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ABSTRACT

Experimental autoimmune encephalomyelitis (EAE) and lysophosphatidylcholine (LPC)-induced demyelination were combined to study remyelination in a pro-
inflammatory context. Two groups of female C57BL/6 mice were subjected either to EAE (EAE mice) or injected with just complete Freund's adjuvant (CFA) and
pertussis toxin (PTX) followed by bilateral LPC and phosphate buffered saline injections in the corpus callosum on day 7 (CFA controls). Relative to CFA controls, EAE
accelerated remyelination and increased innate immune cell activation, lymphocyte infiltration and cytokine gene expression in the LPC lesions. However, compared
to CFA mice, remyelination was reduced (day 14) suggesting this aggressive immune response also compromised myelin repair in EAE mice.

1. Introduction

Remyelination is considered essential for functional recovery in
multiple sclerosis (MS) (Duncan et al., 2009; Franklin and Gallo, 2014).
However, myelin repair in MS is known to fail (Franklin, 2002). This
places a massive metabolic burden on axons causing irreversible da-
mage responsible for permanent neurological deficits in MS (Trapp
et al., 1998; Trapp and Stys, 2009). Understanding how this occurs is
critical to the development of restorative therapies that oppose MS
disease progression (Fancy et al., 2010). MS lesions are characterized
by immune cell infiltration, microglial activation, astrogliosis and ax-
onal damage (Frischer et al., 2009; Henderson et al., 2009). However,
the precise mechanisms by which these pro-inflammatory processes
regulate myelin repair are not yet clear. Autoimmune-mediated or
toxin-induced demyelination models have typically been employed to
study remyelination in mice. EAE, induced by immunizing mice with
myelin oligodendrocyte glycoprotein 35-55 (MOGs3s_s5), reproduces
spinal cord immune cell infiltration, microglial activation, astrogliosis,
demyelination and axonal injury seen in MS (Jones et al., 2008;
Steinman and Zamvil, 2006). However, the sporadic nature of these
pathological processes combined with their failure to involve forebrain
white matter as seen in MS are major limitations of the EAE model.

A commonly used model of toxin-induced demyelination employs
stereotaxic injection of concentrated lysophosphatidylcholine (LPC)
into the central nervous system (CNS). Injection of LPC produces a focal
demyelinating lesion that peaks in size about 24 to 72h (hr) later.

Remyelination begins 7 days post-injection, with near-complete re-
myelination occurring after 3 weeks (Hall, 1972). LPC primarily causes
lysis of myelin membranes, sparing underlying axons (Keough et al.,
2015). Axons are largely uninjured because the immune response fol-
lowing LPC-induced demyelination is modest (Hoflich et al., 2016;
Schultz et al., 2017). This model therefore fails to mimic immune-
mediated white matter loss and remyelination deficits typical of MS.

Although MOG3;s_ss-induced EAE does not promote demyelination
in the corpus callosum, pro-inflammatory cytokine elevations and im-
mune activation do occur in the forebrain (Chanaday and Roth, 2016).
This suggests that demyelination in the corpus callosum of EAE mice
may model immune events that regulate remyelination in MS. We
therefore compared remyelination, immune infiltration and cytokine
mRNA levels within the PBS and LPC injection sites of CFA control and
EAE mice.

2. Methods
2.1. Dual EAE and LPC model

Thirty-two female C57L/6 mice (10-12 weeks) underwent EAE in-
duction and 32 were immunized with complete Freund's adjuvant
(CFA) according to our previously described methods (Chedrawe et al.,
2018). Seven days following injection of MOG, all mice in both groups
received injections of PBS and LPC into the corpus callosum of the left
and right hemisphere (both 1.0 mm rostral, 1.0 mm lateral and 2.3 mm
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Fig. 1. Eriochrome cyanine/neutral red (EC/NR) staining of representative lesions from CFA and EAE mice 2 (A-D), 7 (E-H) and 14 (I-L) days following stereotaxic
injection of LPC (n = 8 mice/group/time point, 3 CFA mice excluded at day 7 due to inadequate injection of LPC). (M) Mean volume of white matter loss within the
corpus callosum at 2, 7 and 14 days following PBS injection in CFA or EAE mice. *p < 0.05; *p < 0.05 compared to day 2, 7 and 14 CFA-LPC mice (N) Mean volume

