
MOLECULAR MRI 
OF NEUROVASCULAR 
INFLAMMATION AND 
ANGIOGENESIS

Lisette Helene 

      Deddens



Lisette Helene 

      Deddens 

MOLECULAR MRI 
OF NEUROVASCULAR 
INFLAMMATION AND 
ANGIOGENESIS
Moleculaire MRI van neurovasculaire inflammatie en angiogenese
(met een samenvatting in het Nederlands)

PROEFSCHRIFT

ter verkrijging van de graad van doctor 
aan de Universiteit Utrecht op gezag 
van de rector magnificus, prof.dr. G.J. 
van der Zwaan, ingevolge het besluit 
van het college voor promoties in het 
openbaar te verdedigen op donderdag 
28 maart 2013 des middags te 2.30 uur

door
 

geboren op 3 juli 1983 te Enkhuizen.



Love is patient, 
love is kind. It does not envy, 
it does not boast, 
it is not proud. It does not 
dishonor others, it is 
not self -seeking, 
it is not easily angered, 
it keeps no record of wrongs. 
Love does not delight in evil 
but rejoices with 
the truth. It always 

protects, always trusts, 
always hopes, always 

perseveres. 
Love never fails.

Promotoren prof.dr.ir. M.A. Viergever
  prof.dr. H.E. de Vries
Co-promotor dr. R.M. Dijkhuizen

Dit proefschrift werd (mede) mogelijk 
gemaakt met financiële steun van 
Stichting De Drie Lichten.



TABLE OF 
CONTENTS

| 01 |  Introduction 
 page 9

| 02 |  Tumor angiogenesis phenotyping by nanoparticle-facilitated  
 MR and NIRF molecular imaging 
 page 27

| 03 |  αPECAM-1-MPIO as MR contrast agent for detection of 
 vascular remodeling after stroke 
 page 49

| 04 |  Molecular MRI of ICAM-1 upregulation after stroke:  
 Choosing the appropriate contrast agent 
 page 69

| 05 |  Molecular MRI of activated endothelium and infiltrating  
 leukocytes after stroke 
 page 95

| 06 |  Molecular MRI of ICAM-1 expression in an animal model  
 of multiple sclerosis
 page 111

| 07 |  Discussion 
 page 133

           Summary 
 page 142

 Samenvatting 
 page 144

 List of publications 
 page 146

 Acknowledgements - Dankwoord 
 page 148

 Curriculum Vitae 
 page 150

ISBN: 

Copyright © 2013 by Lisette Helene Deddens
 
All rights reserved. No part of this book 
may be reproduced, stored in a database or 
retrieval system, or published, in any form 
or in any way, electronically, mechanically, 
by print, photo print, microfilm or any other 
means without prior permission by the 
author.

Printed by: GVO drukkers & vormgevers BV
Layout: Willemieke Slingerland
Illustrations: Samantha Deddens-Van Dalen

The research described in this thesis was 
funded by The Netherlands Organization for 
Scientific Research (NWO; VIDI 917.76.347), 
and the European Stroke Network (ESN;  

EU FP7/2007–2013: 201024, 202213).

COLOFON



INTRODUCTION

01

Adapted from:

Lisette H. Deddens, Geralda A.F. Van Tilborg, 

Willem J.M. Mulder, Helga E. De Vries and Rick 

M. Dijkhuizen. 

Imaging neuroinflammation after stroke: current 

status of cellular and molecular MRI strategies. 

Cerebrovasc Dis 2012 33:392-402

Peter R. Seevinck, Lisette H. Deddens  

and Rick M. Dijkhuizen. 

Magnetic resonance imaging of brain  

angiogenesis after stroke.  

Angiogenesis 2010 13:101-111

 



10 11

Molecular imaging allows 

direct monitoring and recor- 

ding of the spatiotemporal 

distribution of molecular or 

cellular processes in vivo, 

and can give unique insights in fundamental biochemical and biological processes. 

Furthermore, it is also suitable for diagnostic and therapeutic applications [1].  

Molecular imaging can be accomplished with a variety of imaging techniques, such 

as optical imaging, ultrasound, positron emission tomography (PET), single-photon 

emission computed tomography (SPECT), computed tomography (CT) and magnetic 

resonance imaging (MRI) [2]. These imaging techniques typically make a trade-off 

between resolution and sensitivity (Figure 1.1). 

CT provides good structural information, but with a relative low detection sensitivity 

and soft-tissue contrast. In combination with contrast-generating gold nanoparticles, 

CT can be used for molecular imaging purposes [3]. However, excessive radiation  

hampers the use of CT for extensive longitudinal studies. 

Ultrasound provides proper spatial resolution, but the field of view is limited to the 

probe location and penetration depth, and with a basic ultrasound set-up, only 2D  

images are obtained from the target of interest. The development of targeted  

microbubbles has recently added this technique to the list of imaging techniques for 

molecular imaging [4]. 

On the other end of the spectrum are PET and SPECT, which provide high sensitivity, 

but accompanied with low spatial information. Molecular imaging with both PET and 

SPECT combined with radioactive tracers, has been implemented in the clinic for 

diagnostic purposes [5], nevertheless, high radiation dosage often limits their use for 

longitudinal studies. 

Optical imaging encompasses fluorescence imaging and bioluminescence imaging 

methods, and renders a high sensitivity. With the use of near-infrared fluorescence, 

the penetration depth of optical imaging of tissue has become much deeper,  

in addition to a further improved sensitivity or structural contrast [6]. Molecular  

optical imaging is mainly used in basic research, for example to study target  

expression with use of reporter genes in transgenic animals [7]. These transgenic 

animals then express an optical probe when the reporter gene is encoded in relation  

1.1  MOLECULAR 
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to the target of interest, giving rise to signal from a fluorescent dye or luciferin- 

induced bioluminescence from specific cells. When induced in rodents, the 

penetration depth of the emitted probe is sufficient to perform a whole body scan. 

Other types of molecular optical imaging are restricted to post mortem scanning of 

excised tissue, or scanning of tissue locations close to the surface. 

MRI is a technique that can provide proper spatial resolution with adequate sensitivity. 

Furthermore, MRI is a non-invasive technique that is not hampered by tissue pene-

tration limits or restricted to 2D image acquisition, which can be used for extensive 

longitudinal studies [8]. MRI provides excellent soft-tissue contrast, can reach decent 

spatiatemporal resolutions, and provides good contrast agent sensitivity (single  

particle detection). Molecular MRI application is the principal topic of this thesis, and 

its basics will be discussed in the next paragraph.

Figure 1.1
Schematic overview of relative sensitivity and resolution of different imaging techniques.
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MRI, magnetic resonance imaging, 

is based on the phenomenon that 

nuclei which contain odd numbers 

of protons and/or neutrons have an intrinsic magnetic moment and spin angular  

momentum, i.e., a non-zero spin. When a group of these non-zero spins is placed in 

a magnetic field, they align to the magnetic field. Due to the occupation of higher and 

lower energy levels, there is a net magnetization vector. This net magnetization vector 

from a group of spins resonates in the applied magnetic field, which is the basis 

of the MR signal [9-10]. Even though a nucleus may posses an intrinsic magnetic  

moment, and would therefore be suitable to use for MRI, its feasibility is dependent 

on the natural abundance and biological availability of the isotope (Table 1.1) [11-12].  

Currently, only 1H MRI is used in the clinic. The other isotypes listed in Table 1.1 have been 

applied in research and might advance to clinical applications in the future as well. 

1.2  MRI
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An MR detectable signal change can be measured when a radiofrequency (RF) pulse 

is applied. At equilibrium, the net magnetization vector of a group of protons aligns 

along the applied magnetic field in the longitudinal plane, which is referred to as the 

equilibrium magnetization. By applying an RF pulse, the net magnetization vector can 

be flipped from the longitudinal plane to the transverse plane, after which it relaxes 

back to its original longitudinal, equilibrium magnetization. This relaxation process 

is described by two parameters, being spin-lattice relaxation time (T1) and spin-spin 

relaxation time (T2
(*)). Spin-lattice relaxation time, T1, is the time in which the longitu-

dinal relaxation recovers, which is determined by the interaction of water protons with 

their surrounding. Spin-spin relaxation time, T2
(*), describes the decay of the trans-

verse magnetization towards equilibrium. This decay in transverse magnetization is 

caused by dephasing of the signal as every spin experiences a slightly different mag-

netic field. This dephasing is caused by intramolecular spin-spin interactions (pure T2) 

and variations in the applied magnetic field (inhomogeneous T2 effect). The combined 

effect of T2 and inhomogeneous T2 effects are described by T2*. T1, T2 and T2* are time 

constants (expressed in s), and follow the rule T1 >> T2 >> T2*. Local differences in 

these parameters can be exploited to generate tissue contrast as displayed in Figure 
1.2, which shows typical MR images of a unilaterally ischemic mouse brain based on  

T1-weighting (Figure 1.2A), T2-weighting (Figure 1.2B) and T2*-weighting (Figure 1.2C).

In the last two decades, MRI has proven to be a valuable tool to investigate the spatio-

temporal profile of pathology-induced changes, mainly attributable to its capability to 

longitudinally evaluate a wide spectrum of structural and functional tissue characteris-

tics. This versatility originates from the fact that contrast in MR images is dependent on 

intrinsic, biophysical tissue properties such as proton density, inter- and intramolecular 

magnetic interactions, oxygenation state, magnetic susceptibility, diffusion, perfusion 

and flow. These endogenous tissue characteristics influence the MRI signal by their 

effect on MR relaxation times (T1, T2 and T2*) and water proton mobility, which can be 

exploited to generate image contrast. Additionally, exogenous contrast agents can be 

applied to enhance endogenous contrast-generating mechanisms. This can improve 

anatomical and/or physiological distinction, and may allow detection of otherwise  

indiscernible factors.

* Figure 1.2 
Differences in tissue contrast from MR relaxation times T1, T2 and T2*, as demonstrated on MR 
images of a unilaterally ischemic mouse brain based on (A) T1-weighting, (B) T2-weighting and 
(C) T2*-weighting. 

MR contrast agents reduce 

the intrinsic longitudinal 

(T1) and transverse (T2
(*)) 

relaxation times of its sur-

rounding tissue, thereby 

generating localized hyperintense or hypointense areas on T1- or T2
(*)-weighted MR 

images, respectively. The potency of a contrast agent to change the signal intensi-

ty on MR images is represented by its relaxivities r1, r2 and r2*, expressed in mM-1 

s-1. In general, the ratio between these relaxivity values determines whether a con-

trast agent is most suitable for T1- or T2
(*)-weighted imaging, i.e., agents with an r2/r1  

ratio between 1-2 typically induce strong contrast effects on T1-weighted images, 

while agents with higher r2/r1 ratios induce most tissue contrast on T2
(*)-weighted  

images [13]. The most commonly applied clinical MR contrast agents are the  

FDA- and EMEA-approved low molecular weight paramagnetic gadolinium (Gd)  

polyaminocarboxylate chelates, e.g., Gd-DTPA and Gd-DOTA [14-15]. These 

agents have a r2/r1 ratio between 1-2 and are therefore commonly applied to  

induce hyperintense signals on T1-weighted MR images (Figure 1.3A). Another  

important class of contrast agents are formed by superparamagnetic iron oxide  

particles, which come in a wide range of sizes and a variety of coatings [16].  

1.3  MR CONTRAST 
AGENTS

Table 1.1 
Nuclei that posses an intrinsic magnetic moment with their natural and biological abundance listed. 

Nuclei  Natural Abundance (%) Biological Abundance (%)
1H 99.985 63
13C 1.11 0.10
19F 100 0
23Na 100 0.041
31P 100 0.24

Figure 1.2 * 
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The popularity of these agents, typically with high r2/r1 ratios, is predominantly based 

on their biocompatibility [17] and their capacity to efficiently disturb local magnetic 

fields, thereby generating localized hypointense areas on T2- and T2*-weighted MR 

images (Figure 1.3B) to an extent that generally increases with particle concentration, 

particle size and external magnetic field strength [18]. 

To increase the efficiency of MR contrast agents, nano- or microformulations can be 

manufactured with a high payload of contrast agent per unit. An important example 

of such particles are micron-sized particles of iron oxide (MPIO), with sizes in the  

micrometer range, containing very high amounts of iron oxide. Commercially available 

polystyrene/divinylbenzene MPIO, such as employed by Hoyte et al [19], are adequate 

for investigations in animal models. But these particles are inert which excludes their 

application in humans. Recent developments in the synthesis of biodegradable MPIO 

may potentially provide a clinically applicable alternative [20].

Another established platform for increased contrast payload is available in the form of 

lipid-based nanoparticles [21]. Lipid-based nanoparticles, such as micelles, emulsions 

or liposomes, are comprised of a biocompatible lipid mono- or bilayer coating that  

encapsulates either an aqueous or hydrophilic core (Figure 1.4). The composition of 

this lipid coating, as well as the relative amount of additionally incorporated hydropho-

bic compounds (e.g., oil), define the morphology, size and blood half-life of the particle 

[22-23]. This offers an extremely versatile and tunable compound for a wide variety of 

applications, ranging from preclinical cellular and molecular imaging studies to drug 

delivery in patients [24]. For MRI purposes, large quantaties of Gd-containing lipids can 

01

Figure 1.3 
Contrast agents allow detection 
of otherwise indiscernable factors, 
such as (A) blood-brain barrier 
permeability from leakage of  
an intravenously injected T1-type 
contrast agent (i.e., Gd-complex), 
and (B) neurovascular inflam- 
mation from binding of an  
intravenously injected T2

(*)-type 
contrast agent (i.e., iron oxide).

Figure 1.4 
Schematic representation of different types of lipid-coated nanoparticles with a variety of 
possible imaging entities, including MRI labels (Gd-labeled lipids or iron oxide) and fluorescent 
labels (fluorescent lipids or quantum dots), and a targeting ligand. PEGylated lipids typically 
increase the blood half-life of nanoparticles. 

be incorporated in the nanoparticle’s lipid (bi)layer [25], or alternatively, hydrophobic 

iron oxide nanocrystals can be encapsulated in the nanoparticle’s core [26-27].  

Moreover, additional inclusion of fluorescent moieties [28] or PET/SPECT tracers [29] 

in the lipid (bi)layer, or hydrophobic particles, such as gold particles [30] and quantum 

dots [31], in the nanoparticle core, extends the utility of this platform to multimodal 

imaging set-ups [32].

Besides being employed 

for contrast enhancement 

of specific tissue characte-

ristics, the abovementioned 

MR contrast agents can 

also be used for molecular MRI purposes, in which they enable detection of cellular 

or molecular entities. A distinction is made between cellular MR imaging, which  

involves labeling of cells with MR contrast agents to enable tracking of their migration 

and distribution in tissues, and molecular MR imaging, for which contrast agents are 

functionalized with ligands (e.g., antibodies) that specifically target molecular markers 

(Figure 1.5). Both molecular and cellular MRI are limited to targets which are  

accessable for the contrast agent. Different administration routes can be chosen, but 

clinically, only minimally invasive administration routes like intravenous or intraarterial 

1.4  MOLECULAR
MRI
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injection are accepted, enabling a good distribution throughout the system, but limi-

ting molecular MRI to vascular targets. Nevertheless, vascular targets are often part 

of fundamental signaling cascades of various pathology-associated processes, e.g., 

atherosclerosis, tumor growth and ischemia. This thesis deals with molecular MRI 

of two types of vascular events that are critically involved in many pathologies; i.e., 

angiogenesis and neurovascular inflammation.

Figure 1.5 
Schematic overview of the concept of cellular and molecular MR imaging. Target-specific  
contrast agents allow detection of e.g., upregulated endothelial markers, such as cell adhesion 
molecules, while infiltrating cells, e.g., leukocytes, can be detected after specific cell labeling 
with contrast agents. 
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Angiogenesis is the forma-

tion of new blood vessels 

from existing vessels, which 

is a normal and vital process 

in tissue growth and de-

velopment that may also occur under pathophysiological conditions, such as after  

tissue hypoxia (e.g., in tumors) or ischemia (e.g., after stroke) [33]. The stages 

of onset, formation and maturation of new blood vessels are highly complex, but  

well-characterized in a couple of stages (Figure 1.6). Angiogenesis is triggered by 

a lack of oxygen and nutrition in cells. These cells subsequently start transcribing 

1.5  MOLECULAR MRI 
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a variety of genes that are involved in the process of angiogenesis, such as vascu-

lar endothelial growth factor (VEGF) and proinflammatory cytokines. These factors  

then activate receptors on endothelial cells, e.g., ανβ3 integrin [34] and platelet  

endothelial cell adhesion molecule (PECAM-1), and thereby create a permissive  

environment for sprouting of proliferating endothelial cells towards the deprived cells. 

The activated endothelial cells excrete proteases that degrade the basal membrane, 

increasing the permittivity of the blood vessel, but also creating room for the prolife-

rating endothelial cells to form vascular buds in the direction of the inclining gradient 

of angiogenic factors. These vascular buds eventually grow into fully-fledged vessels, 

connecting with each other and pre-existing vessels, hereby creating a network of 

vessels supplying the deprived cells of oxygen and nutrition. These newly formed 

angiogenic microvessels do not always become functional vasculature. This is  

depended on the pathology that is being investigated [35]. 

Molecular MRI of angiogenesis can provide unique information on the process of  

vascular remodeling after pathophysiological conditions, which may improve disease 

diagnosis as well as monitoring of anti- or pro-angiogenic therapies. Oncology 

has been the major focus of angiogenesis-related molecular MRI [36-37]. When  

malignant tumor growth is detected, it may concern an angiogenic phenotype of the  

tumor which may respond to anti-angiogenic therapy. MR-based molecular imaging 

with ανβ3 integrin-targeted nanoparticles has demonstrated its potential to monitor 

tumor angiogenesis [28, 38-39], enabling the differentiation between angiogenic blood  

vessels from normal blood vessels. In Chapter 2 of this thesis, we show the  

application of ανβ3 integrin-targeted superparamagnetic nanoemulsions that are able 

to differentiate between tumors that are low and highly angiogenic [40]. 

Figure 1.6 
Schematic overview of the different stages of 
angiogenesis.
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Molecular MRI might also be a promising approach to shed more light on  

angiogenesis after stroke, which may contribute to elucidation of endogenous  

repair mechanisms and help to identify specific targets for restorative cell-based and  

pharmacological therapies, as we report in Chapter 3. However, brain vasculature 

is different from vasculature in other tissues and organs since it contains a blood-

brain barrier, which restricts the permeability of vessels to active transport for most 

molecules. Newly formed cerebral vessels, such as during neuroangiogenesis, lack 

a blood-brain barrier, which may be identified with vascular permeability imaging. 

However, blood-brain barrier leakage is also a direct pathological consequence of 

cerebral ischemia [41]. A clear example of the potential of in vivo molecular imaging 

of angiogenesis after stroke has recently been presented by Cai et al, who used 

PET to measure upregulation of VEGF receptors with radioactively-labeled VEGF in  

ischemic rat brain [42]. For non-invasive monitoring of kinetics of expression of  

molecular markers, nuclear imaging techniques are valuable, however, their relatively 

low resolution, requirement of a radioactive tracer and lack of anatomical reference, 

are significant drawbacks that may be overcome by development of MR-based  

molecular imaging.

Inflammation is another 

major pathology-related 

event that takes place 

at the level of the vascu- 

lature. Inflammation is 

part of a complex biolo-

gical reaction to harmful 

stimuli (Figure 1.7), which may be seen as a protective attempt to prevent further 

injury and to initiate recovery, but which may also be detrimental under certain  

conditions. Inflammation starts with the release of pro-inflammatory cytokines by  

resident immune cells. These cytokines trigger endothelial cells to release proteases 

to increase vascular permeability and to express cell adhesion molecules that  

facilitate the transmigration of blood-born leukocytes towards the injured site [43].

Inflammation plays a significant role – which can be beneficial as well as detrimental 

– in a wide variety of pathologies, and is therefore of interest to assess with molecular 

MRI. Atherosclerosis-induced inflammation has been the target for molecular MRI 

in a variety of studies, exploiting different molecular MRI strategies with gadolinium 

and iron oxide-based contrast agents targeted to a myriad of vascular targets [44-46]. 

1.6  MOLECULAR MRI
OF NEUROVASCULAR 
INFLAMMATION

Figure 1.7 
Schematic overview of the inflammatory 
cascade upon an injurious stimuli.
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Also inflammation after myocardial infarction has been the topic of interest in many  

reports [47-48]. Recently, also neurovascular inflammation has been focus of molecular 

MRI studies. MR imaging of molecular neurovascular inflammatory markers in rat 

and mouse brain has been successfully demonstrated in experimental neuroinflam-

mation models, where cytokines were injected intracerebrally [49-51]. These models 

guarantee a high expression of cell adhesion molecules, and may therefore serve in 

proof-of-principle studies for in vivo detection of target-specific MR contrast agents. 

The first studies that reported on in vivo molecular MR imaging of pathology-induced 

neuroinflammation aimed to visualize the upregulation of the endothelial leukocyte 

adhesion molecules P- and E-selectin in a stroke model [52]. For this purpose, the 

paramagnetic contrast agent Gd-DTPA was functionalized with a mimetic of sialyl 

LewisX (sLeX), a glycan that binds to cell adhesion molecule P- or E-selectin. Even 

though changes in longitudinal MR relaxation time T1 were relatively modest, MR 

images revealed specific binding of Gd-DTPA-(sLeX)A to activated endothelium in the 

lesion territory at 24 h after transient MCAO in mice. Alternatively, functionalized iron 

oxide nanoparticles may be applied to enhance contrast effects. This approach has 

been used in detecting stroke-induced neurovascular inflammation by Van Kasteren 

et al, who designed sLeX-decorated iron oxide nanoparticles [51], and by Jin et al, 

who conjugated a P-selectin binding peptide to a magnetic iron oxide nanoparticle 

[53]. Following injection of these targeted nanoparticles, significant hypointensities 

on T2*-weighted MR images were observed at sites of primary and secondary injury, 

a few hours after endothelin-induced stroke in rats [51], and at 24 h after transient 

MCAO in mice [53]. Functionalized iron oxide particles have also been used for 

the detection of other brain pathologies. McAteer et al has shown the effective 

binding of VCAM-1-targeted MPIO (αVCAM-1-MPIO) in experimental autoimmune  

01
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encephalomyelitis (EAE), a mouse model of multiple sclerosis (MS) [54]. This platform 

was further exploited to detect EAE and brain tumor metastases at early stage when 

this could not be detected by conventional MRI methods [55-56], and has also been 

applied in a murine stroke model [19]. Importantly, isotype control immunoglobulin 

G (IgG)-functionalized MPIO, with similar size, blood half-life and surface properties 

as the αVCAM-1-MPIO, were administered in a control group in these studies. This 

allowed assessment of possible non-specific contrast accumulation, for instance as 

a result of MPIO extravasation through an impaired blood-brain barrier. T2*-weighted 

MR brain images of mice injected with αVCAM-1-MPIO revealed significantly more 

signal voids in affected brain areas as compared to IgG-MPIO injected mice, thereby 

demonstrating target specificity of the contrast agent. Zhu and co-workers showed a 

similar set-up to image radiation-induced brain inflammation, however, they chose 

intercellular adhesion molecule-1 (ICAM-1) as a target [57], which was already shown 

to be a suitable target for post mortem MRI analysis after in vivo injection of ICAM-

1-targeted Gd-liposomes [58]. Chapters 4, 5 and 6 of this thesis also report on the use 

of ICAM-1-targeted MR contrast agent to target neurovascular inflammation. 

This thesis describes the use of different 

MR contrast  agent platforms for the  

direct detection of pathology-induced  

upregulation of intraluminally-expressed 

vascular entities by molecular MRI. We 

particularly focused on the in vivo target specificity and MR sensitivity of the agents. 

The biological targets of our molecular MRI approaches were associated with two 

types of vascular events that are critically involved in many pathologies; i.e., angio-

genesis and neurovascular inflammation. Chapters 2 and 3 touch upon the topic of 

molecular MRI of angiogenesis, whereas Chapters 4, 5 and 6 explore the applicability 

of molecular MRI of neurovascular inflammation. 

In Chapter 2, iron oxide-containing nanoemulsions targeted to angiogenesis-upregu-

lated ανβ3 integrin were tested on their ability to adequately monitor the angiogenic 

activity of a tumor malignancy to serve as an in vivo biomarker for anti-angiogenesis 

treatment and angiogenesis phenotyping. Chapter 3 reports on the efficacy of  

PECAM-1-targeted MPIO for MRI of vascular remodeling after experimental stroke. 

Assessment of the suitability of two ICAM-1-targeted MR contrast agents, i.e., based 

on Gd-liposomes or MPIO, for molecular MRI of upregulation of the neuroinflammatory 

1.7  OUTLINE OF 
THIS THESIS

biomarker ICAM-1 after stroke, is described in Chapter 4. In Chapter 5, ICAM-1- 

targeted MPIO were administrated at different time points post-stroke in mice to  

determine to what extent different stages of endothelial activation and leukocyte infil-

tration can be visualized with this agent. Chapter 6 explores if ICAM-1-targeted MPIO 

are able to detect EAE-induced ICAM-1 upregulation at a stage when conventional MRI 

does not reveal any lesions. Chapter 7 concludes this thesis with a general discussion.
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One of the challenges of tailored anti-angiogenic 
therapy is the ability to adequately monitor 
the angiogenic activity of a malignancy in  
response to treatment. The αvβ3 integrin, highly overexpressed on newly formed tumor 
vessels, has been successfully used as a target for Arg-Gly-Asp (RGD)-functionalized  
nanoparticle contrast agents. In the present study, an RGD-functionalized nanocarrier 
was used to image ongoing angiogenesis in two different xenograft tumor models with  
varying intensities of angiogenesis (LS174T > EW7). To that end, iron oxide nanocrystals 
were included in the core of the nanoparticles to provide contrast for T2*-weighted  
magnetic resonance imaging (MRI), while the fluorophore Cy7 was attached to the 
surface to enable near-infrared fluorescence (NIRF) imaging. The mouse tumor  
models were used to test the potential of the nanoparticle probe in combination with 
dual modality imaging for in vivo detection of tumor angiogenesis. Pre- and post- 
contrast images (4 h) were acquired at a 9.4 T MRI system, and revealed significant 
differences in the nanoparticle accumulation patterns between the two tumor models. 
In the case of the highly vascularized LS174T tumors, the accumulation was more  
confined to the periphery of the tumors, where angiogenesis is predominantly occurring. 
NIRF imaging revealed significant differences in accumulation kinetics between  
the models. In conclusion, this technology can serve as an in vivo biomarker for  
anti-angiogenesis treatment and angiogenesis phenotyping. 

Angiogenesis is one of the crucial 
processes in tumor growth and 
development, and is considered 
to predict short term survival. Compared to the highly organized morphology of blood 
vessels in healthy tissues, the tumor vasculature is characterized by a chaotic architec-
ture, tortuous vessel structure and a leaky endothelium [1]. While many angiogenesis 
inhibitors are already known for decades [2], it wasn’t until 2004 that the Food and Drug 
Administration (FDA) approved the first anti-angiogenic drug (bevacizumab) for clinical 
use [3-4]. Agents targeting different angiogenic pathways were subsequently approved 
[5] or are currently in different stages of clinical trails [6-8]. The major drawbacks  
associated with angiostatic drugs are inherent or acquired tumor resistance, increased 
tumor invasiveness, limited effects on overall survival and, notably, a lack of reliable 
and thoroughly validated predictive biomarkers to monitor response to treatment  
[6-7]. For the latter imaging is being considered as an approach to non-invasively track 
response to anti-angiogenic therapy [9]. The most common standardized post mortem 
measure of angiogenesis of tissue specimens is the determination of the microvessel 
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density (MVD). Quantification of the MVD is performed by counting the (maximal)  
number of stained blood vessels per defined area on a histological section [10]. In vivo 
imaging read-outs of MVD include dynamic contrast-enhanced magnetic resonance  
imaging (DCE-MRI) [11], dynamic contrast-enhanced computed tomography (DCE-CT) 
[12], ultrasound [13], positron emission tomography (PET) [14] and optical methods  
[15-16]. Among those, DCE-MRI is the most widely explored method for monitoring  
response to anti-angiogenic tumor therapy in both animal models [17] and clinical  
studies [18-19]. It relies on the fast acquisition of T1-weighted MR images after rapid 
intravenous injection of gadolinium based contrast agents [20]. DCE-MRI was used in a 
recent study to investigate its potential as a biomarker for the treatment of metastatic 
renal cancer with the receptor tyrosine kinase inhibitor sorafenib, which blocks the vascular 
endothelial growth factor (VEGF) receptor [21]. While DCE-MRI-derived parameters 
could be shown as pharmacodynamic biomarkers for this agent, variability was high, 
and therefore further refinements of the data acquisition and analysis are needed. 

