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Abstract

Although over 20 disease modifying therapies are approved to treat Multiple Sclerosis (MS), these do not increase remyelination of
demyelinated axons or mitigate axon damage. Previous studies showed that lanthionine ketenamine ethyl ester (LKE) reduces clin-
ical signs in the experimental autoimmune encephalomyelitis (EAE) mouse model of MS and increased maturation of oligodendro-
cyte (OL) progenitor cells (OPCs) in vitro. In the current study, we used the cuprizone (CPZ) demyelination model of MS to test if
LKE could increase remyelination. The corpus callosum (CC) and somatosensory cortex was examined by immunohistochemistry
(IHC), electron microscopy and for mRNA expression changes in mice provided 5 weeks of CPZ diet followed by 2 weeks of
normal diet in the presence of LKE or vehicle. A significant increase in the number of myelinated axons, and increased myelin thick-
ness was observed in the CC of LKE-treated groups compared to vehicle-treated groups. LKE also increased myelin basic protein
and proteolipid protein expression in the CC and cortex, and increased the number of mature OLs in the cortex. In contrast, LKE
did not increase the percentage of proliferating OPCs suggesting effects on OPC survival and differentiation but not proliferation.
The effects of LKE on OL maturation and remyelination were supported by similar changes in their relative mRNA levels.
Interestingly, LKE did not have significant effects on GFAP or Ibal immunostaining or mRNA levels. These findings suggest that
remyelinating actions of LKE can potentially be formulated to induce remyelination in neurological diseases associated with demye-
lination including MS.
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Introduction

Multiple sclerosis (MS) is the most common neurodegenera-
tive disease in young adults affecting close to 1 million MS
patients in the USA (Wallin et al., 2019) and over 2 million
people world-wide. The main hallmark of MS is the presence
of disseminated demyelinated lesions in both white as well as
grey matter of the central nervous system (CNS) including the
brain stem, spinal cord, and optic nerve (Reich et al., 2018;
Thompson et al., 2018). In some cases, remyelination
occurs, and ‘shadow plaques’, areas containing axons with
thinner myelin sheaths, can be observed which represent
areas in which all axons have been remyelinated. However,
in the majority of cases remyelination is limited, associated
with loss of mature oligodendrocytes (OLGs), and reduced
capacity of immature OLG progenitor cells (OPCs) to differ-
entiate to a myelinating phenotype or achieve successful mye-
lination (Chang et al., 2002). Demyelination leads to
reductions in nerve conduction with motor, sensory, and cog-
nitive or behavioral deficits, and results in neuronal damage
and loss. Thus, developing treatments to promote remyelina-
tion should reduce irreversible neuronal damage and loss.
There are currently over 20 FDA approved drugs to treat
MS, however, these primarily target adaptive immune
responses and none significantly influence remyelination or
stop disease progression in progressive forms of MS.
Lanthionine is a non-proteogenic amino acid synthesized
via trans-sulfuration of cysteine with serine or a 2™ cysteine
by cystathionine p-synthase (Hensley et al., 2010a; Hensley
& Denton, 2015). Lanthionine is a substrate for the enzyme
glutamine transaminase K which yields an intermediate that
cyclizes to form lanthionine ketenamine (LK). LK can be
further derivatized to yield the ethyl ester LKE which has
increased cellular permeability (Shen et al., 2018). LKE pro-
motes elongation and thickening of neurites, suppresses
microglial nitric oxide production, and protects motor
neurons from microglial-induced toxicity (Hensley et al.,
2013; Hubbard et al., 2013; Nada et al., 2012). LKE is an
orally bioavailable, brain-penetrating, non-toxic, small mole-
cule that shows beneficial effects in mouse models of neuro-
degenerative diseases and conditions including Alzheimer’s
disease (Hensley et al., 2013; Koehler et al., 2018), ischemia
(Nada et al., 2012), and amyotrophic lateral sclerosis (Khanna
et al., 2012); improves neurological outcome after fluid per-
cussion injury (Hensley et al., 2016), and promotes locomotor
recovery after spinal cord injury (Kotaka et al., 2017).
These properties led to testing of LKE for beneficial
actions in the myelin oligodendrocyte glycoprotein (MOG)
35-55 peptide induced chronic experimental autoimmune