of white matter loss within the corpus callosum 2, 7 and 14 days following LPC injection in CFA or EAE mice. *p < 0.05, ***p < 0.001, ****p < 0.0001,
*p < 0.001 compared to day 7 CFA-LPC, *p < 0.05 compared to day 14 CFA LPC, one-way ANOVA followed by Tukey's post hoc test. (For interpretation of the

references to colour in this figure legend, the reader is referred to the web version of this article.)

ventral to bregma) in the same manner described previously (Warford 2.2. Tissue collection, processing and sectioning for histology
et al., 2018). The needle was left in place for 3 min following injection
to reduce backflow. Three CFA/PTX mice were excluded from the Mice were humanely killed by an overdose intra-peritoneal injection

analysis due to inadequate LPC injections. Beginning on the day of LPC (i.p.) of pentobarbital (150 mg/kg) 2, 7, or 14 days (n = 8/group/day)
following injection of LPC. Following perfusion, brains were removed
and allowed to post-fix in 4% paraformaldehyde for 48 h. Each brain
was cryoprotected in 15% then 30% sucrose dissolved in PBS. Once the
brain had sunk in 30% sucrose, 20 um thick coronal sections were cut

injection, all mice were assigned a clinical score to assess motor deficits
according to our previously described methods (Chedrawe et al., 2018).
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Fig. 2. (A-D) Eriochrome cyanine staining 7 days after the injection of PBS (A and C) and LPC (B and D) injections in the corpus callosum of CFA and EAE mice. Ibal
(E-H) and CD45 (I-L) immunoreactivities in adjacent sections (n = 8 mice/group, 3 CFA mice excluded due to inadequate injection of LPC).

using a cryostat, placed on SuperFrost slides and stored at —20 °C.

2.3. Erichrome cyanine and neutral red staining

Every second section from each brain was stained with eriochrome
cyanine and counterstained with neutral red (EC/NR) as described
previously (Chedrawe et al., 2018).

2.4. Immunohistochemistry

Sections were rehydrated with 0.5% Triton X-100 in PBS (T-PBS).
Myelin was visualized by the incubation of sections with FluoroMyelin
Green (1:100, ThermoFisher) for 20 min, followed by three 3-minute
washes with T-PBS. Additional sections were blocked with 10% Goat
serum and 10% Donkey serum in T-PBS for 1 h at room temperature
and then incubated with the primary antibodies diluted in T-PBS for
18h at 4°C with the following primary antibodies: Rabbit anti-Ibal
(1:500, Wako Pure Chemical Industries) and rat anti-CD45 (1:12, BD
Pharmingen). The next day, sections were washed and incubated with
the following secondary antibodies diluted in T-PBS: Goat anti-Rabbit
IgG AlexaFluor 488 (1:500; ThermoFisher) or donkey anti-Rat IgG
AlexaFluor 594 (1:500, ThermoFisher). Sections were then washed and
cover-slipped using Fluoromount mounting medium. Slides were sealed
with nail polish and imaged at 100 X magnification using the Zeiss
Axiolmager Z2.

2.5. Modified cavalieri method of white matter loss quantification

A total of 40 serial sections from 0.4 mm rostral to 1.2 mm caudal of

the needle tract stained with EC/NR were assessed for white matter loss
in the corpus callosum of each mouse (n = 8/group). Using Fiji
(ImageJ) software, a grid of crosses, each associated with an area of
500 um?, was placed over the image and the number of crosses over-
laying a region of white matter loss was counted. The number of crosses
was multiplied by 1000 um?® (area associated with cross x sections
thickness - 500 pm? x 20 pm?). These values were used to plot lesion
size (Y axis) against distance from the injection site (X axis) for each
lesion. Using Prism 7 software, the area under each of these curves was
summed to obtain the volume of white matter loss.

