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Multiple sclerosis (MS) is a chronic demyelinating disease with prominent axon
dysfunction. Our previous studies in an MS mouse model, experimental
autoimmune encephalomyelitis (EAE), demonstrated that major
histocompatibility complex Class II constructs can reverse clinical signs of EAE.
These constructs block binding and downstream signaling of macrophage
migration inhibitory factors (MIF-1/2) through CD74, thereby inhibiting
phosphorylation of extracellular signal-regulated kinase (ERK) activation and
tissue inflammation and promoting remyelination. To directly assess the effects
of a novel third generation construct, DRhQ, on axon integrity in EAE, we
compared axon conduction properties using electrophysiology on corpus
callosum slices and optic nerves. By using two distinct white matter (WM)
tracts, we aimed to assess the impact of the EAE and the benefit of DRhQ on
myelinated and unmyelinated axons as well as to test the clinical value of DRhQon
demyelinating lesions in CC and optic myelitis. Our study found that EAE altered
axon excitability, delayed axon conduction and slowed spatiotemporal
summation correlated with diffuse astrocyte and microglia activation. Because
MS predisposes patients to stroke, we also investigated and showed that
vulnerability to WM ischemia is increased in the EAE MS mouse model.
Treatment with DRhQ after the onset of EAE drastically inhibited microglial and
astrocyte activation, improved functional integrity of the myelinated axons and
enhanced recovery after ischemia. These results demonstrate that DRhQ
administered after the onset of EAE promotes WM integrity and function, and
reduces subsequent vulnerability to ischemic injury, suggesting important
therapeutic potential for treatment of progressive MS.
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Introduction

Multiple sclerosis (MS) is a demyelinating and inflammatory disease of the central
nervous system (CNS), which affects over 2 million patients in the world globally
(Wallin et al., 2019). Based on the course of the disease, four major types of MS have been
described: 1) Relapsing-Remitting MS (RRMS) is the most common and affects 85% of
the patients with symptoms of demyelination, followed by periods of remission. 2)
Among all MS patients, 30% will develop a Secondary Progressive MS (SPMS) with
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demyelination symptoms without periods of remission. 3)
Patients can develop a progressive type of MS, called Primary
Progressive MS (PPMS) that is more resistant to the usual
treatment for MS. 4) A fourth and rarer form of MS is
Progressive-Relapsing MS (PRMS), described as a progressive
form with intermittent deteriorating symptoms without
remission (Steinman, 2001; Goldenberg, 2012). Breakdown of
the blood–brain barrier (BBB), multifocal inflammation,
demyelination in gray and white matter (WM),
oligodendrocyte loss, reactive gliosis, and axonal degeneration
occurs in MS lesions (Prineas et al., 2001; Dutta and Trapp, 2007;
Trapp and Nave, 2008; Dutta and Trapp, 2014). Both genetic and
environmental factors are involved in MS disease pathogenesis
and progression. The main genetic effect has been attributed to
the major histocompatibility complex (MHC) region on
chromosome 6, which encodes class I and class II proteins
that present “self” myelin peptides to activate encephalitogenic
CD4+ and CD8+ T-cells. Non-polymorphic MHC proteins such
as class II invariant chain (CD74, II) and HLA-DRα chain,
contribute to the genetic effect. CD74 chaperones peptide-
loaded MHC Class II molecules from intracellular
compartments to the surface antigen-presenting cells (APC).
CD74 also functions as the receptor for the macrophage
migration inhibitory factor (MIF-1) and its homologue
D-dopachrome tautomerase (D-DT = MIF-2) when it is
expressed on the cell surface or secreted in a soluble form.
MIF is a pleiotropic innate cytokine and is a key mediator of
various inflammatory diseases including MS. In patients with MS
increased MIF levels are detected in the blood and CSF during
relapse, and in the active rim of MS WM lesions (Meza-Romero
et al., 2014; Benedek et al., 2015; Benedek et al., 2017;
Vandenbark et al., 2021).

Experimental autoimmune encephalomyelitis is a MS mouse
model commonly used to develop and validate disease-modulating
therapies. EAE pathology relies on external sensitization of the
animal to myelin antigens, leading to the development of
inflammation and demyelination. EAE can be induced in two
main genetic backgrounds in mice; SJL and C57BL6, by using
antigens such as myelin oligodendrocyte glycoprotein (MOG),
proteolipid protein (PLP), myelin basic protein (MBP), and
others mixed in complete Freund’s adjuvant (CFA). In
C57BL6 mice, the use of MOG in CFA leads to the development
of a chronic progressive pathology; while in the SJL mouse model, a
relapsing-remitting form of EAE can be induced with PLP
(Constantinescu et al., 2011; Glatigny and Bettelli, 2018).

DRα1 (L50Q)-MOG-35-55 (DRhQ) is a partial Class II MHC
construct comprised of the extracellular MHC class II L50Q
substituted DRα1 subunit linked to the human MOG-35-
55 peptide (myelin antigen). It is a third generation of
recombinant T-cell receptor ligand (RTL) constructs, based on an
RTL1000 construct designed with DRα1 and DRβ1 subunits linked
covalently to MOG-35-55. Studies showed that DRα1 but not
DRβ1 binds to CD74, leading to macrophage inactivation, and
preventing MIF-1/D-DT ligands from binding to CD74, thereby
inhibiting downstream MAPK pathway activation (Vandenbark
et al., 2019). Both the L50Q substitution in the DRα1 domain
and the covalent extension of the construct with MOG-35-
55 peptide leads to a higher affinity binding to CD74 and

stronger competitive inhibition of MIF/DDT binding (Yang et al.,
2017; Meza-Romero et al., 2019; Vandenbark et al., 2019;
Vandenbark et al., 2021; Vandenbark et al., 2022).

Assessment of clinical EAE behavioral test scores showed that
DRhQ improves clinical motor sign scores in a murine model of MS
(EAE) (Meza-Romero et al., 2014; Benedek et al., 2015; Vandenbark
et al., 2021). DRhQ also inhibits binding of MIF to CD74, a key
inflammatory factor involved in various immune-mediated diseases
(Meza-Romero et al., 2014; Benedek et al., 2015). An enhanced cell
surface expression of CD74 has been demonstrated both in EAE-
induced animal models and MS patients (Benedek et al., 2015).
DRhQ reduces the number of infiltrating cells in CNS and reduces
their activation. Moreover, DRhQ reduces the expression of pro
inflammatory genes and increases the expression of genes involved
in neuronal survival and regeneration (Meza-Romero et al., 2014;
Benedek et al., 2015; Benedek et al., 2017; Vandenbark et al., 2021;
Vandenbark et al., 2022).

