
drocyte glycoprotein peptide 35–55 amino acids; 
dpi: days post-induction.
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stage of EAE, were two-fold greater in ngr1–/–mice compared 
to those in ngr1+/+mice; estimated numbers were approxi-
mately 79 ± 4.3 cells/mm2 and 28.5 ± 1.2 cells/mm2, respec-
tively. However, as EAE progressed, these numbers reached 
similar levels in both ngr1+/+ and ngr1–/–mice (Figure 1F). 
Within spinal cord grey matter of untreated mice or EAE-in-
duced mice at a pre-clinical disease score of 0, higher num-
bers of microglial/macrophage cells expressing NgR were 
detected in ngr1–/– mice (i.e., 95 ± 0.9 cells/mm2) compared to 
48.6 ± 2.4 cells/mm2, enumerated in ngr1+/+ mice (Figure 1F). 
Notably, these NgR-positive macrophage/microglial cell num-
bers were significantly reduced in EAE-induced ngr1–/– mice 
but remained stable within grey matter areas of EAE-induced 
ngr1+/+ mice as EAE developed (Figure 1F). Collectively, these 
data may suggest that NgR1 does not regulate the numbers of 
microglia/macrophages at neuroinflammatory sites. 

Isolated spinal cord microglia/macrophages in ngr1+/+and  
ngr1–/–mice show expression of NgR homologs 
The results from the immunostaining experiments and our 
semi-quantitative analysis illustrated that microglial/macro-
phage cells express NgR. However, we wished to differentiate 

which NgR homologs, namely NgR2 and NgR3, were being 
expressed within these inflammatory cells specifically. To 
address this question, we isolated microglial/macrophage 
cells from the spinal cords of both ngr1+/+and ngr1–/–mice and 
western immunoblot analyses were performed on cell lysates. 

To confirm the expression of NgR2 and NgR3 proteins, 
specific antibodies directed against these specific receptors 
were used. The results established the presence of these NgR 
homologs present in microglial/macrophage cell lysates during 
EAE progression in ngr1+/+ and ngr1–/– mice, as well as in those 
lysates from naïve ngr1+/+ and ngr1–/– mice (Figure 2B). These 
results were validated using NgR(310)-Fc, NgR2 and NgR3 
peptides (i.e., as positive controls) for this analysis (Figure 2B).

NgR3 expression in spinal cord macrophages/microglia 
following EAE induction
As stated above, our results showed the immunodetection of 
NgR in microglial/macrophage cells within demyelinating 
lesions from those ngr1–/– mice that actually progressed with 
EAE (n = 25 from 51 mice 49% of the knockout cohort; Ta-
ble 1), suggesting that the antibody cross-reacts, potentially 
with the NgR homologs (i.e., NgR2 and/or NgR3). Expression 
of NgR3 was elevated at peak-chronic stage of EAE mainly 
in those macrophages/microglia isolated from ngr1+/+ mice. 
We identified extensive numbers of microglia/macrophages 
immunostained with either CD11b or Iba1 antibodies that 
were also co-labeled for NgR3 in severe inflammatory lesions 
of wild-type mice (clinical score 3; Figure 2C). These results 
may suggest that NgR3 is expressed in microglia/macro-
phages at the chronic stage of EAE, within demyelinated le-
sions that manifest at this stage. 

NgR3-positive microglia/macrophages are increased in 
EAE-induced ngr-1+/+ mice as they progress in disability 
To define the role of NgR in regulating microglial activity 

Figure 2 NgR homologs within spinal cord and 
microglial/macrophage cell lysates.
(A) NgR protein expression was detected in spinal 
cord and isolated microglial/macrophage cell ly-
sates from ngr1+/+ and ngr1–/–mice. (B) Expression 
of NgR2 and NgR3 in microglial/macrophage cell 
lysates during EAE progression as well as spinal 
cord lysates from naïve ngr1+/+ and ngr1–/– mice. (C) 
Immunofluorescent co-labeling of either CD11b- 
or Iba1-positive microglial/macrophage cells, with 
the NgR3, present in spinal cord inflammatory 
lesions of ngr1+/+ mice at the chronic stage of EAE 
(i.e., clinical score 3). NgR2: Nogo66 receptor ho-
molog 1; NgR3: Nogo66 receptor homolog 2; Iba1: 
ionizing binding adaptor molecule 1.

