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New strategies for detecting disease activity in multiple sclerosis are
being investigated to ameliorate diagnosis and follow-up of patients.
Today, although magnetic resonance imaging (MRI) is widely used to
diagnose and monitor multiple sclerosis, no imaging tools exist to
predict the evolution of disease and the efficacy of therapeutic strat-
egies. Here, we show that molecular MRI targeting the endothelial
adhesion molecule P-selectin unmasks the pathological events that
take place in the spinal cord of mice subjected to chronic or relapsing
experimental autoimmune encephalomyelitis. This approach provides
a quantitative spatiotemporal follow-up of disease course in relation
to clinical manifestations. Moreover, it predicts relapse in asymptom-
atic mice and remission in symptomatic animals. Future molecular MRI
targeting P-selectin may be used to improve diagnosis, follow-up of
treatment, and management of relapse/remission cycles in multiple
sclerosis patients by providing information currently inaccessible
through conventional MRI techniques.
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Multiple sclerosis (MS) is a chronic inflammatory disease of
the central nervous system (CNS) that leads to demyelination

and diffuse neurodegeneration in the brain and spinal cord (1). The
most frequent form (relapsing–remitting subtype) is characterized
by unpredictable relapses followed by periods of months to years
during which signs of disease activity are absent (2). The less fre-
quent form (primary progressive subtype) is characterized by a
constant progression of disability from the onset, with no, or only
occasional and minor, remissions or improvements (2). Discovering
biomarkers to predict disease evolution and/or therapeutic re-
sponse in MS remains a major clinical challenge. Today, magnetic
resonance imaging (MRI) is widely used to diagnose and monitor
MS disease evolution (3), mostly by quantification of Gadolinium-
chelate enhancing lesions, corresponding to active lesions with
ruptured blood–brain barrier (BBB) or blood–spinal cord barrier
(BSCB) (3). Although current MRI protocols allow quantifying
lesion load, they remain poorly predictive of disease evolution and
often fail to make early diagnosis of MS without follow-up imaging.
This is an important limitation, because treatments could be started
earlier if better diagnostic tools existed (4).
Leukocyte recruitment to CNS tissues plays a major role in

MS. This process is mediated by adhesion molecules expressed
on endothelial cells (5). We and others have described that an-
tibodies against these endothelial adhesion molecules, coupled
to microparticles of iron oxide (MPIOs), can monitor inflam-
mation in animal models of brain diseases (6–8). Platelet-selectin
(P-selectin), for example, can be targeted to monitor early vas-
cular inflammation (9). P-selectin is rapidly expressed at the cell
surface during endothelial activation in conditions of injury (10,
11), where it regulates myelin-specific T lymphocyte rolling on
the endothelium (12, 13), a process important in the pathophysiology
of MS models (13, 14). In fact, P-selectin has been detected in the
brain and spinal cord of experimental autoimmune encephalomyelitis
(EAE) mice (15). P-selectin is therefore an ideal target for early

detection of vascular inflammation in MS and its animal models.
Here, we developed the framework allowing in vivo molecular
MRI of endothelial activation and prediction of disease activity
in two peptide-induced models of MS: chronic and relapsing–
remitting experimental autoimmune encephalomyelitis [respectively,
myelin oligodendrocyte glycoprotein (MOG)-induced EAE in
C57BL/6 mice or proteolipidic protein (PLP)-induced EAE in
SJL/J mice], mimicking the primary progressive and relapsing–
remitting forms of MS, respectively.

Results
Characterization of MPIOs-αP-Selectin Binding to Activated BSCB
Endothelium in EAE Mice. We first validated that P-selectin anti-
body binds the spinal cord endothelium of EAE, but not sham,
animals (Fig. 1A) at the luminal surface (3D reconstruction, Fig.
1A) of small capillaries (preferentially postcapillary venules; Fig.
S1). This antibody was then coupled to MPIOs to form MPIOs-
αP-selectin, which bound the vascular endothelium after i.v. in-
jection in EAE, but not in sham, animals (Fig. 1B). No signal
void was observed in MRI (3D T2*-weighted imaging) without
MPIO injection (Fig. 1C). In contrast, i.v injection of MPIOs-αP-
selectin induced signal void within the whole spinal cord of PLP-
induced EAE mice (Fig. 1C), whereas untargeted MPIOs
(MPIOs-IgG) did not (Fig. 1D). Signal void was very similar
when platelets were deleted (Fig. S2 A–C) than in nondepleted
animals (Fig. S2E), indicating that MPIOs-αP-selectin–induced
signal void is not influenced by P-selectin expression on platelets.
Signal void was restricted to the white matter (Fig. 1 C and E
and Fig. S3), the preferential localization of EAE lesions. The
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contrast agent was progressively cleared from the spinal cord in a
time-dependent manner, resulting in minimal background con-
trast 24 h after MPIOs-αP-selectin injection (Fig. S4), which al-
lows repetitive assessment of endothelial activation in the spinal
cord with a minimal lapse of 24 h. Together, these results
demonstrated the feasibility of sensitive and semiquantitative
imaging of endothelial activation in the mouse spinal cord after
i.v. injection of MPIOs-αP-selectin.