In our present study, using ex vivo electrophysiological
recording, we directly assessed the effect of the DRhQ
construct on the axon function in two different WM tracts:
the corpus callosum (CC) and optic nerves in a murine model
of MS (EAE) with or without treatment. Optic nerve is a pure
WM tract consisting of fully myelinated axons while CC
neighbors’ gray matter and consists of a mixture of myelinated
and unmyelinated axons (Seggie and Berry, 1972; Sturrock, 1980;
Preston et al., 1983; Hildebrand et al., 1993; Nunez et al., 2000;
Tekkok and Ransom, 2004). Both WM tracts are targets of MS
attacks and represent hallmarks of the disease pathology such as
optic neuritis (Chan, 2002; Arnold, 2005; Kale, 2016) and
demyelinating lesions (Breij et al., 2008; Kutzelnigg and
Lassmann, 2014). Evoked compound action potentials (CAPs)
were recorded under control conditions to characterize the axon
conduction properties. Then, using an oxygen glucose
deprivation (OGD) protocol, the impact of EAE pathology on
a subsequent ischemic injury and whether DRhQ attenuates the
subsequent WM injury were tested. We showed that EAE
pathology alters axon conduction properties and that DRhQ
restores it to control values. Furthermore, EAE renders WM
axon function more vulnerable to a subsequent ischemic injury,
while DRhQ treatment attenuates this susceptibility. This
suggests that DRhQ administered after EAE onset promotes
WM integrity and function, and reduces vulnerability to
ischemic injury by attenuating neuroinflammatory responses.

Materials and methods

Animals

Experiments were carried out according to the Institutional
Animal Care and Use Committees (IACUC) of Oregon Health &
Science University and VA Portland Healthcare System and
performed and reported in compliance with ARRIVE guidelines
(Animal Research: Reporting In Vivo Experiments). C57BL/6 WT
male mice between 8 and 12 weeks of age were purchased from the
Jackson Laboratory. All mice were maintained on a 12-h light/dark
cycle with food and water provided ad libitum. All efforts were made
to minimize the number of animals used and their suffering.
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EAE induction

Mice were immunized subcutaneously at four sites on the flanks
to distribute a 0.2 ml emulsion of 200 µgmouse MOG-35-55 peptide
and complete Freund’s adjuvant containing 400 µg of heat-killed
Mycobacterium tuberculosis H37RA (Difco) (Vandenbark et al.,
2003; Meza-Romero et al., 2014; Meza-Romero et al., 2019). Mice
were also injected intraperitoneally with Pertussis toxin (Ptx) from
List Biological Laboratories on days 0 and 2 post-immunization
(75 and 200 ng per mouse, respectively); Ptx is used as an accessory
adjuvant in EAE induction (Munoz et al., 1981; Noubade et al.,
2008). DRhQ (100 µg in 0.1 ml) was injected subcutaneously daily
for 5 days beginning at an EAE score of >2.0. The mice were scored
for clinical signs of EAE graded on a six-point scale of combined
hindlimb and forelimb paralysis scores as described in a previous
study (Meza-Romero et al., 2014; Vandenbark et al., 2021;
Vandenbark et al., 2022; Offner et al., 2023) (Figure 1).

Slice preparation

Acute coronal brain slices were prepared as previously described
(Tekkok and Goldberg, 2001; Tekkok and Ransom, 2004; Tekkok
et al., 2005). After a deep CO2 asphyxiation, mice were sacrificed by
decapitation. The brains were quickly dissected and placed in an ice-
cold artificial cerebrospinal fluid (standard ACSF) composed of
(mM): 126 NaCl, 3.5 KCl, 1.3 MgCl2, 2 CaCl2, 1.2 NaH2PO4,

25 NaHCO3, and 10% glucose, pH 7.4, with a mixture of 95%O2/5%
CO2. The whole brain was placed on a vibrating blade microtome
(Leica, VT1000S, IL). After dissecting the cerebellum, the brain is
placed and glued (Tissue Adhesive 3M Vetbond) in front of an
agarose cube (2% prepared in ASCF) with its inferior surface facing
the agarose cube. This orientation stabilized the brain at
approximately 20–22° to its vertical axis. Acute coronal slices of
300 µm were prepared. Only the slices (8-10 per brain) with clearly
visualized anatomical structure of the CC were collected. Slices were
kept in resting chamber for at least 2 h at room temperature in
standard ACSF saturated with 95%O2/5%CO2. Slices were then
placed on a piece of lens paper and transferred to a Haas-type
chamber (Harvard Apparatus, Holliston, MA) and kept at an
interface between a warm humidified gas (95% O2/5%CO2) and
oxygenated ACSF at 33°C ± 1 °C with a flow rate of 3–3.5 ml/min.
The superfusion and chamber temperatures were controlled by a
Dual Channel Heater Controller (Model TC-344B, Harvard
Apparatus, Warner Instruments, MA). Each slice was kept in the
chamber for at least 30 min to stabilize before baseline responses
were recorded.

Optic nerve preparation

Following CO2 asphyxiation, mouse optic nerves (MONs) were
gently collected from mice by an experimenter blinded to their
identity. The MONs were transferred to a Haas-type chamber
(Harvard Apparatus, Holliston, MA) and were allowed 15 min to
stabilize while continuously being aerated by a humidified gas
mixture of 95%O2/5%CO2. All recordings were performed at
37°C. The superfusion and chamber temperatures were controlled
by a Dual Channel Heater Controller (Model TC-344B, Harvard
Apparatus, Warner Instruments, MA).

Compound action potential recordings
across corpus callosum and optic nerve
axons

Extracellular compound action potentials (CAP) across the
corpus callosum were evoked every 30 s by supramaximal pulses
of 1 mA (30 μs) duration using a specifically designed bipolar
stimulation electrode (A365R stimulus isolator; WPI, Sarasota,
FL). The evoked CAPs were recorded with borosilicate glass
micropipettes filled with 2M NaCl, connected to an Axoclamp
900A amplifier and Digidata 1440B (Molecular Devices, LCC,
Sunnyvale, CA). The signal was amplified 50 times (SR560;
Stanford Research Systems, Sunnyvale, CA) and acquired at
10 kHz. The responses were digitized, stored, and quantified by
measuring the area under the CAPs. Baseline CAP responses were
recorded for 30 min. To mimic ischemic injury, oxygen glucose
deprivation (OGD) was induced for 30 min by replacing ACSF with
glucose-free ACSF (10 mM glucose replaced with 10 mM sucrose)
saturated with 95%N2/5%CO2. Slices were superfused with glucose
containing oxygenated ACSF for another 30 min after the end
of OGD.