Table 1 Clinical scores of female ngr1–/– and ngr1+/+ MOG35–55 
EAE-induced mice

ngr1+/+ ngr1–/–

Incidence (% [n/N]) 84 (57/68) 49 (25/51)
Mean day of onset 15.00±0.32 18.00±0.70
Maximum score 2.68± 0.51 2.64±0.90
Mean score 1.80± 0.83 1.30±0.68
Median score 2 1
Mortality rate 0 0

Data are represented as the mean ± SEM or median.
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within neuroinflammatory lesions, microglia/macrophages 
were isolated from the freshly dissected spinal cord of ngr1+/+ 
and ngr1–/– mice both with and without EAE induction, and 
these endogenous populations were then examined by flow 
cytometry. Immunopanned Iba-1-positive microglia/macro-
phages that expressed the NgR homologs were identified. A 
significant increase in the percentage of isolated CD11b-pos-
itive microglia/macrophages were observed in the spinal 
cords of EAE-induced ngr1+/+mice with a clinical score of 3 
(made up 87.4 ± 1.8%) (Figure 3A). In terms of the popula-
tion of microglia/macrophages expressing NgR, a significant 
increase (Δ5.4 ± 1.5%) was also observed in the population of 
CD11b-positive cells isolated from mice at the peak-chronic 
stage of EAE (clinical score 3) compared to either the per-
centage of these cells at the onset of disease (clinical score 1) 
or their isolation from naïve ngr1+/+ mice (Figure 3A). 

The percentage of the other NgR homologs (NgR2 and 
NgR3) was also studied on the isolated microglia/macro-
phages. However, despite being able to detect NgR2 expres-
sion on microglia isolated from ngr1+/+ mice with and without 
EAE induction, the percentages of these double-labeled cells 
were not statistically different during EAE progression. The 
percentage of the NgR3+/CD11b+ cells was considerably ele-
vated at the peak-chronic stage of EAE when compared to the 
populations isolated at the naïve WT and onset of EAE (Fig-
ure 3A). Our data show that NgR3 expression can be induced 
during microglial activity as EAE progresses. 

We corroborated these data by examining the percentage 
of microglia/macrophages utilizing the Iba1 antibody, either 
with and without NgR double labeling. Our results demon-
strate that the population of Iba-1- positive microglia/macro-
phages within spinal cord of EAE-induced ngr1+/+ mice made 
up approximately 65 ± 4.4% and 78 ± 4.3% of the entire cell 
population at the induction and chronic stages of the disease, 
respectively (Figure 3A). Importantly, a substantial increase 
in NgR3- and Iba-1-positive cells was again observed at the 
peak-chronic stage of EAE (Figure 3A), 35 ± 7% of these cells 
being NgR3-positive at this stage of disease compared to ~2.6 
± 1.2% in naïve mice. Collectively, the induction of NgR3 ex-
pression in macrophages/microglia at the peak-chronic stage 
of EAE may indicate alternate signaling when there exist 
extensive demyelinating lesions and neurological progres-
sion. However, the mechanism by which NgR3 can influence 
microglial/macrophage activity during neuroinflammation 
needs to be specifically addressed. 

NgR3-positive microglia/macrophages during the 
progression of EAE in ngr1–/– mice 
As stated above, although the majority of ngr1–/– mice did not 
come down with severe clinical disease (Table 1 and Figure 
1A), when we examined the isolated microglia/macrophages 
from the spinal cords of naïve ngr1–/– and those ngr1–/– mice 
where EAE was successfully induced, the number of either 
CD11b+ or Iba1+ cells that expressed both NgR2 and NgR3 
homologs was not statistically different based on ANOVA 
comparisons assessed at different stages of EAE except at the 
clinical score of 3 (NgR3 vs. NgR1/NgR2, P < 0.0001; Fig-
ure 3B). The data may suggest that microglia/macrophages 
express NgR3 in the peak-chronic stage of EAE but are ob-

served to be in greater numbers when NgR1 is present (i.e., in 
ngr1+/+ mice). This may imply that NgR1 can collaborate with 
NgR3 to signal through alternative ligands (Steinbach et al., 
2011) during the chronic progressive phase of EAE; however, 
this hypothesis remains to be determined. 

