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Summary

Viewing multiple sclerosis (MS) as both neuroinflammation and neurode-

generation has major implications for therapy, with neuroprotection and

neurorepair needed in addition to controlling neuroinflammation in the

central nervous system (CNS). While Fasudil, an inhibitor of Rho kinase

(ROCK), is known to suppress experimental autoimmune encephalomyeli-

tis (EAE), an animal model of MS, it relies on multiple, short-term injec-

tions, with a narrow safety window. In this study, we explored the

therapeutic effect of a novel ROCK inhibitor FSD-C10, a Fasudil deriva-

tive, on EAE. An important advantage of this derivative is that it can be

used via non-injection routes; intranasal delivery is the preferred route

because of its efficient CNS delivery and the much lower dose compared

with oral delivery. Our results showed that intranasal delivery of FSD-C10

effectively ameliorated the clinical severity of EAE and CNS inflammatory

infiltration and promoted neuroprotection. FSD-C10 effectively induced

CNS production of the immunoregulatory cytokine interleukin-10 and

boosted expression of nerve growth factor and brain-derived neurotrophic

factor proteins, while inhibiting activation of p-nuclear factor-jB/p65 on

astrocytes and production of multiple pro-inflammatory cytokines. In

addition, FSD-C10 treatment effectively induced CD4+ CD25+,

CD4+ FOXP3+ regulatory T cells. Together, our results demonstrate that

intranasal delivery of the novel ROCK inhibitor FSD-C10 has therapeutic

potential in EAE, through mechanisms that possibly involve both inhibit-

ing CNS inflammation and promoting neuroprotection.

Keywords: anti-inflammatory; experimental autoimmune encephalomyeli-

tis; FSD-C10-Fasudil derivative; intranasal route; neuroprotection.

Introduction

Multiple sclerosis (MS) is an immune-mediated chronic

inflammatory demyelinating disease of the central nervous

system (CNS), which affects over 2 million people world-

wide, often resulting in serious disabilities.1 The patholog-

ical hallmarks of MS are demyelination, multifocal

inflammation, axonal degeneration and oligodendrocyte

Abbreviations: CNS, central nervous system; EAE, experimental allergic encephalomyelitis; MOG35–55, myelin oligodendrocyte
glycoprotein peptide35–55; MS, multiple sclerosis; ROCK, Rho kinase

