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MRI Detection of Early Endothelial Activation in Brain

Inflammation
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MRl is an increasingly important clinical tool, but it is clear that
conventional imaging fails to identify the full extent of lesion
load in certain conditions, such as multiple sclerosis. The aim of
this study was to determine whether a novel contrast agent
(Gd-DTPA-B(sLe¥)A, which contains an sLeX mimetic moiety
that enables it to bind to the adhesion molecule E-selectin) can
be used to identify endothelial activation in the brain. Microin-
jection of the proinflammatory cytokines IL-1B or TNF-a into
the striatum of Wistar rats rapidly induces focal adhesion mol-
ecule expression on the endothelium in the absence of MRI-
visible changes. This phenomenon was used to investigate the
potential of Gd-DTPA-B(sLe™A to reveal MRI-invisible brain
pathology. T,-weighted serial images were acquired in anes-
thetized animals before and after administration of Gd-DTPA-
B(sLeX)A, 3-4 hr after cytokine was injected intracerebrally.
Both TNF-a and IL-18 up-regulated E-selectin on the brain
endothelium, which correlated with increased signal intensity
observed after administration of the novel contrast agent. No
enhancement was visible with the nonselective contrast agent
Gd-DTPA-BMA, indicating that there was no leakage of the
agent across the blood-brain barrier (BBB) or nonselective
binding to the endothelium. These data demonstrate the poten-
tial of such contrast agents for the early detection of brain injury
and inflammation. Magn Reson Med 51:248-252, 2004.
© 2004 Wiley-Liss, Inc.
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Multiple sclerosis (MS) is the archetypal inflammatory
demyelinating disease of the central nervous system
(CNS). The pathology of this disease is characterized by
loss of myelin from regions of CNS white matter, and loss
of axons (1). Evidence from both neuropathological (2) and
MR (3) investigations has shown that axon loss may occur
early in the disease process. In an experimental model that
displays many of the histopathological hallmarks of MS,
we have found that axon injury is not restricted to any
particular phase of the inflammatory response. In particu-
lar axon injury is not restricted to the period of blood—
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brain barrier (BBB) breakdown, as detected by gadolinium
enhancement in MRI or other conventional imaging tech-
niques (4). Novel contrast agents linked to appropriate
biomarkers will enable the visualization of lesions within
the brain that cannot be seen with conventional tech-
niques, and will be of use in a broad range of CNS pathol-
ogies.

gIt is clear that solute and cellular permeabilities are not
equivalent with regard to the BBB, and that leukocyte
populations are able to cross an intact BBB (5-7). How-
ever, in acute inflammatory lesions the brain endothelium
becomes activated to facilitate leukocyte recruitment (8).
An essential requirement for leukocyte recruitment from
the circulation is the expression of adhesion molecules on
the endothelium (8), which is one of the earliest events in
an inflammatory response. The arrest of freely flowing
leukocytes, and their subsequent rolling along the endo-
thelium are thought to be mediated by the selectins, which
bind to carbohydrate ligands (10,11). Both E-selectin and
P-selectin are expressed on activated endothelium, but not
on resting brain endothelium, and P-selectin is also
present on platelets. Both of these selectins interact with
the Sialyl Lewis* (sLeX) carbohydrate associated with
CD15 on the surface of neutrophils. Their function is to
slow the circulating leukocytes as they roll along the en-
dothelium. The stereotaxic intracerebral microinjection of
IL-1B has been shown to induce focal expression of E- and
P-selectin in the injected hemisphere in the absence of
BBB breakdown (12). The microinjection of IL-18 also
gives rise to delayed selectin-dependent recruitment of
neutrophils across the intact BBB. In contrast, microinjec-
tion of TNF-a into the brain gives rise to a pattern of
leukocyte recruitment to the brain that is quite distinct
from the action of IL-1B. TNF-« induces delayed monocyte
and T-cell recruitment to the brain across an intact BBB
(13,14), but it is unclear whether the TNF-a-dependent
recruitment of monocytes and T-cells is also associated
with the expression of E- and P-selectin.

