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Hydroxyfasudil alleviates demyelination through the inhibition of MOG
antibody and microglia activation in cuprizone mouse model
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ARTICLE INFO ABSTRACT

Keywords: Multiple sclerosis (MS) is an immune-mediated demyelinating disease of the central nervous system char-
Rho kinase acterized by oligodendrocyte loss and progressive neurodegeneration. The cuprizone (CPZ)-induced demyeli-
Hydroxyfasudil nation is widely used to investigate the demyelination/remyelination. Here, we explored the therapeutic effects

Cuprizone-induced demyelination of Hydroxyfasudil (HF), an active metabolite of Fasudil, in CPZ model. HF improved behavioral abnormality and

reduced myelin damage in the corpus callosum. Splenic atrophy and myelin oligodendrocyte glycoprotein
(MOG) antibody were observed in CPZ model, which were partially restored and obviously inhibited by HF,
therefore reducing pathogenic binding of MOG antibody to oligodendrocytes. HF inhibited the percentages of
CD4*IL-177 T cells from splenocytes and infiltration of CD4 " T cells and CD68* macrophages in the brain. HF
also declined microglia-mediated neuroinflammation, and promoted the production of astrocyte-derived brain
derived neurotrophic factor (BDNF) and regeneration of NG2* oligodendrocyte precursor cells. These results

provide potent evidence for the therapeutic effects of HF in CPZ-induced demyelination.

1. Introduction

Multiple sclerosis (MS) is a leading cause of non-traumatic neuro-
logical disability, typically characterized by loss of oligodendrocytes
and myelin sheaths in white matter of the brain. Despite being with
high prevalence in young adults, we are still far from a complete picture
in the etiology, pathogenesis and pathophysiology of this disease [1].
There is a growing consensus that the progression of MS is related to
myelin destruction (demyelination) [2] and progressive axonal damage
[3]. Remyelination is an endogenously regulated process by the gen-
eration of new mature oligodendrocytes that provide new myelin
sheathes to demyelinated axons, promoting the recovery of axonal in-
tegrity and functional deficits [4]. To date, disease-modifying therapies
(DMTs) effectively reduce the frequency and severity of MS relapses
[5]. However, these immune-modifying drugs are inefficient against
primary and secondary non-remitting (progressive) forms of MS [6].
The most current therapies for MS are directed towards modulation of
the immune response [7]. However, novel therapies aimed to axonal
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remyelination are urgently needed.

The cuprizone (CPZ)-induced demyelination, a toxicant-induced
demyelination model, is widely used to investigate the demyelination/
remyelination that is independent of immune attack [8]. From a
pharmaceutical point of view, the CPZ model appeared with selective
loss of oligodendrocytes, extensive areas of demyelination and reactive
gliosis in the corpus callosum, superior cerebellar peduncles and cere-
bral cortex [9]. Thus, this model has advantages in studying the reg-
ulation of demyelination secondary to toxin-induced oligodendroglio-
pathy and testing potential therapeutic target for demyelinating
diseases.

The Rho kinase (ROCK) is a family of serine-threonine kinase that
serves as key downstream effector for Rho GTPases, modulating a wide
range of biological processes, including cell contraction and actin or-
ganization as well as neurite elongation and neuronal architecture.
Because of their broad role in cytoskeletal reorganization, ROCK affects
cell migration [10]. ROCK has emerged as major regulators of smooth
muscle contraction, stress fiber formation, and focal adhesions by
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regulating actin-myosin contractility [10,11]. MAP2 and neurofilament
are neuron-specific substrates for ROCK, and their microtubule poly-
merizing activity and neurofilament assembly are inhibited by ROCK-
mediated phosphorylation [12,13], participating in neurite retraction
and neurite outgrowth inhibition [14,15]. Recent studies consider
emerging evidence potentially linking ROCK to the pathogenesis of
several autoimmune disorders such as Systemic Lupus Erythematosus
(SLE), Rheumatoid Arthritis (RA)and MS [16].

Given the potential promise of ROCK as therapeutic targets, Fasudil,
a small molecule inhibitor of ROCK, has been proved to have neuro-
protective effects in various neurodegenerative diseases, including
stroke, experimental autoimmune encephalomyelitis (EAE),
Alzheimer's disease (AD), Parkinson's disease (PD) and amyotrophic
lateral sclerosis (ALS) [17-21]. Pharmacological ROCK inhibitors pro-
tected hippocampal neurons [22] and promoted mobilization of adult
neural stem cells [23] after hypoxia/reoxygenation injury, counter-
acted neurite retraction, stimulated neurite outgrowth in human neuro-
2 neurons [24] and promoted axonal regeneration after axonal injury in
mice [25,26]. Taken together, ROCK seems to inhibit neurite out-
growth, while ROCK inhibition promotes synapse formation and plas-
ticity, emphasizing its complex and sensitive role on neuronal synapses.
In an in vitro model of spinal cord injury (SCI), inhibition of ROCK
showed the additive effects on neurite outgrowth and myelination [27].
In EAE, Fasudil regulated T cell responses through inducing the polar-
ization of M2 microglia/macrophages and inhibiting inflammatory re-
sponses [22,28,29].