Within the field of molecular imaging, nanotechnology and in particular the development 
of nanoparticle contrast agents, has seen unprecedented growth in the last years [22]. 
Because of their ability to incorporate high payloads of contrast agents/drugs as well as 
the possibility to covalently attach targeting molecules to the surface [23], their use to 
also investigate angiogenic processes has emerged as a very promising tool in cancer 
research [24-25]. The αvβ3 integrin is known to be significantly upregulated on  
activated endothelial cells during neoangiogenesis. By binding to the sequence arginine- 
glycine-aspartate (RGD), it mediates its biological activity and therefore this peptide  
sequence has been used to functionalize contrast agents/nanoparticles for targeting 
the tumor neovasculature [26-28].

In the current study the RGD-peptide was attached to the surface of a nanoparticle  
platform that we described previously [29]. It is based on oil-in-water nanoemulsions 
with a tunable particle size in a range of 30-100 nm, and the possibility to include  
lipophilic contrast agents/drugs in the core as well as amphiphilic ones in the corona. 

Here, we focused on iron oxide-enhanced T2*-weighted MRI and near-infrared  
fluorescence (NIRF) imaging (Cy7 fluorophore), two very complementary imaging  
modalities of RGD-functionalized nanoparticles. The first modality was used to acquire 
spatial distribution of angiogenic activity at a given time point, while NIRF imaging  
provided time resolved information about the nanoparticle binding kinetics in the  
tumors over a period of 24 h. Two xenograft tumor models - the highly angiogenic  
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human colorectal LS174T [30] model and the slow growing and low vascular density 
human EW7 Ewing sarcoma model [31] - were chosen to evaluate our approach with  
regard to its capability to adequately distinguish different intensity levels of angiogenesis. 
Moreover, the latter model is known to show abundant vascular mimicry in the outer 
rim of the tumors, a phenomenon in which tumor cells form tubular structures that 
contribute to circulation [32], explaining the lower MVD. These fundamental differences 
between the EW7 and LS174T tumors made us decide that the EW7 group injected with 
targeted contrast agent served as a control for the LS174T groups examined in this 
study. Confocal laser scanning microscopy (CLSM) and histological staining for iron 
oxide were used to examine the location of the nanoparticles in the tumor tissues and 
corroborate the in vivo findings.

2.3.1 Materials Distearoyl-sn-glycero- 
3-phosphocholine (DSPC), distearoyl-
phosphoethanolamine-N-[methoxy 
(polyethylene glycol)-2000] ammonium 
salt (DSPE-PEG), 1,2-distearoyl-sn- 
glycero-3-phosphoethanolamine-N-[maleimide(polyethylene glycol)-2000] ammonium 
salt (DSPE-PEG (maleimide)), 1,2-dimyristoyl-sn-glycero-3-phospho-ethanolamine- 
N-(lissamine rhodamine B sulfonyl) and distearoyl-phosphoethanolamine-N-
[amino(polyethylene glycol)-2000] (DSPE-PEG (amino)) were all purchased from Avanti 
Polar Lipids. Oleic acid coated magnetite (Fe3O4) particles with an average diameter 
of 10 nm were obtained as a powder from NN labs (Fayetteville, AR, USA). The cyclic 
5-mer RGD (c(RGDf(S-acetylthioacetyl)K)) was obtained from Peptides International 
(Louisville, KY, USA). The Cy7 NHS ester was purchased from Amersham Biosciences 
(Piscataway, NJ, USA). Cell culture supplies were purchased from Invitrogen (Carlsbad, 
CA, USA).

2.3.2 Synthesis of the nanoemulsions For the synthesis of the nanoemulsions,  
separate stock solutions of all the lipophilic components were prepared in chloroform. 
The Cy7-DSPE-PEG lipid was synthesized using the DSPE-PEG (amino) lipid and  
Cy7-NHS ester as described earlier [29]. The composition of the formulation was: 2.7 mg 
of DSPC, 9.1 mg of DSPE-PEG, 38 mg of soybean oil, 19.8 mg of iron oxide particles, 1.06 
mg of DSPE-PEG (maleimide), 746 μg of Cy7-DSPE-PEG lipids (= 0.22 μmol Cy7) and 
40 μg 1,2-dimyristoyl-sn-glycero-3-phospho-ethanolamine-N-(lissamine rhodamine 
B sulfonyl). The components were mixed together and the solvent evaporated in a rotary 
evaporator under maximum vacuum in a 70 °C water bath. The formed lipid layer was 
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hydrated with 10 ml of HEPES-buffered saline (HBS; 2.38 g/l HEPES, 8 g/l NaCl, pH 
6.7) and the crude emulsion homogenized by sonication using a sonicator tip (3.9 mm). 
The formulation was sonicated for 20 min (level 20 %, pulse 70 %, device: BioLogics, 
Inc. (Manassas, VA, USA)  ultrasonic homogenizer model 150 V/T) while being cooled  
with room temperature water. Finally, the nanoparticle suspension was concentrated  
to a final volume of 2 ml by using a Vivaspin 6 centrifugal filter device (membrane cut 
off: 100 kD; Sartorius Corporation, Edgewood, NY, USA) and divided into two batches  
of 1 ml each. Cyclic RGD was activated by adding 5 μl of deacetylation solution (348 mg 
Hydroxylamine*HCl, 1.19 g Hepes, 98 mg EDTA in 10 ml Millipore water; pH 7.0) to 50 
μl RGD stock solution (2.5 mg/ml), and placed on a shaker at RT for 45 min. 20 μl of 
activated cyclic RGD solution was added to one of the two batches of nanoemulsions for 
the coupling reaction to take place overnight at 4 °C, while the other served as a control. 
Both formulations were washed the next day by using Vivaspin 6 columns. To ensure 
that the formulations of different batches had the same iron oxide content, T1 values of 
every batch of nanoemulsion were measured (diluted 1:10 with water, 60 MHz Bruker 
Minispec device operating at 40 °C, Bruker Medical GmbH, Ettlingen, Germany).

2.3.3 Dynamic light scattering Hydrodynamic sizes of the nanoparticles were measured 
by using dynamic light scattering (Brookhaven Instruments, Holtsville, NY, USA) after 
washing of the particles. 10 μl of the nanoemulsion formulation was diluted in 1 ml  
Millipore water for the measurement.

2.3.4 Cell culture and tumor model Human EW7 (Ewing’s sarcoma, a kind gift of  
dr. O. Delattre, Paris, France) cancer cells were cultured in RPMI 1640 medium, human 
LS174T (colon carcinoma) in DMEM medium, both supplemented with 10 % FCS. The 
cells were grown in a 5 % CO2, water saturated atmosphere at 37 °C and subculturing 
was performed once a week by 1:10 dilution after trypsinization. All animal handling 
protocols and procedures were approved by the Mount Sinai School of Medicine  
Institutional Animal Care and Use Committee. Six-week-old male Swiss nude 
mice were purchased from Taconic (Albany, NY, USA). Subcutaneous tumors were  
established by injecting 2 million cells of the same cancer type in the lower left and right 
flank of the mouse, respectively.

2.3.5 Study outline Two complementary imaging methods [22], NIRF imaging and 
MRI, were used to examine the potential of the targeted nanoparticles to serve as a  
contrast agent for the phenotyping of tumors with different levels of angiogenesis  
(Figure 2.1). To that end, three different mice groups (6 mice per group) were established  
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to determine the time resolved accumulation by NIRF imaging: (1) LS174T mice  
injected with RGD-conjugated nanoparticles: LS174T RGD; (2) mice with LS174T tumors  
injected with unconjugated nanoparticles: LS174T control and (3) EW7 bearing mice  
injected with RGD nanoparticles: EW7 RGD. All the groups used for the NIRF imaging expe-
riments were injected with nanoparticles lacking iron oxide nanocrystals. MRI was used to 
investigate the spatial distribution of the contrast agent within the tumors in dependence 
of the presence or absence of the targeting molecule RGD on the surface of the particles. 
The following five groups were used to acquire the MRI data: (4) LS174T RGD, (5) LS174T 
control, (6) EW7 RGD, (7) LS174T(C) RGD and (8) LS174T comp. Groups (7) and (8) were 
chosen for the competition experiment. Group (7) was similar to group (4), but injected 
with a different batch of RGD-conjugated (iron oxide) nanoparticles, and used as control  
for group (8). In the latter group, mice received two injections: The first injection consisted  
of RGD nanoparticles lacking iron iron oxide, the second one was given 1.5 h afterwards 
and contained RGD nanoparticles carrying iron oxide (same batch as used in group (7)). 
For the first injection twice as many particles were administered than for the second. 

The purpose of the MRI competition experiment was to demonstrate that the previously 
acquired specific accumulation (signal loss) pattern of the RGD-targeted particles 
in LS174T tumors (group 4) was caused by binding to the αvβ3 integrins rather than  
non-specific accumulation. This was performed by monitoring changes in the signal 
attenuation pattern after saturating αvβ3 integrins by non-labeled nanoparticles in the 
tumors prior to injection of the targeted nanoparticles carrying the iron oxide label.  
To achieve saturation, we chose the injection of the first dose of unlabeled nanoparticles 
to be twice that of the labeled nanoparticles. 

2.3.6 Near-infrared fluorescence imaging and data analysis NIRF imaging was  
performed with a custom-made imaging system [33-34] using a 760 nm excitation filter, 
an 800 nm emission filter, and an exposure time of 700 ms. The camera of the device 
was operated with the LabView software (National Instruments, Austin, TX, USA, [35]). 
Swiss nude mice were anesthetized with a 4 % isoflurane/oxygen gas mixture (400 ml/
min initial dose) and maintained by using 1.5 % isoflurane/oxygen gas (100 ml/min)  
delivered through a nose cone. The mice were injected intravenously (i.v.) with the  
nanoparticles through the tail vein. For the time resolved accumulation, images were 
acquired 5 min, 15 min, 30 min, 1 h, 2 h, 4 h, 6 h, and 24 h after i.v. injection. The mice 
were perfused with PBS containing 20 U Heparin/ml directly afterwards, while being 
under isoflurane anesthesia. In three mice of each group, Alexa Fluor 488-labeled  
isolectin GS-IB4 (a general stain for vascular endothelium; Invitrogen) was administered 
i.v. 15 min before perfusion. Tumors as well as organs were excised and imaged  
simultaneously with an exposure time of 500 ms. Subsequently, the tumors were  
embedded in TissueTek (Sakura, Torrance, CA, USA) and stored at -80 °C.

For the data analysis of the fluorescence images (24 h kinetic), ROIs outlining the  
tumors as well as parts of the skin, respectively, were drawn using ImageJ software. 
By using the following equation, the signal intensity of the tumor was normalized to 
the signal intensity of the skin: NER = (Itumor - Iskin)/Iskin x 100 % (NER: Normalized 
enhancement ratio; Itumor: Signal intensity of tumor ROI at certain time point; Iskin: 
Signal intensity of skin ROI at equal time point). All calculated values were subtracted 
by the value determined at the 5 min time point to correct for the blood pool signal.  
To evaluate statistical significance, a two-way ANOVA analysis was used and P < 0.05 
was considered as significant. 

* Figure 2.1 
Conceptual scheme of the study characterizing the different mice groups selected for the in vivo 
NIRF imaging and the MRI experiments (6 mice per group, 2 tumors per mouse). Nanoparticles 
used for the MRI imaging contained iron oxide, while those for the NIRF imaging were lacking 
it. LS174T RGD: Mice bearing LS174T tumors injected i.v. with RGD nanoparticles; LS174T  
control: Mice with LS174T tumors injected with unconjugated nanoparticles; EW7 RGD: Mice 
bearing EW7 tumors injected with RGD nanoparticles; LS174T comp: Mice with LS174T tumors 
that were injected twice for the competition experiment. The first injection was performed with 
RGD nanoparticles lacking iron oxide, the second with RGD nanoparticles carrying iron oxide 1.5 h 
afterwards; LS174T (C) RGD: Mice bearing LS174T tumors injected with RGD nanoparticles (iron 
oxide, same batch as used for LS174T comp) to serve as a control for the competition experiment. 

Figure 2.1 * 
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2.4.1 In vivo MRI The distribution pattern of 
iron oxide nanoemulsions (mean particle size 
range: 75-85 nm) with and without the con-
jugation of RGD in tumors was investigated by T2*-weighted MRI, which is sensitive 
to the presence of iron. Five groups of mice were chosen to compare the two diffe-
rent tumor models (LS174T vs EW7) with distinct MVD and to perform a competition  
experiment (Figure 2.1, details see Methods section). To minimize the error for the 
pre-post quantification due to movement or reposition of the mouse after application of 
the contrast agent, the mice were fixed and kept in the same position in the coil during 
the entire scan series. In the pre-contrast images, the tumors appear isointense with 
their surrounding muscle tissue (Figure 2.2 A-D). The mice were scanned immediately 
after the administration of the nanoemulsion (equivalent of 36.7 mg/kg iron oxide) and 
an intense homogeneous darkening of the tumor area served as proof for a proper  
i.v. injection. Based on the half-lives previously determined for the untargeted version  
of the nanoemulsions [29], four hours post administration was considered to be  
sufficient for the necessary clearance of the particles from the blood pool. Hypointense 
(dark) regions could be discerned within the tumor area of the post-contrast images 
(4 h) due to the accumulation of iron oxide. Importantly, the spatial distribution of  
signal loss in the group LS174T RGD (Figure 2.2E) differed from all the other  
investigated groups (Figure 2.2F-H). While in the latter groups the nanoparticles 
seemed to be distributed rather homogenously, in the case of the LS174T tumors  
injected with the RGD-functionalized nanoemulsions, the contrast agent was  
prevailingly confined to the periphery of the tumors.

2.4  RESULTS

The biodistribution of the nanoparticles was evaluated by drawing ROIs along the outli-
nes of the excised tumors and organs. Subsequently, all relative fluorescence intensities 
I (I = (ROI area) x (mean signal intensity of ROI)) corresponding to the different ROIs per 
mouse were added up to create a 100 % value (Io) to which all the individuals values (I) 
of the organs or tumors were normalized. The determined values (I/Io) were averaged  
within the mouse groups (Figure 2.4D). To assess the accumulation of the nanoparti-
cles in the tumors compared to the liver, the averaged tumor-fluorescence intensities 
were normalized to the liver intensity per mouse (Itumor/Iliver x 100 %) and averaged 
again within the three different mouse groups.

2.3.7 Immunohistochemistry, confocal and Perls’ staining To determine the MVD of 
the tumors, 5 μm cryosections were cut, followed by fixation in acetone for 5 minutes at 
-20 °C. After blocking unspecific sites by using 4 % rabbit serum in PBS for 10 minutes, 
sections were incubated with rat anti-mouse CD31 primary antibody (BD Pharmingen) 
in a dilution of 1:100 with 4 % rabbit serum. A rabbit anti-rat secondary antibody and the 
alkaline phosphatase method served for the staining (Vector ABC kit, Vector Laborato-
ries, Burlingame CA, USA). Four tumors of the EW7 RGD group and five tumors of the 
LS174T RGD group were analyzed with 1-2 sections per tumor. Several digital images of 
the tumor sections were photographed in bright field by using the Axioplan 2IE micro-
scope with a 20x objective and stitched together by using the Axiovision 4.6.3 SP1 soft-
ware to one image displaying the entire tumor section. The CD31+ color (red) selection 
was performed by using the gimp 2 software and converted to greyscale images. These 
images showing only positive CD31 areas were inverted to white (signal) on black (back-
ground) images. ROIs were drawn along the outlines of the tumors and the area fraction 
in percent was determined by using ImageJ software (Figure 2.8).

2.3.8 MR imaging and data analysis Nude mice bearing EW7 or LS174T subcutaneous 
tumors were scanned under isoflurane anesthesia using a 9.4 T MRI system (400.106 
MHz; Bruker Instruments), operated by the ParaVision software 4.0. MR imaging was 
performed by using a gradient echo sequence (T2*) with a repetition time (TR) of 120 ms, 
echo time (TE) of 3 ms, flip angle of 30°, field of view of 2.6 x 2.6 cm2, matrix size of 128 x 
128, 10 slices with a slice thickness of 1 mm, and 16 averages, which amounted to a total 
scan time of 2.5 min. After the pre-scans, mice were injected i.v. with the nanoemulsion 
(equivalent of 36.7 mg/kg iron oxide), and scanned up to 4 h post injection in 30 min steps 
while the position of the mouse remained unchanged.

The data analysis of the T2* images was performed by using a custom-made program 
written in MATLAB (MathWorks, Natick MA, USA). An ROI was manually drawn along 
the outline of the selected tumor slice. The program used this outer outline to automa-
tically subdivide the tumor section into five concentric sub-ROIs of equal area from the 
periphery to the core (ROIs 1-5; Figure 2.3C). For the pixel-by-pixel analysis per ROI, a 
threshold of 4x the standard deviation of the noise was set to define a pixel of the 4 h 
post image to be “reduced” (hypointense due to contrast agent accumulation) compa-
red to the one of the pre-scanned image. Two slices were analyzed per tumor and the 
percentage of reduced pixels per total number of pixels in the equal area ROI of two  
slices was averaged in each mouse group and plotted against the corresponding ROI. 
For the statistical analysis, a paired t-test of the values for the reduced pixels (%) of ROI 1  
(periphery) versus ROI 5 (core) was performed for each mouse group. P values < 0.05 
were considered as statistically significant. 
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The statistical analysis of the acquired T2*-weighted tumor images (details see Methods 
section) revealed a very high reproducibility of the performed experiments (Figure 
2.3A). As seen in the chart showing the percentage of reduced pixels per ROI plotted 
against the corresponding ROI, two different groups of mice injected with different bat-
ches of the RGD-conjugated contrast agent yielded an almost identical signal loss pat-
tern across the tumor (* P < 0.01 between ROI 1 and ROI 5). In comparison to the high 
statistically significant difference of pixels with reduced intensity between the tumor-
periphery and the core (P = 0.008) in the targeted LS174T RGD model, the analysis of 
the EW7 RGD as well as the LS174T control group revealed no difference (EW7 RGD: 
P = 0.88; LS174T control: P = 0.204; Figure 2.3B). The evaluation of the competition 
group that was injected first with twice the amount of targeted nanoparticles lacking 
iron oxide, followed by a second injection with targeted nanoparticles carrying iron oxide, 
resulted in a distribution with a trend towards the control (Figure 2.3D). 

Figure 2.2 
T2*-weighted gradient echo pre- (A-D) and post-injection (E-H) (4 h, 36.7 mg/kg Fe) MR images of 
subcutaneous LS174T and EW7 tumors in Swiss nude mice (position unchanged in coil). The tumors 
of the LS174T RGD group, i.v. injected with RGD-conjugated nanoparticles, show as the only group 
a hypointense signal distribution (due to iron oxide accumulation) confined to the periphery of the 
tumor (E). The other groups, injected either with the unconjugated particles (F), after a competition 
experiment (G), or in the case of the other tumor model (EW7) characterized by a lower angiogenesis 
level (H), are rather marked by a homogeneous pattern spread throughout the entire tumor section 
(TR = 120 ms; TE = 3 ms; flip angel 30°; Bruker 9.4 T).

02
Figure 2.3 
For the evaluation of the MR images, the tumor area was divided into five ROIs (C) and the percentage 
of reduced pixels (pre vs post) per ROI (RP/ROI) plotted against the corresponding ROI (A, B, D). A very 
high grade of reproducibility could be achieved when comparing two different mice groups injected 
just with different batches of the same RGD-conjugated nanoparticles (A) (* P < 0.01 between ROI 1 
and ROI 5). The two different tumor models injected with RGD-nanoemulsions show a very distinct 
rate of decrease in RP/ROI from ROI 1 to ROI 5 (B) (** LS174T RGD: P = 0.008; EW7 RGD: P = 0.88; 
LS174T control: P = 0.204), indicating a considerably different angiogenesis level. While the compe-
tition group LS174 (C) RGD was still significantly different between ROI 1 and 5, a shift of the entire 
pattern towards the one of the control can be observed (D) (*** LS174T (C) RGD: P < 0.05; LS174T 
comp: P < 0.05; LS174T control: P > 0.05). Mean values ± SE.
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Figure 2.4 
Fluorescence images (Cy7) of representatives of the two mice groups injected with RGD-targeted 
nanoemulsions (LS174T RGD: A-F; EW7 RGD: M-R) as well as of the group injected with un- 
targeted nanoemulsions (LS174T control: G-L) showing the accumulation of the contrast agent in  
subcutaneous tumor-bearing nude mice over a time period of 24 h.

Figure 2.6 
Fluorescence images (Cy7) of excised tumors and organs (A-C) of one representative mouse from 
each group, 24 h after injection of the nanoparticles. (D) The relative fluorescence counts of each 
organ or tumor were normalized to the sum total of all organs including the two tumors per 
mouse and averaged for all the mice within a group (LS174T RGD: n = 6 mice, LS174T control:  
n = 3 mice, EW7 RGD: n = 5 mice, mean value + SD).

Figure 2.5 
Time dependent tumor fluores-
cence signal of the three mice 
groups normalized to the skin 
and corrected for the blood 
pool effect after injection. The 
analysis of the kinetic revealed 
a statistically significant differ-
ence (P < 0.05) between the 
three groups at the time points 1 
h, 2 h, 4 h and 6 h post-injection 
(LS174T RGD, LS174T control: 
n = 12 tumors; EW7 RGD: n = 
10 tumors, mean values ± SE).
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2.4.2 In vivo NIRF imaging Representative examples of mice for the different groups  
display the results of the time resolved accumulation of the nanoemulsions in the tumors 
by using in vivo fluorescence imaging within a period of 24 hours (Figure 2.4). The  
normalized enhancement ratio of the Cy7 fluorescence in percent was plotted against 
the time and revealed a statistically difference (P < 0.05) between all three investigated 
groups for the time points 1, 2, 4 and 6 h (Figure 2.5). The LS174T RGD group was the one 
with the fastest accumulation kinetic. The analysis demonstrated that the difference in 
tumor fluorescence intensity between the two different cancer models was higher than 
the LS174T RGD compared to the LS174T control for those time points. The mice were 
sacrificed 24 h post injection, perfused and the organs as well as tumors imaged (Figure 
2.6). The analysis of the fluorescence intensities revealed a high dose-percentage of the 
contrast agent in the tumors normalized to the liver for the LS174T RGD mice (35 %) 
compared to the EW7 RGD (17 %) and the LS174T control (19 %) (details see Methods 
section). The result of the analysis of the organ fluorescence (I) normalized to the sum 
total of the fluorescence of the organs and the tumors (Io) is depicted in Figure 2.6D.
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2.4.3 Histological analysis Perls’ staining was performed on fixed tumor sections to 
confirm the presence of iron oxide delivered by the nanocarrier 24 h after i.v. administra-
tion. The results depicted in Figure 2.7A-C demonstrate the association of the particles 
with tumor vessels in the example of LS174T RGD, while for the LS174T control tumors, 
the distribution was rather within the tissue (Figure 2.7D).

CLSM imaging corroborated the co-localization of the targeted nanoparticles (Rhoda- 
mine B-fluorescence) with microvessels (isolectin-Alexa Fluor 488 stained; Figure 2.7E-H), 
while control particles were again spread within the tumor tissue (Figure 2.7I-L).

The MVD of the two different tumor models was determined by using CD31 staining. 
Tumor areas of one slide were photographed sequentially with a system using a 20x 
objective and then auto-stitched to display an entire section (CD31+: red color, Figure 
2.8A). These high-resolution images were transformed by using appropriate software 
into a corresponding black and white image with white representing positive CD31 sig-
nal (Figure 2.8B). The result of the percentage area analysis confirmed the statistically 
significant higher MVD of the LS174T tumors compared to the EW7 (Figure 2.8C). 

Figure 2.7 
Post mortem Perls’ staining for iron oxide showed accumulation of the nanoparticles in the tumor 
vessel endothelium (A-C) as compared to the rather homogenous distribution within the tumor 
tissue in the control (D). Confocal laser scanning microscopy corroborated these results, where 
the red fluorescence (Rhodamine B) of RGD conjugated nanoparticles could be co-localized with 
the fluorescently labeled vessel marker isolectin GS-IB4 (E-H), contrary to the unconjugated 
control particles (I-L). 

Figure 2.8 
Histological CD31 staining was performed for EW7 and LS174T tumors to determine the microves-
sel density. One entire tumor section was captured with an automated brightfield microscope (20x 
objective) generating multiple images which were stitched together to one. (A) shows an example 
of a high-resolution image of a stitched CD31-stained EW7 tumor section. The red brightfield CD31 
stain was color-selected to generate a black and white image with just the visible CD31 signal (B) and 
the area fraction in percent was determined. The three insets show the vessel staining in the original 
magnification (A) with the corresponding black and white equivalents (B). There was a statistically 
significant difference (P < 0.05) in CD31 signal between the two chosen tumor models (C) (EW7: n = 4 
tumors; LS174T: n = 5 tumors; mean values + SD). 
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In the present study we demon-
strated that our previously develo-
ped nanoparticle platform can be 
functionalized with RGD to serve as a contrast agent that allows the detection of ongoing 
angiogenesis and the distinction between angiogenesis intensities of different tumor 
models by two complementary and non-invasive imaging modalities, i.e., MRI and 
NIRF. The combination of both modalities provided spatiotemporal information about 
the accumulation and fate of the probe. Analysis of the MR images revealed a signifi-
cant difference in distribution of the RGD-targeted nanoemulsions in the fast growing 
and highly vascularized human colorectal LS174T model compared to the EW7 mo-

2.5  DISCUSSION
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del, characterized by slow growth (50 % of LS174T), highly elevated vascular mimicry 
in the tumor rim [32] and lower MVD [31]. In the case of the EW7 model with a lower 
angiogenesis level and vascular mimicry, the majority of the RGD nanoparticle uptake 
occurred non-specifically and might explain the relatively homogeneous nanoparticle 
distribution pattern, which was similar to the LS174T control group injected with the  
untargeted nanoparticles. In this way the EW7 RGD group served as a control for both, i.e., 
the targeted as well as untargeted LS174T groups. On the contrary, in the LS174T RGD 
nanoparticle tumors the high expression of the αvβ3 integrin, predominantly observed 
at the periphery of the tumor, caused a shift away from the homogenous accumulation 
pattern towards a pattern corresponding prevalently to documented expression of the 
integrin [36]. Since αvβ3 integrin expressed at endothelial cells is directly accessible from 
the circulation, targeting of RGD-functionalized nanoparticles is faster than the passive 
accumulation due to the EPR effect. Therefore the first one of these two competing 
processes dominates the second in the case of a high receptor expression at the tumor 
vasculature [37-38]. 

While MRI served to show the accumulation pattern within the tumors 4 h after injection, 
NIRF imaging provided time resolved information about the fate of the particles on the 
whole tumor level for a period of 24 h. The statistically significant difference in accumu-
lation kinetics between the three investigated groups for the time points up to 6 h was 
as follows: LS174T RGD > LS174T control > EW7 RGD.

Histological examination served to corroborate the accumulation of nanoparticles in the 
tumor tissue. Perls’ staining, used to visualize iron oxide deposits in tissue, demonstra-
ted the co-localization of the targeted particles with the vessel walls, while untargeted 
nanoemulsions were found extravasated and diffusely spread throughout the tissue. 
CLSM of Rhodamine B-labeled nanoparticles corroborated the Perls’ staining results. 
The biodistribution, assessed by measuring the Cy7 fluorescence counts of the whole 
organs and the tumors after excision, revealed a high dose-percentage of the targeted 
contrast agent in the LS174T tumors (normalized to the liver: 35 %), a highly desirable 
property of a contrast agent. 

