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Abstract
Objective—The non-invasive in vivo visualization of activated platelets using a target-specific MRI
contrast agent to identify thrombi, hallmarks of vulnerable/high-risk atherosclerotic plaques.

Methods—Inflammatory thrombi were induced in mice via topical application of arachidonic acid
on the carotid. Thrombus formation was imaged with intravital fluorescence microscopy and
molecular MRI. To accomplish the latter, a paramagnetic contrast agent (P975) that targets the
glycoprotein αIIbβ3 expressed on activated platelets was investigated. The specificity of P975 for
activated platelets was studied in vitro. In vivo, high spatial-resolution MRI was performed at baseline
and longitudinally over 2 hours after injecting P975 or a non-specific agent. The contralateral carotid,
a sham surgery group and a competitive inhibition experiment served as controls.

Results—P975 showed a good affinity for activated platelets with an IC50 value of 2.6 µM. In
thrombosed animals, P975 produced an immediate and sustained increase in MRI signal whereas
none of the control groups revealed any significant increase in MRI signal 2 hours post-injection.
Importantly, the competitive inhibition experiment with a αIIbβ3 antagonist suppressed the MRI
signal enhancement, which is indicative for the specificity of P975 for the activated platelets.
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Conclusion—P975 allowed in vivo target-specific noninvasive MR imaging of activated platelets.

Introduction
Acute thrombus formation is an outcome of atherosclerosis and may trigger the onset of serious
clinical events such as myocardial infarction or stroke 1. The rupture or erosion of
atherosclerotic plaques exposes the pro-thrombotic core to the blood and is regarded as the
pivotal event for thrombus formation 2. Activated platelets play a critical role in
thrombogenesis through both platelet aggregation and activation of the coagulation cascade
3–4. Consequently, platelets have been a target for aggressive treatments in patients suffering
from acute coronary syndrome (ACS) and stroke. A specific signature of platelet activation is
the externalization of integrins αIIbβ3 that play a pivotal role in platelet aggregation and
thrombogenesis. Indeed, αIIbβ3 inhibitors are recommended in patients with unstable angina
5. Hence, αIIbβ3 might be a good biomarker of nascent thrombosis. Using αIIbβ3 to image
adherent or activated platelets therefore represents a unique opportunity to identify
atherothrombosis and vulnerable plaques before they induce dramatic clinical events 3–4.

Currently, most of the imaging techniques for thrombus detection are invasive or are
characterized by a relatively poor spatial resolution. However, major advances in medical
imaging techniques in general and in non-invasive magnetic resonance techniques in particular,
have been achieved in recent years, and allow the visualization of both the vessel wall and
atherosclerotic plaques 6–11. Indeed, our group and others have shown that the visualization
of atherothrombotic plaques as well as the identification of vulnerable lesions was achievable
through non contrast-enhanced magnetic resonance imaging (MRI) 12. Nevertheless, complete
characterization of plaque components and particularly the accurate identification of thrombi
in vivo remains a major challenge. Recently, encouraging studies have been published using
MR molecular imaging with gadolinium (Gd) contrast agents targeting fibrin to allow thrombi
detection 13–14. These studies hold special promises for imaging large occlusive thrombi
displaying a high fibrin buildup. Moreover, Von zur Muhlen et al. reported the use of iron
oxide microparticles (MPIOs) attached to a single chain antibody targeting activated platelets
to image thrombi induced in mice carotid arteries via MRI. The authors showed that contrast
agent targeted to activated platelets allowed the sensitive and rapid detection of smaller mural
thrombi 15. Molecular imaging of platelets has been demonstrated in patients using nuclear
imaging approaches such as single positron emission computed tomography (SPECT) 16–
18. In fact, Acu-tect, a technetium99m label, is FDA approved for this purpose 19. However,
MRI will offer superior spatial resolutions and concomitant anatomical information compared
to SPECT and nuclear imaging techniques in general.