When Fasudil displays certain beneficial effects in treating neuro-
degenerative/demyelinating disorders, the problem of clinical appli-
cation obviously limits the use of Fasudil, including short-course
treatment, low oral bioavailability, narrower safety window and blood
pressure fluctuation. Therefore, we need to develop novel ROCK in-
hibitors that should have a wider safety window, with low cytotoxicity
and blood pressure fluctuation. Hydroxyfasudil (HF), an active meta-
bolite of Fasudil, also inhibits ROCK [30], and has a pharmacological
profile similar to that of Fasudil. The area under the plasma con-
centration—time curve value of HF was approximately 4.5 times higher
than that of Fasudil in patients with subarachnoid hemorrhage (SAH)
receiving 30 mg of Fasudil [31]. Previous investigations indicate that
HF is more selective than Fasudil as an inhibitor of ROCK [32].

The aim of the present study is to observe the potential therapeutic
effect of HF for myelin protection and/or regeneration and explore
preliminary mechanisms of HF action in a mouse model of CPZ-induced
demyelination, providing experimental evidence for further preclinical
research.

2. Materials and methods
2.1. Animals

All animal protocols were carried out in strict accordance with the
International Council for Laboratory Animal Science guidelines. Ten-
week-old male C57BL/6 mice were obtained from Vital River
Laboratory Animal Technology Co. Ltd. (Beijing, China). All mice were
housed under pathogen-free conditions with a 12-h light/dark cycle and
constant temperature (25 *+ 2°C) and relative humidity (55 * 10%)
for one week prior to experimental manipulation. All efforts were made
to reduce the number of animals used and their suffering. This study
was approved by the Council for Laboratory and Ethics Committee of
Shanxi University of Traditional Chinese medicine, Taiyuan, China.

2.2. Induction of demyelination and administration of HF

Mice were exposed to cuprizone (bis(cyclohexanone) oxaldihy-
drazone; Sigma-Aldrich, USA) in chow (0.2% w/w) for a total of
6 weeks. After 4 weeks, mice were randomly divided into three groups:
(i) mice received rodent chow as normal group (Normal, n = 8); (ii)
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mice understood demyelination by feeding CPZ diet as CPZ group, with
the injection of normal saline (CPZ, n = 8), and (iii) mice understood
demyelination, and subsequently treated with HF by intraperitoneal
injection (40 mg/kg/day) for consecutive 2 weeks, without CPZ with-
drawal (HF, n = 8). HF (from Tianjin Chase Sun Pharmaceutical Co.,
Ltd., Tian'jin, China.) was dissolved in 0.1% acetic acid, then adjusted
pH to 7.0 by sodium carbonate. The CPZ chow was changed every two
days and the weight of mice was monitored every other day.

2.3. Behavioral tests

Cuprizone model provokes behavioral changes, affects mood and
impairs motor skills [9]. Therefore, we used Elevated plus-maze (EPM)
test to measure anxiety on the day before the end of the experiment
[33]. Briefly, a mouse was placed in the center area of the plus maze
facing an open arm firstly and allowed to move freely through the maze
during a 10-min session. The number of entering closed arms was
monitored by Limelight video camera based on tracking system.

In addition, the assessment of mice locomotor coordination was
performed by Pole test. In brief, mice were placed tenderly head-up
facing the apex of the vertical round wood pole with gauze-wrapped
rough surface enabling mice to grab (height: 50 cm; diameter: 1 cm).
The time of mice descending to the bottom of the pole (touch-down
time) was recorded for the evaluation of locomotor coordination. In
each test, each mouse conducted three consecutive trials and the
average time was recorded for statistical analysis.

2.4. Tissue preparation

Half of the mice in each group were deeply anaesthetized and then
perfused intracardially with saline, followed by 4% paraformadehyde
(PFA) in phosphate buffer (PBS, 0.01 M, pH 7.4) at the end of experi-
ment. Brains were removed and immediately post-fixed in 4% PFA for
2h at 4 °C and transferred to 30% w/v sucrose solution and kept at 4 °C
for approximately 24 h. Coronal frozen sections (10 um) were sliced on
a cryostat microtome (Leica CM1850) and stored at 4 °C for immuno-
fluorescence staining. Another half of the mice were deeply anaes-
thetized with 10% Chloral hydrate and perfused intracardially with
saline. Brains were collected and stored at —80 °C for further analysis.

2.5. Myelin staining and analysis

Luxol Fast Blue (LFB) staining: To examine the extent of demyeli-
nation in the corpus callosum, slides of brain were stained with Luxol
Fast Blue (LFB). Sections were incubated in LFB solution for 18 h at
60 °C. After washing with distilled water, sections were hydrated with
95% ethanol. Then, the sections were differentiated by 0.05% lithium
carbonate solution for 30 s and dipped in 70% alcohol. Finally, sections
were dehydrated using graded ethanol and fixed by dimethylbenzene.
The areas of demyelination (clear-white) to normal tissue (blue) were
quantified.

Black Gold II staining: Black Gold II staining is a widely used
method for evaluating demyelination [34]. Brain sections were in-
cubated in pre-warmed Black Gold II solution (AG105, Millipore, Bill-
erica, MA) at 60 °C for 15-25 min until desired signals developed. After
rinsing with Milli-Q water for three times, the slides were fixed in the
pre-heated 1% sodium thiosulfate (1% in ddH,0) at 60 °C for 3 min.
Then the slides were incubated with cresyl violet at room temperature
(RT) for 3 min, dehydrated using a series of gradated alcohols and fi-
nally cleared in xylene for 2 min. Slides were imaged on Lecia micro-
scope. The demyelination in the corpus callosum was measured using
Image Pro Plus software (Media Cybernetics).