ª 2014 John Wiley & Sons Ltd, Immunology, 143, 219–229 219

IMMUNOLOGY OR IG INAL ART ICLE



loss. Despite intensive investigation, the exact aetiology of

MS remains elusive. Our understanding of the immuno-

logical processes potentially triggering MS has been

greatly aided by the use of animal models such as experi-

mental autoimmune encephalomyelitis (EAE). Studies on

the pathogenesis of MS and EAE provide increasing evi-

dence that the activation of autoreactive T cells and a

breakdown of the blood–brain barrier cause inflammatory

cells to infiltrate the CNS. Subsequently, local re-activa-

tion triggers proliferation of various immune cell subtypes

and initiation of the inflammatory cascade, leading to

demyelination and axonal damage.2–4

Various therapeutic strategies are available for treat-

ment of MS including immunosuppressants, immuno-

modulators and monoclonal antibodies.5 The complexity

of inflammatory demyelination in MS also comprises

neurodegenerative processes that may occur within acute

phases of inflammation, but that are also temporally

independent and outside inflammatory lesions, or even in

so-called normal white matter. Multimodal MS therapeu-

tics and further elucidation of neuroprotective pathways

within the autoimmune process will be useful to deepen

our insight into the complexity of the disease and to

improve therapy, especially as regards long-term disability

and cognitive decline.6 Rho kinase (ROCK) is expressed

both centrally and peripherally and is involved in various

basic cellular biological activities including migration,

proliferation and apoptosis/survival.7,8 A series of studies

have demonstrated that it is crucially responsible for the

lack of axonal regeneration in the CNS.9,10 ROCK inhibi-

tor Y-27632 reduced leucocyte infiltration in several mod-

els of inflammation, such as ischaemic heart injury, and

endotoxic liver and lung injury.11–13 Fasudil (1-[5-iso-

quinolinesulphonyl]-homopiperazine), a ROCK inhibitor,

has been widely used clinically since 1995 for the treat-

ment of subarachnoid haemorrhage in Japan.14 Evaluating

the role of ROCK signalling in an optic nerve lesion

model showed that pharmacological inhibition of ROCK

significantly enhanced regeneration of optic nerve axons

after lesion.15 Interestingly, ROCK inhibition has yielded

neuroprotective effects and has prevented apoptosis of

retinal ganglion cells after optic nerve axotomy.16,17 Our

group and others have also found that inhibition of

ROCK by Fasudil ameliorated the development of EAE,

possibly by blocking inflammatory responses in the

CNS.18,19

Currently, clinical application of Fasudil is mainly

limited to short-term treatment of frequent injections

(twice a day) for acute onset of CNS diseases

(≤ 2 weeks). It is, therefore, not practical as a long-term

MS therapy. Further, we have observed that Fasudil’s

security window is narrow (data not shown). Given the

complex pathology of MS, it is necessary to develop

multi-functional ROCK inhibitor derivatives that are

effective, safe, easily delivered and more effective in the

combat of MS. Traditionally, neurological disorders have

been treated through peripheral administration (predom-

inantly oral administration). However, because of the

blood–brain barrier, which keeps foreign materials out,

many molecules, particularly large and/or charged ones,

do not easily enter the brain from the bloodstream.

Additionally, the bioavailability of orally administered

drugs can be greatly reduced by first-pass metabolism,

which prevents all but a small amount of active drug

from ultimately reaching the brain.20 Another concern

with systemic administration is the production of unde-

sirable, peripherally induced adverse effects. Although

intra-cerebroventricular injection can deliver drugs

directly to the brain, it is highly invasive and so not fea-

sible for clinical applications. Intranasal administration,

in contrast, has been shown to directly achieve CNS

delivery of a variety of compounds;21,22 it rapidly

increases CNS levels of these compounds, improves bio-

availability, and has no peripherally induced adverse

effects. It may, therefore, represent the most promising,

novel, non-invasive method for delivering therapeutic

substances directly to the CNS for the treatment of CNS

disorders, such as MS, Alzheimer’s disease, Parkinson’s

disease and Huntington’s disease.23

In this study, we used a novel Fasudil derivative, FSD-

C10, via direct intranasal delivery, and explored its thera-

peutic effect and systemic response, as well as possible

mechanisms in the treatment of EAE.

Materials and methods

Mice

Female C57BL/6 mice (8–10 weeks and 18–20 g) were

purchased from Vital River Laboratory Animal Technol-

ogy Co. Ltd. (Beijing, China). All experiments were con-

ducted in accordance with the International Council for

Laboratory Animal Science guidelines. The study was

approved by the Council for Laboratory and Ethics Com-

mittee of Shanxi Datong University, Datong, China. All

mice were housed under pathogen-free conditions and

kept in a reversed 12 : 12-hr light/dark cycle in a temper-

ature-controlled room (25 � 2°) for 1 week before exper-

imental manipulation.

Induction of chronic EAE

Mouse myelin oligodendrocyte glycoprotein peptide35–55
(MOG35–55, MEVGWYRSPFSRVVHLYRNGK) was pro-

duced in an automatic synthesizer (CL Bio-Scientific.

Company, Xi’an, China). Purity of the peptide was

> 95% as determined by HPLC.

Chronic EAE was induced by subcutaneous immuniza-

tion on the upper dorsal flanks with 300 lg of MOG35–55

in Freund’s complete adjuvant (Sigma, St Louis, MO)
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supplemented with 3 mg/ml of Mycobacterium tuberculo-

sis H37Ra (BD Difco, Franklin Lakes, NJ) (400 lg/mice).

Mice were injected with 750 ng of pertussis toxin (Enzo

Life Sciences, Farmingdale, NY) into the abdominal cavity

at the same time as immunization and again 48 hr later.

Animals were weighed and evaluated for clinical score

daily [from day 8 to day 28 post-immunization (p.i.)] in

a blinded fashion by at least two investigators. Clinical

score of EAE was graded according to the following crite-

ria: 0, healthy; 1, limp tail; 2, ataxia and/or paresis of

hind limbs; 3, paralysis of hind limbs and/or paresis of

forelimbs; 4, tetraparalysis; and 5, moribund or death.

Once the clinical score of EAE reached 3, we provided

special care, i.e. softening the food with water in a dish,

adding nutrients such as egg, and putting the dish at the

bottom of the cage, making it easy for mice to obtain

food, water and nutrition.

