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Limiting Neuronal Nogo Receptor 1 Signaling during
Experimental Autoimmune Encephalomyelitis Preserves
Axonal Transport and Abrogates Inflammatory
Demyelination
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We previously identified that ngr1 allele deletion limits the severity of experimental autoimmune encephalomyelitis (EAE) by preserving
axonal integrity. However, whether this favorable outcome observed in EAE is a consequence of an abrogated neuronal-specific patho-
physiological mechanism, is yet to be defined. Here we show that, Cre-loxP-mediated neuron-specific deletion of ngrl preserved axonal
integrity, whereas its re-expression in ngrl ~'~ female mice potentiated EAE-axonopathy. As a corollary, myelin integrity was preserved
under Cre deletion in ngr™™, retinal ganglion cell axons whereas, significant demyelination occurred in the ngrl ™'~ optic nerves
following the re-introduction of NgR1. Moreover, Cre-loxP-mediated axon-specific deletion of ngr1 in ngr ™™ mice also demonstrated
efficient anterograde transport of fluorescently-labeled ChTx in the optic nerves of EAE-induced mice. However, the anterograde
transport of ChTxf displayed accumulation in optic nerve degenerative axons of EAE-induced ngrl ~’~ mice, when NgR1 was reintro-
duced but was shown to be transported efficiently in the contralateral non- recombinant adeno-associated virus serotype 2-transduced
optic nerves of these mutant mice. We further identified that the interaction between the axonal motor protein, Kinesin-1 and collapsin
response mediator protein 2 (CRMP2) was unchanged upon Cre deletion of ngrl. Whereas, this Kinesin-1/CRMP2 association was
reduced when NgR1 was re-expressed in the ngrl ~'~ optic nerves. Our data suggest that NgR1 governs axonal degeneration in the context
of inflammatory-mediated demyelination through the phosphorylation of CRMP2 by stalling axonal vesicular transport. Moreover,
axon-specific deletion of ngrl preserves axonal transport mechanisms, blunting the induction of inflammatory demyelination and
limiting the severity of EAE.
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Multiple sclerosis (MS) is commonly induced by aberrant immune-mediated destruction of the protective sheath of nerve fibers
(known as myelin). However, it has been shown that MS lesions do not only consist of this disease pattern, exhibiting heterogeneity
with continual destruction of axons. Here we investigate how neuronal NgR1 can drive inflammatory-mediated axonal degener-
ation and demyelination within the optic nerve by analyzing its downstream signaling events that govern axonal vesicular trans-
port. We identify that abrogating the NgR1/pCRMP?2 signaling cascade can maintain Kinesin-1-dependent anterograde axonal
transport to limit inflammatory-mediated axonopathy and demyelination. The ability to differentiate between primary and
secondary mechanisms of axonal degeneration may uncover therapeutic strategies to limit axonal damage and progressive MS.
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Introduction

In contrast to the original research focus defining the autoim-
mune mechanisms that are operative in multiple sclerosis (MS)
and the therapeutic developments that have achieved substantive
reductions in relapse rates, axonal degeneration and neural tissue
injury still remain the arbiter of profound neurological deficit in
individuals living with this severe disease (for review, see Lee et
al., 2014). Two models of axonopathy/demyelination have been
suggested in MS pathology; primary axonal degeneration or oli-
godendrocyte dystrophy followed by demyelination (inside-out),
or demyelination leading to secondary axonal degeneration (out-
side-in; Trapp and Nave, 2008). Although there is no clear indi-
cation of exact cause and effect in MS lesions, the validity of
models precipitating axonal degeneration can be argued.

Nogo-A, an integral protein of oligodendrocytes and myelin,
with potent neurite outgrowth inhibitory effects has been an at-
tractive research target for the development of MS therapeutics,
(for review, see Lee and Petratos, 2013). We have previously dem-
onstrated that antagonizing this myelin-associated inhibitory
factors (MAIFs) in a mouse model of MS [experimental autoim-
mune encephalomyelitis (EAE)] can reduce the incidence, sever-
ity, and pathological sequelae of EAE by limiting axonal damage
(Karnezis et al., 2004; Petratos et al., 2012). Moreover, our recent
finding that mice deficient for the Nogo-66 receptor (ngrl™’~)
display a reduced severity of EAE, emphasizes the importance of
investigating the molecular mechanism(s) underscoring this re-
sult (Petratos et al., 2012). However, as NgR may be expressed on
other cell types, particularly those of immune cell lineage (Fry et
al., 2007; David et al., 2008), there is a unique requirement to
dissect out whether the neuroprotective effects exhibited by
ngrl~’~ mice are a consequence of inhibited axonal-specific
mechanisms or abrogated inflammatory sequelae. Furthermore,
as there are now documented ultrastructural anatomical differ-
ences exhibited in ngr1 ~/~ mice that include axodendritic synap-
tic stability (Wills et al., 2012; Akbik et al., 2013) and recently
documented white matter axo-glial units (Lee et al., 2017), it is
important to delineate whether the axonal preservation germane
to EAE-induced ngrl ~/~ mice (Petratos et al., 2012), is based on
direct NgR1-dependent signaling or indirect ultrastructural dif-
ferences, whereby the plasticity-dependent responsiveness of
neural cells may limit degeneration.

In this study, we addressed the axon-specific role of NgR1
during neuroinflammation through recombinant adeno-asso-
ciated virus serotype 2 (rAAV2) transduction of retinal ganglion
cells (RGCs) by intraocular delivery of either, Cre recombinase to
adult ngr ™™ or, full-length NgR1 to ngrl~’~ mice, before EAE-
induction. We report that axon-specific deletion of ngrl pre-
serves axons and conversely, the re-expression of NgRI in
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ngrl~’~ optic nerves exacerbates axonopathy during neuroin-
flammatory insult. Anterograde transport of vesicles labeled by
AlexaFluor 555 Cholera toxin B (ChTxf), showed accumulation
in the proximal optic nerve segments of EAE-induced wild-type,
or ngrl~’~ mice following the re-expression of NgR1. In cortical
neuronal cultures we identified that stimulation of NgR1 with
Nogo-66 can slow or stall the anterograde trafficking of Alex-
aFluor 555 ChTxf and pDendra-labeled amyloid precursor pro-
tein (APP). These data which demonstrate the NgR1-dependent
reduction of anterograde transport, were further substantiated in
the spinal cords and optic nerves of EAE-induced mice, where we
identified reduced interactions between the Kinesin-1 motor
protein and collapsin response mediator protein 2 (CRMP2), a
result of increased phosphorylation of CRMP2 (Petratos et al.,
2012). Moreover, the preservation of axons upon deletion of ax-
onal ngrl also preserved the integrity of myelin, whereas re-
expression of NgR1 caused demyelination (inside-out).

Our results support the neurobiological role of NgR1 driving
axonopathy during EAE-induced neuroinflammation and that the
preservation of axons observed in rigrl ~/~ or ngr1-Cre-deleted mice
is a consequence of preserved anterograde axonal transport. Fur-
thermore, to our knowledge we provide the first experimental evi-
dence that the direct inhibition of NgR1-dependent axonopathy also
prevents demyelination in EAE with the working hypothesis that the
axonal status plays an active role in the maintenance of CNS myelin
under inflammatory conditions.

Materials and Methods

Animals. C57BL/6 ngrl S ngrl /7 (Kim et al., 2004), and ngrlﬂX/ﬂx
(Wangetal., 2011) mice were bred and maintained at the Alfred Medical
Research and Education Precinct animal facility. The AMREP Animal
Ethics Committee (AEC nos. E/1532/2015/M and E/1602/2015/M) ap-
proved the use of these animals for experimentation in accordance with
the guidelines and regulations set out by the National Health and Medical
Research Council of Australia. All animal experiments are governed by
the Australian Code for the care and use of animals for scientific purposes
(2013) and comply with the Victorian Cruelty to Animals Act 1986. Both,
age- and sex-matched (female) ngrl™™", ngri/™™, and ngr1™/~ mice
were used in the experimental paradigms outlined in this study.

AAV2 construction and production. The construction of recombinant
AAV?2 carrying enhanced green fluorescent protein (eGFP) reporter
(rAAV2-eGFP), eGFP reporter and improved Cre (rAAV2-eGFP-
iCre), eGFP reporter and full-length mouse NgR1 (rAAV2-eGFP-
mNgR1) were generated through Vector BioLabs. Generation of
rAAV2 carrying phospho-mutant CRMP2 and eGFP reporter
(rAAV2-Flag-CRMP2T555A-eGFP) was previously described (Petra-
tos et al., 2012). Full vector sequences are available on request.

Intraocular injections and EAE induction. Intraocular injections of
rAAV2 vectors were performed as previously described (Petratos et al.,
2012). Animals were anesthetized by intraperitoneal injection of 100 ul
per 10 g of body weight consisting: 2% xylazine (7 mg/kg body weight)
and 10% ketamine (95 mg/kg body weight). Subsequently, local eye an-
esthetic was applied at the site of injection. Using a finely pulled micro-
syringe, 1.5 ul of rAAV2-eGFP, rAAV2-eGFP-iCre, rAAV2-eGFP-NgR1,
or rAAV2-Flag-CRMP2T555A-eGFP (0.75 X 10'® genomic copies per
eye) was injected directly into the vitreous of the right eye. Following
injection, the animals were monitored for 7 d then immunized with
MOG;5_s5 as described previously (Petratos et al., 2012). All animal
groups were randomized by coding individual cages to limit experi-
menter bias during EAE clinical score assessment. The codes and data
were stored electronically and as hard copies by the senior investigator
(S.P.) and two other co-authors (P.M.A. and S.T.). The mice were then
left to progress to the peak stage of disease where ongoing spinal cord
axonal degeneration is frequently observed in and around axonal inflam-
matory lesions (1821 d post-EAE induction; Petratos et al., 2012). The
day before killing the animals, they were anesthetized by ketamine/xyla-
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Table 1. Primary antibodies used in study
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Antibody Dilution (atalog Supplier Application

Rabbit anti-GFP 1:500 Ab290 Abcam Retina whole-mounts, Optic nerve immunofluorescence

