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Abstract MOG35-55 triggers chronic, progressive experi-
mental autoimmune encephalomyelitis (EAE) in C57BL/6
mice, and the clinical course of EAE in this model is charac-
terized by macrophage infiltration, axonal demyelination/
damage, and progressive paralysis. These stages are usually
associated with inflammatory responses in the central nervous
system (CNS). This study was designed to investigate the
effects of C16, an ανβ3 integrin-binding peptide that targets
integrins involved in the transendothelial migration of extrav-
asating inflammatory cells. C16 was applied for only 2 weeks,
but the benefits of this therapy lasted at least 8 weeks. Multiple
histological and immunohistochemical staining studies, west-
ern blotting, enzyme-linked immunosorbent assays, electron
microscopy, and cortical somatosensory-evoked potential (c-
SEP) electrophysiological tests were employed to assess the
degree of inflammation, axonal loss, white matter demyelin-
ation, neuronal apoptosis, extent of gliosis, expression of pro-
inflammatory cytokines, and functional recovery of different-
ly treated EAE model mice. The results showed that C16
treatment inhibited extensive leukocyte and macrophage ac-
cumulation and infiltration, reduced the expression of pro-
inflammatory cytokines (tumor necrosis factor-α and
interferon-γ), and thereby attenuated and delayed the progres-
sion of EAE. Moreover, astrogliosis, demyelination, and axo-
nal and neuronal loss were all alleviated in C16-treated EAE

animals, contributing to the improvement of function. These
data suggest that the C16 peptide may act as a protective agent
by reducing neuroinflammatory responses and improving the
microenvironment.
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Introduction

Multiple sclerosis (MS) is the most common autoimmune
disorder of the central nervous system (CNS). MS affects
patients of all ages (Frohman et al. 2006) and has been detected
as early as 15 months after birth (Tanoue et al. 2006). MS is
characterized by perivascular inflammatory infiltration, demy-
elination, and axonal loss in the CNS and can follow an acute or
chronic disease course (Hassen et al. 2008). Inflammation
associated with MS can promote the production of multiple
pro-inflammatory cytokines, contributing to the destruction of
myelin. Demyelination can then lead to impairment of axons
and loss of axonal conduction, which ultimately results in
neurodegeneration and permanent disability (Basso et al.
2008; Berard et al. 2010; Soulika et al. 2009).

Animal models of experimental autoimmune encephalomy-
elitis (EAE) play an important role in identifying and elucidating
several aspects of MS biology, including inflammation, immune
surveillance, and immune-mediated tissue injury (Denic et al.
2011). Integrins are the molecular limbs of a cell, enabling the
trafficking and entry of pathogenic leukocytes into inflamed
tissues (Kanwar et al. 2000). In the EAE model, circulating
leukocytes enter the CNS, producing inflammation and myelin/
axon damage (Berard et al. 2010; Cervellini et al. 2013; Denic
et al. 2011). Previous studies showed that an antibody againstα4
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integrin prevented leukocyte infiltration and suppressed the clin-
ical and pathological features of acute EAE (Cervellini et al.
2013). Moreover, an antibody directly targeting mucosal address
in cell adhesion molecule-1 (MAdCAM-1), the preferential li-
gand for α4β7, also effectively prevented the development of a
progressive, non-remitting form of EAE (Kanwar et al. 2000). In
addition to the above-mentioned integrins, integrinανβ3, which
has been shown to be upregulated in autoimmune T cells (Roy
et al. 2007), was also shown to modulate leukocyte adhesion to
intercellular adhesion molecule-1 (ICAM-1) and enable leuko-
cytes tomigrate effectively across the endothelium (Weerasinghe
et al. 1998). The synthetic C16 peptide (KAFDITYVRLKF)
represents a functional laminin domain and selectively binds to
ανβ3 integrin, interferes with leukocyte ligands required for
transmigration, and competitively blocks the transmigration of
leukocytes attempting to enter the CNS (Han et al. 2010). Im-
portantly, the C16 peptide is not immunosuppressant and does
not affect systemic leukocyte counts (Han et al. 2010). We
recently tested the impact of C16 in an acute EAEmodel induced
by guinea pig spinal cord homogenate (GPSCH) in Lewis rats
(Fang et al. 2013). During the early phase of MS development
(9–14 days), C16 reduced the transendothelial migration of
C8166-CD4 lymphoblast cells and alleviated the extensive infil-
tration of leukocytes and macrophages in the CNS (Fang et al.
2013). However, this acute model did not allow us to test the
impact of C16 on advanced manifestations of the MS disease,
including the extensive axonal damage resulting from demyelin-
ation (Basso et al. 2008; Berard et al. 2010; Soulika et al. 2009).

In the present study, we tested C16 in a well-established
chronic model of EAE elicited in C57BL/6 mice by immuniza-
tion with myelin oligodendrocyte glycoprotein peptide 35–55
(MOG peptide) (Berard et al. 2010; Ransohoff 2012). This
peptide induces axonal vacuolization and fragmentation typical
of late-stage chronic MS, thereby providing a good model to
investigate the mechanistic relationship between the CNS im-
mune milieu (continuing inflammation) and myelin/axonal loss
(Berard et al. 2010; Denic et al. 2011). This chronic EAE model
also exhibits pathological features typical of chronic, progressive
MS, in which the lasting inflammation (chemokine/cytokine
expression) and myelin loss gradually aggravate axonal lesions
(Berard et al. 2010).

In the current study, we sought to identify the effects of the
C16 peptide on MS by starting treatment early in the course of
the disease and monitoring the animals over a period of 8 weeks.