Administration of Fasudil derivative FSD-C10

Mice were divided into two groups: FSD-C10 experimen-

tal group (FSD-C10-treated group) and ddH2O control

group (EAE control group) (n = 12 each group). FSD-

C10 is a Fasudil derivative that is easily soluble in etha-

nol, and suitably water-soluble. FSD-C10 (from Tianjin

Chase Sun Pharmaceutical Co., Ltd, Tianjin, China) was

dissolved in sterile ddH2O. For intranasal administration,

mice were lightly anaesthetized with diethylether, and

then received 10 ll/nostril (5 lg/ll) at the entrance of

the nostrils on day 3 p.i. until day 27 p.i., allowing the

animal to sniff the solution into the upper nasal cavity.

Mice that received the same volume of ddH2O nasally

served as untreated EAE controls.

Histopathology and immunohistochemistry

On day 28 p.i., mice were perfused with saline and 4%

buffered paraformaldehyde. Brains and spinal cords

(lower thoracic–lumbar) were sliced (10 lm), and path-

ological changes were detected by haematoxylin & eosin

staining and Luxol Fast Blue staining. For immunohisto-

chemistry, non-specific binding was blocked with 1%

BSA (Sigma), and permeabilized with 0�3% Triton

X-100 in 1% BSA-PBS for 30 min. The sections were

incubated at 4° overnight with anti-CD4 (Sigma), anti-

CD68 (Serotec, Kidlington, UK), anti-CD11b (eBiosence,

San Diego, CA), anti-GFAP (Millipore, Billericay, MA),

and anti-p-nuclear factor-jB (NF-jB)/p65 (Cell Signal-

ing Technology, Danvers, MA), anti-neuron specific

nuclear protein (anti-NeuN; Millipore), anti-microtubule

associated protein-2 (anti-MAP2; Millipore), anti-forkhead

box p3 (anti-FOXP3; Millipore), anti- brain-derived

neurotrophic factor (anti-BDNF; Promega, Madison, WI)

and anti-nerve growth factor (anti-NGF; Promega), then

incubated with the corresponding secondary antibodies at

room temperature for 2 hr. As a negative control, addi-

tional sections were treated similarly, but the primary

antibodies were omitted. Results were visualized under

fluorescence microscopy by IMAGE-PRO PLUS software

(Media Cybernetics, Inc., Rockville, MD) in a blinded

fashion. Quantification was performed on three sections

per mouse, and four mice per group were analysed in a

blinded fashion.

Cytokine measurement by ELISA

On day 28 p.i., mice were killed, and brains and spinal

cords were homogenized on ice with an extraction kit

supplemented with protease inhibitors (Millipore) in a

microcontent motor-operated tissue homogenizer (Kim-

ble Kontes Glass Co., Vineland , NJ). Lysates were centri-

fuged at 10 000 g for 20 min at 4°, and protein

concentration was determined by a bicinchoninic acid

protein assay kit (Pierce Biotechnology, Rockford, IL).

Levels of interleukin-b (IL-1b), IL-6, tumour necrosis fac-

tor-a (TNF-a), interferon-c (IFN-c), IL-17 and IL-10

(Peprotech, Rocky Hill, NJ) were measured using sand-

wich ELISA kits in accordance with the manufacturer’s

instructions. Determinations were performed in duplicate

and results were expressed as pg/10 mg protein.

Flow cytometry analysis

Splenocytes were prepared on day 28 p.i. by pushing

spleen trough a sterile 70-lm nylon cell strainer (BD,

Franklin Lakes, NJ) to generate a single-cell suspension.

Mononuclear cells were stained for 20 min at room tem-

perature in 1% BSA-PBS buffer with the following panel

of antibodies: allophycocyanin-conjugated anti-CD4

(eBioscience) and phycoerythrin-conjugated anti-CD25

(eBioscience). Data were acquired on a FACSCalibur and

analysed using CELLQUEST software (Becton Dickinson,

Bedford, MA).

