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Integrative Physiology

Platelets Contribute to the Pathogenesis of Experimental
Autoimmune Encephalomyelitis

Harald F. Langer,* Eun Young Choi,* Hong Zhou, Rebecca Schleicher, Kyoung-Jin Chung,
Zhongshu Tang, Kerstin Göbel, Khalil Bdeir, Antonios Chatzigeorgiou, Connie Wong, Sumeena Bhatia,
Michael J. Kruhlak, John W. Rose, James B. Burns, Kenneth E. Hill, Hongchang Qu, Yongqing Zhang,

Elin Lehrmann, Kevin G. Becker, Yunmei Wang, Daniel I. Simon, Bernhard Nieswandt,
John D. Lambris, Xuri Li, Sven G. Meuth, Paul Kubes, Triantafyllos Chavakis

Rationale: Multiple sclerosis (MS) and its mouse model, experimental autoimmune encephalomyelitis (EAE), are
inflammatory disorders of the central nervous system (CNS). The function of platelets in inflammatory and
autoimmune pathologies is thus far poorly defined.

Objective: We addressed the role of platelets in mediating CNS inflammation in EAE.
Methods and Results: We found that platelets were present in human MS lesions as well as in the CNS of mice

subjected to EAE but not in the CNS from control nondiseased mice. Platelet depletion at the effector-
inflammatory phase of EAE in mice resulted in significantly ameliorated disease development and progression.
EAE suppression on platelet depletion was associated with reduced recruitment of leukocytes to the inflamed
CNS, as assessed by intravital microscopy, and with a blunted inflammatory response. The platelet-specific
receptor glycoprotein Ib� (GPIb�) promotes both platelet adhesion and inflammatory actions of platelets and
targeting of GPIb� attenuated EAE in mice. Moreover, targeting another platelet adhesion receptor, glycopro-
tein IIb/IIIa (GPIIb/IIIa), also reduced EAE severity in mice.

Conclusions: Platelets contribute to the pathogenesis of EAE by promoting CNS inflammation. Targeting platelets
may therefore represent an important new therapeutic approach for MS treatment. (Circ Res. 2012;110:1202-1210.)

Key Words: platelets � experimental autoimmune encephalomyelitis � vascular inflammation � autoimmune disease

Multiple sclerosis (MS) is an inflammatory degenerative
disease of the central nervous system (CNS).1–5 MS and

its mouse counterpart, experimental autoimmune encephalomy-
elitis (EAE), are initiated by infiltration of the neuronal tissue by
T-cells autoreactive to antigens of the myelin sheath.6–9 The
subsequent breakdown of the blood-brain barrier (BBB) facili-
tates the recruitment of further inflammatory effector cells such
as mononuclear cells and macrophages1,10 and the activation of
resident inflammatory microglial cells that contribute to the
development of CNS lesions.11 Inhibiting the inflammatory

response is a promising therapeutic approach in EAE and MS.1,9

For instance, leukocyte integrins or their endothelial counterre-
ceptors that contribute to inflammatory cell recruitment repre-
sent therapeutic targets in EAE and MS.9,12,13

Editorial, see p 1157
Besides their well-established role in hemostasis and

thrombosis, platelets contribute to inflammatory processes.
On inflammatory stimulation, platelets rapidly adhere to the
endothelium or to the subendothelial extracellular matrix at
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sites of vascular endothelial injury.14–17 Several platelet
adhesion receptors, such as the glycoprotein (GP) VI, the
integrin GPIIbIIIa (also designated as �IIb�3-integrin or
CD41/CD61-integrin; CD indicates cluster of differentiation),
or the GPIb/IX/V complex, mediate platelet adhesion or
aggregation.18 Platelet-derived chemokines and cytokines can
trigger inflammation in a paracrine fashion, whereas the
direct adhesive interactions of platelets with endothelial cells
and inflammatory cells promote leukocyte recruitment to the
inflamed tissue. Distinct platelet adhesion receptors have
been implicated in these processes, including P-selectin,
junctional adhesion molecule-C, or GPIb. The latter receptor
consists of the GPIb� and GPIb� chains and is a component
of the GPIb/IX/V complex that acts as the von Willebrand
Factor (vWF) receptor mediating platelet adhesion to the in-
flamed endothelial surface and the subendothelial matrix,
whereas the interaction of GPIb with the leukocyte integrin
Mac-1 promotes leukocyte/platelet interactions and thereby in-
flammatory cell recruitment. Platelets are thus recognized as an
important link between hemostasis and inflammation.14,15,19–27

A recent microarray approach analyzing differentially ex-
pressed genes in plaques from patients with MS revealed an
upregulation of the message of the platelet-specific GPIIb in

patients with chronic demyelinating disease.28 Furthermore, a
recent report demonstrated increased activation of platelets in
the peripheral blood from patients with MS.29 These obser-
vations prompted us to investigate whether platelets could
play a role in the pathogenesis of EAE. The present work
demonstrates for the first time that platelets constitute a
substantial component of the inflammatory response in the
course of EAE by promoting the inflammatory response in
the CNS. Targeting platelets or their interactions with inflam-
matory cells may thus represent a novel therapeutic approach
to ameliorate inflammatory lesions in MS.

Methods
An expanded Methods section is available in the online Data Supplement.

“Reagents,” “Induction of EAE in Mice,” “Intravital Microscopy
After EAE Induction,” “Isolation of Primary Mouse Cells,” “Adhe-
sion Assays,” “Reverse Transcriptase-–PCR and Real-Time RT-
PCR,” “RNA Isolation and Microarray Analysis,” “Detection of
Platelets in Human MS Tissue,” and “Data Presentation and Statis-
tics” are described in detail in the Online Supplement.

Results
Platelets Are Present in the CNS of Mice After
Induction of EAE and in Human MS Lesions
To address a potential contribution of platelets to the inflam-
matory lesions of EAE, we first assessed for the presence of
platelets in the CNS after EAE induction. EAE was induced
in mice using myelin oligodendrocyte glycoprotein (MOG).
At different time points after EAE induction, we analyzed the
inflamed spinal cords for the presence of platelets as assayed
by the detection of the platelet-specific CD41 (GPIIb) and
GPIb (CD42b). Before euthanizing the mice and extracting
the spinal cords, mice were perfused to efficiently remove
circulating blood including circulating platelets, thus allow-
ing for the assessment of only tissue-associated platelets or
platelets permanently adherent on the endothelium of the
inflamed CNS vessels. First, as compared with noninflamed
spinal cords, we found elevated levels of CD41 mRNA and
GPIb mRNA in the inflamed spinal cords of mice on day 21
after EAE induction, representing the effector phase of the
disease (Figure 1A and 1B). These results are in line with a
previous report that demonstrated an upregulation of CD41
mRNA in chronic human MS lesions.28 Second, using immu-
nohistochemistry with an antibody for the platelet-specific

Figure 1. Platelets are present in spinal cord during EAE. A,
B, C, and D, EAE was induced in female wild-type mice, and
spinal cords were collected after extensive systemic perfusion
with saline on day 0 and day 21 after immunization. On day 0 or
day 21, samples were analyzed for mRNA levels of platelet-
specific CD41 (A) or CD42b (GPIb�) (B). Data are mean�SEM
(n�4–5) and are shown as percent of control. The ratio of CD41
mRNA/actin mRNA or GPIb/ actin mRNA on day 0 represents
the 100% control. *P�0.05. C and D, Tissues from mice on day
0 and day 21 after EAE induction were analyzed for the platelet-
specific marker CD42 (GPIb) (dark blue) and the microglial
marker Iba-1 (brown) by immunohistochemistry. Arrows indicate
platelets. Scale bar (C): 100 �m; scale bar (D): 50 �m.

Non-standard Abbreviations and Acronyms

BBB blood-brain barrier

CD cluster of differentiation

CNS central nervous system

EAE experimental autoimmune encephalomyelitis

GP glycoprotein

ICAM-1 intercellular adhesion molecule-1

Mac-1 Macrophage-1 antigen

MOG myelin oligodendrocyte glycoprotein

MS multiple sclerosis

NF-200 neurofilament-200

vWF von Willebrand Factor
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GPIb, we could visualize platelets in inflamed spinal cords, in
parts localizing in inflamed areas containing activated micro-
glial cells, which were stained by the marker Iba-1 (Figure 1C
and 1D). Furthermore, the presence of platelets in inflamed
spinal cords was assessed by Western blot analysis for
platelet specific GPIIb. Platelets were detectable at the
effector phase of the disease (ie, after clinical disease onset),
whereas no platelets were found in noninflamed spinal cord
tissues (Online Figure I). In addition to inflamed spinal cords,
platelets were detectable in inflamed brain sections of mice
subjected to EAE (Online Figure I).