encephalomyelitis (EAE) mouse model of MS. Treatment
with LKE reduced clinical scores, glial inflammation and
axonal damage, and showed a trend towards increasing
myelin thickness (Dupree et al., 2015). Subsequently, the
effects of LKE were tested using primary rat OPCs and
showed that LKE increases OPC process number and
length, (Savchenko et al., 2019) associated with increased
expression of several myelin genes. In other studies, LKE
was shown to reduce excitotoxicity and increase neuronal
process numbers and length in human SH-SYSY cells and
mouse cerebellar granule cells (Marangoni et al., 2018) sug-
gesting effects on neuronal survival and maturation.
However, whether some or all of these actions account for
the beneficial effects of LKE in EAE is not known. To
begin to address this, we examined the effects of LKE on
the remyelination phase that occurs in the cuprizone (CPZ)
induced, non-inflammatory demyelinating mouse model.
We find that, compared to the remyelination that occurs
when mice are given control chow, after 2 weeks recovery
mice provided chow supplemented with LKE show increased
myelin thickness, reduced axonal swelling, almost complete
restoration of normal g-ratios, and an increase in the percent-
age of remyelinated axons. LKE also increased the number of
Olig2 +and CC1 + OLGs without change in the number of
proliferating OLGs, suggesting its effects on remyelination
involve increased survival or maturation of OPCs.

Methods and Materials

Materials

LKE was synthesized as described (Hensley et al., 2010a) with
minor modifications. In brief, a solution of ethyl cysteine
hydrochloride (1.48 g, 8.01 mmol) in water (8§ mL) was
added to a stirring solution of bromopyruvate (1.56 g,
8.41 mmol) in water (10 mL) over 30 s. After about 1 min, a
solid began to form. The flask was purged with Argon gas,
then stirred overnight (ca. 18 h), then the white solid was col-
lected from the brownish slurry by vacuum filtration
(Buchner funnel, #4 filter paper), and the residual volatiles
were removed under high vacuum. LKE (1.36 g, 78.24%
yield) was recovered as a white solid, and determined to be
>99% pure by '"H NMR analysis.

Cuprizone Treatment

Female C57BL/6 mice aged 7 to 8 weeks were purchased from
Envigo (Madison, WI, USA). Cortical demyelination and
remyelination was carried out as described (Clark et al., 2016).
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Figure |. LKE increases the percentage of myelinated axons. (A) Overview of experimental protocol. Mice were kept on control chow
(CTL) or chow containing CPZ (CPZ) for 5 weeks. LKE mice were kept on control chow for 5 weeks then provided chow containing 100
ppm LKE for a further 2 weeks. CPZ/CTL and CZP/LKE mice were kept on CPZ containing chow for 5 weeks then switched to control or
LKE containing chow for a further 2 weeks. (B—F) Representative EM images of sections from the corpus callosum from each of the 5
experimental groups. Size bar is 2 microns. (G) The percentage of myelinated axons. Data is mean +SE, n=3 (CPZ) or n=4 (all other
groups) mice per group, an average of | | images per mouse, and an average of 75 axons per image, for an average total # of axons counted
per mouse of 860 (control), 635 (CPZ), 911 (LKE), 908 (CPZ/CTL), and 641 (CPZ/LKE). |-way ANOVA F=152.1, P<0.0001. All groups
were significantly different from all other groups (P<0.0001) by Tukey’s multiple comparison tests except for CTL versus LKE (not

significant).

Ground rodent chow (5001 Rodent Diet; PMI Nutrition
International, LLC, Brentwood, MO) was mixed with cuprizone
(CPZ, Bis(cyclohexanone) oxaldihydrazone; Sigma-Aldrich,
St. Louis, MO). Nine-week-old female C57BL/6 mice were
divided into 5 groups (Figure 1). Mice were provided normal
chow; or chow with 0.2% w/w CPZ. After 5 weeks, control
(CTL) and CPZ (CPZ) mice were sacrificed. The remaining
CPZ-treated mice were placed back onto normal chow (CPZ/
CTL) or normal chow supplemented with 100 ppm LKE
(CPZ/LKE). A second control group (LKE) were mice given
control chow for 5 weeks then chow supplemented with
100 ppm LKE. After 2 weeks, mice were sacrificed. All mice

were transcardially perfused with 4% paraformaldehyde in
PBS, brains dissected, one hemisphere processed for electron
microscopic analysis and the other hemisphere used for immu-
nohistochemical analysis. All animal procedures were conducted
using humane conditions, and were approved by the McGuire
Institutional Animal Care and Use Committee protocols
1661570 and 1573009.