The MVD of the two used tumor models was assessed using CD31 staining and revealed 
LS174T tumors to have a much higher angiogenesis level than the EW7 counterpart. It 
is important to stress that such an assessment of MVD alone does not provide informa-
tion about the proliferating fraction of endothelial cells within a tumor at a given time 
point. However, in most mouse models - unlike human tumors - high MVD is associated 

to intense ongoing angiogenesis [39]. Usually, the degree of MVD increases with tumor 
types that have higher rates of nutrient or oxygen consumption compared to others with 
a lower-level metabolic requirement. While MVD has often been shown to be a prognos-
tic indicator in many tumor studies, its measurement for monitoring of anti-angiogenic 
therapy has not been demonstrated to be reliable. A decrease in MVD following anti-
angiogenic therapy is certainly a confirmation of its efficacy, but an unchanged MVD 
not necessarily proof for its inefficacy [10]. In cases of equal tumor cell and endothelial 
cell drop-out, no changes in MVD are detectable, as e.g., shown in a case of multiple 
myeloma treatment with thalidomide, where not all tumor regressions were associated 
with a MVD decrease [40]. 

In light of this, since our nanoparticles were shown to be able to distinguish between 
different levels of angiogenesis in two distinct tumor models by directly targeting to the 
αvβ3 receptor as visualized by NIRF and MRI, it is imaginable that they could be not only 
used as a non-invasive contrast agent for angiogenic phenotyping, but also to reliably 
monitor response to anti-angiogenic therapy, like we have shown with paramagnetic 
liposomes [41]. The efficacy of the latter then would be expressed as a change in na-
noparticle kinetics monitored by NIRF imaging and/or differences in T2* signal loss pat-
tern using MRI after injection over time. Moreover, we found in a very recent parallel 
study that our nanoparticle platform could be modified by implementation of cholesterol 
to form a stable nanocarrier with a PEG content that could be judiciously varied in a 
range of 5-50 mol %. Lower PEG contents proved to even highly increase its targeting 
capabilities to the αvβ3 receptors of newly forming vessels [42]. An improved modification 
of our nanoemulsion of this sort might result in a much higher sensitivity for detecting 
changes in neoangiogenesis during the course of treatment. Furthermore, by using this 
modified version of our nanoemulsion formulation, it could be convincingly shown that 
RGD-targeted nanoparticles began to accumulate as early as 10-30 min after i.v. injec-
tion and gave a clear binding pattern 2 h post administration. In contrast, untargeted 
control particles showed almost no accumulation within the first 30 min, and a very 
heterogeneous pattern after 2-4 h. Only 8 h after injection all the particles extravasated 
into the tumor tissue. These data corroborate our finding that RGD-targeted nanopar-
ticles show a higher accumulation compared to the untargeted control within the first 
hours after i.v. administration, as presented in the 24 h kinetic herein. Another recent 
study using RGD-targeted, superparamagnetic polymeric micelle nanoprobes, com-
bined with T2*-weighted time-resolved-MRI, demonstrated an increased accumulation 
of the probe over the control in subcutaneous tumor animal models during the first 30 
min after i.v. injection, showing an onset already within the first 5 min [38]. 
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In a recently published study with a smaller, 50 nm version of the RGD nanoemulsion 
presented here, which also had hydrophobic glucocorticoids incorporated, we achieved 
significant tumor growth inhibition, demonstrating the versatility of this nanocarrier and 
its use for theranostics [42]. 
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2.6  CONCLUSIONSIn conclusion, the RGD-conjugated 
nanoparticle contrast agent presented 
in this study can be used to noninva- 
sively investigate differences in angiogenic activity in tumors and for angiogenesis 
phenotyping of tumors. Its biodegradability, flexibility and the capability of encap- 
sulating hydrophobic materials/drugs make this platform suitable for theranostics 
and the tailored anti-angiogenesis combination therapy with highly potent, but water 
insoluble cytotoxic agents. 
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post-stroke brain tissue, promoting recovery [6-12]. However, the process of vascular 
remodeling in relation to preservation or restoration of brain functioning after  
cerebral ischemia remains unknown. 

Magnetic resonance imaging (MRI) provides a powerful tool to non-invasively assess 
the evolution of various indices that can characterize cerebral tissue status after 
stroke [13-15]. Contrast in MR images can be manipulated by exploiting differences 
in intrinsic, biophysical tissue properties such as proton density, signal decay time-
constants (T1, T2, T2*), oxygenation state, magnetic susceptibility, diffusion, perfusion 
and flow. Additionally, exogenous contrast agents (e.g., gadolinium chelates and iron 
oxide particles) can be applied to alter some of these endogenous contrast-generating 
mechanisms, which improve contrast and allow revealing of otherwise indiscernible 
features. MRI, with and without contrast enhancement, has been effectively applied to 
measure (changes in) vascular parameters such as cerebral blood flow (CBF),  
cerebral blood volume (CBV), microvessel density (MVD) and vessel size index (VSI) 
[8, 16-19]. Furthermore, recent advancements in contrast agent design and synthesis 
have created promising opportunities for MRI of molecular vascular markers [20], 
offering the potential for in vivo assessment of additional and unmapped features of 
vascular status in normal and diseased brain. 

We speculate that molecular MR imaging can provide unique information on the 
process of vascular remodeling after cerebral ischemia that may contribute to  
elucidation of endogenous repair mechanisms and identification of specific targets 
for restorative cell-based and pharmacological therapies. Therefore, we developed a 
novel MRI approach to detect a molecular vascular marker with use of a specifically 
targeted contrast agent. As potential target for molecular MRI of vascular remodeling 
after stroke, we chose platelet endothelial cell adhesion molecule-1 (PECAM-1) - also 
known as cluster of differentiation 31 (CD31) - which is an established endothelial 
marker that has been successfully applied for measurement of (neo)vascularization 
after experimental stroke [21]. PECAM-1 is found on the surface of platelets, neutro-
phils, monocytes and constitutively expressed on endothelial cells. A marked increase 
after cerebral ischemia has been observed in post-stroke brain tissue in experimental 
setting [21-22], suggestive of increased vascular density, e.g., through angiogenesis. 
In this study we explored the potential of MRI of PECAM-1-targeted micron-sized  
particles of iron oxide (MPIO) to detect vascular remodeling at 3 and 7 days after  
experimental stroke in mice. 

An increasing amount of studies have provided 
evidence for vascular remodeling, e.g., angio-
genesis, after cerebral ischemia, which may 
play a significant role in post-stroke brain plasticity and recovery. Molecular imaging 
can provide unique in vivo whole-brain information on alterations in the expression 
of specific endothelial markers. A possible target for molecular magnetic resonance 
imaging (MRI) of post-stroke (neo)vascularization is platelet endothelial cell adhesion 
molecule-1 (PECAM-1). Here we describe significantly increased PECAM-1 mRNA  
levels in ipsilesional brain tissue at 6 h, 24 h and 3 days after transient middle cerebral 
artery occlusion in mice, and elevated PECAM-1 staining throughout the lesion at 3, 7 
and 21 days post-stroke. The potential of micron-sized particles of iron oxide (MPIO)  
conjugated with PECAM-1-targeted antibodies, i.e., αPECAM-1-MPIO, to expose stroke- 
induced PECAM-1 upregulation with molecular MRI was assessed. In vitro studies 
demonstrated that PECAM-1-expressing brain endothelial cells could be effectively 
labeled with αPECAM-1-MPIO, giving rise to a fourfold increase in MRI relaxation 
rate R2. Injection of near-infrared fluorescent dye-labeled αPECAM-1 showed target 
specificity and dose efficiency of the antibody for detection of brain endothelial cells 
at 3 days post-stroke. However, in vivo molecular MRI at 3 and 7 days after stroke 
revealed no αPECAM-1-MPIO-based contrast enhancement, which was corroborated 
by absence of αPECAM-1-MPIO in post mortem brain tissue. This indicates that this 
molecular MRI approach, which has been proven successful for in vivo detection 
of other types of cell adhesion molecules, is not invariably effective for MRI-based  
assessment of stroke-induced alterations in expression of cerebrovascular markers. 

Stroke is one of the leading causes 
of death and disability in the Wes-
tern world. It is the result of occlu-
sion or rupture of a brain artery, leading to focal loss of blood flow and brain function. 
Ischemic stroke accounts for the majority of the cases. The time window of the only 
FDA-approved treatment for ischemic stroke, thrombolysis with recombinant tissue 
plasminogen activator (rtPA), is limited to 4.5 h after stroke onset, leaving 95 % of 
the patients untreated [1]. Interestingly, experimental studies suggest that restorative 
cell-based and pharmacological therapies have potential to improve functional out-
come when initiated days to weeks after stroke [2-3]. These therapies may stimulate 
endogenous processes that contribute to neuronal survival and regeneration [4-5]. 
Formation of new blood vessels, i.e., arteriogenesis and angiogenesis, are critical 
components in normal tissue growth and development, and has also been observed in 

3.1  ABSTRACT

3.2  INTRODUCTION
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3.3.1 Materials ProMag™ 1 Series, 
Bind-IT™ MPIO (25 mg MPIO/ml, 26.5 
% iron-content) were obtained from 
Bangs Laboratories, Inc. (Fishers, 
IN, USA). Diaminobenzidine solu-
tion (DAB+) was obtained from Sigma-Aldrich (St. Louis, MO, USA). A monoclonal  
antibody against mouse PECAM-1 (αPECAM-1) was produced in house from ER- 
MP12 hybridoma. Near-infrared fluorescent dye-labeled αPECAM-1 (αPECAM-1- 
NIRF) was obtained by labeling αPECAM-1 with Alexa647 using an Alexa647 protein 
labeling kit of Invitrogen (Carlsbad, CA, USA) according to the manufacturer’s  
description; biotinylation was accomplished by labeling αPECAM-1 with biotin 
(αPECAM-1-biotin). Irrelevant isotype control immunoglobulin G antibody (IgG, 
RTK4530) was obtained from BioLegend (San Diego, CA, USA), near-infrared  
fluorescent dye-labeled IgG (IgG-NIRF; IgG-eFluor660) was obtained from  
eBioscience (Vienna, Austria). Horseradish peroxidase-labeled streptavidin (HRP 
strep) was obtained from DAKO (Glostrup, Denmark). Primers were obtained from 
Ocimum Biosolutions (IJsselstein, The Netherlands).

3.3.2 Preparation of antibody-functionalized MPIO MPIO were extracted from their 
original buffer by magnetic separation and resuspended in coupling buffer (50 mM 
2-(N-morpholino)ethanesulfonic acid (MES); pH 5.2) to a concentration of 25 mg 
MPIO/ml (6.6 mg iron/ml). Prior to the coupling procedure, αPECAM-1 or IgG were 
buffer-exchanged to coupling buffer by centrifugation using Vivaspin concentrators 
(molecular weight cut-off 50 kD; GE Healthcare, Diegem, Belgium) at 4000g, resulting 
in a final antibody concentration of 1.0 mg/ml. Next, MPIO and αPECAM-1 or IgG were 
added in a 1:1 (v/v) ratio, vortexed and left to incubate for 60 min at room temperature 
on a roller-bench. Following incubation, antibody-MPIO were buffer-exchanged to 
storage solution (150 mM NaCl, 0.002 % azide) by magnetic separation and stored at 
4 °C at a concentration of 3.3 mg iron/ml.

3.3.3 In vitro cell preparations The mouse brain endothelioma cell line bEnd.5 [23] was 
maintained in Dulbecco’s Modified Eagle Medium (DMEM; Invitrogen, Grand Island, NY, 
USA) supplemented with 10 % heat-inactivated fetal calf serum (FCS; PAA Laboratories 
GmbH, Pasching, Austria), 100 U/ml penicillin, 100 μg/ml streptomycin (all obtained 
from Gibco, Carlsbad, CA, USA) and 5 µM of b-mercaptoethanol. Cells were cultured 
in non-coated T75 flasks under normal cell culture conditions. bEnd.5 cell cultures at 
70-80 % confluence were incubated with αPECAM-1-MPIO or IgG-MPIO (10 µg iron/

3.3  MATERIALS
AND METHODS

ml medium; 1 h at 37 °C) (n = 2 per condition). Alternatively, control cell cultures were 
left untreated (n = 2 per condition). Following incubation, cells were thoroughly washed 
and subsequently harvested by incubation in EDTA and a mild trypsinization procedure. 
The resulting cell suspension was washed twice with phosphate-buffered saline (PBS) 
during centrifugation (1500 rpm, 5 min). Cells were subsequently fixed in 4 % parafor-
maldehyde in PBS (10 min), washed with PBS twice, and stored in PBS containing 0.002 
% azide. The fixed cells were subsequently embedded in a 2 % agarose for measure-
ment of longitudinal and transverse MR relaxation rates, R1 and R2, respectively.

3.3.4 MR relaxation rate measurements R1 and R2 values of samples embedded in 2 
% agarose were measured at room temperature in a 9.4 T 20 cm horizontal bore MR 
system (Agilent, Palo Alto, CA, USA). R1 (1/T1) was calculated from T1 measurements 
acquired with a Look-Locker inversion recovery sequence (after each inversion pulse 40 
acquisitions were done with intervals of 250 ms; repetition time (TR) 20 s; echo time (TE) 
3.18 ms; flip angle (FA) 5°; number of averages (NA) 4; matrix size 256 x 256, field-of- 
view (FOV) 3 x 3 cm2, slice thickness 400 µm). R2 (1/T2) was calculated from T2 measure- 
ments with a multi-spin echo sequence (TR 5 s; TE 9-900 ms; number of echoes (NE) 
100; NA 4; matrix size 256 x 256, FOV 3 x 3 cm2, slice thickness 400 µm). 

3.3.5 Modified Perls’ staining Before embedding in agarose, a small amount of fixed 
bEnd.5 cells, incubated with antibody-functionalized contrast agent, was used to prepa-
re cytospins for optical visualization of contrast agent binding. A modified Perls’ staining 
[24-25] was performed on cytospins of cells in order to detect iron with light microscopy. 
Shortly, cytospins were fixed in acetone for 10 min at -20 °C, dried and rehydrated in 
PBS for 5 min. Endogenous peroxidase was blocked with 1 % H2O2 for 15 min, followed 
by washing the slides under tap water for another 15 min. Slides were washed 3 times 
for 5 min with Milli-Q, and incubated with freshly prepared Perls’ solution (2 N HCl and 
2 % ferrocyanide in Milli-Q in 1:1 (v/v) ratio) for 45 min. Slides were again washed under 
running tap water for 15 min, and washed 3 times for 5 min with Milli-Q, after which they 
were dipped in a nuclear fast red solution, dehydrated and mounted in Entallan. 

3.3.6 In vivo mouse stroke model All animal procedures were approved by the Utrecht 
University Ethical Committee on Animal Experiments, and experiments were performed 
in accordance with the guidelines of the European Communities Council Directive.
Eight-week-old C57Bl/6 mice, weighing 20 to 25 g (Harlan, Horst, The Netherlands), 
were anesthetized with isoflurane (3.5 % induction; 1.5-2.0 % maintenance) in air/
O2 (2:1). Body temperature was maintained at 37.0 ± 0.5 °C. Transient focal cerebral  
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ischemia was induced by 30 min right middle cerebral artery occlusion (MCAo) with an 
intraluminal filament [26]. In brief, a 7.0 polypropylene suture with a silicon-coated tip 
(tip diameter of 0.21 mm; Doccol Corporation, Redlands, CA, USA) was introduced into 
the right external carotid artery and advanced through the internal carotid artery until 
a slight resistance was felt, indicating that the MCA was occluded. During occlusion, 
the common carotid artery was clipped. After 30 min, the filament was withdrawn from 
the internal carotid artery and the clip was removed from the common carotid artery to  
allow full reperfusion. Before surgery, mice received a 1 ml subcutaneous injection of 
saline to compensate for loss of water and minerals, and a subcutaneous injection of 
0.1 mg/kg buprenorphine (Temgesic; Schering-Plough, Houten, The Netherlands) for 
(post-)surgical analgesia. 

3.3.7 Post mortem PECAM-1 immunohistochemistry and qPCR Mice were sacrificed at 
6 h, 24 h, 3 days, 7 days or 21 days after MCAo (n = 4 per time-point) with an overdose 
of pentobarbital (Euthanimal; Alfasan International BV, Woerden, The Netherlands)  
followed by transcardial perfusion with PBS. Two healthy animals were used as controls 
(0 h). Brains were excised and snap-frozen in liquid nitrogen and used for immunohis-
tochemistry and quantitative polymerase chain reaction (qPCR). 

For immunohistochemistry, cryosections of 10 μm (6 per mouse, ranging from  
approximately -1 to +1.5 mm from Bregma) were air-dried overnight, and acetone- 
fixated for 10 min. Dry, fixed sections were hydrated for 15 min in PBS containing 0.1 % 
bovine serum albumin (BSA). Next, sections were incubated with αPECAM-1-biotin (15 
µg antibody/ml) in PBS/0.1 % BSA for 1 h. Subsequently, sections were incubated for 45 
min with horseradish peroxidase-labeled streptavidin (HRPstrep; prepared according to 
the manufacturer’s description). Diaminobenzidine solution (DAB) was used as chromo-
gen (according to the manufacturer’s description). Between incubation steps, sections 
were thoroughly washed with PBS. Preparations were incubated with hematoxylin for 
1 min after which sections were dehydrated and mounted in Entallan. All steps were 
performed at room temperature.

For qPCR, messenger ribonucleic acid (mRNA) was isolated from brain tissue from 
adjacent sets of the tissue sections used for immunohistochemistry, using an mRNA 
capture kit (Roche Applied Science, Indianapolis, IN, USA) according to the manufac-
turer’s instructions. Two samples per mouse were obtained, being ipsilesional and 
contralesional hemispheric tissue. For this, 6 brain slices of 10 µm (in the range of -1 
to +1.5 mm from Bregma) were hemispherically divided and pooled in an ipsilesional 

and contralesional tissue fraction. Complimentary deoxyribonucleic acid (cDNA) was 
synthesized with the Reverse Transcription System kit (Promega Corporation, Madison, 
WI, USA) following manufacturer’s guidelines. qPCR reactions were performed in an 
ABI7900HT sequence detection system with the SYBR Green method (Applied Bio-
systems, Foster City, CA, USA). Obtained expression levels of transcripts of PECAM-1  
(primer sequences used were PECAM-1-F 5’-TGGTTGTCATTGGAGTGGTC-3’ 
and PECAM-1-R 5’-TTCTCGCTGTTGGAGTTCAG-3’) were normalized to glyceral-
dehyde 3-phosphate dehydrogenase (GAPDH) expression levels (GAPDH-F 5’- 
CCATGTTCGTCATGGGTGTG-3’ and GAPDH-R 5’-GGTGCTAAGCAGTTGGTGGTG-3’).

3.3.8 In vivo antibody binding Mice underwent MCAo (n = 8) and received a single i.v. 
dosage of αPECAM-1-NIRF (n = 3) or IgG-NIRF (n = 3), or were untreated (control; n 
= 2) at 3 days after stroke onset. The amount of injected antibody was equivalent to 
the dosage of the antibody-MPIO for molecular MRI (see below), i.e., 750 µg/kg body 
weight. Mice were sacrificed 70 min after antibody injection by an overdose of isoflurane  
anesthesia followed by transcardial perfusion with PBS. Fresh brains were quickly  
excised, snap-frozen in liquid nitrogen and stored at -80 °C for post mortem  
immunohistochemical validation.

For immunohistochemistry, cryosections were prepared as described above.  
Subsequently, tissue was dried and acetone-fixated for 10 min at -20 °C. After the  
acetone was evaporated, tissue was mounted in 4’,6-diamidino-2-phenylindole (DAPI)-
containing mounting medium for fluorescence microscopy.

3.3.9 In vivo molecular MRI Mice were subjected to MCAo (n = 20) and underwent in 

vivo MRI under general isoflurane anesthesia at 3 days (n = 12) or at 7 days (n = 8) 
post-stroke. T2 maps were obtained by multi-spin echo MRI (TR/TE 2300/12-96 ms; 
NE 8; NA 4; matrix size 192 x 96, FOV 2 x 2 cm2, 21 slices of 400 µm) in order to de-
termine lesion outline. T2*-weighted images (3D gradient echo; TR/TE 35/15 ms; NA 
8; FA 10°; matrix size 96 x 80 x 160, FOV 1 x 1.2 x 2 cm3) were acquired before and 
up to 1 h after i.v. injection of αPECAM-1- or IgG-MPIO (100 µg iron/mouse) at 3 days 
(n = 6 per group) or 7 days post-stroke (n = 4 per group). One animal (αPECAM-1-
MPIO-injected at 3 days post-stroke) was excluded from further analyses due to 
movement artifacts observed on the T2*-weighted images. Mice were sacrificed im-
mediately after the last MRI scan by an overdose of isoflurane anesthesia followed by 
transcardial perfusion with PBS. Fresh brains were quickly excised, snap-frozen in li-
quid nitrogen and stored at -80 °C for post mortem immunohistochemical validation.  
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3.4.1 Brain tissue exposes increased levels of 
PECAM-1 mRNA and protein expression after 
stroke PECAM-1 mRNA and protein expression 
levels in mouse brain were measured at different time points after experimental uni-
lateral stroke. mRNA levels of post mortem contralesional and ipsilesional brain tissue 
samples were obtained, while protein expression was visualized in the contralesional 
cortex, the lesion borderzone and lesion core as depicted in Figure 3.1A. Ipsilesional 
PECAM-1 mRNA levels were significantly increased compared to contralesional values 
at 6 h (6.0 ± 2.1 % vs. 2.4 ± 0.9 %; P < 0.05), 24 h (8.3 ± 2.5 % vs. 2.1 ± 0.8 %; P < 0.05) 
and 3 days post-stroke (4.4 ± 1.6 % vs. 1.6 ± 0.8 %; P < 0.05), but not at 7 (2.8 ± 1.1 % vs. 
1.8 ± 0.6 %) and 21 days post-stroke (3.0 ± 0.9 % vs. 2.1 ± 0.5 %) (Figure 3.1B). Brain 
sections revealed that the increase in PECAM-1 mRNA in the ipsilesional hemisphere 
was associated with a marked upregulation of PECAM-1 protein expression in vascular 
structures in the lesioned tissue, which was already detectable after 6 and 24 h after 
stroke onset, but intensified at later time points, i.e., 3, 7 and 21 days post-stroke  
(Figure 3.1C).

3.4.2 PECAM-1-targeted MPIO bind specifically to brain endothelial cells in vitro and 
increase MR transverse relaxation rate The specificity of PECAM-1-targeted contrast 
agent was tested on mouse brain endothelial cells in vitro. Cells were therefore incubated 
with IgG-MPIO or αPECAM-1-MPIO (10 µg iron/ml medium; 1 h). Light microscopy 
images of Perls’ stained cells showed that cells treated with IgG-MPIO displayed  
minimal amounts of cell-associated contrast agent, whereas cells treated with 
αPECAM-1-MPIO showed abundant association (Figure 3.2A), indicating specific  
binding of PECAM-1-targeted contrast agent in vitro. In order to assess whether  
cell-associated contrast agent was sufficient to generate contrast on MR images, 
agarose solutions were prepared with no cells, untreated control cells or cells  
incubated with IgG-MPIO or αPECAM-1-MPIO. No differences were observed in R1  
(Figure 3.2B), but a fourfold significant increase in R2 was measured for cells incubated 
with αPECAM-1-MPIO (35.4 ± 2.4 s-1) compared to IgG-MPIO-incubated (8.9 ± 0.5 s-1) or 
untreated control cells (9.1 ± 0.2 s-1) (Figure 3.2C). 

For immunohistochemistry validation, cryosections were prepared and stained for  
PECAM-1 as described above. Tissue was subsequently incubated with freshly prepa-
red Perls’ solution (2 N HCl and 2 % ferrocyanide in Milli-Q in 1:1 (v/v) ratio) for 20 min, 
thoroughly washed with Milli-Q, dipped in a nuclear fast red solution, dehydrated and 
mounted in Entallan. 

3.3.10 MRI analysis Lesions and homologous contralesional tissue were manually  
outlined on T2 maps for each animal, as well as the ventricles and corpus callosum.  
At 3 days post-stroke, tissue was considered to be lesioned when it showed a  
considerable increase in T2. At 7 days post-stroke, the lesion core was characterized by  
heterogeneous signal irregularity. Lesion borderzone tissue was defined by computa-
tionally expanding the lesion segmentation two times with a 3 x 3 2D kernel medially, 
after which the ventricle and corpus callosum segmentations were subtracted.  
The lesion core, lesion borderzone and contralesional segmentations were used as 
regions-of-interest (ROIs). To determine the amount of contrast agent accumulation 
within these ROIs, mean signal intensity (SI) of T2*-weighted images (corrected 
for surface coil inhomogeneities) at 1 h after MPIO injection was measured, and  
expressed as a percentage of corresponding pre-contrast values for each animal  
according to (a).

(a) [SI (post-CA) / SI (pre-CA)] · 100 % 

To calculate within the ROIs the volume percentage of contrast-enhanced (CE) voxels, 
i.e., voxels that showed contrast-induced hypointensities, hypointense (HI) voxels with 
more than 2 standard deviations signal difference from pre-contrast T2*-weighted  
signal intensity, according to (b), were counted, and the volume of CE voxels was  
expressed as a percentage of total ROI volume, according to (c). 

(b) SI (HI voxel) < SI (ROI pre-CA) - 2 · SD (ROI pre-CA)

(c) [(volume of HI voxels (post-CA) - volume of HI voxels (pre-CA)) / volume of ROI] · 100 %

3.3.11 Statistical analysis SPSS 19.0 was used for statistical analyses. Comparisons 
were performed with a univariate ANOVA with Bonferroni correction. Values are  
presented as mean ± SD. P < 0.05 was considered statistically significant.

3.4  RESULTS
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Figure 3.1 
Post-stroke brain tissue reveals a significant increase in PECAM-1 mRNA levels and protein expres-
sion. (A) Schematic representation of the location of specified region of interest, i.e., contralesional 
and ipsilesional, which contains the lesion core and lesion borderzone. Squares indicate the regions 
were the light microscopy images were acquired. (B) mRNA levels of PECAM-1 (% of GAPDH) at 0 
h, 6 h, 24 h, 3 days, 7 days and 21 days post-stroke for ipsilesional and contralesional mouse brain 
tissue (n = 4 per time-point). * P < 0.05 compared to contralesional brain tissue. (C) Light microscopy 
images (20x; scale bars represent 100 µm) of PECAM-1 protein expression (brown) in contralesional, 
lesion borderzone and lesion core cortical tissue at 6 h, 24 h, 3 days, 7 days and 21 days after stroke 
(nuclei: blue; L: lesion). 

Figure 3.2 
MPIO targeted to PECAM-1 bind specifically to brain endothelial cells (bEnd.5), giving rise to a fourfold 
increase in MR transverse relaxation rate R2. (A) Light microscopy images (20x; scale bars represent 
50 µm) of cells incubated with IgG-MPIO (top panel) or αPECAM-1-MPIO (bottom panel). Inserts pre-
sent 4x magnification (nuclei: pink; MPIO: blue). (B) R1 (1/T1) values of agarose samples, containing 
agarose (i.e., no cells), untreated control cells or cells incubated with IgG-MPIO or αPECAM-1-MPIO 
(all samples: n = 2; bars represent mean ± SD). (C) R2 (1/T2) values of agarose samples, containing 
agarose (i.e., no cells), untreated control cells or cells incubated with IgG-MPIO or αPECAM-1-MPIO 
(all samples: n = 2; * P < 0.05 compared to agarose, control cells and IgG-MPIO; bars represent mean 
± SD).
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3.4.3 αPECAM-1-NIRF specifically targets post-stroke vasculature in vivo The in vivo 
suitability of αPECAM-1 to detect vascular remodelling was explored by intravenous (i.v.) 
injection of near-infrared fluorescent (NIRF) dye-labeled αPECAM-1 or IgG at 3 days 
post-stroke (αPECAM-1-NIRF: n = 3; IgG-NIRF: n = 3; control: n = 2). Mice received 750 
µg antibody/kg body weight, and were euthanized at 70 min post-injection. Analysis of 
brain tissue sections indicated high binding of αPECAM-1-NIRF to brain vasculature, in 
contrast to IgG-NIRF, which was not detected in the tissue (Figure 3.3). This indicates 
that the αPECAM-1 used in this study was able to reach and effectively bind to PECAM-1 
on brain endothelium. 