Materials and Methods

Animals and EAE Induction

In total, 80 eight-week-old female C57BL/6 mice (25–30 g)
were obtained from Zhejiang University Laboratory Animal
Services Centre. Of these mice, eight were used as normal

controls, and the remaining 72 were randomly assigned into
the vehicle-treated control group (n=18) and three C16 treat-
ment groups (n=54, 18 mice per group). Experiments were
conducted in accordance with the NIHGuidelines for the Care
and Use of Laboratory Animals, with approval from the
animal ethics committee at Zhejiang University.

Chronic EAE was elicited in vehicle-treated control
mice and C16-treated mice using the MOG35-55 pep-
tide and pertussis toxin (PTx) as previously described
(Yin et al. 2010). In brief, each animal was immunized
subcutaneously in the flank with 200 μg of MOG35-55
peptide (MEVGWYRSPFSRVVHLYRNGK; synthesized by
Shanghai Science Peptide Biological Technology Co., Ltd,
China) emulsified in complete Freund’s adjuvant (CFA) con-
taining 500 μg of heat-killed Mycobacterium tuberculosis.
Immediately thereafter, and again 24 h later, the mice received
an intraperitoneal injection of PTx (300 ng/100μL phosphate-
buffered saline [PBS]). The animals were examined daily for
disability. Clinical scores were defined as follows (Yin et al.
2010): 0, no signs; 1, tail tonicity loss; 2, flaccid tail; 3, ataxia
and/or paresis of hindlimbs; 4, complete paralysis of
hindlimbs; 5, moribund or death. The disability scores were
obtained daily over the course of the 8-week experiment by
researchers blinded to the treatment of the animals until the
time of sacrifice.

Intravenous Injection of C16

The C16 peptide was prepared and administered as previously
described (Fang et al. 2013). In brief, C16 (KAFDITYVRLKF)
was dissolved in distilled water with 0.3 % acetic acid. The
solution was sterilized through a 0.22-μm disc filter and then
neutralized with NaOH to pH 7.4. This solution was buffered
by adding an equal volume of sterile PBS, and the final stock
solution was adjusted to a concentration of 2 mg/mL. The
animals receiving C16 were divided into three groups: low-
dose (0.1 mg/day, n=18), medium-dose (0.2 mg/day, n=18),
and high-dose (0.4 mg/day, n=18). Mice in each group re-
ceived 0.2 mL of C16 solution of different concentrations.
The control (vehicle) group (n=18) was treated with 0.2 mL
of the same solvent without the peptide via intravenous injec-
tion of the tail vein. The first dose was given immediately after
EAE induction (following the MOG35-55 injection and PTx
injection), and thereafter, the solutions were injected intrave-
nously each day for a period of 2 weeks.

Neurophysiological Testing

Cortical somatosensory evoked potentials (c-SEP) were re-
corded at 2 and 8 weeks after immunization for six mice in
each group. The heads of the mice were placed in a stereotaxic
frame under sodium pentobarbital anesthesia (60 mg/kg i.p.),
and loss of eye blink and withdrawal reflexes were observed
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to assess anesthesia depth. An incision was made in the
median sagittal plane to remove the overlying fascia and
muscles from the skull. Two burr holes were drilled for
placement of cortical and reference electrodes using stereo-
taxic coordinates. For registration of c-SEP, screw electrodes
were implanted over the primary somatosensory cortical
areas, and cerebellar reference electrodes were placed over
the appropriate cortical area. A pair of needle electrodes was
inserted in each of the hind limbs to stimulate the tibial nerve.
Positive current pulses of 0.2-mA magnitude and 200-μs
duration at a frequency of 1 Hzwere used for limb stimulation.
Signals were digitally converted and stored for post-hoc anal-
ysis. At the end of the recordings, the skull was carefully
cleaned and the skin closed with surgical sutures. The values
obtained by the three series of stimulations were processed by
statistical analyses. The peak positive and negative values
were measured, and the results are expressed as the mean ±
SEM for voltage amplitude (μV) and latency (ms) (All et al.
2009; Devaux et al. 2003; Troncoso et al. 2000, 2004).

Perfusion and Tissue Collection and Processing

Animals in the vehicle control and C16 treatment groups were
sacrificed at 2 and 8 weeks after immunization (six mice per
time point in each group). Brain cortical and spinal tissues
were collected, and sections were prepared as previously
described (Fang et al. 2011). A portion of each tissue was
processed for histological assessment, immunohistological
staining, and immunofluorescent staining. The remaining tis-
sues were fixed in 2.5 % glutaraldehyde solution and then
examined by transmission electron microscopy.

Histology Assessment

We employed hematoxylin and eosin (H&E) staining and
cresyl violet (Nissl) staining to assess inflammation and neu-
ron survival, respectively. Inflammation was scored as follows
(Ma et al. 2010): 0, no inflammation; 1, cellular infiltrates only
around blood vessel and meninges; 2, mild cellular infiltrates
in parenchyma with 1–10 per section; 3, moderate cellular
infiltrates in parenchyma with 11–100 per section; and 4,
serious cellular infiltrates in parenchyma with more than 100
per section. Neuron counts from both spinal cord anterior
horns were performed and restricted to neurons with a well-
defined nucleolus and a cell body with adequate amounts of
endoplasmic reticulum. Digital images were collected using a
Nikon TE-300 microscope in three visual fields/per section
with 200× magnification under bright-field viewing.