At present, gadolinium (Gd)-DTPA compounds are
among the most widely used paramagnetic contrast agents
in routine MRI examinations. The safety of these com-
pounds is based on the very strong chelating capability of
DTPA. However, these agents are currently limited, by
their lack of specificity, to the detection of BBB permeabil-
ity in the CNS as a consequence of leakage into and accu-
mulation within the brain parenchyma. We recently de-
scribed the synthesis of a novel contrast agent, based on
Gd-DTPA, to target sites of inflammation in which E-se-
lectin is expressed (15). The structure of a mimetic of sLeX,
namely 3-([2—(-D-mannopyranosyloxy)phenyl])phenylacetic
acid, was coupled to DTPA via a flexible alkyl spacer and the
amide linkage to produce a compound known as Gd-DTPA-
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B(sLe*)A. The aim of the current stucly was to determine
whether this novel contrast agent could be used to identify
endothelial activation in the brain, Using focal intracere-
bral microfnjections of IL-1 and ‘'NF-u to induce selectin
oxprossion, we found that Gd-DTPA-B(sLo*)A can rovoal

the prosence of inflammation in the brain that is otherwise
invisible by MRI.

MATERIALS AND METHODS
Animal Preparation

Adult male Wistar rats (232 + 55 g; Harlan-Qlac, UK) were
anosthetized with 2.5% isoflurane in 70% N,0:30% 0,.
By means of a <50 wm-tipped glass pipette, 1 ul of cyto-
kine solution (NIBSC, Potters Bar, UK) was injected ster-
eotaxically over a 10-min period, 1 mm anterior and 3 mm
lateral to the brogma, at a depth of 4 mm into the left
striatum, The animals were injected with either 1 ng/ul of
recombinant rat IL-18 (N = 6) or 1.5 ug/pl of recombinant
rat TNF-a (N = 6), each in 0.1% BSA in low-endotoxin
saline. A cannula was inserted into a tail vein for the
administration of contrast agent during the MRI expoeri-
ment. The rats were positioned in the MRI probe (3.4 cm
i.d.; Alderman-Grant resonator) using an in-house-built
bite-bar with nose restraint. During MRI, anesthesia was
maintained with 1.0-1.5% isoflurane in 70% N,0:30%
O,, ECG was monitored via subcutaneous electrodes, and
body temperature was maintained at ~37°C by a circulat-
ing warm-water system. All procedures were approved by
the United Kingdom Home Office.

MRI

MR images were acquired using a 7T horizontal bore mag-
net with a Varian Inova spectrometer (Varian, Palo Alto,
CA). Anatomical scout images in both the horizontal and
coronal planes were acquired using a fast spin-echo T,-
weighted sequence, with a repetition time (TR) of 3 s, echo
timeo (TE) of 80 ms, matrix size 128 X 126, and field of view
(FOV) of 3 cm X 3 cm. Slice thickness was 2 mm in the
horizontal plane and 1 mm in the coronal plane. These
scout images enabled us to visualize the injection site as a
small hyperintense region, as observed previously (16,17),
through which the target slice was positioned. Spin-echo
T,-weighted images (TR = 500 ms, TE = 20 ms) were
acquired in the horizontal plane, with a slice thickness of
2 mm, a matrix size of 128 X 256, and a FOV of 3 cm X
6 cm.

Experimental Protocol

The rats were divided into three groups (A-C), and studies
were performed to investigate the expression of the adhe-
sion molecule E-selectin following cytokine injection into
the striatum.

Group A

The animals (N = 3) were placed in the magnet 2 hr after
IL-18 was injected intracerebrally, and scout images were
acquired to position the target scan. A pre-contrast-agent,
T,-weighted image was acquired, and at 2 hr 45 min after
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1118 Injection, 0.8 ml Gd-DTPA-B(sLe*)A (27.8 mM solu-
tion) was injected intravenously over a period of 2-3 min
via the tail vein cannula., T,-weighted images were subse-
quently acquired overy 10 min, beginning immediately
post-contrast injection, for 1 hr, This time period was
choson based on previous observations of E-selectin ex-
pression 3-4 hr post IL-13 injection (12).

Group B

The rats (N = 3) were treated as in Group A, except that an
oquivalent dose (0.1 mmol/kg) of the conventional intra-
vascular contrast agent Gd-DTPA-BMA (Omniscan, Ny-
comed Amersham, UK) was injected in an 0.8-ml volume
instoad of the GA-DTPA-B(sLe*)A. Again, T,-weighted im-
ages were acquired every 10 min, beginning immediately
post-contrast injection, for 1 hr.