As of yet, most of the studies about experimental thrombosis have used a ferric chloride model
of thrombogenesis 20. This model does not involve the physiological mechanisms of thrombi
formation but rather creates a severe endothelial injury that leads to thrombosis. Recently, an
alternative model of thrombosis, in which arachidonic acid (AA) is topically applied to mice
carotid arteries, was introduced 21. One of the major advantages of this model is that it more
closely mimics inflammatory thrombogenesis through platelets activation and activation of the
coagulation cascade.

In the current study, after emphasizing the critical role of platelets in AA induced thrombi by
using intravital microscopy, we used an activated platelet targeted MRI contrast agent to non-
invasively monitor the formation of platelet-rich-thrombi in the aforementioned model of
thrombosis. This contrast agent (P975, Guerbet, France) is composed of a peptide targeting
αIIbβ3 (P977) conjugated to a Gadolinium chelate (Gd-DOTA). The specificity of P975 to
activated human platelets is shown here both in vitro and in vivo.
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Methods
Contrast agent

P975 (Guerbet, France) is a Gd-based contrast agent obtained by coupling a peptide (P977)
via a small linker to the Gd chelate 1,4,7,10-tetraazacyclododecane-N,N’,N’’,N’’’-tetraacetic
acid (DOTA) at a 1:1 molar ratio. P977 is a cyclic peptide (cyclo(Cys-Arg-Gly-Asp-Cys)) of
878 Da known to bind to the integrin alpha-V-beta-3 expressed on tumor cells 22. This
conformation was also reported to provide a good affinity for αIIbβ3 23 and was therefore
selected for the design of P975. The targeted contrast agent (P975) has a molecular weight of
1344 Da which is approximately 2.5 times greater than Gd-DOTA.

Measurement of P975 and P977 binding to TRAP-stimulated platelets
The binding of P975 and P977 to the αIIbβ3 integrin was evaluated by inhibition measurements
of specific FITC-Fg binding to TRAP-stimulated platelets using flow cytometry. Fifteen
microliters of resting platelets, corresponding to 6–7.5×106 platelets per vial (calculated by
counting), were activated by 100 µM TRAP-6 (Thrombin Receptor Activating Peptide,
Bachem) and co-incubated with both increasing concentrations of test compounds P975 and
P977 and 200 nM of FITC-Fg 24 for 5 minutes at 37°C. All the reagents were dissolved in
Tyrode solution and the binding protocol was performed in 100µl reaction volume. The FITC-
Fg binding was then measured by flow cytometry (FC500, Beckman Coulter) specifically gated
on the population of platelets (without leukocytes) after excitation with a laser at 488 nm and
emission at 525 nm. The specific binding of FITC-Fg to αIIbβ3 expressed by stimulated platelets
was calculated by subtracting the mean of fluorescent signal emitted by non-stimulated
platelets from the one of TRAP-stimulated platelets. Tirofiban (Aggrastat®, Merck, Sharp and
Dohme, Netherlands) was used as positive control for αIIbβ3 binding inhibition. For each
compound (P975, P977), the inhibition constant Ki was calculated from the Cheng-Prusoff
equation:

where IC50 represents the concentration yielding 50% inhibition of specific FITC-Fg binding
to platelets, L is the FITC-Fg concentration (200 nM), and Kd is the dissociation constant (466
nM in our conditions, data not shown). IC50 values were calculated by plotting a graph of
fluorescence intensity as a function of the concentration of the inhibitor, and by estimating the
concentration that corresponded to a 50% reduction of the maximum of specific fluorescence.
The Ki and IC50 values were calculated using Graph Pad PRISM® software v4.0.