MPIOs-αP-Selectin Signal Increases with the Clinical Score in MOG-
Induced EAE Mice. Then, we investigated whether MPIOs-αP-
selectin could reveal the spatial and temporal dissemination of
endothelial activation in chronic EAE mice (MOG-induced EAE;
Fig. 2A). In sham animals, signal void was negligible (<5% of
structure area) in rostral and caudal spinal cord (Fig. 2D). MOG-
induced EAE animals showed a gradual caudo-rostral increase in
MPIOs-αP-selectin–induced signal void correlated to increase in
clinical score (Fig. 2C and corresponding quantification, Fig. 2 D
and E). Signal void was detected both in the ventral and dorsal
parts of the spinal cord and was restricted to the white matter (Fig.
2C and corresponding quantification, Fig. 2 F and G).
Because P-selectin is involved in T lymphocyte infiltration

toward inflamed tissues, we assessed whether this infiltration

matched the distribution of MPIOs-αP-selectin–induced signal.
In fact, the infiltration of T4 lymphocytes (CD4

+ cells) followed a
caudo-rostral progression over time in relation to clinical score
(CS1–CS4), equivalent to what we observed for MPIOs-αP-selectin
(Fig. 3A and corresponding quantification, Fig. 3B). No infiltration
was observed in sham mice (Fig. 3 A and B), whatever the spinal
cord segment. Similar observations were made concerning CD3+

cells (Fig. S5 A and B). Matching MPIOs-αP-selectin signal, T4
lymphocytes infiltration was specific of the white matter (Fig. 3C
and corresponding quantification; Fig. 3D). This infiltration oc-
curred at sites of increased BSCB permeability, as shown by
colocalization with fibrinogen (Fig. 3A and Fig. S5A). Increase in
BSCB permeability followed a caudo-rostral progression over time
in relation to clinical score (Fig. 3 E and F and corresponding
quantification, Fig. 3G), which paralleled T4 lymphocyte in-
filtration (Fig. 3A) and P-selectin signal observed in MRI (Fig. 2).

MPIOs-αP-Selectin Signal Follows Disease Activity in PLP-Induced EAE
Mice.Our next step was to assess whether of MPIOs-αP-selectin can
reveal the spatial and temporal dissemination of endothelial acti-
vation in a disease with a relapsing–remitting course (PLP-induced

Fig. 1. MPIOs-αP-selectin–enhanced MRI reveals endothelial activation in
the spinal cord during EAE. (A and B) Immunohistological images (Upper)
and 3D reconstruction (Lower) (red, P-selectin; green, laminin; blue, DAPI) of
sagittal and axial sections of spinal cord vessel from PLP-induced EAE mice
(first relapse) and sham mice without (A) or with (B) i.v. injection of MPIOs-
αP-selectin. (Scale bars: 10 μm.) White arrows, MPIOs-αP-selectin; yellow arrow,
point of view compared with the above image. (C and D) Representative axial
and sagittal T2*-weighted images of the rostral (Left) and caudal (Right) spinal
cord (dashed line) of PLP-induced EAE mice before and after MPIOs-αP-selectin
or MPIOs-IgG injection. (E) Corresponding quantification. ND, nondetected.
n = 3–4 per group. #P < 0.05. See Table S1 for detailed sample size.