Group C

The animals (N = 3) were placed in the magnet 3 hr after
TNF-a was injected intracerebrally, and scout images were
acquired to position the target scan. A pre-contrast-agent,
T,-weighted image was acquired, and 4 hr after TNF-a
injection, 0.8 ml Gd-DTPA-B(sLe*)A (27.8 mM solution)
was injected intravenously over a period of 2-3 min via
the tail vein cannula. T,-weighted images were subse-
quently acquired every 10 min, beginning immediately
post-contrast injection, for 1 hr. This time period was
chosen based on our previous immunohistochemical and
MRI observations that the earliest macrophage recruitment
to the CNS occurs at ~4 hr post-TNF-o injection, and there
is no BBB breakdown within the brain parenchyma earlier
than 24 hr post-TNF-a injection (16). Three additional
animals were injected with TNF-a in the same way, but
did not undergo the MRI protocol. These animals were
killed for immunohistochemistry (described below) 4 hr
after TNF-a injection.

Histological Analysis

Following MRI, the animals injected with IL-18 and Gd-
DTPA-B(sLe*)A, and all animals injected with TNF-a were
deeply anesthetized with sodium pentobarbitone, and
transcardially perfused with 0.9% heparinized saline.
Their brains were rapidly removed and immediately fro-
zen in Tissue-Tek OCT embedding compound (Miles Inc.,
Elkhart, USA). Frozen 10-wm-thick coronal serial sections
of fresh-frozen tissue were cut on a cryostat and mounted
on 3-aminopropyltriethoxysilane-coated slides. The sec-
tions were air-dried and fixed in ice-cold absolute ethanol
for 10 min prior to staining. The primary antibodies (anti-
E-selectin monoclonal antibody RME-1 and anti-P-selectin
monoclonal antibody RP-2) were incubated on separate
sections for 2 hr. They were detected with the use of
biotinylated secondary antibodies and an ABC Elite detec-
tion kit (Vector Laboratories, Peterborough, UK), with 3,3'-
diaminobenzidine (DAB) as the substrate. Sections used
for counting blood vessels were not counterstained. Sec-
tions used for photographic purposes were counterstained
with hematoxylin. For each animal, five fields were chosen
randomly in the striatum in the injected (E-selectin and
laminin) and uninjected (laminin) hemisphere, and the
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FIG. 1. The expression of E-selectin (brown staining) on the cerebral

endothelium in the hemisphere injected with (a) IL-18 or (b) TNF-a In
adult animals. Cresyl violet was used as a counterstain.

positively-stained vessels were counted with the use of
Leica Qwin image analysis software (Leica, UK). All ves-
sels, whether longitudinal, transverse, or branched, were
each counted as one single blood vessel. The number of
E-selectin positive vessels per square millimeter were ex-
pressed as a percentage of the laminin positive vessels to
account for variations among the animals.

RESULTS
E-Selectin Expression

To examine the potential of the novel contrast agent tar-
geted at inflammation, we microinjected IL-18 and TNF-a
into the brain parenchyma to generate focal inflammatory
lesions in the absence of BBB breakdown. In agreement
with our previous findings (12), intracerebral injection of
IL-1B induced the up-regulation of E- and P-selectin. At
4 hr, before any appreciable neutrophil recruitment oc-
curred, 76% of the vessels in the injected hemisphere were
E-selectin-positive (Fig. 1a). E-selectin expression was also
observed on vessels in the meninges and in the choroid
plexus. P-selectin expression was always less prominent
than E-selectin (at most, only 15% of the vessels appeared
positive). Like E-selectin, P-selectin immunoreactivity was
also detected on vessels in the meninges and in the cho-
roid plexus. Following an intracerebral injection of TNF-g,
all animals exhibited expression of E-selectin within the
injected striatum (Fig. 1b), although the proportion of E-
selectin positive vessels was lower than the IL-1 B-injected
animals (25% vessels were positive at 4 hr). P-selectin was
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up-rogulated to a similar extent in the TNF-a-injected an-
imals compared to those injected with IL-1p.