The CAPs across MONs were recorded by using suction
electrodes backfilled with ACSF. MONs were stimulated via

FIGURE 1
Treatment with DRhQ decreases severity of acute EAE resulting
in significantly improved clinical scores. The mice were scored for
clinical signs of EAE graded on a six-point scale of combined hindlimb
and forelimb paralysis scores. After immunization with an
emulsion of 200 µg mouse MOG-35-55 peptide and 400 µg
complete Freund’s adjuvant + Ptx on Days 0 (75 µg) and 2 (200 µg),
mice were treated with either vehicle or DRhQ (100 µg in 0.1 ml) by
subcutaneous injection daily for 5 days beginning at an EAE score of
2.0. In Figure 1, D0 (day zero) represents the beginning of the
treatment. At D1, treatment with DRhQ diminished clinical EAE scores:
EAE + vehicle, n = 5: 3.8 ± 0.1; EAE + DRhQ, n = 6: 2.5 ± 0.04, ***p =
0.0007. At D10 treated mice with DRhQ had significant lower EAE
score: EAE + vehicle (n = 4): 4.8 ± 0.1, EAE + DRhQ (n = 6): 1.5 ± 0.2,
****p < 0.0001. Two-way ANOVA, Bonferroni’s correction. Data are
presented as mean ± SEM.
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stimulus isolation unit (Isostim 520; WPI, Sarasota, FL) and the
resultant CAPs were acquired by a recording electrode connected to
an Axoclamp 2A amplifier. The signal was amplified 50 times,
filtered at 30 kHz, and acquired at 20–30 kHz. Stimulus pulse
(30 µs duration) strength was adjusted to evoke the maximum
CAP possible at every 30 s interval, and then increased another
25% for supramaximal stimulation. The OGD was induced for
60 min as described above. The CAPs were recorded another
3–5 h after the end of OGD. The experimenter was blinded to
the identity of the mice during the experiments.

Immunohistochemistry

The experiments were performed in perfusion-fixed (4%
paraformaldehyde in PBS) MONs or coronal brain slices in a
mixture of 4% paraformaldehyde (#P6148, Millipore Sigma, St-
Louis, MO) in PBS and 0.025% glutaraldehyde (#O2957, Fisher
Scientific, Pittsburgh, PA). Cryoprotection was achieved in 30%
sucrose for 16–18 h. Sections of 50 µm (brains) and 16 µm (MONs)
thickness were blocked in 20% normal goat/donkey (50% by
volume) serum (#G9663 & G6023, Millipore Sigma, St-Louis,
MO) and 1% Triton X-100 (#X100, Millipore Sigma, St-Louis,
MO) for 60 min at room temperature. Sections were then
incubated in primary antibodies prepared in the same solution
and kept overnight at 4°C (see Table 1 for antibodies and
dilutions used). After several thorough washes in PBS, the tissue
was incubated with secondary antibodies, prepared in 2% normal
goat serum for 2 h at room temperature. The secondary antibodies
used were donkey anti-rabbit Cy2, anti-mouse Cy2 and anti-rabbit
Cy3 and anti-mouse Cy3 (Jackson ImmunoResearch Laboratories,
Inc., West Grove, PA). Sections were double or triple labeled to
visualize structures of interest.

Confocal microscopy and pixel intensity
measurements

The expression of GFAP (Glial Fibrillary Acidic Protein) (+)
astrocytes, Iba (+) microglia, NF160/200 (+) axons, MBP (+) myelin
and Olig-2 (+) oligodendrocytes were imaged by using an Olympus
FV3000 inverted confocal laser-scanning microscope (Center
Valley, PA) with 5 OBIS laser diode lines (405nm, 445nm,
488nm, 514nm and 640 nm) (Santa Clara, CA). Sections were
scanned for Cy2/488, and for Cy3/514. Two to three adjacent
sections from each sample were imaged for five areas of interest
(AOI). A total of 10–16 optical sections of 1 μm thickness at 1024 ×
1024-pixel size were collected in the z-axis from a single microscopic
field using a 40X (UPLSAPO 40XS, silicone immersion; numerical
aperture, 1.25; Olympus, Center Valley, PA) objective lens under
fixed gain, laser power, pinhole, and photomultiplier tube (PMT)
settings. To compare and quantify immunohistochemical staining,
all sections were processed concurrently. Images were acquired with
Olympus FluoView imaging software in sequential mode using
multiple channels simultaneously. Z-stacks were projected into a
single plane image before analysis and assessment of pixel intensity
or co-localization. Final images were produced by either original or
artificial color.

Data analysis

Function across the CC or MONs was quantified as the area
under the evoked CAPs, using pClamp 10.3 software (Molecular
Devices, United States). The CAP area represents the summation of
all functional axons (Cummins et al., 1979; Stys et al., 1991). When
recording in the CC, a typical CAP profile presents with 2 peaks; the
first peak is the response of the fast-myelinated fibers, and the
second represents the response of the slow lightly/unmyelinated
fibers. Axon excitability was quantified by measuring the CAP area
elicited at different varying stimulus intensities (1 mA, 0%–100%
with 10% increments). CAP amplitude as a function of stimulus
intensity was plotted to compare axon excitability among groups.
Irreversible injury was measured by determining residual CAP area,
normalized to the control CAP area, at least 2 h after the conclusion
of OGD. Original data were normalized by setting the mean of initial
baseline values (measured over 15 min) to a value of 100.
Experimental results were pooled, averaged, and plotted against
time. All data in Figure 1 through Figure 7 are presented as mean ±
SEM (GraphPad Prism 9.3.1, GraphPad Software, Inc. La Jolla, CA).
Two-tailed Student’s t-test (Figures 3, 5), two-way ANOVA (Figures
1, 2, 4, 6) and one-way ANOVA (Figures 2, 4, 6, 7) with a
Bonferroni’s post-hoc correction were used for the statistical
analysis. Statistical significance was set at p < 0.05 and indicated
by an asterisk. The “n” values represent the number of brain slices or
MONs recorded. Graphs and time courses were plotted with
GraphPad Prism 9 and Microsoft Excel.

Results

Treatment with DRhQ decreases severity of
acute EAE resulting in significantly improved
clinical scores

After immunization, mice were assessed for signs of EAE
according to the EAE score scale described in Methods. The
period between immunization and EAE onset was of 11.4 days
(±1.1) days for ‘EAE + vehicle’, and of 13.7 (±0.7) days for ‘EAE +
DRhQ’ mice. Figure 1 shows that treatment with DRhQ (blue
squares) or vehicle (violet circles) of immunized mice started
after disease onset when the clinical EAE score was 2. After
obtaining a clinical EAE score of 2, mice received 5 consecutive
single daily injections of DRhQ or vehicle (Figure 1, red arrows).

Mice treated with vehicle (“EAE + vehicle”) showed
progressively more severe clinical EAE scores, reaching a score of

TABLE 1 Antibodies and dilutions.

