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Abstract

Despite recent advances in blood-brain barrier (BBB) research, it remains a significant hurdle for
the pharmaceutical treatment of brain diseases. Focused ultrasound (FUS) is one method to
transiently increase permeability of the BBB to promote drug delivery to specific brain regions.
An introduction to the BBB and a brief overview of the methods which can be used to circumvent
the BBB to promote drug delivery is provided. In particular, we discuss the advantages and
limitations of FUS technology and the efficacy of FUS-mediated drug delivery in models of
disease. MRI for targeting and evaluating FUS treatments, combined with administration of
microbubbles, allows for transient, reproducible BBB opening. The integration of a real-time
acoustic feedback controller has improved treatment safety. Successful clinical translation of FUS
has the potential to transform the treatment of brain disease worldwide without requiring the
development of new pharmaceutical agents.
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2. Introduction to the Blood-Brain Barrier (BBB)

The exchange of water, ions, nutrients, waste, and other substances, between the plasma,
interstitial fluid and intercellular components of the body's organs occurs by a combination
of diffusion, filtration, osmosis and active transport [1,2]. However, exchange from the
blood to the interstitial fluid of the brain is remarkably different due to the inherent
differences between the peripheral and central blood vessels. In peripheral organs, the blood
vessels are ‘leaky’ and allow passage of nutrients into the organs [3]. In the central nervous
system, the blood vessels are separated from the brain by a specialized, structure known as
the blood brain barrier (BBB). The BBB is formed by brain-specific endothelial cells and
supported by the cells of the neurovascular unit to limit the passage of polar molecules or
large molecules such as proteins and peptides into or out of the brain interstitium [4,5]. The
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endothelial cells of the BBB have developed specific transporter systems to still allow the
controlled transport of necessary peptides and proteins, even under pathological conditions
[6,7,8]. The BBB functions to maintain the delicate environment required for proper
neuronal function however it also serves as a serious impediment to the pharmaceutical
treatment of brain diseases. This review will provide an overview of the structure and
function of the BBB as well as the current approaches to overcoming the BBB for treatment
of neurodegenerative disease, psychiatric illnesses and brain cancers.

a. History of the BBB

b. Structure

In the late 1800's, scientist Paul Ehrlich observed that intravenous injection of dyes such as
Trypan blue, stained all of the organs except for the brain and spinal cord [9,10,11]. These
experiments were followed up with studies by Max Lewandowsky and colleagues who
showed that neurotoxic agents only affected brain function when they were injected directly
into the brain. The same neurotoxic agents did not impact the brain when delivered through
the vasculature [11,13]. Decades later, one of Erlich's associates demonstrated that when the
same dyes were injected directly into the cerebrospinal fluid, only the brain and spinal cord
became stained, thereby leading to the adoption of the term the blood-brain barrier [11,14].

The confirmation that the BBB was more than a mechanical barrier was first realized in
1967 when it was reported that the BBB is comprised of the capillary endothelial cells [15].
Using horseradish peroxidase as a tracer, the authors demonstrated that the peroxidase was
unable to bypass the endothelial cells due to the presence of continuous tight junctions
between adjacent endothelial cells. They also indicated that there were considerably fewer
transport vesicles in the brain endothelial cells compared to other tissues. These findings
now make up two of the main features of the BBB:

1) presence of tight junctions which limit paracellular transport
2) reduced fenestrations and transport vesicles which limit transcellular transport.

The experiments by Reese and Karnovsky were the first to define the unique anatomical
features of the brain endothelial cells, which support their function as the blood-brain
barrier. These histological findings combined with early physiological studies [16,17]
changed the concept of the BBB from an impenetrable mechanical barrier to a dynamic
structure that actively transported ions and nutrients to maintain homeostasis throughout the
brain [17].

and Function of the BBB

Endothelial cells line the blood vessels throughout the body and they support the free
exchange of solutes. However, as the vessels enter the CNS, the endothelial cells form a
continuous barrier connected by tight junction proteins, which limits the exchange of solutes
to lipophilic molecules which are less than 400Da [18]. The tight junctions contain
transmembrane proteins including occludin, claudins and junctional adhesion molecule
(JAM), which form structural homodimers with adjacent cells. The importance of these
proteins to the function of the BBB is varied. Occludin is a protein found exclusively in tight
junctions. However, occludin knockout mice develop a normal BBB, suggesting that the
brain can compensate for the loss of occludin and that the protein is not necessary for proper
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barrier formation [19]. On the contrary, claudin 5 deficient mice have a barrier that appears
structurally normal however there are significant functional deficits likely contributing to
death of the animals as neonates [20]. The role of JAM in development and maintenance of
the BBB is not yet understood.

The tight junctions are strengthened by the anchoring of the transmembrane proteins to
intracellular protein networks such as zonula occludens-1 (ZO-1), ensuring that strong
intercellular connections inhibit paracellular transport [11].

In addition to intercellular connections, the endothelial cells have reduced fenestrations and
many fewer vesicles, which leads to less transcytosis. Instead, molecules that are necessary
for brain function are transported using specific transport systems.