Electron Microscopy Analysis

Mice were prepared for transmission electron microscopic anal-
ysis as described (Dupree & Feinstein, 2018). Following
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dissection, one hemisphere from each mouse was post fixed in
1 M Millonig’s buffer containing 4% paraformaldehyde and
5% glutaraldehyde. Following 2 weeks of aldehyde post-
fixation, hemispheres were rinsed in 0.1 M cacodylate buffer,
post-fixed in 2% osmium tetroxide, rinsed in 0.1 M cacodylate
buffer, dehydrated in serial dilutions of ethanol, and embedded
in PolyBed 812 resin (PolySciences, Warrington, PA, USA).
Ultrathin (70 nm) sections containing the caudal third of the
corpus callosum (CC) were stained with uranyl acetate and
lead citrate and imaged using a JEOL JEM 1400Plus transmis-
sion electron microscope (JEOL, Peabody, MA, USA)
equipped with a Gatan OneView CMOS camera (Gatan Inc.,
Pleasanton, CA, USA). A minimum of 115 myelinated axons
per mouse from electron micrographs (10,000x magnification)
collected from the CC at the level of the fornix (between 0.7
and 1.06 mm posterior to Bregma) were quantitatively ana-
lyzed to determine axon caliber, myelin thickness, and calcu-
late g-ratios. Image analysis was done by an observer blinded
to the experimental groups.

Immunohistochemistry

Following perfusion in 4% paraformaldehyde in PBS, hemi-
spheres were post-fixed overnight in 1 M Millonig’s buffer
containing 4% paraformaldehyde and 5% glutaraldehyde at
4°C. Coronal brain slices 50pm thick were obtained using a
vibratome (Leica Biosystems, VT1000-S). Free-floating sec-
tions were incubated in blocking solution (2% normal goat
serum and 1% Triton X-100 in PBS) for 2 h at room tempera-
ture, then incubated with primary antibodies overnight at 4°C.
Sections were then rinsed in PBS and incubated with Cy3 or
Cy5 conjugated secondary antibodies (1:400; Jackson
Immuno Research) for 2h at room temperature followed
by a counterstain with the nuclear dye DAPI (Life
Technologies). After washing, sections were mounted onto
Superfrost Plus slides (Fisher) using coverslips and mounting
medium (Aquamount; Thermo Scientific). The staining inten-
sity and the number of positively stained cells was assessed
in the central area of the CC, between the midline and below
the apex of the cingulum (0.6mm?®) (Franklin & Paxinos,
2008). The integrated fluorescence intensity for both the CC
and the overlying somatosensory cortex (CX) was calculated
as the product of the area and mean pixel intensity
using MetaMorph software (Molecular Devices, RRID:
SCR_002368). For all experiments involving quantification
of positive cells and fluorescent intensity, data represent
pooled results from at least 3 brains per experimental group.
At least 10 slices per brain (S0pm each) were used and quanti-
fication was performed using an unbiased stereological sam-
pling method. The image analysis was done by an observer
blinded to the experimental groups. The primary antibodies
used were against: CC1 (mouse; 1:300; Calbiochem, RRID:
AB_2057371), Ki67 (rabbit; 1:250; Abcam, RRID:
AB_443209), MBP (mouse; 1:1000; Covance, RRID:
AB_510039), Olig2 (mouse and rabbit; 1:500; Millipore,

RRID: AB_570666, RRID: AB_10807410), PLP (rat; 1:500,
AA3 - PLP/DM20, RRID: AB_2341144), GFAP (rabbit,
1:1000; Dako,), and Ibal (rabbit, 1:800; Wako, RRID:
AB_839504). Since there were no differences observed
between the LKE and the CTL groups, representative images
are not included for LKE, although the quantitative analysis
is provided.

RNA Quantitation

RNA was isolated from tissue samples containing CC and
overlying CX, using Direct-zol RNA MicroPrep (Zymo
Research) according to instructions. Total RNA (1 pg) was
converted to cDNA using the High-Capacity cDNA Reverse
Transcription Kit (ThermoFisher 4368814). The cDNA was
amplified with specific primers (Table S1) using FastStart
Universal SYBR Green Master mix (Applied Biosystems,
04913914001) in a BioRad CFX96 real time PCR machine
(BioRad, Hercules, CA). Relative mRNA levels were calcu-
lated from threshold take-off cycle number and normalized
to values measured for B-actin in the same samples.