Early engulfment of myelin debris (including Nogo-A) by 
microglia isolated from ngr1–/– mice during the progression 
of EAE
To see the degree of NgR1-dependent macrophage/microglial 
activity, the amount of myelin engulfment was addressed in 
isolated spinal cord cells. We examined the levels of intracel-
lular MOG, Nogo-A and Caspr from either naïve (ngr1+/+ and 
ngr1–/–) or EAE-induced mice. The results show that a signifi-
cant increase in the level of engulfed MOG took place when we 
compared naïve and EAE-induced ngr1+/+ and ngr1–/– mice fol-
lowing their progression (Figure 4A). However, the MOG ex-
pression was enhanced in the ngr1–/– mice by clinical score of 3, 
in those mice that reached this disease score. Moreover, myelin 
debris engulfed by microglia/macrophages can be seen early 
during EAE induction in ngr1–/– mice, suggesting increased 
early phagocytic activity in these mutant mice (Figure 4B). 

We next assessed the level of Nogo-A (one of the myelin 
inhibitory molecules) in our isolated microglia/macrophages 
from the spinal cords of ngr1+/+ and ngr1–/– mice throughout 
the clinical course of EAE. The results suggest an early/fast 
elevation, followed by a significant reduction in the level of 
Nogo-A at the peak-chronic stage of EAE in microglia/mac-
rophages isolated from the ngr1–/– mice (Figure 4C). On the 
other hand, the data generated from ngr1+/+ mice with EAE 
progression showed that continuous elevation of Nogo-A lev-
els in microglia/macrophages along with the degradation of 
myelin that can potentiate EAE pathology seen in these mice 
(Figure 4C). Collectively, the results implicate increased my-
elin engulfment (including Nogo-A) when NgR1 and NgR3 
are co-expressed on macrophage/microglial cell membranes.

The paranodal protein Caspr is elevated in microglia 
primarily at the induction of EAE in ngr1–/– mice
We also assessed the expression of Caspr, an integral paran-
odal protein that forms and preserves the paranodal junctions 
(Wolswijk and Balesar, 2003) and co-localizes with Nogo-A 
(Nie et al., 2003). Microglia/macrophages isolated from the 
spinal cords of the naïve (ngr1+/+ and ngr1–/–) mice as well 
as following EAE induction showed that the level of Caspr 
expression increased during EAE progression in ngr1+/+ mice 
but peaked in ngr1–/– mice at the stage of EAE induction fol-
lowed with a sharp reduction at the chronic stage of disease 
(Figure 4D). These data may suggest early/fast clearance of 
paranodal Caspr by microglia/macrophages, in ngr1–/– mice 
as EAE progresses. However, whether this junctional protein 
clearance is directly related to the early Nogo-A phagocytosis 
at the paranode during EAE progression when NgR1 is not 
expressed remains to be elucidated.

Phenotyping of isolated microglia/macrophage 
populations during EAE progression in ngr1+/+ and ngr1–/– mice
In vivo studies have reported that microglia/macrophages can 
be quickly stimulated and activated based on stimuli present 
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in the CNS milieu under the conditions of inflammation and 
degeneration (Fumagalli et al., 2013). Microglia/macrophages 
have two opposing phenotypes representative of their active 
states; namely M1, responsible for releasing pro-inflammatory 
cytokines such as TNF-α, IL-6 and IL1-β within an injured 
site (Fumagalli et al., 2011), thereby enhancing the severity 
of a disease; and M2, known as a neuroprotective phenotype, 
has the ability to produce anti-inflammatory cytokines such as 
IGF-1, bFGF and TGF-β that support CNS repair (Fumagalli 
et al., 2011). To define the properties of these cells analyzed 
during our study, we immunostained isolated spinal cord mi-
croglia/macrophages with specific antibodies against M1 and 
M2, which included CD38 and Erg-2 antibodies, believed to 
distinguish between these two cell phenotypes (Jablonski et al., 
2015). At clinical score 0 of EAE-induced ngr1+/+ mice, the M1 
population was significantly increased compared to the M2 
population; semi-quantitatively measured to be 11.3 ± 2.8% 
and 23.6 ± 1.5%, respectively (Figure 5A). These data may sug-
gest the ability of microglia/macrophages to start their activa-
tion of the M1-pathogenic phenotype as a first innate response 
to induce EAE pathology in these mice. During the chronic 
stage of EAE in these ngr1+/+ mice, a substantial increase in the 
percentage of CD38-positive M1 microglia/macrophages was 
detected more than Egr-2-positive M2 microglia/macrophages. 
This result was approximately 61.7 ± 3.9% for M1 and 33.3 ± 
3.8% for M2 microglia/macrophages, suggesting the significant 
role played by pathogenic M1 microglia/macrophages during 
the chronic stage of EAE induced in ngr1+/+ mice (Figure 5A). 