The brain demands approximately 20% of the body's total supply of glucose daily [21].
Therefore, though the BBB excludes blood cells and plasma from the brain, other necessary
nutrients, such as glucose and essential amino acids must be transported in using specific
carrier proteins. The endothelial cells are rich in the glucose transport protein (GLUT-1) to
ensure adequate glucose is transported across the barrier. Similarly, the essential amino
acids are transported by the common receptors L1 and y* [11]. Pumps on the luminal side of
the BBB actively transport amino acids back into the circulation in order to maintain a
steady concentration. Furthermore, a group of ABC efflux transporters embedded in the
endothelial cells, efficiently removes drugs from the brain even if they are able to pass the
BBB. Among these ABC transporters are p-glycoprotein, multidrug resistance-associated
protein and breast cancer resistance protein [22].

In addition to carrier proteins, the BBB also has ion transporters to control the relative
concentrations of Na*, K* and CI~ ions across the barrier, receptors for transport via
caveloae dependent endocytosis and active efflux mechanisms to ensure that any toxic
molecules that do pass are shuttled back.

c. BBB Development

Development of a functional BBB is evident even in the early stages of embryonic brain
development. Recent studies have suggested that the barrier is functional in a mouse by
E15.5 [23]. The signaling pathways implicated in the development of the BBB were recently
reviewed by Obermeier and colleagues [24] so instead, here we will focus on the cellular
support required for proper development of the BBB. Although the endothelial cells are the
main component of the BBB, the development of the BBB is governed partly by the
interaction of endothelial cells with the neurovascular unit including astrocytes, pericytes
and the basal lamina (Figure 1).

Astrocytes are important for regulating the neuronal environmental milieu and they
contribute to BBB regulation of water via the abundant aquaporin 4 (AQP4) channels which
are present in their perivascular endfeet [25]. In addition, astrocytes have long been
suggested to be crucial for proper development of a functional BBB. Original co-culture
experiments demonstrated that brain endothelial cells exhibited barrier-like properties when
cultured with astrocytes or astrocyte conditioned media [26]. It was suggested that astrocytes
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secreted soluble factors important for barrier-forming properties of the endothelial cells [27].
More recently, it has been shown that astrocytes are important to the maintenance of the
BBB rather than the development. Astrocyte signaling can upregulate the expression of tight
junction proteins as well as participate in the post-translational modification of these
proteins [28,29]. As well, production of laminin by astrocytes is required for maintaining
BBB integrity and knockout of the astrocytic laminin specifically leads to BBB breakdown
[30]. Finally, astrocyte-derived proteins, such as ApoE4, can activate a pro-inflammatory
pathway leading to chronic BBB opening [31].

It is known that pericytes envelop the cerebral microvessels providing structural stability.
However, the role of pericytes in BBB function has been elusive due to lack of a specific
marker until recent publications identified a pericyte deficiency in the platelet derived
growth factor receptor beta (PDGFR-f ) knockout mice [32]. The mutation was found to be
lethal, but study of the embryo suggested that the endothelial cells had an abnormal
distribution of tight junction proteins and that the barrier had increased permeability. It has
since been shown that pericytes are involved in the maintenance of barrier properties of the
endothelial cells and reduced pericyte coverage of the BBB led to chronic BBB opening and
infiltration of multiple neurotoxic products (eg. fibrin, thrombin) [33]. In mice with reduced
PDGFR-B signaling, a strong negative correlation was reported between the vascular
permeability and the extent of pericyte coverage of the vessel [34] and the increased
permeability was suggested to be due to defective regulation of transcytosis.

The basement membrane, composed of structural proteins such as collage 1V, laminin and
fibronectin, also contributes to the development of barrier properties of the endothelial cells.
The basement membrane positions the cells of the neurovascular unit in proximity to each
other and controls their interaction. Binding of extracellular matrix molecules to
transmembrane receptors on the pericytes, endothelial cells and astrocytes can lead to the
activation of growth factor release and initiation of downstream signaling cascades for cell
growth and differentiation [35].

d. State of the BBB in Disease

Breakdown of the BBB has been observed in several neurodegenerative diseases including
Alzheimer's disease, Parkinson's disease, Amytrophic Lateral Sclerosis (ALS) and Multiple
Sclerosis [35]. At this stage, it is unclear whether BBB breakdown is a result of the
pathology or if it is an underlying cause of disease. Due to the complexity of the pathology
of these diseases, there are often several deficits observed. For example, reduction in p-
glycoprotein expression in Parkinson's disease may lead to the influx of neurotoxins leading
to neuronal death [36]. In Alzheimer's disease, pericyte deficiency and therefore, chronic
BBB opening, elevates AB40 and AB42 levels and accelerates cerebral amyloid angiopathy
[37]. Brain endothelial receptors, including lipoprotein receptor related protein 1 (LRP) and
receptor for advanced end glycation products (RAGE), have both been implicated in
amyloid transport across the BBB and therefore are potential therapeutic targets for new
Alzheimer's drug development [38,39]. For ALS, the current dogma suggests that disease
onset is due to toxins produced by microglia and astrocytes in the spinal cord. Leakage of
plasma proteins into the cerebrospinal fluid around the spinal cord suggest BBB breakdown
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and provide a mechanism of activating microglia and astrocytes. Pericyte degeneration has
been shown to lead to motor neuron injury in the spinal cord which may be related to ALS
onset and pathology [40,41].