Data Analysis

Group averages were compared by ordinary 1-way ANOVA,
and frequency distributions compared by 2-way ANOVA,
both with Tukey’s multiple comparison post hoc tests.
Outliers were identified using Grubb’s method. Significant
differences between all groups are presented, except for com-
parisons to the LKE group which never differed from the CTL
group. Comparisons were made using GraphPad Prism 9.2
and significance assumed at P <0.05.

Results

In the CPZ model, significant and robust remyelination occurs
during the recovery period after CPZ is removed from the diet,
commencing as soon 1 week after withdrawal, and continuing
over the next 6 weeks (Skripuletz et al., 2008; Stidworthy
et al., 2003). To examine the effects of LKE during the early
stages of remyelination, we compared sections through the
CC prepared 2 weeks after recovery on normal chow to recov-
ery on chow containing LKE. In control mice without CPZ
treatment, close to 90% of the axons in the CC were myelinated
(Figure 1G); while after 5 weeks treatment with CPZ there were
5% myelinated axons (a 95% reduction as compared to con-
trols). After 2 weeks recovery on normal chow, 50% of the
axons were myelinated, representing approximately 55% of
control values. After 2 weeks recovery in the presence of
LKE, 65% of the axons were myelinated, roughly 72% of
control values. LKE therefore led to a 30% increase in the
total percentage of myelinated axons as compared to remyelina-
tion on control chow. Treatment of control mice with LKE for 2
weeks did not affect the percentage of myelinated axons.
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Figure 2. Effects of LKE on myelin thickness and axon caliber. EM images through the CC were analyzed using Image] to obtain values for
(A) myelin thickness, (B) axon caliber, and (C) to calculate g-ratios. Data is presented for all individual axons counted (grey dots), and for
average values obtained for each individual mouse (dark circles). Bars show mean + se. Data is derived from 4 mice per group, an average of
120 axons per mouse, and total axons of 480 (CTL), 481 (LKE), 479 (CPZ/CTL), and 482 (CPZ/LKE). I-way ANOVA (F=16.3, P=0.0002
for myelin; F=3.8, P=0.039 for axon; F=30.1, P<0.0001| for g-ratio). *, P<0.05; **, P<0.005; ***, P<0.0005; **** P<0.0001; Tukey

multiple comparisons.

EM analysis was used to determine how remyelination in
the presence of LKE affected axon caliber, myelin thickness,
and g-ratios (axon caliber divided by total unit diameter).
Comparison of the average values obtained for individual
mice confirmed a significant reduction in myelin thickness
compared to controls after 2 weeks recovery on normal
chow (Figure 2A). Remyelination in the presence of LKE
led to significantly thicker myelin compared to normal
chow; and although slightly thinner than control values, that
difference was not statistically significant. Remyelination on
normal chow caused an increase in average axon caliber
(Figure 2B), and that increase was absent in the LKE
treated group. Comparison of g-ratios (Figure 2C) shows a
significant increase following remyelination on normal
chow as compared to controls, and that increase was less in
the CPZ/LKE group. However, average g-ratios in the CPZ/
LKE group remained slightly, but significantly higher than
control g-ratios. Treatment with LKE alone had no effect on
either myelin thickness, axon caliber, or g-ratio.

Examination of the frequency distribution of myelin thick-
ness shows that remyelination on control chow led to an
increase in the percentage of axons having myelin thicknesses
ranging from 0.025 to 0.075 microns, and correspondingly
fewer axons with myelin thickness ranging from 0.075 to
0.15 microns (Figure 3A). There were no significant differ-
ences in myelin thickness distribution between controls and
the CPZ/LKE group. Compared to the CPZ/CTL group, the
CPZ/LKE group had fewer axons with thin myelin (0.025
to 0.075 microns) and more axons with myelin from.075 to
0.10 microns. The increase in average axon caliber
(Figure 2B) following normal remyelination can be attributed
to a decrease in the percentage of smaller axons (ranging from
0.25 to 0.50 microns) (Figure 3B). The distribution of g-ratios
(Figure 3C) was strongly right shifted after normal

remyelination, with significant reductions in axons having
smaller g-ratios and significant increases in axons with
larger g-ratios. Remyelination in the presence of LKE
tended to restore g-ratios to the control distribution,
however, there remained fewer axons with g-ratios in the
0.69-0.77 range, and more axons with g-ratios in the 0.85
to 0.89 range. G-ratios in the CPZ/LKE group were strongly
left shifted compared to the CPZ/CTL group.