Name Dilution Vendor Catalog

Iba-1 1:100 Wako 019-19741

GFAP 1:15 Immunostar 22522

NF200 1:100 ThermoFisher 13-1300

MBP 1:2000 Millipore-Sigma AB5864

Olig-2 1:100 ThermoFisher P21954
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FIGURE 2
EAE alters axon conduction properties. DRhQ restores axon function. CAPs were recorded for 30 min under baseline conditions. Wild type (WT) is
indicated in green, EAE in purple, andDRhQ in blue. (A) Baseline axon function (depicted in gray shaded area) ismeasured as themean of the absolute CAP
area during the last 10 min of baseline, action potential amplitude (mV) as a function of spatiotemporal summationmeasured as CAP duration (ms) (black
dotted arrow). (B) Absolute CAP area represents the axon function. WT: 95.6 ± 7.03, EAE: 122.3 ± 16.8, DRhQ: 137.2 ± 9.7, *p = 0.0133, one-way
ANOVA; WT versus DRhQ *p = 0.0108. (C) Spatiotemporal distribution of axons’ action potentials is measured as the duration of the signal in baseline
condition. WT: 1.46 ± 0.04, EAE: 1.7 ± 0.06, DRhQ: 1.4 ± 0.04, one-way ANOVA; WT versus EAE, *p = 0.0106, EAE versus DRhQ **p = 0.0016. (D, E)
Amplitude of the myelinated and unmyelinated axons is measured respectively as the amplitude of the first and second peak. (D) WT: 130.7 ± 9.8; EAE:
86.5 ± 11.8; DRhQ: 130.2 ± 9.5, *p = 0.0187. (E) WT: 101.0 ± 10.5; EAE: 95.8 ± 14.3; DRhQ: 124.9 ± 5.5, p = 0.0758. (F, G) Conduction velocity of
myelinated and unmyelinated axons is measured as the latency between the stimulation artifact and the first or the second peak. (F)WT: 0.5 ± 0.02, EAE:
0.6 ± 0.02, DRhQ: 0.5 ± 0.02, one-way ANOVA;WT versus EAE *p = 0.0294, DRhQ versus EAE *p= 0.04. (G)WT: 1.0 ± 0.04, EAE: 1.2 ± 0.08, DRhQ: 1.0 ±
0.05, *p = 0.02, one-way ANOVA; WT versus EAE *p = 0.0385, DRhQ versus EAE *p = 0.0437. (H) Axon excitability is measured as the evoked CAP area in
response to increasing intensity, from 0% to 100% of 1 mA. Significant differences between WT and EAE are represented with *, and differences between
EAE and DRhQ are represented by #; Ftreatment = 1.517, ****p < 0.0001, two-way ANOVA. Two-way ANOVA and one-way ANOVA with a Bonferroni’s
post-hoc correction was used for the statistical analysis and data is presented as mean ± SEM.
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5 only 2 days after receiving the first injection of vehicle, a level that
was sustained through the end of the observation period. In contrast,
treatment with DRhQ (“EAE + DRhQ”) instantly diminished
progression of clinical EAE scores after the first day of injection
(D1) compared to EAE + vehicle mice (EAE + vehicle, n = 5: 3.8 ±
0.1; EAE + DRhQ, n = 6: 2.5 ± 0.04, (***p = 0.0007, Two-way
ANOVA, Bonferroni’s correction).

On D3, DRhQ treated animals showed a maximal EAE score of
2.8 (±0.1, n = 6). On D4, the last day of the injections, the course of
EAE severity stabilized and started to go down on day six through
day 10. The EAE scores of DRhQ treated animal were 1.5 on day 10,
significantly lower than EAE + vehicle’s score on the same day (EAE
+ vehicle (n = 4): 4.8 ± 0.1, EAE + DRhQ (n = 6): 1.5 ± 0.2, ****p <
0.0001, Two-way ANOVA, Bonferroni’s correction). These results
suggest that DRhQ efficiently modifies EAE severity by arresting and
then reversing disease progression in adult mice.

DRhQ restores axon function properties in
corpus callosum impaired with EAE

Corpus callosum (CC), the largest compact WM tract of the
human brain involved in interhemispheric transfer, is often
damaged during multiple sclerosis (MS). Lesions in the CC
are important radiological clues to the diagnosis of MS.
Therefore, in this study, we directly assessed axonal
excitability and axonal conduction properties using coronal
slices containing CC. Our previous studies have established
coronal CC slices as a reliable and reproducible model to
assess axon function and WM architecture (Tekkok and
Goldberg, 2001; Tekkok and Ransom, 2004; Bastian et al.,
2022). To monitor the functional integrity of axons, we
recorded CAPs across the CC elicited by a bipolar stimulation
electrode. The CC tract is composed of myelinated (30%) and
unmyelinated (70%) fibers (Seggie and Berry, 1972; Sturrock,
1980; Preston et al., 1983; Hildebrand et al., 1993; Nunez et al.,
2000; Tekkok and Ransom, 2004) and subsequently CAPs
typically exhibit two peaks (P); P1 for myelinated axons with
a faster conduction time, and P2 for unmyelinated axons with a
slower conduction time (Figure 2A). Recording configuration
was adjusted to elicit a CAP with two distinct peaks; P1 and P2 to
represent myelinated and unmyelinated axons. If only one peak
is visible, the electrodes were adjusted to elicit CAP with two
visible peaks. To determine the impact of EAE and DRhQ
treatment on axon conduction properties, CAPs were
recorded for 30 min under baseline conditions. CAP area
(Figure 2A, depicted in gray shaded area) is a measure of all
stimulated axon response that is quantified by integrating action
potential amplitude (mV) as a function of spatiotemporal
summation measured as CAP duration (ms) (Figure 2A, black
dotted arrow). In CC slices obtained from wild type, EAE and
DRhQ treated mice, the CAP area values remained similar
between WT and EAE, EAE and DRhQ, while compared to
WT group, CAP area values of DRhQ group were increased
(Figure 2B). Interestingly, despite similar CAP area, CAP
duration (ms, Figure 2C), increased in EAE group compared
to WT and treated groups. These results suggest slower
spatiotemporal summation of action potentials after EAE due

to loss of myelin and axon damage (see Figure 3A). DRhQ
treatment preserved axon structure and myelin (Figure 3A)
and improved axon function leading to shortened CAP
duration (Figure 2C). On the other hand, P1 in EAE group
was drastically decreased but restored with DRhQ (Figure 2D, in
mV), while the amplitude of the second peak remained
unchanged between the groups (Figure 2E) suggesting the
main target for EAE was myelinated axons as opposed to
unmyelinated fibers. Quantification showed increased time to
P1 latency (depicted in Figure 2A as dotted lines from green
stimulus artefact to P1 in pink and to P2 in blue) in EAE
compared to WT which were improved with DRhQ treatment
(Figure 2F). P2 representing slower conducting fibers displayed a
similar reduction in conduction velocity after EAE which was
restored with DRhQ treatment (Figure 2G). Consistent with the
altered axonal conduction properties, EAE caused an
unexpected increase in axon excitability at certain stimulus
intensity range (Figure 2H) which was attenuated following
DRhQ treatment.