3. Limitation of the BBB for Pharmaceutical Treatment of Disease

In order to effectively cross the BBB, small molecule drugs must be less than 400Da and
have high lipid solubility. These stringent characteristics mean that “98% of all small
molecules and 100% of the large molecule therapeutics (antibodies, proteins, gene
therapeutics, cells, etc) are unable to cross the BBB in therapeutic quantities [18]. Without
using a drug delivery strategy, the BBB effectively limits pharmaceutical treatment of brain
diseases to depression, schizophrenia, chronic pain and epilepsy [18]. Neurodegenerative
diseases, psychiatric illness and brain cancers are increasing at alarming rates and the
current lack of therapeutic options for treatment of these diseases is due primarily to the
presence of the BBB.

a. Current methods for overcoming BBB problem

Several techniques have been used to circumvent the BBB to promote drug delivery into the
brain (Table 1). Direct injection into the brain is the most efficient for drug delivery into the
brain region of interest. Stereotactic coordinates, MRI or neuronavigation systems can be
used to position needles and pumps in the areas of interest. Clinical trials for Parkinson's and
Alzheimer's disease have seen positive results using direct injection, however there are many
risks to these types of surgical procedures including damage to the healthy brain tissue,
potential for hemorrhage, and infection.. Furthermore, there are generalized risks associated
with anesthesia and surgery which would eliminate some patients from receiving treatment
[42]. Less invasive options would include intrathecal injection into the cerebrospinal fluid,
however the rapid transport of drug from cerebrospinal fluid to the bloodstream does not
eliminate the need to bypass the BBB and makes the drug concentrations at the target
unpredictable [43,44].

Methods to induce generalized BBB permeability using sugar alcohols, solvents and
vasodilators have also been effective for drug delivery [45,46]. These agents induce rapid,
widespread BBB permeabilization and expose the healthy brain tissue to the potentially
toxic compounds in the circulatory system.

i. Carrier proteins—There are some drugs which have an expected affinity for a BBB
carrier mediated transport system due to the conformational structure of the drug. One such
example is the drug L-DOPA, a dopamine precursor which is an effective treatment for
Parkinson's disease. L-DOPA is a neutral amino acid and it is transported into the brain
using the LAT-1 carrier protein which functions to normally transport neutral amino acids
[47]. However, more commonly, drugs are modified with a moiety which increases the
affinity of the drug for one on the carrier proteins. Addition of cysteine, a small neutral
amino acid to a non-transportable drug, can make the drug appear as a large neutral amino
acid thereby increasing uptake [48]. Another method for exploiting a protein to deliver drugs
across the BBB includes conjugating a drug to an antibody against a BBB receptor such as
the human insulin receptor or the transferrin receptor. The antibody binds to its receptor in
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the BBB and initiates transport across the BBB thereby acting as a molecular Trojan Horse.
These Trojan Horse proteins have been engineered to express wide classes of therapeutics
including enzymes and neurotrophins [49].

ii. Pharmacological changes—To improve the transport across the BBB, small
molecule drug candidates are being modified to improve their transport across the BBB.
These modifications may include the ‘lipidization” of a water-soluble drug by blocking the
functional groups which form hydrogen bonds [44]. Since this can affect drug activity, it
hasn't been widely used. Instead, most often, chemical modifications increase the affinity of
a drug for a known carrier mediated transporter such as the ones mentioned above. Overall
this strategy to promote drug delivery increases intracellular uptake by brain endothelial
cells but often the drug does not reach therapeutic concentrations in the target region of the
brain.

iii. Intranasal delivery—The intranasal route of administration into the brain has gained
attention in recent years due to the highly vascularized nasal mucosa supporting rapid drug
absorption and elimination of the first pass metabolism which enhances bioavailability of
the drug in vivo [50]. As well, the nasal epithelium is adjacent to the cerebrospinal fluid flow
which promotes direct delivery into the cerebral spinal fluid for direct delivery to the brain
without needing to cross the BBB [51]. Recently, it was demonstrated using fluorescent
tracer molecules that therapeutic agents delivered intranasally may travel through the
perivascular spaces to reach the brain [52]. While these experiments have been promising in
rodents, the method requires that the drug penetrate large brain regions which may be
difficult in humans [44].

4. Focused Ultrasound

Focused ultrasound (FUS) is a non-invasive method where ultrasound is used to transiently
open the BBB in highly targeted brain regions. This promotes movement of drugs delivered
in the circulation into the brain [53]. FUS has been used to deliver a vast array of therapeutic
agents in preclinical models of disease. The optimization of the method, mechanisms of
induced BBB permeability and translation to clinical application will be discussed.

High power ultrasound had been used to open the BBB but because of the potential for
thermal coagulation and the formation and collapse of gas bubbles (cavitation), the achieved
bioeffects were unpredictable, varying from BBB opening to gross hemorrhage [54,55]. In
2001, Hynynen and colleagues modified the method to produce safe, reproducible BBB
opening by combining low power ultrasound with the delivery of intravenous preformed
microbubble contrast agent. The microbubbles act to concentrate the acoustic energy inside
the blood vessel [53]. When the preformed circulating microbubbles pass through the
ultrasound field, they oscillate at the frequency of the ultrasound, a process known as stable
cavitation. The stable expansion and contraction of the microbubbles causes mechanical
stimulation of the blood vessels leading to transient, reproducible, BBB opening (Figure 2).
Since the microbubbles concentrate the ultrasound energy, the amount of ultrasound
pressure required to open the BBB is significantly reduced thereby limiting the risk of skull
heating and making transcranial ultrasound treatments feasible [56]. At lower pressures, in
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the presence of microbubbles, damage to the brain tissue was avoided except for the
extravasation of a few red blood cells.