3.4.4 Ineffective in vivo molecular MRI of post-stroke PECAM-1 expression with 
αPECAM-1-MPIO αPECAM-1-MPIO were subsequently explored for their applicability 
as a target-specific contrast agent for in vivo molecular MRI of PECAM-1 upregulation 
at 3 and 7 days after stroke onset. Figure 3.4A shows typical examples of post-stroke 
T2 maps of mouse brain with an overlay of the contralesional (blue), lesion border-
zone (green) and lesion core (red) ROIs, and pre- and post-contrast agent injection  
T2*-weighted MR images with overlay of contrast-enhanced voxels. At 3 days post- 
stroke the lesion core on T2 maps was identified as a hyperintense area in the right 
hemisphere, at 7 days post-stroke, lesioned tissue was characterized by heterogeneous 
signal irregularity in the right hemisphere. Administration of either IgG-MPIO (day 3: n = 
6; day 7: n = 4) or αPECAM-1-MPIO (day 3: n = 5; day 7: n = 4) did not result in significant 
contrast enhancement on the post-contrast agent MR images at day 3 or 7 post-stroke 
(Figure 3.4A, last column). 

This was confirmed by ROI-based image analysis, which revealed that relative mean 
T2*-weighted signal intensities in the lesion core (day 3: 100.9 ± 3.5 %; day 7: 102.6 ± 
2.6 %) or lesion borderzone (day 3: 100.8 ± 3.9 %; day 7: 102.6 ± 3.4 %) of αPECAM-1-
MPIO injected mice were not significantly different from mean signal intensities in the 
contralesional ROI (day 3: 100.8 ± 4.0 %; day 7: 101.7 ± 2.5 %) or mean signal intensi-
ties in the lesion core (day 3: 100.8 ± 4.1 %; day 7: 102.1 ± 1.4 %) or lesion borderzone  
(day 3: 99.3 ± 3.1 %; day 7: 101.8 ± 1.8 %) of IgG-MPIO injected mice (Figure 3.4B).  

03Figure 3.3 
αPECAM-1-NIRF specifically targets post-stroke vasculature in vivo. Fluorescence microscopy  
images (20x; scale bars represent 100 µm) of post mortem ipsilesional cortical brain tissue of 
control mice, or mice after in vivo injection of IgG-NIRF or αPECAM-1-NIRF at 3 days post-stroke 
(IgG-NIRF/αPECAM-1-NIRF: red; nuclear staining (DAPI): blue). Figure 3.4 

In vivo molecular MRI of PECAM-1 expression is not achieved with αPECAM-1-MPIO at 3 or 7 days 
after transient MCAo in mice. (A) Representative pre-contrast agent (CA) T2 map overlaid with  
contralesional (blue), lesion borderzone (green) and lesion core (red) ROIs; pre-CA T2*-weighted 
image; and post-CA T2*-weighted image of a coronal brain slice of animals that received IgG-MPIO or 
αPECAM-1-MPIO at 3 days (top two rows) or 7 days (bottom two rows) post-stroke. Overlaid are con-
trast-enhanced (CE) voxels, which are depicted in red. (B) and (C) Bar graphs showing normalized 
T2*-weighted signal intensity (SI) (B) and difference in contrast-enhanced (CE) volume (C) in  
contralesional, lesion borderzone and lesion core ROIs after injection of CA (IgG-MPIO (day 3: n = 6; day 7: n 
= 4) or αPECAM-1-MPIO (day 3: n = 5; day 7: n = 4) at 3 and 7 days post-stroke. Bars represent mean ± SD.
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The volume percentage of contrast-enhanced voxels in the lesion core and lesion border-
zone ROIs also did not change significantly after injection of αPECAM-1-MPIO (lesion core, 
day 3: 1.4 ± 3.1 %; lesion core, day 7: -0.2 ± 0.6 %; lesion borderzone, day 3: 0.7 ± 1.7 %; 
lesion borderzone, day 7: -0.1 ± 0.5 %) compared to IgG-MPIO (lesion core, day 3: 1.8 ± 2.4 
%; lesion core, day 7: 0.5 ± 1.3 %; lesion borderzone, day 3: 0.5 ± 1.9 %; lesion borderzone, 
day 7: 0.4 ± 1.1 %), or compared to the αPECAM-1-MPIO-enhanced volume percentage 
change in the contralesional ROI (day 3: 1.1 ± 2.6 %; day 7: 0.4 ± 0.8 %) (Figure 3.4C).

3.4.5 αPECAM-1-MPIO does not specifically target post-stroke vasculature in vivo 
To determine whether the lack of in vivo MRI contrast-enhancement with αPECAM-1-
MPIO was due to insufficient contrast agent accumulation in post-stroke brain tissue, 
mice were terminated after the MRI scan (day 3: n = 5 per group; day 7: n = 4 per group) 
and brain sections were analyzed by immunohistochemistry. Light microscopy images 
of PECAM-1-stained and Perls’-stained cortical brain tissue of mice that had received 
IgG-MPIO or αPECAM-1-MPIO did not reveal any MPIO in the affected hemisphere at 
days 3 and 7 post-stroke (Figure 3.5). 
 

* Figure 3.5 
αPECAM-1-MPIO does not specifically target post-stroke vasculature in vivo. Light microscopy 
images (20x; scale bars represent 100 µm) of post mortem cortical brain tissue of the lesion core 
of mice that received IgG-MPIO (left panel) or αPECAM-1-MPIO (right panel) at 3 (top panel) or 
7 days (bottom panel) after MCAo (MPIO: blue; PECAM-1-postitive vessels: brown; nuclei: pink).

PECAM-1 has been frequently ap-
plied as an endothelial marker in 
tissues, including assessments of 
changes in vascularization after experimental stroke [22, 27-29]. Augmented PECAM-1 
immunoreactivity in and around ischemic lesions, reflective of higher blood vessel  
density, has been found particularly between 2 and 14 days after stroke in different 
rodent models [21-22, 28]. Furthermore, PECAM-1 expression in post-stroke brain  
tissue has been shown to increase in response to angiogenesis-stimulating exercise 
[22], and to decrease after administration of an angiogenesis inhibitor [27]. Our findings 
of significantly increased ipsilesional PECAM-1 expression between 3 and 21 days,  
preceded by acutely elevated mRNA levels, after transient unilateral MCA occlusion in 
mice, are in line with previous studies and provide additional evidence of dynamic vascular  
modifications in post-stroke tissue. Furthermore, our data corroborate the potential of 
PECAM-1 as a target for molecular MRI of angiogenesis after stroke.

Molecular MRI of angiogenesis has been successfully performed in animal models of 
different pathologies, including cancer [30-31], atherosclerosis [32] and myocardial  
infarction [33-34]. These studies have applied different types of MRI contrast agents, 
for example based on gadolinium [30, 32-33], iron oxides [31], or perfluorocarbons [35], 
with conjugated targeting ligands ranging from small peptides to big antibodies. To our 
knowledge, there have been no reports of molecular MRI of angiogenesis after stroke. 
Nevertheless, the feasibility of molecular imaging of post-stroke angiogenesis has been 
demonstrated in a rat model using positron emission tomography (PET) with a radio- 
labeled vascular endothelial growth factor (VEGF) construct [36]. In the current 
study, we performed molecular MRI of PECAM-1 expression at 3 and 7 days after  
experimental stroke, when upregulation of this endothelial marker is markedly  
increased. Although αPECAM-1-MPIO showed to be an effective target-specific  
contrast agent in brain endothelial cell culture, we did not detect significant contrast 
enhancement in post-stroke brain when applied in vivo. Lack of in vivo contrast agent 
binding was confirmed by post mortem analysis of brain tissue, which revealed absence 
of contrast agent in PECAM-1-positive vessels. Our findings are in contrast with si-

3.5  DISCUSSION
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milar molecular MRI studies in which MPIO was labeled with antibodies against other 
types of cell adhesion molecules, such as vascular cell adhesion molecule-1 (VCAM-1) 
[37] and intercellular adhesion molecule-1 (ICAM-1) [38]. Those studies showed specific 
binding to endothelium after experimental stroke in mice, which generated significant 
contrast enhancement on in vivo MR images with the same MPIO dosage, i.e., ~ 5 mg/kg  
bodyweight, and ~ 40 µg antibody per 1·109 MPIO [37-38], as used in our present study.

The absence of PECAM-1-targeted contrast agent in our present study cannot be  
explained by inefficiency of the targeting antibody, since a similar amount of the same 
antibody attached to a NIRF label, i.e., αPECAM-1-NIRF, effectively labeled brain  
endothelial cells in vivo at 3 days post-stroke. This indicates that the binding of single 
αPECAM-1 IgG molecules with a small NIRF label (less than a nm) is sufficient to  
recognize its endothelial target PECAM-1 after injection in the blood circulation, and 
maintains attachment under flow conditions. However, effective binding might not be 
accomplished when αPECAM-1 is conjugated to larger particles like MPIO (1.05 µm in 
size), which may reduce target accessibility and increase susceptibility to shear force 
from circulating blood. Large MPIO may sterically hinder the binding of αPECAM-1 to 
its epitope PECAM-1, which is mainly expressed in the endothelial cell intercellular  
junctions [39]. Furthermore, the relatively short blood half-life of the targeted MPIO  
(in the order of minutes [40-41]) - which is important for wash-out of free circulating 
contrast agent - may have been too short for efficient binding. Even though binding 
strength was maximized by multivalent presentation of αPECAM-1 on a single MPIO 
(~ 100.000 αPECAM-1 per MPIO), this may have decreased the amount of particles  
available for direct endothelial binding, also when considering possible occupation 
by PECAM-1-expressing platelets and leukocytes. The number of iron oxide particles  
available for binding may be increased by reducing the amount of multivalent  
presentation, e.g., by using smaller particles of iron oxide, such as ultrasmall super- 
paramagnetic particles of iron oxide (USPIO; < 50 nm) or superparamagnetic iron 
oxide particles (SPIO; 50-200 nm), even though these induce a weaker contrast- 
generating effect per particle. In addition, further improvement of binding efficiency may 
be accomplished by co-labeling with a different type of αPECAM-1 targeted to another 
epitope on PECAM-1, a strategy that has recently been proven to successfully optimize 
endothelial targeting [42].

03

To summarize, our data demon-
strate that PECAM-1, an endo-
thelial marker that can be used 
for assessment of post-stroke vascular remodeling, can be effectively targeted 
with αPECAM-1-MPIO in vitro, giving rise to significant MRI contrast enhancement.  
Nevertheless, application of this targeted contrast agent was ineffective for in vivo  
molecular MRI of angiogenesis at 3 or 7 days after experimental stroke in mice, which 
may be explained by inefficient binding of the large multivalent ligand-presenting 
construct under in vivo conditions.

3.6  CONCLUSIONS
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MRI with targeted contrast agents provides a 
promising means for diagnosis and treatment 
monitoring after cerebrovascular injury. 
Our goal was to demonstrate the feasibility of this approach to detect the neuroin-
flammatory biomarker intercellular adhesion molecule-1 (ICAM-1) after stroke, 
and to establish a most efficient imaging procedure. We compared two types of 
ICAM-1-functionalized contrast agent: T1-shortening gadoliniumchelate-containing  
liposomes, and T2

(*)-shortening micron-sized iron oxide particles (MPIO). Binding  
efficacy and MRI contrast effects were tested in cell cultures and a mouse stroke 
model. Both ICAM-1-targeted agents bound effectively to activated cerebrovascular 
cells in vitro, generating significant MRI contrast-enhancing effects. Direct in vivo 
MRI-based detection after stroke was only achieved with ICAM-1-targeted MPIO,  
although both contrast agents showed similar target-specific vascular accumulation. 
Our study demonstrates the potential of in vivo MRI of post-stroke ICAM-1 upregulation, 
and signifies target-specific MPIO as most suitable contrast agent for molecular MRI 
of cerebrovascular inflammation.

Cerebrovascular disorders, such 
as stroke, are leading causes of 
death and disability in modern 
society. One of the key players in cerebrovascular injury is the neuroinflammatory 
cascade, which among others involves endothelial cell activation and leukocyte  
infiltration [1]. Despite increasing number of studies on neuroinflammatory  
processes, underlying mechanisms have been incompletely elucidated. Imaging  
strategies that enable in vivo detection of inflammatory markers can significantly  
contribute to improved characterization of neuroinflammatory events in cerebrovas- 
cular disorders, and may serve as valuable means for early disease diagnosis and  
direct monitoring of the efficacy of anti-inflammatory treatments [2-3].

Magnetic resonance imaging (MRI) is an established versatile method for non- 
invasive imaging of brain pathologies in clinical and experimental settings [4-5]. Using 
MR contrast agents, such as gadolinium (Gd)-chelates, complementary information 
can be obtained on, for instance, perfusion disturbances and blood-brain barrier  
disruption. MR contrast agents may also be functionalized with target-specific  
ligands, e.g., peptides, proteins and antibodies, for imaging of molecular biomarkers, 
such as inflammatory constituents [6]. Two main types of contrast agents for (molecu-
lar) MRI can be distinguished: paramagnetic Gd-chelates, which shorten longitudinal  

4.1  ABSTRACT

4.2  INTRODUCTION

relaxation time T1 and thereby induce local hyperintensity on T1-weighted images, and 
superparamagnetic iron oxide particles that shorten the transverse relaxation time, 
T2

(*), resulting in local hypointensities on T2
(*)-weighted images [7]. These contrast 

agents can be presented in a variety of platforms, ranging from nanometer-sized  
single Gd-chelates (Gd-diethylenetriaminepentaacetic acid; Gd-DTPA) and tens-of- 
nanometer-sized ultrasmall particles of iron oxide (USPIO), to larger structures  
containing high numbers of Gd-chelates or iron oxides per particle, such as Gd- 
dendrimers [8] and Gd-liposomes [9] and micron-sized particles of iron oxide (MPIO) [10]. 

Molecular MRI of inflammation in brain disorders, using tailored contrast agents tar-
geted to neuroinflammatory markers, is an emerging field of research [6]. Previous 
studies in animal stroke models have targeted the cell adhesion molecules P- or E-
selectin [11-13], vascular cell adhesion molecule-1 (VCAM-1) [14], or the heme protein 
myeloperoxidase (MPO), which is secreted by activated neutrophils and macrophages/
microglia [15]. However, to date, no study has imaged stroke-induced upregulation 
of intercellular adhesion molecule-1 (ICAM-1) expression in vivo. ICAM-1 is highly  
upregulated on inflamed cerebral endothelium during the first days post-stroke 
in rodents [16] and humans [17], and provides an interesting alternative target for  
molecular MR imaging of neuroinflammation, being maximally expressed at later 
time points than other cell adhesion molecules, such as selectins [18] and VCAM-1 
[19]. Importantly, an efficient strategy to target cerebrovascular ICAM-1 may  
expand the potential of molecular imaging in (pre)clinical settings, by extending the  
time window for in vivo detection of neuroinflammation up to sub-acute phases,  
thereby improving the possibilities for monitoring of anti-inflammatory treatments, 
implicating clinical potential for long-term monitoring of treatment efficacy. 

In previous studies, both target-specific Gd-chelates [11] and iron oxides [12-15]  
have been successfully applied for in vivo molecular MRI of stroke-induced neuroin-
flammation, but it remains unknown to what extent these agents provide adequate 
sensitivity and specificity, considering dynamic endogenous tissue contrast changes 
during disease progression, such as T1 and T2

(*) prolongation. To this end, we directly 
compared the application of ICAM-1-targeted Gd-based versus iron oxide-based  
contrast agents, using Gd-liposomes and MPIO as most potent representatives 
for the different contrast agent types. These particles can target intraluminally ex-
pressed ICAM-1 after intravascular injection, and enable amplified image contrast by 
their high payload of contrast agent per particle, while preventing possible leakage 
over a disrupted blood-brain barrier by their substantial size (~ 200 nm and ~ 1 µm,  
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4.3.1 Materials Gd-DTPA-di(stearyla-
mide) (Gd-DTPA-DSA) was obtained 
from Gateway Chemical Technology 
(St. Louis, MO, USA). 1,2-distearoyl- 
sn-glycero-3-phosphocholine (DSPC),  
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene gly-
col)2000] (PEG2000-DSPE), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N- 
[maleimide(polyethylene glycol)2000] (Mal-PEG2000-DSPE) and 1,2-dipalmitoyl-sn-
glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (rhodamine-
PE) were obtained from Avanti Polar Lipids (Albaster, AL, USA). ProMag™ 1 Series, 
Bind-IT™ MPIO (25 mg MPIO/ml, 26.5 % iron-content) were obtained from Bangs  
Laboratories, Inc. (Fishers, IN, USA). Cholesterol and diaminobenzidine solu-
tion (DAB+) were obtained from Sigma-Aldrich (St. Louis, MO, USA). A monoclonal  
antibody against mouse ICAM-1 (αICAM-1, YN1/1.7.4) and irrelevant immuno- 
globulin G antibody (IgG, RTK4530) were obtained from BioLegend (San Diego, CA, 
USA). Horseradish peroxidase-labeled streptavidin (HRPstrep) was obtained from 
DAKO (Glostrup, Denmark). A monoclonal antibody against mouse CD31 (αCD31) 
was produced from hybridoma ER-MP12. Primers were obtained from Ocimum  
Biosolutions, IJsselstein, The Netherlands.

4.3.2 Preparation of antibody-functionalized Gd-liposomes Gd-liposomes were pre- 
pared by lipid film hydration. Gd-DTPA-DSA, DSPC, cholesterol, PEG2000-DSPE, 
Mal-PEG2000-DSPE and rhodamine-PE were mixed at a molar ratio of 
0.75/1.10/1/0.075/0.075/0.003, dissolved in chloroform/methanol 10:1 (v/v) and evapora-
ted to dryness at 40 °C. The lipid film was hydrated in HEPES-buffered saline (10 mM 
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 135 mM NaCl; pH 6.5). The 
resulting lipid dispersion was extruded at 60 °C, once through a single polycarbonate 
membrane filter with a pore diameter of 200 nm, and sequentially 10 times through a 
double filter of 200 nm using a Lipofast Extruder (Avestin Inc., Ottawa, Ontario, Canada).

αICAM-1or isotype control IgG was coupled to Gd-liposomes by a sulfhydryl-maleimide 
linking method as described previously [20-21]. In short, αICAM-1 and IgG (1 mg/ml) 
were modified with N-succinimidyl S-acetylthioacetate (SATA, 80:1 SATA:antibody in 

4.3  MATERIALS
AND METHODS

molar ratio) and incubated for 1 h on a roller-bench at room temperature. Free SATA 
was removed from SATA-derivatized antibody by washing 3 times with HEPES-buffered 
saline using a Vivaspin concentrator with a cut-off size of 50 kD (GE Healthcare Europe 
GmbH, Diegem, Belgium) and centrifugation at 4000g. SATA-derivatized antibody was 
deacetylated by incubation with a hydroxylamine solution (pH 6.7) for 1 h at room tem-
perature. Activated antibody was added to the maleimide-containing Gd-liposomes in 
a 50 μg protein/μmol lipid ratio. This preparation was stored at 4 °C under gaseous N2 
overnight. Uncoupled antibodies were separated from immunoliposomes by centrifuga-
tion at 65000 rpm for 2 times 45 min at 4 °C. The phospholipid content of the obtained 
liposome preparations was determined by phosphate analysis according to Rouser et al 
[22] after destruction with perchloric acid. Subsequently, the sample was further diluted 
to obtain a lipid suspension of 20 mM total lipid. The final liposomal suspension was 
stored at 4 °C under gaseous N2 and used within 7 days.

The size distribution of the αICAM-1 or IgG-Gd-liposomes was displayed as z-avera-
ge ± polydispersity index (PDI), determined by dynamic light scattering (DLS) at 25 °C 
with a Malvern 4700 system using an argon-ion laser (488 nm) operating at 10.4 mW  
(Uniphase) and using PCS (photon correlation spectrometry) software for Windows  
version 1.34 (Malvern Instruments Ltd, Worcestershire, UK). For data analysis, the  
viscosity and refractive index of water was used. The system was calibrated with a  
polystyrene dispersion containing particles of 100 nm. 

4.3.3 Preparation of antibody-functionalized MPIO MPIO were extracted from their 
original buffer by magnetic separation and resuspended in coupling buffer (50 mM 
2-(N-morpholino)ethanesulfonic acid (MES); pH 5.2). Prior to the coupling procedure, 
αICAM-1 or IgG were buffer exchanged to coupling buffer by centrifugation, resulting 
in a final antibody concentration of 1.0 mg/ml. Next, MPIO and αICAM-1 or IgG were  
added in a 1:1 (v/v) ratio, vortexed and left to incubate for 60 min at room temperature on 
a roller-bench. Following incubation, antibody-MPIO were buffer-exchanged to storage 
solution (150 mM NaCl, 0.002 % azide) by magnetic separation and stored at 4 °C.

4.3.4 MR relaxivity measurements Relaxivities were acquired on a 9.4 T horizontal 
20 cm bore MR system (Varian Inc., Palo Alto, CA, USA) at room temperature using a  
dilution series of Gd-liposomes (ranging from 0 to 2.5 mM Gd-DTPA-DSA, calculated 
from the lipid ratio and total lipid concentration) or MPIO (ranging from 0 to 0.05 mg 
iron/ml, calculated from the iron-content provided by the manufacturer). T1 values were 
acquired using a Look-Locker inversion recovery sequence (after each inversion pulse 

respectively). With this comparison, we aimed to establish a most efficient method 
for straightforward, sensitive and specific in vivo detection of the neuroinflammatory 
marker ICAM-1 after cerebrovascular injury with molecular MRI.
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40 acquisitions were done with intervals of 250 ms, repetition time (TR) 20 s, echo time 
(TE) 3.18 ms, flip angle (FA) 5°, number of averages (NA) 4, matrix size 256 x 256, field-of-
view (FOV) 3 x 3 cm2, slice thickness 400 µm). T2 values were acquired with a multi-spin 
echo sequence (TR 5 s, TE 9-900 ms, number of echoes (NE) 100, NA 4, matrix size 256 x 
256, FOV 3 x 3 cm2, slice thickness 400 µm). Relaxivities, r1 and r2, expressed in mM-1∙s-1, 
were measured from the slope from a linear fit of 1/T1 (R1) and 1/T2 (R2) values versus 
the concentration of Gd or iron.

4.3.5 In vitro cell experiments The mouse brain endothelioma cell line bEnd.5 [23] was 
maintained in Dulbecco’s Modified Eagle Medium (DMEM; Invitrogen, Grand Island, NY, 
USA) supplemented with 10 % heat-inactivated fetal calf serum (FCS; PAA Laboratories 
GmbH, Pasching, Austria), 100 U/ml penicillin, 100 μg/ml streptomycin (all obtained 
from Gibco, Carlsbad, CA, USA) and 5 µM of b-mercaptoethanol. Cells were cultured in 
non-coated flasks at normal cell culture conditions. 

For endothelial activation, bEnd.5 cells at 70-80 % confluence were stimulated with  
10 ng/ml tumor necrosis factor alpha (TNFα; PeptroTech EC Ltd., London, UK). After 
24 h, cells were either incubated with αICAM-1-Gd-liposomes or IgG-Gd-liposomes  
(1 µmol total lipid/ml medium; 4 h at 37 °C) or αICAM-1-MPIO and IgG-MPIO (10 µg iron/ml  
medium; 1 h at 37 °C) (n = 2 per condition). Alternatively, control cells were left un- 
treated (n = 2 per condition). Following incubation, cells were thoroughly washed and  
subsequently harvested. The resulting cell suspension was washed twice with  
phosphate-buffered saline (PBS) by centrifugation (1500 rpm, 5 min). Cells were 
subsequently fixed in 4 % paraformaldehyde in PBS (10 min), washed with PBS twice,  
and stored in PBS containing 0.002 % azide. The fixed cells were allowed to settle 
overnight by gravitational force. The resulting cell pellet was subsequently subjected to 
T1 and T2 measurements using the same MRI protocols as for relaxivity measurements. 
Additionally, a small amount of fixed bEnd.5 cells incubated with antibody-functionalized 
contrast agent was used to prepare cytospins for optical visualization of contrast agent 
binding. Cytospins of cells incubated with Gd-liposomes were mounted in 4’,6-diamidi-
no-2-phenylindole (DAPI)-containing mounting medium for detection by fluorescence 
microscopy. Perls’ staining [24-25] was performed on cytospins of cells incubated with 
MPIO to be detected with light microscopy. Shortly, cytospins were fixed in acetone for 
10 min at room temperature, dried and incubated with Perls’ solution (2 N HCl and 2 %  
ferrocyanide in Milli-Q in 1:1 (v/v) ratio) for 20 min. Subsequently, cytospins were  
thoroughly washed with Milli-Q, dipped in a nuclear fast red solution, dehydrated and 
mounted in Entallan. 

4.3.6 In vivo stroke model All animal procedures were approved by the Utrecht Univer-
sity Ethical Committee on Animal Experiments, and experiments were performed in 
accordance with the guidelines of the European Communities Council Directive.

Eight-week-old C57Bl/6 mice, weighing 20 to 25 g (Harlan, Horst, The Netherlands) 
were anesthetized with isoflurane (3.5 % induction, 1.5-2.0 % maintenance) in air/
O2 (2:1). Body temperature was maintained at 37.0 ± 0.5 °C. Transient focal cerebral  
ischemia was induced by 30 min right middle cerebral artery occlusion (MCAo) with an 
intraluminal filament [26]. In brief, a 7.0 polypropylene suture with a silicon-coated tip 
(tip diameter of 0.21 mm, Doccol Corporation, Redlands, CA, USA) was introduced into 
the right external carotid artery and advanced through the internal carotid artery until 
a slight resistance was felt, indicating that the MCA was occluded. During occlusion, 
the common carotid artery was clipped. After 30 min, the filament was withdrawn from 
the internal carotid artery and the clip was removed from the common carotid artery to  
allow full reperfusion. Before surgery, mice received a 1 ml subcutaneous injection of 
saline to compensate for loss of water and minerals, and a subcutaneous injection of 
0.1 mg/kg buprenorphine (Temgesic; Schering-Plough, Houten, The Netherlands) for 
post-surgical analgesia. 

4.3.7 Post mortem ICAM-1 immunohistochemistry and qPCR Mice were sacrificed at 6 
h, 24 h, 3 days or 7 days after MCAo (n = 4 per time point) with an overdose of pentobar-
bital (Euthanimal; Alfasan International BV, Woerden, Holland) followed by transcardial  
perfusion with PBS. Two healthy animals were used as controls (0 h). Brains were  
excised and snap-frozen in liquid N2 and used for post mortem immunohistochemistry 
and quantitative polymerase chain reaction (qPCR). 