Fig. 2. Spatiotemporal distribution of MPIOs-αP-selectin–induced hypo-
signal follows the clinical worsening in chronic EAE mice (MOG-induced
EAE). (A) Clinical score (CS) evolution in MOG-induced EAE. (B and C) Rep-
resentative axial and sagittal T2*-weighted images of rostral and caudal
spinal cord (dashed line) after MPIOs-αP-selectin injection did not reveal
induced signal void in sham (B) or EAE (C) mice. Yellow arrows, signal void.
(D) Corresponding quantification. NS, not significant; *P < 0.05 vs. the same
structure in sham animals; #P < 0.05. (E) Correlation between signal void and
clinical score. (F and G) Quantification of the signal void distribution between
white matter (WM; white bar) and gray matter (GM; gray bar) (F) and between
dorsal (red bar) and ventral (orange bar) spinal cord (G) (quantified from co-
ronal images). NS, not significant; *P < 0.05 vs. sham in the same structure; #P <
0.05 vs. indicated condition. See Table S1 for detailed sample size.
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EAE; Fig. 4A). In sham animals, signal void was negligible (<5% of
structure area) in caudal and rostral spinal cord (Fig. 4B and cor-
responding quantification, Fig. 4D). MPIOs-αP-selectin signals in
the caudal and rostral spinal cord revealed endothelial activation in
phases of active disease (first and second relapse; Fig. 4C). Ac-
cordingly, this signal was lower during phases of disease recovery
(Fig. 4C). Corresponding quantification confirmed these MRI ob-
servations (Fig. 4D): Signal void increased during the first relapse in
the caudal spinal cord (23.90% vs. 3.12% for shammice at the same
time, P < 0.05; Fig. 4D) and in the rostral cord (18.03% vs. 2.01%
for sham mice at the same time, P < 0.05; Fig. 4D). During re-
covery, signal void decreased compared with the first relapse in the
caudal spinal cord (8.11%; P < 0.01; Fig. 4D) and in the rostral
spinal cord (3.99%; P < 0.01; Fig. 4D). Interestingly, signal void was
higher in remitting animals (recovery) than in sham mice (3.12% vs.
8.11% and 2.01% vs. 3.99%; P < 0.05; Fig. 4D). This result was
observed either when MRI sessions were performed after single

injections in different animals (Fig. 4 C and D) or when the same
animals were injected and scanned twice (Fig. S4 E–G), which
shows that the remaining signal was not from previous injections.
During the second relapse stage, signal void increased again com-
pared with recovery (29.61% vs. 8.11% for caudal spinal cord and
30.29% vs. 3.99% for rostral spinal cord; P < 0.01; Fig. 4D) to reach
levels comparable to what observed during the first relapse. Overall,
MPIOs-αP-selectin–induced signal void in the spinal cord was
positively correlated to clinical score (Fig. 4E). As observed for
MOG-induced EAE (Fig. 2), signal void was detected in the dorsal
and ventral parts of the spinal cord and restricted to white matter
(Fig. 4C and corresponding quantification, Fig. 4 F and G).
We then assessed whether, as observed above in MOG-

induced EAE (Fig. 3), T4 lymphocyte infiltration matched the
distribution of MPIOs-αP-selectin–induced signal (Fig. 5A). The
simple quantification of the number of lymphocytes within af-
fected tissues did not give a direct indication of disease activity.
Although T4 lymphocyte infiltration was maximum in all spinal
cord segments (sacral, lumbar, thoracic, and cervical) during the

Fig. 3. Spatiotemporal dissemination of the immune cell infiltration and
BSCB opening follow the pattern of P-selectin vascular activation in the
spinal cord of MOG-induced EAE mice. (A) Immunohistological images of the
infiltrated areas of the MOG-induced EAE spinal cord. CD4+ leukocyte
(green), fibrinogen (red), and cell nuclei (blue) show the spatiotemporal
dissemination of immune cell infiltration. Each line of images corresponds to
a spinal cord section (in order from top to bottom: cervical, thoracic, lumbar,
and sacral). Each column corresponds to a clinical score (CS; CS1 to CS4).
(Scale bars: 50 μm.) (B) Corresponding quantification. ND, nondetected; *P <
0.05 vs. the same structure in sham animals; #P < 0.05 vs. indicated condition.
n = 3 mice for each clinical group. (C) Immunohistological image of whole
section of MOG-induced EAE spinal cord (peak of the disease) with a low
(Left) and a high (Right) magnification. [Scale bars: 500 μm (Left) and 100 μm
(Right).] GM, gray matter; WM, white matter. (D) Whole spinal cord quan-
tification of the distribution of the CD4+ T-cell infiltration between white
matter (white bar) and gray matter (gray bar). #P < 0.05. (E) Spinal cord
photographs after i.v. Evans blue dye injection in MOG-induced EAE. (F) Ex
vivo optical imaging of Evans blue fluorescence. (G) Quantification of fluo-
rescence in spinal cord tissues. **P < 0.01 vs. the same structure in sham
animals. See Table S1 for detailed sample size.