Luxol fast blue (LFB) stainingwas used to evaluate the degree
of axon demyelination, as previously described (Fang et al.
2011). Demyelination was scored as follows (Yin et al. 2010):
0, normal white matter; 1, rare foci; 2, a few areas of demyelin-
ation; 3, confluent perivascular or subpial demyelination; 4,

massive perivascular and subpial demyelination involving one
half of the spinal cord with presence of cellular infiltrates in the
CNS parenchyma; and 5, extensive perivascular and subpial
demyelination involving the whole cord section with presence
of cellular infiltrates in the CNS parenchyma. Neuron counts and
digital images were processed as previously described (Fang
et al. 2011).

Bielschowsky silver staining was performed as described
previously to estimate axonal loss (Fang et al. 2011). Axonal
loss was assessed using the following scale (Yin et al. 2010):
0, no axonal loss; 1, a few foci of superficial axonal loss
involving less than 25 % of the tissue; 2, foci of deep axonal
loss that encompassed over 25 % of the tissue; and 3, diffuse
and widespread axonal loss.

Immunohistochemical Staining

The tissue sections were subjected to immunohistochemical
staining with polyclonal rabbit anti-CD4 (1:500; Abcam,
Cambridge, MA, USA), anti-CD45 (1:200; Abcam), anti-
CD68/ED1 (1:200; Santa Cruz Biotechnology, Santa Cruz,
CA, USA), anti-tumor necrosis factor alpha (TNF-α, 1:1000;
ProSci Inc., CA, USA), anti-caspase 3 (1:500; Cayman Chem-
ical, Ann Arbor, MI, USA), anti-160 KD neurofilament M
(NF-M; 1:1000; Neuromics, MN, USA), and mouse anti-
myelin basic protein (MBP, 1:500, Abcam) antibodies. Immu-
nohistochemical staining was performed as described previ-
ously (Fang et al. 2011). Primary antibody omission controls
were used to confirm the specificity of the immunohistochem-
ical labeling. The CD4+, CD45+, and CD68+ cells were
counted under 400× magnification (field radius = 225 μm),
and Image Pro Plus acquisition software (Media Cybernetics,
Silver Spring, MD) was used to evaluate positively labeled
cells in three visual fields per Section. A quantitative analysis
to compare the number of infiltrating leukocytes, lympho-
cytes, and macrophages was also performed.

Immunofluorescence Staining

The sections were incubated with primary polyclonal rabbit
anti-glial fibrillary acidic protein (GFAP, 1:200; Thermo Fish-
er Scientific, Waltham, MA, USA). Immunofluorescence
staining was performed as previously described (Fang et al.
2011). Primary antibody omission controls were used to con-
firm the specificity of the immunohistochemical labeling.
Areas showing immunoreactivity for GFAP were analyzed
with NIH Image software.

Processing for Electron Microscopy

Tissues fixed with 2.5 % glutaraldehyde were washed three
times with 0.1 M phosphate buffer (PB). Post-fixed tissues
were placed in 1 % osmium tetroxide at 4 °C overnight and
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then washed three times with 0.1 M PB. Processing for
electron microscopy was performed as described previously
(Fang et al. 2011). Images were captured first at low resolution
and then at higher magnification in different regions of the
white matter.

Cytokine Quantification by Enzyme-Linked Immunosorbent
Assay (ELISA)

Peripheral blood samples were collected from mice that
had been sacrificed by decapitation at 2 weeks and
8 weeks post-immunization (n=3 mice per time point in
each group). Plasma samples were collected on ice via
centrifugation (20 min at 1,000×g within 30 min of col-
lection and then at 10,000×g for 10 min at 4 °C for
complete platelet removal) using heparin as an anticoagu-
lant. All samples were aliquoted and stored at −80 °C. To
assess cytokine expression, plasma samples were incubated
in 96-well plates pre-coated with antibodies to IFN-γ
(BioLegend Inc., San Diego, CA, USA) and TNF-α
(R&D Systems, Minneapolis, MN, USA) at 37 °C for
60 min. Horseradish peroxidase (HRP)-conjugated goat
anti-rabbit IgG (Bio-Rad, Hercules, CA, USA) diluted
1:2000 was used as the secondary antibody. The optical
density was measured at 450 nm on a Model 680 Micro-
plate Reader (Bio-Rad Laboratories, Corston, UK). Optical
density readings were analyzed using GraphPad Prism 4
(GraphPad Software, Inc.).

Western Blotting

Mice were sacrificed by decapitation at 2 and 8 weeks post-
immunization (n=3 mice per time point in each group). The
whole brain cortex and a 10-mm lumbar spinal cord segment
from each animal were prepared for western blotting with
primary rabbit polyclonal anti-GFAP (1:500), anti-TNF-α
(1:2000), anti-NF-M (1:2000; Neuromics), and anti-caspase
3 (1:500) antibodies. Western blotting was performed as de-
scribed previously (Troncoso et al. 2004). To normalize pro-
tein bands to a loading control, membranes were washed in
Tris-buffered saline with Tween 20 (TBST) and re-probed
with rabbit anti-β-actin antibodies (1:5000; Abcam) followed
by incubation with peroxidase-conjugated goat anti-rabbit
antibodies (1:5000; Santa Cruz) and ECL detection. For the
negative control, the primary antibody was omitted.

Statistical Analysis

All statistical graphs were created in GraphPad Prism software
version 4.0. Kruskal–Wallis nonparametric analysis was con-
ducted followed by a non-parametric Mann–Whitney test on
each pair of data. Data were analyzed by SPSS 13.0 software,
and P<0.05 was considered statistically significant.