For immunohistochemistry, cryosections of 10 μm (6 per mouse, ranging from approxi-
mately -1 to +1.5 mm from Bregma) were air-dried overnight, and acetone-fixated for 
10 min. Dry, fixed sections were hydrated for 15 min in PBS containing 0.1 % bovine 
serum albumin (BSA). Next, sections were incubated with biotinylated αICAM-1 (10 µg 
antibody/ml) in PBS/0.1 % BSA for 1 h. Subsequently, sections were incubated for 45 min 
with horseradish peroxidase-labeled streptavidin (HRPstrep, prepared according to the 
manufacturer’s description). Diaminobenzidine solution (DAB) was used as chromogen 
(used according to the manufacturer’s description). Between incubation steps, sections 
were thoroughly washed with PBS. Preparations were incubated with hematoxylin for 
1 min after which sections were dehydrated and mounted in Entallan. All steps were 
performed at room temperature.
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For qPCR, messenger ribonucleic acid (mRNA) was isolated from brain tissue from 
subsequent sets as used for immunohistochemistry, using an mRNA capture kit  
(Roche Applied Science, Indianapolis, IN, USA) according to the manufacturer’s  
instructions. Two samples per mouse were obtained, being ipsilesional and contra- 
lesional hemispheric tissue. For this, 6 brain slices of 10 µm (in the range of -1 to +1.5 
mm from Bregma) were hemispherically divided and pooled in an ipsilesional and  
contralesional tissue fraction. Complimentary deoxyribonucleic acid (DNA) was  
synthesized with the Reverse Transcription System kit (Promega Corporation, Madison, 
WI, USA) following manufacturer’s guidelines. qPCR reactions were performed in 
an ABI7900HT sequence detection system with the SYBR Green method (Applied  
Biosystems, Foster City, CA, USA). Obtained expression levels of transcripts of ICAM-1 
(primer sequences used were ICAM-1-F 5’-TAGCAGCCGCAGTCATAATGGG-3’ and ICAM-
1-R 5’-AGGCGTGGCTTGTGTGTTCG-3’) were normalized to glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) expression levels (GAPDH-F 5’-CCATGTTCGTCATGGGTGTG-3’ 
and GAPDH-R 5’-GGTGCTAAGCAGTTGGTGGTG-3’).

4.3.8 In vivo molecular MRI Mice were subjected to MCAo (n = 36) and underwent in  

vivo MRI at 24 h after reperfusion under general isoflurane anesthesia (n = 26; 10  
animals died the first 24 h after surgery). Multi-spin echo MRI was applied for T2  
mapping (TR/TE = 2300/12-96 ms, NE 8, NA 4, matrix size 192 x 96, FOV 2 x 2 cm2, 21 
slices of 400 µm) to determine lesion size. T1 maps (Look-Locker inversion recovery; 40 
slice-interleaved acquisitions with 10 ms intervals after each inversion pulse, interval 
time of 210 ms per slice, TR/TE = 9000/4.5 ms, FA 10°, NA 2, matrix size 96 x 64, FOV 
2 x 2 cm2, 21 slices of 400 µm) were acquired before and up to 3 h after intravenous 
(i.v.) injection of αICAM-1- or IgG-Gd-liposomes (5 µmol total lipid/mouse, n = 7 per 
contrast agent type). T2*-weighted images (3D gradient echo; TR/TE = 35/15 ms, NA 8, 
FA 10°, matrix size 96 x 80 x 160, FOV 1 x 1.2 x 2 cm3) were acquired before and up to 1 
h after i.v. injection of αICAM-1- or IgG-MPIO (100 µg iron/mouse, n = 5 for αICAM-1-
MPIO (one animal was excluded due to incomplete injection) and n = 6 for IgG-MPIO). A 
subgroup of mice were subjected to a follow-up scan at 48 h after stroke, i.e., 24 h after  
contrast agent injection (n = 6 for both Gd-liposomes group, n = 2 for both MPIO groups). 
Mice were sacrificed immediately after the last MRI scan by an intraperitoneal (i.p.)  
injection with pentoparbital followed by transcardial perfusion with PBS. Fresh brains were  
quickly excised, snap-frozen with liquid N2 and stored at -80 °C for post mortem  
immunohistochemical validation.

For post mortem immunohistochemical validation, cryosections of 10 μm (6 per mouse, 
ranging from approximately -1 to +1.5 mm from Bregma) were prepared. Subsequently, 
tissue was co-stained with αCD31 to visualize the cerebrovasculature. For mice that 
received Gd-liposomes, tissue was dried overnight and acetone-fixated for 10 min at -20 
°C. After air-drying, tissue was hydrated in PBS/0.1 % BSA and incubated with αCD31-
alexa648 (1:100 in PBS/0.1 % BSA) for 1 h at room temperature. Tissue was subse-
quently washed and mounted in DAPI-containing mounting medium (1:15000, (v/v)) for 
fluorescence microscopy. Tissue of mice that received MPIO was stained with Perls’ 
and αCD31. Shortly, tissue was dried overnight and acetone-fixated for 10 min at room 
temperature. After the acetone was evaporated, tissue was hydrated in PBS/0.1 % BSA 
and incubated with biotinylated αCD31 (1:100 in PBS/0.1 % BSA) for 1 h, followed by 
incubation with HRPstrep (prepared according to the manufacturer’s description) for 
45 min. DAB was used as chromogen (used according to the manufacturer’s descrip-
tion). Tissue was subsequently incubated with Perls’ solution as described for the in vitro 
cell experiments, thoroughly washed with Milli-Q, dipped in a nuclear fast red solution,  
dehydrated and slides were mounted in Entallan. 

4.3.9 MRI analysis A voxel-based supervised classification method was employed to 
identify stroke lesions in all animals [27]. First, two experts manually outlined lesions 
on T2 maps in ten animals. Based on the consensus between the expert segmentations, 
a random forest classifier was then trained on T2 and anatomical location obtained from 
non-rigid registration to a template image. Given the classification results, homolo-
gous contralesional tissue was depicted manually. These lesion segmentations were 
subsequently used as regions-of-interest (ROIs). Mean T1 for mice that received Gd-
liposomes, and mean signal intensity (SI) of T2*-weighted images for mice that received 
MPIO were calculated within these ipsilesional and contralesional ROIs, and expressed 
relative to pre-contrast values, i.e., [SI post-contrast/SI pre-contrast] · 100 %. 

4.3.10 Statistical analysis SPSS 16.0 was used for statistical analyses. Groups were 
compared with use of a Student’s t-test for independent samples, or a univariate ANOVA 
with a Bonferroni post-hoc test. Values are presented as mean ± standard deviation. P < 
0.05 was considered statistically significant. 
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4.4.1 Gd-liposomes and MPIO are T1- and T2
(*)-

type contrast agents, respectively As a visual 
guide, schematic representations of Gd-liposo-
mes and MPIO are depicted in Figure 4.1A and B, with their respective relaxivities r1 and 
r2 at 9.4 T. Gd-liposomes displayed a hydrodynamic diameter of 0.21 µm with a polydis-
persity index of 0.08. MPIO were 1.05 µm in diameter, according to the manufacturer. 
Gd-liposomes had an r1 of 1.6 ± 0.1 mM-1·s-1 and r2 of 18 ± 2 mM-1·s-1, representative 
for T1-shortening contrast agents. MPIO showed typical T2

(*)-shortening contrast agent 
properties, with relatively small effect on T1 (r1 = 0.3 ± 0.0 mM-1·s-1), but large effect on 
T2 (r2 = 91 ± 3 mM-1·s-1). 

4.4.2 ICAM-1-targeted Gd-liposomes and MPIO bind specifically to stimulated brain 
endothelial cells The target specificity of ICAM-1-targeted contrast agent was tested 
on TNFα-stimulated brain endothelial cells, which showed a twofold increase in ICAM-1 
expression compared to non-stimulated cells (data not shown). TNFα-stimulated cells 
were incubated with IgG-Gd-liposomes or αICAM-1-Gd-liposomes (1 µmol total lipid/
ml medium; 4 h), or with IgG-MPIO or αICAM-1-MPIO (10 µg iron/ml medium; 1 h). 
Images from (fluorescence) microscopy showed that cells treated with either IgG-Gd-
liposomes or IgG-MPIO displayed minimal amounts of cell-associated contrast agent, 
whereas cells treated with αICAM-1-Gd-liposomes or αICAM-1-MPIO showed abundant 
association (Figure 4.1C and D), indicating specific binding of both ICAM-1-targeted 
contrast agents in vitro. 

4.4  RESULTS
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Figure 4.1 
Gd-liposomes and MPIO targeted to ICAM-1 bind specifically to inflamed brain endothelial cells 

(bEnd.5), giving rise to faster MR relaxation and significant contrast effects on MR images. Schematic 

representation of (A) Gd-liposomes and (B) MPIO used for this study, with their corresponding diame-

ter and relaxivities. (C) Fluorescent microscopy images (40x, scale bars represent 50 µm) of bEnd.5 

incubated with IgG-Gd-liposomes (top panel) or αICAM-1-Gd-liposomes (bottom panel) and (D) light 

microscopy images (40x, scale bars represent 50 µm) of cells incubated with IgG-MPIO (top panel) or 

αICAM-1-MPIO (bottom panel). (E) Bar graph with R1 (1/T1) values of cell pellets, consisting of untreated 

control cells or cells incubated with IgG-Gd-liposomes, αICAM-1-Gd-liposomes, IgG-MPIO or αICAM-

1-MPIO (n = 2 per group). * P < 0.05, bars represent mean ± SD. (F) A T1-weighted Look-Locker image 

(TR/TE = 2000/3.18 ms) of cell pellets containing control cells or cells incubated with IgG-Gd-liposomes 

or αICAM-1-Gd-liposomes. (G) Bar graph with R2 (1/T2) values of cell pellets, consisting of untreated 

control cells or cells incubated with IgG-Gd-liposomes, αICAM-1-Gd-liposomes, IgG-MPIO or αICAM-

1-MPIO (n = 2 per group). R2 values of cells treated with αICAM-1-MPIO were too low to be determined 

(ND). * P < 0.05, bars represent mean ± SD. (H) A T2-weighted spin echo image (TR/TE = 5000/9 ms) of 

cell pellets containing control cells or cells incubated with IgG- or αICAM-1-MPIO.
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4.4.3 ICAM-1-targeted Gd-liposomes and MPIO increase cellular R1 and/or R2  
In vitro MRI measurements were performed on pellets of TNFα-stimulated brain 
endothelial cells that were left untreated (control cells) or incubated with IgG-Gd-
liposomes, αICAM-1-Gd-liposomes, IgG-MPIO or αICAM-1-MPIO to assess the  
contrast-generating efficacy on MR images. A significant two- to threefold increase 
in R1 was found for cells that were incubated with αICAM-1-Gd-liposomes (1.3 ± 0.2 
s-1) compared to IgG-Gd-liposomes-treated (0.6 ± 0.0 s-1) or control cells (0.5 ± 0.1 s-1, 
Figure 4.1E and F). 

This R1 effect was not observed for cells incubated with αICAM-1-MPIO (0.4 ± 0.1 s-1) 
when compared to IgG-MPIO-treated (0.4 ± 0.0 s-1) or control cells. Cells incubated 
with αICAM-1-Gd-liposomes also showed a significant three- to fourfold increase in 
R2 (64 ± 10 s-1) compared to IgG-Gd-liposomes-incubated (18 ± 0 s-1) or control cells 
(13 ± 6 s-1, Figure 4.1G). Cells incubated with IgG-MPIO also showed a significant 
increase in R2 (32 ± 6 s-1, twofold increase compared to control cells), but in a lesser 
extent then αICAM-1-Gd-liposomes. More drastic changes were observed when cells 
were incubated with αICAM-1-MPIO; these induced such a strong T2 shortening effect 
in the cells that R2 values could not be calculated from the acquired images (Figure 
4.1H). This meant that the cells displayed an R2 value over 200 s-1; the highest R2 value 
measurable with the applied MRI protocol. Even though a quantitative measure of 
R2 was not obtained, it could be concluded that αICAM-1-MPIO-loaded cells gene-
rated a more than tenfold increase in R2 compared to control cells, which was more 
pronounced than the R2 effect generated by cells incubated with either αICAM-1-Gd-
liposomes or IgG-MPIO. 

4.4.4 Brain tissue exposes increased levels of ICAM-1 mRNA and protein expression 
after stroke To obtain the optimal time point for in vivo detection of ICAM-1-expression 
with ICAM-1-targeted contrast agents, ICAM-1 mRNA levels and protein expression 
were evaluated at different time points after experimental stroke. mRNA levels were 
obtained by qPCR of post mortem brain tissue samples, while protein expression 
was visualized by immunohistochemical staining for ICAM-1 and detection with light  
microscopy. A significant increase in ipsilesional ICAM-1 mRNA levels was observed 
at 6 h (0.008 ± 0.004) and 24 h post-stroke (0.018 ± 0.004, Figure 4.2A), compared to 
contralesional values (6 h; 0.001 ± 0.000, 24 h; 0.005 ± 0.006) with a threefold increase 
at 24 h. This early increase in ICAM-1 mRNA in the ipsilesional hemisphere was  
associated with a marked upregulation of ICAM-1 expression in cortical and subcortical 
lesion areas at 24 h and 3 days after stroke onset (Figure 4.2B). ICAM-1-positive 

vessel-like structures were still detected at 7 days post-stroke, although to a lesser 
extent. ICAM-1 mRNA levels in the contralesional hemisphere did not change signifi-
cantly over time, even though some ICAM-1-positive structures could be observed in 
the contralesional hemisphere at 24 h and 3 days post-stroke. 

4.4.5 In vivo molecular MRI of post-stroke neuroinflammation is feasible with 
αICAM-1-MPIO αICAM-1-Gd-liposomes and αICAM-1-MPIO were subsequently  
explored for their applicability as target-specific contrast agents for molecular MRI of 
post-stroke ICAM-1 upregulation at 24 h (i.e., directly after i.v. contrast agent injection) 
and 48 h after stroke onset (i.e., 24 h after contrast agent injection). Typical examples 
of post-stroke mouse brain T1 maps or T2*-weighted MR images are shown in Figure 
4.3A and C. The overall increased signal intensity in the lesion area – on pre- and post- 
contrast images – reflects stroke-induced edema. Minimal global contrast enhancement 
was observable in the ipsi- as well as contralesional hemispheres (Figure 4.3A and 
B) 1 h after administration of either IgG-Gd-liposomes (ipsilesional post-contrast  
signal: 96.5 ± 1.6 % (of pre-contrast); contralesional post-contrast signal: 96.7 ± 1.5 % 
(of pre-contrast) (n = 7)) or αICAM-1-Gd-liposomes (ipsilesional post-contrast signal: 
97.2 ± 1.3 % (of pre-contrast); contralesional post-contrast signal: 97.0 ± 0.8 % (of 
pre-contrast) (n = 7)). On the other hand, evident hypointense structures appeared 
within 1 h on the T2*-weighted images after injection of αICAM-1-MPIO (n = 5), but 
not IgG-MPIO (n = 6) (Figure 4.3C). This contrast effect was restricted to the lesion 
area, in which a significant change of -7.4 ± 3.4 % in mean T2*-weighted signal inten-
sity was measured within 1 h after αICAM-1-MPIO injection, as compared to the -1.8 
± 1.9 % signal change in the contralesional hemisphere. Moreover, the ipsilesional 
αICAM-1-MPIO-induced signal reduction was significantly larger than the effect after  
IgG-MPIO injection (Figure 4.3D). This indicates that the observed contrast in the 
αICAM-1-MPIO-injected animals originates from target-specific accumulation.  
This contrast effect, however, essentially disappeared within 24 h (Figure 4.3C and D). 
Furthermore, at 24 h post-contrast agent injection, i.e., 48 h post-stroke, an increase 
in ipsilesional T2*-weighted signal intensity and T1 compared to pre-contrast agent 
injection images was detected in all animals (Figure 4.3B and D). This signal change 
is opposite to the contrast agent-induced effects, and indicative of endogenous  
tissue-specific changes in the lesion area. 
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Figure 4.2 
Post mortem brain tissue reveals a significant increase in ICAM-1 mRNA levels and protein expression 

after stroke. (A) mRNA levels of ICAM-1 (normalized to GAPDH) at 0 h, 6 h, 24 h, 3 days and 7 days 

post-stroke for ipsilesional and contralesional brain tissue (n = 4 per time-point, * P < 0.05 compared to 

contralesional brain tissue). (B) Light microscopy images (20x, scale bars represent 100 µm) of ICAM-

1 protein expression (brown) in the sensorimotor cortex inside the lesion area and its contralesional 

counterpart, at 6 h, 24 h, 3 days and 7 days after stroke. Nuclei are depicted in blue. Arrows indicate 

ICAM-1-positive vessels.

Figure 4.3 
In vivo molecular MRI of neuroinflammation after experimental stroke is evidently feasible with αICAM-

1-MPIO, but not with αICAM-1-Gd-liposomes. (A) Representative pre-contrast agent (CA), and 1 and 

24 h post-CA T1 maps of animals that received IgG-Gd-liposomes or αICAM-1-Gd-liposomes. The ip-

silesional and contralesional sides are depicted in the first image with ‘I’ and ‘C’, respectively. The 

lesion is characterized by edema-associated signal increase in pre- and post-CA images. (B) Bar graph 

showing normalized T1 in ipsilesional and contralesional ROIs at 1 and 24 h post-CA. Values are norma-

lized to mean pre-CA T1 values within the defined ROI (n = 7 per group). Bars represent mean ± SD. (C) 

Representative pre-CA, and 1 and 24 h post-CA T2*-weighted images of animals that received IgG-MPIO 

or αICAM-1-MPIO. The ipsilesional and contralesional sides are depicted in the first image with ‘I’ and 

‘C’, respectively. The lesion is characterized by edema-associated signal increase in pre- and post-CA 

images, while a vascular pattern of hypointensities appeared after αICAM-1-MPIO injection. (D) Bar 

graph showing normalized T2*-weighted signal intensity (SI) in ipsilesional and contralesional ROIs at 

1 h and 24 h post-CA. Values are normalized to mean pre-CA T2*-weighted SI values within the specific 

ROI (IgG-MPIO; n = 6, αICAM-1-MPIO; n = 5). Bars represent mean ± SD. * P < 0.05 vs. IgG-MPIO. 
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4.4.6 Both αICAM-1-Gd-liposomes and αICAM-1-MPIO specifically target inflamed 
vasculature in vivo To determine contrast agent accumulation and distribution in 
post-stroke brain tissue, mice were terminated after MRI at 48 h post-stroke for Gd-
liposomes (n = 5) or at 24 h post-stroke for MPIO (n = 5), and brain sections were  
analyzed with (fluorescence) immunohistochemistry. Fluorescence microscopy  
images of mice that had received IgG-Gd-liposomes did not reveal any rhodamine  
fluorescence originating from Gd-liposomes (Figure 4.4A), whereas Gd-liposomes 
were abundantly observed co-localized with blood vessels in ipsilesional, but not  
contralesional, tissue of mice that were injected with αICAM-1-Gd-liposomes (Figure 
4.4B). Similar results were obtained when analyzing brains of mice that had received 
MPIO. Upon administration of IgG-MPIO, MPIO were not detected in the affected 
hemisphere (Figure 4.4C), while clear presence of MPIO co-localizing with vessel  
staining was observed on brain sections of mice that had received αICAM-1-MPIO  
(Figure 4.4D), in the same ipsilesional regions where in vivo contrast enhancement 
was observed with MRI. No MPIO were detected in the contralesional hemisphere. 
These results indicate that both ICAM-1-targeted contrast agents, but not IgG- 
functionalized contrast agents, bind to inflamed cerebrovasculature after stroke.

Figure 4.4 
αICAM-1-Gd-liposomes and αICAM-1-MPIO specifically target inflamed post-stroke vasculature in vivo, 

but only αICAM-1-MPIO generate specific contrast enhancement on MR images. (A, B) In vivo T1-map 

(first column) and post mortem fluorescence microscopy images (20x, scale bars represent 100 µm) of 

contralesional and ipsilesional brain tissue of a mice that received (A) IgG-Gd-liposomes or (B) αICAM-

1-Gd-liposomes at 48 h after MCAo. Second column shows rhodamine signal of Gd-liposomes (red), 

third column shows CD31-stained vessels (green), fourth column shows DAPI-stained nuclei (blue) 

and fifth column shows overlay of all channels. White arrows indicate overlay of Gd-liposome signal 

and vessel staining. (C, D) In vivo T2*-weighted image and post mortem light microscopy images (20x, 

scale bars represent 100 µm) of contralesional and ipsilesional brain tissue of mice that received (C) 

IgG-MPIO or (D) αICAM-1-MPIO at 24 h after MCAo. Inserts show magnifications (scale bars represent 

10 µm) of detected MPIO indicated with black arrows. MPIO were stained with Perls’ (blue), vessels with 

CD31 (brown) and nuclei with nuclear fast red (pink).

In this study we report on the 
suitability of in vivo MR imaging of 
neuroinflammation after a cere-
brovascular accident by using contrast agents directed against the endothelial marker 
ICAM-1. We compared two of the most potent MR contrast agents in their categories, 
i.e., T1-shortening Gd-liposomes and T2

(*)-shortening MPIO. Molecular MRI was per-
formed at a timepoint of significant stroke-induced ICAM-1 expression, and we found 
that significant and specific in vivo MRI-based detection of ICAM-1 was only achieved 
with αICAM-1-MPIO. However, in vitro studies demonstrated that ICAM-1 expressing 
endothelial cells could be efficiently labeled and detected with αICAM-1-MPIO as well 
as αICAM-1-Gd-liposomes. Furthermore, post mortem microscopic analysis of brain 
tissue showed target-specific vascular accumulation of both contrast agent types.  
Our data demonstrate the feasibility of in vivo targeting of stroke-induced ICAM-1  

4.5  DISCUSSION
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upregulation in the brain and confirm the specificity of both ICAM-1-targeted contrast 
agents, but signify αICAM-1-MPIO as the most suitable contrast agent for in vivo MR 
imaging of early neuroinflammation after cerebrovascular injury. 

The high potency of αICAM-1-MPIO as a molecular MR contrast agent is in line with 
previous molecular MRI studies using antibody-functionalized MPIO to detect ICAM-1 in 
radiation-induced brain injury [28] and endothelial VCAM-1 expression in various animal 
models of central nervous system disease [14, 29-30]. MPIO have a very short blood 
half-life (order of minutes) [31-32] and therefore a small time window for target binding. 
Nevertheless, this time window appears to be sufficient for extensive accumulation 
at vascular sites with increased expression of cell adhesion molecules. Moreover, the  
rapid blood clearance of MPIO minimizes non-specific contrast effects due to circulating 
contrast agent. This was demonstrated in our study, in which contrast-induced effects 
in post-stroke brain tissue were clearly present 1 h after injection with αICAM-1-MPIO, 
but not with IgG-MPIO. MPIO presence could no longer be detected 24 h after  
contrast agent injection, despite continued overexpression of ICAM-1, which points  
toward target-particle dissociation or degradation of the particles. 

Despite the clear potential of αICAM-1-MPIO for molecular MRI of neuroinflammation, 
it may be advantageous to use T1-shortening contrast agents under some conditions. 
For instance, in case of high endogenous iron accumulation, e.g., due to hemorrhages 
or presence of macrophages loaded with iron-containing biological debris. These  
endogenous iron oxide deposits also induce T2

(*)-shortening, which can bias the inter-
pretation of hypointense areas on T2

(*)-weighted MR images [33]. This problem may be 
circumvented by application of T1-shortening Gd-chelate-based contrast agents, such 
as Gd-liposomes that have been proven suitable for in vivo molecular MRI purposes in a 
variety of animal models of disease, including tumor angiogenesis [34]. In our study, we 
showed that specific in vivo MRI-based detection of ICAM-1 after stroke was not feasible 
with ICAM-1-targeted T1-shortening Gd-liposomes. Previously, ICAM-1-targeted para-
magnetic polymerized liposomes have been successfully employed in a mouse model 
of experimental autoimmune encephalitis [35]. However, to achieve sensitive detection, 
post mortem T1-weighted MR images were obtained at a very high spatial resolution of 
40 µm, which required an acquisition time of 7 h. In our in vivo stroke model, we also 
evaluated the effect of Gd-liposomes. In these liposomal formulations, a high degree 
of PEGylation ensures a relatively long circulation time (order of hours) by shielding 
the particles from the mononuclear phagocyte system [36-37] securing a larger time 
window for the particles to bind to ICAM-1. However, prolonged presence of circulating 

Gd-liposomes also obscures specific detection of bound Gd-liposomes, which is only 
feasible after circulating contrast agent has been cleared from the blood [38]. In fact, 
we observed a small contrast effect in the entire brain at 1 h after injection of αICAM-
1-Gd-liposomes or IgG-Gd-liposomes, reflective of global, non-specific presence of  
Gd-liposomes. In our study, antibodies were coupled to Gd-liposomes, which have been 
reported to shorten the blood half-life [39], abolishing the hindering effect of circulating 
Gd-liposomes at 1 h after injection. Nevertheless, clear and specific contrast effects 
of αICAM-1-Gd-liposomes were not observed acutely or 24 h after injection in post- 
stroke mice, despite target-specific accumulation as demonstrated from immunohis-
tochemistry.

A plausible explanation for the scarce MR contrast effects by αICAM-1-Gd-liposomes as 
compared to αICAM-1-MPIO is the intrinsically lower contrast-generating efficacy of the 
former. T1 values of cells incubated with αICAM-1-Gd-liposomes showed a measurable 
threefold increase compared to control and IgG-Gd-liposomes-treated cells, which is 
in accordance with previous in vitro studies using paramagnetic ICAM-1-targeted lipo-
somes [40]. On the other hand, αICAM-1-MPIO induced such a substantial T2

(*) shorte-
ning effect that it could not be determined with our T2 fitting routine, which would have  
allowed reliable quantification of T2 up to about 5 ms (R2 of 200 s-1). To compensate for 
this difference in contrast-generating efficacy, Gd-liposomes would require injections 
with much higher concentrations as compared to MPIO for significant target detection. 
However, a higher dose of Gd-liposomes will also increase the blood-half life [41] and 
potentially introduces more non-specific accumulation. In our study, we chose dosages 
that have been successfully applied in mice for previous molecular MRI studies with  
Gd-liposomes [34, 42] and MPIO [14, 43].

An alternative explanation for the reduced contrast-generating efficiency of Gd-lipo-
somes is possible quenching of the T1 effect due to internalization and compartmen-
talization in cells [44], although previous studies have shown conflicting results on  
internalization of ICAM-1-targeted liposomes [40, 45]. Furthermore, pathology- 
associated intrinsic changes in tissue contrast as observed in the present study, where 
the T1 of lesioned tissue significantly increased between 24 and 48 h post-stroke, would 
also hinder chronic detection of a T1-shortening contrast agent. 

The current study highlights the applicability of target-specific MPIO as a potent  
molecular MR contrast agent in studies on brain disorders. Furthermore, our data  
expose ICAM-1 as a promising target for molecular MR imaging of stroke-induced  
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neuroinflammation. ICAM-1 is maximally expressed at later time points after stroke as 
compared to other cell adhesion molecules, such as selectins [18] and VCAM-1 [19], 
which could considerably expand the potential of molecular imaging strategies for 
long-term in vivo monitoring of neuroinflammation after stroke. Since ICAM-1 may not 
be solely expressed by endothelial cells and can also be present on different types of  
leukocytes [46], this could open up additional opportunities for imaging of inflammatory 
cells. The current study reports on the application of ICAM-1-targeted contrast agents 
at 24 h after stroke onset, when the infiltration of ICAM-1 presenting leukocytes is still 
relatively limited [47-48]. Furthermore, specific co-localization with vascular markers 
suggests predominant association of αICAM-1-contrast agents with the endothelium in 
the presented data. 