Imaging of thrombus formation with fluorescent intravital microscopy
Briefly, mouse blood was collected in acid citrate dextrose and centrifuged at 100 g to separate
platelets. Platelets were incubated with 300ng/ml calcein AM (Invitrogen, USA) in Tyrode’s
buffer for 15 minutes in the dark. Washed labeled platelets were injected in the jugular vein of
the receiving mice and AA thrombosis was induced in one of the carotids (supplemental
methods). The animal was placed under a fluorescent macroscope (MacroFluo; Leica) for
video-recording thrombosis at 480 nm.

MRI detection of the arachidonic acid–induced thrombosis
Ten to eleven week old male C57BL/6 mice (n=17, Jackson Laboratories, USA) were used in
total. Care of use of laboratory animals followed the national guidelines and were approved
by The Mount Sinai School of Medicine Animal Committee (IACUC). Immediately after AA
thrombus induction (supplemental methods), a venous catheter connected with a 1 ml syringe
containing a 100 µmol Gd/kg dose of the contrast agent P975 was placed into the tail vein. The
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animals (n=5) were placed at the center of a whole-body coil (35 mm inner diameter) under
continuous isoflurane anesthesia and positioned in a 9.4 T MRI system (Bruker BioSpec,
Bruker, Germany). The animals were connected to a respiratory-rate monitor and the flow of
anesthetic gas was constantly regulated to maintain a breathing rate of 60±20 breaths per
minute. The imaging protocol consisted of a pilot scan with 3 orthogonal slices followed by a
spin echo T1-weighted sequence with an in-plane spatial resolution of 117 µm (slice thickness
of 1 mm, field of view of 300 mm, matrix size of 256×256), a repetition time (TR) of 800 ms,
an echo time (TE) of 10.2 ms and 4 averages, resulting in an imaging time of 13.26 minutes.
The area covered the common carotid artery, the carotid bifurcation and the distal carotid artery.
Contiguous cross sectional images were obtained perpendicular to the long axis of the neck.
The animals were scanned at baseline – 20 minutes after thrombus induction - and
longitudinally over a 2-hour period after a bolus injection of 150 µl of the contrast agent to
follow the time course of enhancement. In each animal, the contralateral carotid was used as
a negative control.

A second group of mice (n=5) was used to compare P975 to the conventional Gd chelate (Gd-
DOTA, 100 µmol Gd/kg, IV). In addition, a third sham surgery group (n=2), where the diameter
of the carotid was reduced upstream and the AA application was substituted by an application
of ethanol (EtOH), was studied.

To demonstrate the in vivo specificity of P975 to the integrin αIIbβ3 expressed on activated
platelets, a competitive inhibition experiment on a fourth group of mice was performed (n=5).
After thrombus induction, a baseline MRI scan was performed. Subsequently, Eptifibatide
(IntegrilinR), a clinically used αIIbβ3 antagonist (Schering-Plough, Essex, USA), was injected
at 10 times the normal murine dose of 1.8 µg/g 25 in order to saturate the integrins prior to
P975 administration. Thereafter, P975 was injected and the post-scan procedure was performed
according to the protocol described above.

Quantification of MRI signal-enhancement
Image analysis was performed using OsiriX DICOM reader v3.0 (Geneva, Switzerland). At
the site of thrombogenesis, the inner vessel boundary was traced to determine the average signal
intensity of the lumen in both the thrombosed and the contralateral carotid (SIcarotid).
Additional ROIs were placed in the paravertebral muscles and in a motion free region outside
the animal to determine the signal intensity of the reference tissue (SImuscle) and the standard
deviation of the noise signal (SDnoise), respectively. Individual contrast-to-noise ratios (CNR)
were calculated from three contiguous MR images at each imaging time point [CNR=
(SIcarotid-SImuscle)/SDnoise]. Their average resulted in a mean CNR value (mCNR). The
differences between the mean CNR due to the contrast agent injection (P975 or Gd-DOTA)
were determined and plotted over time [ΔCNR=mCNR(imaging timepoint)-mCNR(baseline)].
The evolution of ΔCNR values was compared between all groups. In addition, the ΔCNR values
at 2 hours post-injection were plotted and statistical analyses were performed between each
group to evaluate late enhancement. A 1-way ANOVA test was performed using Graph Pad
PRISM® software v4.0.in order to compare the groups. A p value inferior to 0.05 was
considered to indicate a significant difference between the groups.