Results

C16 Reduced the Clinical Symptoms of EAE in Mice

In vehicle-treated mice, disease symptoms appeared on days
6–9 after immunization and peaked (paralysis) at week 2 after
immunization. The maximal score (maximum severity of
disease in an individual mouse) of vehicle-treated EAE mice
was 3.0±0.5 (Fig. 1a–c). During the remission/progressive
phase, the clinical scores of vehicle-treated EAE mice
remained high (2.2±3.6). In general, animals treated with
different doses of C16 showed a disease course similar to that
of the vehicle group, but the disease progression was dramat-
ically delayed, and the peak stage was postponed until 18–
21 days after immunization. Additionally, the disease severity
at each time point was decreased (Fig. 1a–c). The maximal
scores were also reduced in C16-treated EAE mice (2±0.3,
Fig. 1c). No differences were observed among C16-treated
groups. However, at the time of peak clinical score in the C16-
treated groups, only the medium (0.2 mg/day) and high
(0.4 mg/day) dose groups were significantly different from
the vehicle-treated group, whereas the low-dose (0.1 mg/day)
group was not different from the vehicle-treated group.

C16 Treatment Reduced Inflammation in the CNS

The chronic EAE model was generally characterized by a
gradual perivascular accumulation of inflammatory cells with-
in the cortex and spinal cord, reaching peak intensity 2 weeks
after immunization. Immunostaining showed that leukocytes
stained positively for the pan-leukocyte marker CD45, and
sub-classes including CD4+ T-helper lymphocytes and
CD68+ macrophages were infiltrating cells detectable in the
CNS. Our data demonstrated that widespread perivascular and
parenchymal infiltration of leukocytes, lymphocytes, and ex-
travasated macrophages occurred in the CNS of vehicle-
treated control mice but was significantly reduced by consec-
utive intravenous C16 treatment (Supplementary Fig. 1i–l). A
quantitative analysis indicated that C16 treatment significantly
reduced T lymphocyte (CD4+) infiltration, leukocyte (CD45+)
extravasation, and macrophage (CD68+) activation in both
tissue types in a dose-dependent manner (Supplementary
Fig. 1q–t, supplementary Fig. 2). At week 8 after immuniza-
tion, the extent of infiltration in the vehicle control was lower
than that after 2 weeks, but “perivascular cuffing” infiltration
was still evident (Supplementary Fig. 1c, g, k). Medium and
high doses of C16 also significantly suppressed inflammatory
cell infiltration in the CNS at this late stage of EAE (Supple-
mentary Fig. 1, 2). Mice treated with the highest dose of C16
maintained near-normal levels of all inflammatory cell types at
both time points, even though daily treatments were only
provided during the first 2 weeks. Western blot analysis con-
firmed that the protein expression level of CD4 was elevated in
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vehicle-treated mice but reduced by C16 (Supplementary
Fig. 3). Altogether, these data suggest that C16 treatment
initiated early in the development of EAE efficiently sup-
pressed CNS inflammation during the 8-week study period.

C16 Treatment Suppressed the Expression
of Pro-Inflammatory TNF-α and IFN-γ

Immunohistochemical labeling revealed abundant expression
of TNF-α in neurons and other neural cells in the CNS of

vehicle control-treated EAEmice. Treatment with the medium
and high doses of C16 resulted in significantly fewer TNF-α-
immunoreactive neuronal cells when compared with the vehicle-
treated and low-dose C16-treated groups (Supplementary
Fig. 4a–h). The western blot analysis showed that at early (week
2) and late (week 8) stages of the clinical course, upregulation of
TNF-α occurred in the brain cortex and spinal cord of vehicle
control-treated EAEmice, whereas a marked decrease in TNF-α
expression was observed in each of the C16-treated groups
(Supplementary Fig. 4k–p). Next, we measured the expression

Fig. 1 Clinical progression of EAE was attenuated after low- (a), medi-
um- (b), and high-dose C16 (c) treatment as measured by disease score,
but no differences in effects were observed among C16-treated groups. a,

P<0.05 versus the vehicle-treated group at the same time point. aa,
P<0.01 versus the vehicle-treated group at the same time point

Fig. 2 a, b C16 treatment suppressed the expression of the pro-inflam-
matory cytokine TNF-α. The level of TNF-α expression was measured
by ELISA. a, P<0.05 versus the normal control; b, P<0.05 versus
vehicle-treated EAE mice; c, P<0.05 versus 0.1 mg/day C16-treated

EAE mice; d, P<0.05 versus 0.2 mg/day C16-treated EAE mice. c, d
The expression of IFN-γ was measured at weeks 2 (c) and 8 (d) after
treatment with C16 by ELISA. a, P<0.05 versus the normal control; b,
P<0.05 versus vehicle-treated EAE mice
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levels of TNF-α and IFN-γ in the blood serum by ELISA. C16
application noticeably reduced the expression of both
IFN-γ and TNF-α, which were significantly upregulated
in vehicle-treated EAE mice (Fig. 2). Altogether, these
data show that C16 efficiently reduced inflammation in
the CNS and that this effect persisted at least 6 weeks
after cessation of the treatment.