The use of magnetic resonance imaging (MRI) as an imaging modality to guide and evaluate
BBB opening allows precise targeting. MRI provides excellent soft tissue contrast thereby
visualizing specific brain structures to be targeted for drug delivery. Furthermore, using
contrast enhanced T1-weighted images the treatment can be evaluated. It has been shown
that the percentage of signal enhancement on contrast-enhanced T1-weighted images is
correlated to the relative amount of BBB opening and can also be correlated to the amount
of drug delivery [57].

Several groups have investigated the ultrasound parameters that lead to optimal BBB
opening for drug delivery. The range of frequency which is suitable for clinical transcranial
ultrasound application is likely between 0.2 and 1.5 MHz but in rodents a much larger range
has been tested. The threshold of ultrasound pressure required for BBB opening is related to
the mechanical index which is defined as the peak negative pressure in vivo by the square
root of the frequency [58]. The mechanical index indicates that higher ultrasound pressures
are required for effective opening when higher frequencies are used. While ultrasound up to
8MHz has been used to open the BBB in mice, the high pressures required for BBB opening
make it unlikely that these frequencies will be applicable in humans [59]. In addition to
frequency, duration of the ultrasound pulse and pulse repetition frequency have been
investigated for BBB opening. Pulse durations ranging from a few ps to 100 ms have been
tested in rodents [53,60-62]. Short pulse lengths (2.3 - 3us), tested for their ability to
eliminate standing waves in the brain, were able to open the BBB effectively [61,62]. When
shorter pulses were used, the mean enhancement observed on T1-weighted MRI images, is
greater with a higher pulse repetition frequency and less with a lower pulse repetition
frequency [62]. Increasing the pulse length was correlated to increased enhancement on a
contrast enhanced T1-weighted image [63] with no real benefit of using pulse lengths over
10 ms [60]. For longer pulses, it has been suggested that there may be insufficient time for
microbubbles to reperfuse if the pulse repetition frequency is too high [64] however,
changes in repetition frequency did not significantly impact BBB permeability when tested
in vivo [60]. Finally, the microbubble size and dose can also have a significant impact on
BBB permeability [65-69]. Overall, these studies have suggested that at set pressures, more
BBB opening (and the potential for damage) is correlated with both larger microbubble size
and higher microbubble dose. Recently, it was shown that at lower ultrasound pressures,
differences between microbubble preparation could have significant effects on BBB opening
but that size distribution and type of microbubbles was less important at higher pressures
potentially due to the induction of inertial cavitation [70].

a. Overview of advantages and challenges of FUS

There are 3 main advantages to using FUS as a method for temporary BBB opening in the
brain. First, FUS is non-invasive. The application of transcranial FUS eliminates the need
for invasive surgery to deliver therapeutics to the brain. This not only reduces the risk
associated with surgery and anesthetic but also improves the ability for repeated treatments
for chronic disease applications. Also, the microbubbles are delivered intravenously,
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eliminating the need for risky arterial catheterization. Second, the introduction of MRI as an
imaging method for targeting the brain allows the FUS to be directed to the brain region of
interest. The area of BBB opening is correlated to the size of the focal spot with higher
frequency transducers producing a tighter focal spot. As an example, this would be
advantageous for chemotherapeutic treatment of brain tumours where the access of the drug
would be limited to the tumour and it's periphery and prevented from accessing the
remaining healthy brain tissue. However, using multiple sonications, FUS treatments could
also be tailored to treat diseases with more widespread pathology such as Alzheimer's
disease. The concept of targeting FUS depending on the extent of the pathology has been
demonstrated effectively in preclinical models of disease. For example, single sonications
were successful for delivering boronophyenylalanine to the tumour in a rat glioblastoma
model for boron neutron capture therapy [71] whereas, in a mouse model of Alzheimer's
disease, anti-amyloid antibodies were effectively delivered to an entire hemisphere to reduce
widespread plaque pathology in the cerebral cortex [72]. We believe a similar sonication
strategy could be used to deliver therapeutics to an infiltrating tumour with poorly defined
margins. Finally, BBB opening with FUS is transient and is closed as early as 6 hours after
treatment when ultrasound parameters that don't result in damage are used. Once closed, the
BBB appears to function normally and remains closed [73,74]. These data indicate that FUS
does not produce long-term deficits in barrier function.

Many of the studies aimed at optimizing FUS parameters have been performed on healthy
animals and it is possible that BBB opening will not be effective or that the BBB may not be
able to fully repair itself when FUS is applied in models of disease. Recently, it was
demonstrated using two-photon microscopy that significant differences in the kinetics of
FUS-mediated BBB opening exist between a model of Alzheimer's disease and their non-
transgenic littermate controls [75]. These data showed that less drug is delivered in
transgenic mice compared to the non-transgenic using the same set of ultrasound parameters
indicating that FUS parameters may have to be optimized for application in specific
diseases. Further study is required to ensure BBB opening is effective and reliable in models
of disease. As well, recent evidence has highlighted that BBB opening can lead to
stimulation of new neurons in the hippocampus of the mouse brain [75,76]. These data are
exciting and suggest that FUS may have beneficial effects on the brain beyond a method for
drug delivery.