Mouse anti-BllI-tubulin 1:2000 MMS-435p Covance Retina whole-mounts

Mouse anti-AT8 1:40 MN1020 ThermoFisher Scientific Optic nerve immunofluorescence

Mouse anti-3APP clone 3E9 1:100 MA1-25489  ThermoFisher Scientific Optic nerve and Human post-mortem MS brain immunofluorescence
Mouse anti-SMI32 1:1000 SMI-32R Covance Optic nerve and Human post-mortem MS brain immunofluorescence
Rat anti-NgR 1:100 MAB1659 R&D Systems Optic nerve immunofluorescence

Mouse anti-NF-200 1:400 N0142 Sigma-Aldrich Optic nerve immunofluorescence

Rabbit anti-pCRMP2T555 1:200 (Petratos et al., 2012; Mokhtar et al., 2018) ~ Optic nerve immunofluorescence

Mouse anti-MBP 1:1000 NE1018 Millipore Human post-mortem brain and EAE-induced spinal cord tissues.
Mouse anti-NgR 1:100 MAB1208 R&D Systems Human post-mortem MS brain immunofluorescence

Rabbit anti-proteolipid (PLP) 1:500 Ab28486 Abcam Human post-mortem MS brain immunofluorescence

Rabbit anti-pCRMP2-T555 1:40,000 (Petratos etal., 2012; Mokhtar et al., 2018) ~ Western blot

Mouse anti-CRMP2 1:40,000 11096 IBL Western blot

Rabbit anti-KIF5¢ 1:4000 1S-(81914 LSBio Western blot

Mouse anti-3-actin 1:50,000  MAB1501 Millipore Western blot

Mouse anti-Kinesin light chain-1 (KLC-1) ~ 1:2000 MAB1617 Millipore Western blot

Mouse anti-ce-tubulin 1:10,000  05-829 Millipore Western blot

Biotinylated anti-GFP 1:200 Ab6658 Abcam Oligodendrocyte apoptosis assay

Mouse anti-CC1 1:50 M11217 (albiochem Oligodendrocyte apoptosis assay

Rabbit anti-cleaved caspase-3 1:400 9661 Cell Signaling Technology Oligodendrocyte apoptosis assay

Table 2. Secondary antibodies used in study

Antibody Dilution  Catalogue Supplier Application

AlexaFluor 488 conjugated goat anti-rabbit Iga (H + L)  1:500 A-11008  Life Technologies  Retina whole-mount, Optic nerve immunofluorescence

AlexaFluor 546 conjugated goat anti-mouse IgG (H + L)  1:500 A-11030  Life Technologies  Retina whole-mount, Optic nerve immunofluorescence, Oligodendrocyte apoptosis assay
AlexaFluor 647 conjugated goat anti-rat IgG (H + L) 1:500 A-21247  Life Technologies  Retina whole-mount, Optic nerve immunofluorescence, Oligodendrocyte apoptosis assay
HRP-conjugated goat anti-mouse IgG (H + L) 1:20,000 AB308P  Millipore Western blot

HRP-conjugated goat anti-rabbit IgG (H + L) 1:20,000 AB307P  Millipore Western blot

Streptavidin, AlexaFluor 488 conjugated 1:500 S11223 Life Technologies  Oligodendrocyte apoptosis assay

zine and 2 ul of AlexaFluor 555 ChTx (C34776, Life Technologies) was
injected directly into the vitreous of the left and right eye. The animals
were then monitored for 1 h post-injection and experimental mouse
groups decoded only following the collection of neural tissues.

Retinal whole-mounts. Retinal whole-mounts were prepared as previ-
ously described (Petratos et al., 2012). They were postfixed with 4%
paraformaldehyde (PFA) for 20 min and blocked with blocking buffer
consisting of 10% normal goat serum and 0.3% Triton X-100 in PBS for
2 h at RT. Sections were subsequently immunostained with primary
antibodies (Table 1) diluted in blocking buffer overnight at 4°C. Second-
ary antibodies (Table 2) were diluted in blocking buffer and applied for
2 h at RT. The sections were counterstained with 4’,6-diamidino-2-
phenylindole (DAPI) (D1306, Life Technologies; 1:2000) for 15 min at
RT. To analyze myelin integrity, sections were counterstained with Fluo-
roMyelin Red (F34652, Life Technologies; 1:300) for 1 h at RT. The
sections were then mounted and coverslipped using fluorescent
mounting medium (Dako).

Quantitative PCR after reverse-transcription. mRNA was isolated from
rAAV2-transduced retinae, and nontransduced retinae of naive ngrl AR
ngrl™/~, and ngr™™ mice 7 d post-intraocular injection by using
RNeasy Mini kit (Qiagen) with DNase-I to remove genomic DNA. From
the isolated mRNA, cDNA was synthesized using a high-capacity
cDNA reverse-transcription kit following the manufacturer’s instruc-
tions (Applied Biosystems). Quantitative PCR after reverse-
transcription (qQRT-PCR) was performed with 50 ng of cDNA using
TaqMan probes (Applied Biosystems): mouse Reticulon-4 receptor
(rtn4r) (Mm0045228_m1) mouse gapdh (Mm99999915_g1) on ABI
Prism 7900HT sequence detection system (Applied Biosystems). The
Cy value was measured in triplicate and normalized to the gapdh
endogenous control. These AC;. values of samples were then stan-
dardized against the AC; values of non-rAAV2-transduced retinae of
ngrl1*’* mice, derived as relative mRNA expression (AAC,).

Preparation of tissues. Animals (uninjected naive control and EAE-
induced mice) were killed by CO, inhalation then transcardially perfused

with PBS. For mRNA and protein extraction, the optic nerves, retinae,
and lumbosacral spinal cords were collected and immediately snap fro-
zen and stored at —80°C. For histological experiments, following PBS
perfusion, mice were perfused with 4% PFA. The optic nerves and retinae
were postfixed with 4% PFA overnight at 4°C for immunofluorescence
analysis or immunogold-labeled electron microscopy (EM; see Fig. 5-1,
available at https://doi.org/10.1523/J]NEUROSCI.1760-18.2019.f5-1).

Optic nerve immunofluorescence. Optic nerves from naive and EAE-
induced mice were prepared for immunofluorescence as previously de-
scribed (Petratos et al., 2012). Optic nerves were embedded in OCT and
10 pm serial longitudinal sections were cut on a cryostat. Before section-
ing, all embedded tissue was coded by a different investigator (S.T.) listed
in the authorship and electronically categorized, then stored by the senior
investigator. The subsequent analysis was thereby performed blinded by
the dual first authors, to exclude bias. Three sections per optic nerve, at
least 50 wm apart, were selected to perform all quantification following
immunohistochemistry. Briefly, sections were postfixed with 4% PFA for
20 min and blocked with blocking buffer (10% normal goat serum and
0.3% Triton X-100 in PBS) for 2 h at RT. Sections were subsequently
immunostained with primary antibodies (Table 1) diluted in blocking
buffer overnight at 4°C. Secondary antibodies (Table 2) were diluted in
blocking buffer and applied for 2 h at RT. The sections were counter-
stained with DAPI (D1306, Life Technologies; 1:2000) for 15 min at RT.
To analyze myelin integrity, sections were counterstained with Fluoro-
Myelin Red (F34652, Life Technologies; 1:300) for 1 h at RT. The sections
were then mounted and coverslipped using fluorescent mounting me-
dium (Dako). The fluorescence intensity of FluoroMyelin was measured
surrounding eGFP+ axons by identifying the Integrated density
(IntDen) on Image]. All measurements performed were normalized
against background intensity.

Quantification of axonal degeneration. Briefly, at least three sections
(> 50 wm apart) from each mouse optic nerve (minimum of n = 3 mice
per experimental group) were used to analyze the number of degenera-
tive axons. Axonal degeneration was defined according to the number of
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eGFP+ (i.e., rAAV2-transduced axons) that exhibited the presence of
swelling retraction bulbs/spheroids at the distal end of the axon transec-
tion with fragmentation (Niki¢ et al.,, 2011). This number of eGFP+
swollen axons at the distal end was then divided by the total number of
eGFP+ (rAAV2-transduced axons) and represented as a percentage.
Validation of these morphological outcomes was performed by quanti-
fying the number of colabeled eGFP+ axons with either SM132, BAPP, or
AT8 divided by the total number of eGFP+ axons.

Quantification of the fluorescent intensity of ChTxf3. The fluorescent
intensity of ChTxf was measured exclusively in the eGFP+ axons as
IntDen on a separate window on Image]. The transport of ChTxf3- on
rAAV2-injected and uninjected optic nerves was quantified by measur-
ing the intensity at the proximal, intermediate, and distal parts, all sepa-
rated by a 400 wm length of nerve. All the measurements were
normalized against the background intensity.

Preparation of primary cortical neuron cultures. E15-E16 C56B1/6 wild-
type and ngrl /" pregnant mice were killed by cervical dislocation. The
cortical neuron cultures were prepared as described by Reddrop et al.
(2005) and Samson et al. (2008). Briefly, the isolated cortices pellet was
trypsinized for 5 min at 37°C with gentle agitation and followed by ad-
dition of trypsin inhibitor. The pellet was triturated through an 18-gauge
blunt-ended needle. The resultant cell pellet resuspended in neurobasal
medium, supplemented with 1 X B27 supplement, 10% dialyzed fetal
calf serum, 1% Glutamax (Invitrogen), and 1% penicillin/streptomycin
(P/S; Invitrogen). The cell suspension was seeded onto poly-D-lysine
(0.05 mg/ml; BD Bioscience) precoated 6-well plates at 150,000 cells/
cm?. Twenty-four hours after seeding [1 d in vitro (DIV)], the serum-
containing medium was aspirated and replaced with serum-free
neurobasal medium supplemented with 1X B27 supplement, 1% Glu-
tamax and 1% P/S. The culture was monitored every day for neurite
outgrowth and replaced with 1:1 fresh medium every 3 d.