Interleukin-13 Injections

To determine whether there would be any change in signal
intensity over the 50-min imaging period witk_l a conven-
tional contrast agent, we injected the nonselecnve. contrast
agent Gd-DTPA-BMA. Following the intravenous injection
of Gd-DTPA-BMA, there was no evidence of any increase
in signal intensity at any time point that might havp been
indicative of low-grade breakdown of the BBB, or evidence
that this nonselective contrast agent could bind to the
activated brain endothelium (Fig. 2a).

In the animals injected with IL-1@ and the contrast agent
Gd-DTPA-B(sLe*)A, a region of increased signal intensity
was seen in the injected striatum (left), and the maximal
signal change apparently occurred ~50 min after contrast
agent injection (Fig. 2b). This finding was consistent in all
of the three animals injected with IL-18 and Gd-DTPA-
B(sLe*)A. The signal enhancement was often patchy in
appearance, in accord with the heterogeneous nature of
the cerebral microvasculature. In addition, the areas of
contrast enhancement correlated spatially with those areas
exhibiting E-selectin up-regulation, as described immuno-
cytochemically.

TNF-a Injections

In one of three animals injected with TNF-a and Gd-
DTPA-B(sLe*)A, a region of increased signal intensity was
seen in the injected striatum, which was most obvious in
the difference image (50 min-pre). Again, the signal change
appeared to be maximal ~50 min after contrast agent in-
jection (Fig. 2c). As for IL-1B, in the animal that did exhibit
contrast enhancement, this region correlated spatially
with those areas exhibiting E-selectin upregulation in the
animals that were studied immunocytochemically.

DISCUSSION

In this study we have demonstrated that the cytokines
IL-18 and TNF-o induce the expression of selectins on the
brain microvasculature, and that this can be imaged in
vivo with the novel contrast agent Gd-DTPA-B(sLe*)A.
Moreover, at the time points when signal enhancement
was observed with the Gd-DTPA-B(sLe*)A, no abnormal-
ities are detectable using either non-enhanced imaging
methods (T,-, T,-, or diffusion-weighted) or conventional
Gd-DTPA-BMA contrast enhancement (16,17). Thus, the
use of this novel contrast agent reveals pathology that is
otherwise invisible by MRI. Though the signal enhance-
ment was moderate, this study demonstrates that com-
pounds conjugated to ligands of adhesion molecules are
likely to be useful in clinical medicine.

Signal enhancement with Gd-DTPA-B(sLe*)A was reli-
ably detected in animals injected with IL-18, but less so in
those animals injected with TNF-a. This probably reflects
the lower expression of E-selectin following TNF-u injec-
tion (25% of vessels) compared to IL-18 injection (75% of
vessels). The dose of GA-DTPA-B(sLe*)A used was similar
to the dose of Gd-DTPA-BMA that is routinely used in our
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FIG. 2. a: T,-weighted images from an animal injected intracerebrally with IL-1B and intravenously with Gd-DTPA-BMA, acquired 0, 30, and
L2, ar Ty

50 min after contrast agent administration. No changes in signal

| intensity were observed at any time (as shown by the difference

. i indicati i breakdown and entry of the contrast agent into the brain tissue. b: T,-V\(elghted images
0 mm-pre_) |ma'g'e), ;22'?::22;?:&:Erivlifhnﬁj?and intravenously with Gd-DTPA-B(sLe™)A acquired at 0, 30, and 50 min after contrast
psl an‘m.1a| ||;1!ec A region of increased signal intensity can be seen in the injected striatum (left). The degree of.sgna! change apgeared
agent ad".“n's"aéon. i af?er contrast agent injection, and is more apparent in the difference (50 min-pre) image. This finding was consistent
:to be e i ? el cted with IL-1B and Gd-DTPA-B(sLe®)A. c: T,-weighted images from an animal injected intracereb_rally with Tr_\IF-a
e thg three amm|a ivli?:\eed-DTPA-B(sLex)A. acquired 0, 30, and 50 min after contrast agent administration. A region of lncreaseq srgn'al
?nd m.t raveno‘;s yseen in the injected striatum (left), and again the degree of signal change appeared to be mgximal at ~50 min. This
::i:ﬁx::?u \Aeras more obvious in the difference image (50 min-pre), but was only observed in a third of the animals.