Moreover, we assessed for the presence of platelets in
lesions from human MS patients. Four cases of patients with
MS were analyzed. All cases displayed active demyelination
plaques including perivascular chronic inflammatory infil-
trates composed of lymphocytes and plasma cells, macro-
phage infiltration, myelin breakdown with relative preserva-
tion of axons, and gliosis. Positive platelet staining with
anti-human CD42b was observed in vessels and capillaries, in
areas of hemorrhage, and in the extracellular space, which
could represent potentially extravasated platelets. Normal
adjacent brain areas as well as sections from normal human
brain tissue displayed minimal to no positive platelet staining.
Sections stained using IgG control antibody were also nega-
tive (Figure 2). Furthermore, a chronic active plaque from a
54-year-old female patient with clinically definite MS30,31

(from a different center fulfilling the criteria of chronic active
lesions)32 also displayed abundant platelets as assessed by
GPIb staining (Online Figure I).

Platelets Contribute to EAE Pathogenesis
Because platelets were present in the inflamed CNS after EAE
induction, we then examined their impact on EAE by using
pharmacological depletion of platelets. Efficient platelet deple-
tion was achieved with an intraperitoneal injection of rabbit
anti-mouse platelet serum (depletion of �97% at 24 hours after
injection) (Online Figure II), as previously described.24 Platelet
depletion lasted for at least 72 hours (data not shown). The
platelet-depleting serum did not alter the number of circulating
total leukocytes (Online Figure II), as previously described.33

Neither control nor platelet-depleting serum had any immune-
stimulatory effects, as assessed by tumor necrosis factor-� and
C3 levels in the serum of mice (data not shown).

We performed platelet depletion either in the immunization
phase or in the inflammatory effector phase of EAE, when
clinical disease is evident. In the former case, mice received
an intraperitoneal injection of platelet-depleting serum or
control serum at 2 different time points, on days 2 and 6,
whereas in the latter case, mice received platelet-depleting
serum or control serum on days 12 and 16 after immunization
(day 12 represents the average begin of clinical disease in EAE,
that is, the effector phase). Whereas platelet depletion during the

Figure 2. Platelets are present in multiple scle-
rosis lesions. Pathological deposition of platelets
in brain sections from MS patients with active
demyelination plaques. Paraffin-embedded brain
sections from 3 MS cases (A, case 1; B and C,
case 2; D and E were from case 3). F, Representa-
tive image from normal human brain; 4 cases of
normal human brains were studied with similar
results. A through D and F were stained with
mouse anti-human CD42b mAb; E was stained
with isotype control IgG1. Active demyelination
plaques (A, B, and D) are shown; C represents
normal tissue adjacent to the plaque of case 2.
Representative sections (A through E) are shown
at 400� magnification; F is shown at 200�
magnification.
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immunization phase of disease did not affect EAE development
(Figure 3A), depletion of platelets resulted in a significant and
persistent reduction in EAE disease severity 2 days after appli-
cation of the depleting agent (Figure 3B). Consistent with
reduced EAE disease severity on platelet depletion in the
effector phase, we found ameliorated loss of axonal integrity, as
assessed by axonal staining using the neurofilament-200 (NF-
200) as a marker, in mice that received the platelet-depleting
serum as compared with mice receiving control serum (Online
Figure III). Moreover, reduced demyelination was also found on
platelet depletion as analyzed by Luxol fast blue staining of the
spinal cords (Online Figure III). Taken together, our findings
suggest a role of platelets in the effector phase of EAE, whereas
platelets do not interfere with the immunization phase of EAE.

Platelets Contribute to the Inflammatory Response
During EAE Pathogenesis
The data that platelet depletion during the effector phase of
EAE reduced EAE severity indicated that platelets contribute
to inflammation in the course of EAE. Indeed, inflammation
in EAE was blunted on platelet depletion on days 12 and 16
after immunization, as evidenced by studying different com-
ponents of the inflammatory response of EAE. First, activa-

tion of resident microglial cells is a marker of the inflamma-
tory response in the course of EAE, and activated microglia
contribute to CNS inflammation and myelin sheath lesions.11

Interestingly, we observed a significant reduction of micro-
gliosis area in the inflamed spinal cord on platelet depletion
in mice as compared with control mice (Figure 4A and 4B).
Second, we performed microarray analysis of the inflamed
spinal cords from EAE mice that were treated with control or
platelet-depleting serum. Several inflammatory and immune
factors and pathways were significantly downregulated in the
inflamed spinal cords on platelet depletion. Selected proinflam-
matory factors such as cytokines, chemokines, or adhesion
molecules that were significantly downregulated in the spinal
cords on platelet depletion are summarized in Online Table I.
We confirmed the downregulation of selected proinflammatory
factors (the chemokines CCL-2, CCL-5, the chemokine receptor
CXCR-4, the cytokine IL-1�, the macrophage marker CD68,
and the adhesion molecule ICAM-1) in the spinal cord on
platelet depletion by real-time PCR analysis (Figure 4C).

Third, platelets contributed to inflammatory cell recruit-
ment in the course of EAE. We observed decreased accumu-
lation of inflammatory cells to the inflamed CNS on platelet
depletion. In particular, mice treated with the platelet-
depleting or the control serum on days 12 and 16 after
immunization were euthanized on day 21. Immediately be-
fore euthanasia, mice were perfused with saline to remove
circulating cells, the inflamed spinal cords were extracted,
leukocytes were isolated, and their total number was counted.
Flow cytometry analysis of the leukocyte populations isolated
from inflamed spinal cords was performed for CD45 and
CD11b, and we assessed the numbers of CD45highCD11b�

cells representing recruited monocytes/macrophages.34–36 On
platelet depletion, a significant decrease in the numbers of
CD45highCD11b� cells in the inflamed spinal cord after EAE
induction was observed (Figure 5A). In addition, we studied
the recruitment of different leukocyte subpopulations into the
inflamed spinal cord of mice that received platelet-depleting
or control serum by performing quantitative PCR analysis for the
mRNA of CD4, CD8, and CD11b. On platelet depletion, the
mRNA levels of CD4, CD8, and CD11b were reduced as
compared with mice receiving control serum, implying reduced
recruitment of the respective cells to the inflamed spinal cord
(Online Figure IV). Moreover, the level of granulocytes was
significantly reduced after platelet depletion, as assessed by
ELISA for myeloperoxidase (Online Figure IV). That platelet
depletion expectedly resulted in reduced platelet accumulation in
the inflamed CNS was demonstrated by the marked decrease in
platelet-specific GPIb mRNA in the inflamed CNS of mice
receiving the platelet-depleting serum as compared with the
control serum (data not shown).

To substantiate the impact of platelets on leukocyte recruit-
ment to the inflamed CNS in vivo, we induced EAE in mice
and assessed the effect of platelet depletion on leukocyte
recruitment to the CNS by spinning disc intravital micros-
copy.15,37 Fourteen days after EAE immunization mice were
treated without or with the platelet-depleting reagent and 24
hours thereafter, leukocyte recruitment to the inflamed CNS
was assessed by intravital microscopy. A 70% and 50%
reduction in the number of rolling leukocytes and of firmly

Figure 3. Platelets contribute to the pathogenesis of EAE. A,
To test the impact of platelets on EAE pathogenesis, EAE was
induced in wild-type mice; on days 2 and 6 after induction, mice
were treated with control serum (control) or with platelet-
depleting serum (Plt depletion) and clinical disease score was
assessed (n�10 mice per group). B, EAE was induced in wild-
type mice; on days 12 and 16 after induction (indicated by
arrows), mice were treated with control serum (control) or with
platelet-depleting serum and the clinical disease score was
assessed (n�15 mice per group). *P�0.05 as compared with
the control group on the same day.
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adherent leukocytes, respectively, was observed in the vessels
of the inflamed CNS of thrombocytopenic mice, as compared
with control mice (Figure 5B through 5D and Online Videos
I and II). In the absence of EAE disease, there was virtually
no leukocyte adhesion to the vessel wall independent of
whether or not platelets were depleted (Online Table II).

Together, these findings suggest that platelets substantially
contribute to EAE disease severity in mice by mediating the
overall inflammatory response in the course of EAE, through
promoting leukocyte recruitment to the inflamed spinal cord,
and the upregulation of multiple inflammatory cytokines,
chemokines, and adhesion molecules.