MBP immunohistochemistry staining: Brain sections (10 um) were
used for MBP immunohistochemistry staining. The sections were
blocked with 1% BSA/PBS for 0.5h at RT and incubated with anti-
myelin basic protein (MBP) (Abcam, USA) overnight at 4 °C, followed
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by incubation with corresponding secondary antibody for 2 h at RT. The
intensity of MBP staining in the dorsal cerebral cortex and central part
of the corpus callosum were imaged on Lecia microscope and analyzed
using Image-Pro Plus software in a blinded fashion.

2.6. Preparation of splenic mononuclear cells

At the end of the experiment, mice were sacrificed and spleens were
removed under aseptic conditions. The weight and volume of spleen
were measured and recorded. Then, suspension of mononuclear cells
(MNCs) from spleen was prepared by grinding the tissue through a
40 pm nylon mesh in medium. After erythrocyte lysis and washing, cells
were re-suspended (5 X 10%/ml) in the complete medium and in-
cubated in the presence or absence of mouse myelin oligodendrocyte
glycoprotein peptidess ss (MOGss.s5, 10pug/ml, CL. Bio-Scientific.
Company, Xi'an, China) for 48 h at 37 °C. The supernatant was collected
and stored at —80 °C for ELISA and MOG antibody assay.

2.7. MOG antibody assay

MOG35_55 (MEVGWYRSPFSRVVHLYRNGK) and a-SynuClein123_14o
(a-synja3 140 (EAYEMPSEEGYQDYEPEA) were produced in an auto-
matic synthesizer (CL. Bio-Scientific Company, Shanghai, China). The
purity of the peptide was > 95% as determined by high-performance
liquid chromatography.

The serum, supernatant of splenic MNCs and extract of brain
homogenate were collected for ELISA and dot blot assay.

ELISA method: Blood was collected from the orbit of mice, then
centrifuged at 3000 rpm at 4 °C for 10 min after clotting. Splenic MNCs
were incubated in the presence or absence of MOG3s_s5 (10 ug/ml) for
48 h. Brain was homogenized and centrifuged at 12,000 X g for 20 min
at 4 °C. MOGss_ss (10 pg/ml) dissolved in PBS (pH 7.4) was coated on a
96-well plate (100ul/well) at RT overnight and then blocked with 1%
BSA/PBS for 1h at RT. Diluted samples (serum = 1:100, extract from
brain = 1:500) were added and remained at RT for 2 h. After washing
with PBST, HRP-conjugated anti-mouse IgG (1:1000, Abcam, USA) was
added at RT 1 h, and optical density (OD) value (at 450 nm) was read by
multiscan spectrum.

Dot blot method: MOG3s.55 and a-synjsz 140 (1pg/10ul) were
coated onto a nitrocellulose membrane (Millipore) overnight at RT.
After washing with PBST, the membrane was blocked with 1% BSA/PBS
for 1h at RT. Serum (1:50and 1:200) and culture supernatant were
added and remained at RT for 2h. After washing with PBST, HRP-
conjugated anti-mouse IgG (Abcam, USA) was added at RT for 1h.
Immunoblots were developed with an enhanced chemiluminescence
system (GE Healthcare Life Sciences) and analyzed using Quantity
Software (Bio-Rad, Hercules, CA, USA).

2.8. Cytokine ELISA assay

Interferon-y (IFN-y), interleukin 10 (IL-10), IL-17, IL-1B, IL-6, tu-
mour necrosis factor -a (TNF-a) were measured using sandwich ELISA
kits (Invitrogen Inc., USA) according to company's instructions.
Determination was carried out in triplicate and the concentration of
cytokines was expressed as picograms per milliliter.

2.9. Flow cytometry analysis

Splenic MNCs were fixed with 4% PFA for 20 min, and then stained
in 0.3% saponin/1% BSA-PBS for 20 min at RT with the following an-
tibodies: FITC-CD4 and PE-IFN-y/PE-IL-17 (eBioscience), PE-B220
(eBioscience). At least 10, 000 events were collected using flow cyt-
ometer (BD Biosciences, USA) and data were analyzed using Cell Quest
software.
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2.10. Immunofluorescence

After blocking with 1% bovine serum albumin (BSA, Sigma, USA)
for 1 h at RT, brain sections were incubated with anti-O4 (1:500, R&D,
USA, MAB1326-SP), anti-CD4 (1:200, Abcam, USA, ab25475), anti-
CD68 (1:200, Abcam, USA, ab53444), anti-Iba-1 (1:200, Abcam, USA,
ab153696), anti-iNOS (1:200, Abcam, USA, ab15323), anti-p-NF-kB/
p65 (1:200, Abcam, USA, ab16502), anti-GFAP (1:1000, Abcam, USA,
ab4648), anti-BDNF (1:500, Abcam, USA, ab108319) and anti-NG2
(1:1000, Abcam, USA, ab5320) at 4 °C for overnight, followed by cor-
responding secondary antibodies for 1 h at RT. Results were visualized
under fluorescent microscopy, and quantification was analyzed from
three sections/mouse by Image-Pro Plus 6.0 software in a blinded
fashion.