DRhQ alleviates EAE-mediated alterations
on microglia, astrocytes, axons, and myelin

To examine the mechanisms by which DRhQ improves axon
function after EAE, we studied the targets of EAE on the cellular
components of CC. WM is composed of axons, myelin,
oligodendrocytes, microglia, and astrocytes. Using cell-specific
antibodies, we assessed Iba (+) microglia, GFAP (+) astrocytes,
NF160/200 (+) axons and MBP (+) myelin (Figure 3A) by
quantifying fluorescent density in immunolabeled sections from
EAE and DRhQ treated sections (Figure 3B). DRhQ (blue violins)
effectively reduced widespread upregulation in microglia and astrocyte
labeling intensity (p(s) < 0.01, unpaired t-test) while improving axonal
andmyelin labeling in CC slices (p(s) < 0.05 unpaired t-test) (Figure 3).
We suggest that a reduction in microglial and astrocyte labeling
intensity reflects an attenuation in their activation and EAE-induced
immune response. The enhancement of axon and myelin labeling is in
agreement with restored axon function characteristics with DRhQ
treatment (Figure 1).

DRhQ restores axon function properties in
optic nerve impaired with EAE

Optic neuritis, an inflammatory injury to the myelin sheath of
the optic nerve that is characterized with pain and vision loss,
commonly occurs in MS patients (Chan, 2002; Arnold, 2005; Kale,
2016). We aimed to directly assess how EAE impacts fully
myelinated axon function in the optic nerve, and whether anti-
inflammatory effects of DRhQ might have protective benefits on the
visual tract. Mouse optic nerves (MONs) obtained from WT, EAE
and DRhQ mice were placed in between two suction electrodes
delivering stimulation to the retinal side and recording evoked
responses from the chiasmal side. This recording configuration
allows stimulation of all axons in the MONs such that a CAP
represents all axons thereby providing information on the number,
speed, and spatiotemporal summation of axonal function in a nerve
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bundle. Recordings fromMONs typically exhibited CAPs with three
peaks (P); P1 (Figure 4A, depicted with pink line) for thicker axons
with thicker myelin with a fastest conduction time, P2 (Figure 4A,
depicted by an orange line) for intermediate size and myelin content
fibers, and P3 (Figure 4A, depicted in blue line) for smaller diameter
and lightly myelinated axons with the slowest conduction time.

Axonal conduction properties in MONs showed a similar change to
CC such that CAP area remained (Figure 4A, depicted by a gray
shaded area) unchanged with EAE or DRhQ treatment (Figure 4B)
while CAP duration (Figure 4A, depicted by a black arrow)
significantly increased in the EAE group while treatment with
DRhQ effectively improved spatiotemporal summation of CAPs

FIGURE 3
EAE activates microglia and astrocytes, causes axon andmyelin loss. DRhQ alleviates EAE-mediated structural alteration. (A) EAE activates microglia
and astrocytes in white matter seen as the high expression of Iba-1 (+) and GFAP (+) cells, respectively. Treatment substantially reduces activated
microglia and astrocytes seen in white matter. EAE has modest effects on corpus callosum axons indicated by neurofilament staining and treatment has
modest but significant protective effects. EAE damages myelin seen in the loss of MBP staining. Treatment drastically preserves myelin against EAE
induced injury. 4x images with 500 µm pink scale bar; 20x images with 100 µm white scale bar. ROI used for quantification and analysis in (B) are
represented as white dotted squares. (B) Quantitative analysis of the staining density for Iba-1, GFAP, NF160/200 and MBP labeling in EAE + vehicle and
EAE+DRhQCC slices. DRhQ treatment significantly decreased intensity density for Iba-1, GFAPwhile increased intensity density for NF160/200 andMBP
labelling. Two-tailed Student’s t-test was used for the statistical analysis. EAE is indicated in purple and DRhQ in blue.
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(Figure 4C). P1 amplitude (Figure 4A, depicted in pink arrow)
representing the fastest conducting myelinated axons was
suppressed by 40%, but P2 and P3 amplitudes were conserved
(Figures 4D–F). However, the latency of all peaks P1, P2, P3
(Figure 4A, depicted in purple, dark yellow, and blue)
considerably became prolonged with EAE suggesting a slowing of
conduction in all axons, which was resolved with DRhQ

(Figures 4G–I) This subsequently resulted in prolonged CAP
duration, also restored with DRhQ (Figure 4C). Measuring CAP
area over a range of stimulus intensities identified minimal changes
in axon excitability with a lower excitability of EAE axons at two
different stimulation intensities compared to WT, while no
differences were observed between WT and DRhQ, or EAE and
DRhQ (Figure 4J).

FIGURE 4
Wild type (WT) is indicated in green, EAE in purple, and DRhQ in blue. (A) Baseline axon function is measured as the mean of the absolute CAP area
during the last 10minutes of baseline. CAPswith three peaks (P); P1, depictedwith a pink line, P2 depicted by an orange line, and P3 depicted by a blue line.
(B) Absolute CAP area represents the axon function. WT: 418.9 ± 50.1, EAE: 430.6 ± 81.2, and DRhQ: 478.2 ± 33.9, ns p = 0.6829. (C) Spatiotemporal
distribution of axons’ action potentials is measured as the duration of the signal in baseline condition. WT: 2.54 ± 0.06, EAE: 3.18 ± 0.2 DRhQ: 2.71 ±
0.04, ** p = 0.0011. (D, E, F) Amplitude of the myelinated, intermediate, and unmyelinated axons is measured respectively as the amplitude of the first,
second and third peak. (C) P1:WT: 419.5 ± 121.9, EAE: 266.9 ± 89.1; (D) P2:WT: 381.1 ± 43.7, EAE: 356.1 ± 51.5; (E) P3:WT: 284.8 ± 33.2, EAE: 256.0 ± 51.4.
(G, H, I) Conduction velocity of myelinated, intermediate, and unmyelinated axons is measured as the latency between the stimulation artifact and the
first, the second or third peak. (G) Time to P1, WT: 0.2 ± 0.01, EAE: 0.3 ± 0.01, DRhQ: 0.2 ± 0.01, * p = 0.0161; (H) Time to P2, WT: 0.4 ± 0.02, EAE: 0.6 ±
0.04, DRhQ: 0.5 ± 0.02, ** p = 0.0026; (I) Time to P3, WT: 0.9 ± 0.05, EAE: 1.2 ± 0.05, DRhQ: 1.0 ± 0.03, ** p = 0.0012. (J) Axon excitability is measured as
the evoked CAP area in response to increasing intensity, from 0 to 100% of 1 mA. Significant differences between WT and EAE are represented with *,
Ftreatment = 0.2940, ** p= 0.0014. Two-way ANOVA and one-way ANOVAwith a Bonferroni’s post-hoc correction was used for the statistical analysis and
data is presented as mean ± SEM.
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DRhQ alleviates EAE-mediated alterations
on astrocytes, oligodendrocytes, axons, and
myelin in optic nerves

To confirm that structural and cellular changes occurred in
MON slices, we immunolabeled astrocytes with GFAP,
oligodendrocytes with Olig-2, axonal neurofilaments with NF160/
200 and myelin with MBP in optic nerve sections (Figure 5A) and
compared labeling intensity and structural changes between EAE
and DRhQ treated groups (Figure 5B). Similar to CC slices, DRhQ

attenuated GFAP labeling intensity suggesting a downregulation of
astrocyte activation (p < 0.0001, unpaired Student’s t-test) (Figures
5A, B). DRhQ treatment rescued Olig-2 (+) oligodendrocyte cell
death caused by EAE quantified by cell count per 1.0 × 104 µm2 (p <
0.0001, unpaired Student’s t-test) (Figures 5A, B). DRhQ treatment
also improved axon and myelin labeling which was diminished with
EAE (p < 0.0001, unpaired Student’s t-test) (Figures 5A, B). These
results suggest that DRhQ dampens EAE-induced astrocytes
activation and preserves axon function by protecting axons,
oligodendrocytes and myelin in optic nerves.