The properties of microglia/macrophages isolated from 
ngr1–/– mice following EAE induction were also investigated 
during the pre-onset and chronic stages of the disease, re-
spectively. The percentages of M2 microglia/macrophages 
during EAE progression were similar to the percentages de-
tected at the pre-onset stage of EAE (Erg-2-positive M2 cells 
at the chronic stage of EAE were approximately 28.4 ± 1.6 %, 
compared with 8.4 ± 1.9 % for CD38-positive M1 cells; Fig-
ure 5B). These results implicate the predominance of M2 cells 
in ngr1–/– mice, suggesting that the deletion of NgR1 may play 
a role in limiting the macrophage/microglial cell pathogenic 
conversion in these mutant mice but does not play a role in 
MOG35-55 EAE pathogenesis (considering the macrophages/
microglia were isolated from ngr1–/– mice with acute disease).

Discussion
Previous studies have shown that NgR and its co-receptor, 
Troy/Lingo-1, are expressed in microglia/macrophages in 
demyelinating MS lesions (Satoh et al., 2007; Yan et al., 2012). 
An interesting hypothesis was raised with respect to these 
data, suggesting microglial expression of NgR may be a key 
factor in regulating inflammation following CNS injury. In 
the current study, we investigated the importance of NgR in 
the activity of microglia/macrophages within inflammatory 
demyelinating lesions. The dynamics and phenotypes of these 
potentially pathogenic cells were investigated with minimal 
importance attributed to NgR1 expressed in microglia/macro-
phages to govern EAE pathogenesis. However, our study has 
concluded that the NgR3 may be an important component of 
a multimeric complex potentiating myelin phagocytosis. The 
limitation of this study was that microglial cell specific dele-

tion of NgR and/or its homologs was not achieved during the 
induction and progression of EAE, to more effectively identi-
fy the physiological effects of these receptors upon these cells, 
during neuroinflammation. 

It is well documented that integral myelin proteins, defined 
as the myelin associated inhibitory factors (MAIFs), can initi-
ate failure in endogenous neural repair and possibly play a role 
in EAE progression (Petratos et al., 2012). The expression of 
Nogo-A, one of chief inhibitory proteins, has been reported to 
be upregulated in chronic-active MS lesions (Satoh et al., 2005). 
Furthermore, Nogo-A expression is increased in the spinal 
cord during EAE progression limiting regeneration of axons 
and associated with enhanced axonal damage (Theotokis et al., 
2012). Moreover, inhibition of Nogo-A signaling in EAE can 
promote locomotor recovery (Yang et al., 2010) and enhance 
axonal regrowth (Yang et al., 2010). This raises the possibility 
that Nogo-A present in myelin debris can signal axonal degen-
eration in EAE and possibly MS lesions. Since myelin debris, 
glial scaring and axonal degeneration are major components 
of MS pathology, the binding of NgR with MAIFs (Schnell and 
Schwab, 1993; Wang et al., 2002; Cafferty and Strittmatter, 
2006) and chondroitin sulphate proteoglycans (McKeon et al., 
1999; Bradbury et al., 2002; Dickendesher et al., 2012) may be 
of central importance in MS-related pathological conditions. 
Targeting the Nogo-A signaling cascade could be considered 
an attractive method to limit MS progression. 

How NgR1-dependent signaling potentiates neuroinflam-
matory axonopathy is not entirely clear, although the down-
stream signaling in axons following their interaction with 
myelin debris may be a mechanism (Petratos et al. 2012). 
Thus, faster clearance of myelin debris may be beneficial for 
an endogenous modulation of the diseased tissue environ-
ment, thereby promoting neurological improvement through 
neural regeneration (Neumann et al., 2009; Vargas et al., 
2010; Lampron et al., 2015). 