b. Physical and cellular mechanisms

Despite the success of FUS as a method for drug delivery in preclinical models, the exact
mechanisms by which the barrier is opened are unknown. At low ultrasound pressures,
microbubble oscillation in stable cavitation is likely to be the cause of opening. Microbubble
oscillation creates microstreaming and generates shear stress in the vessel depending on the
ultrasound frequency, vessel diameter, and microbubble size [77]. The vascular endothelial
cells can respond dynamically to sheer stress [78]. In vitro experiments have shown that the
stresses on the vessel wall occur during the expansion and contraction phase of the bubble
oscillation however the stress is much greater in the contraction phase of the bubble [79].
Using high-speed microscopy, it was observed that the vessel wall is pulled in to the lumen
which may be a cause for BBB opening [79]. In addition to shear stress, circumferential
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stress is generated by microstreaming of the blood around the oscillating microbubble which
may also contribute to the pressure on the microvessel leading to BBB opening [80]. These
mechanical stresses generated by the microbubbles may stimulate the mechanosensitive ion
channels in the endothelial cells, leading to BBB opening [81]. Inertial cavitation has been
suggested as a potential mechanism for BBB opening. The associated high-velocity
microjetting and extreme local temperature rise associated with inertial cavitation would
certainly cause BBB opening [80] however, monitoring of the acoustic emissions during
FUS treatments have shown that BBB opening is possible in the absence of inertial
cavitation [60,82-84]. Analysis of the spectral information indicated that increases in
harmonics and ultraharmonics, indicative of microbubble activity are correlated with BBB
opening Spectral analysis has demonstrated BBB opening is correlated with increases in
harmonic and ultraharmonic emission [60,82]. The presence of broadband emission,
indicative of inertial cavitation, was correlated with extravasation of red blood cells and
edema suggesting that mechanisms of BBB opening in the absence of microhemorrhage do
not involve inertial cavitation.

In vitro studies using the high-speed Brandaris camera are likely to be the key to
understanding the mechanisms of BBB opening in the near future. The camera has been
used to identify shear stress, microjetting and other effects of microbubbles under the effects
of ultrasound in a vessel [85].

The physical stresses generated by interaction between the ultrasound and microbubbles
leads to cellular changes at the BBB. Electron microscopy has been used to identify that
drugs and tracer molecules pass through the BBB after FUS via transcellular and
paracellular mechanisms [86,87]. In total, 4 possible routes of molecular passage across the
BBB have been identified when appropriate FUS parameters are employed: transcytosis
using cellular vesicles (carrier mediated transport and receptor mediated transport),
endocytosis, paracellular passage through widened tight junctions, and through the
cytoplasmic channels in the endothelium (Figure 3).

Electron microscopy has been used to identify an increased number of vesicles in
endothelial cells following FUS-mediated BBB opening [86,87]. Vesicles containing tracers
and labeled drugs have been identified within the endothelial cells confirming transcellular
transport [86]. The presence of cytoplasmic channels has also been identified and has
suggested to be due to the fusion of several vesicles [88]. Upregulation of caveolin proteins
using immunohistochemistry and Western blot procedures confirms that FUS induces active
transport of molecules across the BBB [89,90].

Reduction of tight junction proteins has supported the notion that molecules move
paracellularly through the BBB following FUS [86,87]. Tight junction proteins have been
downregulated following FUS but returned to pre-treatment levels by 4 hours confirming
that the effects of FUS on the BBB are transient [87]. The tight junction changes observed
after FUS were consistent with what has been reported using mannitol. It is unknown
whether FUS downregulates the expression of the proteins or if it induces reorganization
causing masking of the antigen. There is evidence that the FUS downregulates a gap
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junction protein which connects to ZO-1 suggesting that it likely downregulates tight
junction expression as well [91].

Recent experiments using two-photon microscopy have continued to explore the
mechanisms of BBB opening after FUS [92,93]. Using fluorescent dyes as models for drug
delivery, it was observed that leakage of the dye from intact vessels following BBB opening
with FUS could be characterized as either ‘fast’ or ‘slow’. The characterization was based
on the temporal dynamics of leakage with ‘fast’ describing leakage which reached
extracellular peak intensity during the FUS treatment. ‘Slow’ leakage began 5-15 min after
FUS treatment and occurred along the length of the vessel [93]. The authors suggested that
the two leakage types corresponded to paracellular transport (fast leakage) and transcellular
transport (slow leakage). Current studies aimed at histological examination of vessel leakage
under two-photon microscopy are ongoing and will soon provide further information
regarding the leakage type.

c. Drug delivery

As a method for evaluating BBB opening, MRI contrast agents (500-900Da) are delivered
during FUS treatment and their extravasation into the brain parenchyma is assessed in
follow up imaging [53] (Figure 4). For experimental procedures using MRI, animals are
placed in a secure apparatus and their head is coupled to the ultrasound transducer using
water or ultrasound gel. T2-weighted MR images are used to identify and target locations of
interest into the brain. Following treatment, T1-weighted images are used to visualize
leakage of MR contrast agent in regions where the BBB is opened (Figure 3). Tracer
molecules including Trypan and Evan's blue ("70kDa when bound to albumin in vivo) are
used to identify the regions of BBB opening using gross histology [53,68,70,82,86]. In
addition to tracer molecules, FUS has been used to effectively deliver a wide range of
therapeutics to specific brain regions. These experiments have been summarized in Table 2.