Nogo-66 ligand stimulation of Nogo receptor in primary cortical neurons.
At 7 DIV, a scratch injury was performed to the culture by aspirating the
middle of the plate with a glass pasture pipette, followed by the addition
of Nogo-66 ligand to stimulate Nogo-66 receptor (NgR1). Briefly, 330
ng/cm? of Nogo-66 (488230, Calbiochem) was added to each well in a
6-well plate (Fournier et al., 2003). For control experiments, 3 ug of
Nogo-66 ligand was pre-absorbed with 0.3 ug full-length NgR-Fc pep-
tide (1440-NG, R&D systems) by incubating in the medium for 30 min at
37°C and centrifuged at 15,000 X g for 10 min at 37°C, then adding the
supernatant to the culture within the 6-well plate, separately. The cell
lysates were collected 8 h after the stimulation.

Primary cortical neuron culture in the microfluidic chamber and live cell
imaging. Primary cortical neuron culture prepared as described in Prep-
aration of primary cortical neuron cultures. Cells (100,000) were seeded
in each chamber. At 7 DIV, AlexaFluor 555 ChTx subunit (1 ul) was
added to the soma side of the microfluidic chamber (RD150, Xona Mi-
crofluidics), 1 d before live cell imaging. The transection injury was per-
formed on the axonal side by aspirating the chamber then immediately
0.3 g Nogo-66 peptide was added. Three hours after the stimulation,
live cell imaging was performed using 40X objective lens on a Nikon Alr
confocal microscope. KymoAnalyzer (Neumann et al., 2017) was per-
formed to generate kymographs and determine the velocity of the axonal
transport.

Transient transfection of primary cortical neurons with pDendra-Fag-
BAPP. At 7 DIV, the culture was transfected with 5 ug of pDendra-Flag-
BAPP cDNA using Lipofectamine 3000 (Invitrogen). The scratch injury
was performed by aspirating the middle of the plate with a glass
pasture pipette, then adding 3 ug Nogo-66 within the aspirated
groove. Three hours after the stimulation, live cell imaging was per-
formed using a 40X objective lens on a Nikon Alr confocal micro-
scope and time-lapse videos captured over a 15 min interval. The cell
lysates were then collected for immunoprecipitation and Western
blotting, which were performed as described in the sections Immu-
noprecipitation and Western immunoblotting.

Human MS tissue histology and immunofluorescence. Human MS tis-
sues were embedded in OCT compound and 10 wm sections were
prepared then stained using Luxol fast blue and periodic acid Schiff
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Table 3. Details of human tissues

Postmortem
Patient No. Details Age Sex intervals, h
1 MS/AD 65.1 Female 12
2 MS 38.5 Male 25
3 MS 49.9 Male 43
4 MS 62.7 Female 56
5 MS 49.9 Male 56.5
6 AD 714 Male 9.5
7 AD 73 Male 9.5
8 AD 83.8 Male 10
9 AD 88.4 Female 1
10 FTD 60.6 Male 12
1 FTD 61.4 Female 20.5
12 FTD 77 Male 6
13 FTD 66.8 Male 37
14 HD 61.1 Male 17
15 HD 66.7 Female 18.5
16 HD 57.2 Female 22
17 HD 722 Female 22
18 NNDC 521 Male 33
19 NNDC 82.7 Male 27
20 NNDC 63.4 Female 30.5
21 NNDC 63.9 Male 31.5

(LFB-PAS) to demonstrate demyelinated plaques and inflammatory cell
infiltration as described previously (Petratos et al., 2012). Immunofluo-
rescence was performed according to standard procedures (see Optic
nerve immunofluorescence).

Human tissue selection. All frozen human deep-cortical white matter
tissue was acquired from the Victorian Brain Bank Network (VBBN)
under the National Health and Medical Research Council guidelines and
the Monash University Human Research Ethics Committee approval
number CF13/1646-2013000831. Human brain tissue included five sub-
jects with non-neurological disease control (NNDC), other neurological
disease controls including four subjects with Alzheimer’s disease (AD),
four subjects with frontotemporal dementia (FTD), four subjects with
Huntington’s disease (HD), and five subjects with progressive MS with
active lesions (Table 3). Postmortem interval did not exceed 56 h. All
specimens were frozen under liquid nitrogen and then stored in the Brain
Biobank (—80°C until required). Tissue sections were coded and stored
electronically and as hard copies by the senior investigator (S.P.) and two
other co-authors (P.M.A. and S.T.). Isolated proteins underwent either
immunoprecipitation and/or Western immunoblotting analyses, per-
formed according to standard procedures for all tissues (see the sections
Western immunoblotting and Immunoprecipitation).

Histological analysis (human postmortem brain). Images immuno-
stained with anti-PLP/BAPP and anti-MBP/pCRMP2-T555 antibodies
(Table 1) were analyzed through Image]J for quantitation. To estimate the
level of axonal degeneration, the number of BAPP+ axons were manu-
ally counted in regions predefined as normal-appearing white matter
(NAWM), periplaque white matter (PPWM) + lesion border, and
NAWM from LFB-PAS-stained sections. The degree of axonal degener-
ation was represented as the number of BAPP+ axons within the ana-
lyzed area per square millimeter of tissue area. For quantitation of
demyelinated regions around pCRMP2-T555-positive axons was as-
sessed by measuring MBP+ immunostained area surrounding
pCRMP2-T555+ axons, counted within the NAWM (1 = 47 axons mea-
sured, across 4 separate tissue samples) or PPWM (n = 33 axons mea-
sured, across 4 separate tissue samples). More specifically, using the
Imaris software, the intensity of MBP immunostaining that was <1
(A.U.). Subsequently the degree of demyelination was represented as the
area under the curve (MBP fluorescence intensity <1).

Western immunoblotting. Fresh-frozen mouse lumbosacral spinal
cords, optic nerves, and human brain tissues were ground into a fine
powder in liquid N, and then lysed in 1X RIPA buffer (Cell Signaling
Technology) supplemented with protease and phosphatase inhibitor
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cocktails (Millipore). Homogenates were centrifuged at 13,000 X g for 20
min and the supernatants were collected. Protein concentrations were
determined using BCA assay (ThermoFisher Scientific). For each West-
ern immunoblot, 5 ug of protein was denatured and differentiated on a
4-12% Bis-Tris gel (Invitrogen). The gels were then electrophoretically
transferred onto PVDF membranes (Millipore). The membranes were
blocked with TBS containing 5% nonfat dried milk powder including
and 0.1% Tween 20. Primary antibodies (Table 1) were incubated over-
night at 4°C, then secondary antibodies (Table 2) were incubated for 1 h
at RT. Immunoreactive proteins were detected using an ECL Prime kit
(GE Healthcare). Densitometric analysis was performed using Image]J
and the level of immunoreactive signal was normalized against the ubig-
uitous actin loading-control band.

Immunogold labeled EM. Tokuyasu sample preparation was per-
formed as previously described (Slot and Geuze, 2007). Optic nerves
were fixed overnight at 4°C with 0.1 m phosphate buffered 2% (w/v)
EM-graded PFA and 0.2% (w/v) glutaraldehyde. The fixed samples were
embedded in 12% (w/v) gelatin in 0.1 M phosphate buffer at 37°C, which
was allowed to set at 4°C before being cut into small cubes measuring
~0.5 mm on each edge. The gelatin embedded tissues were infiltrated
with 2.3 M sucrose in 0.1 M phosphate buffer at 4°C overnight on a rocker.
The sucrose infiltrated gelatin blocks were mounted on cryo-pins then
frozen in liquid nitrogen for cryo-ultramicrotomy. Frozen samples were
trimmed at —100°C and sectioned at —120°C using a Cryo-EM UC7
ultra microtome (Leica) equipped with a 45° diamond cryo-trimming
knife (Diatome) and a 35° diamond cryo-immuno knife (Diatome).
Cryosections were retrieved by pick-up loop with a droplet of phosphate
buffered 1% (w/v) methyl cellulose and 1.15 M sucrose, then depos-
ited on carbon-coated Formvar grids for immunolabeling. The grids
were prepared for immunolabeling by melting up-side-down on PBS
at 37°C, then rinsing the grids on droplets of 0.02 M glycine in PBS.
The grids were blocked with 1% (w/v) bovine serum albumin (BSA)
in PBS, incubated with goat anti-GFP-Biotin (600-106-215, 1:600,
Rockland) in 1% (w/v) BSA in PBS at RT, for 1 h and incubated with
a bridging rabbit anti-biotin (100—4198, 1:10,000; Rockland) then
rinsed with 0.1% (w/v) BSA in PBS. The grids were then incubated
with protein-A-conjugated 10 nm gold particles diluted (1:50; Cell
Biology, Utrecht University, Utrecht, The Netherlands) in 1% (w/v)
BSA in PBS for 20 min at RT, rinsed with PBS. After stabilization of
the reaction by 1% (w/v) glutaraldehyde in PBS for 5 min, grids were
rinsed in distilled water. Finally, the grids were stained with 2% (w/v)
uranyloxaalacetate (pH 7) for 5 min at RT and 0.4% (w/v) uranyl
acetate in 1.8% (w/v) aqueous methyl cellulose (pH 4) for 5 min at
4°C and dried in a thin film of the final stain in the center of a wire
loop. EM imaging was done on JEM-1400Flash (Jeol).

Immunoprecipitation. One hundred micrograms of either mouse or
human brain tissue lysate was incubated overnight at 4°C with 1 ug of
mouse anti-CRMP2 (Table 1) capture antibody, under constant agita-
tion. These samples were then incubated with 50 ul of protein G mag-
netic beads (Millipore) to capture the antibody-antigen complex.
Samples were then denatured, and Western immunoblotting was per-
formed (see Western immunoblotting).

Analysis of oligodendrocyte apoptosis. Optic nerve immunofluores-
cence was performed according to standard procedures as defined (see
Optic nerve immunofluorescence). Apoptotic oligodendrocytes were de-
fined as CC-1-immunolabeled cells (CC-1+) with cleaved caspase-3-
immunolabeled (caspase-3+) nuclei that appeared condensed and
fragmented, as assessed by DAPI counterstaining. The data were plotted
as the number of cleaved caspase-3/CC-1+ cells divided by the total
number of CC-1+ oligodendrocytes.