Targeting Platelet GPIb� Ameliorates EAE in Mice
Our findings thus far demonstrated that platelets are present
in the inflamed CNS tissue after EAE induction and contrib-
ute to disease severity by promoting the inflammatory re-
sponse, including inflammatory cell recruitment to the in-
flamed CNS. We therefore addressed next whether targeting
specific platelet receptors could represent a therapeutic ap-
proach in EAE. Platelet GPIb� is a component of the
GPIb/IX/V complex that interacts with vWF-mediating plate-
let interactions with the vessel wall and thereby platelet
recruitment-,14 and contributes to inflammatory actions of
platelets in part due to its propensity to bind to leukocyte

integrin Mac-1 and promote leukocyte/platelet adhesion and
leukocyte recruitment.26 We therefore engaged reagents
blocking GPIb� in EAE. First, we used a blocking Fab to
GPIb� that is capable of blocking platelet–vessel wall inter-
actions and thus platelet accumulation.38 To evaluate the
therapeutic potential of GPIb� blockade in EAE, we treated
mice with the blocking Fab to platelet GPIb� at the beginning
of the effector phase of the disease, on days 12, 14, and 16,
and found a prolonged amelioration of EAE (Figure 6A). In
the human disease setting, treatment is given after diagnosis
of the disease. To mimic this situation, we also treated mice
with the blocking Fab to platelet GPIb� on days 15, 17, and
19, that is, after the clinical onset of disease. Strikingly,
treatment of mice with the Fab to GPIb� after disease onset
resulted in a transient but significant clinical recovery from
EAE, as compared with Fab control treatment (Figure 6B).
Second, we engaged the antibody anti-M2 that was raised
against the binding site of Mac-1 for GPIb� and specifically
blocks this interaction and thereby platelet-dependent inflam-
matory cell recruitment.39–41 Anti-M2 antibody blocked the
adhesion of primary bone marrow–derived macrophages42,43

to immobilized surface-adherent platelets44,45 in vitro (Online
Figure V), without affecting further Mac-1–dependent adhe-
sive interactions, for example, to fibrinogen or ICAM-1

Figure 4. Platelet depletion reduces the inflammatory response during EAE. To analyze the influence of platelet depletion on the
inflammatory response in EAE, the disease was induced in wild-type mice; on days 12 and 16 after induction mice were treated with control
serum (control) or with platelet-depleting serum. A and B, On day 21, staining for microglia cells using the antibody to the marker Iba-1 was
performed. The area of microgliosis was reduced in spinal cords on platelet depletion. Representative images showing microgliosis areas are
depicted. B, The area of microgliosis was analyzed by morphometry. Six spinal cords per group and 3 nonconsecutive sections per spinal
cord were analyzed. Data are mean�SEM. *P�0.05. C, Spinal cords from control treated or platelet-depleted mice were isolated on day 21
after induction of EAE. Real-time PCR analysis for the mRNA levels of the chemokines CCL-2, CCL-5, and CCL-19, the chemokine receptor
CXCR-4, the cytokine IL-1�, the macrophage marker CD68, and the adhesion molecule ICAM-1 was performed. Data are mean�SEM (n�5
mice per group) and are shown as percent of control. The mRNA expression of the respective molecule in spinal cords from control-treated
mice represents the 100% control. *P�0.05 as compared with control serum-treated animals.
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(Online Figure V), as previously described.39–41 Treatment
with antibody anti-M2 on days 12, 14, and 16 resulted in a
significant and prolonged reduction of clinical EAE symp-
toms as compared with control antibody (Figure 6C). When
the blocking Fab to GPIb� was used in combination with the
antibody anti-M2, no additive inhibitory effect was observed,
indicating that both reagents interfere with the same pathway
of platelet-mediated inflammation in EAE (Online Figure VI).

To assess whether the function of platelets in EAE can be
solely attributed to GPIb or the GPIb-Mac-1 interaction molec-
ularly, we engaged an inhibitor of the major platelet adhesive
receptor GPIIbIIIa. Blocking Fab to GPIIbIIIa provided a
significant reduction in EAE disease severity (Figure 7). To-
gether, these data demonstrate that targeting platelet GPIb� or
other platelet receptors, such as GPIIbIIIa, could represent a
specific therapeutic strategy for EAE treatment.

Discussion
The inflammatory response is a major component of MS
pathogenesis and thus an important therapeutic target. We
demonstrated unequivocally that platelets contribute substan-
tially to the inflammatory response and pathogenesis of EAE
and provide clear evidence that targeting platelets is a novel
therapeutic strategy in EAE and thereby potentially in human MS.

Previous reports have shown the message of the platelet-
specific receptor CD41 (�IIb-integrin, GPIIb) in chronic
lesions of patients with multiple sclerosis,28 the presence of
platelets in murine neuroinflammation,46 as well as the
relevance of platelet-derived interleukin-1� for cerebrovas-
cular inflammation.47 A recent study has demonstrated in-
creased levels of platelet activation in the peripheral blood of
MS patients.29 Consistently, we were able to demonstrate that
platelets are present in the inflamed vessels and the inflamed
parenchyma of the CNS during EAE in mice; in addition,
platelets were detected by immunohistology in human
chronic active MS lesions.

EAE is a chronic inflammatory disease of the nervous
system associated with destruction of myelin sheaths and
axonal damage.48–50 The myelin sheath damage is mediated
by the inflammatory response, including recruited inflamma-
tory cells, a process facilitated by the disruption of the BBB.1

Recruited monocytes/macrophages participate in the phago-
cytosis of myelin and secrete proinflammatory cytokines.11

Our experiments using platelet depletion in the course of
EAE demonstrated unequivocally that platelets contribute
substantially to the inflammatory cell recruitment and thereby
to the exacerbation of EAE disease severity. Platelet depletion

Figure 5. Role of platelets for leukocyte recruit-
ment to the inflamed CNS in mice. A, EAE was
induced in wild-type mice; on days 12 and 16 after
induction, mice were treated with control serum
(control) or with platelet-depleting serum. Spinal
cord tissue from wild-type mice treated with con-
trol serum (control) or with platelet-depleting serum
was then collected after extensive systemic perfu-
sion with saline on day 21 after immunization, and
leukocytes were isolated with Percoll gradient cen-
trifugation and analyzed by flow cytometry. The
number of CD45highCD11b� cells per spinal cord is
shown. Data are mean�SEM (n�4–5 mice per
group). *P�0.05. B, C, and D, To test for the
impact of platelets on leukocyte recruitment to the
inflamed CNS, EAE was induced in wild-type mice;
after 2 weeks, mice were treated without (control)
or with platelet-depleting serum. Twenty-four hours
thereafter, the number of labeled rolling (B) or
firmly adherent (C) leukocytes to postcapillary
venules was determined using spinning disc intrav-
ital microscopy. Data are mean�SEM and are
shown as number of rolling leukocytes per minute
or number of adherent leukocytes/100 �m (n�3–4
mice per group). *P�0.05 as compared with con-
trol. D, Representative offline images of intravital
microscopy experiments showing adherent leuko-
cytes in control mice (left panel) or in mice after
platelet depletion (right panel). Scale bar: 100 �m.
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suppressed EAE when applied in the effector phase of the
disease, whereas platelet depletion during the immunization
phase did not influence EAE disease induction. These data point
to a role of platelets in the inflammatory phase of EAE and in
EAE disease exacerbation rather than in EAE disease induction.

Platelets may aggravate inflammation in EAE because they
are capable of enhancing monocyte adhesion to endothelial
cells.51 Alternatively, platelets could locally secrete proin-
flammatory mediators,16 activating recruited inflammatory

cells or resident microglia. As pointed out by our mRNA
microarray analysis of inflamed spinal cords, the inflamma-
tory response was blunted in the absence of platelets. Differ-
ent proinflammatory factors including chemokines, cyto-
kines, and endothelial adhesion molecules were reduced in
the spinal cords of mice that received the platelet-depleting
serum. It is likely that these different pathways are intercon-
nected with each other, which merits further investigation.

We also demonstrated that the platelet adhesion receptor
GPIb� may represent a therapeutic target in EAE and MS.
Platelet GPIb� mediates both platelet–vessel wall interac-
tions and platelet accumulation as well as platelet-dependent
leukocyte recruitment. Blocking Fab to GPIb� as well as an
antibody that specifically interferes with the interaction of
GPIb� with leukocyte Mac-1 suppressed EAE in mice. This
is in accordance with previous findings that blocking anti-
bodies to Mac-1 ameliorated clinical severity of EAE in mice
without affecting the number of sick animals,52 whereas EAE
development was reduced in Mac-1�/� mice.53 However,
the inhibitory effect on EAE mediated by blocking platelet
GPIb� is not restricted to the GPIb/Mac-1 interaction. Pre-
sumably, alternative GPIb-mediated pathways, such as plate-
let adhesion to vWF,17,54 may participate in the function of
platelets in EAE, which should be addressed in future studies.
Moreover, blockade of another platelet adhesion receptor,
GPIIbIIIa, also reduced EAE disease severity. Thus, the
contribution of platelets to EAE is probably multifaceted. We
think that strategies to interfere with platelet accumulation
and platelet-leukocyte interactions, for example, by targeting
GPIb�, GPIIbIIIa, as shown here, or other platelet adhesion
receptor systems, such as the interaction between P-selectin
and its ligand on leukocytes, P-selectin glycoprotein ligand-1,
might represent therapeutic approaches in EAE and MS.
Besides the engaged model for primary progressive EAE
disease (in the present study), which reflects a disease
subtype of human MS, there is also a relapsing-remitting
mouse model,55 representing a more common MS subtype.
The effect of platelets should be studied in relapsing-

Figure 6. Inhibition of platelet GPIb� or its interaction with
leukocyte Mac-1 ameliorates EAE in mice. A and B, EAE was
induced in female wild-type mice. Mice were treated intraperito-
neally with Fab to GPIb� or control Fab (each 75 �g/mouse) (A)
on days 12, 14, and 16 or (B) on days 15, 17, and 19 (indicated
by arrows). Clinical disease scores are shown. Data are
mean�SEM (n�11–12 mice per group in A; n�7 mice per
group in B). *P�0.05 as compared with control Fab group on
the same day. C, Similarly, mice were treated intravenously with
anti-M2 antibody blocking specifically the Mac-1/GPIb� interac-
tion or control rabbit antibody on days 12, 14, and 16 (each at
47 �g/mouse), as indicated by arrows. Clinical scores are
shown. Data are mean�SEM (n�7 mice per group). *P�0.05 as
compared with control antibody group on the same day.