d. Effects of Ultrasound Alone

In recent studies, FUS has proven to be more than just a method for drug delivery. In a
model of Alzheimer's disease, FUS-mediated BBB opening reduced plaque pathology even
in the absence of drug delivery [95]. The authors found two potential mechanisms. First,
they demonstrated that endogenous immunoglobulins (IgG and IgM) were increased in the
brain following FUS indicating that perhaps immunoglobulins assist in the clearance of
amyloid plaques. Second, FUS-mediated BBB opening led to activation of astrocytes and
microglia which were found to have increased amyloid internalization [95]. In another
study, FUS-mediated BBB opening was reported to increase neurogenesis in the
hippocampus [76]. In this study, mice received bromodeoxyuridine (BrdU), a thymidine
analog which incorporates into the DNA of dividing cells after FUS treatment. Analysis of
the BrdU expressing cells post mortem indicated that a significant number of new neurons
were born in the neurogenic region of the hippocampus suggesting that FUS-mediated
changes in BBB permeability can stimulate new neuron growth. These data were supported
in a recent study, which demonstrated that FUS treatment significantly increased the number
of immature neurons in the hippocampus in a mouse model of Alzheimer's disease [75].
Although the mechanisms underlying FUS induced neurogenesis are unknown, the data
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correlates to a previous report that FUS can induce signaling of the Akt, pro-survival and
differentiation pathway [96]. Moreover, FUS application (in the absence of microbubbles)
has been shown to increase expression of brain-derived neurotrophic factor (BDNF) in the
brain [97]. BDNF is known to be a potent modulator of neural plasticity and thus a
combination of BDNF activation and initiation of Akt signaling may be one of the methods
by which FUS-mediated BBB opening affects the brain.

The safety of FUS-mediated BBB opening for applications in humans was best
demonstrated in recent studies using non-human primates. BBB opening was achieved in
non-human primates using both a commercially available, clinical ultrasound array [74] and
a single element transducer [98,99]. The design of the clinical transducer reduces the
aberrations in the transmitted ultrasound created by variations in skull bone thickness and
density [74]. Non-human primates were treated multiple times in multiple locations and
were found to perform as well in visual and learning tests after the FUS-mediated BBB
opening as they performed prior to the treatment. This evidence strongly supports the safety
of FUS for BBB opening in the brain [74].

MRI has been the main tool for evaluating BBB opening after FUS treatment [53] however
MRI can only be performed post-treatment and thereby is not capable of monitoring the
treatments for safety purposes. As a method for providing real-time feedback, several
different groups have developed systems to detect and monitor the acoustic emissions from
the microbubbles [82,83,100]. One example is the development of a real-time acoustic
feedback controller which increases the power in a step wise fashion with each ultrasound
burst. The acoustic emissions from the microbubbles are monitored with a hydrophone at the
focus. The emission data is analyzed and once ultraharmonic emissions are detected, the
applied ultrasound power is reduced to a defined percentage. In rats, a reduction to 50% of
the transmitted power has resulted in effective BBB opening with no red blood cell
extravasation or other detrimental effects [82]. The implementation and testing of a
controller system into a clinical array would allow the operator to monitor and control the
FUS treatment thereby improving the safety of clinical FUS treatments.

5. Expert Commentary

The BBB has been recognized as the single most important factor limiting drug delivery to
the brain for treatment of brain disorders. Current research into the development and
function of the BBB has identified cells of the neurovascular unit, including pericytes, as
key functional regulators of BBB permeability. Despite the recent advancement in
understanding BBB development, the barrier remains a significant hurdle for therapeutic
agents targeted to the brain. There have been several methods used to circumvent the BBB,
each having their own advantages and disadvantages. Drug modification has been successful
for getting large pharmaceutical agents into the brain, but the treatments are not targeted and
it can be challenging to get therapeutic concentrations where they are required. Drug
delivery methods such as intranasal delivery, has been successful in preclinical models
however the ability to translate the technology to the clinic is currently unclear. We believe
that FUS-mediated BBB opening is the best method to non-invasively deliver drugs of
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varying sizes to targeted regions of the brain. FUS has shown great success in preclinical
models and recent application of FUS in the non-human primate brain using a clinical
transducer has suggested that clinical translation is feasible.

The addition of microbubbles to the FUS procedure significantly improved the consistency
and reproducibility of BBB opening. Using microbubbles, several groups have investigated
the optimal parameters for ultrasound application which result in transient opening with
limited bioeffects to the surrounding tissue. Perhaps the most significant contribution to the
optimization of FUS was the development of a real-time acoustic feedback control system.
The feedback controller increases the applied pressure of each burst in a step-wise fashion
and analyzes the received spectral information. When the presence of ultraharmonics are
detected, the controller reduces the applied pressure to a user defined percentage [82]. The
controller eliminates the variability in the extent of BBB opening reported by other studies
using fluctuating microbubble sizes or concentrations.

Despite the many technological advances in FUS methodology, the adoption of the
technique for clinical application has been slow. We suggest that this is partially due to the
general knowledge that a functioning BBB is necessary for maintaining a healthy brain.
While we agree with the many studies that support the need for a properly functioning BBB,
our recent work has suggested that temporary opening of the BBB is not accompanied by
any adverse side effects in the healthy brain. In general, preclinical studies in both rodents
and non-human primates have failed to show any adverse effects such as neuronal death or
degeneration, inflammation, or infection. Furthermore, using FUS to open the BBB in
rodent models of disease has actually led to improvements in pathology and behavior even
in the absence of exogenous drug delivery. Since FUS can be targeted to small brain
volumes, only regions which exhibit pathology are subject to BBB opening thereby limiting
the proposed toxic effects of exposure to the circulation. However, there are other
limitations of the FUS technology that may be contributing to the lack of widespread clinical
adoption. For example, significant questions about the repeatability of the FUS procedure
remain, which makes FUS currently unsuitable as a long-term treatment solution for brain
disease. As well, the current dependence of the technology on MRI and access to a specially
trained operator make the cost of FUS prohibitive outside of major hospital centers. As the
technology continues to improve, the number of brain regions that can be treated may be
increased thereby making FUS relevant for treatment of a wider range of brain diseases.