FIGURE 5
EAE damages axons in optic nerves. DRhQ substantially reduces EAE induced injury in whitematter. (A) EAE drastically damages axons in optic nerve
indicated by NF160/200 (+) neurofilament staining. EAE activates astrocytes in optic nerve seen as the bright expression of GFAP (+) cells with astrogliosis
morphology. EAE causes abundant damage to myelin and oligodendrocytes seen in the loss of MBP staining and ghostly Olig-2 staining. Treatment
drastically reduced EAE induced injury in optic nerve. 40x images with 50 µm scale bar. (B) Quantitative analysis of the staining density for GFAP,
NF160/200, APC and MBP labeling in EAE + vehicle and EAE + DRhQ in optic nerves. DRhQ treatment significantly decreased intensity density for GFAP
while increased intensity density for NF160/200MBP labelling, and increased Olig-2 (+) oligodendrocyte cell count. Two-tailed Student’s t-test was used
for the statistical analysis. EAE is indicated in purple and DRhQ in blue.
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EAE renders axons more vulnerable to
subsequent ischemic injury

The role of inflammation in ischemicWMdisease is increasingly
documented and the risk for cerebral ischemia in people with MS
increases (Tseng et al., 2015; Hong et al., 2019; Doskas et al., 2022).
Therefore, we hypothesized that EAE may render WM more
vulnerable to a subsequent ischemic injury. Note the distinct,
sharper rapidly rising P1 and P2 in CAPs elicited from WT
MONs (Figure 6A, sample traces depicted in green) which
become less distinguished dull and slower to rise with EAE
(Figure 6A, sample traces depicted in purple). Treatment with

DRhQ impressively restored the CAP shape and peaks
(Figure 6A, sample traces in blue). After at least 30 min of stable
baseline, CC slices were metabolically challenged with oxygen
glucose deprivation (OGD) for 30 min.

At end of the OGD, CAPs were lost in EAE + vehicle and EAE +
DRhQ groups, while in 1/7 slices a minimal CAP in WT group
remained at the end of the OGD (Figure 6A). During OGD, CAP
area of EAE + vehicle mice, tended to drop faster than WT and EAE +
DRhQ treated groups (Figures 6B, D, E). CC slices from EAE + vehicle
mice recovered less thanWT and EAE +DRhQ treated groups (Figures
6B, C). This suggests that treatment with DRhQ improves WM
resilience to a metabolic challenge in EAE mice.

FIGURE 6
Axon function is highly vulnerable to ischemic injury. DRhQ improves axon function recovery. Wild type (WT) is indicated in green, EAE in purple, and
DRhQ in blue. (A) Representative CAP traces from baseline (left), OGD (middle), and recovery (right), in WT (green), EAE + vehicle (purple), and EAE +
DRhQ (light blue) mouse groups. Note that (A) representing myelinated axons and (B) representing unmyelinated axons are the two peaks observed in
corpus callosum CAP recordings. (B) Time course displays CAP area changes when CC were exposed to 30 min of OGD. CAP area is quantified by
measuring the area above the black dotted lines and the response and normalized to the last 10 min of baseline. (C) Vulnerability of white matter function
is assessed as the CAP area recovery after OGD, normalized to baseline response. WT: 35.1 ± 4.3, EAE: 14.5 ± 2.1, DRhQ: 47.8 ± 6.6, ***p = 0.0008. (D, E)
Time to 50% and 100% drop are measured as the time starting from the beginning of the protocol, where the evoked CAP area reached respectively 50%
and 0% of the baseline. WT: 45.2 ± 0.7, EAE: 40.4 ± 1.5, DRhQ: 46.2 ± 1.1, **p = 0.0057. One-way ANOVA with a Bonferroni’s post-hoc correction was
used for the statistical analysis and data is presented as mean ± SEM.
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DRhQ treatment improves axon function
recovery after ischemia

After 60 min of stable baseline, MONs were exposed to OGD for
60 min (Figure 7B). During OGD, CAP area dropped at a similar
rate among the three groups (Figures 7B, D, E) At end of the OGD,
CAPs were completely lost (Figures 7A, B). MONs from EAE +
vehicle mice recovered less compared to WT and EAE + DRhQ
treated MONs (Figures 7B, C). DRhQ treatment may improve axon
function recovery post ischemic injury.

Discussion

Demyelinating lesions and optic neuritis are hallmarks of MS
(Chan, 2002; Arnold, 2005; Breij et al., 2008; Kutzelnigg and
Lassmann, 2014; Kale, 2016), and current treatments are disease-
modulating drugs and for the vast majority, only efficient on the
RRMS types, with little benefit on progressive MS. Moreover,
current, therapies for optic neuritis are subject to controversy. There
is a need for treatments that cover all aspects and pathologies ofMS. EAE
is a commonly used MS mouse model to develop and validate disease-