Evidence suggests that microglia/macrophages are the in-
nate immune cells contributing to MS disease course and dis-
ability outcomes, with the extensive activation of those popu-
lations being a primary feature of the disease (Ferguson et al., 
1997; Gao and Tsirka, 2011). The activity of these populations 
is reported as central to MS, participating, along with amoe-
boid microglia/macrophages, in the creation of its lesions 
histopathologically (Evangelou et al., 2000; van Horssen et al., 
2012; Singh et al., 2013a), thus affecting these activated cells 
with substantial CNS degeneration and disease progression 
(Bjartmar et al., 2001; Deng and Sriram, 2005). 

In line with our previously published work, we confirmed 
that a significant delay in EAE onset and pathological out-
comes occurs in ngr1–/– mice as compared to wild type mice. 
In the current study, spinal cord tissues from both wild type 
and ngr1–/– mice post-EAE induction were subjected to an 
analysis of NgR expression, profiling of macrophages/microg-
lia during active demyelinating disease and clinical progres-
sion. Moreover, the effect of this receptor on the migration of 
microglia/macrophages was determined, as well as its partici-
pation in demyelinated lesions, in the presence and absence of 
NgR1. The strong association between the presence of myelin 
debris in the white matter and increased microglial/macro-
phage cell numbers in these areas during disease progression 
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Figure 3 Flow cytometric analysis of 
microglial/macrophage cell 
populations isolated from both 
ngr1+/+ and ngr1–/– mice during the 
progression of EAE. 
(A)  A substant ia l  e levat ion for 
NgR3-positive microglial/macrophage 
cells (either CD11b- or Iba1-pos-
itive) is demonstrated during the 
peak-chronic stage of EAE (clinical 
score 3). (B) No statistical differences 
exist in the numbers of NgR3-positive 
microglia/macrophages during the 
progression of EAE in ngr1–/– mice 
(from clinical scores 0 to 3), yet dif-
ferences do exist between the expres-
sion of NgR3 on these cells compared 
to the expression of either NgR1 or 
NgR2 homologs on CD11b- or Iba1-
positve cells at clinical score 3 (one-
way ANOVA with post-hoc Tukey’s 
multiple comparison test; *P < 0.05, 
**P < 0.01, ***P < 0.001, ****P 
< 0.0001). NgR2: Nogo66 receptor 
homolog 1; NgR3: Nogo66 receptor 
homolog 2; EAE: experimental auto-
immune encephalomyelitis.

was significant in wild type mice but not in ngr1–/– mice, sug-
gesting that the expression of NgR did not inhibit microglial 
presence in lesion areas where myelin debris predominates 
following inflammatory demyelination. This finding supports 
the study by Clarneret al. (2012), in which it was demonstrat-
ed that myelin debris was important for microglial activation 
through the white and grey matter of the CNS (Clarner et al., 
2012) but indicates microglia/macrophages are not limited by 
a NgR1-dependent mechanism. 

Even though NgR1-dependent microglia/macrophages 
could not be attributed to the progression of EAE, in this 
study, we have demonstrated that NgR3 is expressed in mi-
croglia/macrophages at the peak stage of disease. NgR and its 
homologs are commonly localized in lipid rafts on the neuro-