2.11. Western blot assay

Corpus callosum tissue samples were carefully microdissected using
a dissecting microscope and homogenized in RIPA lysis buffer
(Beyotime Institute of Biotechnology, PR China). After centrifugation at
12,000 x g for 20min at 4 °C, the extract was collected and protein
concentration was determined by BCA kit (Beyotime Institute of
Biotechnology, PR China). Equal amounts of protein (30 ug) were se-
parated on 10% SDS-polyacrylamide gels, and transferred onto a ni-
trocellulose membrane (Millipore) after electrophoresis. After blocking
in 5% non-fat dry milk buffer at RT for 1h, the membranes were in-
cubated at 4 °C overnight with the following primary antibodies: MBP
(1:500, Abcam, USA), BDNF (1:500, Abcam, USA) and f-actin
(1:10000, Cell Signaling Technology, USA). Following washes with TBS
containing Tween-20, the membranes were incubated with appropriate
HRP-conjugated secondary antibody (Earthox LLC, USA) at RT for 2 h.
Immunoblots were developed with an enhanced chemiluminescence
system (GE Healthcare Life Sciences) and measured using Quantity
Software (Bio-Rad, Hercules, CA, USA). The expression of protein was
analyzed by normalizing to the expression of the internal control (B-
actin).

2.12. Statistical analysis

All the experiments were repeated two or three times. All statistical
analyses were performed by one-way analysis of variance (ANOVA)
followed by a Bonferroni post hoc test using GraphPad Prism 5 software
(Cabit Information Technology Co., Ltd. Shanghai, China). Results are
expressed as the mean = SEM. P value < 0.05 was considered statis-
tically significant.

3. Results
3.1. The improvement of behavioral and pathological changes by HF

As shown in Fig. 1a, the mice fed with CPZ diet lost weight com-
pared to mice with normal diet at the end of first week. In the following
3 weeks, the mice fed with CPZ weighted lower than the normal group
and maintained a stable state (Fig. 1a). To further evaluate the induc-
tion of demyelination in mice fed with CPZ, the degree of demyelina-
tion was determined by Black Gold II staining after 4 weeks of CPZ
feeding. The intensity of Black Gold II staining was obviously decreased
in the corpus callosum of brain, as compared to normal mice without
CPZ feeding (Fig. 1a), demonstrating a demyelinating response to CPZ
at the beginning of HF treatment.

To investigate whether HF improve demyelination in CPZ-mediated
demyelination, HF or vehicle was administrated after 4 weeks of CPZ
feeding for 2 consecutive weeks, while the CPZ diet was maintained up
to sixth week (Fig. 1b). Previous studies revealed that CPZ-fed mice
exhibited behavioral anxiety and locomotor change [35,36], we first
detected the behavioral changes by EMP. Mice fed with CPZ
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Fig. 1. HF improved behavioral abnormality and demyelination. (a) the pattern diagram of CPZ-induced demyelination model before HF treatment, mice were fed
with chow containing 0.2% CPZ for 4 weeks. Body weight and Black Gold II staining were recorded and evaluated. (b) the pattern diagram of CPZ-induced
demyelination plus HF treatment that was initiated at week 4 after CPZ diet for 2 consecutive weeks, without CPZ withdrawal. The following tests were carried out
after 6 weeks of CPZ feeding. (c) EMP and Pole test; (d) Fast blue and Black Gold II staining in the corpus callosum of brain; (e) the expression of MBP protein in the
extract of corpus callosum by Western blot; and (f) the numbers of 04* oligodendrocytes in the striatum by immunohistochemistry. Micrograph are representative of
three independent experiments with similar results. All data represents the means + SEM. **p < 0.01, ***p < 0.001. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

significantly enhanced the number of entering closed arms (Fig. lc, 3.3. The inhibition of MOG specific antibody by HF
p < 0.001). In contrast, mice receiving HF administration showed a

less entries of closed-arm (Fig. 1c, p < 0.01). We also assessed the It has been proved that the presence of serum autoantibodies to
locomotor coordination using Pole test. Compared to normal group, central nervous system-specific proteins was observed in a group of
mice exposed to CPZ recorded a significant extension in touch-down neural or demyelinating injury [37]. Considering that the oligoden-
time (Fig. lc, p < 0.001), which was alleviated by HF treatment drocytes are the main target in CPZ model, we further tested the
(Fig. 1c, p < 0.01). Overall, HF treatment significantly attenuated the MOGg3s 55 specific antibody in serum, culture supernatant and brain
CPZ-induced behavioral anxiety and locomotor change. extract. As shown in Fig. 3a and b, MOGs3s_s5 specific antibody was

To investigate whether the administration of HF improves the de- elevated in the serum, culture supernatant and brain extract of mice

myelination induced by CPZ feeding, we performed LFB and Black-Gold exposed to CPZ (p < 0.001 and p < 0.05, respectively). To further
II staining respectively in the corpus callosum. Both LFB and Black gold evaluate the specificity of the MOG3ss_s5 antibody, dot blot assay was