In conclusion, target-specific MPIO 
provide a more potent contrast 
agent platform than Gd-liposomes 
for in vivo molecular MRI of cell adhesion molecules as neuroinflammatory biomarkers 
after cerebrovascular injury, with high target specificity and high MR sensitivity.  
In addition to its potential for preclinical studies, recent development of a biodegradable 
MPIO [49] may open the door to possible clinical applications in the future

4.6  CONCLUSIONS
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Molecular magnetic resonance imaging (MRI) 
has shown to be effective for detection of vas-
cular cell adhesion molecules that are ex-
clusively expressed on inflamed endothelium in a variety of cerebral pathologies. In 
this study, we explored to what extent MR contrast agent targeted to intercellular  
adhesion molecule-1 (ICAM-1), a cell adhesion molecule that is expressed on  
endothelium as well as leukocytes, is able to detect and distinguish endothelial- and 
leukocyte-associated ICAM-1 expression after experimental stroke. Furthermore, 
we assessed potential interfering effects of ICAM-1-targeted contrast agent on  
post-stroke lesion growth. To this end, micron-sized particles of iron oxide (MPIO) 
functionalized with control IgG (IgG-MPIO) or anti-ICAM-1 antibody (αICAM-1-MPIO ) 
were administrated at 1, 2, 3, 7 and 21 days after unilateral transient middle cerebral 
artery occlusion (MCAo) in mice, followed by in vivo MRI and post mortem immunohis-
tochemistry detection. At 1 h post-injection, αICAM-1-MPIO induced significant MR 
contrast effects in the lesion core on post-stroke days 1, 2 and 3, and in the lesion  
borderzone and contralesional tissue on post-stroke day 2. αICAM-1-MPIO were 
confined to ICAM-1-positive vessels and occasionally co-localized with leukocytes.  
No αICAM-1-MPIO were detected on post-stroke day 7. After 21 days, abundant  
leukocytes and associated αICAM-1-MPIO were immunohistochemically detected in 
the lesion core. However, MRI-based detection of αICAM-1-MPIO-coupled leukocytes 
was confounded by pre-contrast MRI hypointensities, possibly due to phagocytosed 
blood remains. IgG-MPIO did not induce significant MRI contrast effects at 1 h after 
injection, and were not detected in post mortem brain tissue. Lesion development was 
not affected by injection of αICAM-1-MPIO or IgG-MPIO. We conclude that αICAM-1-
MPIO are suitable for in vivo MRI of stroke-induced ICAM-1 expression on vascular 
endothelium and leukocytes at different stages after stroke in mice. However, con-
trast effects from endogenous blood remains can significantly hamper the detection. 

Molecular magnetic resonance 
imaging (MRI) is an upcoming 
field in preclinical imaging, ena-
bling direct measurement and a better understanding of cellular and molecular  
processes in living organisms [1-6]. Especially, ongoing pathogenic processes in the 
brain may be optimally visualized in this non-invasive manner. We and others have  
recently applied molecular MRI for the detection of neurovascular inflammation in rodent  
models of neurological disorders [7-12]. Such an approach can give more insights into 
inflammatory events involved in cerebral pathology, and aid in monitoring the efficacy 
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of anti-inflammatory treatment strategies in a longitudinal way. Entities expressed on 
the luminal side of the cerebral endothelium can be directly targeted with MR contrast 
agents to which specific ligands are conjugated. For instance, successful detection of 
enhanced P- and E-selectin expression after experimental brain injuries, e.g., stroke, 
has been established with use of sialyl LewisX (sLeX)-targeted Gd-chelates [7, 12] and 
iron oxides [10]. Similarly, vascular cell adhesion molecule-1 (VCAM-1) has been ef-
fectively targeted and imaged using antibody-functionalized iron oxides in a variety 
of brain disorders [8-9, 11]. These targets are typically expressed on the intraluminal 
side of the endothelial wall, and MR contrast can therefore be attributed to contrast 
agent bound to its vascular target. 

We have recently developed an optimized molecular MRI approach for the detection 
of stroke-induced upregulation of intercellular adhesion molecule-1 (ICAM-1) [13]. 
ICAM-1 is a cell adhesion molecule that is upregulated during neurovascular inflam-
mation, and involved in tight endothelial binding and transmigration of leukocytes  
[14-15]. ICAM-1 has been implicated in stroke pathophysiology, and has been shown 
to provide an effective therapeutic target for reduction of ischemic lesion development 
[16]. Experimental studies have demonstrated that injection of antibodies against 
ICAM-1 significantly reduce infarct size after transient unilateral stroke in rats [17], 
although a clinical trial using a murine monoclonal anti-human ICAM-1 antibody  
(Enlimomab) failed to reproduce this effect [18]. In contrast to the abovementioned 
selectins and VCAM-1, ICAM-1 is not only expressed on (inflamed) endothelium, but 
also on leukocytes. This provides an interesting opportunity to image endothelial  
activation as well as leukocyte invasion in relation to stroke pathophysiology and  
(anti-inflammatory) treatment. However, it remains unknown to what extent  
molecular MRI of ICAM-1 expression in the brain reflects these specific inflammatory 
processes that may occur separately as well as jointly. The primary goal of our study 
was to determine the diagnostic potential of ICAM-1-targeted MPIO for in vivo MRI  
of vascular ICAM-1 expression and leukocyte infiltration at different stages after  
transient unilateral stroke in mice. In addition, we assessed possible interfering  
effects of ICAM-1-targeted MPIO on post-stroke lesion development. 
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5.3.1 Preparation of antibody-func-
tionalized MPIO ProMag™ 1 Series, 
Bind-IT™ MPIO (25 mg MPIO/ml, 
26.5 % iron-content) were obtained 
from Bangs Laboratories, Inc. (Fis-
hers, IN, USA), and extracted from their original buffer by magnetic separation and 
resuspended in coupling buffer (50 mM 2-(N-morpholino)ethanesulfonic acid (MES); 
pH 5.2). Prior to the coupling procedure, a monoclonal antibody against mouse ICAM-1 
(αICAM-1, YN1/1.7.4) and irrelevant immunoglobulin G antibody (IgG, RTK4530)  
(BioLegend; San Diego, CA, USA) were buffer-exchanged to coupling buffer by  
centrifugation, resulting in a final antibody concentration of 1.0 mg/ml. Next, MPIO 
and αICAM-1 or IgG were added in a 1:1 (v/v) ratio, vortexed and left to incubate for 60 
min at room temperature on a roller-bench. Following incubation, antibody-MPIO were  
buffer-exchanged to storage solution (150 mM NaCl with 0.002 % azide) by magnetic 
separation and stored at 4 °C at a concentration of 12.5 mg MPIO/ml.

5.3.2 Mouse stroke model All animal procedures were approved by the Utrecht  
University Ethical Committee on Animal Experiments, and experiments were perfor-
med in accordance with the guidelines of the European Communities Council Directive. 
Eight-week-old C57Bl/6 mice, weighing 20 to 25 g (Harlan, Horst, The Netherlands) 
were anesthetized with isoflurane (3.5 % induction, 1.5-2.0 % maintenance) in air/
O2 (2:1). Body temperature was maintained at 37.0 ± 0.5 °C. Transient focal cerebral  
ischemia was induced by 30 min right middle cerebral artery occlusion (MCAo) with an 
intraluminal filament [19]. In brief, a 7.0 polypropylene suture with a silicon-coated tip 
(tip diameter of 0.21 mm, Doccol Corporation, Redlands, CA, USA) was introduced into 
the right external carotid artery and advanced through the internal carotid artery until 
a slight resistance was felt, indicating that the MCA was occluded. During occlusion, 
the common carotid artery was clipped. After 30 min, the filament was withdrawn from 
the internal carotid artery and the clip was removed from the common carotid artery to  
allow full reperfusion. Before surgery, mice received a 1 ml subcutaneous injection of 
saline to compensate for loss of water and minerals, and a subcutaneous injection of 
0.1 mg/kg buprenorphine (Temgesic; Schering-Plough, Houten, The Netherlands) for 
post-surgical analgesia. 

5.3.3 In vivo MRI Mice underwent in vivo MRI on a 9.4 T MR system (Agilent, Palo Alto, 
Ca, USA) under general isoflurane anesthesia. Multi-spin echo MRI was applied for T2 
mapping (repetition time (TR)/echo time (TE) 2300/12-96 ms; number of echoes (NE) 8; 

5.3  MATERIALS
AND METHODS

number of acquisitions (NA) 4; matrix size 192 x 96, field-of-view (FOV) 20 x 20 mm2, 21 
slices of 400 µm thickness) to determine lesion size. T2*-weighted images (3D gradient 
echo; TR/TE 35/15 ms; NA 8; flip angle (FA) 10°; matrix size 96 x 80 x 160; FOV 10 x 12 x 
20 mm3) were acquired before and up to 1 h after i.v. injection of IgG-MPIO or αICAM-1-
MPIO (5 mg iron/kg body weight). Mice were sacrificed immediately after the last MRI 
scan by an overdose of isoflurane anesthesia followed by transcardial perfusion with 
PBS. Fresh brains were quickly excised, snap-frozen with liquid N2 and stored at -80 °C 
for post mortem immunohistochemistry. 

5.3.4 Post mortem immunohistochemistry For post mortem immunohistochemistry, 
cryosections of 10 μm (6 per mouse, ranging from approximately -1 to +1.5 mm from 
Bregma) were prepared. Subsequently, tissue was stained for either ICAM-1 or CD45, 
followed by Perls’ staining for MPIO. Therefore, tissue was dried overnight and aceto-
ne-fixated for 10 min at room temperature. After the acetone was evaporated, tissue 
was hydrated in PBS/0.1 % BSA and incubated for 1 h with biotinylated αICAM-1 (10 µg 
antibody/ml of PBS/0.1 % BSA; αICAM-1-biotin, YN1/1.7.4; BioLegend; San Diego, CA, 
USA) or biotinylated αCD45 (23 µg antibody/ml of PBS/0.1% BSA; αCD45-biotin, MP33; 
production in house), followed by incubation with horseradish peroxidase-labeled strep-
tavidin (HRPstrep; DAKO, Glostrup, Denmark; prepared according to the manufacturer’s 
description) for 45 min. Diaminobenzidine solution (DAB; Sigma-Aldrich, St. Louis, MO, 
USA) was used as chromogen (used according to the manufacturer’s description). Tis-
sue was subsequently incubated with Perls’ solution (2 N HCl and 2 % ferrocyanide in 
Milli-Q in 1:1 (v/v) ratio) for 20 min, thoroughly washed with Milli-Q, dipped in a nuclear 
fast red solution, dehydrated, and slides were mounted in Entallan. 

5.3.5 Study I: Diagnostic efficacy of αICAM-1-MPIO To test the efficacy of αICAM-1-
MPIO to detect post-stroke ICAM-1 expression on brain endothelium and/or infiltrated 
leukocytes, 45 mice underwent transient MCAo after which cross-sectional MRI was 
done at 1, 2, 3, 7, or 21 days. Six mice were excluded from the study: three mice died 
before MRI acquisition (day 1: n = 1; day 7: n = 2), two mice had no lesion (day 3: n = 1; 
day 21: n = 1) and one mouse received no contrast agent (day 1: n = 1). After baseline 
MRI measurements, mice were injected with IgG-MPIO (day 1: n = 6; day 2: n = 5; day 3: 
n = 4; day 7: n = 4, day 21: n = 4) or αICAM-1-MPIO (day 1: n = 5; day 2: n = 5; day 3: n = 5; 
day 7: n = 4: day 21: n = 5) for post-contrast MRI. 

5.3.6 Study II: Therapeutic efficacy of αICAM-1-MPIO To test the potential of αICAM-
1-MPIO to affect lesion development, 24 mice underwent transient MCAo. Six mice died 
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before MRI acquisition. Repeated MRI was done at day 1 and day 3 after MCAo. At day 
1, after baseline MRI, mice received an i.v. injection of saline (n = 6; equal volume as 
MPIO injections), IgG-MPIO (n = 5) or αICAM-1-MPIO (n = 7). Treatment allocation was 
randomized. Follow-up MRI was performed 2 days after injection of saline, IgG-MPIO 
or αICAM-1-MPIO.

5.3.7 Image analysis Brain lesions, identified by signal abnormality on T2 maps, were 
outlined manually (Study I) or automatically (Study II). Based on the lesion segmen-
tation for Study I, homologous contralesional tissue was manually outlined on T2 
maps for each animal. Perilesional tissue, i.e., the lesion borderzone, was defined by 
computationally expanding the lesion segmentation two times with a 3 x 3 2D kernel, 
with exclusion of ventricles and corpus callosum. The lesional, perilesional and  
contralesional segmentations were used as regions-of-interest (ROIs). To determine 
the amount of contrast agent accumulation within these ROIs, mean signal intensity 
(SI) on T2*-weighted images was measured at 30 min after MPIO injection for each 
animal, and expressed as signal reduction as compared with the mean signal intensity 
pre-contrast agent, according to (a).

(a) SI (pre-CA) - SI (post-CA)

To calculate within the ROIs the volume percentage of contrast-enhanced (CE) voxels, 
i.e., voxels that showed contrast-induced hypointensities, hypointense (HI) voxels with 
more than 2 standard deviations signal difference from pre-contrast T2*-weighted 
signal intensity, according to (b), were counted, and the volume of CE voxels was  
expressed as a percentage of total ROI volume, according to (c). 

(b) SI (HI voxel) < SI (ROI pre-CA) - 2 · SD (ROI pre-CA)

(c) [(volume of HI voxels (post-CA) - volume of HI voxels (pre-CA)) / volume of ROI] · 100 %

The automated lesion segmentation procedure for Study II consisted of a voxel-based 
supervised classification method that we have previously developed to identify stroke 
lesions [20]. The ipsilesional hemisphere was manually outlined on the T2 map by a 
blinded observer. Hemispheric lesion fraction was calculated according to (d). 

(d) volume (lesion) / volume (ipsilesional hemisphere) · 100 %

5.3.8 Statistical analysis Linear mixed model analysis was performed to test for  
effects of ROI, contrast agent, time point, and their interactions (Study I). For each ROI 
and time point, post-hoc tests assessed the effects of contrast agent and the pairwise 
difference between the two contrast agents. P-values were FDR-adjusted for multi-

ple comparisons. P < 0.05 was considered significant. All statistical analyses were  
performed using R software [21] using nlme [22] and multcomp [23] packages. Values 
are presented as mean ± standard deviation, unless indicated otherwise. 

5.4.1 Lesion development Transient MCAo 
induced unilateral lesions that were characte-
rized by tissue T2 prolongation which was par-
ticularly evident at days 1, 2 and 3 post-stroke. T2 changes were more heterogeneous 
at days 7 and 21 post-stroke, and accompanied by tissue shrinkage due to necrosis. 
For illustration, typical examples of T2 maps of coronal brain slices at different post-
stroke time points are depicted in Figure 5.1. 

5.4.2 In vivo MRI of αICAM-1-MPIO binding at different time points post-stroke  
To test the efficacy of αICAM-1-MPIO to detect post-stroke ICAM-1 expression on 
brain endothelium and/or infiltrated leukocytes, cross-sectional MRI was done at 
1, 2, 3, 7, or 21 days post-stroke. T2*-weighted images were acquired before and  
after MPIO injection. Typical examples of pre- and post-contrast T2*-weighted images 
are shown in Figure 5.2. In the pre-contrast T2*-weighted images (Figure 5.2A, C),  
relatively large hypointense regions were discernible in the ipsilesional hemisphere 
at 7 and 21 days post-stroke, which was not evident at post-stroke days 1, 2 and 3. 

Scarce signal reductions could be seen throughout the entire brain after injection 
of IgG-MPIO at all time points (Figure 5.2B). In contrast, substantial post-contrast 
hypointensities were observed after injection of αICAM-1-MPIO at day 1, day 2 and, 
to lesser extent, at day 3 post-stroke (Figure 5.2D). These hypointensities were  

5.4  RESULTS

Figure 5.1 
Typical examples of unilateral lesions on T2 maps of a coronal mouse brain slice at different time points 

post-stroke. Lesioned tissue was characterized by T2 prolongation at days 1, 2 and 3, which partially 

(pseudo)normalized at day 7 and 21 along with tissue shrinkage. 
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Figure 5.3 
αICAM-1-MPIO induced significant T2*-weighted signal intensity reduction and contrast-enhanced vo-

lume subacutely after stroke. (A) Typical example of ROI selection based on lesion identification on 

a T2-map (left), shown with lesion core (light grey), lesion borderzone (dark grey) and contralesional 

ROI (black) as overlays (right). Bar graphs showing (B) absolute decrease in T2*-weighted signal in-

tensity (SI), and (C) contrast-enhanced (CE) volume, i.e., increase in amount of hypointense voxels, in 

contralesional, borderzone and core ROIs after injection of IgG-MPIO or αICAM-1-MPIO at different 

time points after stroke. Bars represent mean + SD. * P < 0.05 compared to pre-injection, # P < 0.05 

compared to IgG-MPIO.

largely confined to the ipsilesional hemisphere, and displayed a macroscopical pattern  
consistent with large cerebral vessels. Contrast enhancement was absent or  
minimal when αICAM-1-MPIO were injected at 7 days post-stroke. At day 21,  
pre-contrast hypointense regions enlarged after αICAM-1-MPIO injection, however, 
without an apparent vascular pattern as seen at days 1, 2 and 3. 

Figure 5.2 
In vivo molecular MRI shows increased amount of contrast-enhanced (hypointense) pixels in the lesion 

territory after injection of αICAM-1-MPIO, but not IgG-MPIO, at days 1, 2 and 3 post-stroke. Ipsilesional 

hypointense areas on pre-contrast agent (CA) T2*-weighted images were detectable at days 7 and 21, 

which did not clearly further enhance after contrast agent injection. (A, C) pre-CA T 2*-weighted (T2*-w) 

images, and (B, D) post-CA T2*-w images of a coronal brain slice of animals that received (A, B) IgG-

MPIO or (C, D) αICAM-1-MPIO at 1, 2, 3, 7, or 21 days post-stroke. 

For quantitative image analysis, contrast-induced T2*-weighted signal intensity  
decrease and volume percentage of contrast-induced hypointensities were calculated 
in regions-of-interest (ROIs), i.e., lesion core, lesion borderzone and contralesional  
homologous tissue (Figure 5.3A). T2*-weighted signal intensity after administration  
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Figure 5.4 
Histological sections of the 

sensorimotor cortex in the 

lesion territory reveal that 

αICAM-1-MPIO were confined 

to ICAM-1-positive vessels, 

and occassionally co-localize 

with leukocytes at post-stroke 

days 1, 2 and 3, but were abun-

dantly associated with leuko-

cytes at day 21. MPIO presence 

was undetectable at day 7. (A) 

ICAM-1 staining (brown) and 

MPIO presence (blue), and 

(B) CD45 staining (brown) and 

MPIO presence (blue). Arrows 

indicate MPIO presence. Dot-

ted lines indicate cells with 

vascular morphology. Scale 

bars represent 25 µm in the 

overview images and 10 µm in 

the inserts.
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of αICAM-1-MPIO clearly decreased in the ipsilesional hemisphere at post-stroke days 
1 and 2, which was statistically significant in the lesion core, as compared to post- 
IgG-MPIO injection. Post-contrast signal decreases were not significant at days 3, 7 and 
21 post-stroke (Figure 5.3B).

Significant increase in the volume percentage of hypointense voxels was observed in the 
lesion core at days 1, 2 and 3 post-stroke after αICAM-1-MPIO injection (7.5 ± 5.9 %; 21.1 
± 16.1 %; 9.5 ± 5.6 %, respectively). Significantly enlarged volumes of contrast enhance-
ment were also measured in the lesion borderzone (11.3 ± 10.2 %) and contralesional 
tissue (7.8 ± 9.8 %) at post-stroke day 2. No significant MPIO-induced enlargement of 
hypointense volume was detected at day 7 or day 21 post-stroke (Figure 5.3C).

5.4.3 Immunohistochemical detection of MPIO in post mortem brain tissue 
After MRI, post mortem brain tissue was immunohistochemically analyzed for  
presence of ICAM-1, leukocytes (CD45) and MPIO. Light microscopy images of ipsilesional 
cortical brain tissue of mice that received αICAM-1-MPIO are shown in Figure 5.4.  
At post-stroke days 1 and 2, MPIO were abundantly present in the lesion territory, and 
strictly confined to ICAM-1-positive structures which displayed vascular morphology. 
Occasionally, co-localization of MPIO with CD45-positive leukocytes was observed.  
At post-stroke day 3, detected MPIO were present not only at ICAM-1-positive  
vasculature but also co-localized with vasculature-confined CD45-positive leukocytes.  
However, the amount of ICAM-1-positive vessel-like structures as well as MPIO  
presence were reduced at this stage compared to the earlier post-stroke phases, which  
is in agreement with the MRI findings. At day 7, MPIO were hardly detected within the  
brains of analyzed animals. At day 21, massive leukocyte infiltration was evident.  
ICAM-1 staining was apparent, but without a typical vascular pattern as seen at  
post-stroke days 1, 2, and 3. Considerable amounts of MPIO were found throughout the 
lesion core, associated with leukocytes. Tissue from animals that received IgG-MPIO 
revealed no MPIO presence (data not shown). 

5.4.4 Effect of αICAM-1-MPIO on lesion development Despite effective vascular  
binding in the lesion territory at day 1 after stroke, as demonstrated with in vivo MRI 
and post mortem immunohistochemistry, αICAM-1-MPIO did not significantly influence 
lesion size. Animals that received αICAM-1-MPIO at day 1 displayed similar change in 
hemispheric lesion fraction at day 3 (-7 ± 29 %), as compared to animals that received 
IgG-MPIO (-1 ± 29 %) or saline (-2 ± 13 %). 
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This study aimed to determine 
the diagnostic potential of ICAM-
1-targeted MPIO for in vivo MRI of 
vascular ICAM-1 expression and leukocyte infiltration at different stages after stroke 
in mice. To this end, IgG-MPIO or αICAM-1-MPIO were injected at 1, 2, 3, 7 and 21 days 
after transient unilateral MCA occlusion. In addition, we assessed whether αICAM-1-
MPIO injection at post-stroke day 1 exerted a possible therapeutic effect by limiting 
post-stroke lesion development. 

We showed that αICAM-1-MPIO binding was clearly detectable with in vivo MRI at days 
1, 2 and 3 post-stroke in the lesion core, and at day 2 also in the lesion borderzone and 
contralesional tissue. Immunohistochemisty on post mortem brain tissue showed that 
the αICAM-1-MPIO accumulation at these subacute post-stroke stages was confined 
to ICAM-1-positive vessel-like structures, and occasionally co-localized with vessel-
restricted leukocytes. At day 21, MRI was not able to depict the immunohistochemically 
detected αICAM-1-MPIO presence, which was mainly co-localized with leukocytes.  
IgG-MPIO were not detected in brain tissue at any time-point with MRI or immunohis-
tochemistry. Despite effective vascular binding, no therapeutic effect of αICAM-1-MPIO 
compared to saline or IgG-MPIO injection was measured in this study.

Our study describes two different methods to quantify presence of contrast agent 
from T2*-weighted MR images: i) contrast-induced decrease in signal intensity, and ii)  
increase in volume of contrast-enhanced voxels. Our analyses showed that both  
approaches rendered comparable results. Nevertheless, the volumetric analysis was 
more sensitive in detecting small differences. Ideally, a voxel-by-voxel analysis of  
precisely co-registered pre- and post-contrast images should be performed. However, 
this was unfeasible due to slight movements of the brain during MRI acquisitions. 

The highest degree of αICAM-1-MPIO presence at day 2 in our study corresponds with 
previous histological studies that reported maximal ICAM-1 expression at this stage 
after transient MCAo in rodents [13, 24-26]. MPIO presence was confined to ICAM-1- 
positive vessels, which occasionally co-localized with leukocytes in the vascular space 
at post-stroke days 1, 2 and 3. We detected no signs of MPIO associated with leuko-
cytes in the extravascular space, which suggests that αICAM-1-MPIO was only linked 
to blood-borne leukocytes that had not extravasated into the brain parenchyma, but 
retained on the luminal side of the vasculature. At 21 days after stroke, massive infiltra-
tion of leukocytes was evident in lesioned tissue. αICAM-1-MPIO were also abundantly 

5.5  DISCUSSION present, but this was not distinctly detected with MRI. A likely explanation for this lack of 
contrast-enhancement is the strong hypointensity on T2 maps and T2*-weighed images 
before injection of contrast agent. This pre-contrast loss of MRI signal in the lesion area 
hampers efficient detection of subsequent (signal reducing) MPIO accumulation. The 
pre-contrast hypointense region corresponded with the area of massive cell infiltration 
as identified with immunohistochemistry. The MR signal reduction may be explained by 
high iron content due to phagocytosis of blood remains [27]. Similarly, in a previous study 
the presence of iron-containing inflammatory cells hampered the detection of engrafted 
superparamagnetic iron oxide (SPIO)-labeled stem cells in a photothrombotic stroke 
model in rats [28]. 

In this study, we employed staining of a general leukocyte marker (CD45) to determine 
co-localization of MPIO with any type of leukocyte. However, future studies should look 
into possible differences in ICAM-1 expression and binding between different leukocytes. 
Our data suggest that αICAM-1-MPIO may also be used for cellular MRI purposes, 
which typically involve in vivo or in vitro cellular incorporation of non-targeted contrast 
agent [1]. However, it should be noted that MPIO may not permanently label cells and 
dissociate from their target as previously reported [11, 13]. Our data also indicate that 
αICAM-1-MPIO does not affect lesion development in a similar way as was found with 
anti-ICAM-1 treatment by Zhang and co-workers [17]. For our molecular MRI study 
we used 5 mg iron per kg body weight to induce efficient MR contrast with αICAM-1-
MPIO, which corresponded with 0.75 mg anti-ICAM-1 monoclonal antibody. Zhang and 
co-workers have shown that a dose of 2 mg anti-ICAM-1 monoclonal antibody per kg 
body weight infused 1 h after reperfusion in a rat MCA occlusion model, followed by an 
extra dose of 1 mg antibody per kg body weight at 22 h after reperfusion, significantly 
decreased lesion volume with 41 %. The lower dose and later administration of antibody 
in our study may explain lack of a similar therapeutic effect. Furthermore, antibodies 
conjugated to MPIO are presented in a multivalent way to increase target efficacy at a 
relatively low dose of injected particles. This is an optimal particle design for diagnostic 
purposes, but restricts possible therapeutic potency. 

05

5.6 CONCLUSIONSTo conclude, this study shows that  
molecular MRI with αICAM-1-MPIO 
offers a unique approach for in vivo 

imaging of endothelial ICAM-1 expression and vascular leukocyte adhesion after 
experimental stroke, without  significantly affecting lesion development. However,  
accumulation of cellular infiltrates that contain endogenous iron from blood remains 
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The upregulation of intercellular adhesion 
molecule 1 (ICAM-1) is an early event during 
lesion formation in multiple sclerosis (MS) and 
in experimental autoimmune encephalomyelitis (EAE), a validated animal model of 
MS. Its expression may serve as a biomarker predicting upcoming disease activity. 
The objective of this study was therefore to explore if ICAM-1 can be visualized in 
the course of EAE with in vivo magnetic resonance imaging (MRI) using micron-sized 
particles of iron oxides (MPIO). To this end, αICAM-1-MPIO or control IgG-MPIO were 
injected at the peak of EAE (14 ± 1 days post-immunization; acute phase) and chronic 
phase of EAE (26 ± 1 days post-immunization). The permeability of the blood-brain 
barrier (BBB) was examined using gadobutrol-enhanced MRI. In parallel, cerebellar 
microvessels were isolated from animals with EAE at different time point and were 
analyzed for the gene transcripts of ICAM-1 by means of quantitive PCR (qPCR). Brain 
sections were also immunohistochemically (IHC) analyzed for ICAM-1 expression and 
the presence of iron particles (Prussian Blue). qPCR and IHC analyses showed that 
ICAM-1 was abundantly expressed in animals that manifested EAE. Animals injected 
with αICAM-1-MPIO revealed T2*-weighted MR hypointensities throughout the brain 
at 40 minutes after injection. Hypointense pixels were particularly detected in the 
subarachnoid space between the temporal lobe and the midbrain. Quantitatively, no 
significant differences in any of the ROIs between the acute and chronic phases of 
disease could be observed. ICAM-1 upregulation was not necessarily associated with 
the physical disruption of the BBB. IHC analyses indicated that αICAM-1-MPIO were 
associated with ICAM-1-positive endothelial cells. This study shows that ICAM-1  
expression can be visualized in vivo during the progression of EAE, indicating its 
suitability as a new contrast agent to detect ongoing disease activity and the evaluation 
of treatment efficacy. 