FIGURE 7
Axon function is highly vulnerable to ischemic injury. DRhQ improves axon function recovery. Wild type (WT) is indicated in green, EAE in purple, and
DRhQ in blue. (A) Representative CAP traces from baseline (left), OGD (middle), and recovery (right), in WT (green), EAE + vehicle (purple), and EAE +
DRhQ (light blue) mouse groups. Note that (A) representing myelinated axons, (C) representing unmyelinated axons, and (B) representing intermediate
fibers, are the three peaks observed in optic nerves (MONs) CAP recordings. (B) Time course displays CAP area changes whenMONswas exposed to
60 min of OGD. CAP area is quantified bymeasuring the area above the black dotted lines and the response and normalized to the last 10 min of baseline.
(C) Vulnerability of white matter function is assessed as the CAP area recovery after OGD, normalized to baseline response. WT: 15.7 ± 1.6, EAE: 9.1 ± 3.0,
DRhQ: 17.0 ± 0.5, **p = 0.0094. (D, E) Time to 50% and 100% drop are measured as the time starting from the beginning of the protocol, where the
evokedCAP area reached respectively 50% and 0%of the baseline. WT: 69.6 ± 1.8, EAE: 66.7 ± 2.1, DRhQ: 64.9 ± 0.7, ns p=0.1054. One-way ANOVAwith
a Bonferroni’s post-hoc correction was used for the statistical analysis and data is presented as mean ± SEM.
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modulating therapies. Previous studies have focused on the
RTL1000 and DRα1-hMOG-35-55 constructs that showed benefits in
clinical, behavioral, and histological improvement in EAE mice
(Vandenbark et al., 2003; Meza-Romero et al., 2014; Benedek et al.,
2015; Benedek et al., 2017; Yang et al., 2017; Meza-Romero et al., 2019;
Vandenbark et al., 2019; Vandenbark et al., 2021; Vandenbark et al.,
2022; Offner et al., 2023). Of note, the MOG-35-55 peptide was initially
included in previous RTL1000 and DRα1 constructs to mimic a soluble
T cell receptor ligand that could selectively target and block MOG-35-
55 specific T cells during EAE induction (Vandenbark et al., 2022).
Therefore, one possible mechanism of these constructs would be
targeting DR2/1501 restricted MOG-35-55-specific TCRs and thus
RTL1000 construct was administered to pre-selected DR2/1501 MS
recipients (which represent ~50% of the MS population) in a Phase
1 clinical trial carried out in 2007–2009 showing safety and tolerability
(Yadav et al., 2012). However, we have identified that RTL1000 construct
not only binds to CD74 but also competitively blocks MIF binding and
downstream signaling (Meza-Romero et al., 2014). To make the
inhibitory construct non-MHC restricted and more generally useful
for blocking MIF effects, we removed the DR2/1501 β1 domain and
made an L50Q substitution that increased binding affinity to CD74. This
3rd generation construct, called DRhQ, was no longer DR2 restricted,
had reduced effects on MOG-35-55 specific T cells, but retained the
ability to block MIF effects in a number of different inflammatory
conditions (stroke, methamphetamine abuse, and TBI) (Benedek et al.,
2017; Yang et al., 2017; Meza-Romero et al., 2019; Vandenbark et al.,
2019) in different mouse and rat strains without MHC restriction.
Moreover, in the absence of the DR2 β1 domain, DRhQ now
functions uniquely as a CD74 inhibitor rather than a TCR ligand,
with MOG-35-55 providing stability to the construct rather than
selectively targeting the TCR of MOG-35-55 specific T cells.

Our objective using the third generation DRhQ construct that
possesses enhanced CD74 binding affinity demonstrates that
treatment after onset of clinical signs of EAE directly regulates axon
conduction properties by conserving oligodendrocytes, myelin and
axonal neurofilaments and attenuating astrocyte and microglia
activation. Of mechanistic importance, all of these CNS cell types
express CD74 and can be negatively affected by MIF/CD74-driven
inflammation (Su et al., 2017; Yang et al., 2017; Vandenbark et al.,
2019), but countered by DRhQ blockade of CD74 activation. In our
study, we utilized two distinct in vitro WM tracts and provided direct
evidence that DRhQ has “repair” capacity, for it reversed EAE damage.
Hence, we propose DRhQ as an effective therapeutic with possible
clinical applications for patients withMS aswell as thosewith otherMIF/
CD74 drivenCNS conditions, including ischemic injury, traumatic brain
injury, methamphetamine use disorder and Alzheimer’s disease.

MS is characterized by demyelination in grey and WM, and
multifocal inflammation (Prineas et al., 2001; Dutta and Trapp,
2007; Trapp and Nave, 2008; Dutta and Trapp, 2014), with
oligodendrocyte loss. Consistent with EAE induction, C57BL/
6 mice (Glatigny and Bettelli, 2018; Constantinescu et al., 2011; t
Hart et al., 2011) exhibited a progressively deteriorating neurological
performance correlated with a prominent myelin and
oligodendrocyte loss. A prominent delay in each peak of CAPs
recorded from CC or MON axons was the most direct evidence of
myelin loss and the resultant conduction delay. Prolonged CAP
duration was another electrical signature of myelin loss implying a
slower spatiotemporal summation of individual action potentials.

Consequently, these findings infer alterations in nodal-paranodal
structures, which are indeed reported to precede the onset of
demyelination (Stojic et al., 2018). However, DRhQ, even when
administered after the disease onset, effectively restored peak
latencies in both WM tracts suggesting that DRhQ can repair
myelin disruption and restore axon conduction. The myelin
repair by DRhQ correlated with an increase in oligodendrocyte
numbers. Indeed, cycles of demyelination and remyelination are
characteristic of the RRMS type MS (Chang et al., 2012) with
activation of oligodendrocytes progenitor cells differentiation into
mature oligodendrocytes (Sachs et al., 2014) to maintain myelin
production and axon integrity. It is yet not clear, however, whether
the rescued oligodendrocytes with DRhQ treatment are newly
differentiated oligodendrocytes, or if DRhQ interrupted
oligodendrocyte death due to EAE pathology.

Consistent with axonal damage (De Stefano et al., 2002; Filippi
et al., 2003; Pascual-Lozano et al., 2007; Trapp and Nave, 2008), a
diffuse loss of NF160/200 (+) neurofilament immunoreactivity in
axons was evident and accompanied myelin loss. The neurofilament
damage was reflected as a prominent decrease in the first peak
amplitudes of CAPs recorded in both WM tracts. The first peaks
in CAPs represent the functional sum ofmyelinated axons while other
peaks are sum of action potentials generated by unmyelinated or
lightly myelinated axons. It is plausible that axons that become
demyelinated with EAE may contribute to the second or third
peaks hindering a drop in the amplitude of these peaks. Because
neurofilaments are neuron specific cytoskeletal proteins (Yuan et al.,
2012) that can be released into extracellular fluid following axon
injury (Petzold, 2005), in MS clinical settings a growing body of
evidence support that neurofilament levels in cerebrospinal fluid
(CSF) and serum are a reliable indicator of prognosis and
treatment response and facilitate individual treatment decisions
(Salzer et al., 2010; Teunissen and Khalil, 2012; Bittner et al.,
2021). Therefore, serum or CSF neurofilament levels are practical
biomarkers used for MS patients.