II staining were significantly weaker in CPZ group (Fig. 1d, p < 0.001 carried out by coating MOG3s_s5 and control peptide a-synjiss_149 On a
respectively). We also detected the expression of MBP in the extract nitrocellulose membrane. The results revealed that MOG antibody was
from the corpus callosum of brain by Western blot. The level of MBP positive, while a-syn;»3 140 antibody was negative (Fig. 3c), suggesting
protein was significantly decreased following 6 weeks of CPZ feeding, that CPZ feeding resulted in the production of specific MOG3s_s5 anti-
compared to normal group (Fig. 1e, p < 0.001). To further assess the body. HF treatment effectively decreased the titer of MOG antibody in
main component of myelin sheath, we performed immunofluorescence serum, culture supernatant and brain extract by ELISA and dot blot
staining using anti-O4 antibody, a marker for mature oligodendrocytes. (Fig. 3a-c, p < 0.05, p < 0.01 and p < 0.001 respectively). These
As shown in Fig. 1f, CPZ decreased the numbers of 04* mature oli- results indicate that the administration of HF reduced the production of
godendrocytes (p < 0.001). These results suggest that exposure to CPZ MOG antibody in the periphery, which can enter the brain and may
led to behavioral changes, accompanied by marked demyelination. cause secondary damage to oligodendrocytes.

HF treatment improved the demyelination, including LFB and Black Mice exposed to CPZ for 6 weeks indicated slightly higher B220* B
gold II staining, as compared with CPZ group (Fig. 1d, p < 0.01 re- cells in the splenic MNCs than that of the normal controls (Fig. 3d,
spectively). In HF group, an increased expression of MBP protein was p < 0.001), which was declined by HF administration compared to
observed by western blot (Fig. 1e, p < .001). The immunofluorescence vehicle controls (Fig. 3d, p < 0.001).
staining of 04 antibody also indicated that 04* oligodendrocytes were To understand whether MOG antibody participates in ongoing cas-
higher in HF group than that in CPZ group (Fig. 2f, p < 0.001). These cades of CNS demyelination, we first scanned the myelin structure
results clearly demonstrated that the treatment of HF attenuated CPZ- constructed by MBP immunostaining (Fig. 4a). We next evaluated the
induced demyelination, which is related to the improvement of beha- binding of MOG-IgG to 04* oligodendrocytes by adding MOG anti-
vioral changes. body-positive serum to brain slices of normal mice. It was found that in

brain section of normal mice, the overlapping of O4 and IgG im-
munostaining was seen in both striatum and ventral pallidum of brain

3.2. The partial restoration of spleen atrophy by HF (Fig. 4b), suggesting that there was a specific binding of MOG antibody
to 04" oligodendrocytes. We further compared the binding of MOG-
In mice fed with CPZ, we noted splenic atrophy after 6 weeks of CPZ IgG to 04" oligodendrocytes in the sections of brain from normal, CPZ
feeding, as compared to normal mice (Fig. 2a). Atrophic spleens at this and CPZ + HF mice. The results showed that compared to normal mice,
time point were about 49% of normal spleen weight (Fig. 2b, the density of IgG staining in brain section of CPZ and CPZ + HF mice
p < 0.001). Remarkably, the number of splenic MNCs was sig- was increased on 04" oligodendrocyte, accompanied by the damage of
nificantly decreased (Fig. 2c). The treatment of HF partially restored the oligodendrocytes, especially in CPZ mice (Fig. 4c), therefore revealing
volume/weight of spleen and number of splenocytes, as compared to that MOG antibody that penetrates into the brain can bind to oligo-
CPZ group (Fig. 2a-c. p < 0.05). dendrocytes and cause the damage of oligodendrocytes.
a b c
g ' ( 0‘ 0415 g . g 4
S5 il =
§ L. = T =
N . 5 22
°© M'M' 2 005/ S
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Fig. 2. HF partially restored spleen atrophy. (a) the photograph of spleen volume; (b) the weight of spleens, and (c) the numbers of splenic MNCs in each group. All
data represents the means + SEM. *p < 0.05, ***p < 0.001.
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Fig. 3. HF inhibited the production of specific MOG antibody. (a) the titer of MOG antibody in serum (1:100), supernatant of splenocytes and extract of brains
(1:500) was measured by ELISA. (b) the titer of MOG antibody in serum (1:50 and 1:200) was measured by dot blot. (c) the specificity of MOG antibody in serum was
defined for coating MOG3s_ss and a-syn; 3 140 by dot blot. (d) the percentage of B220* B cells in splenocytes was measured by flow cytometry. All data represents

the means *+ SEM. *p < 0.05, **p < 0.01, ***p < 0.001.

3.4. The alternation of T cell responses by HF

Next, taking account of these changes in spleen volume and MOG
antibody induced by CPZ exposure, we further evaluated whether these
unexpected results may be related to T cell responses. As compared to
normal group, CPZ exposure reduced CD4"IFN-y* T cells (Fig. 5a,
p < 0.01), while HF treatment significantly inhibited CD4*IL-17* T
cells (Fig. 5a, p < 0.01) and slightly enhanced CD4*IFN-y* T cells (no
statistical difference). The results from brain immunohistochemistry
showed that a few of infiltrated CD4* T cells and CD68 © macrophages
were detected in mice fed with CPZ (Fig. 5b, p < 0.001 respectively),
which was inhibited by HF administration (Fig. 5b, p < 0.001 re-
spectively).
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3.5. The alternation of the neuroinflammation and neurotrophic factor by
HF