2.6. Quantitative RT-PCR

Following transcardial perfusion with 10 ml of PBS (n = 8/group/
day), the brain was removed and placed in a brain block on ice. Brain
tissues were dissected from coronal sections spanning 1 mm rostral and
2mm caudal to the injection sites. A transverse cut was made con-
necting the most ventral tips of the corpus callosum to remove the
ventral portion of the brain and a sagittal cut made to separate the
hemispheres. These samples comprised the corpus callosum, overlaying
cortex and a minor portion (~10%) of the dorsal striatum. Quantitative
RT-PCR was performed as described previously (Chedrawe et al., 2018).
The following cycling parameters were used: 95 °C X 3min + (95°C X
10s + 60°C x 10s + plate reading) x 40 cycles. Analysis of relative
mRNA levels was performed using the AACq method with Bio-Rad
Maestro software, using GAPDH and f-actin as reference genes. The
following forward (F) and reverse (R) primers were used: TNF-a, F:
CAGGCGGTGCCTATGTCTC, R: CGATCACCCCGAAGTTCAGTAG; IFN-y,
F: ATGAACGCTACACACTGCATC, R: CCATCCTTTTGCCAGTTCCTC; IL-
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Fig. 3. (A-D) Eriochrome cyanine staining 14 days after the injection of PBS (A and C) and LPC (B and D) injections in the corpus callosum of CFA and EAE mice. Ibal

(E-H) and CD45 (I-L) immunoreactivities in adjacent sections (n = 8 mice/group).

6, F: CTGCAAGAGACTTCCATCCAG, R: AGTGGTATAGACAGGTCTGT
TGG; IL-1P, F: GAAATGCCACCTTTTGACAGTG, R: CTGGATGCTCTCA
TCAGGACA; TGF-B, F: AGCTGGTGAAACGGAAGCG, R: GCGAGCCTTA
GTTTGGACAGG; IL-4, F: GGTCTCAACCCCCAGCTAGT, R: GCCGATGA
TCTCTCTCAAGTGAT; GFAP, F: CGGAGACGCATCACCTCTG, R: AGGG
AGTGGAGGAGTCATTCG; CD206, F: TCAGCTATTGGACGCGAGGCA,
R: AGGGAGTGGAGGAGTCATTCG; GAPDH, F: AGGTCGGTGTGAACG
GATTTG, R: GGGGTCGTTGATGGCAACA; B-actin, F: GTGACGTTGAC
ATCCGTAAAGA, R: GCCGGACTCATCGTACTCC.

3. Results and discussion

The experimental group of mice were subjected to MOG3s_ss5-in-
duced experimental autoimmune encephalomyelitis (EAE) and received
bilateral injections of phosphate buffered saline (PBS) and lysopho-
sphatidylcholine (LPC) in the corpus callosum 7 days later (EAE-LPC
mice). EAE-LPC mice displayed a typical disease onset between days
9-13 and severity comparable to our historical data for EAE animals
which did not receive injections of PBS and LPC (data not shown).
MOGg3s_ss-immunization controls received injections of CFA and per-
tussis toxin but not MOG3s_s5 (CFA mice) followed by bilateral injection
of PBS and LPC in the corpus callosum 7 days later (CFA-LPC mice).
These CFA-LPC animals did not develop any signs of motor impairment
(data not shown). Volumetric measurements of EC/NR stained sections
for CFA controls mice (Fig. 1A, E and I) and EAE mice (Fig. 1C, G and K)
indicated that EAE doubled the size of PBS lesions at day 2, 7 and 14
(Fig. 1N). Relative to CFA controls, EC/NR staining showed that re-
myelination is accelerated in the LPC lesions of EAE mice (Fig. 1).
Immunohistochemical labelling of macrophages/microglial (Ibal) and