Assay of ROCK activity

ROCK activity was measured by The CycLex Research

Product ROCK assay kit, which is used to determine

ROCK activity in tissue cytosols and cell extracts (cyLex

Co., Ltd, Nagano, Japan). On day 28 p.i., mice were

killed, and brain, spinal cord and spleen were homoge-

nized on ice in four volumes of an appropriate extraction

buffer (50 mM Tris–HCl, pH 8�0, 0�1% Triton X-100,

1 mM EDTA, 1 mM EGTA, 0�5 mM PMSF, 10 mM NaF,

10 mM b-mercaptoethanol), and centrifuged for 30 min

at 12 000 g to pellet the insoluble membrane/organelle

fraction. ROCK activity in the supernatant fraction was

determined following the manufacturer’s instructions.

Results were expressed as optical density at 450 nm

(OD450).
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Statistical analysis

All experiments were repeated two or three times and

GRAPHPAD PRISM software (Cabit Information Technology

Co., Ltd., Shanghai, China) was used for statistical analysis.

For clinical mean score, non-parametric Kruskal–Wallis

test was performed to determine whether an overall statis-

tically significant change existed before using the Mann–
Whitney U-test to analyse the difference between any two

groups. Student’s t-test was used to compare demyelina-

tion, inflammation and in vitro experiments. Statistical sig-

nificance for the other results was analysed using two-way

analysis of variance with multiple comparison post test

(Bonferroni). Significance level was set at P < 0�05.

Results

Intranasal administration of FSD-C10 suppresses the
activity of ROCK

We first explored whether intranasal administration of

FSD-C10 had an inhibitory effect on ROCK activity in

EAE. As shown in Fig. 1, while certain levels of ROCK

activity were exhibited in spinal cord, brain and spleen of

untreated EAE mice, this activity was significantly inhib-

ited in spinal cord and spleen, but not in brain, of mice

treated by intranasal administration of FSD-C10

(P < 0�01 for both spinal cord and spleen). These results

show that FSD-C10, delivered via intranasal route, has a

potent inhibitory effect on ROCK activity in vivo.

Intranasal FSD-C10 attenuates the severity of EAE
and improves demyelination

In the present study, mice were immunized with MOG35-

55 peptide to develop an EAE model that closely imitates

many characteristics of MS. Starting on day 3 p.i., mice

received, daily, a 20-ll drop containing 5 lg/ll FSD-C10
or ddH2O by bilateral intranasal instillation. Clinical

score and bodyweight were then monitored from day 8 to

28 p.i. As shown in Fig. 2(a) and Table 1, the incidence

of disease (33�3%) in FSD-C10-treated mice was signifi-

cantly decreased compared with EAE control mice

(100%). In the EAE control group, the mean onset date

was at day 14�63 p.i., and the mean maximum score was

2�81. Intranasal administration of FSD-C10 delayed onset

(mean onset date = 20�67, P < 0�05 versus EAE control)

and reduced maximum clinical score (mean maximum

score = 0�8, P < 0�01 versus EAE control), showing sig-

nificantly attenuated development of EAE in FSD-C10-

treated mice. It is known that there is a relationship

between loss of body weight and severity of clinical score

during the course of EAE. We also observed that intrana-

sal treatment of FSD-C10 reduced body weight loss as

compared with that of EAE control mice (Fig. 2a).

At the end of the experiment on day 28 p.i., we evalu-

ated the effect of intranasal FSD-C10 on CNS demyelina-

tion using Luxol Fast Blue staining. Consistent with

clinical observation, although extensive demyelination was

observed in the white matter of spinal cords of EAE con-

trol mice, foci of demyelination were rare in FSD-C10-

treated mice, and the difference was significant

(P < 0�001, Fig. 2b).

Intranasal FSD-C10 increases expression of NeuN
protein, MAP2,BDNF and NGF in EAE

We explored the effect of nasally administered FSD-C10

on CNS neuroprotection in EAE mice. Immunocyto-

chemical analysis revealed a particularly evident immuno-

reactivity of MAP2 and NeuN in the entire spinal cord of

all the mice. While reactivity of these markers was not

significantly different in the grey matter, their density in

the white matter was considerably enhanced after admin-

istration of FSD-C10 (Fig. 3a). We also determined

expression levels of neurotrophic factors in the spinal

cord, given the endogenous neuroprotective role of these

factors, and found that BDNF is mainly in the grey mat-

ter, while NGF is mainly in the white matter. FSD-C10
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Figure 1. FSD-C10 inhibits Rho kinase (ROCK) activity. Brain,

spinal cord and spleen of mice with experimental autoimmune

encephalomyelitis (EAE) treated with nasal FSD-C10 or saline were

harvested at day 28 post-immunization (n = 12 each group). These

tissues were homogenized, and ROCK activity in the supernatant

fraction was measured by commercial kit. **P < 0�01.