Figure 7. Inhibition of platelet GPIIbIIIa ameliorates EAE in
mice. EAE was induced and mice were treated with a blocking
Fab against GPIIb/IIIa or control (each 100 �g/mouse) intrave-
nously day 12 and subsequently intraperitoneally on days 14
and 16 (again 100 �g/mouse each). Data are mean�SEM (n�10
mice per group). *P�0.05 as compared with control IgG.
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remitting EAE in future investigations to further substantiate
the therapeutic potential of platelet-targeting therapies in MS.

Finally, a recent study demonstrated the crosstalk between
coagulation and brain inflammation. In this study, a pro-
teomic approach identified tissue factor and protein C inhib-
itor within chronic active lesions, and thrombin inhibition
was used to reduce EAE severity.56 Our present data under-
line this connection between coagulation, platelets, and neu-
roinflammation and suggest that targeting platelets and their
receptors may represent a novel attractive therapeutic ap-
proach to ameliorate the inflammatory response in MS.
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program of the University of Tübingen (1868-0-0), the Tuebingen
Platelet Investigative Consortium (TuePIC), which is funded by the
Clinical Research Unit (KFO 274) of the German Research Foun-
dation and the Volkswagen Foundation (Lichtenberg program).

Disclosures
D.I.S. and Y.W. are coinventors of small-molecule inhibitors target-
ing the Mac-1/GPIb� interaction.

References
1. Steinman L. Elaborate interactions between the immune and nervous

systems. Nat Immunol. 2004;5:575–581.
2. Bettelli E, Oukka M, Kuchroo VK. T(H)-17 cells in the circle of

immunity and autoimmunity. Nat Immunol. 2007;8:345–350.
3. Engelhardt B, Ransohoff RM. The ins and outs of T-lymphocyte traf-

ficking to the CNS: anatomical sites and molecular mechanisms. Trends
Immunol. 2005;26:485–495.

4. Miller SD, Turley DM, Podojil JR. Antigen-specific tolerance strategies
for the prevention and treatment of autoimmune disease. Nat Rev
Immunol. 2007;7:665–677.

5. Weiner HL, Selkoe DJ. Inflammation and therapeutic vaccination in CNS
diseases. Nature. 2002;420:879–884.

6. Bettelli E, Pagany M, Weiner HL, Linington C, Sobel RA, Kuchroo VK.
Myelin oligodendrocyte glycoprotein-specific T cell receptor transgenic mice
develop spontaneous autoimmune optic neuritis. J Exp Med. 2003;197:
1073–1081.

7. McFarland HF, Martin R. Multiple sclerosis: a complicated picture of
autoimmunity. Nat Immunol. 2007;8:913–919.

8. Yan SS, Wu ZY, Zhang HP, Furtado G, Chen X, Yan SF, Schmidt AM,
Brown C, Stern A, LaFaille J, Chess L, Stern DM, Jiang H. Suppression
of experimental autoimmune encephalomyelitis by selective blockade of
encephalitogenic T-cell infiltration of the central nervous system. Nat
Med. 2003;9:287–293.

9. Ransohoff RM. Natalizumab for multiple sclerosis. N Engl J Med. 2007;
356:2622–2629.

10. Weber MS, Prod’homme T, Youssef S, Dunn SE, Rundle CD, Lee L,
Patarroyo JC, Stuve O, Sobel RA, Steinman L, Zamvil SS. Type II
monocytes modulate T cell-mediated central nervous system autoimmune
disease. Nat Med. 2007;13:935–943.

11. Heppner FL, Greter M, Marino D, Falsig J, Raivich G, Hovelmeyer N,
Waisman A, Rulicke T, Prinz M, Priller J, Becher B, Aguzzi A. Exper-
imental autoimmune encephalomyelitis repressed by microglial paralysis.
Nat Med. 2005;11:146–152.

12. Hu X, Wohler JE, Dugger KJ, Barnum SR. beta2-integrins in demyelinating
disease: not adhering to the paradigm. J Leukoc Biol. 2010;87:397–403.

13. Xie C, Alcaide P, Geisbrecht BV, Schneider D, Herrmann M, Preissner
KT, Luscinskas FW, Chavakis T. Suppression of experimental auto-
immune encephalomyelitis by extracellular adherence protein of Staph-
ylococcus aureus. J Exp Med. 2006;203:985–994.

14. Gawaz M, Langer H, May AE. Platelets in inflammation and athero-
genesis. J Clin Invest. 2005;115:3378–3384.

15. Clark SR, Ma AC, Tavener SA, et al. Platelet TLR4 activates neutrophil
extracellular traps to ensnare bacteria in septic blood. Nat Med. 2007;13:
463–469.

16. Wagner DD, Frenette PS. The vessel wall and its interactions. Blood.
2008;111:5271–5281.

17. Ruggeri ZM. Platelets in atherothrombosis. Nat Med. 2002;8:1227–1234.
18. Langer HF, Gawaz M. Platelet-vessel wall interactions in atherosclerotic

disease. Thromb Haemost. 2008;99:480–486.
19. Langer HF, Daub K, Braun G, et al. Platelets recruit human dendritic cells via

Mac-1/JAM-C interaction and modulate dendritic cell function in vitro.
Arterioscler Thromb Vasc Biol. 2007;27:1463–1470.

20. Wegmann F, Petri B, Khandoga AG, Moser C, Khandoga A, Volkery S,
Li H, Nasdala I, Brandau O, Fassler R, Butz S, Krombach F, Vestweber
D. ESAM supports neutrophil extravasation, activation of Rho, and
VEGF-induced vascular permeability. J Exp Med. 2006;203:1671–1677.

21. Huo Y, Schober A, Forlow SB, Smith DF, Hyman MC, Jung S, Littman
DR, Weber C, Ley K. Circulating activated platelets exacerbate athero-
sclerosis in mice deficient in apolipoprotein E. Nat Med. 2003;9:61–67.

22. Zarbock A, Singbartl K, Ley K. Complete reversal of acid-induced acute
lung injury by blocking of platelet-neutrophil aggregation. J Clin Invest.
2006;116:3211–3219.

23. Hidalgo A, Chang J, Jang JE, Peired AJ, Chiang EY, Frenette PS.
Heterotypic interactions enabled by polarized neutrophil microdomains
mediate thromboinflammatory injury. Nat Med. 2009;15:384–391.

24. Carvalho-Tavares J, Hickey MJ, Hutchison J, Michaud J, Sutcliffe IT,
Kubes P. A role for platelets and endothelial selectins in tumor necrosis
factor-alpha-induced leukocyte recruitment in the brain microvasculature.
Circ Res. 2000;87:1141–1148.

25. Santoso S, Sachs UJ, Kroll H, Linder M, Ruf A, Preissner KT, Chavakis T.
The junctional adhesion molecule 3 (JAM-3) on human platelets is a coun-
terreceptor for the leukocyte integrin Mac-1. J Exp Med. 2002;196:679–691.

26. Simon DI, Chen Z, Xu H, Li CQ, Dong J, McIntire LV, Ballantyne CM,
Zhang L, Furman MI, Berndt MC, Lopez JA. Platelet glycoprotein
Ibalpha is a counterreceptor for the leukocyte integrin Mac-1 (CD11b/
CD18). J Exp Med. 2000;192:193–204.

27. Chavakis T, Santoso S, Clemetson KJ, Sachs UJ, Isordia-Salas I, Pixley
RA, Nawroth PP, Colman RW, Preissner KT. High molecular weight
kininogen regulates platelet-leukocyte interactions by bridging Mac-1 and
glycoprotein Ib. J Biol Chem. 2003;278:45375–45381.

28. Lock C, Hermans G, Pedotti R, et al. Gene-microarray analysis of multiple
sclerosis lesions yields new targets validated in autoimmune encephalomy-
elitis. Nat Med. 2002;8:500–508.

29. Sheremata WA, Jy W, Horstman LL, Ahn YS, Alexander JS, Minagar A.
Evidence of platelet activation in multiple sclerosis. J Neuroinflam-
mation. 2008;5:27.

30. Rose JW, Hill KE, Watt HE, Carlson NG. Inflammatory cell expression
of cyclooxygenase-2 in the multiple sclerosis lesion. J Neuroimmunol.
2004;149:40–49.