Statistical analyses. Statistical analyses were conducted on GraphPad
Prism v7. For Densitometric analysis and stereological counts, a Stu-
dent’s ¢ test or one-way analysis of variance (ANOVA) with Tukey’s post
hoc test was used. The data is presented as mean = standard error of the
mean (SEM). To analyze the differences between genotypes during EAE
progression, a two-way ANOVA was performed. A p value <0.05 was
considered statistically significant.
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Results

RGC-specific deletion or overexpression of NgR1 regulates
axonal degeneration during EAE

We previously reported that NgR1-dependent phosphorylation
of CRMP2 may potentiate axonal degeneration during neuroin-
flammation (Petratos et al., 2012). Here, we investigated how
selective deletion of NgR1 in neurons, may prevent this signal
transduction pathway from executing axonal degeneration dur-
ing EAE. As a corollary, we also posited the question: how would
the re-expression of full-length NgR1 in ngrl '~ CNS neurons
modify axonal integrity during EAE?

For axon-specific manipulation of the NgR1, we used an in-
traocular delivery system of the rAAV2 as previously described
(Petratos et al., 2012). Recombinant AAV2-eGFP, rAAV2-eGFP
expressing the improved Cre (rAAV2-eGFP-iCre), and rAAV2-
eGFP expressing mouse full-length NgR1 were generated (Fig.
1A—C). One week before EAE induction, direct intraocular injec-
tions into the vitreous cavity of right mouse eyes were performed
using these vectors, to transduce RGCs and their axons. Retinal
whole mount immunofluorescence revealed ~40% of BIII-
tubulin-labeled RGCs to be consistently transduced by all three
rAAV2 vectors (Fig. 1G). qRT-PCR analysis of mRNA collected
from the retinae revealed a ~twofold downregulation of ngrl
upon rAAV2-eGFP-iCre transduction in ngr™™ mice, and a
~twofold upregulation upon rAAV2-eGFP-mNgR1 ngrl ™/~
mice compared with the uninjected left eye (Fig. 1H ). Therefore,
we verified that this rAAV2-mediated gene delivery system effi-
ciently transduces RGCs to modulate the expression of NgR1.

We first analyzed rAAV2-eGFP-mNgR1-injected optic nerves
of naive (non-EAE) ngrl /" mice to investigate possible axonal
changes, which may occur without inflammation (basal changes
as a consequence of NgR1 re-expression). We verified the expres-
sion of axonal NgR1. However, we could not detect axonal
abnormalities, morphologically or by demonstrating BAPP accu-
mulation in the transduced optic nerves (eGFP+/NgR1+; Fig.
1-1, available at https://doi.org/10.1523/JNEUROSCI.1760-
18.2019.f1-1). This indicates that re-introduction of NgR1 to
RGC axons, does not cause damage, without inflammatory infil-
trates being present.

In line with our previous data generated for ngrl /" mice
(Petratos et al., 2012), we demonstrated a significant delay in the
onset of EAE and reduction in the peak clinical score compared
with ngr1*/* or ngr’™™ mice (Fig. 11-K). Furthermore, by Day
18 post-EAE induction, only 54% of ngrl '~ mice exhibited any
form of clinical symptoms, whereas 84% of ngr1™*/* and 89% of
ngr ™™ mice displayed EAE onset and progression (Fig. 11).
Immunofluorescence studies performed on transduced optic
nerves at Days 18-21 post-EAE induction (corresponding to
peak stage of EAE) revealed a significant reduction in morpho-
logically identifiable degenerative axons of ngr!™™ mice trans-
duced with rAAV2-eGFP-iCre (mean = SEM: 8.220 % 0.4239%)
compared with the optic nerves transduced with rAAV2-eGFP
transduction (controls; mean = SEM: 21.53 * 0.7954%). Fur-
thermore, a significant increase in morphologically identifiable
degenerative axons in the optic nerves of ngrl_/~ mice trans-
duced with rAAV2-eGFP-mNgR1 (mean * SEM: 19.25 *
1.298%) was identified compared with rAAV2-eGFP transduc-
tion in the same genotype (controls; mean * SEM: 7.734 =*
0.3381%; Fig. 1L-N)).

To further demonstrate axonal degeneration, we immuno-
stained serial sections of rAAV2-transduced optic nerves localiz-
ing SMI-32, BAPP, and hyperphosphorylated tau (ATS).
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Figure 1. Axon-specific ablation of ngr7 preserves axonal integrity during EAE whereas its
re-expression potentiates axonal degeneration. A—C, rAAV2 vector maps that used in this study,
(A) rAAV2-eGFP, (B) rAAV2-eGFP-iCre, and (C) rAAV2-eGFP-mNgR1. D—F, Representative reti-
nal whole-mountsimmunolabeled for eGFP and SllI-tubulin from (D) rAAV2-eGFP-, () rAAV2-
eGFP-iCre-, and (F) rAAV2-eGFP-mNgR1-injected retinae. Scale bar, 500 wm. Magnified
images showing colocalization of eGFP with BllI-tubulin are shown at the right-hand side.
Scale bar, 50 um. G, The percentage of rAAV2 transduction in RGCs (n = 22-29). H, qRT-PCR
analysis of rAAV2-eGFP-iCre transduced retinae of ngr7™™ and rAAV2-eGFP-mNgR1 trans-
duced retinae of ngr7 /™ mice and their left retinae controls using rtn4r (encoding NgR1)
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Consistent with the observed morphological changes of axonal
degeneration observed within the eGFP+ transduced optic nerve
axons following intraocular injection with rAAV2-eGFP-iCre, we
identified significant reductions in the colocalization of SMI-32,
BAPP, and AT8 (compared with the rAAV2-eGFP-injected optic
nerves of ngrl™™ mice; Fig. 10-T). Conversely, we demon-
strated significant increases in the colocalization of all axonal
dystrophy markers with GFP+ expression in the rAAV2-eGFP-
mNgR1-injected optic nerves compared with rAAV2-eGFP-
injected control optic nerves from ngrl~’~ mice (Fig. 10-T).
These results suggest that axonal NgR1 drives axonopathy during
neuroinflammation.

Inhibiting axon-specific NgR1-dependent signaling preserves

axonal transport in the optic nerves during EAE

To assess the importance of neuronal NgR1-dependent signaling
during neuroinflammation in the optic nerves of EAE-induced
mice, we used the vesicular axonal transport qualities of ChTxf3
subunit conjugated to the AlexaFluor 555 (ChTx3-555) label. We
identified stalling of ChTx[3-555-labeled vesicles as accumulation
of immunofluorescence within dystrophic axons in the proximal
ends of optic nerves that were either transduced with rAAV2-
eGFP-mNgR1 in ngrl~/~ mice (right optic nerves) following
EAE induction, or in the nontransduced optic nerves (left optic
nerves) of EAE-induced ngr1™*’* or ngr™™ mice (Fig. 2B,C).
The intensity of ChTxf3-555 fluorescence was minimal in the
proximal ends of rAAV2-eGFP-iCre transduced optic nerves of
ngr "™ mice (Fig. 2C). This reduction was also observed within
the rAAV2-Flag-CRMP2T555A-eGFP transduced optic nerves
(phospho-mutant CRMP2 construct, Rho-associated kinase II
phosphorylation site) of ngrl ™" mice (Fig. 2B).

These observations were further validated when we measured
the ChTx3-555 fluorescence intensity along the distance of the
optic nerve, from the proximal optic disc to the chiasm. We iden-
tified that rAAV2-eGFP-mNgR1 transduced axons of ngrl /"~
mice following EAE induction, displayed increased accumulation

<«

probe (n = 3, mean = SEM, one-way ANOVA with Tukey’s post test; *p << 0.05, ***p < 0.001).
1, Clinical progression of EAE upon immunization with CFA and MOG,_s; in female ngr7 ™"

(n=37),ngr1™™ (n = 44),andngr1~"~ (n = 41) mice (mean = SEM, repeated-measures
ANOVA; ****p <0,0001). The incidence of EAE for each genotype is shown underneath the
graph. J, Average onset of EAE, defined as the day of the first clinical score reached in each
mouse. K, Average peak score of disease (mean == SEM, one-way ANOVA with Tukey's post test;
**%p < 0.001, ****p < 0.0001). L, M, Representative images immunolabeled for eGFP and
DAPI from (L) rAAV2-eGFP-iCre-injected right optic nerve of nngﬂX/ ™ mice and (M) rAAV2-
eGFP-mNgR1-injected right optic nerve of ngr’ "~ mice at the peak stage of FAE. Magnified
images of single eGFP+ transduced axons are shown underneath the larger scaled images. N,
Estimated numbers of transduced axons and morphologically degenerative axons per square
millimeter of right optic nerve sections in either rAAV2-eGFP- or rAAV2-eGFP-iCre-injected
ngr1™™ and either rAAV2-eGFP- or rAAV2-eGFP-mNgR1-injected ngr? ™ mice at the peak
stage of EAE. (n = 10, Student's ¢ test; ****p <C 0.0001). 0—Q, Representative images from
either rAAV2-eGFP- or rAAV2-eGFP-iCre-injected optic nerves of ngr1™™ mice and either
rAAV2-eGFP- or rAAV2-eGFP-mNgR1-injected optic nerves ofngr7 /™ mice coimmunolabeled
for either (0) SMI-32, (P) BAPP, or (Q) AT8 and eGFP, followed by DAPI counterstaining. Scale
bar, 50 wm. Magnified images of intact (in rAAV2-eGFP-iCre-injected ngr7™™ and rAAV2-
eGFP-injected ngr1 ™/~ mice optic nerves) or degenerative axons (in rAAV2-eGFP-injected
ngr1™™ and rAAV2-eGFP-mNgR1-injected ngr1 = optic nerves) are shown on the right
(arrow indicates degenerative axons whereas arrowhead indicates intact axons). Scale bar, 10
m. R—T, The percentage of colocalization of eGFP+ transduced axons with (R) SMI-32, (S)
BAPP, and (T) AT8 (n = 10, mean = SEM, Student’s t test; **p << 0.01, ***p << 0.001,
*e0%p < ,0001). For axon-specific overexpression of NgRT in optic nerves of naive ngrl —/~
mice (Figure 1-1, available at https://doi.org/10.1523/JNEUR0SCI.1760-18.2019.f1-1).
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of ChTx[3-555 fluorescence intensity in the proximal segment of
the right optic nerve compared with the contralateral nontrans-
duced left optic nerve (Fig. 2B—D). We calculated the amount of
ChTx3-555 fluorescence accumulation in the rAAV2-eGFP-
mNgR1 transduced axons of ngrl~’~ mice following EAE induc-
tion, to be 126 * 10 axons/mm? of right optic nerve tissue, a
threefold increase in the level of accumulation compared with
rAAV2-CRMP2T555A-eGFP transduced optic nerves of ngrl™*/*
mice (43 * 8 axons/mm?); or twofold increase compared with
rAAV2-eGFP-iCre transduced optic nerves of ngr /™™ mice (57 + 8
axons/mm % Fig. 2E). The overall percentage of dystrophic axons in
the rAAV2-eGFP-mNgR1 transduced optic nerves of ngrl /~ mice,
was 28.6 = 3.7% of all transduced (eGFP+) axons (Fig. 2F, G).