Fig. 4. Spatiotemporal distribution of MPIOs-αP-selectin–induced hypo-
signal follows the clinical worsening in relapsing–remitting EAE mice (PLP-
induced EAE). (A) Clinical score evolution in PLP-induced EAE. (B and C)
Representative axial and sagittal T2*-weighted images of rostral and caudal
spinal cord (dashed line) after MPIOs-αP-selectin injection in sham (B) or EAE
(C) mice. Yellow arrows, signal void. (D) Corresponding signal void quanti-
fication of MPIOs-αP-selectin–induced signal voids in the spinal cord (quan-
tified from sagittal images). *P < 0.05 vs. sham animals in the same structure;
#P < 0.05; ##P < 0.01 vs. indicated condition. (E) Correlation analysis between
void and clinical score. (F and G) Quantification of the signal void distribu-
tion between white matter (WM; white bar) and gray matter (GM; gray bar)
(F) and between dorsal (red bar) and ventral (orange bar) spinal cord
(G) (quantified from coronal images). *P < 0.05; **P < 0.01 vs. sham animals
in the same structure; #P < 0.05; ##P < 0.01; ###P < 0.001 vs. indicated con-
dition. See Table S1 for detailed sample size.
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first relapse (Fig. 5B), the number of T4 lymphocytes was not
substantially altered during recovery (Fig. 5B), despite a ten-
dency to decrease. In line with this finding, the number of T4
lymphocytes also remained stable during the second relapse (Fig.
5B). As already shown above in the MOG-induced EAE model
(Fig. 3A), lymphocyte infiltration occurred at sites of increased
blood–spinal cord permeability (as shown by colocalization with
fibrinogen, Fig. 5A and Fig. S5 C and D). Nevertheless, changes
in BSCB permeability did not fully match disease activity (Fig. 5
E and F and corresponding quantification, Fig. 5G): Permeability

increased in all spinal cord segments during the first relapse, de-
creased during recovery but remained above sham levels during the
remission period, and did not increase substantially during the
second relapse.
In the same manner as described above for MOG-induced

EAE, in PLP-induced EAE, the distribution of T4 lymphocytes
between spinal gray and white matter matched that of MPIOs-α
P-selectin: T4 lymphocyte infiltration occurred preferentially in
the white matter compared with the gray matter (Fig. 5C and
corresponding quantification, Fig. 5D).
MRI using MPIOs-αP-selectin was also performed in the brain

and cerebellum (Fig. S6). In MOG-induced EAE, no change in
signal void was observed in the brain or cerebellum at any of the
clinical stages compared with sham animals (Fig. S6A and corre-
sponding quantification, Fig. S6B), which was consistent with the
absence of lymphocyte infiltration (Fig. S6C). In contrast, in PLP-
induced EAE, MRI using MPIOs-αP-selectin showed a profile
comparable to the spinal cord (Fig. S6 D–F), preferentially in the
white matter (Fig. 6 G and H). Overall, these results support the
use of MPIOs-αP-selectin–enhancedMRI to detect the severity and
the spatiotemporal dissemination of endothelial activation in EAE.