leukocytes (CD45) revealed that immune infiltration and activation
were both elevated in the parenchyma surrounding lesions in EAE mice
compared to CFA mice 7 days following PBS/LPC injection (Fig. 2).
Immunostaining for the same markers 14 days following PBS/LPC in-
jection showed immune infiltration and activation was still enhanced in
the parenchyma of EAE mice but reduced compared to day 7 (Fig. 3).
These results are consistent with the possibility that EAE enhanced the
rate of myelin repair by increasing the clearance of myelin debris by
macrophages and microglia essential for efficient remyelination
(Lampron et al., 2015). However, this vigorous innate immune response
also appeared to exacerbate damage in the corpus callosum as sug-
gested by incomplete remyelination in EAE mice relative to CFA con-
trols at day 14 (Fig. 1).

Our qRT-PCR data provide insights into the potential mechanisms
that accelerate remyelination but also compromise full myelin repair in
EAE mice. TNF-a, IFN-y, IL-1f3 and IL-6 mRNA levels were elevated in
the PBS lesions of EAE mice relative to CFA controls (Fig. 4). The results
suggest that mechanical damage produced by the injection of PBS into
the corpus callosum produced a greater immune response in EAE mice
and support previous findings showing that EAE promotes immune
activation in the forebrain (Chanaday and Roth, 2016). TNF-a and IFN-
y mRNA levels were elevated 5-fold while IL-13 mRNA levels doubled
in the LPC lesions of EAE relative to CFA mice (Fig. 4). TNF-a exerts
dual effects on cell death and survival by activating two TNF receptors
(TNFR). TNFR1 mobilizes the innate immune system and promotes the
death of multiple neural cell subtypes (Probert, 2015). TNFR2 activa-
tion opposes TNFR1 stimulation by inducing a prolonged increase in
NF-kB transcriptional activity that is neural protective (Beyer and
MacBeath, 2012; Pegoretti et al., 2018). TNFR2 activation also
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Fig. 4. Relative cytokine (TNF-a, IFN-v, IL-6, IL-1[3, TGF-, IL-4), GFAP and CD206 mRNA levels measured by qRT-PCR in forebrain samples encompassing the PBS or
LPC injection sites in the corpus callosum of CFA and EAE mice at day 7. *p < 0.05, ***p < 0.001, ****p < 0.0001, one-way ANOVA followed by Tukey's post hoc

test (n = 8 mice/group).

enhances myelin repair by increasing oligodendrogenesis (Arnett et al.,
2001; Madsen et al., 2016). The induction of inflammation and oligo-
dendrocyte cell death by IFN-y is regarded as a major contributing
factor to poor remyelination in MS lesions (Lin et al., 2006; Popko and
Baerwald, 1999). However, IFN-y also facilitates remyelination by in-
creasing the removal of myelin debris that suppresses injurious lipid
peroxidation (Sosa et al., 2015). Excessive IL-1f3 production in EAE kills
neurons and oligodendrocytes but also promotes remyelination by in-
ducing insulin-like growth factor 1 production (McKenzie et al., 2018).
By contrast, IL-4 expression was unchanged and TGF-[3 was only 2-fold

higher in the LPC lesions of EAE than CFA mice (Fig. 4). The induction
of TNF-a, IFN-y, IL-1p and IL-6 in the LPC lesions of EAE mice that
drives demyelination was therefore not matched by a concordant ele-
vation of IL-4 and TGF-} necessary for the resolution of inflammation
and myelin repair (Miron et al., 2013).

These findings have clear implications for the elucidation of im-
mune processes that regulate myelin repair. We propose that subjecting
genetic mouse lines with various alterations in cytokine signaling to this
dual EAE/LPC model would be useful in this regard. Therapeutic
screening in this dual EAE/LPC model also provides a new method to
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prioritize putative remyelinating and neuroprotective agents for clinical
testing in MS. Future studies should employ electron microscopy to
assess the effects on EAE on axonal injury and further characterize re-
myelination after bilateral PBS and LPC injections in the corpus cal-
losum.
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