Scatter plots of g-ratio versus axon caliber (Figure 4A)
show that the larger g-ratios following normal remyelination
occurred across all axon sizes, and that the effect of LKE
during recovery on reducing g-ratios also occurred at all
axon sizes. LKE treatment of control mice had only a minor
effect on g-ratios. To better determine if LKE influenced all
axons, we calculated the average myelin thickness in different
axon caliber ranges (Figure 4B). In controls, the average
myelin thickness showed a close to linear association with
increasing axon caliber. After 2 weeks remyelination on
normal chow, the average myelin thickness was restored to
approximately the same extent (0.05 pm) across all axons,
which may reflect a similar modest degree of remyelination
occurring on all axons. However, following 2 weeks remyeli-
nation in the presence of LKE, the association of myelin
thickness to axon size was restored. This suggests that accel-
erated remyelination due to LKE replicates controls, such that
smaller axons are not hypermyelinated nor larger axons hypo-
myelinated. This is further illustrated (Figure 4C) by restora-
tion of g-ratios by LKE towards control values across all axon
size ranges.

Immunohistochemical staining was carried out to deter-
mine if LKE affected myelin protein expression (Figure 5).
For these studies we included samples from mice treated
with CPZ for 5 weeks, a group not included in EM analyses
since essentially all axons are demyelinated at that time.
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Figure 3. LKE restores distribution of myelin thickness and g-ratios during remyelination. Histograms of the frequency distributions of (A)
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each bin, n =4 mice per group. For myelin thickness, bin size is 0.025 microns, e.g. axons in bin 0.05 range from 0.025 to 0.050 microns. For
axon caliber the bin size is 0.25 microns, e.g. axons in bin 0.50 range from 0.25 to 0.50 microns. For g-ratios the bin size is 0.04, e.g. axons in
bin 0.69 have g-ratios from 0.65 to 0.69. 2-way ANOVA, 2-way interactions were F(30,132) =7.1, P<0.000| for myelin thickness; F(30,132)
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from 0.3 to 0.4 microns. Data is mean + SE of n=4 mice per group.

Measurements were made both in the CC as well as the over-
lying somatosensory cortical (CX) region. Staining for myelin
proteins MBP and PLP shows that CPZ significantly reduced
their staining in both brain regions (Figure 5C-F). After 2
weeks remyelination on normal chow, there was a modest
increase of MBP in the CC (Figure 5D), and of PLP in both
CX and CC (Figure 5E and F) as compared to CPZ.
However those increases were not significantly different
from values measured in the CPZ group. In contrast, after 2
weeks of remyelination in the presence of LKE there were sig-
nificant increases in both MBP and PLP in both CC and CX,
as compared to the CPZ group. While staining intensities for
MBP and PLP were always greater in the CPZ/LKE groups
than the CPZ/CTL groups, those differences did not reach
statistical significance except for PLP staining in the CC. In
contrast to modest increases observed in MBP and PLP stain-
ing intensity on CTL chow, the relative mRNA levels of MBP
and PLP were both significantly increased after 2 weeks
recovery as compared to the highly reduced levels in the
CPZ group (Figure 6A and B).

We carried out immunohistochemical staining to deter-
mine if LKE affected OLG maturation or proliferation
(Figure 7A). Staining for Olig2 and CC1 was quantified
only in the CX since the density of Olig2* and CC1¥ cells
in the CC is too high to get accurate values. Olig2 staining
showed that CPZ significantly reduced the total number of
OLGs in the CX, that those numbers were slightly increased
after 2 weeks recovery on normal chow, but were restored to
normal levels after 2 weeks remyelination in the presence of
LKE (Figure 7B). Despite significant changes seen in
Olig2* cell numbers, relative Olig2 mRNA levels were
only modestly reduced after 5 weeks of CPZ treatment,
however those levels were significantly increased following
recovery on LKE chow (Figure 6C). The number of CC1*
post-mitotic (pre-myelinating and myelinating) cells was
reduced by CPZ, not significantly increased after 2 weeks on
normal chow, and fully restored by recovery on LKE chow
(Figure 7D). The percentage of [Olig2™ : CC17] double-labeled
cells (post mitotic OLGs) was greatly reduced by CPZ, was not
significantly increased after 2 weeks of remyelination on
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Figure 5. LKE increases myelin protein expression during remyelination. Representative sections through the CC and overlying