MPIOs-α P-Selectin Allows for Predicting Relapses in Asymptomatic
Animals and Remissions in Symptomatic Animals. We first assessed
the ability of MPIOs-αP-selectin to predict the appearance of a
first relapse in asymptomatic animals (Fig. 6). Asymptomatic
animals (clinical score 0) were injected i.v. with MPIOs-αP-
selectin at day 10 (median day of first relapse) and subjected
to molecular imaging (Fig. 6 A and B). We stratified two groups
of mice based on their endothelial activation profile at day 10
(Fig. 6 B and C) and monitored them clinically for the occur-
rence or not of a second relapse at day 11 (Fig. 6A). A first group
(P-selectin-low) showed little, if any, signal void in MRI (indi-
vidual signal void <5%, mean signal void: 3.69 ± 1.12%; Fig. 6 B
and C) and a second group (P-selectin-high) showed substantial
MPIOs-αP-selectin signal void in MRI (individual signal void >
5%, mean signal void: 17.77 ± −4.5%; Fig. 6 B and C). In-
terestingly, none of the EAE animals within the P-selectin−low
group showed a second relapse 24 h later (day 11) (Fig. 6D: mean
clinical score 0. Fig. 6E: 0 animals with deficit at day 11). Con-
versely, all P-selectin-high animals declared a first relapse 24h later
(day 11) (Fig. 6D: mean clinical score 2.4 ± 0.48. Fig. 6E: 100% of
animals showing deficits at day 11). P-selectin-low animals did not
show overt demyelination (Fig. 6F, Left), whereas P-selectin-high
animals did (punctuate or absent MBP immunostaining Fig. 6F,
Right). Axonal damage was, however, present in P-selectin-high
and P-selectin-low animals (SMI-32 staining; Fig. 6G).
Second, we assessed whether MPIOs-αP-selectin imaging

could predict remission in symptomatic animals (Fig. S7).
Symptomatic animals were injected with MPIOs-αP-selectin at
disease peak (day 15) and subjected to molecular imaging (Fig.
S7 A and B). Following the same strategy as above, we stratified
two groups of mice (P-selectin-low and P-selectin-high) based on
their MRI profile at day 15 (Fig. S7 B and C) and monitored
them clinically for the occurrence or not of a remission at day 16
(Fig. S7A). Interestingly, none of the EAE animals within the
P-selectin-high group showed remission 24 h later (day 16) (Fig.
S7D: mean clinical score 2.5 ± 0.57. Fig. S7E: 0 animals in re-
covery at day 16). Conversely, all P-selectin-low animals recovered
24 h later (day 6) (Fig. S7D: mean clinical score 0.5 ± 0.58. Fig.
S7E: 100% of animals in remission at day 15). Overall, these data
indicate that MPIOs-αP-selectin enhanced molecular MRI allows
predicting relapses and remissions in PLP-induced EAE.

Discussion
This study reports the development of an original molecular-
imaging method for the detection of neuroinflammation in the
mouse CNS. By targeting P-selectin, and by using MRI sequences

Fig. 5. Spatiotemporal dissemination of the immune cell infiltration and BSCB
opening do not follow the pattern of P-selectin vascular activation in the spinal
cord of PLP-induced EAE mice. (A) Immunohistological images of the infiltrated
areas of the PLP-induced EAE spinal cord. CD4+ leukocyte (green), fibrinogen
(red), and cell nuclei (blue) show the spatiotemporal dissemination of the im-
mune cell infiltration. Each line of images corresponds to a spinal cord section
(in order from top to bottom: cervical, thoracic, lumbar, and sacral). Each col-
umn corresponds to a different stage of the disease (sham, first relapse, re-
covery, and second relapse; n = 3 per group). (B) Corresponding quantification.
ND, nondetected; NS, not significant; *P < 0.05 vs. sham animals in the same
structure; #P < 0.05 vs. indicated condition (n = 3 mice for each clinical group).
(C) Immunohistological image of whole section of PLP-induced EAE spinal cord
(peak of the first relapse) with a low magnification (Left) and a high magnifi-
cation (Right). [Scale bars: 500 μm (Left) and 100 μm (Right).] GM, gray matter;
WM, white matter. (D) Quantification of the distribution of the CD4+ T-cell
infiltration between the white matter (white bar) and in the gray matter (gray
bar). #P < 0.05. (E) Spinal cord photographs after i.v. Evans blue dye injection
in PLP-induced EAE. (F) Ex vivo optical imaging of Evans blue fluorescence.
(G) Quantification of fluorescence in spinal cord tissues. *P < 0.05; **P < 0.01;
***P < 0.001 vs. the same structure in sham animals; #P < 0.05, ##P < 0.01 vs.
indicated condition. See Table S1 for detailed sample size.
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adapted to the imaging of the spinal cord, we provide a diagnostic
follow-up for animals subjected to chronic or relapsing–remitting
EAE. This study shows the validity of molecular imaging targeting
P-selectin for the explorative follow-up of MS-like disease and the
prognosis of relapse and remission in mice subjected to animal
models of MS.
Imaging-based diagnosis in MS currently consists of tracking