C16 Treatment Inhibited Demyelination and Prevented Axon
Loss

Because chronic inflammation causes axonal damage, we
evaluated whether the anti-inflammatory effects of C16 re-
duce or prevent axon demyelination. We used two methods to
quantify demyelination: demyelination scores based on mye-
lin staining by LFB (Fig. 3) and myelination area based on
MBP immunostaining (Supplementary Fig. 5). Massive

perivascular infiltration and adjacent demyelinated areas were
present in the brain and spinal cord parenchyma of vehicle-
treated EAE mice at the peak time of the disease course (week
2 after immunization; Fig. 3c, d; Supplementary Fig. 5a, b). At
the same time point, when treated with different doses of the
C16 peptide, the confluent areas of demyelination were re-
duced (Fig. 3, Supplementary Fig. 5). In the high-dose C16-
treated group, only rare foci of demyelination were found
(Fig. 3e, f; Supplementary Fig. 5e, f). The vehicle control
mice exhibited more severe demyelination at 8 weeks after
immunization than after 2 weeks (Fig. 3g, h; Supplementary
Fig. 5c, d). The highest dose of C16 completely preserved
myelination at both time points (Fig. 3i, j; Supplementary
Fig. 5g, h).

Furthermore, treatment with medium- and high-dose C16
markedly reduced axonal damage. The impact of C16 treat-
ment on axonal loss was quantified by immunostaining of the

Fig. 3 C16 treatment inhibited demyelination in the CNS. Demyelin-
ation was measured by Luxol fast blue staining with counterstaining by
cresyl violet. a, c, e, g, i Coronal sections of the motor cortex; b, d, f, h, j
traverse sections through the posterior column of the lumbar spinal cord;
bar = 100 μm. At week 2 after immunization: a, b normal animal control;
c, d vehicle-treated EAE mice; e, f high-dose C16-treated EAE mice. At

week 8 after immunization: g, h vehicle-treated EAE mice; i, j high-dose
C16-treated EAE mice: k, l Demyelization was measured by the estimat-
ed demyelination score. a, P<0.05 versus the normal control; b, P<0.05
versus vehicle-treatedmice; c, P<0.05 versus 0.1 mg/per day C16-treated
EAE mice; d, P<0.05 versus 0.2 mg/day C16-treated EAE mice
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neurofilament NF-M and confirmed by Bielschowsky stain-
ing of CNS white and gray matter. Vehicle-treated mice ex-
hibited widespread axonal loss at both 2 (Supplementary
Fig. 6b) and 8 (Supplementary Fig. 6f) weeks after immuni-
zation. Low-dose C16 increased perikaryal and axonal NF-M
immunostaining in motor neuron filaments (Supplementary
Fig. 6c, g). The motor neurons of medium- and high-dose C16-
treated mice presented abundant perikaryal NF-M immunoreac-
tivity and high NF-M positive axon density (Supplementary
Fig. 6b, e, h, l). Quantitative analysis indicated that C-16 in-
creased NF-M immunostaining and alleviated neuronal atrophy
at both time points (Fig. 6k, l). These data were supported by the
western blot analysis of NF-M expression in the vehicle control
compared to C16-treated animals (Fig. 4).

Bielschowsky staining revealed visible axonal loss in the
white and gray matter of the CNS in vehicle-treated EAE
mice. Deteriorating axonal loss appeared at week 8 after
immunization (Supplementary Fig. 7c, d). In low-dose C16-
treated EAE mice, axons were also undergoing gradual loss,
and the injured axons exhibited swelling, deformation, and
ovoid formation (Supplementary Fig. 7e–h). A much higher
number of axons with relatively normal formation was pre-
served in C16-treated EAE mice (Supplementary Fig. 7i–p).

Transmission electron microscopy was performed to fur-
ther identify myelin sheath splitting and vacuolated changes
and to examine potential signs of apoptosis in the vehicle
control group. Severe edema and leakage of inflammatory

cells from the blood vessels were detected in the extracellular
space surrounding the vessels (Fig. 5d). The neurons of the
EAE vehicle control mice showed signs of apoptosis, includ-
ing shrunken nuclei with condensed, fragmented, and margin-
ated nuclear chromatin (Fig. 5e). More lightly vacuolated
myelin sheaths were found in each of the C16-treated EAE
groups, and the corresponding axons and neighboring nuclei
presented relatively normal ultrastructure (Fig. 5f–i). At week
8 after immunization in the vehicle control group, some my-
elin lamellae were still undergoing vesicular disintegration,
and some were undergoing remyelination (Fig. 5j). Addition-
ally, more remyelinated fibers appeared in high-dose C16-
treated EAE mice (Fig. 5l).

C16 Treatment Inhibited Apoptosis and Reduced Neuronal
Death

Signs of apoptosis, as initially identified by electron micros-
copy analysis of the spinal cord and brain tissue, were verified
by measuring the expression level of caspase-3, an enzyme
involved in the execution of the mammalian apoptotic path-
way for programmed cell death. Western blot analysis also
revealed a significant increase in active caspase-3 expression
in the vehicle control from weeks 2 to 8 after immunization;
this effect was significantly reversed by C16 treatment, espe-
cially in the high-dose group (Supplementary Fig. 8). A
marked increase in the number of caspase-3-immunoreactive

Fig. 4 C16 treatment prevented
axonal loss. NF-M expression
decreased markedly in both the
spinal cord and cerebral cortex
following EAE induction. This
effect was reversed after treatment
with C16 relative to the vehicle-
treated control at weeks 2 and 8
after immunization, as shown by
western blotting. a, P<0.05
versus the normal control; b,
P<0.05 versus vehicle-treated
EAE mice

J Neuroimmune Pharmacol (2014) 9:399–412 405



neuronal cells in the spinal cords and motor cortices of
vehicle-treated EAE rats was accompanied by severe

inflammation and loss of neurons (Supplementary Fig. 8),
especially in the late stage of the clinical course (week 8 after

