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THE HYPOTHESIS

Besides its central role in stroke pathogenesis, the blood-brain barrier (BBB) may be an important therapeutic target and
mediator for the development of new treatment strategies. Here, we hypothesize that co-administration of microbubbles/
transcranial pulsed focused ultrasound and a well-known antioxidant agent (NXY-059) may increase the latter’s
neuroprotective effect by increasing its delivery into the target brain area. Previous negative clinical findings may have resulted
from failure of NXY-059 to cross the BBB. A approach of microbubbles/transcranial pulsed focused ultrasound combined with
NXY-059 may provide a novel therapeutic for stroke and serve as new model for protective treatment approaches in acute
cerebral ischemia.

BACKGROUND
BBB Role in Stroke Pathogenesis

Stroke is the third leading cause of morbidity and mortality worldwide. Many deleterious cellular pathways have been proposed
to explain the molecular pathogenesis of this clinically devastating disease [1, 2]. The pathophysiology of stroke is complex and
involves not only calcium and glutamate-mediated excitotoxicity but also various inflammatory pathways, disturbance of ionic
balance, increased production of free radicals and neuronal cell apoptosis [3-5]. Besides its critical role for ion homeostasis in
the central nervous system, disturbance of BBB integrity plays a significant role in stroke pathogenesis [6-8]. In this respect,
recent studies have established that loss of BBB integrity and secondary loss of ion regulation may lead to brain edema and
subsequent brain damage after cerebral ischemia [7, 9, 10]. This suggests that stabilization of the BBB could be brain
protective, although recent studies failed to confirm this [11-13]. Moreover, data show that cerebral ischemia-induced BBB
disruption is increased by 24 hours after middle cerebral artery occlusion [14], thus providing only a short window for transport
of macromolecular drugs into the infarcted brain [14, 15]. This therapeutic time-frame effectively limits treatment efficacy due
to an inability to achieve a sufficiently high dose of drug in the target brain area [15]. Therapeutic agents are often difficult to
administer to the brain due to BBB prevention of passage for systemically administered molecules and proteins [16-18].
Because of this pharmacological therapies have made limited progress, and much effort is now being directed to identify
compounds that accumulate more efficaciously in the diseased brain [17-20].

Although preclinical studies have provided promising results for a number of neuroprotective agents (e.g., TAT-BCL) [21],
many candidate drugs and therapeutic approaches to enhance drug delivery to the brain have failed in the clinic [11, 18, 22-24].
These treatment strategies may also increase the risk of systemic toxicity related to increasing drug dosage without achieving
sufficient levels in the target brain area due to limited BBB permeability. These findings point to the need for therapeutic
approaches which transiently open the BBB and extend the conventional therapeutic time window for delivering efficacious
quantities of candidate neuroprotective drugs to the target brain region without increasing systemic dosage.
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A Brief Overview of the Neuroprotective Effect of NXY-059

NXY-059 is a nitrone compund with free radical scavenging activity shown to be neuroprotective in various animal models of
stroke [25, 26]. These promising preclinical studies open an exciting window for further clinical neuroprotective studies [27,
28]. The SAINT I trial evaluating the neuroprotective effect of NXY-059 within 4 hours of stroke onset revealed that NXY-059
significantly reduced functional neurological outcome assessed by the modified Rankin Scale at 90 days [29]. Despite lack of
additional improvement in primary outcome when combined with recombinant tissue plasmiogen activator, the same study
surprisingly showed that hemorrhagic complications of tissue plasmiogen activator were reduced by NXY-059 [29, 30-34]. The
explanation for the failure of NXY-059 might be that the compound failed to act beyond the BBB (endothelial protective effect
only), in line with previous findings showing that NXY-059 has a poor BBB permeability [29, 30-37]. Unfortunately, the
SAINT II trial revealed negative results in both primary and secondary outcomes [38]; the difference in outcome was mainly
attributed to the non-homogeneous study population (different ischemic subtypes) [29-35]. Poor BBB permeability of NXY-
059 may have contributed also to the negative trial outcome [33]. Considering the fact that NXY-059 is the only agent with
proven clinical neuroprotective efficacy [29], it would be of some interest to test the neuroprotective effect of NXY-059 in
combination with a therapeutic approach to overcome BBB impermeability, to clarify whether this agent exerts true parencymal
free radical scavenger activity.