the spatiotemporal dissemination of lesions. In this instance, T2-
weighted and Fluid Attenuation Inversion Recovery sequences
were used for the observation of plaques, and Gadolinium-
enhanced T1-weighted sequences were used for the detection
of the BBB/BSCB opening and to estimate whether a lesion is
new or old. Therefore, endothelial activation and subsequent
leukocyte infiltration are not currently assessed by imaging in the
clinical practice. Because blood–brain/blood–spinal cord opening,
and inflammatory cell infiltration are not necessarily associated
(16, 17), MS diagnosis would gain from reliable information
concerning endothelial activation provided by MPIOs-αP-selectin–

enhanced molecular MRI to improve the estimation of disease
activity and enable the earlier detection of lesions in formation.
MRI using MPIOs coupled to antibodies against endothelial

adhesion molecules have been used before to assess endothelial
activation in experimental models of brain diseases with a neu-
roinflammatory component (11). MPIO-coupled antibodies against
inducible cell adhesion molecule 1 (ICAM-1) and vascular cell
adhesion molecule 1 (VCAM-1) were used in animal models of
stroke, Alzheimer’s disease (8), and MS (7, 18, 19). More recently,
an equivalent strategy targeting P-selectin has been developed in
our group (9). This tool showed optimized sensitivity, compared
with VCAM-1–targeted MPIOs, for the detection of endothelial
activation, especially in the context of mild insults such as transient
ischemic attack (9). In the present study, we show that this tool
enables follow-up of disease activity and prediction of relapse/
remission cycles in EAE. In a previous study, MRI-compatible
agents (glyconanoparticles) indiscriminately targeting E- and
P-selectin were used to detect focal inflammation in the brain of
EAE mice (20). E-selectin expression has been suggested to
occur subsequently to P-selectin (21). Because the question of
the timing was crucial in the present study, we believe that tar-
geting P-selectin provided an advantage over E-selectin. The
present work brings the following elements: (i) detection of
endothelial activation not only in the brain, but also in the cer-
ebellum and spinal cord; (ii) quantitative spatiotemporal follow-
up of disease course in relation to clinical manifestations; (iii)
follow-up in two different models of EAE for which specificities
were unveiled by P-selectin imaging; (iv) spatial resolution and
sensitivity high enough to allow imaging inflammation in the
spinal cord of EAE mice, with a distinction between white and
gray matter; and (v) prediction of relapses and remissions. Of
note, CNS endothelial cells—in contrast to any other endothelial
cells in the body—do not store P-selectin in Weibel–Palade
bodies, but rather up-regulate P-selectin expression in in-
flammatory conditions (10). This fact may explain the very low
MPIOs-αP-selectin–induced signal in control conditions, which
may have contributed to increase the sensitivity of our method.
Although the chronic model showed a slow caudo-rostral

progression of endothelial activation only in the spinal cord
(ventral part), the relapsing–remitting model showed endothelial
activation in the whole spinal cord (ventral and dorsal part), the
brain, and the cerebellum from the early stages. Rather than a
direct reflection of the number of lymphocytes within the tissue,
P-selectin imaging gives a reliable and quantitative reflection of
disease activity. This finding is very important when considering
that lymphocyte number in the tissue is not a direct index of
disease activity. In fact, we report differential patterns of lym-
phocyte infiltration in the two models: In MOG-induced EAE,
the constant progression of symptoms along time was associated
with a constant increase in both the number of lymphocytes and
BSCB permeability. In contrast, in PLP-induced EAE, the
number of lymphocytes remained mostly unchanged during re-
lapses and remission, despite variations of BSCB permeability. In
particular, remission was not accompanied by a drop in the
number of lymphocytes within the tissue, except for thoracic
regions, although BSCB permeability partially recovered. In
contrast, relapse was not accompanied by either an increase in
lymphocyte number or an increase in BSCB permeability. This
finding is compatible with the fact that remission is not neces-
sarily linked to a decrease in infiltrate number (due to their
degeneration or “exit” from the spinal cord). Conversely, relapse
is not necessarily linked to an increase in infiltrate number.
Rather, relapse and remission could be due to changes in phe-
notype or activity of infiltrated cells (22). Also, one has to consider
that only T cells that have crossed the glia limitans mediate the
disease (23, 24), which may explain why the global number of
lymphocytes does not reliably reflect disease activity. P-selectin