Multiple sclerosis (MS) is a chro-
nic inflammatory disease of the 
central nervous system (CNS) 
characterized by leukocyte infiltrates, leading to demyelination and axonal damage 
[1-2]. In this process, immune activation of the brain endothelial lining, evidenced by 
the enhanced expression of cell adhesion molecules such as vascular cell adhesion 
molecule-1 (VCAM-1) and intercellular cell adhesion molecule-1 (ICAM-1), is a key 
event [3]. Imaging strategies that enable the in vivo detection of these markers, known 
to precede leukocyte diapedesis, would greatly enhance our understanding of the  
onset of MS and may provide specific biomarkers for new relapses. Moreover,  

6.1  ABSTRACT
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visualization of a lowered expression may become a novel way to test the efficacy of 
treatments that are aimed to dampen leukocyte infiltration [4]. 

Magnetic resonance imaging (MRI) has become the established diagnostic imaging 
tool in MS. It usually entails the acquisition of T2-weighted MRI, fluid attenuated inver-
sion recovery (FLAIR) MRI, and gadolinium-based contrast-enhanced MRI to visualize 
ongoing inflammation. These MR techniques mainly visualize the consequences of 
leukocyte influx and the resulting inflammatory process, i.e., edema formation, loss of 
tight junction integrity or myelin destruction. However, ideally, one would like to have 
techniques available that measure earlier stages of lesion formation, such as early 
activation of endothelial cells, to provide primary markers for leukocyte influx. 

Recently, cellular and molecular MRI have emerged as tools to provide the means to 
visualize pathogenic processes at the cellular and molecular level. These techniques 
directly visualize biological entities using targeted probes containing MR contrast 
agents [5]. These MR modalities have been used to study events involved in the influx 
of leukocytes, such as the macrophage influx into the CNS with superparamagnetic 
particles of iron oxide (SPIO), which has been successfully shown in animals with EAE 
[6-7], as well as in patients with MS [8]. However this is a relative late event in the 
overall inflammatory process which is preceded by endothelial activation. 

Micron-sized particles of iron oxide (MPIO) have been put forward as probes for the 
detection of inflammatory endothelial markers in the brain [9-10]. The iron oxide core 
of these large particles (micrometer range) induces strong MR contrast-enhancing 
effects that allow sensitive detection at relatively low doses. Furthermore, blood 
clearance is in the order of minutes [11] and any undesirable, non-specific blood pool 
contrast effect of MPIO is negligible when scans are made after 30-60 min. Finally, 
the large size of MPIO (~ microns), limits passive leakage over a damaged BBB, a 
phenomenon which warrants the usage of smaller agents like gadolinium chelates 
(~ nanometers) or SPIO (tens of nanometers) to study BBB permeability in EAE [6]. 
Using this approach, VCAM-1 expression has recently been visualized in vivo in EAE 
with VCAM-1-targeted MPIO [12-13].

ICAM-1 is another interesting target for molecular MRI of EAE-induced neurova- 
scular inflammation. Like VCAM-1, ICAM-1 expression levels are increased during 
early lesion formation both in EAE [14-15] and in MS [16]. Both adhesion molecules 
are important for the transmigration of leukocytes over the BBB, but there are also 

6.2  INTRODUCTION
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differences. Both are involved in the process of the firm adhesion of T-cells, but ICAM-
1 unlike VCAM-1, can mediate the crawling of T-cells against the direction of blood 
flow to sites of diapedesis. Furthermore, ICAM-1 has been associated with T-cell, and 
VCAM-1 with macrophage diapedesis across the endothelium [17]. The significance of 
ICAM-1 in the development of EAE has been shown in ICAM-1-deficient mice [18], and 
in treatment studies targeted to block ICAM-1 functionality in which the development 
of EAE is ameliorated [19]. This central role of ICAM-1 in EAE development warrants 
its position as an important imaging target.

The aim of this study was to determine the potential of MRI to detect expression of 
ICAM-1 over time in a mouse model of MS using antibody-conjugated MPIO directed 
to ICAM-1 which have also been used to explore ICAM-1 expression after stroke [10] 
and radiation-induced brain injury [20]. Our study shows that ICAM-1 expression can 
be visualized with in vivo MRI during the progression of EAE, and that antibody-conju-
gated MPIO mainly target endothelial cells. 

were obtained from Sigma-Aldrich (Zwijndrecht, The Netherlands). Euthesate was 
obtained from Apharmo BV (Arnhem, The Netherlands). 

6.3.2 Preparation of antibody-functionalized MPIO MPIO were extracted from their 
original buffer by magnetic separation, and resuspended in coupling buffer (50 mM 
2-(N-morpholino)ethanesulfonic acid (MES); pH 5.2). Prior to the coupling proce-
dure, αICAM-1 or IgG were buffer-exchanged to coupling buffer by centrifugation, 
resulting in a final antibody concentration of 1.0 mg/ml. Next, MPIO and αICAM-1 or 
IgG were added in a 1:1 (v/v) ratio, vortexed and left to incubate for 60 min at room 
temperature on a roller-bench. Following incubation, antibody-MPIO were buffer-
exchanged to storage solution (150 mM NaCl with 0.002 % azide) by magnetic sepa-
ration and stored at 4 °C. 

6.3.3 EAE model All animal procedures were approved by the local (Amsterdam/
Utrecht) ethical committee on animal experiments, and experiments were performed 
in accordance with the guidelines of the European Communities council directive. 
Female 10-weeks-old C57BL/6J mice were obtained from Harlan (Boxmeer, The  
Netherlands). All mice were kept under pathogen-free conditions. EAE was induced 
by subcutaneous inoculation of 100 μg MOG35-55 peptide in each flank, in an equal  
volume of CFA containing 3 mg/ml of heat-killed M. tuberculosis, as described before 
[21]. Mice were subsequently intraperitoneally (i.p.) injected with 200 μl (200 ng) of 
pertussis toxin, which was repeated 2 days post-immunization (p.i.). Control mice, 
used for the determination of ICAM-1 mRNA levels on cerebellar capillaries, were 
immunized with CFA only. All mice were examined daily for clinical signs of EAE 
and were scored as follows: 0, no disease; 1, limp tail; 2, hind limb weakness; 3, 
complete hind limb paralysis; 4, hind limb paralysis plus front limb paralysis; and 
5, moribund or dead. The model is characterized by three phases. Typically EAE 
onset is around 9 days after immunization, with peak of disease around 14-15 days 
p.i., followed by partial recovery of disease. A total of 4 controls and 8 EAE animals 
were used for determination of mRNA levels of ICAM-1 in cerebellar capillaries. 13 
animals were used for the MRI experiments. 

6.3.4 Determination of ICAM-1 mRNA levels on isolated brain endothelial cell
Cerebellums were harvested at 9 (before the first clinical signs of EAE: “before”) 
and 15 days p.i. (height of the acute phase of EAE: “acute”). 2 controls and 4 animals 
with EAE were used for both time points. Cerebellums were homogenized in M199  
containing 0.2 % FCS using a pair of tight and loose pestles. Cells and capillaries 

6.3.1 Materials ProMag™ 1 Series, 
Bind-IT™ MPIO (25 mg MPIO/ml, 
26.5 % iron-content, 1 µm) were 
obtained from Bangs Laborato-
ries, Inc. (Fisher`s, IN, USA). Dia-
minobenzidine solution (DAB+) was obtained from Sigma-Aldrich (St. Louis, MO, 
USA). A monoclonal antibody against mouse ICAM-1 (αICAM-1, YN1/1.7.4) and  
irrelevant immunoglobulin G antibody (IgG, RTK4530) were obtained from BioLegend 
(San Diego, CA, USA). Goat anti-rat IgG (H+L) was obtained from Jackson Immuno  
Research (Suffolk, UK). Rat anti-mouse CD31 (clone MEC13.3) was obtained from 
BD Pharmingen (Breda, The Netherlands). A monoclonal antibody against mouse 
CD31 (αCD31) was produced from hybridoma ER-MP12. Horseradish peroxidase-
labeled streptavidin (HRPstrep) was obtained from DAKO (Glostrup, Denmark). 
Primers were obtained from Ocimum Biosolutions (IJsselstein, The Netherlands). 
M199 was obtained from Gibco/Life Technologies (Breda, The Netherlands), Fetal 
Calf Serum (FSC) was obtained from Lonza (Breda, The Netherlands), and Blend-
zyme II Liberase TM and Bovine Serum Albumine (BSA) from Roche (Woerden, The 
Netherlands). MOG35-55 peptide (MEVG-W-YRSPFSR-V-V-HLYRNGK-amide) was  
obtained from Cambridge Research Biochemicals (Billingham, UK). Mycobacterium 
tuberculosis H37Ra as well as Complete Freund’s Adjuvant (CFA) were obtained 
from BD Difco (Alphen aan de Rijn, The Netherlands). Pertussis toxin and dextran 

6.3  MATERIALS
AND METHODS
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were pelleted at 2000 rpm for 10 min at 4 °C in a swinging bucket rotor. The pel-
let was resuspended in 15 % dextran in M199 and centrifuged at 2500 rpm for 25 
min at 4 °C in a swinging bucket rotor. Subsequently, the microvessel pellet was 
resuspended in M199, enzymatically dissociated with Blendzyme II Liberase TM for 
30 minutes at 37 °C and finally washed with M199. Each panning plate (10 cm pe-
tri dish) was first coated with 10 ml of 50 mM Tris/HCl pH 9.5 containing 30 μl of 
goat anti-rat IgG (H+L), at 4 °C overnight. Next, the plates were washed with PBS, 
blocked with 0.2 % BSA and incubated for at least 2 hours at room temperature 
with 10 ml of 0.2 % BSA containing 40 μl of rat anti-mouse CD31 (clone MEC13.3). 
Finally, the plates were washed with PBS and endothelial cells were bound for 60 
min at room temperature. After washing with PBS (8x), mRNA of panned endothelial 
cells was harvested. Endothelial cells were lysed using 1 ml of Trizol and stored at  
-80 °C. Quantitive PCR (qPCR) was used to determine the expression of ICAM-1 and 
CD31. Equal amounts of RNA were converted into cDNA and analyzed for mRNA 
presence according to the manufacturer’s protocol (Applied Biosystems, Bleiswijk, 
The Netherlands). The Cycle threshold values were used to calculate the relative 
fold difference in mRNA levels. All experiments were performed using experimental 
duplicates. Expression levels of ICAM-1 are expressed relative to CD31.

6.3.5 Experimental design MRI Animals were examined with MRI during two cha-
racteristic phases of disease, i.e., when animal displayed maximal neurological de-
ficits at the acute phase of EAE (14 ± 1 days p.i.), and at the chronic phase of EAE 
(26 ± 1 days p.i.: “chronic”). Animals were either injected with αICAM-1- or IgG-MPIO 
(5 mg iron/kg). Respectively 5 and 3 animals received αICAM-1- or IgG-MPIO during 
the acute phase of EAE. For the chronic phase this was respectively 3 and 2 animals. 
All animals were sacrificed at the end of the MR experiment by an i.p. injection with 
an overdose of pentobarbital (Euthesate) to harvest tissue for immunohistochemistry 
(IHC). One brain hemisphere and parts of the spleen were snap-frozen with liquid N2 
and stored at -80 °C (the other brain hemisphere was used for another study). The 
spleen was exclusively tested for MPIO presence to verify proper delivery of MPIO into 
animals.

6.3.6 MRI protocol MR experiments were performed on a 9.4 T horizontal 20 cm 
bore MR system (Varian Inc., Palo Alto, CA, USA). For in vivo experiments, mice were  
anesthetized with isoflurane (3.5 % induction, 1.5-2.0 % maintenance) in air/O2 (2:1) or 
pure O2 (to reduce intrinsic magnetic susceptibility effects from deoxygenated blood 
during T2*-weighted acquisitions). The tail vein was cannulated and connected with 

a polythene tube (inner Ø 0.28 mm, volume approximately 100-150 µl; Smiths Indus-
tries, Kent, UK) for contrast agent delivery during MRI. Animals were positioned in a 
specially designed cradle and inserted into the magnet. A birdcage volume coil (Ø 70 
mm) and an inductively-coupled homebuilt surface coil (Ø 30 mm) were used for ra-
diofrequency transmission and signal detection, respectively. The MR protocol consis-
ted of 3 phases, i.e., a pre-contrast agent phase, a post-MPIO phase, and a post-ga-
dolinium (gadobutrol) contrast agent phase. During the first phase, volume locations 
for 2D/3D MRI were determined from a transversal scout image. The central position 
of this volume was positioned directly caudal to the cerebellum. The volume included 
the upper part of the spinal cord, the cerebellum and the caudal part of the cerebrum. 
Two subsets of T2*-weighted images (3D multi gradient echo; TR/TE = 37/(5, 10, 15 and 
20) ms; number of acquisitions (NA) = 4; flip angle 10°; 150 x 150 x 150 µm3 voxel size; 
acquisition time = ~ 20 min per set) were acquired. These two subsets were averaged 
and were designated as the pre-MPIO 3D image. MPIO-conjugates were injected at 
the end of this part of the protocol. In the post-MPIO injection phase, three subsets of 
the T2*-weighted 3D images were collected. The first and second 3D post-MPIO image 
were averaged (total acquisition time = ~ 40 min), and designated as the post-MPIO 3D 
image. At the end of this part of the protocol, 2D T1-weighted images were acquired 
(gradient echo; TR/TE = 1600/4 ms, 100 x 200 µm2 in-plane resolution, 43 slices of 450 
µm, NA = 4, experimental time = ~ 5 min) and gadobutrol (0.3 mM/kg Gd-DO3A-butriol 
(Gadovist®)) was injected to investigate BBB integrity. In the post-gadobutrol phase, 
two additional sets of 2D T1-weighted images were acquired. The center of k-space 
was acquired respectively 2.5 and 7.5 minutes after gadobutrol injection. The last T1-
weighted image set was used to measure the extent of BBB permeability. 

6.3.7 Immunohistochemistry For IHC, cryosections of 10 μm of brain tissue were air-
dried overnight, and acetone-fixated for 10 min. Dry, fixed sections were hydrated for 
15 min in PBS containing 0.1 % BSA. Next, sections were incubated with biotinylated 
αICAM-1 (10 µg antibody/ml) in PBS/0.1 % BSA for 1 h. Subsequently, sections were 
incubated for 45 min with horseradish peroxidase-labeled streptavidin (HRPstrep, 
prepared according to the manufacturer’s description). Diaminobenzidine solution 
(DAB) was used as chromogen (used according to the manufacturer’s description). 
Between incubation steps, sections were thoroughly washed with PBS. Tissue was 
subsequently incubated with Perls’ solution (2 N HCl and 2 % ferrocyanide in Milli-Q in 
1:1 (v/v) ratio) for 20 min, thoroughly washed with Milli-Q, dipped in a nuclear fast red 
solution, dehydrated and slides were mounted in Entallan. All steps were performed 
at room temperature.
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6.3.8 MRI analysis MPIO and gadobutrol presence were quantified on the 3D images 
(MPIO) or 2D T1-weighted images (gadobutrol). Signal inhomogeneity as a result of 
surface coil-based detection was corrected using a non-parametric non-uniform 
intensity normalization procedure. Images acquired at different echo times of the 
multi echo 3D protocol were combined to increase signal-to-noise ratio. These 
images were further used in the image analyses pipeline. The averaged 3D image 
sets acquired in the pre-contrast MR phase were designated as reference image 
for registration procedures and delineation of regions-of-interest (ROIs). All 2D/3D 
MR images were rigidly registered to this reference image by maximizing mutual 
information using Elastix [22]. All subsequent analyses were performed on these re-
gistered images. The change in signal intensity as a result of MR contrast agent was 
calculated by subtracting averaged post-MPIO 3D images from pre-MPIO 3D ima-
ges, and subtracting pre-gadobutrol 2D T1-weighted images from post-gadobutrol 
images. Difference images were only used for qualitative evaluations, as breathing-
induced movement occasionally induced voxel-level shifts, especially in the caudal 
part of the brain. The effect of MPIO/gadobutrol presence on the signal intensity 
of the MR images was therefore quantified by calculating the percentage of pixels 
with abnormal pixel intensities in well-defined ROIs (see below for the definition).  
For each of these ROIs a threshold was determined in the pre-contrast images 
which was defined as the mean signal intensity minus (MPIO) or plus (gadobut-
rol) two times the standard deviation of the signal intensity in that area. Pixels in 
the post-contrast images with intensities below (MPIO) or above (gadobutrol) these 
thresholds were considered abnormal. The specific ROIs were manually outlined on 
the 3D reference image using well-defined hallmarks. These ROIs were (see also 
Figure 6.1): 
- Cerebellum: All cerebellar areas starting 12 slices before to 6 slices after  
 the slice with the first caudal to rostral appearing maximum-sized 4th ventricle. 
- Brain stem: All brain stem areas in the same volume as above.
- Subarachnoid space: all subarachnoid space between the temporal cortex and  
 the midbrain starting 6 slices before and ending maximally 18 slices after the  
 slice with the first caudal to rostral appearing white matter in the cerebrum.
- Ventricular area: Ventricular area starting 3 slices before to 3 slices after the first  
 caudal to rostral appearance of the conjunction of the lateral and third ventricle.  
 The choroid plexus is located in this area. 
ROIs were drawn on every 3rd image in the defined volumes described above. The 
rationale to choose these areas was the qualitatively assessed presence of MPIO on 
the 3D images, combined with the knowledge that these brain regions are prone to 

develop abnormalities in this model [23]. The ventricular area was chosen to visua-
lize contrast leakage through the choroid plexus. 

Owing to technical complications (death of an animal during experiment; no ad-
ministration of MPIO/gadobutrol) some animals had to be excluded from further 
MRI analysis. Furthermore, individual MR experiments were blindly evaluated on the 
presence of breathing-induced movement artifacts, which could adversely affect the 
level of detection thresholds for the analyzed ROI. Especially caudal areas were pro-
ne to movement artifacts. Experiments with these abnormalities were also excluded 
for further analyses. This resulted in the following final numbers of αICAM-1/IgG-
MPIO-injected animals: 4/2 (acute phase) and 3/1 (chronic phase) for the cerebellum 
and brain stem and 5/2 (acute phase) and 3/2 (chronic phase) for the subarachnoid 
space and ventricular area. 

6.3.9 Statistical analysis Statistical analyses were performed using the statistical 
software package SigmaPlot (version 11 Germany). Analyses were performed to  
evaluate if:
- there was a change in mRNA ICAM-1 expression in the cerebral capillaries of  
 animals with EAE during the different phases of EAE. Data were evaluated by a  
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Figure 6.1 
Typical example of region of interest (ROI) selection overlayed on a T2*-weighted image, with (A) cere-

bellum (white) and brain stem (black), (B) subarachnoid space (black), and (C) ventricular area (black).
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 one way analysis of variance (ANOVA) for possible significant differences. 
- there was a change in abnormal pixels count as a result of the presence of MR  
 contrast agents (MPIO: αICAM-1/IgG; gadobutrol) in the ROIs during the different  
 phases of EAE. Data were evaluated for significant differences by two-way  
 ANOVA) for repeated measures. Factors were: type of contrast agent, abnormal  
 pixels in pre-/post-MR image, and ROIs. 
- there was a difference between abnormal pixels count as a result of the presence  
 of MR contrast agents in the ROIs during the different phases of EAE. Data were  
 evaluated for significant differences by two-way ANOVA. Factors were: type of  
 contrast agent, abnormal pixels in pre/post MR image, ROIs and phase of EAE.

When passing the ANOVA tests, data were tested using the Student–Newman–Keuls 
post-hoc test. P < 0.05 was considered to be statistically significant. If not otherwise 
stated, data are presented as mean ± standard deviation.

6.4.1 Clinical scores, weight and ICAM-1  
expression during EAE progression The time 
courses of the development of neurological 
score and body weight are plotted in Figure 6.2A. First neurological deficits (partially 
reduced tail tone; score 0.5) were detected 7 days after immunization. The average 
EAE scores for animals measured at the acute phase was 2.83 ± 1.03, and 1.20 ± 1.78 
for the chronic phase. On average, weight loss preceded neurological scores by one to 
two days. Quantitative PCR analyses showed that ICAM-1 mRNA expression levels on 
brain capillaries were significantly increased in the acute phase of EAE (Figure 6.2B)  
compared to the onset of disease and compared to control animals. IHC data showed 
that ICAM-1 was clearly present throughout the brain, particularly in subarachnoid and 
periventricular spaces, both in the acute and chronic phases of EAE (Figure 6.2C).

6.4.2 Qualitative in vivo MRI assessment shows αICAM-1-MPIO presence in mice with 
EAE Irrespective of the phase of EAE, all animals injected with αICAM-1-MPIO showed 
abnormal hypointensities 40 minutes after injection of MPIO. Typical examples of ima-
ges from animals that received αICAM-1- or IgG-MPIO at the acute phase of EAE are 
shown in Figure 6.3A and B, respectively. Predominantly, hypointensities were detected 
in cerebellum, the subarachnoid space between the temporal cortex and the midbrain, 
caudate putamen and cortical areas in the cerebrum. Specifically, the latter two areas 
showed bands of MR hypointensities suggestive of vascular ICAM-1 presence. Occasio-
nally, ventricular areas showed bead-like hypointensities within the cerebrospinal fluid 

6.4  RESULTS

(inset Figure 6.3A). These observations were confirmed in the αICAM-1-MPIO difference 
images. Comparable patterns of MPIO abnormalities were not observed in animals  
injected with IgG-MPIO. 

Figure 6.2 
Neurological score, weight and ICAM-1 expression during progression of EAE. (A) Neurological score 

(○) and body weight (●) of animals with EAE. Animals were immunized with MOG35-55 peptide at day 0. 

The time periods of injection of MPIO conjugates at the different phases of EAE is indicated with grey 

bars. Data are presented as mean ± SEM. (B) mRNA expression levels of ICAM-1 in isolated brain  

endothelial cells from CFA-control and EAE mice. Expression levels of ICAM-1 are relative to CD31, 

which is used as a marker for brain endothelial cells, at two different time points (day 9: before onset 

EAE; day 15: acute phase of EAE). * P < 0.05 versus CFA; # P < 0.05 versus acute phase of disease. (C) 

IHC showing presence of ICAM-1 at different phases of EAE. Sections through the cerebellum, mid-

brain and cerebrum are shown. ICAM-1 (brown) is clearly present in particularly the subarachnoid and  

periventricular spaces, both in the acute (upper row) as in the chronic (lower row) phase of EAE. 
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Figure 6.3 
Typical examples of MR images of animals injected with (A) αICAM-1-MPIO (neurological score 3) 

and (B) IgG-MPIO (neurological score 3.5) at the acute phase of disease. The animal that received 

αICAM-1-MPIO (A) was characterized by focal hypointensities (black/grey arrow heads) throughout the 

brain, which was confirmed on the MPIO difference images. MPIO hypointensities were not necessarily  
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Gadobutrol was injected to measure the BBB integrity. Compared to αICAM-1-MPIO 
presence, gadobutrol leakage was less outspoken on the T1-weighted difference  
images. MPIO accumulation was not necessarily accompanied by gadobutrol leakage. 
Frequently, areas that showed definite αICAM-1-MPIO presence did not show  
leakage of gadobutrol (grey arrowheads in Figure 6.3). The vice-versa effect was less 
obvious; with the exception of ventricular tissue, there were no clear areas which 
were positive for gadobutrol leakage and negative for αICAM-1-MPIO presence. 

6.4.3 Quantification of MR abnormalities detected with contrast agents The results 
of the quantitative MRI analyses are shown in Figure 6.4. Only the amount of pixels 
with abnormal signal intensity decrease on the post-contrast (MPIO/gadobutrol) 
images is displayed. 

Theoretically, for a Gaussian distribution of pixel-intensities, approximately 2.5 % of 
the pixels may be considered abnormal in the pre-MPIO images. In this study this 
value (averaged for all animals) ranged from 0.79 ± 0.63 % (subarachnoid space) to 
2.99 ± 1.19 % (ventricular area). After IgG-MPIO injection, the amount of abnormal 
pixels did not significantly increase in any of the ROIs for both phases of disease. 
Animals receiving αICAM-1-MPIO, however, showed a significant increase of abnor-
mal pixels in the subarachnoid space between the temporal cortex and the mid-
brain for both phases of disease. All other ROIs did not show significant differences.  
Post-αICAM-1-MPIO abnormal pixel levels were also significantly different from 
post-IgG-MPIO levels in the subarachnoid space for both phases of EAE. There were 
no significant differences between the different phases of EAE (Figure 6.4A). 

The number of pixels with abnormal signal intensity increase after gadobutrol  
injection was also calculated (Figure 6.4B). Gadobutrol was injected after MPIO  

associated with gadobutrol leakage (grey arrowheads), as shown on the gadobutrol difference image. 

Ventricular areas could be positive for gadobutrol leakage, but negative for MPIO presence (white arrow 

heads), although small bead-like hypointensities could be observed within the ventricular liquor (black 

arrowhead with asterisk). The inset on the post-αICAM-1-MPIO image shows a magnification of this 

area. No specific MPIO presence was observed after IgG-MPIO administration (B) although gadobutrol 

leakage (white arrow heads) could be observed. Similar observations were observed for animals  

injected with MPIO during the chronic phase of EAE. (pre: 3D multi gradient echo T2*-weighted image 

before injection of MR contrast; post: after injection of MR contrast; Δ SI: difference in signal intensity 

as a result of MPIO/gadobutrol presence;        : MPIO positive/gadobutrol positive;      : MPIO positive/

gadobutrol negative;        MPIO negative/gadobutrol positive).
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injection. Pre-injection percentage of abnormal pixels (averaged for all values)  
ranged between 0.79 ± 0.43 % (cerebellum) and 2.07 ± 0.69 % (ventricular area).  
Significant differences between pre- and post-gadobutrol levels were observed in 
the subarachnoid space during the acute phase of EAE for the IgG-MPIO injected 
animals and in all ventricular areas for all groups. In the subarachnoid space, the 
level of abnormal pixels after gadobutrol injection during the acute phase of disease 
was significantly higher in the IgG-MPIO-injected animals compared to the αICAM-
1-MPIO group, and compared to levels during the chronic phase of disease.

6.4.4 IHC analyses Both IgG- and αICAM-1-MPIO-injected animals showed presence 
of MPIO in the spleen (data not shown). Similar to the MRI results, IHC showed that  

ICAM-1 was massively expressed on blood vessels in the subarachnoid space 
between the temporal cortex and the midbrain but also on many other vessels 
throughout the brain (Figure 6.5). MR hypointensities of the αICAM-1-MPIO group 
coincided with ICAM-1 presence. Individual MPIO could be observed in these ani-
mals. Their presence co-localizes with ICAM-1-positive vessel-like structures. 
MPIO were mainly detected co-localized with cells located at the luminal side of 
these structures. No MPIO were detected deeper in the brain parenchyma. Also, no 
MPIO were detected in animals injected with IgG-MPIO (data not shown).

Figure 6.4 
Quantification of abnormal pixels after injection of MPIO (A) or gadobutrol (B). The percentage abnor-

mal hypointense pixels (lower than mean minus two times standard deviation of the pixel intensity on 

the pre-injection images) was determined in specific ROIs (see Figure 6.1) at the different phases of 

disease. Specifically the subarachnoid space (note different scale of y-axis) between the midbrain and 

temporal lobe of the cortex showed clear presence of abnormal pixels after αICAM-1-MPIO injection. 

Abnormal hyperintense pixels, due to gadobutrol presence (higher than mean plus two times standard 

deviation of the pixel intensity on the pre-injection images) were mainly detected in the ventricular area 

(† P < 0.05 versus pre injection levels; * P < 0.05 versus IgG; # P < 0.05 versus acute phase of disease).
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Figure 6.5.  
Spatial comparison of αICAM-1-MPIO binding and ICAM-1 presence determined by IHC. Animal (EAE = 3) 
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injected with αICAM-1-MPIO. Corresponding T2*-weighted 3D multi-gradient echo images and IHC 

ICAM-1-/MPIO images are displayed. IHC shows the localization of ICAM-1 (brown) on blood vessels 

in the subarachnoid space (A) or cerebellum (B). Individual MPIO, as  determined with Perls’ staining 

(white arrowheads in the ‘+ Iron‘ insets), corresponded with the black  arrowheads depicted in the post-

contrast images, and were confined to ICAM-1-positive vessels. No MPIO were observed in the brain 

parenchyma, nor in animals injected with IgG-MPIO. (C)  Typical examples of ICAM-1-positive blood 

vessels of animals injected with αICAM-1-MPIO showing MPIO presence (white arrow heads) in cells 

located at the luminal side of these vessels. 