The Role of Transcranial Pulsed Focused Ultrasound

Noninvasively applied transcranial pulsed focused ultrasound (FUS) may lead to local and reversible BBB disruption that
allows for the transvascular delivery of macromolecules into the target brain region [39-52]. By using microbubbles
administered systemically when applying FUS to a specific location, one can show that pulsed FUS produces an intense
acoustic energy mechanically by cavitation, microstreaming and radiation forces, thereby increasing BBB permeability [39-52].
Magnetic resonance-guided FUS (MRgFUS)-mediated BBB disruption in small animals can be performed safely without
significant brain damage by regulating various parameters including ultrasound sonication, microbubble dosage and ultrasound
contrast agent [39-52].

Preclinical studies show that the transient increase in BBB permeability by MRgFUS is associated with improved delivery of
chemotherapeutics and therapeutic antibodies (e.g. liposomal doxorubicin) to specific brain areas and can improve outcome
[39-46, 52-55]. Investigations with animal models of brain tumors and Alzheimer disease confirm the beneficial effects of this
delivery method [56, 57]. FUS may also enhance local drug delivery and improve the antitumor effect in brain tumors [52-54].
This is in line with another report that FUS exposure following Evans Blue injection significantly elevates the amount of
extravasated dye in sonicated hepatoma [58]. Moreover, recent studies in Alzheimer disease models demonstrated that
MRgFUS efficiently delivered the anti-amyloid B-peptide antibody BAM-10 from bloodstream to brain, thereby reducing
amyloid B-peptide pathology [57]. This was also suggested by a study using FUS to enhance delivery of small fluorescent
agents and large biological immunotherapeutics which led to improved outcome in a transgenic mouse model of Alzheimer
disease [56]. These findings are consistent with a previous stem cell study demonstrating that the MRgFUS energy application
to a specific brain region could direct stem cells from the blood to a target brain structure mediated by transient BBB opening
[59]. These findings prompted efforts to enhance the poor BBB permeability of erythropoietin (EPO) to optimize its
neuroprotective efficacy [47-60]. Wu et al. utilized microbubbles-FUS (MBs/FUS) for the localized delivery of EPO into the
infracted rat brain and showed that EPO administration with MBs/FUS sonication after occlusion/reperfusion reduced infarct
volume and improved neurobehavioural outcomes even the late post-stroke period (>5 hours) [47]. These findings suggest that
the combination of EPO and MBs/FUS may produce a significant neuroprotective effect in both acute and chronic phases of
experimental cerebral ischemia, further indicating that this delivery model provides an opportunity to overcome hurdles for
drug delivery of large molecules or proteins to the brain.

Rationale for the Hypothesis

The methods may involve the use of a cerebral ischemia model in mice and analysis of downstream cell survival and death
mechanisms in the ischemic brain while the effects of various ultrasound parameters on the efficacy of NXY-059 extravasation
can be studied. The rationale for combining NXY-059 with MBs/FUS is to overcome the BBB in acute cerebral ischemia and
to optimize NXY-059 delivery to the brain.

Evaluation of the Hypothesis

Based on previous findings showing that FUS is more effective after Evans Blue application, we will apply MBs/FUS in a
three-vessel occlusion model in mice and inject microbubbles as bolus before targeted sonication. As suggested by previous
studies, pulsed sonication will be applied with specific parameters (i.e., duration of each sonication, peak negative pressure,
burst length, repetition frequency). A three-vessel occlusion model provides a more consistent cortical injury compared to the
middle cerebral artery occlusion model and is more suitable for evaluation of BBB opening with MBs/FUS. Quantification of
NXY-059 entering the brain tissue can be investigated via ELISA and infarct volume, with neurological status of the mice
being analyzed 24 hours after ischemia. The underlying mechanisms of neuroprotective effect of microbubbles/focused
ultrasound will be evaluated via immunohistochemical staining in the acute and sub-acute periods after three-vessel occlusion.
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CONCLUSION

Based on the findings discussed here, we hypothesize that FUS presents a treatment opportunity to enhance delivery of
candidate neuroprotectants to the ischemic brain. In terms of potential clinical application, FUS transducers should be
combined with magnetic resonance imaging in order to guide the FUS transducer to achieve a more precisely sonication.
Furthermore, our preclinical results support the potential administration of NXY-059 and MBs/FUS combined with various
reperfusion treatment strategies (i.e. endovascular, tissue plasminogen activator, stent retrieval) in addition to the conventional
therapeutic approaches in stroke patients.
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