nal cell surface to facilitate signalling (Vinson et al., 2003; Yu 
et al., 2004). The inference is that NgR2 and NgR3 are able to 
elicit signal transduction events in a similar fashion to NgR, 
and to regulate similar cellular functions such as cytoskeletal 
reorganization and migratory inhibition (Pignot et al., 2003). 
NgR2 is a receptor, which can bind MAG with high affinity, 
and has been shown to inhibit neurite outgrowth (Domen-
iconi et al., 2002), whereas NgR3 was recently identified as 
a receptor that binds chondroitin sulphate proteoglycans 
(Dickendesher et al., 2012). Dickendesher et al. (2012) have 
also presented novel evidence showing chondroitin sulphate 
proteoglycans can bind both NgR1 and NgR3 as part of a 
multimeric complex to limit axonal growth following optic 
nerve crush injury. To our knowledge, the current study is 
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Figure 4 Detection of myelin/myelin 
degeneration products in microglia/
macrophages during EAE progression in 
both ngr1+/+ and ngr1–/– mice.
(A) The levels of MOG within microglia/
macrophages were significantly increased 
in both ngr1+/+ and ngr1–/– mice during EAE 
disease progression (one-way ANOVA 
with post-hoc Tukey’s multiple compari-
son test; #P < 0.05, *P < 0.05, ##P < 0.01, 
**P < 0.01, ####P < 0.0001, and ****P < 
0.0001). Moreover, at the chronic stage of 
EAE, the levels of MOG within microglia/
macrophages were significantly increased 
in EAE-induced ngr1–/– mice compared to 
EAE-induced ngr1+/+ mice, suggesting that 
an elevation in myelin engulfment occurred 
(n = 3 for clinical score 0, n = 4 for clinical 
score 1 and n = 5 for clinical score 3, one-
way ANOVA with post-hoc Tukey’s multi-
ple comparison test; #P < 0.05). (B) Investi-
gation of the phagocytosis of myelin debris 
by microglia/macrophages in ngr1+/+ and 
ngr1–/– mouse spinal cord and optic nerve 
using transmission electron microscopy im-
aging. (C) The levels of Nogo-A increased 
in microglia/macrophages during EAE in 
ngr1+/+ mice. However, significant reduc-
tions were seen in EAE-induced ngr1–/– mice 
as disease progressed (clinical scores 1 and 
3 respectively; n = 3/clinical score, one-way 
ANOVA with post-hoc Tukey’s multiple 
comparison test; *P < 0.05 and **P < 0.01). 
(D) The level of Caspr increased within 
microglia/macrophages during EAE pro-
gression in ngr1+/+ mice. However, Caspr 
levels decreased in EAE-induced ngr1–/– mi-
croglia/macrophages during peak-chronic 
stage of disease (n = 3/clinical score,*P < 
0.05 and **P < 0.01). Data are represented 
as the mean ± SEM (one-way ANOVA with 
post-hoc Tukey’s multiple comparison test). 
EAE: Experimental autoimmune encepha-
lomyelitis; MOG: myelin oligodendrocyte 
glycoprotein; Caspr: contactin associated 
protein 1.

the first to determine the presence of NgR3 in microglia/
macrophages during EAE progression. Whether there exists a 
possible connection between two major families of inhibitory 
factors, specifically the MAIFs and proteoglycans, which have 
been correlated with CNS degeneration during the progres-
sive phase of EAE, remains to be elucidated. It is plausible that 
NgR3 is part of the NgR1 signaling complex (NgR1/Lingo1/
p75/TROY) in activated microglia, which can also mediate 
Nogo-66 inhibitory signaling in vivo, to increase neurodegen-
eration (Zhang et al., 2011). We postulated that the binding of 

NgR expressed on microglia/macrophages with myelin debris 
(consisting of Nogo-A), can initiate inhibitory signaling. How-
ever, we identified that NgR3 expression was increased in mac-
rophage/microglial cells at the peak of neurological disability 
during EAE when profound axo-glial degeneration was ob-
served and increased myelin debris within the predominantly 
M1 pathogenic microglia/macrophages could be demonstrat-
ed. These data may suggest that NgR3 expressed in these cells 
are important in demyelinating lesion pathology. 

The collaborative interaction between NgR1/NgR3, al-
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Figure 5 Phenotyping of microglia/macrophages in ngr1+/+ and ngr1–/– EAE-induced mice at 
clinical scores 0 and 3. 

(A) There was a significant increase in the percentage 
of the M1 macrophage/microglial cell phenotype in 
the spinal cord of EAE-induced ngr1+/+ mice at the 
peak-chronic stage of disease when compared with 
the M2 phenotype. In addition, there was a substan-
tial increase in these M1-pathogenic populations 
compared to cells within the pre-onset stage. Results 
are expressed as the mean ± SEM, Student’s t-test, n 
= 3/clinical score, *P < 0.05, **P < 0.01, and ****P < 
0.0001. (B) In the spinal cord of EAE-induced ngr1–/– 
mice, there was a significant elevation in M2 macro-
phage/microglial cell percentages, more so than in 
the M1 phenotype at clinical score 3, even though 
more M2 than M1 cells were present at clinical score 
0. Data are expressed as the mean ± SEM, Student’s 
t-test, n = 3/clinical score, **P < 0.01 and ****P < 
0.0001. EAE: Experimental autoimmune encephalo-
myelitis; M1: classically activated macrophages; M2: 
alternatively activated macrophages.

though implied in this study, may argue that specifically tar-
geting NgR3 expression during EAE progression may limit 
the pathogenic activity of M1 macrophages/microglia, with 
direct application for translation in human neuroinflammato-
ry and neurodegenerative conditions. Reduced adhesion and 
migration to myelin in vitro and an association with microglial 
process retraction within the injured site has been suggested in 
studies on the effect of NgR on microglia/macrophages (Yan et 
al., 2012). However, these investigators utilized phosphatidyli-
nositol-specific phospholipase C to remove GPI-anchored NgR 
from the microglia (Yan et al., 2012), leaving the possibility 
that other GPI-anchored proteins could be leached from cell 
membranes, thereby limiting downstream signaling. 