Histopathology
Histological evaluation of the thrombus and correlation of thrombus localization with MRI
were systematically performed. Co-registration was performed utilizing the carotid bifurcation
as an anatomical landmark. Briefly, the out of plane resolution (slice thickness) was 1 mm,
which allowed us to measure the position from the bifurcation and match the histology with
the MRI. In order to avoid post-mortem thrombus formation, Heparin (100 IU/kg) was injected
10 min before euthanasia. Animals were sacrificed via an overdose of isoflurane. Transcardiac
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perfusions through the left ventricle were carried out with saline and paraformaldehyde (4%).
Carotid arteries were excised, collected in OCT and frozen for histology. Counter-stained with
combined Masson’s Elastin technique and Hematoxylin and Eosin (H&E).

Results
In vitro binding of P975 and P977

The r1 value of P975 was measured on a relaxometer (Minispec, etc. Bruker) and was shown
to be 9 s−1mM−1 at 40 °C and 60 MHz. The specificity of P975, P977 and Tirofiban to
αIIbβ3 integrin was evaluated by inhibition measurements of FITC-Fg binding to TRAP-
stimulated platelets. We observed a concentration-dependent inhibition of FITC-Fg binding in
presence of P975, P977 or Tirofiban (Figure 1). This inhibition was complete at higher
concentrations and the calculated IC50 values were 2.1 ± 0.3 µM, 1.6 ± 0.2 µM and 20.4 ± 0.3
nM, for P975, P977 and Tirofiban, respectively. The Ki values for P975, P977 and Tirofiban
calculated according to the Cheng-Prusoff equation were 1.5 µM, 1.1 µM and 14.3 nM,
respectively. Gd-DOTA, used as reference, displayed no affinity for αIIbβ3 (data not shown).

Imaging of thrombus formation with intravital fluorescence macroscopy
In order to study the thrombus formation and emphasize the critical role of platelets in the AA
model of thrombosis, intravital fluorescence macroscopy was used after injection of
fluorescently labeled platelets and AA thrombus induction. As shown in Figure 2 and the video
(supplemental data), activated platelets immediately started adhering to the vessel wall
following AA application onto the carotid. The conversion of AA by cyclooxygenases (COXs)
and particularly COX-2 into prostaglandin H2 (PGH2) is known to yield Thromboxane A2
(TxA2) and Prostaglandin E2 (PEG2) that induce platelet activation and thrombosis 21.
Accordingly, we observed small thrombi on the luminal side of the vessel wall, clustering and
eventually forming a surface occluding thrombus. As the pulsatile blood flow inside the carotid
was maintained, the formed thrombi eventually detached from the arterial wall and embolized
in the circulation. However, the process of thrombosis kept forming as long as the AA
surrounding the carotid was still present in sufficient concentrations. Presence of intra-arterial
thrombosis was subsequently confirmed by histology (Figure 2C). In addition of demonstrating
the critical role of platelets in AA induced thrombosis, these observations emphasized the
necessity to more or less retain thrombi for the subsequent in vivo MR imaging. To that end,
a loose but permanent ligation was applied on the carotid prior to thrombus induction.