Table 1. The clinical evaluation of mice with experimental autoim-

mune encephalomyelitis

Group n

Incidence

(%)

Mean onset

date

Mean score

of maximal

symptom

ddH2O

treatment

12 100 14�63 � 2�39 2�81 � 0�59

FSD-C10

treatment

12 33�3* 20�67 � 5�03* 0�8 � 0�75**

FSD-C10 was administrated by bilateral intranasal instillation at

5 mg/kg/day daily starting from day 3 post-immunization.

*P < 0�05, **P < 0�01.
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promotes the expression of BDNF and NGF protein in

the spinal cord (Fig. 3b). Expression of neural and neuro-

trophin markers in brain, including MAP2, NeuN, NGF

and BDNF, was not significantly different between FSD-

C10-treated and untreated groups (data not shown).

Intranasal FSD-C10 inhibits inflammatory infiltration
into the CNS

We then evaluated the effect of FSD-C10 nasal adminis-

tration on infiltration of inflammatory cells into the CNS

of EAE mice. As shown in Fig. 4, extensive CNS

inflammatory infiltration was found in control EAE mice

by haematoxylin and eosin staining, while intranasal

administration of FSD-C10 obviously reduced inflamma-

tory infiltration foci (Fig. 4a). When cell types of CNS

inflammatory infiltration were determined by immuno-

staining, we found that spinal cord and brain of EAE

control mice contained high numbers of CD4+ T cells

(Fig. 4b) and CD68+ macrophages (Fig. 4c), and the

numbers of these cells was significantly reduced in mice

treated with nasal FSD-C10 (all P < 0�001).

Intranasal FSD-C10 inhibits NF-jB-mediated
inflammatory responses in the CNS

It was considered likely that an increased number of infil-

trating immune cells would produce pro-inflammatory

mediators, so creating an inflammatory microenviron-

ment in the CNS, and that FSD-C10 would switch this

into an immunomodulatory one. To test this hypothesis,

we measured levels of inflammatory cytokines such as

IFN-c, IL-17, IL-1b, IL-6 and TNF-a in brain and spinal

cord. As expected, levels of IL-1b, IL-6, IL-17 and TNF-a
were significantly suppressed, and the level of IL-10 was

significantly enhanced in mice treated with intranasal

administration of FSD-C10 compared with control EAE

mice (Fig. 5, P < 0�01–0�001). The level of IFN-c produc-

tion was also increased in FSD-C10-treated mice com-

pared with EAE control mice (P < 0�001). These results

indicate that intranasal administration of FSD-C10 not

only suppressed CNS infiltration, but also changed the

CNS microenvironment from pro-inflammatory to

immunomodulatory.

To further define the molecular mechanism underlying

the anti-inflammatory effect of intranasal administration

of FSD-C10, we determined NF-jB activation in CNS tis-

sue, given the accumulating evidence that the NF-jB sig-

nalling pathway contributes to inflammatory responses.

Indeed, brain and spinal cord of EAE control mice exhib-

ited a high level of p-NF-jB/p65 expression, and this

expression was significantly inhibited after FSD-C10 treat-

ment (Fig. 6a,b, P < 0�001).
When the cellular localization of p-NF-jB/p65 expres-

sion in brain was addressed, we found that p-NF-jB/p65
was extensively observed throughout the whole brain.

Double immunohistochemistry showed that astrocytes,

but not microglia or neurons, overlapped with p-NF-jB/
p65 (Fig. 6c). These results suggest that astrocytes are the

main cell source of p-NF-jB/p65 activation in EAE, and

that intranasal administration of FSD-C10 inhibited acti-

vation of p-NF-jB/p65 on astrocytes.