There is a growing body of literature which supports the transient, localized opening of the
BBB with FUS as a method for drug delivery. Continued research to answer the questions
and concerns which remain is necessary to lead to a paradigm shift whereby the BBB is
known only as a temporary obstacle to overcome for effective treatment of brain disease by
FUS.

While there is much work to be done to understand the full effects of FUS-mediated BBB
opening on the brain and to demonstrate the safety of the technique, the research completed
thus far clearly suggests that FUS represents a promising strategy that will be essential for
the future treatment of brain disease.
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6. Five Year View

There is much work to do to better understand the molecular and cellular mechanisms of
MRIgFUS mediated BBB opening in order to improve safety measures for clinical
translation. However, the next five years will be crucial for moving FUS forward as a
clinical method for BBB opening for treatment of brain disease. The first clinical application
of BBB opening will be for treatment of brain tumors due to their localized treatment area
and vast body of evidence demonstrating that improved chemotherapeutic access through
the BBB will reduce tumor size. Further, the vasculature at the tumor core is defective and
thus there are fewer concerns with FUS mediated opening of the blood-tumor barrier than
with the BBB. The worlds first clinical trial to assess MRIgFUS for targeted delivery of
chemotherapeutics to brain tumors is set to begin in 2015 at Sunnybrook hospital in Toronto
[122]. In this Phase I clinical trial, MRIgFUS will be targeted to a specific region around the
brain tumor with a cancer cell density of less than 1 in 10 cells. If successful, MRIgFUS will
deliver chemotherapeutic to the fringe region of the tumor, eradicate the remaining cancer
cells and reduce the recurrence of brain cancer. It will be necessary to perform long-term
survival studies to determine the effectiveness of this treatment.

In addition to brain tumor applications, there are other potential directions for clinical use of
MRIgFUS over the next five years. Significant progress has been made in preclinical models
of Alzheimer's disease indicating that BBB opening may be beneficial for treatment of the
disease. However, there are many gaps in our understanding of Alzheimer's disease
including the link between vascular disease and Alzheimer's. Without sufficient mouse
models that exhibit all of the pathology of the disease including plaques, tangles, neuronal
death, cognitive deficits and vascular pathology of the disease, it is difficult to predict the
effects of FUS in a patient trial. Substantial research efforts focused on the effects of FUS on
the compromised vasculature in a brain affected by Alzheimer's disease are essential to the
progress of MRIgFUS as a treatment for Alzheimer's disease.

Overall, MRIgFUS has the potential to truly revolutionize the treatment of brain disease in
the next five years. Should the clinical application of BBB opening for the treatment of brain
tumors prove successful, MRIgFUS will transform the way that we approach cancer and
provide a safe and precisely targeted method to destroy tumor tissue and prevent its
recurrence. In addition, with the aid of further knowledge concerning neurodegenerative
diseases such as Alzheimer's disease, and studies in complete preclinical models, MRIgFUS
could provide an effective treatment for diseases that are becoming an increasingly serious
concern in our society.
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7. Key Issues

»  The BBB in healthy individuals functions to protect the brain from harmful
agents and bacteria but has also posed as a major obstacle to drug delivery into
the brain, preventing the treatment of neurological damage and
neurodegenerative diseases.

»  Almost all pharmaceuticals developed to treat neurological conditions are too
large to pass through the BBB in therapeutic concentrations and it has been
difficult for methods developed to circumvent the BBB (such as carrier proteins
and intranasal delivery) to deliver therapeutic amounts of drug.

e FUS is a non-invasive method where ultrasound is used to transiently open the
BBB in highly targeted brain regions and has been shown to deliver therapeutic
amounts of drugs of varying sizes to these regions in preclinical models.

e Combining low power ultrasound with the delivery of intravenous preformed
microbubble contrast agent causes mechanical stimulation of the blood vessel
through stable cavitation when the microbubbles encounter the ultrasound field,
leading to transient, reproducible BBB opening.

» The degree of FUS-mediated BBB opening can be affected by the frequency
(and therefore the pressure) of transmitted ultrasound, duration of the ultrasound
pulse, pulse repetition frequency and microbubble size and dose.

» Advantages of the use of MRIgFUS for BBB opening include the elimination of
the need for invasive surgery for drug delivery to the brain, precise targeting of
brain regions for treatment using MRI, and transient opening absent of long-
term deficits in barrier function.

»  Obstacles in the way of widespread clinical adoption of FUS include questions
surrounding the repeatability of the FUS procedure, unknowns about the full
impact of the treatment on the target and off target brain tissue and the current
dependence of the technology on MRI and a specially trained operator.

»  FUS has been shown to be safe in preclinical models, with safety translating to
human patient trials if the further development of the clinical transducers
integrate safety measures such as the real-time acoustic feedback controller
which allows the operator to monitor and control the FUS treatment.

e  Clinical translation of MRIgFUS for treatment of brain tumors within the next
five years is essential for moving MRIgFUS towards widespread clinical
adoption.

Expert Rev Neurother. Author manuscript; available in PMC 2016 January 06.