Fig. 5 Electron micrographs demonstrating the prevention of demyelin-
ation or axonal loss and inhibition of neuronal apoptosis by C16 treat-
ment. a, b Normal control group. a Normal myelinated axons exhibited
dark ring-shaped myelin sheaths surrounding the axon. b Normal nuclei
of neurons with uncondensed chromatin. c–e Vehicle-treated EAE rats at
week 2 after immunization. A considerable amount of the myelin sheath
displayed splitting, vacuoles, and loose and fused changes, and axons
were shrunken and dissolving (c). Severe leakage out of the blood vessels
and tissue edema was detected in the extracellular space surrounding the
vessels (d). The neurons of the vehicle control showed apoptotic signs of

shrunken nuclei with condensed, fragmented, and marginated nuclear
chromatin (e). The low- (f), medium- (g), and high-dose C16-treated (h)
groups exhibited more lightly vacuolated myelin sheaths. The neighbor-
ing nuclei (i) of C16-treated mice resembled the normal ultrastructure. At
week 8 after immunization in the vehicle control group, demyelination
(red arrow) and remyelination (black arrow) simultaneously appeared in
vehicle-treated EAE mice (j). Additionally, more remyelinated fibers
appeared in high-dose (0.4 mg/day) C16-treated (l) mice than in in low-
dose (0.1 mg/day) C16-treated (k) mice. a, c, d, f, g, h: bar = 1 μm; b, e, i:
bar = 2 μm; j, k, l: bar = 0.5 μm
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immunization). Compared with the vehicle control, C16 treat-
ment, especially in the high-dose group, significantly reduced
caspase-3 IR-positive neural cell numbers at both weeks 2 and
8 after immunization (Supplementary Fig. 8).

Thus, remarkable neuron loss was observed in the anterior
horn of the spinal cord and motor cortex of the vehicle-treated
EAE rats at both weeks 2 and 8 after immunization (Fig. 6b, g)
when compared with normal animals (Fig. 6a, f). However,
the high-dose C16 treatment significantly reduced neuronal
loss in the CNS (Fig. 6).

C16 Suppressed Reactive Astrocyte Proliferation
and Reactive Astrogliosis

During chronic CNS inflammation, astrocytes become acti-
vated (reactive) and proliferate, leading to astrogliosis (glial
scarring). To assess the effects of treatment with vehicle and
C16 on EAE-induced reactive gliosis, we examined the ex-
pression of GFAP, a marker for astrocytes, by western blot
analysis and immunofluorescence labeling. Immunolabeling
showed that astrocytes proliferated and reactive gliosis oc-
curred in the CNS of vehicle-treated mice (Fig. 7b) at week 2
after immunization, and obvious glial scarring emerged at
week 8 after immunization (Fig. 7c). GFAP expression and

astrocyte proliferation were significantly reduced in C16-
treated groups (Fig. 7). Western blot analysis revealed that
the expression of GFAP increased in both the spinal cord and
cerebral cortex of vehicle-treated EAE mice and that GFAP
expression levels were significantly decreased in each C16-
treated group (Fig. 7). Thus, these data demonstrated that
long-term C16 treatment was able to reverse glial scarring in
the chronic EAE model.

C16 Reversed MOG-Induced Electrophysiological
Dysfunction

In general, delayed latency of c-SEP indicates the severity of
demyelination, and a decrease in amplitude indicates the
extent of axonal damage. EAE induction resulted in an in-
crease in the latency to waveform initiation, a decrease in peak
amplitude (Table 1), and a decrease in the waveform slope in
vehicle-treated mice (Fig. 8). However, intravenous injection
of medium- and high-dose C16 peptide, starting at immuni-
zation and continuing for 2 weeks, significantly prevented
electrophysiological disturbances and reversed the disease-
related N-P latency delays. C16 treatment also resulted in
variations in the peak-to-peak decrease of c-SEP amplitude
between negative deflection N and positive deflection P, both

Fig. 6 Treatment with C16 reduced the loss of neurons both in the spinal
cord and brain. Nissl staining, bar = 100 μm (a–e), coronal sections of the
brain motor cortex; f–j traverse sections through the anterior horn of the
lumbar spinal cord. At week 8 after immunization: a, f normal mice; b, g
vehicle-treated EAE mice; c, h low-dose C16-treated EAE mice; d, i

medium-dose C16-treated EAE mice; e, j high-dose C16-treated EAE
mice. Surviving neural cells (each group is presented as a % of the normal
control) in different groups at weeks 2 (k) and 8 (l) after immunization,
calculated after Nissl staining. a, P<0.05 versus the normal control; b,
P<0.05 versus vehicle-treated EAE rats
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in the acute (week 2) and chronic (week 8) stages of the
disease (Fig. 8a, b).

Discussion

Upon immunizationwithMOG35-55, C57BL/6 mice develop
a chronic non-remitting paralytic disease (Dore-Duffy et al.
2011; Murugesan et al. 2012; Slavin et al. 1998). Histologi-
cally, MOG-induced EAE in C57BL/6 mice shares character-
istics with MS such as extensive axonal injury, marked demy-
elination, and mononuclear cell infiltration (Cervellini et al.
2013). Chronic inflammation is associated with perivascular
extravasation of CD45+ leukocytes, indicating an ongoing
progressive inflammatory process. This early influx of mac-
rophages and CD68-labeled active microglia is believed to
maintain the pathological process, as CD4 is commonly
expressed on the surface of T-helper lymphocytes and can
mediate inflammatory autoimmune disease in the central ner-
vous system (Arnold and Hagg 2011; Mensah-Brown et al.
2011). The extravasated leukocytes also infiltrate the

parenchyma and white matter (Slavin et al. 1998), which
could significantly augment CNS inflammation and lead to
widespread CNS damage (Bettini et al. 2009). Previous stud-
ies have shown that general reduction of the infiltration of
such cells improves tissue sparing and function in rodents
(Mangas et al. 2008). Therefore, in the current study, we used
mice to establish a model of EAE and to subsequently inves-
tigate the effects of the C16 peptide in this model.