The CPZ model of demyelination is characterized by loss of mature
oligodendrocytes, accompanied by neuroinflammation. Microglia are
activated after neuronal injury and demyelination and are the major
source of neuroinflammation in the CNS, further amplifying secondary
damage to neurons and myelin sheaths. The CPZ exposure increased the
number of Ibal * microglia in the striatum of brain, which are inhibited
by HF administration (Fig. 6a).

iNOS is an important marker of inflammatory M1 microglia, while
NF-kB is a key modulator in promoting an inflammatory response of
microglia. The CPZ exposure induced Ibal *iNOS™ and Ibal * p-NF-«xB/
p65* microglia in the striatum of brain compared to normal mice
(Fig.6b and ¢, p < 0.001 respectively). The administration of HF ef-
fectively declined the numbers of Ibal*iNOS™ and Ibal™*p-NF-xB/
p65* microglia, as compared to CPZ mice (Fig. 6b and ¢, p < 0.001
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Fig. 4. MOG antibody bound to 04* oligoden-
drocytes, which may be related with the damage of
oligodendrocytes. (a) computer mapping of MBP
immunohistochemistry staining in mouse brain (blue
square on the left = the striatum and blue square on
the right = ventral pallidum). (b) in normal brain
section, the binding of MOG antibody IgG to 04~
oligodendrocytes in the striatum and ventral pal-
lidum was detected by using MOG antibody positive
serum from CPZ-fed mice. (c) in brain section from
normal, CPZ and CPZ + HF mice, the binding of
MOG antibody IgG to 04" oligodendrocyte was de-
tected in the striatum. Micrograph are representative
of three independent experiments with similar re-
sults. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web
version of this article.)

respectively).

As expected, the CPZ exposure elevated the production of in-
flammatory cytokine IL-1f3, IL-6 and TNF-a in the brain compared to
normal mice (Fig. 6d, p < 0.001 respectively), although the increase of
TNF-a did not reached statistical difference. The administration of HF
inhibited the increase of IL-1$ and IL-6 (Fig. 6d, p < 0.001 respec-
tively). These results indicated that CPZ exposure triggered
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neuroinflammation that may be caused by inflammatory M1 microglia,
while HF attenuated inflammatory microenvironment by inhibiting
inflammatory M1 microglia in the brain.

It is generally accepted that astrocytes support oligodendrocyte
function. Astrocyte-derived BDNF supports myelin protein synthesis
after CPZ-induced demyelination [38]. The results showed that CPZ
exposure caused the enrichment of GFAP* astrocytes in the corpus



J. Wang, et al.

a

Clinical Immunology 201 (2019) 35-47

Normal CPz HF IFN-
7 " 4
10" Jas 6 |10 3gs e |1 Jas Q6
A ors 0.81 10.84 0.34 11.22 0.52 *%
6 3 6 10
10° 4 1054 10°q =
1 ' : g\’ T
”’s! 10° 4 10° 4 -
b 3 3 3 5
Z' 1071 10'y 10' S T
T T 3 3 < >
LL | o'y ;;E‘J £ 104 10° 4 &% EI 04
—_— w1 ] | 2R
10° 4 o 102 4 10 %’ *g §2
1 3 1
1308 @ |11 @ |10'1qs @ | © wul X .
0 834 151 | o 3813 17.5 0 378.1 20.2 \(‘\{b Q’L ‘?8
L YU [k o SN [N ) LN SO REAMEY
2 2 6
10 10 10 10 10° 10° 10° 10° 10 10 10* 10° ".'17
7 7
v & | ¥ z i, 3
3 11.26 0.53 ] 1.07
10° 1 10 1 10° 1 § -
1 | 3 ~
10° 10°q 10° 1 % Ly
B 10* 4 o' o ) +° 081
~— 1 107 ~
1 * - 3 - -
- mx] P 2 o o4
3 A 3 +v
10° g i B 1004 o 029
10' 104 ) @ Wl.jm @ = 00
" 180.7 17.3 G‘EBDO 182 oy T 'b\ /L .?
Rl M b I v e $°@ ()Q N
0 10 10 10 10(\ 100 10‘ 106
N V]
Normal - >
2 o

‘i““““““l

CD68

CD4 S

Ak

+
CD68 macrophages
S N s O [e-] o

Fig. 5. HF influenced T cell subgroup and inflammatory infiltration in the brain. (a) splenic MNCs were stained and analyzed by low cytometry. (b) the infiltration of
CD4™" T cells and CD68* macrophages in the brain section (red box in the brain pattern = region of photos) was measured by immunohistochemistry staining.
Micrograph are representative of three independent experiments with similar results. All data represents the means = SEM. **p < 0.01, ***p < 0.001. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

callosum of brain (Fig. 7a). However, the administration of HF did not
change the enrichment of GFAP™" astrocytes compared to CPZ group
(Fig. 7a). In the striatum, the CPZ exposure also obviously induced the
increase of GFAP" astrocytes, while the administration of HF further
increased the numbers of GFAP* astrocytes (Fig. 7a). Most importantly,
the administration of NF induced an increased BDNF immunoreactivity
that was entirely co-localized with GFAP™ astrocytes (Fig. 7b).
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Meanwhile, the expression of BDNF protein in the brain was increased
in CPZ-fed mice (Fig. 7c, p < 0.05) and further elevated dramaticly in
HF-treated mice as compared to CPZ-fed mice (Fig. 7c, p < 0.05).
BDNF deficiency restricts the proliferation of oligodendrocyte pro-
genitors following CPZ-induced demyelination [39]. As shown in
Fig. 7d, the administration of HF induced the generation of NG2™ oli-
godendrocyte progenitors in the corpus callosum, which may be related
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a Fig. 6. HF inhibited microglia-mediated inflammatory mi-