In vivo MR imaging of activated platelets in the thrombosis model
Six microliters of AA at 200 mg/ml (or EtOH sham surgery) were applied periadventially for
1 minute to induce intra-arterial thrombosis in the right mouse carotid. Mice were placed in
the MRI scanner and baseline scans were performed to obtain images prior to contrast agent
injection. Subsequently, P975 or Gd-DOTA was injected via a catheter placed in the tail vein.
Consecutive MRI scans were acquired every 14 minutes up to 2 hours post-injection and signal
enhancement was calculated in both the thrombosed carotid and the contralateral carotid
(negative control). In both groups, MRI allowed clear identification of both carotids at baseline
by black blood imaging (Figure 3). The presence of a thrombus was already visible in the right
carotid artery. Thirty minutes after contrast agent injection, an initial signal enhancement in
the lumen of the thrombosed carotid artery and in the perivascular area was observed in both
groups (Figure 3). This initial luminal enhancement was attributed to contrast agent molecules
trapped in the mesh of the thrombus. However, the initial signal increase obtained with P975
was visibly more pronounced compared to Gd-DOTA. More importantly, in the animals
injected with P975, the signal enhancement persisted over time and was still present 120
minutes after injection (Figure 3). On the other hand, the animals injected with Gd-DOTA
exhibited a rapid wash out of the contrast agent from the lesion after 30 min. This was confirmed
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by MRI data quantification (Figure 5). Indeed, the ΔCNR values obtained in the injured carotid
with P975 injection were significantly increased at each imaging time point compared to the
values obtained with Gd-DOTA injection as well as the control and sham carotids (Figure 5).
This was especially visible 2 hours post-injection when the ΔCNR values in the injured carotid
of animals injected with P975 showed a 4-fold increase compared to the Gd-DOTA group, a
7-fold increase compared to the sham surgery group and a 8-fold increase compared to the
control group (P<0.01). Therefore, P975 allowed accurate and efficient imaging of thrombosis.

In vivo study of P975 specificity to activated platelets
To evaluate the specificity of P975 to activated platelet-rich thrombi in vivo, we performed a
competitive inhibition experiment. Eptifibatide, a clinical antagonist for αIIbβ3 receptors, was
injected at a saturating dose prior to P975 injection. MRI scans were performed to obtain pre-
contrast images, Eptifibatide and P975 were injected and the post-contrast MRI routine was
applied. The injection of Eptifibatide did not induce thrombolysis. An initial signal increase
in the thrombosed carotid artery was observed 30 minutes after contrast agent injection.
However the signal increase did not persist throughout the 120 minutes window of imaging
time and the washout kinetics of P975 in this cohort was very similar to that of the non-specific
contrast agent Gd-DOTA (Figure 4). The absence of sustained contrast enhancement is likely
due to the saturation of activated αIIbβ3 integrins on activated platelets by Eptifibatide. The
data quantification at 120 minutes after injection in this cohort corroborated the observations
as the increase in ΔCNR values were comparable to the ones obtained in the control animals
injected with Gd-DOTA (Figure 5).

Discussion
In the present study, we demonstrated the in vitro affinity of a novel contrast agent (P975) to
the activated integrin αIIbβ3 specifically expressed on activated platelets. We then showed its
in vivo specificity in an AA model of thrombosis induced in the mouse carotid artery.

Real time observation of thrombi formation and embolization with intravital fluorescence
microscopy demonstrated the critical role of activated platelets in the process of AA-induced
thrombosis. The observation of embolization showed the necessity to keep the thrombi
collected in order to obtain sufficient temporal resolution to perform MRI for thrombus
detection pre and post-contrast. To address this, the diameter of the vessel was slightly reduced
up-stream with a loosely applied permanent ligation. This ensured that even in case of emboli,
the thrombi formed would be retained at the site of imaging. To ensure that the ligation did not
induce thrombi formation, a sham surgery group where animals only underwent slight carotid
ligation and received EtOH instead of AA showed an absence of intra-arterial thrombosis. This
confirmed that the ligation did not affect thrombosis.