studies to investigate BBB breakdown. Restrictions on the
volume of compound that we are allowed to administer
prevented the use of an increased load of Gd-DTPA-B(sL-
eX)A. It is also possible, therefore, that :che level of E-
selectin expression induced by TNF-a is close to the
threshold detection level for Gd-DTPA-B(sLe*)A at the
dose used. The expression of E- and P-selectins on cerebral
blood vessels has been described previously in models of
permanent or transient middle cerebral artery occlusion in
rats and nonhuman primates (18—21), and after the micro-
injection of IL-1B (12). In addition, both IL-1B and TNF-«
have been shown to be capable of inducing the expression
of E- and P-selectin on brain-derived microvascular endo-
thelial cells in vitro (22). However, this is the first account
showing that selectin expression can be induced on the
brain microvasculature by TNF-a in vivo.

The lack of enhancement in the animals injected with
IL-18 and Gd-DTPA-BMA demonstrated that the signal
enhancement observed with IL-18 and Gd-DTPA-B(sLe*)A
was not due to breakdown of the BBB and entry of the
contrast agent into the brain tissue. Previous MRI studies
of TNF-a-induced CNS inflammation have demonstrated
that there is no BBB breakdown at time points earlier than
24 hr (16). The conventional contrast agent used in this
study was Gd-DTPA-BMA (Omniscan), which is a bis-

(amide) complex. Since the sLe* mimetic is also a bis-
(amide) complex, Gd-DTPA-BMA is a more appropriate
reference agent for this study than the other convention-
ally-used contrast agent Gd-DTPA (Magnevist), which is a
pentacarboxylate. The bis(amides) are neutral compounds,
while the Magnevist has a global 2— charge that is com-
pensated for by counter ions (usually two molecules of
glucamide). The relaxivity of the Gd-DTPA-B(sLe*)A is 3.9
s mM™ at 0.5 T, and 3.5 s mM™? at 1.5T, which is
identical to that of both Gd-DTPA and Gd-DTPA-BMA.
The targeting of contrast agents to specific molecules
involved in pathological processes has been commonplace
in positron emission tomography (PET) studies for some
years (23-28); however, this approach has only recently
been applied to MRI contrast agents. To date, only two
studies of such agents have been reported (in addition to
our work describing the synthesis and preliminary exper-
iments with the agent described here (15)), and those stud-
ies were either ex vivo (29) or in vitro (30). Thus, the
current study is the first in which the detection of contrast
enhancement by such an agent in the brain in vivo has
been reported. In the case of the ex vivo study (29), anti-
body-conjugated paramagnetic liposomes were targeted to
intercellular adhesion molecule-1 (ICAM-1), and used to
detect up-regulation of this endothelial leukocyte receptor
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in 8 mouse model of experimental autoimmune encepha-
litis. Contrast enhancement was detected on T.-wej E
images at 9.4T with an average scan time of 71 hrelli :f,:
current §tudy, contrast enhancement was detected in vivo
at 7T with a scan time of 4 min. In the in vitro study (30)
;Z\{::eztncclo?lliuiaite; of cross-linked iron oxide nanopar-

gh-a mty antihuman E-selectin antibody
fragment were used to image E-selectin expression in hu-
man endothelial cell culture on exposure to IL-1. Loss of
signal was observed‘ in cells treated with IL-1B and incu-
bated with t‘he? anti-E-selectin contrast agent. Given the
greater r.elax1v1ties of the iron oxide nanoparticles com-
pared with gaflolinium per particle/molecule, it is likely
that vectors linked to those superparamagnetic crystals
may prove more sensitive than the agent used in the cur-
rent study.

Although the degree of signal enhancement was modest
in this preliminary study, the current data demonstrate the
potential of such contrast agents for the early detection of
brain injury and inflammation. The targeting of contrast
agents to distinct molecules associated with tissue pathol-
ogy provides the potential to investigate disease noninva-
sively in vivo at the molecular level. Endothelial adhesion
molecules are an important target for contrast-enhanced
MRI because their expression is among the earliest events
in the inflammatory response. Consequently, this ap-

proach may provide early indications of neurological dis-

ease and injury at times when conventional MRI methods
are ineffective in identifying these processes but adminis-
tration of therapy may be optimal.
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