31. Hill KE, Zollinger LV, Watt HE, Carlson NG, Rose JW. Inducible nitric
oxide synthase in chronic active multiple sclerosis plaques: distribution,
cellular expression and association with myelin damage. J Neuro-
immunol. 2004;151:171–179.

32. Lassmann H, Raine CS, Antel J, Prineas JW. Immunopathology of multiple
sclerosis: report on an international meeting held at the Institute of Neurology
of the University of Vienna. J Neuroimmunol. 1998;86:213–217.

33. Lonsdorf AS, Kramer BF, Fahrleitner M, Schonberger T, Gnerlich S,
Ring S, Gehring S, Schneider SW, Kruhlak MJ, Meuth SG, Nieswandt B,
Gawaz M, Enk AH, Langer HF. Engagement of alphaIIbbeta3
(GPIIb/IIIa) with alphanubeta3 integrin mediates interaction of melanoma
cells with platelets: a connection to hematogenous metastasis. J Biol
Chem. 2012;287:2168–2178.

34. Becher B, Durell BG, Noelle RJ. IL-23 produced by CNS-resident cells
controls T cell encephalitogenicity during the effector phase of experimental
autoimmune encephalomyelitis. J Clin Invest. 2003;112:1186–1191.

35. Ponomarev ED, Shriver LP, Maresz K, Dittel BN. Microglial cell acti-
vation and proliferation precedes the onset of CNS autoimmunity.
J Neurosci Res. 2005;81:374–389.

Langer et al Platelets in EAE 1209

 at University of Pennsylvania Library on May 15, 2012http://circres.ahajournals.org/Downloaded from 

http://circres.ahajournals.org/


36. Ford AL, Goodsall AL, Hickey WF, Sedgwick JD. Normal adult ramified
microglia separated from other central nervous system macrophages by
flow cytometric sorting: phenotypic differences defined and direct ex
vivo antigen presentation to myelin basic protein-reactive CD4� T cells
compared. J Immunol. 1995;154:4309–4321.

37. Kerfoot SM, Kubes P. Overlapping roles of P-selectin and alpha 4 integrin to
recruit leukocytes to the central nervous system in experimental autoimmune
encephalomyelitis. J Immunol. 2002;169:1000–1006.

38. Kleinschnitz C, Pozgajova M, Pham M, Bendszus M, Nieswandt B, Stoll
G. Targeting platelets in acute experimental stroke: impact of glycopro-
tein Ib, VI, and IIb/IIIa blockade on infarct size, functional outcome, and
intracranial bleeding. Circulation. 2007;115:2323–2330.

39. Ehlers R, Ustinov V, Chen Z, Zhang X, Rao R, Luscinskas FW, Lopez J,
Plow E, Simon DI. Targeting platelet-leukocyte interactions: identifi-
cation of the integrin Mac-1 binding site for the platelet counter receptor
glycoprotein Ibalpha. J Exp Med. 2003;198:1077–1088.

40. Wang Y, Sakuma M, Chen Z, Ustinov V, Shi C, Croce K, Zago AC,
Lopez J, Andre P, Plow E, Simon DI. Leukocyte engagement of platelet
glycoprotein Ibalpha via the integrin Mac-1 is critical for the biological
response to vascular injury. Circulation. 2005;112:2993–3000.

41. Pluskota E, Woody NM, Szpak D, Ballantyne CM, Soloviev DA, Simon
DI, Plow EF. Expression, activation, and function of integrin
alphaMbeta2 (Mac-1) on neutrophil-derived microparticles. Blood. 2008;
112:2327–2335.

42. Choi EY, Chavakis E, Czabanka MA, et al. Del-1, an endogenous
leukocyte-endothelial adhesion inhibitor, limits inflammatory cell
recruitment. Science. 2008;322:1101–1104.

43. Choi EY, Orlova VV, Fagerholm SC, Nurmi SM, Zhang L, Ballantyne CM,
Gahmberg CG, Chavakis T. Regulation of LFA-1-dependent inflammatory
cell recruitment by Cbl-b and 14–3-3 proteins. Blood. 2008;111:3607–3614.

44. Langer H, May AE, Daub K, Heinzmann U, Lang P, Schumm M,
Vestweber D, Massberg S, Schonberger T, Pfisterer I, Hatzopoulos AK,
Gawaz M. Adherent platelets recruit and induce differentiation of murine
embryonic endothelial progenitor cells to mature endothelial cells in vitro.
Circ Res. 2006;98:e2–e10.

45. Massberg S, Konrad I, Schurzinger K, et al. Platelets secrete stromal cell-
derived factor 1� and recruit bone marrow-derived progenitor cells to arterial
thrombi in vivo. J Exp Med. 2006;203:1221–1233.

46. Doring A, Wild M, Vestweber D, Deutsch U, Engelhardt B. E- and
P-selectin are not required for the development of experimental auto-
immune encephalomyelitis in C57BL/6 and SJL mice. J Immunol. 2007;
179:8470–8479.

47. Thornton P, McColl BW, Greenhalgh A, Denes A, Allan SM, Rothwell
NJ. Platelet interleukin-1alpha drives cerebrovascular inflammation.
Blood. 2010;115:3632–3639.

48. Basso AS, Frenkel D, Quintana FJ, Costa-Pinto FA, Petrovic-Stojkovic S,
Puckett L, Monsonego A, Bar-Shir A, Engel Y, Gozin M, Weiner HL.
Reversal of axonal loss and disability in a mouse model of progressive
multiple sclerosis. J Clin Invest. 2008;118:1532–1543.

49. Baxter AG. The origin and application of experimental autoimmune
encephalomyelitis. Nat Rev Immunol. 2007;7:904–912.

50. O’Connor KC, McLaughlin KA, De Jager PL, et al. Self-antigen tetramers
discriminate between myelin autoantibodies to native or denatured protein.
Nat Med. 2007;13:211–217.

51. von Hundelshausen P, Weber KS, Huo Y, Proudfoot AE, Nelson PJ, Ley K,
Weber C. RANTES deposition by platelets triggers monocyte arrest on
inflamed and atherosclerotic endothelium. Circulation. 2001;103:1772–1777.

52. Brocke S, Piercy C, Steinman L, Weissman IL, Veromaa T. Antibodies to
CD44 and integrin alpha4, but not L-selectin, prevent central nervous system
inflammation and experimental encephalomyelitis by blocking secondary
leukocyte recruitment. Proc Natl Acad Sci U S A. 1999;96:6896–6901.

53. Bullard DC, Hu X, Schoeb TR, Axtell RC, Raman C, Barnum SR.
Critical requirement of CD11b (Mac-1) on T cells and accessory cells for
development of experimental autoimmune encephalomyelitis. J Immunol.
2005;175:6327–6333.

54. Savage B, Saldivar E, Ruggeri ZM. Initiation of platelet adhesion by
arrest onto fibrinogen or translocation on von Willebrand factor. Cell.
1996;84:289–297.

55. Pollinger B, Krishnamoorthy G, Berer K, Lassmann H, Bosl MR, Dunn R,
Domingues HS, Holz A, Kurschus FC, Wekerle H. Spontaneous relapsing-
remitting EAE in the SJL/J mouse: MOG-reactive transgenic T cells recruit
endogenous MOG-specific B cells. J Exp Med. 2009;206:1303–1316.

56. Han MH, Hwang SI, Roy DB, Lundgren DH, Price JV, Ousman SS, Fernald
GH, Gerlitz B, Robinson WH, Baranzini SE, Grinnell BW, Raine CS, Sobel
RA, Han DK, Steinman L. Proteomic analysis of active multiple sclerosis
lesions reveals therapeutic targets. Nature. 2008;451:1076–1081.

Novelty and Significance

What Is Known?
● mRNA of platelet-specific genes is upregulated in human chronic

multiple sclerosis (MS) lesions.
● Platelets in peripheral blood of patients with MS are in an activated state.

What New Information Does This Article Contribute?
● Platelets accumulate in inflamed lesions of the CNS in the course of

experimental autoimmune encephalomyelitis (EAE) in mice, a
mouse model for human MS.

● Platelets significantly contribute to the inflammatory response in the
effector phase of EAE.

● Platelet depletion or targeting platelet adhesion receptors, such as
GPIb�, ameliorates EAE disease severity.

MS is a devastating disease associated with severe impairment
and high mortality. MS and its mouse model EAE are charac-

terized by the infiltration of inflammatory cells into the CNS,
mediating tissue damage. Emerging evidence suggests that
platelets may be critical contributors of inflammatory cell
recruitment. However, little was known about the functional role
of platelets in EAE and MS. We present evidence supporting the
notion that platelets contribute to the inflammatory response and
disease severity of EAE. We demonstrate that platelets are
present in the inflamed spinal cord tissue in the course of EAE
as well as in human MS lesions. Platelets play a crucial role for
leukocyte recruitment to the inflamed CNS. Platelet depletion
ameliorated EAE in mice and blunted inflammatory response,
whereas the induction of the disease was not affected. Inter-
fering with platelet GPIb� or the Mac-1/GPIb� interaction
attenuated EAE in mice. Therefore, platelets represent an
important new therapeutic target in MS.
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Reagents 

Recombinant mouse granulocyte-macrophage colony stimulating factor (GM-CSF) 

was obtained from Endogen (Rockford, IL). The antibody to GPIbα (pOp/B) and rat 

anti-mouse Fab to GPIbα were generated in our laboratory and previously 

described.1 Rat IgG Fab fragment was from Rockland Inc. (Gilbertsville, PA). 