Myelin loss and axonal damage due to EAE in CC and MONs are
accompanied by diffuse activation of Iba (+) microglia and GFAP (+)
astrocytes. There are two forms of axonal injury during MS; one is
demyelination and the other is inflammation. Inflammation is closely
related to activated microglia and astrocytes and MS lesions show
activation of astrocytes and microglia. Microglia are resident
phagocytes of the CNS and are abundantly present in MS lesions,
but their role -whether protective or injurious-has been debated (Fu
et al., 2014).Microglia andmonocyte activation can strongly influence
myelin regeneration by cleaning debris or releasing more cytokines to
exacerbate inflammation (Lloyd et al., 2017). Astrocytes are a
principal member of the MS plaque and can also enhance
inflammation by releasing effector molecules (Smith and Sommer,
1992; Ludwin et al., 2016), but they may also limit damage by taking
up glutamate, providing metabolic stability and maintaining the
blood-brain barrier (Newcombe et al., 2008). The functional
benefits of the DRhQ correlated with attenuation of astrocyte and
microglia activation in CC and MONs, suggesting more of an
injurious role for their activated form in EAE. Such activation may
well be due to increased levels of MIF/DDT binding to
CD74 expressed by astrocytes and microglia within the CNS, a
process that could be directly interrupted by DRhQ blockade of
CD74 signaling.
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With many aspects of MS pathology, hyperexcitability can be
observed in patients as positive symptoms such as paranesthesia, tonic
seizures, or Lhermitte’s sign (electric shock like condition) (Sakurai
and Kanazawa, 1999; Sa, 2012). Consistent with these reports, EAE
pathology caused an increased axon excitability in CC, with a higher
axonal response in EAE mice compared to control conditions. Yet, in
MONs, axonal excitability changes were less pronounced and EAE
mice displayed a lower excitability compared to WT, with axonal
responses only at 30%–40% of the maximum intensity. In the EAE
model, damage to the nodes of Ranvier are described in WM, with
alteration of sodium channel expression at the nodal region (Craner
et al., 2003; Craner et al., 2004; Lubetzki et al., 2020), as well as an
increased length of the nodal region (Fu et al., 2011) leading to
changes in neuronal excitability (Ellwardt et al., 2018). Sodium
channels are crucial for the action potential generation (Guy and
Seetharamulu, 1986). Based on these findings, the hyperexcitability
observed in CC, and to a lesser extent in MONs, could be the result of
these alterations, and treatment with DRhQ alleviated these
excitability alterations. Besides its protective effect on myelin, it
would be of great interest to further explore DRhQ effects on
excitability alteration in MS pathology.

People with MS have an increased risk of developing any type of
stroke (Hong et al., 2019). Stroke, a leading cause of death and disability,
is the third most common cause of disease worldwide. Patients with MS
may suffer from more severe symptoms when they experience an
ischemic attack. Expectedly, axon function recovered less in EAE
mice when exposed to OGD. Mechanisms of ischemia follow a
spatiotemporal course in WM triggered by Na + overload, leading to
excitotoxicity mediated by AMPA/kainate receptor overactivation
followed by mitochondrial collapse and oxidative injury. Glutamate is
released via the reversal of the glutamate transporter 1 (GLT-1), due to
increasedNa + levels, resulting in excitotoxicity and irreversible ischemic
injury (Tekkok et al., 2007). Excitotoxicity is proposed to cause
neurodegeneration in MS (Gonsette, 2008). There is evidence of
altered glutamate metabolism in WM of MS patients (Srinivasan
et al., 2005). In brain tissues from MS patients, transporter GLT-1 is
found to be downregulated (Vercellino et al., 2007) — suggesting an
altered glutamate reuptake in the synaptic cleft—in the presence of
activated microglia and myelin and neuronal damage (Vercellino et al.,
2007). Moreover, blocking the AMPA/Kainate receptor alleviates the
pathology in EAE mice without modifying the inflammation in lesions
(Pitt et al., 2000), suggesting that the proposed excitotoxicity inMS could
be mediated by an upregulation of AMPA/kainate receptors, and
involved in increased vulnerability of EAE axon function to ischemia.

Axon function in CC is more resilient to OGD followed by better
recovery compared to MONs. This could be due to the combination of
myelinated and unmyelinated axons found in CC as opposed to fully
myelinated axons in MON. Interestingly, the rate of axon function loss
during OGD remained the same between the control and EAE groups
despite poorer recovery after OGD in EAE mice. This negates the idea
that axons in the EAE model experience energy deprivation (Redford
et al., 1997; Smith et al., 2001; Dutta et al., 2006). Axons are independent
of their neuronal cell bodies and intimately rely on local mitochondria
and ATP generation (Chen and Sheng, 2013; Chamberlain and Sheng,
2019). In MS, sustained inflammation leads to production of
mitochondria with respiratory chain deficiency and mitochondrial
transport, creating an energy imbalance contributing to enhanced
oxidative injury (Witte et al., 2014). Future experiments will directly

test mitochondrial dynamics in EAE and whether protective effects of
DRhQ are mediated through mitochondrial regulation in WM.

One limitation in our study is that the experiments were
conducted in male mice while MS predominantly affects women
compared to men (Alonso and Hernan, 2008). EAE male mice
display a lower CNS infiltration and demyelination compared to
female mice, while the proinflammatory response of immune cells is
higher in males compared to females. Therefore, overall, in the EAE
mouse model, disease severity is the same in both sexes (Wiedrick
et al., 2021) and DRhQ equally decreases the severity of the disease
in male and in female EAEmice (Vandenbark et al., 2022). However,
our future follow up studies will investigate if there are any sex-
dependent effects of EAE and the subsequent DRhQ benefits.

It is of note that Fingolimod, which is a sphingosine I-phosphate
receptor modulator in use to treat the relapsing forms of multiple
sclerosis (MS), including clinically isolated syndrome, relapsing-
remitting disease, and active secondary progressive disease to slow
some disabling effects and decrease the number of relapses of the
disease, has failed to show a comparable benefit for axon function in
MONs (Baltan et al., unpublished). Therefore, the consistent
“repair” capacity of DRhQ in the EAE model is exceptional and
warrants further studies to validate its benefit in MS patients.

Conclusion

In summary, our results show that EAE pathology alters axon
function properties and renders WM highly vulnerable to ischemic
injury in two WM tracts. DRhQ administered after EAE induction
restored WM function and attenuated vulnerability to ischemic
injury. Our study implies a therapeutic potential of DRhQ that
may provide future treatment for MS patients.
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Glossary

APC Antigen-presenting cells

aCSF Artificial Cerebrospinal Fluid

BBB Blood–brain barrier

CD74, II Cluster of Differentiation 74

CC Corpus callosum

CAP Compound action potential

CFA Complete Freund’s Adjuvant

CNS Central nervous system (CNS)

D Day

D-DT D-dopachrome tautomerase

DRhQ DRα1-MOG-35-55

EAE Experimental autoimmune encephalomyelitis

GFAP Glial Fibrillary Acidic Protein

IACUC Institutional Animal Care and Use Committee

MAPK Mitogen-activated protein kinase

MBP Myelin Basic Protein

MOG Myelin oligodendrocyte glycoprotein

MONs Mouse optic nerves

MS Multiple sclerosis

MIF Macrophage inhibitory factor

MHC Major histocompatibility complex

NF Neurofilament

OGD Oxygen glucose deprivation

P Peak

PPMS Primary progressive MS

PRMS Progressive-remitting MS

Ptx Pertussis toxin

RRMS Relapsing-remitting MS

RTL Recombinant T-cell receptor ligand

SPMS Secondary progressive MS

WT Wild type
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