somatosensory cortex (CX) stained for (A) MBP and (B) PLP from CTL, CPZ, LKE, CPZ/CTL, and CPZ/LKE mice. (C, D) MBP and (E, F)
PLP staining was quantified in the CX and CC. Data is % staining intensity relative to staining in CTL samples, and is mean + SE n =7-9 mice
per group except for PLP in the CTX for the CPZ group (n=6). |-way ANOVA F=28.9 for MBP in CX; F=20.6 for MBP in CC; F=22.1
for PLP in CX; and F=50.1 for PLP in CC. Significance was P<0.0001 for C-F *, P<0.05; ** P <0.005; *** P<0.0005, **** P<0.0001;

Tukey’s multiple comparison tests. Scale bar represents 200 microns.

control chow, but was significantly increased after recovery on
LKE chow (Figure 7C). Co-staining for double-labeled
[Olig2* : Ki67*] cells (Figure 7D) shows that CPZ increased
the percentage of proliferating cells, but that was not signifi-
cantly altered following 2 weeks remyelination on control or
LKE containing chow. Taken together these results suggest
that the effects of LKE on OPC and OLG cell numbers was
not due to increased proliferation but instead to increased sur-
vival and/or maturation.

To determine if the actions of LKE involved effects on
glial cell activation or number, we stained sections for expres-
sion of GFAP and Ibal (Figure 8A and B). As for Olig2 and
CCl1, quantitation of GFAP + and Ibal + cell numbers was
done only for CX since their density in the CC was too
high to get accurate values. GFAP staining was significantly
increased by CPZ in both the CX and CC (Figure 8C and
D) as were the number of GFAP + stained cells in the CX
(Figure 9C). Compared to the CPZ group, both GFAP stain-
ing and the number of GFAP +stained cells in the CX
decreased following recovery on either control or LKE
chow, to similar extents. In contrast, GFAP staining was not
reduced in the CC after recovery. Quantitation of relative
GFAP mRNA levels confirmed an increase in GFAP
mRNA due to CPZ, but no significant reductions following

recovery (Figure 6D). Staining for the microglial marker
Ibal showed no increase in staining intensity due to CPZ in
the CX. Although Ibal staining was increased by CPZ in
the CC (Figure 8F), that did not reach statistical significance
compared to the CTL group. The number of Ibal +cells
was increased in the CX by CPZ (Figure 9D), and although
not statistically significant by 1-way ANOVA, it was signifi-
cant by T-test or when either the highest or lowest value for
CPZ/LKE was omitted. Nevertheless, neither Ibal staining
intensity nor cell numbers changed after 2 weeks recovery.
In contrast, we observed a significant increase in relative
Ibal mRNA levels due to CPZ, and that was restored to
close to CTL levels after 2 weeks recovery (Figure 6E).

Discussion

In the current study we provided mice a diet containing 0.2%
CPZ, and found after 5 weeks there was demyelination of
95% of axons in the caudal CC. This is consistent with find-
ings from several other groups of almost complete demyelina-
tion in this area of the CC between 4 to 5 weeks of CPZ
treatment (Mason et al., 2001; Matsushima & Morell, 2001;
Steelman et al., 2012; Taylor et al., 2010; Xie et al., 2010).
This degree of demyelination is greater than observed after
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CTL. Tukey’s multiple comparison tests.

longer treatment periods with CPZ due to remyelination
beginning as early as week 5 even in the presence of CPZ
(Lindner et al., 2008).