croenvironment in the brain. (a) microglia were stained
Normal CPZ with anti-Ibal antibody, and Ibal* microglia were ob-
served in the striatum near the corpus callosum, with dif-
ferent magnification. (b) the number of Ibal™ microglia
expressing iNOS was counted in the striatum near the
corpus callosum. (c) the number of Ibal™ microglia ex-
o, pressing p-NF-kB/p65 was counted in the striatum near the
! j corpus callosum. (d) the concentration of IL-6, IL-13 and
N /f TNF-a in extract of brain was measured by ELISA.
\\ G ” Micrograph are representative of three independent ex-
' periments with similar results. All data represents the
means + SEM. ***p < 0.001.
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to increased production of astrocyte-derived BDNF.

4. Discussion

In the present study, mice showed obvious demyelinating lesions

Clinical Immunology 201 (2019) 35-47

Fig. 7. HF induced astrocyte-derived BDNF and NG2™* oligodendrocyte pro-
genitors in the brain. (a) astrocytes were stained with anti-GFAP antibody, and
the enrichment of GFAP* astrocytes in the corpus callosum was observed. (b)
GFAP™ astrocytes expressing BDNF in the striatum near the corpus callosum
were observed. (c) the expression of BDNF protein in the brain was measured by
western blot. (d) NG2* oligodendrocyte progenitors were stained with NG2
antibody (blue box in the brain pattern = region of photos). Micrograph are
representative of three independent experiments with similar results. All data
represents the means + SEM. *p < 0.05. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)

after 4 weeks of CPZ feeding, which was significantly improved by
subsequent HF treatment. Simultaneously, HF decreased the damage of
04% oligodendrocytes, accompanied by the inhibition of microglia-
mediated neuroinflammation and the induction of astrocyte-derived
BDNF and NG2 oligodendrocyte progenitors in the brain. White matter
damage has been linked to emotional and behavioral deficits [40].
Previous studies in demyelinating MS have demonstrated that white
matter abnormalities have received increasing interest related to psy-
chiatric disorders. Mice exposed to CPZ showed a series of abnormal
behaviors mimicking the complex symptoms observed in psychiatric
disorders [41]. Besides, abnormal behaviors of CPZ-fed mice were not
absolutely contributed by the white matter damage, according to the
previous report that increased concentrations of inflammatory cyto-
kines could play an essential role in this abnormal behavior. For ex-
ample, central blockade of IL-1f reversed the anxiety-like phenotype,
revealing that neuroinflammation contributes to the complex neuro-
biological mechanisms underlying mood disorders [42].

Here, we observed two discoveries for the first time in CPZ-induced
demyelination model. One is the appearance of splenic atrophy, and the
other one is the production of anti-MOG3s_s5 antibody. A study from
another laboratory displayed that patients undergoing acute ischemic
stroke (< 24 h) showed marked splenic atrophy measured by magnetic
resonance imaging [43]. Moreover, the decrease of spleen volume had
been found in transient MCAO model of mice [44,45], which may be
related to apoptosis of cells and loss of functional centers within spleen
[44]. Another study showed that the weight of spleen in acute EAE was
also decreased, but no remarkable changes were observed micro-
scopically except slight reduction of the white pulp [46]. As a result,
this phenomenon has not attracted further attention. At present, we still
lack direct evidence to explain the causes and significance of splenic
atrophy. It was reported that activated al-adrenergic receptors were
found on splenic capsule after catecholamine surge following MCAO
[47]. The splenic atrophy was prevented by blocking the al-adrenergic
receptors with prazosin or carvedilol at 48 h following MCAO [48]. In
addition, the stress response in the hippocampus appear to play an
intricate role in altered spleen size [49]. Of course, this can't be com-
pletely ruled out that CPZ feeding may directly mediate splenic
atrophy, because polycyclic aromatic hydrocarbon can induce splenic
atrophy [50]. Although the mechanism of splenic atrophy in CPZ de-
myelination is still not clear, HF treatment can partially restore the size
of spleen and the number of splenocytes.

Next, how do we understand that CPZ feeding produced MOG an-
tibody? Some studies found that the destruction of neural cells or oli-
godendrocytes lead to release of damage-associated molecular patterns
(DAMPs) to the extra cellular environment, initiating immune response
[51]. MOG produced by myelin destruction also induced a strong B-cell
response, probably because of its accessibility to antibodies on the outer
lamellae of myelin and on the plasma membrane of myelinating oli-
godendrocytes [52,53]. Another study demonstrated that debris from
damaged cells in the nervous system may present as antigens, giving
rise to autoantibodies. Therefore, it is possible that the DAMPs or
myelin debris are released into the blood circulation by BBB and/or
CNS-draining lymph nodes, and potentially activate the innate immune
system. In line with these observations, our results demonstrated that
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MOG antibody was detected in serum and supernatant of cultured
splenocytes.