Alexa488-congugated anti-rabbit IgG and nuclear dye Hoechst 33342 were from 

Molecular Probes (Eugene, OR). For induction of EAE in mice we used Myelin 

oligodendrocyte glycoprotein (MOG35-55) from American Peptide Inc (Sunnyvale, 

CA). Incomplete Freund`s adjuvant (IFA) was from SIGMA, M. Tuberculosis H37 RA 

was from DIFCO Laboratories (Detroit, MI) and Pertussis Toxin was from 

Calbiochem (La Jolla, CA). Platelet depleting serum or control serum from rabbit 

was used previously2 and purchased from Accurate Chemical & Scientific 

Corporation (Westbury, NY). A chicken anti-neurofilament-200 antibody was from 

Abcam and DAPI was from Invitrogen. 

 

Induction of EAE in mice 

EAE experiments were approved by the National Cancer Institute Animal Care and 

Use Committee. EAE was induced in 8- to 12-week-old female C57BL/6 mice by 

subcutaneous (s.c.) immunization with 400 �g MOG35-55 in emulsion with incomplete 

Freund’s adjuvant (IFA) and 5 mg/ml inactivated M. tuberculosis as described 

before.3-5 Furthermore, the animals received an intraperitoneal (i.p.) injection of 400 

ng Pertussis Toxin at day 0 and day 2 after injection of MOG. Mice were assessed 

and scored daily by an observer blinded to the protocol: 0, no clinical disease; 1, tail 
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weakness; 2, hind limb weakness; 3, incomplete (one-sided) hindlimb paralysis; 4, 

complete hind limb paralysis; 5, hind limb paralysis and forelimb paralysis; 6, 

moribund or dead. Only mice with a score of at least 1 for more than 2 consecutive 

days were judged to have onset of EAE and were considered. Mice were treated 

with i.p. injections of Fab to GPIbα or control Fab (75 �g per mouse) on days 12, 14 

and 16 or on days 15, 17 and 19 after injection of MOG, or with anti-platelet serum 

or control serum intraperitoneally (each 0.5ml/kg body weight; from Accurate 

Chemical and Scientific Corp.) on day 12 and day 16, or with i.v. injections of anti-

M2 antibody6 or control rabbit antibody (each 47 µg/mouse) on days 12, 14 and 16, 

or with an anti-GPIIbIIIa FAb1 or control Fab intravenously on day 12 and 

subsequently intraperitoneally on days 14 and 16.  

To study the inflammatory response in the spinal cord tissue on day 21 after 

induction of EAE, spinal cords were removed after systemic perfusion of mice with 

PBS to get rid of circulating cells. Spinal cord tissues were grinded and flushed 

through a nylon mesh (pore size 70 µm). Subsequently, a Percoll gradient 

centrifugation was performed, cells were counted using a hemacytometer and a 

single cell suspension of leukocytes in the spinal cord tissue was prepared. Cells 

were incubated with anti-CD11b and anti-CD45 for 30 min and analyzed by flow 

cytometry. CD45highCD11b+ cells represent recruited monocytes / macrophages as 

previously described.7-9 

For immunofluorescence analysis or immunohistochemistry of spinal cord 

tissues, extracted spinal cords were fixed with PFA and consecutively incubated in 

PBS/15% sucrose and PBS/30% sucrose. After blocking with BSA/5% goat serum 
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and permeabilization using 0.3% Triton X-100, tissue sections were incubated with 

rabbit anti-mouse Iba-1 (1:250, Wako Chemicals, Richmond) and rat anti-mouse 

CD42 (1:50, Emfret Analytics, Eibelstadt, Germany) for 2h at 37°C. After washing 

with PBS, samples were incubated with Alexa488-conjugated anti-rabbit IgG for 

immunofluorescence analysis of areas of microgliosis for 1.5 h at room temperature. 

After washing, nuclei were counterstained with Hoechst Dye (1:2000). For 

immunohistochemistry, after incubation with primary antibodies, samples were 

incubated with secondary peroxidase or alkaline phosphatase conjugated antibodies 

and corresponding substrates using staining kits according to the instructions of the 

manufacturer (Vector laboratories, Burlingame, CA).  

For studying axonal integrity, the sections were fixed with 4% PFA for 15 

min and washed 3x10 min with PBS. The sections were blocked with PBS 

supplemented with 5% normal goat serum and 0.5% Triton X-100, followed by 

incubation with chicken anti-neurofilament-200 antibody (Abcam, 1:10,000) at 4 oC 

overnight. After 3x10 min wash with PBS, Alexa 488-goat anti-chicken antibody 

(Invitrogen, 1:500) was applied to the sections and kept for 2 h at 4 oC. After another 

3x10 min wash with PBS, the sections were mounted with antifade reagent with 

DAPI (Invitrogen). The antibodies were diluted in PBS supplemented with 5% normal 

goat serum and 0.1% Triton X-100. Mosaic images of the whole spinal cord section 

were captured using an AxioVision system (Zeiss) and the MosaiX function. In 

addition, spinal cords from EAE mice were removed, placed in paraformaldehyde 

(Sigma, MO) and staining for myelin (Luxol fast blue) was performed on 8 �m frozen 

coronal sections (Histoserve, Gaithersburg, MD).  
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In some experiments, spinal cords were collected on day 21 after EAE 

induction, protein lysates were prepared and MPO concentration was determined by 

ELISA according to the manufacturer`s protocol (R and D systems). Moreover, 

lysates from spinal cords at different time points post EAE induction were analyzed 

by western blot for platelet specific antigens. To this end, spinal cords were lysed in 

RIPA buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 

0.25% Na-deoxycholate, 0.1% SDS, 25 mM NaF, 1 mM sodium orthovanadate, and 

protease inhibitors) and 20-50 µg of protein was loaded and separated on 4-12% 

SDS gels (NUPAGE, Invitrogen), followed by 2 h transfer at 4ºC. Membranes were 

blocked with 5% skim milk in TBS-0.05% Tween-20, washed twice with TBS-0.05% 

Tween-20. Membranes were incubated with primary antibodies at 4ºC overnight. 

The following conditions were used: anti-mouse GPIIb (1:50, BD Biosciences10) in 

5% skim milk or anti-actin (Sigma). Primary antibodies were washed extensively with 

TBS-0.05% Tween-20 and membranes were incubated with secondary HRP 

conjugated antibodies 1:1000 dilution in 5% skim milk for 45 min RT. After washing 

with TBS-0.05% Tween-20, membranes were developed with ECL (Pierce). 

 

Intravital microscopy after EAE induction 

Animals were anesthetized by i.p. injection of a mixture of 10 mg/kg xylazine and 

200 mg/kg ketamine hydrochloride. A cranial window was made using a high-speed 

drill (Fine Science Tools) and the dura mater was removed to expose the underlying 

cerebral microcirculation. To observe leukocyte rolling and adhesion, tail vein was 

cannulated and Rhodamine 6G (0.5 mg/kg body weight) was injected i.v.. Leukocyte 
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endothelial interactions were visualized using BX51W1 spin disk confocal 

microscope (Olympus, Canada). Three different postcapillary venules with a 

diameter between 30 and 70 µm were chosen for observation. Throughout the 

experiment, rectal temperature was continuously monitored and kept at 36°C to 

37°C with a heating pad (Fine Science Tools). All experiments were recorded for 

later playback analysis. Rolling leukocytes were defined as those cells moving at a 

velocity less than that of erythrocytes. Cells were considered adherent if they 

remained stationary for at least 30 s. For platelet depletion, mice were pretreated 

intraperitoneally with rabbit anti-mouse thrombocyte serum (0.5 ml/kg body weight, 

Accurate Chemical and Scientific Corp.). Four hours before intravital microscopy, 

this procedure depleted over 97% of platelets from the circulation (data not shown). 

 

Isolation of primary mouse cells 

Bone marrow–derived macrophage isolation and murine platelet isolation were 

performed as described before.11-13 

 

Adhesion assays 

To evaluate the adhesion of primary bone marrow-derived macrophages to platelets, 

isolated platelets (1x107/well) were allowed to adhere to 96-well plates overnight 

followed by blocking with BSA (3%). Macrophages (2x104 cells/well) were added to 

the wells and incubated for 40 min. After washing twice with PBS, adherent cells 

were counted by direct phase contrast microscopy. Adhesion of macrophages to 

platelets was studied in the absence or presence of anti-M2 antibody specifically 
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raised against the binding site of Mac-1 to GPIb.6 Similarly, adhesion of mouse 

macrophages was tested to immobilized fibrinogen (10�g/ml, Molecular Probes) or 

ICAM-1 (10�g/ml, R&D Systems) without or with anti-M2 (10�g/ml) or IgG control 

(10�g/ml, rabbit IgG, Dako).  