We further interrogated the ChTxf3-555 fluorescence accu-
mulation in the transduced or non-transduced optic nerve at the
proximal, intermediate and distal segments, to assess the level of
vesicular transport stalling in the axons of EAE-induced mice at
the peak stage of disease (Fig. 2 H,I). We demonstrated that in the
proximal and intermediate segments of the rAAV2-eGFP-
mNgR1 transduced right optic nerves of EAE induced ngri ™/~
mice, the intensity of ChTx3-555 fluorescence was 50.3 = 6.6 and
53.3 = 7.3 (A.U.) in these segments, respectively (Fig. 2H ). This
compared with 34.6 = 2.8 and 13.3 = 2.5 (A.U.) in the proximal
and intermediate segments, respectively, as exhibited in the
rAAV2-eGFP-iCre transduced optic nerves of ngr /™ mice (Fig.
2H). Similarly, comparison levels of ChTxf3-555 fluorescence
within the proximal and intermediate segments of rAAV2-
CRMP2T555A-eGFP transduced optic nerves of ngri™*’" mice
were 28.3 * 2.1 or 24.2 = 4.3 (A.U.), respectively (Fig. 2H).

Conversely, the accumulation of ChTx3-555 fluorescence
in the uninjected (nontransduced) optic nerves of EAE-
induced ngrl /" and ngr™™ mice at the peak stage of dis-
ease, illustrated the existence of abrogated transport at the
proximal and intermediate segments of the optic nerve, resem-
bling the NgR1-overexpression studies performed in the ngri1 '~
rAAV2-eGFP-mNgR1 transduced optic nerve (Fig. 2I). Because
there was a greater intensity of ChTx[3-555 fluorescence detected
at the distal ends in the uninjected (nontransduced) optic nerves
of EAE-induced ngrl™’~ mice, without accumulation in the
proximal and intermediate segments, we showed that the trans-
port of ChTxf3 was unimpeded in these mice. These data suggest
that stalling of anterograde vesicular transport exists in the prox-
imal through to intermediate segments of optic nerves when
NgR1 is expressed in neurons during neuroinflammation. How-
ever, does this transport deficit occur because of Nogo-A (a po-
tent myelin inhibitory factor) ligation through NgR1?

To answer this question, we isolated cortical neurons from
wild-type and ngrl =/~ mice allowing them to grow in microflu-
idic chambers. The axons of these neurons where allowed to grow
freely into the grooves of the chambers, isolating the cortical
neuron somas from their distal axonal terminals that had grown
into the neighboring chamber (Fig. 2-1, available at https://doi.
org/10.1523/JNEUROSCI.1760-18.2019.£2-1; also time-lapse
videos are available from Movies 1, 2, 3, 4). After transecting the
distal axonal terminals by aspirating the axonal chamber, we
added 0.3 ug of Nogo-66 peptide, thereby stimulating NgR1
present on the axolemmal growth cone (if expressed). In the
ngrl™’* cortical neuronal cultures, we identified that Nogo-66
stimulation slows and stalls anterograde axonal transport of
ChTxB+ vesicles (~0.0019 *+ 0.0015 SEM um/s) compared with
transected but unstimulated ngr1*’* axons (~0.038 * 0.015
SEM um/s; Fig. 2-1, available at https://doi.org/10.1523/
JNEUROSCI.1760-18.2019.f2-1). In fact, these anterograde ve-
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Movie 1.  Real-time imaging of axonal transport of ChTx3-positive [E]iE =
vesicles fromngr ™/ cortical neurons. The movie shows simultaneous 2 kEE
imaging of individual ChTx3-positive (red) vesicles along the axons. g

Movie 2. )
vesicles from ngr cortical neurons 3 h after treated with 0.3 g of 12

Nogo-66 peptide after transection injury. The movie shows simultane-
ousimaging ofindividual ChTx3-positive (red) vesicles along the axons.

1+

sicular transport velocity measurements were significantly
different to those obtained from the ngrl /"~ axons that showed
(~0.232 = 0.028 SEM um/s without Nogo-66 and ~0.045 =
0.018 SEM um/s with Nogo-66 stimulation, respectively; Fig.
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Movie 3.
vesiclesfromngr /" cortical neurons. The movie shows simultaneous
imaging of individual ChTx3-positive (red) vesicles along the axons.

Movie 4.
vesicles fromngr7~~ cortical neurons 3 h after treated with 0.3 g of
Nogo-66 peptide after transection injury. The movie shows simultane-
ousimaging of individual ChTx 3-positive (red) vesicles along the axons.

Real-time imaging of axonal transport of ChTx3-positive [E]i:2d

2-1, available at https://doi.org/10.1523/JNEUROSCI.1760-
18.2019.f2-1). These data identify the stalling of anterograde ax-
onal transport following stimulation with Nogo-66, a mechanism
that we then set out to interrogate.

Lee, Kim et al. @ Axonal NgR Drives Inflammatory Demyelination

Axon-specific deletion of ngr1 prevents dissociation of
Kinesin-1 from CRMP2 during EAE

The vesicular cargo protein CRMP2, has been previously shown
to associate with the Kinesin-1 motor protein to transport tubu-
lin heterodimers in an anterograde manner (Kimura et al., 2005).
Because NgR1-dependent phospho-CRMP2-Thr555 levels are
increased within dystrophic axons during EAE (Petratos et al.,
2012) and moreover, this specific phosphorylation can dissociate
it from tubulin (Petratos et al., 2008, 2012), we further investi-
gated whether this signaling can modulate the interaction of
CRMP2 and Kinesin-1 [the main anterograde motor protein
that transports o and 8 tubulin heterodimers to the “plus”
ends of axonal microtubules (Yoshimura et al., 2005)],
thereby impairing axonal transport during EAE and by exten-
sion MS.

Initially, we stimulated ngr1*/* and ngr1 ™'~ cortical neurons
that were transiently transfected with the pDendra2 construct
encoding a flag-tagged mouse APP, with Nogo-66 to demon-
strate the association of APP with Kinesin-1 and CRMP2. Upon
Nogo-66 stimulation of ngr1™™" cultures following a scratch in-
jury, we showed accumulation of pDendra2+ APP to the proxi-
mal end of the axon (Fig. 3B, arrowheads; also time-lapse videos
are available from Movies 5, 6) compared with the more punctate
and distributed vesicles exhibited without Nogo-66 stimulation
or the profile observed in the ngr1 /" cortical axons (Fig. 3C; also
time-lapse videos are available from Movies 7, 8). Moreover, we
collected the protein lysates from the un-stimulated and stimu-
lated cultures from this experiment and identified the association
of APP with KIF5¢ through immunoprecipitation and Western
blotting (Fig. 3E). We identified increased association of APP
with Kinesin-1 in ngrl~/~ compared with the ngri™’* cortical
neuron cultures (Fig. 3E). We next investigated how CRMP2 in
ngrl™”" and ngri~/" cortical neuron cultures can regulate the
association of Kinesin-1 in the presence or absence of neurite
inhibitory factor, Nogo-66. By immunoprecipitation of CRMP2
from lysates of these stimulated neurons, we were able to identify
that Nogo-66 inhibited the association with CRMP2 with a ~six-
fold reduction in the level of KIF5¢ observed in the stimulated
ngrl™”" and ngrl ™/~ cortical neuron cultures (Fig. 3F,G). This
association was partially recovered following the blockade of
Nogo-66 by pre-incubating this ligand with the soluble NgR
(310)-Fc (~3-fold increase from Nogo-66 stimulation alone; Fig.
3F,G).

We then collected protein lysates from inflamed lumbosacral
spinal cords of ngrl ™" and ngrl /" mice at the peak stage of EAE
and performed immunoprecipitation using a monoclonal anti-
CRMP2 antibody. Western blotting using an anti-KIF5c¢ (Kinesin
family member 5¢) antibody showed a significant reduction in
the level of association with CRMP2 in spinal cord lysates from
EAE-induced (peak stage) ngrl™’" mice compared with naive
ngrl ™" controls (Fig. 3I-K). Whereas, we did not observe
changes in the levels of these proteins following coimmunopre-
cipitation, within the spinal cords of EAE-induced (peak stage)
ngrl /" mice compared with naive ngrl '~ controls (Fig. 31-K).
We also demonstrated that the level of phospho-CRMP2-Thr555
was increased in the spinal cords of ngrl ™" mice at the peak stage
of EAE. Whereas, no modulation of pCRMP2-T555 levels was
seen for spinal cord lysates obtained from ngrl '~ mice, at the
peak stage of EAE (Fig. 3I,L,M). Therefore, the dissociation of
KIF5¢ from CRMP2 in the spinal cords of ngr1*/* mice during
EAE, may be a result of NgR1-dependent signaling.