In this study, we showed that 
ICAM-1 mRNA and protein expres-
sion levels increased during the 
progression of EAE, and that this upregulation could be visualized, in vivo, with mole-
cular MRI in an animal model of MS. To this end, MPIO conjugated to αICAM-1, an 
antibody for ICAM-1, were used. Specifically the area between the temporal lobe of the 
cerebrum and the midbrain showed presence of αICAM-1-MPIO, which was confined to 
ICAM-1-positive vessel-like structures. αICAM-1-MPIO presence was not necessarily 
associated with BBB damage. The upregulation of ICAM-1 mRNA levels on cerebellar 
capillaries of animals with manifest EAE, and the increased protein expression through- 
out the brain confirmed results found in literature in which the importance of ICAM-1 
in early lesion formation during MS [16] or EAE [14-15] has been shown. ICAM-1 is an 
important imaging target and combined with our results, these data warrant the usage 
of an ICAM-1 conjugated MR contrast agent to detect this increased ICAM-1 presence 
in an animal model of EAE. 

The current study is the first to explore if ICAM-1 presence can be detected in vivo 
during EAE using MRI. Previously, antibody-conjugated gadolinium-containing liposo-
mes have been used to visualize ICAM-1 in EAE [24] and SPIO [25] have been used to 
visualize ICAM-1 in EAE. However, the presence of ICAM-1 was only explored with post  

mortem experiments. The only studies aimed to visualize ICAM-1 presence in vivo in EAE 
were preformed with ultrasound techniques, using ICAM-1 antibody conjugated micro-
bubbles [26-27]. Image resolution of the used ultrasound technique was comparable 
with resolutions of our study. However, the precise spatial localization of ICAM-1 in the 
brain could not be determined as ultrasound does not provide anatomical information. 
Furthermore, it is unlikely that ultrasound can be used to study cerebral ICAM-1  
presence in humans as the penetration depth of this imaging technique is limited. 
These disadvantages do not apply for MRI as MRI simultaneously provides anatomical 
detail of tissue and is in principle not limited by any penetration depth. 

6.5  DISCUSSION

We showed that αICAM-1-MPIO were detected in cerebellum, the subarachnoid space 
between the temporal cortex and the midbrain, caudate putamen and cortical areas 
in the cerebrum at two characteristic phases of EAE, i.e., during the initial peak of the 
disease and at the chronic phase when animals showed some regression of disease. 
Quantification of abnormal pixel intensities showed that there was no difference 
between these two phases. No MPIO could be detected after administration of IgG-MPIO.  
Particularly the subarachnoid space between cortex and midbrain, an area richly fenes-
trated by blood vessels, showed massive αICAM-1-MPIO presence. This has also been 
reported using the above mentioned ultrasound techniques [27-28], however not for 
the antibody-conjugated paramagnetic gadolinium-containing liposomes [24]. VCAM-1 
expression is also upregulated in this particular area, as has been shown with αVCAM-
1-MPIO [13]. It is unclear what the involvement is of this specific area in the pathoge-
nesis of EAE. Interestingly, beads of hypointensities were also observed in the ventricle, 
suggestive for αICAM-1-MPIO binding to the choroid plexus. An increase of ICAM-1  
expression has been reported for epithelial cells during EAE [29], and it could suggest 
that this area may serve as an alternative entry site for circulating lymphocytes to enter 
the cerebrospinal fluid. The visualization of bands of MR hypointensities deep inside the 
cortical areas, which corresponded with vascular ICAM-1 identified by IHC, may be of 
special interest as cortical pathology has been re-recognized as an important feature 
in the pathology of MS. The in vivo visualization of cortical pathology with conventional 
MRI is hampered, although advances have been made using inversion recovery-based 
MR techniques [30]. MPIO-based MRI imaging of ICAM-1 presence in the cortex may  
therefore offer an attractive alternative tool to study cortical pathology in patients with MS. 

The integrity of the BBB was examined with gadobutrol [31] and we observed that many 
αICAM-1-MPIO-positive areas were not associated with BBB damage. The vice-versa 
effect, i.e., gadobutrol leakage without MPIO presence, was only observed in the ventri-
cular area. Similar results have been reported with αVCAM-1-MPIO injection [13]. Ga-
dobutrol is a ‘passive’ agent and its presence in brain parenchyma is typically a result of 
a disrupted BBB. Apparently, endothelial activation of ICAM-1 and loss of BBB integrity 
are events that can be dissociated in time in EAE. This stresses the capability of the 
MPIO constructs to detect early events that are involved in lesion formation during MS. 
As a technical footnote it is important to mention that gadobutrol was injected after 
MPIO injection. Consequently, MPIO presence may adversely confound the detection of 
gadobutrol. However, we used T1-weighted images with minimal T2

(*)-weighting for ga-
dobutrol detection. MPIO mainly exerts its effect on T2

(*)-weighted images whereas the 
T1 shortening effect is minimal [10]. Still, MPIO presence could be faintly observed on the 
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pre T1-weighted gadobutrol images (data not shown) due to the strong T2*-shortening 
effect even with the short echo times used (TE = 4 ms). 

ICAM-1 associated with endothelial cells is most likely the main target for the αICAM-
1-MPIO as we showed that ICAM-1 is robustly expressed on endothelial cells, and MPIO 
were mainly detected in cells which were confined to blood vessels. Similar to our  
present results, previous studies showed that ICAM-1-targeted MPIO are associated with 
CD31-expressing endothelial cells in vivo, and ICAM-1-specific binding to endothelial 
cells has been shown in vitro [10, 20]. However, ICAM-1 upregulation is not exclusive for 
endothelial cells during lesion formation in MS/EAE. Leukocytes also express ICAM-1, 
as has been reported before for macrophages [32], microglia [33], and T-cells [18].  
Interestingly we have recently observed in an animal model of stroke that presence of 
αICAM-1-MPIO co-localizes with ICAM-1 as well as with CD45-positive leukocytes that 
are associated with blood vessels (Chapter 5). ICAM-1 expression has also been shown 
for epithelial cells of the choroid plexus [29], and astrocytes [33]. Whether αICAM-1-
MPIO is able to visualize ICAM-1 expression on all of these cell types during EAE is 
unclear. In the current study, MR images were acquired within one hour after admi-
nistration of MPIO. Given the extreme short half-life of MPIO and the fact that the BBB 
was not permeable for MPIO, it is unlikely that the post-αICAM-1-MPIO MR images 
visualize ICAM-1 presence on cells residing in the brain parenchyma, like astrocytes and 
microglia. However, next to ICAM-1-expressing endothelial cells, leukocytes present on 
the luminal side of the vasculature may also be labeled with ICAM-1-targeted MPIO in 
agreement with the results obtained in the animal model of stroke. 

In conclusion, this study shows the fe- 
asibility of αICAM-1-MPIO to measure 
ICAM-1 presence in a rodent MS model, 
and specifically for MS it may be used for diagnosis of the early processes 
of lesion formation and grey matter pathology. For clinical application it is essential 
that MPIO will be developed which are fully biodegradable and non-toxic. The inert 
polymer coat of the MPIO used in this study hampers complete biodegradation 
of the MPIO, and it is most likely that they accumulate in the reticuloendothelial system of 
cells located in the liver and spleen [11]. Recently the first biodegradable MPIO have been 
developed and tested using FDA-approved polymers [34]. This opens the deployment 
of antibody-conjugated MPIO for clinical applications. Eventually, providing clinicians 
with tools to visualize endothelial activity will further guide them to diagnose MS earlier, 
but also to tailor and measure effectiveness of treatments for specific time windows and 
specific patient populations during MS. 
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This thesis describes the 
use of different MR contrast 
agent platforms for the direct  
detection of pathology-induced 
upregulation of intraluminally-
expressed vascular entities by 
molecular MRI. We reported 
on the successful application 
of molecular MRI of tumor- 
induced angiogenesis with ανβ3-targeted iron oxide-containing nanoemulsions 
(Chapter 2), and stroke- and EAE-induced neurovascular inflammation with ICAM-
1-targeted MPIO (Chapters 4, 5, 6), but also addressed less successful attempts of 
molecular MRI of stroke-induced angiogenesis by using PECAM-1-targeted MPIO 
(Chapter 3) and stroke-induced neurovascular inflammation using ICAM-1-targeted 
Gd-liposomes (Chapter 4). Based on our findings, it can be concluded that the key 
to successful application of molecular MRI seems to lie in the use of an appropriate 
contrast agent for the pathology of interest, directed to a well-chosen target and  
assessed with a fine-tuned MRI set-up.

7.1.1 Part I: An appropriate contrast agent The first challenge in molecular MRI is 
selection of an appropriate contrast agent. One of the aspects that hamper broad 
applicability of molecular MRI is low MR sensitivity. As compared to other molecular 
imaging modalities, such as PET, SPECT and optical imaging, molecular MRI requires 
relatively high amounts of contrast agent. Insufficient local accumulation, nanopar-
ticle degradation and label dilution by cell division may lead to undetectable levels of 
MR contrast agent. This is particularly the case for Gd-chelates, which typically have 
a lower contrast efficacy than iron oxides. Furthermore, their T1 effect is quenched 
upon compartmentalization in cells, thereby limiting their application [1-2]. One way 
to overcome this sensitivity issue is to use contrast agents with a high payload of MR 
contrast, as we have carried out in this thesis by using Gd-liposomes (Chapter 4), 
nanoemulsions (Chapter 2), and MPIO (Chapters 3 – 6). Nevertheless, this high pay-
load of MR contrast did not always result in sufficient contrast-enhancement on MR 
images (Chapter 4), as other factors, such as intrinsic tissue contrast, may prevent 
successful detection. 

An alternative MRI approach that could circumvent these difficulties involves the use 
of 19F-containing particles, such as perfluorocarbon (PFC) emulsions, which have al-

7.1  A GUIDE TO  
SUCCESSFUL  
APPLICATION OF  
MOLECULAR MRI

ready been successfully applied for the in situ labeling of circulating monocytes [3]. 19F 
is not endogenously present in biological tissues and 19F MRI signal can consequently 
be perceived as a direct, quantitative measure of accumulated contrast agent [3-4]. 
However, 19F MRI requires a specialized hardware setup and tailored imaging proto-
cols, which is not presently available on every (pre)clinical MRI scanner.

7.1.2 Part II: The pathology of interest One of the other factors that further constrain 
molecular MRI, in addition to the relatively low potency of most agents to induce MR 
contrast, is the aforementioned intrinsic tissue contrast. Endogenous sources of MRI 
contrast, like edema, tissue damage, microbleeds or infiltrating leukocytes, may lead to 
deficient or erroneous detection of target-specific contrast accumulation [5]. One could 
anticipate on these endogenous sources of MR contrast by choosing the appropriate 
contrast agent. For example, MPIO that induce hypointensities would be of use when 
endogenous hyperintensities (e.g., caused by edema) are present on T2

(*)-weighted 
images. However, MPIO might not be ideal when endogenous hypointensities (e.g., 
caused by bleeding) already persist (Chapter 5).

Endogenous tissue contrast is particularly complicating when pathology-induced 
changes take place between or during MRI acquisitions. When the presence of target-
bound contrast agent is measured at a relatively long time after injection, endogenous 
changes that take place during this time can confound the detection of differences 
between pre- and post-contrast agent MR images, as described in Chapter 4. This is 
particularly problematic for agents with a long blood half-life, of which the unbound 
fraction needs to be cleared to allow specific detection. In case of tunable nanoparti-
cles, such as lipophilic particles as discussed in the Introduction, shortening the blood 
half-life of a particle could be attained by changing the outer layer of the particle, 
e.g., by using a lower degree of PEGylation of lipophilic nanoparticles, resulting in 
a faster recognition by the mononuclear phagocyte clearance system [6-7]. Another 
method to decrease circulation times is the so-called avidin chase as described by 
Van Tilborg et al [8-9]. In this strategy, biotinylated lipids are introduced in the bilayer 
of the particle, which can subsequently be rapidly removed by an injection of avidin. 

7.1.3 Part III: A well-chosen target Also important for the successful application of  
molecular MRI is the choice of the target of interest. When dealing with for instance 
leaky tumor vessels, contrast agent can easily extravasate and accumulate in the tumor 
tissue, which is known as the enhanced permeability and retention effect (EPR) [10]. 
Choosing a target that is expressed on endothelial cells, which is directly accessible 
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Molecular MRI can be of future use in 
the clinic to diagnose stages of disease 
that are not visible with conventional 
MR techniques, as suggested by Serres 
and co-workers [14] and Chapter 6 of 
this thesis, and to directly monitor treatment efficacies at these early disease sta-
ges. The key to successful translation of molecular MRI to the clinic is availability of 
an effective and safe FDA-approved contrast agent. An FDA-approved contrast agent 
harbors non-toxicity and biodegradability and can preferably be administered multiple 
times to allow longitudinal monitoring of the disease process and assess the efficacy 
of novel treatments. The most commonly applied clinical MR contrast agents are the 
FDA-approved low molecular weight paramagnetic Gd-chelates, e.g., Gd-DTPA and 
Gd-DOTA [15-16], which could be used for molecular MRI purposes. Iron oxides have 
been approved for clinical use in the past, but it appears that none of these agents are 
currently available on the market, with the exception of the oral iron oxide contrast 
agent Lumirem/Gastromark™ [17]. However, synthesis of biodegradable MPIO may 
open the door to clinical applications of iron oxide-based contrast agent in the future [18].

A potential innovative way for molecular 
MRI to monitor the onset of vascular re-
modeling at a very early stage, may be 
accomplished with MR reporter genes, 
which allow non-invasive assessment of 
expression of a gene of interest together with synthesis of an MR detectable by-product, 
such as endogenous paramagnetic ferritin [19-21]. 

Another promising strategy for molecular MRI involves the use of so-called responsive 
MR contrast agents. Breckwoldt et al [22] applied a Gd-based enzyme-activatable agent 
that induced enhanced T1 relaxation upon reaction with myeloperoxidase (MPO) [23], an 
enzyme secreted by activated neutrophils and macrophages or microglia. The injection 
of this MPO-responsive agent in mice after endothelin-induced stroke resulted in pro-
longed contrast enhancement at the lesion site compared to conventional Gd-DTPA, 
which suggests that contrast enhancement resulted from additional MPO activity. 

Currently, a shift towards multimodal imaging nanoprobes is noted, in which contrast 
agents not only generate contrast on MRI, but can also be detected with PET/SPECT, 
CT, ultrasound or optical imaging [24]. Combining these different methods can lead 

7.2  CLINICAL   
TRANSLATION

7.3  FUTURE 
PERSPECTIVES

from the circulation, ensures a more specific targeting of functionalized MR contrast 
agent than the passive accumulation due to the EPR effect. When target expression is 
high, the specific targeting dominates the EPR effect at the tumor vasculature [11-12] 
(Chapter 2). This concept also applies to targeting of a neurovascular entity, although 
it needs to be considered that leakage over the blood-brain barrier is more restricted 
in time and size than in other types of vasculature. 

Next to a high expression level, it is also of interest that the target is accessible for the 
injected contrast agent. Even though the target may be expressed on the intraluminal 
side of the vasculature, the exact location of expression could perturb effective bin-
ding. For example, PECAM-1 is expressed on endothelial cell intercellular junctions 
[13], and might not be accessible for a big construct as αPECAM-1-MPIO (Chapter 3). 
A high payload of contrast agent may therefore not lead to successful detection, as 
is demonstrated in this thesis, which shows that stroke-induced upregulation of cell 
adhesion molecules was effectively imaged by MRI with αICAM-1-MPIO (Chapters 4 
and 5), but not with αPECAM-1-MPIO (Chapter 3). 

Note must be taken with entities that are not only expressed on endothelial cells, but 
also on blood-borne cells. This opens up windows of opportunities to perform in vivo 
labeling of blood-borne cells and therefore widen the range of this molecular MRI  
approach (Chapter 5). However, increased expression on other types of cells might 
also lower the availability of contrast agent to the vascular component, thereby  
lowering its specific contrast efficacy (Chapter 3).

7.1.4 Part IV: A fine-tuned MRI set-up Successful application of molecular MRI is 
not only based on choosing the right target-specific contrast agent for a specific  
pathology, but is also dependent on appropriate MR acquisition and data analysis. It 
is recommended to perform phantom, in vitro and in vivo pilot studies in which MR  
parameters are set to maximize possible contrast effects generated by the tar-
geted contrast agent. Increasing spatial resolution may allow the detection of lower  
numbers of particles due to decreased partial volume effects. However, to retain  
similar signal-to-noise ratios, acquisition times need to be increased, thereby  
creating a higher risk of movement artifacts during acquisition. 
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to high contrast agent detection sensitivity combined with a high spatial resolution.  
The focus and future of molecular MRI should not only involve multimodal imaging  
nanoprobes, but should extend to multifunctional nanoprobes, so-called theranostic 
agents [25-27]. These probes combine a diagnostic contrast agent with a therapy  
solution in one single particle. When one or more theranostic agents have been  
FDA-approved, this may lead to a change in patient management whereby diagnosis 
and image-guided drug delivery can be performed in one procedure.
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This thesis describes the use of different MR 
contrast agent platforms for the direct detection 
of pathology-induced upregulation of intralumi-
nally-expressed vascular entities by molecular MRI. We particularly focused on the 
in vivo target specificity and MR sensitivity of the agents. The biological targets of our  
molecular MRI approaches were associated with two types of vascular events that are 
critically involved in many pathologies; i.e., angiogenesis and neurovascular inflammation. 

Chapter 1 introduces the main topic of this thesis: molecular MRI. Concepts as  
molecular imaging, MRI, MR contrast agents and molecular MRI of angiogenesis and 
neurovascular inflammation are explained to provide a basic understanding for the 
following chapters that describe our experimental studies.  

In Chapter 2, we report on the successful application of iron oxide-containing  
nanoemulsions targeted to angiogenesis-associated ανβ3 integrin to monitor the  
angiogenic activity of two different xenograft tumor models with varying degrees of 
angiogenesis. In the case of highly vascularized tumors, contrast agent accumulation 
was more confined to the periphery of the tumors, where angiogenesis is predomi-
nantly occurring. This was in contrast to the situation in less vascularized tumors, 
where contrast was found throughout the tumor. This demonstrated that this targeted 
MR contrast agent platform can serve as an in vivo biomarker for angiogenesis  
phenotyping which could guide anti-angiogenesis treatment. 

Chapter 3 reports on molecular MRI of angiogenesis associated with ischemic stroke 
pathology. In this study, PECAM-1-targeted MPIO were assessed for their use as  
contrast agent for molecular MRI of vascular remodeling after experimental stroke. 
Even though elevated levels of PECAM-1 were present in lesioned tissue, and in  

vitro essays showed effective labeling by αPECAM-1-MPIO, in vivo molecular MRI 
after stroke revealed no αPECAM-1-MPIO-based contrast enhancement. This was  
corroborated by absence of αPECAM-1-MPIO in post mortem brain tissue. This  
indicated that this molecular MRI approach is not invariably effective for MRI-based 
assessment of stroke-induced alterations in expression of cerebrovascular markers.

Assessment of the suitability of two ICAM-1-targeted MR contrast agents, i.e., based 
on Gd-liposomes or MPIO, for molecular MRI of upregulation of ICAM-1 after stroke, 
is described in Chapter 4. Both ICAM-1-targeted agents bound effectively to activated 
cerebrovascular cells in vitro, generating significant MRI contrast-enhancing effects. 

SUMMARY Direct in vivo MRI-based detection after stroke was only achieved with ICAM-1-targeted 
MPIO, although both contrast agents showed similar target-specific vascular accu-
mulation. This study demonstrated the potential of in vivo MRI of post-stroke ICAM-1 
upregulation, and signified target-specific MPIO as most suitable contrast agent for 
molecular MRI of cerebrovascular inflammation.

In Chapter 5, these ICAM-1-targeted MPIO were administrated at different time points 
post-stroke in mice to determine to what extent different stages of endothelial acti-
vation and leukocyte infiltration could be visualized. αICAM-1-MPIO were shown to be 
suitable for in vivo MRI of stroke-induced ICAM-1 expression on vascular endothelium 
and leukocytes at different stages after stroke in mice. However, contrast effects from 
endogenous blood remains significantly hampered the detection of co-localized MPIO 
at later time points.

In Chapter 6 we explored if ICAM-1-targeted MPIO were able to reveal EAE-induced 
ICAM-1 upregulation with in vivo molecular MRI. ICAM-1-targeted MPIO-induced MR 
contrast was particularly detected in the subarachnoid space between the temporal 
lobe and the midbrain. These locations of ICAM-1-induced MR contrast were not ne-
cessarily associated with physical disruption of the BBB, which often forms the basis 
for clinical identification of MS lesions. This indicated its potential suitability as a new  
contrast agent to detect ongoing disease activity and the evaluation of treatment efficacy.

Chapter 7 concludes this thesis with a discussion on key elements to the successful 
application of molecular MRI, which involve choice of an appropriate contrast agent 
for the pathology of interest, directed to a well-chosen target and assessed with a 
fine-tuned MRI set-up. After FDA-approvement of these contrast agents, molecular 
MRI could be of future use in the clinic to diagnose stages of disease that are not  
visible with conventional MR techniques. Furthermore, innovative ways such as 
MR reporter genes, responsive MR contrast agents and especially multifunctional  
contrast agents, will broaden the clinical perspectives of molecular MRI. 
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Dit proefschrift beschrijft het gebruik van 
verschillende MR contrastmiddelen voor 
het direct detecteren van door patholo-
gie geïnduceerde opregulatie van intraluminaal geëxpresseerde vasculaire entiteiten 
door middel van moleculaire MRI. Onze focus lag voornamelijk op de doelgerichtheid 
en MR sensitiviteit van deze contrastmiddelen onder in vivo condities. Onze moleculaire 
MRI aanpak was gericht op twee typen vasculaire processen die nauw betrokken zijn bij 
veel ziektebeelden; angiogenese en neurovasculaire inflammatie. 

Hoofdstuk 1 introduceert het onderwerp van dit proefschrift: moleculaire MRI. Concepten 
als moleculaire beeldvorming, MRI, MR contrastmiddelen en moleculaire MRI van  
angiogenese en neurovasculaire inflammatie worden uitgelegd om een basis te leggen 
voor de hieropvolgende hoofdstukken met experimentele studies. 

In Hoofdstuk 2 rapporten we over de succesvolle toepassing van ijzeroxide bevatten-
de nanoemulsies die gericht zijn op angiogenese-geassocieerde ανβ3 integrine, om de  
angiogenetische activiteit van twee verschillende xenograft tumoren met variërende 
mate van angiogenese te monitoren. In het geval van sterk gevasculeerde tumoren, 
beperkte de opeenhoping van contrastmiddel zich tot de rand van de tumor, waar  
angiogenese voornamelijk plaatsvindt. Dit was in contrast met tumoren met een  
minder hoge vaatdichtheid, waar aanwezigheid van het contrastmiddel in de gehele  
tumor gevonden werd. Dit liet zien dat dit doelgerichte MR contrastmiddel kan dienen 
als een in vivo biomarker voor fenotypering van angiogenese wat een leidraad kan  
bieden voor anti-angiogenese behandeling. 

Hoofdstuk 3 rapporteert over moleculaire MRI van angiogenese geassocieerd met  
ischemische beroerte. In deze studie werden op PECAM-1 gerichte MPIO getest op 
hun gebruik als contrastmiddel voor moleculaire MRI van vasculaire veranderingen na 
experimentele beroerte. Ondanks dat er verhoogde waarden van PECAM-1 aanwezig 
waren in geïnfarceerd weefsel, en in vitro assays effectieve labeling door αPECAM-1-
MPIO lieten zien, maakte in vivo moleculaire MRI na een beroerte geen op αPECAM-1-
MPIO gebaseerde contrastverhoging zichtbaar. Dit werd bevestigd door de afwezigheid 
van αPECAM-1-MPIO in post mortem hersenweefsel. Deze moleculaire MRI aanpak  
is dus niet altijd even effectief voor bepaling van veranderingen in de expressie van  
cerebrovasculaire markers na een beroerte.

Hoofdstuk 4 beschrijft de bepaling van de bruikbaarheid van twee op ICAM-1 gerichte 

SAMENVATTING MR contrastmiddelen; gebaseerd op Gd-liposomen of MPIO, voor moleculaire MRI van 
opregulatie van ICAM-1 na een beroerte. Beide op ICAM-1 gerichte middelen bonden 
effectief aan geactiveerde cerebrovasculaire cellen in vitro, waarbij een significant MRI 
contrastverhogend effect werd gegenereerd. Directe detectie met in vivo MRI na een 
beroerte werd alleen bereikt met ICAM-1-gerichte MPIO, alhoewel beide contrast- 
middelen vergelijkbare doelgerichte vasculaire accumulatie lieten zien. Deze studie 
laat het potentieel van in vivo MRI zien om ICAM-1 opregulatie na een beroerte te  
detecteren en duidt aan dat doelgerichte MPIO het meest bruikbare contrastmiddel is  
voor moleculaire MRI van cerebrovasculaire inflammatie. 

Hoofdstuk 5 beschrijft hoe we deze op ICAM-1 gerichte MPIO op verschillende tijds-
punten na een beroerte hebben toegediend in muizen om te bepalen in welke mate  
verschillende niveau’s van endothele activatie en leukocyten infiltratie zichtbaar  
gemaakt konden worden. Er werd aangetoond dat αICAM-1-MPIO bruikbaar zijn voor 
in vivo MRI van ICAM-1 expressie op vasculair endotheel en leukocyten in verschillende 
fasen na een beroerte in muizen. Echter, contrast effecten van endogene bloedrestanten 
hinderden de detectie van gecolocalizeerde MPIO op latere tijdspunten.

In Hoofdstuk 6 hebben we bekeken of op ICAM-1 gerichte MPIO ook in staat waren 
om EAE geïnduceerde ICAM-1 opregulatie zichtbaar te maken met in vivo moleculaire 
MRI. MR contrast, geïnduceerd door op ICAM-1 gerichte MPIO, werd voornamelijk  
gedetecteerd in de subarachnoidale ruimte tussen de temporale kwab en het  
middenbrein. Deze locaties van door ICAM-1 geïnduceerd MR contrast waren niet  
noodzakelijkerwijs geassocieerd met fysieke disruptie van de bloed-hersen barrière, 
wat vaak de basis vormt voor klinische identificatie van MS laesies. Dit laat een  
potentiële toepassing zien als nieuw contrastmiddel voor het detecteren van de status 
van het ziektebeeld en de evaluatie van de effectiviteit van therapieën. 

Hoofdstuk 7 concludeert dit proefschrift met een discussie over de sleutelelementen van 
de succesvolle toepassing van moleculaire MRI, waaronder de keuze van een geschikt 
contrastmiddel voor de specifieke pathologie, gericht op een goed gekozen doel, en de 
detectie met een selectieve MRI techniek. Na goedkeuring voor gebruik van deze con-
trastmiddelen in patiënten, kan moleculaire MRI in de toekomst toegepast worden voor 
klinische diagnoses die momenteel niet mogelijk zijn met conventionele MR technieken. 
Hierop voortbordurend kunnen innovatieve toepassingen als genetisch geïnduceerde 
MR signalen, responderende MR contrastmiddelen en in het bijzonder multifunctionele 
contrastmiddelen de klinische perspectieven van moleculaire MRI verbreden.  
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This thesis describes the use of different MR contrast 
agent platforms for the direct detection of pathology-
induced upregulation of intraluminally-expressed 
vascular entities by molecular MRI. We reported 
on the successful application of molecular MRI of  
tumor-induced angiogenesis with ανβ3-targeted iron 
oxide-containing nanoemulsions, and stroke- and 
EAE-induced neurovascular inflammation with ICAM-
1-targeted MPIO, but also addressed less successful 
attempts of molecular MRI of stroke-induced  
angiogenesis by using PECAM-1-targeted MPIO and 
stroke-induced neurovascular inflammation using 
ICAM-1-targeted Gd-liposomes.
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