P975 is a contrast agent directed against the activated platelet fibrinogen receptor αIIbβ3.
αIIbβ3 is an important therapeutic target in acute coronary syndromes due to its central role in
the pathway of platelet activation 3. The abundance of αIIbβ3 as well as its specific change of
conformation on activated platelets makes it an ideal target for imaging. The binding of
adhesive proteins to the αIIbβ3 integrin has been shown to occur through the peptide sequence
Arg-Gly-Asp (RGD) amongst some others 26. The RGD sequence is found on fibrinogen,
fibronectin, von Willebrand factor, vitronectin, thrombospondin and type I collagen 27–30.
The contrast agent P975 used in this study is composed of a cyclic RGD peptide (P977) attached
to a single Gd-moiety. In vitro experiments demonstrated the affinity of P975 and its peptide
P977 for the αIIbβ3 integrin expressed on human activated platelets with an IC50 value in the
micromolar range. In order to ensure sufficient detection of this mono-Gd chelate and specific
thrombus enhancement with such moderate affinity, a high dose of P975 was tested. The initial
dose of 100 µmol Gd/kg showed a 3.5 fold increase of the ΔCNR of the thrombus compared
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to Gd-DOTA (non-specific contrast agent) at 120 minutes post-injection. However, given the
relatively low molecular weight of P975 (1344 Da), we expect the contrast agent to have the
ability to diffuse inside the clot thereby increasing the relative volume of enhancement in a
given voxel. Therefore further investigations will be required to establish an optimal dose.

MRI protocols allowed facile localization of both carotid arteries pre and post-contrast images
in corresponding slices. High spatial-resolution MR imaging reducing the partial volume effect
and giving high signal to noise ratios (SNR) were applied since it was previously shown that
clot detection decreased rapidly with decreasing spatial resolution 31. The contrast effect
provided by P975 persisted throughout time in the lumen of the injured carotid whereas the
signal emanating from circulating unbound contrast agent was progressively cleared from the
circulation. In some cases, P975 was also shown to accumulate in the region of both of the
salivary glands at 2 hours post-injection. Likely, this indicated the presence of activated
platelets due to the invasive surgery undergone for thrombus induction. Thus, P975 allowed
accurate and specific detection of activated platelets and thrombi location, regardless of their
size. Conversely, as expected the non-specific Gd-DOTA did not display any persistent signal
enhancement and did not specifically enhance the thrombi.

In the literature, the P975 composing peptide was also reported to bind to αVβ3 integrins
expressed by tumor cells with a dissociation constant (Kd) of 17 µM 22. Therefore, it is likely
that P975 may bind with approximately the same affinity to both types of integrins αVβ3 and
αIIbβ3. However, it has been reported that there is a 40-fold greater number of αIIbβ3 integrins
compared to αVβ3 epitopes expressed on activated platelets 32. Therefore we can assume that
P975 will primarily allow the detection of αIIbβ3 integrins in the AA-induced mouse model of
carotid thrombosis. In order to validate this hypothesis and prove further specificity of P975
to the αIIbβ3 integrin, we decided to perform a competitive inhibition experiment with P975
using Eptifibatide, a αIIbβ3 blocker routinely used in patients hospitalized with unstable angina.
Eptifibatide is a cyclic heptapeptide derived from RGD by the substitution of the single amino
acid lysine for arginine 33. It is described as a non-immunogenic, potent and rapidly reversible
inhibitor of αIIbβ3 that is highly specific for αIIbβ3 and showed little affinity to other integrins.
It was shown to block the binding of the ligands fibrinogen and von Willebrand factor without
affecting the binding properties of other integrins therefore demonstrating its high affinity to
the αIIbβ3 receptor. Eptifibatide is routinely used in clinic to achieve platelet inhibition in acute
coronary syndromes and monitoring the effect of such a therapeutic intervention would be
valuable for the management of thrombotic diseases. We showed in this experiment that the
use of Eptifibatide at a saturating dose prior to P975 injection suppressed the sustained signal
of P975 in the lumen of the thrombosed carotid at 2 hours after injection. P975 only induced
an initial enhancement of the thrombus 30 minutes post-injection before rapidly clearing out
of the circulation. Contrary to what has been demonstrated ex vivo 34, injection of Eptifibatide
did not dissolve thrombi in vivo as the carotid still appeared occluded on the MRI performed
post-injection. This different behavior is likely to be explained by the formation of fibrin during
the in vivo clotting process. Indeed, fibrin plays a crucial role in stabilizing thrombi and might
prevent thrombi from dissolving in presence of anti-αIIbβ3 without the conjugate use of
anticoagulant or thrombolytic therapy. In addition, the use of a ligation likely reduced the flow
in the carotid and may have limited the potential for embolization in the first place. In this
cohort, P975 displayed the behavior of an unbound circulating contrast agent that is almost
identical to the non-specific contrast agent, Gd-DOTA. This phenomenon can be attributed to
the profusion of anti-αIIbβ3 agent binding the activated αIIbβ3 receptors therefore prohibiting
its ligation by P975 molecules. This experiment was particularly critical as αvβ3 can be
expressed by smooth muscle cells (SMC) following vascular injury and may have resulted in
a competing binding source of P975. In addition, it would be of interest for future experiments
to study the effect of physiological doses of aspirin or thienopyridine on P975 enhanced
imaging as they have both demonstrated to achieve platelet inhibition 35