The C16 peptide can recognize and bind to ανβ3, which
plays an important role in leukocyte accumulation and adhe-
sion processes (Weerasinghe et al. 1998; Han et al. 2010), and
can then competitively block transmigration of leukocytes
attempting to cross the endothelium (Fang et al. 2013). In
agreement with this mechanism, our study demonstrates wide-
spread perivascular and parenchymal infiltration of leuko-
cytes, lymphocytes (labeled by the pan-leukocyte marker
CD45 and the lymphocyte marker CD4), and activated mi-
croglia. Extravasated macrophages (labeled by CD68) ap-
peared in the CNS of vehicle-treated control mice but were
significantly reduced by consecutive intravenous C16 treat-
ment. Inflammatory scores were clearly reduced in mice treat-
ed with different doses of C16 relative to mice treated with the
vehicle control. An obvious decrease in CD4 expression in the
CNS was also detected in C16-treated groups. Because CD4+
T cells can increase disease severity and induce sustained
inflammation of the CNS (Slavin et al. 1998), the absence of
CD4+ T cells in the C16-treated groups may have dramatical-
ly reduced the damage caused by inflammation.

Inflammation leads to the production of IFN-γ, TNF-α,
and other proteases; induces the infiltration of inflammatory
cells into the CNS; contributes to the destruction of myelin;
and eventually causes injury to axons (Garay et al. 2008;
Ghezzi and Mennini 2001). Our results show that application
of C16 noticeably reduced the expression of TNF-α and
IFN-γ when compared with vehicle-treated control EAE

�Fig. 7 Treatment with C16 inhibited reactive gliosis. FITC-conjugated
GFAP immunofluorescent staining (transverse sections through the
lateral column of the lumbar spinal cord) was used. At week 8 after
immunization, vehicle-treated EAE mice (c) and low-dose C16-treated
EAEmice (d) exhibited evidence of glial scar formation, whereas reactive
gliosis was markedly decreased in medium- (e) and high-dose C16-
treated (f) EAE mice. Astrocytes were normally shaped in the CNS of
normal mice (a) and a glial scar was formed by reactivated astroglia in the
CNS of EAE mice (b). g–l C16 suppressed the proliferation of reactive
astrocytes and reduced reactive gliosis. The level of GFAP expression
increased in the CNS of vehicle-treated EAE mice but obviously
decreased in mice treated with C16, as shown by western blotting.
a P<0.05 versus the normal control; b P<0.05 versus vehicle-
treated EAE mice

Table 1 C16 treatment reduced
the c-SEP latencies and increased
c-SEP amplitudes

*P<0.05 versus vehicle-treated
EAE mice; **P<0.01 versus ve-
hicle-treated EAE mice

Latency (ms)

Groups N P Wave amplitude (μV mean ± SD)

2 W

Normal 9.35±0.7 14.25±1.63 10.29±3.27

Vehicle 37.5±0.29 44.05±0.35 2.95±0.9

0.1 mg C16 25.5±0.57 30±1.27 2.8±1.56

0.2 mg C16 20.5±1.56 24.4±1.7 3.27±0.73

0.4 mg C16 15.65±0.35 23.4±3.11 6.93±2.55 **

8 W

Normal 9.58±0.21 14.65±1.58 13.55±4.17

Vehicle 36.2±0.14 43.1±0.42 2.75±1.34

0.1 mg C16 24.6±0.95 32.2±1.87 3.12±0.79*

0.2 mg C16 20.63±0.38 27.93±1.64 6.62±1.40 **

0.4 mg C16 16.2±2.26 21.93±3.32 13.40±3.60 **
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mice, possibly because C16 treatment blocked the accumula-
tion and infiltration of inflammatory cells, resulting in a grad-
ual decrease in the amount of pro-inflammatory factors.

Extensive demyelination and loss of MBP immunoreactiv-
ity were observed in our vehicle control-treated mice, reveal-
ing an inflammation-related loss of myelinated fibers. Axonal
loss following demyelination is strongly related to reduced
motor coordination (McGavern et al. 2000).We presumed that
improvement of the microenvironment in C16-treated EAE
mice would alleviate secondary injury. Indeed, a significant
decrease of demyelination areas and reduction of axonal dam-
age were detected in C16-treated groups at both weeks 2 and 8
after immunization. The observation of more myelinated
axons under electron microscopy in C16-treated groups fur-
ther confirmed the protective effects of C16 on myelin and
axons. All of these phenomena may be ascribed to a reduction
in the inflammatory milieu.