Fig. 6. MPIOs-αP-selectin–induced hyposignal predicts relapses in PLP-
induced EAE. (A) Experimental design. (B) Representative high-resolution
T2*-weighted images after MPIOs-α P-selectin injection PLP-induced EAE
mice without deficits (CS 0 at day 10; D10). Yellow arrows indicate signal
voids. (C) Corresponding signal void quantification. ##P < 0.01. (D) Clinical
score of P-selectin-high (blue line) or -low (yellow line) mice the day of MRI
acquisition (D10) and the day after (D11). #P < 0.05. (E) Schematic repre-
sentation of the main findings. (F ) Representative immunohistological
images of myelin basic protein (MBP; green) and cell nuclei (blue) in
asymptomatic P-selectin-low and -high animals. (G) Representative immu-
nohistological images of axonal damage (SMI-32; red) and cell nuclei (blue)
in asymptomatic P-selectin-low and asymptomatic P-selectin-high animals.
(Scale bars: 100 μm.) See Table S1 for detailed sample size.
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signal, in contrast, is proportional to disease activity: It raises
during relapses and drops during remission.
Because we used male mice for MOG-EAE and female mice

for PLP-EAE, differences between the two models might in part
be due to sex differences. Further studies should be performed in
appropriate animal models.to address this question.
P-selectin signal is not only an index of disease activity, but

also predicts relapse and remission in PLP-induced EAE. The
presence of MPIOs-αP-selectin–induced signal void in asymp-
tomatic animals predicts the appearance of relapse. Conversely,
the disappearance of P-selectin signal in symptomatic animals
predicts their remission. This finding suggests that imaging tools
targeting P-selectin may serve in the managing of MS patients. In
particular, detection of an increased P-selectin signal may help
documenting the ongoing formation of a new lesion before it can
be observed by using conventional imaging. In line with this
finding, increased P-selectin signal may predict relapses in re-
mitting patients, which would enable anticipating the setup of
treatment. Conversely, the decrease in P-selectin signal may
announce remission in patients with active disease. This method
may be particularly useful to assess the ability of a drug to modify
disease course in primary progressive or relapsing–remitting MS.
Future imaging tools targeting P-selectin may thus be used as
“companion diagnosis” for clinical practice or in clinical trials.
“P-selectin-low” animals show axonal damage without overt

demyelination (normal appearing white matter; NAWM), whereas
in “P-selectin-high” animals, the combination of demyelination and
axonal damage could induce symptom onset. Previous reports
suggested that axonal damage can occur independently and not
necessarily as a consequence of demyelination (25, 26). Our method
could discriminate between animals in which NAWM predominates
and those in which demyelination and axonal damage concur.
The size of MPIOs avoids their passive extravasation across

BBB and BSCB, which supports the use of MPIO-coupled

antibodies to specifically detect endothelial activation. However,
one limitation to their use as imaging tools in humans is their
poor biodegradability. The half-life of MPIOs in the bloodstream
is short (27), but they remain in peripheral organs after their
injection (28) (Fig. S8A), although they do not interfere with
EAE course (Fig. S8B). Nevertheless, this limitation should be
overcome soon by the synthesis of new-generation, biodegrad-
able contrast-enhancing particles (29, 30), some of them being
compatible with the detection of inflammation in vivo (31). The
dose of iron injected into the animals (1 mg/kg) has also been
reduced in our study compared with previous studies (11), thanks
to the strong signal changes induced by MPIOs-αP-selectin. In
addition, MPIOs-αP-selectin is cleared from target endothelium
in less than 24 h, which makes them compatible with repeated
measures and longitudinal follow-up. Together, these points in-
dicate that, in the future, biodegradable contrast-enhancing
particles targeting P-selectin may be developed for diagnosis,
follow-up, and prediction of relapse and remission in MS.

Materials and Methods
Animal experiments were performed in accordance with the French (Decree
87/848) and the European (Directive 86/609) guidelines (Project 02654.02,
Center Agreement D14118001). Standard procedures for experimental au-
toimmune encephalomyelitis (EAE), MPIO conjugation, MRI, vascular per-
meability, immunohistochemistry and statistical analysis are described in SI
Materials and Methods.
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