Taken together, our results demonstrate that intranasal

administration of FSD-C10 ameliorates disease progres-
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Figure 2. FSD-C10 ameliorates the severity of

experimental autoimmune encephalomyelitis

(EAE) and improves demyelination. FSD-C10

was given by nasal instillation and saline was

set up as control (n = 12 each group) in a

similar manner. (a) Clinical score of EAE mice

and mean bodyweight, and (b) representative

microphotographs for demyelination (Luxol

Fast Blue staining) and quantitative analysis of

spinal cord lesions. Data represent mean stan-

dard error (SEM) of demyelination score from

seven or eight mice in each group. *P < 0�05,
**P < 0�01, ***P < 0�001.
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Figure 4. FSD-C10 suppresses central nervous system inflammation. Brains and lumbar regions of spinal cords were harvested for haematoxylin

& eosin staining and immunostaining. (a) Representative microphotographs for inflammatory haematoxylin eosin (H & E) response of spinal

cords and quantitative analysis of spinal cord lesions; (b) infiltration of CD4 T cells in brains and spinal cords (green) and quantitative analysis

of brains and spinal cords; and (c) infiltration of CD68 macrophages in brains and spinal cords (red) and quantitative analysis of brains and

spinal cords. Data represent mean standard error (SEM) from seven or eight mice in each group. ***P < 0�001.

Figure 3. Intranasal FSD-C10 improves expression of neural markers brain-derived neurotrophic factor (BDNF) and nerve growth factor (NGF)

protein in experimental autoimmune encephalomyelitis (EAE). Lumbar regions of spinal cords were harvested for immunostaining of NeuN,

MAP2, NGF and BDNF. (a) Representative microphotographs and quantitative analysis for expression of NeuN and MAP2 in spinal cords, (b)

representative microphotographs and quantitative analysis for the expression of BDNF and NGF in spinal cords. BDNF is mainly in the grey mat-

ter, while NGF is mainly in the white matter. Quantitative analyses represent mean standard error (SEM) from seven or eight mice in each

group. ***P < 0�001.
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sion in EAE, possibly by targeting the NF-jB-mediated

inflammatory pathway.

Intranasal FSD-C10 modulates systemic immune
responses in EAE

Although intranasal delivery of drugs is directly targeted

to the CNS, it has been reported that this type of drug

administration results in significantly higher bioavailabil-

ity and higher plasma drug levels than the oral path-

way.24–26 In this study, we explored whether intranasal

administration of FSD-C10 could modulate systemic

immune responses in EAE mice. As shown in Fig. 7, per-

centages and numbers of CD4+ CD25+, CD4+ FOXP3+

regulatory T cells were increased in splenocytes of mice

treated with FSD-C10 compared with EAE control mice

(P < 0�001), indicating an induction of regulatory T cells.

Discussion

The major finding of this study is that intranasal admin-

istration of FSD-C10 delays the onset of EAE, attenuates

clinical severity, suppresses inflammation and demyelina-

tion, and promotes neuroprotection.

Our previous study showed that Fasudil is effective in

the treatment of EAE, but that its security window is nar-

row as regards neurotoxicity. It is necessary to further

develop multifunctional Fasudil derivatives for an effec-

tive, safe and easily delivered approach (e.g. oral or nasal

administration) as a long-term MS therapy, given the life-

long disease course of MS. Our data show a significant

reduction in demyelination areas in mice treated with

FSD-C10, which is consistent with previous findings

about Fasudil. Immunofluoresence labelling indicated that

the number of infiltrated inflammatory cells also

decreased after intranasal administration of FSD-C10.

Simultaneously, compared with control, FSD-C10-treated

mice exhibited neuroprotection in the spinal cord. These

data support the hypothesis that intranasal FSD-C10

affects autoimmune responses in the periphery and in

inflammatory foci of the CNS and plays a neuroprotective

role in EAE. To our knowledge, this is the first time that

the effect of intranasal FSD-C10 on anti-inflammation

and neuroprotection has been evaluated.
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Pioneering studies demonstrated that inhibition of

ROCK can reduce inflammatory responses, promote syn-

apse formation and mobilize neural stem cells to differen-

tiate into oligodendrocytes,the myelin-forming cells.9

Intraperitoneal injection of ROCK inhibitor Fasudil ame-

liorated clinical severity of EAE, accompanied by a

decrease in demyelination and suppression of inflamma-

tory cells.27 Whether FSD-C10 also plays an anti-inflam-

matory and neuroprotective role is not known. In our

current study, intranasal delivery of FSD-C10 suppressed
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EAE, with a significant reduction in the production of

pro-inflammatory cytokines IL-1b, IL-6, IL-17 and TNF-

a, as well as decreased NF-jB activation. In contrast, pro-

duction of immunoregulatory cytokine IL-10 was signifi-

cantly increased. Further, FSD-C10 treatment effectively

increased the percentage of CD4+ CD25+ T cells, as well

as Foxp3 expression, indicating a regulatory T-cell pheno-

type. Collectively, these data support an immunoregula-

tory effect of FSD-C10.