Klink et al. Page 7

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2011 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Other strategies to image thrombi via MRI were considered and published over the past years.
In particular, the high amount of fibrin formation during the clotting process resulted in a target
of choice for the molecular imaging of thrombosis. Consequently, the MR compound
EP-2104R showed promising clinical applications 13–14–36–38. It has been published that 50%
of acute STEMI patients bore coronary thrombi for days or weeks before the event 39.
Therefore, the detection of thrombi via MRI may be a valuable diagnostic approach for the
early detection and prevention of cardiovascular events in the most at-risk patients. Further
investigations are still however required before translating the presented technology to the
clinic. The atherosclerotic plaque is characterized by chronic inflammation, which produces
PGE2, amongst other mediators. Using the AA-induced model of thrombosis offers the
advantage of exploring a model in which inflammation is predominant and is thus closer to
atherothrombosis than other models. For example, the ferric chloride-induced model is
characterized by very large areas of endothelium necrosis that are usually not seen in human
pathological studies. However, the AA model of thrombosis does not necessarily account for
the complex process of thrombosis upon spontaneous plaque rupture. Moreover, the expression
of vitronectin may result in a source of non-specific background signal as we expect P975, an
RGD analog, to bind to αvβ3-integrin. Nevertheless, SMC in the intima of potentially
vulnerable plaques comprise only a small fraction as compared to the formed thrombi. Overall,
the exploration of P975 in a model atherothrombosis is of a high-interest in order to determine
the clinical relevance of the probe P975. In addition, the translation from high-field imaging
to clinical imager would result in a loss of spatial resolution and signal to noise ratio (SNR),
although the relaxivity of P975 is significantly higher at these lower field strengths. It is to be
investigated how these changes would affect the detection of P975 as well as the identification
of microthrombi that may precede ACS/STEMI. Indeed, this study demonstrated the
enhancement of nearly occlusive thrombi and given the much lower spatial resolution of
clinical MRI systems, it is unclear whether P975-enahnced MRI would allow the clinical
detection of platelet-rich microthrombi in small vessels like the coronary. Another limitation
of this study is that many of these microthrombi are likely to be of subacute age. It has
previously been shown that platelet-targeted imaging of subacute thrombi yielded lower signal
intensities when compared to acute thrombi 40. This might therefore impair the detection of
subacute thrombi via an activated platelet-targeted approach such as P975-enhanced MRI. We
will focus future studies on imaging variously aged thrombi in a variety of animal models to
further investigate the overall potential of P975.