 

Reverse transcriptase-PCR and real-time RT-PCR.  

Total RNA was isolated from spinal cord tissue as described before.12 Briefly, total 

RNA was prepared using a Trizol based RNA preparation protocol. Reverse 

transcription of the RNA was performed using ImProm-II reverse transcription 

system (Promega) and subsequently the RT-generated cDNA samples were 

subjected to real-time PCR amplification using an ABI Prism 7900HT Sequence 

Detection System (Applied Biosystems, Foster City, CA) and a QuantiTect SYBR 

Green PCR kit (Qiagen, Valencia, CA). Primers were designed using the Primer 

Express oligo design software (Applied BioSystems, Foster City, CA), and 

synthesized by Integrated DNA Technologies (Coralville, IA). The primers used were 

as follows: actin, 5’-cgtgggccgccctaggcacca-3’ and 5’-ttggccttagggttcagggggg-3’; 

CD41, 5’-tggcttcatcccacaacaag-3’ and 5’-tttctgaaggactggcacga-3’; TNF-α, 5’-

gggtgaggagcacgtagtcg-3’ and 5’-aaccaccaagtggaggagca-3’; CD68 5’-

gggctcttgggaactacacg-3’ and 5’-caaaaccaaggtccagggag-3’; IL-1β 5’- 

cattgtggctgtggagaagc-3’ and 5’- caactgcactacaggctccg-3’; CXCR4 5’- 

tcatccttttgggggtcatc-3’ and 5’- actccatgagcagaggctcc-3’; CCL-2, 5’-

gctgaccccaagaaggaatg-3’ and 5’-gtgcttgaggtggttgtgga-3’; CCL-5, 5’-

ctcaccatatggctcggaca-3’ and 5’-ttcttctctgggttggcaca-3’; CCL-19, 5’-
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ttcagcctgctggttctctg-3’ and 5’- accctgcagccatcttcatt-3’; ICAM-1, 5’-

ttcacactgaatgccagctc-3’ and 5’-gtctgctgagacccctcttg-3’. The following PCR cycle was 

used: 95°C for 15 min; 50 cycles, each cycle containing 30 s at 95°C, 30 s at 60°C, 

and 30 s at 72°C. Dissociation curve analysis was performed on all PCR products to 

ensure that specific PCR products were generated. PCR reactions for each sample 

were performed in duplicate.  Data were analyzed using the comparative C
T 

method,12;14 and the levels of specific target mRNA were expressed as relative fold 

changes (fold change = 2
-��C

T
, where ��C

T
= (C

T, target 
– C

T, actin
)
Time x 

– (C
T, target 

– C
T, 

actin
)
Time 0

.  

 

RNA isolation and microarray analysis 

The spinal cords of mice subjected to EAE that received the control or platelet 

depleting serum were collected after transcardiac perfusion. Total RNA was isolated 

using Trizol reagent (Invitrogen) according to the standard protocol and used to 

generate biotin-labeled complementary RNA using the Illumina TotalPrep RNA 

Amplification Kit (Ambion, Austin, TX). For hybridization, the labeled nucleic acid 

made from total RNA was subjected to Mouse Ref-8 beadchips containing > 24,000 

Ref sequences per array (Illumina, Inc., San Diego, CA). Microarray data were 

analyzed using DIANE 6.0. ANOVA tests were done to eliminate the genes with 

larger variances within each comparing group. Genes were determined to be 

differentially expressed after calculating the Z ratio, which indicates the fold-

difference between experimental groups, and false discovery rate (fdr), which 

controls for the expected proportion of false rejected hypotheses. Individual genes 
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with p value <=0.05, absolute value of Z ratio >=1.5 or <=-1.5 and fdr <= 0.3 were 

considered significantly changed. The same cutoff criteria are applied for Gene 

Ontology (GO) selection  (Analysis of microarray data using Z score 

transformation15). 

 

Detection of platelets in human MS tissue 

The MS plaque depicted in Online Figure I is from a patient previously reported in 

an earlier study.16 MS brain tissues were obtained from the Rocky Mountain MS 

Center (RMMSC) (Englewood, CO, courtesy of Dr. Ron Murray). The research with 

this autopsy tissue was approved as exempt by the IRB in accordance with DHHS 

Federal regulation 45CFR46. The plaque presented in this study is a chronic active 

type 1 lesion (active inflammation and demyelination).17 The tissue was frozen and 

stored at -70°C. The tissue was partially thawed and dissected into segments with 

visible plaques and serial sections were sliced with a thickness of 20 microns using 

a cryostat. The sections were mounted (2 per glass slide) and stored at -20°C. 

Slides were rehydrated with dH2O overnight at 4°C and equilibrated in phosphate-

buffered saline (PBS). Confocal immunofluorescent microscopy was performed as 

previously described 16,18. Briefly, tissues were permeabilized with 0.2% Triton X-

100 in PBS and blocked with Image-It FX signal enhancer solution (Molecular 

Probes, Eugene, OR). To detect platelets, purified monoclonal mouse antibody 

against human CD42b (BD Biosciences) (1:800 dilution) was utilized. The primary 

antibody was incubated overnight in a humidified chamber at 4°C. Thereafter, the 

secondary donkey anti-mouse IgG specific for both heavy and light chains 

 at University of Pennsylvania Library on May 15, 2012http://circres.ahajournals.org/Downloaded from 

http://circres.ahajournals.org/


conjugated to Cy 5 (Jackson) (1:800 dilution) was added for 1 h at room 

temperature (RT). Propidium iodide (PI) (5.0 µM) was added to detect cell nuclei. 

Negative controls to assess background staining were performed with 10 µg/ml 

normal mouse serum (Pierce). Coverslips were mounted using ProLong Gold anti-

fade mounting media (Molecular Probes Inc.). Resolution of lipofuscin and lipids 

was accomplished by a combination of mid-range laser excitation, broad pinhole 

and neutral density filter from the Argon laser. This allowed for the optical isolation 

of the lipofuscin/lipid particles by using their bi-fringment refractive properties. We 

then utilized the back light scattering and interference contrast to acquire an image. 

Lipids were auto-fluorescent and visualized with 457/517 nm Argon and the 615 

nm HeNe laser, but not observed with the 605 nm laser. This methodology was 

verified with Oil-red-O staining of serial sections. Images were acquired with 

Personal Confocal Microscopy PCM-2000 (Nikon, Melville, NY) using a Nikon 

E800 upright microscope with Pan Fluor oil emersion lenses. The Personal 

Confocal Image program (PCI, Compix, Cranberry Township, PA) was used to 

acquire digital images.16,18  

Moreover, four cases from a different center (University of Pennsylvania, 

Division of Neuropathology) with histological evidence of active demyelinating 

plaques (inspected by a neuropathologist of the University of Pennsylvania) 

from patients with multiple sclerosis were studied. All four cases studied 

were from patients clinically diagnosed with multiple sclerosis with 

oligoclonal IgG bands at cerebrospinal fluid examination, periventricular 

plaques by MRI and with a dominant lesion by MRI that was biopsied to rule 
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out the remote possibility of tumor. Histopathological examination showed 

that the lesions that were biopsied represented active demyelinating 

plaques. All cases displayed acute demyelination with perivascular chronic 

inflammatory infiltrates composed of lymphocytes and plasma cells, 

macrophage infiltration, myelin breakdown with relative preservation of 

axons and gliosis. Five µm sections cut from paraffin-embedded brain tissues 

were deparaffinized, incubated in 10 mM sodium citrate buffer, pH 6.0 at sub-

boiling temperatures for 10 min to unmask antigen, endogenous peroxidase was 

blocked with 0.3% H2O2 and the sections were incubated with mouse anti-CD42b 

(clone 42CO1) monoclonal antibodies or IgG1 isotype control antibodies (1 µg/ml, 

Thermo Scientific) for 16 hrs at 4oC.  Biotinylated anti-mouse (Vector Labs, 1:200) 

IgG was added followed by HRP-conjugated streptavidin. Peroxidase was detected 

using the avidin-biotin complex ABC Kit (Vector Labs) counterstained with 

hematoxylin. As a control, 4 cases of normal human brain tissue were 

studied; these samples were provided by the cooperative Human Tissue 

Network (CHTN) of the University of Pennsylvania. 