The presence of myelin debris is a pathological marker of MS 
(Schnell and Schwab, 1993). Myelin debris can inhibit axonal 
regrowth and possibly affect the differentiation of oligodendro-
cyte precursor cells into their mature myelinating phenotype 
(Kotter et al., 2005). Therefore, the rapid clearance of myelin 
debris by phagocytic cells (i.e., microglia and macrophages) is 
essential during remyelination and axonal regeneration. 

In this study, we identified a disparity in the microglia/
macrophage numbers between the wild type (ngr1+/+) and 
ngr1–/– spinal cord sections. This may be attributed to the 
participation of macrophages/microglia in the enhanced 
phagocytic clearance of myelin when NgR1 and NgR3 are ex-
pressed in these cells, corroborated by the presence of myelin 
proteins (MOG and Nogo-A) in the predominant M1 patho-
genic population of cells as EAE progressed. However, in the 
early onset stage of disease in ngr1–/– mice, the predominant 
M2 population was primarily isolated with both paranodal 
Nogo-A and Caspr engulfed but with higher levels of NgR3 
expression. This finding raises the possibility that NgR3 is 
integral for myelin attachment and paranodal stripping of 
myelin and indicates that by targeting this receptor, paranod-
al myelin phagocytosis may be minimized. However, such a 
hypothesis remains to be tested. 

A feature of ngr1–/– mice is that they do not develop severe 
symptoms following EAE induction (Petratos et al., 2012). 
However, EAE progression and pathology does not seem to 
depend on NgR1 expression in microglia/macrophages. The 
data presented here now implicate a role for NgR3 in inflam-
matory demyelinating lesion propagation and requires fur-
ther investigation. 
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Additional Figure 1 Microglial cells expressing NgR in the spinal cord of EAE-induced ngr1+/+andngr-1-/-

mice during inflammatory demyelinating pathology. 
(A) CD11b-positive microglial/macrophage cells were co-labeled with the anti-NgRantibody within the spinal 
cord, during the progression of EAE in ngr1+/+mice. (B)Microglial/macrophage cells were also immunostained 
with Iba-1 for further confirmation of their activation, along with anti-NgR, demonstrating the elevationin the 
numbers of these cells within spinal cord inflammatory lesions in ngr1+/+mice. (D) The ngr1-/-micethat developed 
EAE were also immunolabeled for both CD11b and NgR, utilizing the same antibodies as for ngr1+/+mouse tissue. 
NgR expression could still be seen in large numbers of these macrophage/microglial cells in the spinal cord 
sections of EAE-induced ngr1-/-mice. (D) The Iba-1-positive macrophage/microglial cells, immunopositive for 
NgR, were present in the spinal cords of ngr1-/-mice during the progression of their EAE. Scale bar: 50 m. 

 



 

Additional Figure 2 Caspr is localized in degenerative axons in the optic nerves of EAE-induced ngr1+/+ but 
not in ngr1-/- mice. 
(A) Paraffin-embedded optic nerves of EAE-induced (peak-chronic stage of disease) ngr1+/+mice were 
immunostained with MBP, (B) Caspr and counter-stained with (C) DAPI. (D) Merged images are shown (Scale 
bar = 50m). (E-P) Co-localization of markers of degenerative axons with Caspr in EAE (peak-chronic stage of 
disease) in ngr1+/+ optic nerves. The serial sections were immunostained with (E) APP, (I) AT8, or (M) SMI-32 
(red), which were co-immunostained with Caspr (F, J & N), counterstaining with DAPI was performed in all 
images (G, K & O); merged images (H, L & P)  (Scale bar = 10 m). (Q) Stereological quantification revealed a 
significant co-localization of Caspr with markers for degenerative axon APP, AT8 and SMI-32 (**P<0.01, 
****P<0.0001, n =8).   

 

 