Conclusions
The detection of activated platelets via non-invasive molecular MRI could not only become
an important tool for the clinic but could also provide information on the pathophysiology of
thrombosis, embolism and atherothrombosis. We were able to image AA-induced thrombosis
using a contrast agent that specifically binds to the activated αIIbβ3 expressed on activated
platelets. P975 displayed excellent contrast properties as well as high resolution and sensitive
in vivo imaging of platelet-rich acute thrombi. Thus, P975 represents a novel non-invasive
imaging tool for thrombi detection. However, further investigations are still required to
demonstrate the overall clinical implications of this study.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
Quantification of FITC-Fibrinogen specific binding to TRAP-simulated platelets as a function
of increasing concentration of Tirofiban (positive control), P977 (αIIbβ3 targeted peptide) and
P975 (αIIbβ3 targeted peptide attached to a Gd-DOTA moeity)
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FIGURE 2.
A-B. Fluorescent intravital microscopy of an arachidonic acid (AA) induced model of
thrombosis at two different time points. Platelets were isolated, labeled with an intracellular
fluorophore (Calcein AM) and injected in a receiving mouse that underwent AA thrombosis.
The vessel was placed under a fluorescent microscope and platelet aggregation was monitored.
The platelets started adhering onto the vessel wall (A) and as the process of thrombosis
continued, they aggregated towards the inside forming an intra-luminal thrombus (B). C.
Histological section of the intra-arterial thrombus induced by periadventitial delivery of AA
stained with H&E.
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FIGURE 3.
In vivo MRI after AA-induced arterial thrombosis. The Trachea (white arrow), the non-injured
left carotid (control, green arrow) and the injured right carotid (red arrow), are shown. Inserts
in the upper left angle of each image represent magnification images of the injured carotid
section. The panel A displays the behavior of P975 over 2 hours after its injection in thrombus-
induced animals versus Gadolinium shown below in panel B. Before contrast agent injection,
cross sections depict an occluded right carotid artery while the left carotid is visible on a T1-
weighted black blood sequence. After injection of P975, signal intensity in the lumen of the
thrombosed carotid increased at 30 minutes post-injection and persisted at 120 minutes.
Conversely, Gd-DOTA only showed signal enhancement 30 minutes after injection and rapidly
cleared from the circulation. Some non-specific perivascular enhancement was observed in
both cases at early time points. No signal enhancement was observed in the contralateral carotid
(negative control).
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FIGURE 4.
MRI Cross sections of the non-injured (green arrow) and the injured (red arrow) carotid arteries.
The trachea is shown (white arrows). Inserts in the upper left angle of each image represent
magnification images of the injured carotid section. (A) Platelet inhibitor Eptifibatide was
injected at a saturating dose after thrombus induction and before administration of P975.
Although the presence of intra-luminal thrombosis was confirmed by histology using a
modified Masson’s Trichrome staining, the results showed no signal enhancement at 2 hours
when compared to baseline in the injured carotid. (B) No MRI signal enhancement or
thrombosis was visible in the injured carotid of animals who received the sham surgery i.e.
delivery of EtOH and slight reduction of carotid diameter. Absence of intraluminal thrombosis
was confirmed by histology in these animals.
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FIGURE 5.
Quantification of signal increases in the carotid artery lumens. (A) ΔCNRs were calculated at
each imaging time point and plotted (0 represents the baseline scan). After Gd-DOTA injection,
an initial signal increase occurred at 30 minutes post-injection (red line) possibly due to contrast
agent molecules being transiently trapped within the mesh of the thrombus. Eventually, the
values returned close to baseline over time. In contrast, P975 injection caused a signal increase
that was still significantly higher compared to Gd-DOTA at 120 minutes post-injection (dark
blue line). Animals injected with Eptifibatide prior to P975 (purple line) exhibited a similar
behavior compared to animals injected with Gd-DOTA. The control groups (turquoise blue

Klink et al. Page 16

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2011 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



and green lines) did not show any enhancement. (B) At 2 hours post injection P975 exhibited
a significant increase in ΔCNRs compared to the rest of the groups.
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