Effects of LKE on Remyelination

Following 2 weeks recovery in the absence of CPZ, the
percent of myelinated axons increased to 50%, representing
approximately 55% of control values. In contrast, recovery
in the presence of LKE was greater, and increased the percent-
age of myelinated fibers to 65%, which represents 72% of
control values. Thus, while LKE significantly increased
remyelination, after 2 weeks a large number of naked axons
remained. However, results from several other laboratories
suggest that remyelination up to 70% of control values may
be the maximum achievable. For example, in the body of
the CC, recovery for 2 weeks led to 60% myelinated fibers,
and increased to about 70% after 4 weeks (Santiago
Gonzalez et al., 2017). In the splenium of the CC, 2 weeks
recovery increased the percentage of myelinated fibers from
almost 0% to about 50% (Steelman et al., 2012). Lower
extents of remyelination have also been reported, for
example in the dorsal CC where after 2 weeks recovery
only 20% of control values were reached (Steelman et al.,

2012); with only 40% of the fibers myelinated across the
whole CC (Wasko et al.,, 2019). While some variability
exists in the degree of remyelination occurring after short
times of recovery and in different regions and sub-regions,
long term recovery appears to be limited to about 70% mye-
linated axons even after 12 weeks (Gingele et al., 2020;
Hibbits et al., 2009; Mason et al., 2001). Therefore 2 weeks
recovery in the presence of LKE may already be at or near
maximal levels of remyelination.

Effects of LKE on OLG Numbers and Maturation

As expected, 5 weeks of CPZ treatment significantly reduced
the total number of OLGs (Olig2* cells) and the density of
mature myelinating cells (CC17" cells) in the cortex. These
changes were associated with a rise in the percentage of pro-
liferating double labeled [Olig2™ : Ki67* ] OPCs and with a
reduction in the percentage of mature double labeled [Olig2™
: CC1*] OLGs in the entire population. Two weeks of
normal diet partially restored Olig2* and CCI1* cell
numbers in control animals, however, LKE treated mice
showed a nearly complete recovery of both Olig2* and
CCI1™ cell densities in the cortex. The faster recovery of
the OLG population is likely responsible for the more
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efficient remyelination observed in the LKE treatment
group. Since no changes in proliferation of [Olig2* :
Ki67*] OPCs were detected comparing recovery on
control versus LKE chow, the increased numbers of
Olig2* and CC1" positive cells in LKE treated animals are
most likely a consequence of an enhanced OPC/OLG sur-
vival and maturation.

Limited Effects of LKE on Glial Cell Activation

Several studies have also demonstrated that LKE can suppress
glial activation suggesting this may contribute to LKE ability
to enhance remyelination. LKE reduced microglial activation
in vitro (Hensley et al., 2010a) as well as in vivo in mouse
models of PD (Togashi et al., 2020); spinal cord injury
(Kotaka et al., 2017); and AD (Hensley et al., 2013). Both
astrocyte and microglial responses have been shown to mod-
ulate remyelination in the CPZ model (Gudi et al., 2014; Sen
et al., 2022). Phagocytosis of myelin debris (Cignarella et al.,
2020; Ding et al., 2021; Shen et al., 2021) and production of
protective factors (Aryanpour et al., 2021) can enhance
remyelination, while production of inflammatory mediators
can impede remyelination (Thomas & Pasquini, 2018).
Microglial ablation using antagonists of the CSFIR show

increased remyelination (Tahmasebi et al., 2021); as did astro-
cyte ablation using La-aminoadipate (Madadi et al., 2019).
Reducing Ca®* influx into astrocytes has been shown to
reduce both astrocyte and microglial activation, as well as
promote remyelination (Zamora et al., 2020); suggesting
that actions of LKE on voltage gated Ca®* channels could
contribute to its actions. However, while we observed
increases in both astrocyte (GFAP) and microglial (Ibal)
expression following CPZ treatment, after 2 weeks of recov-
ery those increases were diminished to a similar extent on
LKE and CTL chow. It remains possible that LKE influenced
glial cell responses at an earlier time point; or that measure-
ments of other markers of glial activation involved in inflam-
matory or phagocytosis responses, would reveal LKE
dependent actions.