Although IFN-c serves as a hallmark of T helper type 1

(Th1) cells, the effect of this cytokine on EAE is

questionable. Interferon-c-deficient mice were susceptible

to EAE, showed massive inflammatory infiltrates, and had

poorer clinical outcomes than control mice.28 This result

was further confirmed by using antibodies to neutralize

IFN-c, which showed that monoclonal anti-IFN-c
antibodies exacerbated the clinical symptoms of EAE.29

Our previous and present studies also showed that Fasu-

dil and FSD-C10 increase the production of IFN-c and

attenuate the clinical score of EAE. These results suggest

that IFN-c can provide a certain degree of immunomod-

ulation against disease progression. Interferon-c signalling

to astrocytes limited demyelination and down-regulated

inflammation during acute EAE.30 Exogenous administra-

tion of IFN-c decreased Th17 cells in EAE, orchestrating

the number and function of Th17 cells.31

Interestingly, Fasudil and FSD-C10 have been found to

possess a potentially neuroprotective function; however,

the mechanism underlying this effect is not clear. We

have observed in the present study the effect of intranasal

FSD-C10 treatment on neurons. It was found that after

treatment, the density of NeuN and MAP2 proteins in the

FSD-C10 group was markedly higher than in the control

group, and that NGF and BDNF protein expression of

mice in the FSD-C10 group was statistically significantly

higher than in the control group. NGF and BDNF are

important neurotrophic factors, whose capacity to pro-

mote and maintain neurons against excitotoxicity and to

promote the development, differentiation, growth and

regeneration of a variety of nerve cells including neurons

has been proved.32 By inducing these neurotrophic fac-

tors, FSD-C10 treatment could therefore be an important

mechanism underlying its neuroprotective effect in EAE.

The intranasal route allows rapid drug delivery directly

from nasal mucosa to the brain via extracellular and

intracellular mechanisms.21,22 Extracellular transport along

peri-neuronal and peri-vascular channels is rapid and

delivers drugs to the brain within minutes, whereas intra-

cellular axonal delivery is a slow process, requiring inter-

nalization of the drug within the neurons and lasting

from several hours to several days. The nasal route for

drug delivery is a rapidly growing therapy, and there are

currently more than 300 clinical trials under way in the

USA alone using intranasal administration (www.clinical

trials.gov). Nasal drug delivery is also being widely

explored by pharmaceutical companies. Low-molecular-

weight and lipophilic drugs are more effectively absorbed

by the intranasal route for efficacious brain targeting, with

a bioavailability close to 90%.33,34 In our previous study,

the dosage of autoantigen by the nasal route was much

smaller than by the oral route, yet induced immune toler-

ance to a similar extent.35–37 In our pilot studies, the dos-

age of intraperitoneal injection of Fasudil and FSD-C10

that attenuated clinical scores in EAE was 800 lg/mouse/

day (data not shown). However, in this study, we used

only 100 lg of FSD-C10 to treat EAE mice by the intra-

nasal route, and this dosage also had a significant thera-

peutic effect and pathogenic improvement. These results

indicate that intranasal delivery of a low dose of the small

lipophilic molecule FSD-C10 holds great therapeutic

potential. Unlike intranasal administration of hydrophilic

compounds, which typically target only the brain, with

low or no systemic exposure, intranasal delivery of a small

lipophilic molecule may have systemic exposure, and

studies on the efficacy of this approach are lacking.38

In conclusion, our results demonstrate that, unlike

Fasudil, which has a narrow safety window and cannot be

used for frequent injections, its derivative, FSD-C10, can

easily be delivered by nasal administration and it effec-

tively suppresses EAE by inhibiting neuroinflammation in

the CNS and also by regulating immune responses in the

periphery and promoting neuroprotection. Thus, our

present study using intranasal delivery of the novel ROCK

inhibitor represents a cutting-edge approach for the

rapid, easy and non-invasive delivery of drugs into the

CNS for treatment of EAE, eventually for MS and proba-

bly other diseases of the CNS.
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