Because NgR1-dependent signaling may abrogate the interac-
tion between CRMP2 and KIF5¢, we then asked whether time-
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Figure3. Reduced interaction between CRMP2 and KIF5c within cortical neuron lysates and spinal cord lysates of ngr7™/* compared with lysates from ngr7 /™ mice during the peak stage of
EAE. Representative time-lapse axonal transport of pDendra-Flag- 3APP transfected ngr1 ™/ cortical neurons () untreated and (B) treated with 0.3 ug of Nogo-66 peptide after transection injury.
These time-lapse videos are available as Movies 5 and 6, respectively. Representative time-lapse axonal transport of pDendra-Flag-BAPP transfected ngr7 ~/~ cortical neurons (C) untreated and (D)
treated with 0.3 1ug of Nogo-66 peptide after transection injury. These time-lapse videos are available as Movies 7 and 8, respectively. E, Immunoprecipitation of Flag-tagged BAPP from transfected
ngr1™*’* and ngr1~/~ cortical neuron lysates, following a scratch injury and with or without Nogo-66 ligand treatment. Membranes were re-probed using an anti-KIF5c antibody. Pre-
immunoprecipitation (5% input of protein) from spinal cord lysates are shown under each immunoprecipitation panel. F, Immunoprecipitation of CRMP2 performed on lysates of transfected
ngr1™ " andngr1~/~ cortical neuron lysates after scratch injury, with or without Nogo-66 ligand treatment. Membranes were re-probed using an anti-KIF5¢ antibody. Pre-immunoprecipitation
(5% input of protein) from spinal cords lysates are shown under each immunoprecipitation panel. G, H, Densitometric quantification of the levels of (D) CRMP2 associated KIF5c, and (E) total KIF5¢
normalized to actin. /, Inmunoprecipitation of CRMP2 or pCRMP2-T555 from lumbo-sacral spinal cord lysates from naive mice (controls), EAE-induced ngr7™*/* and ngr1~/~ mice at the peak of
EAE, followed by re-probing of these membranes using either anti-KIF5¢ or anti-CRMP2 antibodies. Pre-immunoprecipitation (5% input of protein) from spinal cords lysates are shown under each
immunoprecipitation panel. actin used as a loading control. J-M, Densitometric quantification of the levels of (J) CRMP2 associated KIF5c, (K) total KIF5c normalized to actin, (L) pCRMP2-T555
normalized to total CRMP2, and (M) total CRMP2B normalized to actin (n = 4, mean = SEM, one-way ANOVA with post Tukey's test; *p << 0.05, **p << 0.01, ****p < 0.0001).
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Movie 5. Real-time imaging of axonal transport of pDendra-Flag- [SIE:
BAPP transfected ngr1 ™™™ cortical neurons. The movie shows simul-
taneous imaging of individual 3APP-positive (green) vesicles along the

axons.

Movie 6.  Real-time imaging of axonal transport of pDendra-Flag-
BAPP transfected ngr1 ™™ cortical neurons 3 h after treated with 0.3
g of Nogo-66 peptide after transection injury. The movie shows simul-
taneous imaging of individual 3APP-positive (green) vesicles along the
axons.

dependent and axon-specific deletion of NgR1 preserves this
interaction. We collected protein lysates from rAAV2-transduced
right optic nerves and their left optic nerves from uninjected eyes
during EAE. We then performed immunoprecipitation and
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taneous imaging of individual 3APP-positive (green) vesicles along the
axons.

Movie 8. Real-time imaging of axonal transport of pDendra-Flag-
BAPP transfected ngr7 ™ cortical neurons 3 h after treated with 0.3

g of Nogo-66 peptide after transection injury. The movie shows simul- 13
taneous imaging of individual 3APP-positive (green) vesicles along the
axons.

Western blotting. As expected, the left uninjected optic nerves of
ngr1*’* and ngr1™™ mice during EAE, showed a reduction in
the levels of CRMP2 bound KIF5¢c compared with the optic
nerves of naive ngrl /% mice ( Fig. 4 A, B). However, no difference
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Figure4.  Axon-specific deletion of ngr7 maintains the protein interactions between CRMP2 and KIF5c in the optic nerve during EAE. A, First row, Inmunoprecipitation of CRMP2 of optic nerve
lysates from naive ngr1™/" and ngr1 /"~ ; EAE-induced optic nerve lysates (at peak stage of disease) from either: ngr1 ** transduced with rAAV2-CRMP2T555A-eGFP, ngr7™™ transduced with
rAAV2-eGFP-iCre, ngr7 "~ mice transduced with rAAV2-eGFP-mNgR1 and their left (contralateral) uninjected optic nerve controls. The membranes were then re-probed using anti-KIF5c antibody.
Second row, A pre-immunoprecipitation 5% input of total protein. Third row, Westernimmunoblot detection of the phosphorylation of CRMP2 at the threonine 555 site ()CRMP2-T555), (fourth row)
total CRMP2, and (fifth row) actin loading control. B, Densitometric quantification of total KIF5c and CRMP2 bound KIF5c (after immunoprecipitation) from optic nerve lysates. C, Densitometric
quantification of level of phosphorylation of CRMP2B at T555 over total CRMP2B (n = 3, mean == SEM, one-way ANOVA with post Tukey's test; *p << 0.05, **p << 0.01).

in this interaction could be found in the left uninjected optic
nerves of ngrl '~ mice during EAE (Fig. 4A,B). Importantly,
both rAAV2-CRMP2T555A-eGFP-injected optic nerves of
ngrl™* and rAAV2-eGFP-iCre-injected optic nerves of ngr1/™/
mice showed a significant increase in the level of CRMP2-bound
KIF5c¢ compared with the left optic nerves lacking rAAV2-
transduction, at the peak stage of EAE (Fig. 44, B). Whereas, we
found a reduction in the levels of CRMP2-bound KIF5¢ within
rAAV2-eGFP-mNgR1-injected optic nerves of ngrl /" mice
compared with the left nontransduced nerves at the peak stage of
EAE, although these did not reach statistical significance (Fig.
4A,B).

The dissociation of KIF5c from CRMP2 during EAE in the
optic nerves of ngrl*’* mice may be a result of direct axonal
NgR1-signaling as the levels of pPCRMP2-T555 were found to be
reduced both in the rAAV2-CRMP2T555A-eGFP-injected optic
nerves of ngrl */* and rAAV2-eGFP-iCre-injected optic nerves of
ngr ™™ mice (Fig. 4A, C). Although not statistically significant,
anincrease in the level of phospho-CRMP2-Thr555 was observed
in the rAAV2-eGFP-mNgR1-injected optic nerves of ngrl /"
mice compared with left nontransduced nerves, at the peak stage
of EAE (Fig. 4A,C). These results suggest that axonal NgR1-
signaling during EAE impairs Kinesin-1 association with

CRMP2, aresult of phosphorylation, and may govern the antero-
grade axonal transport blockade observed during axonal degen-
eration, although this hypothesis awaits further validation.

Axon-specific deletion of ngrl preserves myelin integrity in
the optic nerves during EAE

Given that axonal degeneration during EAE is potentiated by
neuronal NgR1 expression, we sought to determine whether the
preservation of axons by conditionally deleting neuronal NgR1
could protect the myelin sheath from degeneration, following
inflammatory infiltration. FluoroMyelin immunostained sec-
tions of optic nerves from all rAAV2-injected EAE-induced mice
demonstrated reductions in demyelination surrounding rAAV2-
CRMP2T555A-eGFP transduced axons in ngrl /" mice (~1.5-
fold) and restoration in FluoroMyelin intensity compared with
optic nerves of ngrl /" mice transduced with rAAV2-eGFP dur-
ing the peak stage of EAE (Fig. 5A, B). Optic nerve myelin integ-
rity was also preserved in EAE-induced ngr/™™ mice following
axonal transduction with rAAV2-eGFP-iCre compared with the
optic nerves of rAAV2-eGFP injected EAE-induced mice at peak
stage of disease (~1.6-fold restoration in FluoroMyelin intensity;
Fig. 5A,B). On the other hand, extensive demyelination was
demonstrated surrounding rAAV2-eGFP-mNgR1 transduced
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Axon-specific deletion of ngr7 preserves myelin integrity during EAE. A, Representative images from either rAAV2-eGFP- or rAAV2-CRMP2T555A-eGFP-injected optic nerves of

ngr1 /" rAAV2-eGFP- or rAAV2-eGFP-iCre-injected optic nerves of ngr1™™, and rAAV2-eGFP- or rAAV2-eGFP-mNgR1-injected optic nerves of ngr7 ™ mice; immunolabeled for FluoroMyelin,
eGFP, and DAPI (arrow indicates degenerative axons whereas arrowhead indicates intact axons). Scale bar, 50 m. B, Quantification of demyelination near eGFP + transduced axons as measured
by FluoroMyelin staining intensity per area (mm 2) of optic nerve (n = 10, mean = SEM, one-way ANOVA with post Tukey's test; *p << 0.05, *** p << 0.001, **** p < 0.0001). Forimmunogold-
labeled electron microscopic images of the transduced axons (Figure 5-1, available at https://doi.org/10.1523/JNEUR0SCI.1760-18.2019.f5-1).

axons in ngrl /" mice following EAE induction compared with
rAAV2-eGFP transduced optic nerves following EAE at peak
stage of disease (~1.3-fold reduction in FluoroMyelin intensity).
We observed an overall reduction of 1.8-fold FluoroMyelin in-
tensity of optic nerves compared with naive ngrl /" mice (Fig.
5A,B). Further observation of enhanced axo-myelin integrity
was achieved at the ultrastructure level whereby immunogold-
labeled rAAV2 particles carrying the iCre construct (Fig. 5-1,
available at https://doi.org/10.1523/JNEUROSCI.1760-18.2019.
f5-1, arrowheads) or the CRMP2T555A mutant construct (Fig.
5-1, available at https://doi.org/10.1523/INEUROSCI.1760-
18.2019.f5-1, arrowheads), localized in optic nerve axons, show
lamellated intact myelin sheaths (Fig. 5-1, available at https://
doi.org/10.1523/JNEUROSCI.1760-18.2019.f5-1). However, non-
transduced axons within the same optic nerve segments demon-
strated Wallerian degeneration with macrophage phagocytic

activity (Fig. 5-1, available at https://doi.org/10.1523/
JNEUROSCI.1760-18.2019.f5-1, arrows and asterisks). These re-
sults indicate that preserving axons during neuroinflammation
via conditional deletion of ngrl or, antagonizing NgRI-
dependent signaling downstream to CRMP2, can also preserve
myelin integrity.