Mechanisms of Action and Targets of LKE

The mechanisms by which LKE increases remyelination
remain to be determined. Proteomic studies (Hensley et al.,
2010a) identified a primary binding target of LKE as
CRMP2 (Collapsin Response Mediator Protein 2). CRMP2
is well characterized with respect to stimulation of neuritogen-
esis and axonal guidance involving binding to a-tubulin and
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growth of microtubules (Kotaka et al., 2017). CRMP2
binding is regulated by phosphorylation, including at Serine
522 by cyclin dependent kinase 5 (Cdk5) (Uchida et al.,
2005) which reduces CRMP2’s affinity for tubulin and so
reduces microtubule growth. LKE increases CRMP2 function
(Hensley et al., 2010a, 2010b) by reducing Cdk5-mediated
phosphorylation (Fernandez-Gamba et al., 2012; Wilson
et al.,, 2014). While primarily expressed in neurons in the
adult brain, CRMP?2 is also expressed in OLGs, and roles in
OLG survival, maturation and process extension have been
reported (Piaton et al., 2011; Syed et al., 2017). Moreover,
in mice with a non-phosphorylatable CRMP2, myelin
protein expression is increased (Nakamura et al., 2018), con-
sistent with the possibility that some actions of LKE on
remyelination are due to reducing CRMP2 phosphorylation.
Findings that CRMP2 has roles in mediating optic nerve
damage (Mimura et al., 2006; Petratos et al., 2012); and
reduces clinical signs and neuroinflammation (Moutal et al.,
2019) in EAE further supports a role for CRMP2 in mediating
LKE actions.

In addition to tubulin, CRMP?2 also interacts with the N-type
voltage gated calcium channel Cav2.2, targeting it to neuronal
membranes (Brittain et al., 2009). CRMP2 phosphorylation
by Cdk5 increases that association, thereby increasing Ca**
influx and neurotransmitter release (Chi et al., 2009). Roles
for Cav2.2 in MS are suggested by findings that in lesions,
the alB subunit of Cav2.2 accumulates in damaged axons
(Kornek et al., 2001). The alB subunit also accumulates in
demyelinated axons in a rat model of optic neuritis, and treat-
ment with the CaV2.2 inhibitor omega-conotoxin reduced
axon and myelin damage (Gadjanski et al., 2009). Similarly,
o1 B null mice show reduced clinical signs of EAE and demye-
lination than wild type mice (Tokuhara et al., 2010); and treat-
ment of EAE with a Cav2.2 blocker (Silva et al.,, 2018)
ameliorated clinical signs and neuroinflammation. CRMP2
also interacts with GluN2B containing N-methyl-D-aspartate
NMDA receptors (NMDARs) (Bretin et al., 2006; Moutal
et al,, 2014), and disruption of those interactions reduces
NMDAR-mediated Ca*" currents and affords neuroprotection
in ischemia and traumatic brain injury models (Brittain et al.,
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2012; Brustovetsky et al., 2014). NMDARs are also expressed
on OLG processes and in myelin (Matute, 2011), and broad-
spectrum NMDAR antagonists (AP5, MKS801) blocked
Ca®* accumulation into myelin and reduced myelin damage
in the optic nerve (Matute, 2010). Several studies have also
reported that NMDAR antagonists are protective in EAE
(Dabrowska-Bouta et al., 2015; Farjam et al., 2014;
Wallstrom et al., 1996). Together these findings suggest that
by reducing CRMP2 phosphorylation, LKE could decrease
CRMP?2 interactions with Cav2.2 or NMDARSs, thereby reduc-
ing Ca”" influx under conditions when excessive Ca>" influx
leads to cell death or damage (Brittain et al., 2012).

In summary, the current study demonstrates that LKE, a
semi-synthetic derivative of the naturally occurring, non-
proteogenic amino acid lanthionine, accelerates the remyeli-
nation process in the CPZ mouse model of MS. However,
several questions remain unanswered. The CPZ models
shows minimal involvement of the peripheral adaptive
immune responses, however roles for both astrocyte (Gudi
et al., 2014) and microglial (Vega-Riquer et al., 2019) activa-
tion have been reported. Since LKE has previously been
shown to reduce microglial activation (Hensley et al.,
2010a, 2013; Kotaka et al., 2017; Togashi et al., 2020), it
remains to be determined if LKE effects on remyelination
also involve suppression of glial cell responses. It also is
important to determine if remyelination in the presence of
LKE leads to restoration of correct nodal, paranodal, and
internodal structure; and most critically if functional recovery
is achieved, for example by restoration of compound action
potentials across the CC. Finally, as mentioned above, the
precise mechanisms of action of LKE which lead to increased
OLG survival or OPC maturation, including the relative
importance of CRMP2, Cav2.2, and NMDARs, should be
elucidated.
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