 

Data presentation and statistics 

Comparisons between group means were performed using Student t-test or Mann-

Whitney-U analysis as appropriate. P<0.05 was considered statistically significant. 
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Online Table I: Genes involved in immune and inflammatory responses that are significantly 
downregulated upon platelet depletion in the course of EAE.  
Gene  
Symbol Accession Definition Z ratio 

CCL5 NM_013653.2 chemokine (C-C motif) ligand 5 (Ccl5) -8.30 

CLEC7A NM_020008.1 
C-type lectin domain family 7, member a 
(Clec7a) -6.86 

CD68 NM_009853.1 CD68 antigen (Cd68) -6.49 
IL1B NM_008361 interleukin 1 beta (Il1b) -6.16 
CXCL13 NM_018866.1 chemokine (C-X-C motif) ligand 13 (Cxcl13) -6.00 
CCL7 NM_013654.2 chemokine (C-C motif) ligand 7 (Ccl7) -5.74 
TLR2 NM_011905.2 toll-like receptor 2 (Tlr2) -5.58 
CXCL10 NM_021274.1 chemokine (C-X-C motif) ligand 10 (Cxcl10) -5.26 
CCL19 NM_011888.2 chemokine (C-C motif) ligand 19 (Ccl19) -5.14 
CD40 NM_170702.2 CD40 antigen (Cd40), transcript variant 5 -4.89 
CXCR4 NM_009911.2 chemokine (C-X-C motif) receptor 4 (Cxcr4) -4.70 
LY9 NM_008534.2 lymphocyte antigen 9 (Ly9) -4.64 
ICAM1 NM_010493.2 intercellular adhesion molecule 1 (Icam1) -4.60 

CEBPB NM_009883.3 
CCAAT/enhancer binding protein (C/EBP), beta 
(Cebpb) -4.56 

TLR13 NM_205820.1 toll-like receptor 13 (Tlr13) -4.40 
TLR7 NM_133211.3 toll-like receptor 7 (Tlr7) -4.15 
LY86 NM_010745.1 lymphocyte antigen 86 (Ly86) -4.14 
CD14 NM_009841.3 CD14 antigen (Cd14) -4.11 
CCL3 NM_011337.2 chemokine (C-C motif) ligand 3 (Ccl3) -4.08 
CCL2 NM_011333.3 chemokine (C-C motif) ligand 2 (Ccl2) -3.78 
TNF NM_013693.1 tumor necrosis factor (Tnf) -3.75 
CCL4 NM_013652.2 chemokine (C-C motif) ligand 4 (Ccl4) -3.66 
CCR5 NM_009917.2 chemokine (C-C motif) receptor 5 (Ccr5) -3.66 
CSF1R NM_001037859.2 colony stimulating factor 1 receptor (Csf1r) -3.63 
CCL1 NM_011329.2 chemokine (C-C motif) ligand 1 (Ccl1) -3.58 
NCF1 NM_010876.2 neutrophil cytosolic factor 1 (Ncf1) -3.56 
LY96 NM_016923.1 lymphocyte antigen 96 (Ly96) -3.43 
C3 NM_009778.1 complement component 3 (C3) -3.11 
IFNG NM_008337.3 interferon gamma (Ifng) -2.84 
TLR6 NM_011604.2 toll-like receptor 6 (Tlr6) -2.77 
TLR1 NM_030682.1 toll-like receptor 1 (Tlr1) -2.75 
CD97 NM_011925.1 CD97 antigen (Cd97) -2.35 
IL1A NM_010554 interleukin 1 alpha (Il1a) -2.34 
ITGB2 NM_008404.4 integrin beta 2 (Itgb2) -2.34 

IRAK2 NM_172161.2 
interleukin-1 receptor-associated kinase 2 
(Irak2) -2.27 

MYD88 NM_010851.2 
myeloid differentiation primary response gene 88 
(Myd88) -2.25 

TLR4 NM_021297.2 toll-like receptor 4 (Tlr4) -2.18 
CD97 NM_011925.1 CD97 antigen (Cd97) -2.01 

TNFRSF1A NM_011609.3 
tumor necrosis factor receptor superfamily, 
member 1a (Tnfrsf1a) -2.01 
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Online Table II: Number of adherent leukocytes in mice without EAE after 

platelet depletion as assessed by intravital microscopy of the spinal cord  
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Legends to Online Figures 

 

Online Figure I.  (A, B, C) Brain sections from mice without EAE (A) or 19 days post 

induction of EAE (B, C). Tissues were analyzed for the platelet specific marker CD42 

(GPIb, red) and the microglial marker Iba-1 (green) by immunofluorescence staining. 

The arrows indicate platelets. (C) shows a higher magnification of the insert from (B). 

(D) Confocal microscopy of a chronic active MS plaque from the cerebrum 

demonstrates the presence of platelets identified by staining with CD42b specific 

primary antibody and a Cy-5 (red) labeled secondary antibody. Nuclei, stained with 

propidium iodide are blue. Auto-fluorescent accumulations of lipofuscin/myelin in the 

chronic active plaque (yellow) were also present. Scale Bar: 20 µm. (E) EAE was 

induced in C57Bl/6 and at day 0 (no EAE) , day 9, day 16 and day 30 spinal cords 

were lysed and analyzed by western blot for platelet GPIIb. Isolated platelets from 

peripheral mouse blood served as positive control. Densitometric analysis was 

performed to calculate the ratio of GPIIb/actin on d0,d9, d16, d25 and d30. The ratio 

of GPIIb/actin was set as 1. One representative western blot is shown, similar results 

were obtained in 3 independent.  

 

Online Figure II.  Injection of antiplatelet serum during EAE results in significant 

platelet depletion as compared to injection of control serum, but has no effect on 

peripheral leukocyte count.   
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Online Figure III.  (A, B, C)  To analyze the influence of platelet depletion on 

spinal cord demyelination, EAE was induced in WT mice and on days 12 and 16 

post induction mice were treated with control serum (control) or with platelet-

depleting serum. On day 21, axonal staining in spinal cords was performed with 

the anti-neurofilament-200 (NF-H) antibody and reduced demyelination was 

observed in the spinal cords of mice upon platelet depletion. Data are mean +/- 

SEM (n=5). * indicates p<0.05 as compared to mice treated with control serum. (D) 

EAE was induced in C57Bl/6 and mice were treated with platelet depleting or 

control serum at day 12 and day 16. On day 21 mice spinal cords were stained 

with Luxol fast blue to delineate areas of demyelination. Area of demyelination was 

evaluated in 6 spinal cords using computer assisted analysis software as 

described in materials and methods. Data are mean +/- SEM and are shown as % 

of control. The control serum treated group represents the 100% control. * 

indicates p<0.01. 

 

Online Figure IV.  (A) To analyze the influence of platelet depletion on the cellular 

composition of inflammatory cells in EAE spinal cords, the disease was induced in 

WT mice and on days 12 and 16 post induction mice were treated with control 

serum (control) or with platelet-depleting serum. On day 21 after induction of EAE 

mice were perfused with PBS to get rid of circulating cells and spinal cords were 

isolated. Real-time PCR analysis for the mRNA levels of CD4, CD8 and CD11b 

was carried out. Data are mean +/- SEM (n=5 mice per group) and are shown as 

percent of control. The mRNA expression of the respective molecule in spinal 
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cords from control treated mice represents the 100 % control. * indicates p<0.05 as 

compared to control serum treated animals.  (B) Similarly, myeloperoxidase (MPO) 

concentration was determined by ELISA on day 21 post EAE induction in spinal 

cords from mice treated with control or platelet depletion serum. Data are mean +/- 

SEM (n=4). * indicates p<0.05 as compared to MPO concentration of mice treated 

with control serum. 

 

Online Figure V.  (A) Adhesion of mouse bone marrow derived macrophages to 

immobilized BSA or surface-adherent platelets was studied in the absence or 

presence of control IgG or of anti-M2 antibody specifically blocking the Mac-1/GPIbα 

interaction (each antibody at 10�g/ml). Data are mean +/- SEM and are shown as 

number of adherent macrophages per field (n=3-4). * indicates p<0.05 as compared 

to control IgG. (B, C) Adhesion of mouse macrophages to (B) immobilized fibrinogen 

(10�g/ml) or (C) ICAM-1 (10�g/ml) was studied in the absence or presence of 

control IgG or of anti-M2 antibody (each at 10�g/ml). Data are mean +/- SEM (n=3); 

no significant differences were observed between the two groups.  

 

Online Figure VI.  EAE was induced in WT mice. Mice were treated i.p. with Fab to 

GPIb� (GPIb Fab) or control Fab (each 75 µg/mouse, Control Fab) on days 12, 14 

and 16. Some mice were additionaly treated i.v. with anti-M2 antibody or control 

antibody (each 47 µg/mouse) on days 12, 14 and 16. Clinical disease scores are 

shown. Data are mean +/- SEM (n= 10 mice per group). * indicates p<0.05 as 

compared to control Fab group on the same day. 
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Online Video I.   

To test for the impact of platelets on leukocyte recruitment to the inflamed CNS, EAE 

was induced in WT mice, after 2 weeks mice were treated with platelet-depleting 

serum and 24 h thereafter intravital microscopy was carried out. The video sequence 

is taken from one experiment representative for the experiments described in figure 

5B-D).  

 

Online Video II.   

Similarly to supplemental Video 2, EAE was induced in WT mice, after 2 weeks mice 

were treated with control serum and 24 h thereafter intravital microscopy was carried 

out.  
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A B Langer et al., suppl Figure I
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Langer et al., suppl Figure II
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