Our results showed that: 1) the titer of MOG antibody in the brain of
CPZ-treated mice was higher than that of normal mice, suggesting that
MOG antibody produced by peripheral immune cells can penetrate into
the brain; 2) anti a-syn antibody was negative, incidentally revealing
that dopamine neurons may be not involved in this study, except de-
myelination. Here, we are trying to explain whether MOG antibody can
further cause oligodendrocyte damage in the CNS. In vivo models
showed that B cells and SCI-induced antibodies exacerbate tissue da-
mage and impair neurological recovery after SCI [54]. Antibodies to
GalC and MOG can play a major role in destabilizing myelin through
MBP breakdown [55]. To date, the pathogenic function of CNS-specific
antibodies is generally projected into enhancing ongoing inflammatory
demyelination [54]. In the current study, human MS patients have
circulating antibodies specific for both human and mouse MOG. MOG-
specific antibodies from MS patients exacerbated disease in a huma-
nized mouse model, providing definitive evidence for the contribution
of MOG-specific antibodies to MS [56]. Our results showed that MOG
antibody was elevated in the brain of mice fed with CPZ, and can bind
to 04* oligodendrocytes, providing a possibility for specific MOG an-
tibody-mediated oligodendrocyte damage. Therefore, it is logical to
explore the inhibition of B cell function as a therapeutic option.

The next question is by which HF inhibited the production of
MOGs3s_s5 specific antibody. We hypothesized HF inhibited MOG anti-
body possibly by direct or indirect two routes: 1) the protection of
myelin sheath can decrease DAMPs and myelin debris, thereby reducing
the production of MOG antibody stimulated by DAMPs and myelin
debris in blood circulation, and 2) the protection of myelin sheath also
decreases microglia-mediated inflammatory response, thereby pre-
venting the damage to endothelial cells and the entry of DAMPs and
myelin debris into blood circulation. However, we can't exclude the
direct action of HF on B cells, inhibiting the production of MOG anti-
body. Recent study found that Fasudil, a ROCK inhibitor, impaired the
antibody response through decreasing CD19" B cells, especially
germinal center B cells in experimental autoimmune myestenia gravis
(EAMG) rats [57]. The results from our Lab also found that Fasudil
reduced the production of autoantibodies by directly inhibiting the
differentiation of plasma cells (unpublished data). The weight of MOG
antibody in the demyelination still needs further exploration and con-
firmation.

In addition to demyelination caused by MOG antibody, microglia
exert inflammatory neurotoxic function in the CPZ model [58]. Myelin
is also a potent microglia stimulus, resulting in microglia-mediated
neuroinflammation. Thus, CPZ-induced demyelination is characterized
by microglia response [59] that produce inflammatory cytokines, which
have been implicated in the process of demyelination. In a recent study,
the death of oligodendrocytes in vivo is enforced by local glial activa-
tion [60]. However, activated microglia also play important roles in
protection against various pathological conditions in the CNS [61]. In
this study, the CPZ exposure induced Ibal * microglia expressing iNOS
and p-NF-kB/p65, accompanied by the increase of inflammatory cyto-
kine IL-1B, IL-6 and TNF-a in the brain. Since oligodendrocytes are
highly vulnerable under the inflammatory microenvironment, HF en-
hanced oligodendrocyte survival and improved neurological deficits
possibly through reducing microglia-mediated neuroinflammation in
the demyelination/remyelination process.

Previous studies demonstrated that BDNF enhances DNA synthesis
and differentiation of oligodendrocytes through the trkB receptor [62].
Mice with reduced BDNF (BDNF "/~ mice) lead to the deficits of NG2*
progenitors and myelin proteins [63], suggesting that BDNF is im-
portant for the development of oligodendrocytes in vivo. Astrocyte-
derived BDNF supports myelin protein synthesis after CPZ-induced
demyelination [63]. Our results showed that HF treatment increased
the numbers of GFAP™ astrocytes in the striatum, in which astrocytes
expressing BDNF were obviously enhanced, suggesting that astrocyte-
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derived BDNF should contribute to the protection and/or regeneration
of myelin sheath. Clinical data from MS patients also implicates BDNF
as a therapeutic target in the demyelinating diseases. BDNF increased in
MS patients after recovery from the relapsing phase of relapsing-re-
mitting MS (RRMS), suggesting that BDNF may contribute to the re-
covery [64-66]. Further, MNCs from MS patients treated with Glatir-
amer acetate (GA) and IFN-f exhibited higher levels of BDNF than that
from patients treated with other drugs [67,68], therefore revealing that
current MS therapies may be to increase BDNF in MS patients, leading
to protective effects. Consistent with these observations, HF treatment
induced the expression of astrocyte-derived BDNF, accompanied by the
regeneration of NG2* oligodendrocyte progenitors.

In conclusion, our results demonstrated that HF treatment improved
behavioral change, relieved CPZ-induced demyelination and alleviated
inflammatory microenvironment, possibly by inhibiting MOG antibody
and microglia/infiltrating cell-mediated neuroinflammation and indu-
cing astrocyte-derived BDNF and NG2* oligodendrocyte progenitors in
the brain. These data provide potential therapeutic strategy to alleviate
demyelination or induce remyelination in the treatment of MS or other
related diseases. However, the accurate mechanisms of HF action and
the correlation between these manifestations remain to be further stu-
died.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.clim.2019.01.006.
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