The CNS is vulnerable to demyelination and axonal dam-
age, resulting in conduction deficits that reflect overt functional
loss. In electrophysiological tests, impaired nerve impulses can
be quantified by the amplitude and latency of c-SEP responses
to sensory stimuli (Balatoni et al. 2007). Delayed latency is
more indicative of focal demyelination, whereas a decrease in
amplitude indicates the extent of axonal damage (Balatoni et al.
2007; Merrill et al. 2009). A previous study also suggested that
increased latency is correlated with increased disease severity
and decreased SEP amplitude related to the appearance and
severity of clinical symptoms (Balatoni et al. 2007). Our results
indicate that in the vehicle-treated EAEmice, simulative induc-
tion resulted in a prolongation of c-SEP latency and a signifi-
cant peak-to-peak reduction in c-SEP amplitude from theN to P
wave, suggestive of demyelination and axonal injury in the
spinal cord dorsal column, which was consistent with the
results of histological examinations. In medium- and high-
dose C16-treated groups, C16 application significantly reversed
the reduction in waveform amplitude and the waveform slope
seen in vehicle-treated EAE animals and prevented the increase
in latency. We hypothesized that these effects of C16 were

possibly mediated by reduced inflammatory damage to myelin
and inhibition of axonal degeneration (Balatoni et al. 2007;
Merrill et al. 2009).

Increasing evidence indicates that astrogliosis plays two
contradictory roles in the pathogenesis of demyelinating dis-
ease (Nair et al. 2008; Voskuhl et al. 2009; Xu et al. 2006). On
the one hand, proliferated astrocytes form perivascular bar-
riers that restrict the influx of leukocytes into the CNS paren-
chyma (Voskuhl et al. 2009). On the other hand, upon expo-
sure to the inflammatory milieu, astrocytes become activated
astrocytes, which can promote immune-mediated demyelin-
ation by priming autoreactive T cells and expressing cyto-
kines, including TNF-α, nitric oxide (NO), and interleukin-1β
(IL-1β) (Pifarre et al. 2011; Xu et al. 2006). Chronically
activated astrocytes are believed to contribute to the develop-
ment ofMS (Xu and Drew 2007). Astrocytes respond to insult
with a process of cellular activation known as reactive
astrogliosis, and are thus key players in driving CNS inflam-
mation; they have been directly implicated in the pathophys-
iology of EAE (Brambilla et al. 2014). Astrocyte products
could be toxic to host CNS cells, including myelin-producing
oligodendrocytes and neurons (Pifarre et al. 2011; Xu et al.
2006; Xu and Drew 2007). Therefore, agents that block the
activation of astrocytes may be effective in the treatment of
MS. Our results showed that the astrocyte proliferation and
glial scar formation that visibly appeared in the vehicle-treated
control group were reduced by C16 treatment, possibly be-
cause of improvement of the regional microenvironment and
reduction of activated astrocytes; therefore, this therapy may
be useful for relieving disability in locomotor function.

It is generally accepted that the association between cell
death and tissue damage results from immune system activa-
tion and subsequent inflammation. In the development and
progression of diseases, elevation of intracellular neurotoxic
cytokines can induce neuronal apoptosis through multiple
mechanisms (Crowe et al. 1997; Liu et al. 1997). Direct
neurotoxic injury to neurons and trans-synaptic damage
caused by inflammatory attack on the axons may contribute

Fig. 8 C16 reduced the clinical severity of EAE in mice. EAE induction
was measured by determining the somatosensory-evoked potential (c-
SEP) latencies and amplitudes (measured from peak to peak between
negative deflection N and positive deflection P). aWaveform of c-SEP. b

c-SEP amplitude. a, P<0.05 versus the normal control; b, P<0.05 versus
vehicle-treated EAEmice; c,P<0.05 versus 0.1mg/day C16-treated EAE
mice; d, P<0.05 versus 0.2 mg/day C16-treated EAE mice
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to the pathology (Shu et al. 2011; Tegla et al. 2009). Further-
more, whereas remyelination is the most critical process for
remission, myelin-forming oligodendrocytes are important
targets of the immune attack (Tegla et al. 2009). At chronic
stages of neuro-inflammation, many oligodendrocytes under-
go apoptosis (Profyris et al. 2004;Warden et al. 2001), leading
to denudement of axons and deterioration of axonal conduc-
tion, thereby exacerbating the impediment of function
(Profyris et al. 2004). In the present study, the improved
microenvironment reduced the release of neurotoxic cyto-
kines, further suppressing neuronal and oligodendrocytic ap-
optosis, which may have led to more rapid recovery of loco-
motor function in our C16-treated mice.

In our study, both low- and high-dose groups showed a
similar effect in terms of the mean clinical score, especially at
later stages of the disease course (4–8 weeks after immuniza-
tion). All the C16 dosage groups showed their maximum
scores around 2 at 21 days after injection, while the maximum
score of vehicle control was 14 days after immunization,
indicating that C16 treatment postponed the onset of motor
symptoms. At the time of the peak clinical score in the C16-
treated groups, only the medium (0.2 mg/per day)- and high
(0.4 mg/per day)-dose C16-treated groups were significantly
different from the vehicle-treated group, which may underlie
the improved c-SEP responses in the medium- and high-dose
C16-treated groups in the early stage. In the late stage, similar
clinical score curves of all three C16 groups was in accordance
with the improved c-SEP responses in all three groups.

Although C16 treatment was only performed for 2 weeks
duration, a clear reduction in disease severity was also detect-
ed at week 8 after immunization. These results imply that C16
treatment had a long-lasting effect on symptom reduction in
EAE and that C16 may act as a protective agent against
neuroinflammatory disease by improving the microenviron-
ment in the CNS (Arnold and Hagg 2011). Because we chose
the C16 dosage based on previous work in a mouse spinal
cord injury model (Han et al. 2010) and the results did not
exhibit clear dose-dependent effects, a lower concentration of
the peptide should be included in subsequent studies to iden-
tify the lowest effective dosage of C16 in EAE treatment.
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