Axon-specific deletion of ngrI limits oligodendrocyte
dystrophy in the optic nerve during EAE

Having demonstrated that rAAV2-eGFP-iCre transduction
within the optic nerves of EAE-induced ngr’™™ mice preserves
myelin integrity, but extensive demyelination exhibited in
rAAV2-eGFP-mNgR1 transduced axons of ngrl™’~ mice, we
next investigated whether axonal degeneration and demyelina-
tion could potentiate oligodendrocyte dystrophy. We identified
significant numbers of apoptotic oligodendrocytes in the rAAV2-
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Axon-specific deletion of ngr7 protects oligodendrocytes during EAE. Representative images of apoptotic (C-1-positive mature oligodendrocytes, expressing cleaved caspase-3 in (4)

rAAV2-injected right optic nerves, and (€) rAAV2-uninjected left optic nerves. Scale bar, 50 m. High-power images show anti-activated caspase 3 staining and the presence of pyknotic nuclei (from
yellow dotted box). Number of CC-1-positive mature oligodendrocytes and cleaved caspase-3-immunopositive oligodendrocytes per square millimeter of (B) right and (D) left optic nerves at the
peak stage of EAE (n = 4, mean == SEM, one-way ANOVA with post Tukey's test; *p << 0.05, ****p << 0.0001). Arrowheads indicate apoptotic mature oligodendrocytes. For the number of CC-1+
mature oligodendrocytes in optic nerves of naive ngr7 ™/ and ngr1 /"~ mice, see Figure 6-1, available at https://doi.org/10.1523/INEUR0SCI.1760-18.2019.f6-1.

eGFP-mNgR1 transduced optic nerves within EAE-induced
ngrl~/~ mice at peak stage of disease compared with rAAV2-
eGFP-iCre transduced and rAAV2-CRMP2T555A-eGFP-injected
optic nerves of ngrl™™ and ngr1™’* mice, respectively (Fig.
6A,B; see Fig. 6-1 (available at https://doi.org/10.1523/
JNEUROSCI.1760-18.2019.16-1) for the number of CC-1+ ma-
ture oligodendrocytes in optic nerves of naive ngrl */* and
ngrl '~ mice). In particular, we identified that the numbers of
cleaved caspase-3-immunopositive, mature oligodendrocytes
(CC-1+) were ~2.5-fold greater in the rAAV2-eGFP-mNgR1
transduced axons of ngrl ~/~ mice (149.5 = 7.31 per mm?) com-
pared with the contralateral uninjected left optic nerves from the
same mice (31.0 = 5.6 per mm?; Fig. 6 B,D). However, the num-
bers of cleaved caspase-3-immunopositive, mature oligodendro-
cytes (CC-1+) in rAAV2-eGFP-iCre transduced optic nerves of
ngr ™™ mice (99.05 = 7.67 per mm?), were reduced by ~1.5-

fold compared with the rAAV2-eGFP-mNgR1 transduced axons
in ngrl~/~ mice during the peak stage of EAE (Fig. 6B). A simi-
lar reduction (~1.5-fold) was calculated for the rAAV2-
CRMP2T555A-eGFP transduced axons in ngrl™”" mice, at the
peak stage of EAE (79.07 = 10.09 per mm?; Fig. 6B). These data
demonstrate that NgR1-dependent axonal expression drives oli-
godendrocyte dystrophy during inflammation of the optic nerve.

NgR1 is coexpressed with phosphorylated CRMP2 in
degenerating neurons of MS brain and EAE spinal cord
lesions

Elevated levels of phosphorylated CRMP2 at the threonine 555
site (pCRMP2-T555) occur during the pathological sequelae
governing acute spinal cord injury (Mimura et al., 2006), chronic
MS lesions and in the spinal cord following EAE induction
(Petratos et al., 2012). These findings have set an important prec-
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edent for investigation of the molecular mechanisms underscor-
ing CNS axon damage during neuroinflammation. We have
previously shown that in the MOG;5_s5 model of EAE, elevated
levels of pPCRMP2-T555 occur in the optic nerves of mice that
express NgR1 during the peak stage of disease and are associated
with significant axonopathy (Petratos et al., 2012). In this study,
the optic nerves of EAE-induced mice that were transduced with
rAAV2-CRMP2T555A-eGFP inhibited profound axonopathy,
demyelination, and oligodendrocyte dystrophy. This suggests
that by abrogating CRMP2 phosphorylation, we cannot only
limit axonal damage but also preserve myelin integrity and oligo-
dendrocyte viability. However, the direct importance of NgR1-
dependent CRMP2 phosphorylation localized in MS lesions and
how this relates to disruption of the axonal transport machinery
isan important question that needs to be addressed. We therefore
first investigated the localization of pCRMP2-T555 expressed
within deep cortical white-matter lesions of postmortem frontal
lobe frozen tissue samples from secondary progressive MS (Fig.
7A,B).

In line with our previous study (Petratos et al., 2012),
PCRMP2-T555 was shown to be elevated in dystrophic axons
localized largely in chronic demyelinated lesions of brain tissue
from individuals with secondary progressive MS (Table 3; Fig.
7D-G). In fact, colocalization of pCRMP2-T555 with the axonal
degenerative markers BAPP (Fig. 7D, arrowhead), and non-
phosphorylated neurofilament, SMI-32 (Fig. 7E, arrowhead),
were observed. Moreover, axolemmal NgR1 immunostaining
demonstrated colabeling of axonal spheroids with intra-axonal
pCRMP2-T555 (Fig. 7F, arrowhead). In areas of apparent demy-
elination (represented by diffuse and discontinuous MBP-
immunopositive myelin sheath staining), pCRMP2-T555
immunofluorescence was of greatest intensity within the PPWM
lesions (n = 33 axons measured, across 4 separate tissue samples)
compared with NAWM (n = 47 axons measured, across 4 sepa-
rate tissue samples; Fig. 7G,H). These results suggest that
pCRMP2-T555 is involved in axonal degeneration in MS and
contiguous with myelin disruption.

Elevated NgR1 occurs with disassociated CRMP2-bound
Kinesin and tubulin in brain lysates from individuals with MS
We finally correlated the levels of NgR1 expressed within post-
mortem tissue from individuals with MS and other neurological
disorders, to the association of CRMP2/tubulin and Kinesin-1
motor protein complexes, in an attempt to identify the possible
molecular events governing NgR1-dependent axonal dysfunc-
tion linked with anterograde transport. We found that only the
lysates from individuals with secondary progressive MS, demon-
strated elevated levels of NgR1 (Fig. 8A,B). We identified that
there were ~90, 85, 80, and 70% reductions in the percentage
levels of Kinesin-bound to CRMP2 in AD, MS, HD, and FTD
samples, respectively, compared with brain lysates from non-
neurological control tissue (Table 3; Fig. 8C,D). We further iden-
tified that ~80, 50, 60, and 40% reductions of tubulin-bound
CRMP2 occurred in AD, MS, FTD, and HD brain lysates, respec-
tively, compared with the non-neurological controls (Fig. 8C,E).
These data suggest that tubulin and Kinesin dissociation from
CRMP2 could be central to neurodegeneration although a dom-
inant molecular mechanism governing neuroinflammatory ax-
onopathy may be related to the expression of NgR1.

Discussion

In the current study, we have defined that axon-specific NgR1 can
drive inflammatory-dependent degeneration in the CNS by stall-
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ing the Kinesin-dependent anterograde transport mechanism, a
direct consequence of the downstream phosphorylation of
CRMP2. By using the highly efficient rAAV2 transduction system
to either conditionally delete or overexpress neuronal NgR1, we
identified that transduced RGCs were either salvaged from or
driven toward degeneration, respectively. Importantly, we iden-
tified that by ablating NgR1 expression during inflammatory
challenge in the optic nerve, not only could we preserve axonal
integrity but simultaneously preserve myelin. Reintroduction of
NgR1 in the ngrl~’~ mice illustrated its central role in driving
axonal damage and demyelination as a consequence of neuroin-
flammation. Moreover, the overexpression of a phospho-mutant
T555A CRMP2 construct was able to structurally protect axonal
and myelin integrity along with providing sustained axonal trans-
port under neuroinflammatory conditions within the ngri*/*
mouse optic nerve. Our data suggest that NgR1-dependent ax-
onal damage and demyelination is potentiated under inflamma-
tory condition, and this degeneration may be dependent upon
the downstream molecular association of KIF5¢c with CRMP2.
This molecular motor dissociation may lead to slowing or stalling
anterograde vesicular axonal trafficking, leading to synaptic dys-
function.

A functional measure of CRMP2 phosphorylation is the de-
gree to which it associates with tubulin heterodimers (Arimura et
al., 2005; Kimura et al., 2005). Previous reports have implicated
this mechanism during developmentally regulated axonal
growth, albeit through the phosphorylation of CRMP2 at the
glycogen synthase kinase-33 Thr514 site (Yoshimura et al., 2005,
2006). However, phosphomimetic mutants display a weakened
ability to drive axon growth during development and following
acute spinal cord injury (Nagai et al., 2016). The importance of
Rho kinase-mediated Thr555 phosphorylation of CRMP2 in po-
tentiating acute axonal damage, was demonstrated through
MAIF-dependent signaling, in an acute spinal cord injury model
(Mimura et al., 2006). Indeed, blocking this signaling pathway
can facilitate microtubule re-association with CRMP2, directly
benefiting axon growth in this injury paradigm (Mimura et al.,
2006). However, there remains a knowledge gap in the molecular
drivers of axonal degeneration during inflammatory demyelina-
tion. In particular, the mechanism governing frank axonal dys-
trophy readily observed in NAWM within the CNS of individuals
with MS, is yet to be elucidated (for review, see Lassmann, 2010).