1duosnuely Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Burgess et al. Page 22

Astrocyte end-foot

Pericyte

Tight Junctions

Red Blood Cell

Endothelial Cell

Lumen

— Neuron

Figure 1. The blood-brain barrier (BBB)
The BBB is composed of endothelial cells which are connected via tight junctions to limit

transport across the BBB. The endothelial cells are supported by components of the
neurovascular unit which help to regulate permeability, nutrient exchange and homeostasis.
These components include pericytes, astrocytes, neurons as well as the basement membrane.
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Figure 2. BBB opening with FUS
A) Preformed microbubble contrast agent is injected intravenously and moves through the

blood vessel. The microbubbles undergo stable cavitation and expand (B) and contract (C)
when they travel through the low power ultrasound field. This causes the blood vessels to be
mechanically stimulated and the BBB to be opened, allowing therapeutic agents temporarily
to move into the brain.
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Figure 3. Mechanisms of transport across the BBB following FUS
4 main methods of transport across the BBB have been identified following FUS-mediated

BBB opening (redrawn after Abbott et al., 2006). A) Increased vesicles observed by electron
microscopy indicated that transcytosis with either carrier proteins or receptor mediated is
upregulated. B) Caveolin proteins are significantly increased at 1 hour after FUS treatment
suggesting a role for caveolin-mediated endocytosis. C) Downregulation of tight junction
proteins has shown that paracellular transport can occur following FUS treamtent. D)
Cytoplasmic channels created potentially by the fusion of vesicles or damage to the capillary
endothelium have been observed using electron microscopy.
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A.

Degassed water

FUS positioning system

Figure 4. Experimental set up for FUS-mediated BBB opening
A) The animals are positioned on a 3 axis FUS positioning system with the head coupled to

a tank of degassed water (adapted from Burgess et al., 2011). B) A T2-weighted MR image
is taken and used to target the region of interest for drug delivery. The bilateral hippocampus
is indicated by 4 red arrows. C) Following FUS treatment, contrast-enhanced T1-weighted
images are used to identify leakage of contrast agent into the brain parenchyma. 4 spots of
contrast enhancement correspond to the targeted spots in the hippocampus.

Expert Rev Neurother. Author manuscript; available in PMC 2016 January 06.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Burgess et al.

Table 1

Page 26

Methods to circumvent the BBB for drug delivery to the brain. This table briefly summarizes the methods that
have been developed to deliver drugs through the BBB.

Category Therapeutic Agent Key Findings References
Dopamine receptor D4 First study to show successful antibody delivery to the brain. [86]
antibodies
Human epidermal growth factor Local and non-invasive delivery of the antibody to the brain [87,88]
receptor 2 (HER2/erbB2) suggesting application for brain tumour

Antibodies Amyloid-p antibodies Ap antibodies delivered to brain, bound to plaques in mouse [78]
model of Alzheimer's disease
Amyloid-$ antibodies First study to show reduction in plaque pathology upon delivery [57]
of antibodies with FUS
Endogeneous 1gG and IgM Reduction in plaque pathology corresponding to significant [80]
increases in delivery of endogeneous IgG and IgM
cc-siRNA-Htt FUS-delivered siRNA-HItt to the rat striatum led to significant [89]
reduction of Htt expression in a dose dependent manner.
Vascular endothelial growth Delivery of microbubbles coated with plasmids encoding VEGF [90]
factor DNA were delivered in a model of stroke and resulted in
Gene Therapy Agents attenuation of neurologic function
AAV9-GFP AAVI-GFP was delivered to the striatum and hippocampus and [91]
neurons and astrocytes were found to express GFP
AAV2-GFP AAV-GFP succesfully penetrated into the brain by MRIgFUS [92]
treatment and was able to transfect neural cells to express GFP
Doxorubicin Doxorubicin delivered by FUS and microbubbles localizes in the | [42, 93-95]
tumor and leads to tumour reduction in several brain tumor
models
Chemotherapy Methotrexate Methotrexate was successfully delivered to tumors and led to [96]
tumor reduction
BCNU BCNU delievery was enhanced in the tumor leading to [97,98]
prolonged survival periods
1,3-bis(2-chloroethyl_-1- FUS improved delivery of BCNU coated nanoparticles to rodent [99,100]
nitrosourea (a chemotherapy gliomasand led to tumor suppression without damage to normal
agent) immobilized on tissue.
nanoparticles
Therapeutic magnetic Significant increase in deposition of MNPs in brains of wildtype [101]
nanoparticles (MNPs) rats with FUS and microbubbles suggesting potential treatment
for brain tumors.
Nanoparticles
Specialized brain-penetrating Ability of MRIgFUS to deliver SBPNP across BBB showed [102]
nanoparticles (SBPNP) larger and more abundant NP found throughout the brain
parynchama, with increasing US pressure resulting in increased
NP delivery to brain.
Gold nanoparticles and Gold nanoparticles and nanoparticles with enhanced tracking [103, 104]
nanoparticles with scattering ability were delivered to the tumor and the tumor margin
(SERS) capability respectively.
Iron-labeled GFP-expressing Neural stem cells survived successful transplantation by [105]
neural stem cells MRIgFUS to the targeted brain region and expressed markers of
differentiation
Cells
Natural Killer (NK) cells NK cells expressing Her2 receptor antigen were delivered to [106]

expressing chimeric Her2
antigen receptor

Her2 expressing tumor cells in the brain
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