The physiological importance of Kinesin/CRMP2 association
is that it can be a marker for the fidelity of anterograde axonal
transport and axon growth (Kimura et al., 2005), possibly
through the Kinesin molecular motor protein associating with
key developmental and functionally dynamic molecular cargo
such as, BAPP, Wiskott—Aldrich syndrome protein family
verprolin-homologous protein (WAVE), SRA1/WAVEI (specif-
ically Racl-associated protein-1/WASP family verprolin-
homologous protein-1) complex/WAVE1 (Kamal et al., 2001;
Kawano et al., 2005; Takata et al., 2009; Hensley et al., 2011).
Stalling of Kinesin motor proteins during fast axonal transport
has been shown to accumulate BAPP within swollen axons
(Stokin et al., 2005). Indeed, Kinesin blockade and dystrophic
axons have been reported in the pathogenesis of AD and other
neurodegenerative disorders (for review, see Maday et al., 2014).
Therefore, maintaining this anterograde transport is integral to
the fidelity of axons and it is known that both are severely com-
promised during EAFE and by extension, MS (Sorbara et al., 2014;
Hares et al., 2017). We identified that the anterograde transport
of BAPP by Kinesin-1 can be maintained if NgR1-dependent
activation is abrogated.
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Figure 7. pCRMP2-T555 localization in degenerating neuronal somata and axons in chronic-active lesions of MS brains. A, LFB-PAS immunohistochemistry showing representative chronic
demyelinated lesion from secondary progressive MS frontal cortex. B, Immunostaining against anti-proteolipid protein (PLP; green) and anti-3APP (red) on serial section showing significant
numbers of BAPP-positive axons in a representative image of an active demyelinating lesion (active border) and a few BAPP-positive axons in an inactive demyelinated plague. Scale bar, 100 pm.
C, BAPP expression in MS lesions of different demyelinating activity [NAWM, periplague along with the active lesion border (active demyelinating lesion), plaque (inactive demyelinated lesion); n =
4, mean = SEM, one-way ANOVA with post Tukey's test; *p << 0.05, ****p << 0.0001]. Expression of pCRMP2-T555 alongside common neurodegenerative markers: (D) pCRMP2-T555 expression
in the distal segment of an BAPP-positive degenerating axon, and (E) colocalization with non-phosphorylated SMI-32-positive neurofilament. F, Degenerative ovoid formation and swelling in
pCRMP2-T555-positive axons in human deep cortical white matter. Arrowheads indicate extracellular localization of NgR and downstream intracellular phosphorylation of CRMP2 in a degenerative
axon. G, Immunohistochemistry showing pCRMP2-T555 (red), MBP (green) in NAWM and PPWM. H, The degree of demyelination around pCRMP2-T555-positive axons is significantly higher within
active demyelination lesions compared with NAWM (n = 4, mean == SEM, Student’s t test; ****p << 0.0001). Scale bar, 10 wm.
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Increased NgR1 and putatively impaired CRMP2-depdent axonal transport in brain lysates of patients with progressive MS. A, Western immunoblot detection for (first row) NgR1 and

(second row) actin loading control of brain lysates from NNDC, AD, FTD, HD, and secondary progressive MS. B, Densitometric quantification of the levels of NgR1 normalized to actin loading control
(n = 4, mean = SEM, one-way ANOVA with post Tukey's test; *p << 0.05). C, Immunoprecipitation of pCRMP2-T555 using polyclonal anti-pCRMP2-T555 antibody and probed with Kinesin light
chain T (KLC-1) and ae-tubulin. D, AD (n = 7), FTD (n = 9), HD (n = 4), and MS (n = 5) lysates have ~90, 85, 80, and 70% decrease in the percentage of Kinesin-bound to CRMP2 compared with
non-neurological disease control lysates, respectively. £, AD (n = 8), FTD (n = 9), HD (n = 4), and MS (n = 5) lysates exhibit an approximate 80, 60, 50, and 40% reduction in the percentage of
ac-tubulin-bound to CRMP2 compared with non-neurological disease control lysates, respectively (mean == SEM, one-way ANOVA with post Tukey's test; *p << 0.05, **p << 0.01, ***p < 0.001,

Ry < 0,0001).

The phosphorylation of CRMP2 can limit Kinesin antero-
grade motor proteins from binding and carrying vital molecular
cargo for axonal growth and maintenance (Arimura et al., 2005).
Our studies have identified the biochemical dissociation of
Kinesin-1 from CRMP2 in chronic-active lesions of autopsy tis-
sue obtained from secondary progressive MS patients and this
was directly related to the intense BAPP localization in dystro-
phic axons. Therefore, the question was posed that if NgR1 sig-
naling regulates the phosphorylation of CRMP2 during MS and
EAE (Petratos et al., 2012) can this cause the stalling of Kinesin
motor proteins within these axons potentiating their degenera-
tion? Moreover, are these molecular events antecedent to myelin
degeneration?

We initially asked whether the overexpression of full-length
NgR1 in the RGCs from ngrl ~/~ mice promotes axonal damage
during EAE, as a model of inside-out axonopathy. Overexpres-
sion was performed by transduction of RGCs with a rAAV2-
eGFP-mNgR1, we were then able to demonstrate how NgR1
expression (within the ngrl ~/~ optic nerve) may promote degen-
eration of axons during inflammatory demyelination (assessed at
peak stage of EAE) compared with those unlabeled (nontrans-
duced axons—contralateral optic nerve) within the ngri /" mice,
or following intraocular injection with rAAV2-eGFP in the con-
trol experiment. Our data implicate NgR1 as a driver of axonal
damage in the context of CNS inflammatory challenge. Because
the overexpression of NgR1 in naive ngrl /"~ optic nerves did not
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exhibit axonal damage and there was a disconnect between the
preservation of axons in the ngrI™™ optic nerve following Cre-
mediated deletion, with axonal damage exhibited in the unin-
jected contralateral nerve of the same mice. This suggests that
inflammatory-mediated axonal damage can be driven through
NgR1 signaling.

It is then plausible that either: (1) the limitation of myelin
debris enriched with Nogo-A, initiating signaling through the
NgR1-dependent phosphorylation of CRMP2 (inflammatory-
mediated demyelination and secondary axonal damage; outside-in
axonopathy), preserves axons or; (2) limiting the phosphoryla-
tion of CRMP2 within the axon prevents myelin from degener-
ating (inside-out axonal damage; secondary demyelination) and
abrogates the cycle of inflammatory cell infiltration within the
CNS. These outside-in versus inside-out mechanisms of ax-
onopathy still require investigation, particularly because Nogo-A
is also highly expressed in axons and may play an active role in
driving degeneration during neuroinflammation (Ineichen etal.,
2017; Zemmar et al., 2018). Although neuronal Nogo-A-
dependent signaling downstream to CRMP2 has not been well
defined but has been identified in the regulation of axonal trans-
port (Joset et al., 2010).

It was previously demonstrated that axonal transport deficits
precede structural/morphological alterations of myelin during
EAE (Sorbara et al., 2014). If indeed it holds true that the axon
deficit can propagate the demyelinating pathology because of the
blockade of vesicular transport, then it would seem that the phys-
iological status of CRMP2 is fundamental for the preservation of
an integrated CNS. Indeed recent protein interactome data have
identified a further 78 protein partners for CRMP2 in the brain,
vital for healthy neuronal function and plasticity (Martins-de-
Souza et al., 2015). Importantly, the direct relevance of CRMP2
post-translational modifications in neurodegenerative patholo-
gies have been highlighted through the targeting of proteins that
may interact with CRMP?2 (for review, see Taghian etal., 2012) or
small molecules such as lanthionine ketimine-5-ethyl ester
(LKE), that can facilitate the binding of CRMP2 to other proteins
(Dupree et al., 2015). Importantly, the later small molecule has
recently been trialed in EAE experiments whereby the investiga-
tors demonstrated significant protection of axonal caliber and
myelin sheaths (Dupree et al., 2015), highlighting the transla-
tional potential for this cell-permeable analog of lanthionine ket-
amine. Whether LKE can in fact potentiate the association of
CRMP2 with Kinesin and re-establish fast axonal transport re-
mains to be elucidated.

It is now evident that the morphological hallmarks of axonal
injury can precede histologically detectable demyelination
(Onukietal., 2001; Wangetal., 2005), and correlate strongly with
the progression of EAE in mice (Ayers et al., 2004; Niki¢ et al.,
2011). NAWM histologically resembles appropriately myelinated
axonal fibers situated at least 1 cm from the edges of MS plaques
(Filippi et al., 2012). However, NAWM from the CNS of MS
patients demonstrates diffuse pathology, which includes inflam-
matory infiltrates, microglial activation and demyelination but of
note is the loss of axons with ~12—-42% reduction in axonal
density within the spinal cord and corpus callosum (Evangelou et
al., 2000; Bjartmar et al., 2001; Moll et al., 2011). Despite its
histopathological classification, the mechanism governing ax-
onal degeneration in NAWM remains elusive. Recently, an ele-
gant study identified that transport deficits actually precede
structural alterations of axons and their myelin (Sorbara et al.,
2014). These investigators argue that under the breach of CNS
inflammation, axonal transport is disrupted before demyeli-
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nation or damage to organelles and that this can be reversed
through therapeutically administering redox scavenging
agents (Nitric oxide scavenger, 2-(4-Carboxyphenyl)-4,4,5,5-
tetramethylimidazoline-1-oxyl-3-oxide [cPTIO]) and anti-
inflammatory methylprednisolone. The data highlight that
inflammation is fundamentally linked to axonal transport def-
icits that can lead to progressive neurodegeneration. Our work
suggests that NgR1 expression in axons under inflammatory
conditions can propagate transport deficits in secondary pro-
gressive MS and support the recent identification synaptic
dysfunction in experimental glaucoma models (Fu et al., 2011;
Wang et al., 2015).

The hypothesis for induction of axonal degeneration manifest
in MS, may suggest that the inflammatory attack of axons
(outside-in) or primary neuronal and/or oligodendrocyte
(inside-out) degeneration can both ultimately result in a similar
neurological outcome, despite the possibility of differing patho-
genesis. Here we show that the Nogo-A/NgR1/pCRMP2-T555
signal cascade drives axonal transport deficits that can lead to the
degeneration of axons before robust demyelination and disease
severity in EAE. Importantly, this mechanism may be operative
during secondary progressive MS. Directly targeting axon-
specific signaling may be a plausible therapeutic approach to
limit neurological decline in MS patients.
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