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Abstract
Advances in neuroscience have resulted in the development of new diagnostic and therapeutic agents
for potential use in the central nervous system (CNS). However, the ability to deliver the majority
of these agents to the brain is limited by the blood–brain barrier (BBB), a specialized structure of the
blood vessel wall that hampers transport and diffusion from the blood to the brain. Many CNS
disorders could be treated with drugs, enzymes, genes, or large-molecule biotechnological products
such as recombinant proteins, if they could cross the BBB. This article reviews the problems of the
BBB presence in treating the vast majority of CNS diseases and the efforts to circumvent the BBB
through the design of new drugs and the development of more sophisticated delivery methods. Recent
advances in the development of noninvasive, targeted drug delivery by MRI-guided ultrasound-
induced BBB disruption are also summarized.

Introduction
Getting drugs and genes into the brain is a tall order [1]

Advances in neuroscience have resulted in the development of new diagnostic and therapeutic
agents for potential use in the central nervous system (CNS). However, the ability to deliver
the majority of these to the brain is limited by the blood–brain barrier (BBB), a specialized
structure of the blood vessel wall that hampers transport and diffusion from the vasculature to
the brain.

The BBB is formed by the brain capillary endothelium and excludes from the brain more than
98% of all small-molecule drugs and approximately 100% of large-molecule neurotherapeutics
[2]. Only small- molecule drugs with high lipid solubility and a low molecular mass under a
400–500 Da can cross the BBB in pharmacologically significant amounts[3]; only a few
diseases such as depression, affective disorders, chronic pain, and epilepsy, consistently
respond to lipid-soluble small- molecule drugs [4,5]. There is no therapy for neurodegenerative
diseases such as Alzheimer’s disease and Huntington’s disease, as well as for amyotrophic
lateral sclerosis. Although the patients with multiple sclerosis (MS) are treated with cytokines
that work on the peripheral immune system, cytokines do not stop the progression of MS within
the central nervous system (CNS) [3]. There is no effective therapy for serious life-threatening
CNS disorders such as brain cancer, stroke, brain and spinal cord trauma, HIV infection, either.
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Although L-Dopa therapy has been used for decades to treat Parkinson’s disease, there is no
neuroprotective drug available to stop the neurodegeneration caused by this disorder. Nor is
there effective treatment for the childhood disorders including autism, lysosomal storage
disorders, fragile X syndrome, the ataxis, and blindness [2]. Many of these disorders could be
treated with drugs, enzymes, genes, or large-molecule biotechnological products such as
recombinant proteins. However, these drugs do not cross the BBB.

Blood Brain Barrier
Definition of the Blood-Brain Barrier (BBB)

The blood-brain barrier (BBB), the brain’s first line of defense from harmful substances in the
blood stream, is composed of specialized capillaries. The capillary network in the brain is dense
(it forms an area of about 20m2/1300-g human brain [6] and so intricate that no neuron or glial
cell is more than 20 μm from neighboring capillary, so that every neuron is perfused by its own
micro- vessel [7]. The brain capillary walls form a broad but thin barrier system, which is lined
with single continuous layer of endothelial cells. The thickness of the endothelial cell is 200
nm; transport across the BBB involves movement across two membranes: the luminal and
abluminal membranes of the capillary endothelium. The adjacent endothelial cells are
cemented together by the tight junctions, the presence of which prevents a para-cellular
pathway. Circulating molecules can only gain access to brain via a transcellular route through
the brain capillary endothelial cells. The BBB structures also include a basal (basement)
membrane supporting the ablumenal surface of the endothelium, pericytes, and astrocytes.
Nearly 100% of the surface area of the capillary basement membrane is covered by end-feet
of processes originating from brain astrocytes. In fact, the endothelium, the pericyte, and the
astrocyte foot processes work in concert to tightly regulate the flux of molecules between blood
and brain across the microvascular barrier. It is noteworthy that the BBB can even function
under deleterious circumstances. For example, following stroke or brain trauma, though BBB
function is initially disturbed, it can be restored within hours [8]. Likewise, the BBB is at least
partially intact in tumors. While the BBB is often leaky in the malignant brain tumor center,
the well-vascularized actively proliferating tumor edge and the normal brain tissue adjacent to
the tumor have complex barrier integrity [9].

Transport across the BBB
Free Diffusion of Small Molecules: Certain small molecules can traverse the BBB via lipid-
mediated transport. Lipid mediation of small molecules through biological membranes requires
molecular movement through spaces within the lipid bilayer, and these spaces have a finite
size. As a general rule, only lipid soluble (lipophilic) molecules with a molecular mass of less
than 400 Da can cross from blood to brain. Otherwise, different molecules may gain access to
the brain only via certain endogenous transport systems within the BBB. This occurs mostly
through carrier-mediated transport (CMT) or receptor-mediated transport (RMT). Carrier-
Mediated Transport (CMT): Small water-soluble nutrients and vitamins traverse the BBB via
carrier-mediated transport (CMT). The CMT systems are also portals of entry for small-
molecule drugs (for example, L-DOPA) that have a molecular structure similar to endogenous
nutrients (transporter recognizes this structure). Receptor- Mediated Transport (RMT): Certain
large molecule peptides or plasma proteins are selectively transported across the BBB via
receptor- mediated transport systems. RMT is comprised of three sequential steps: (1) receptor-
mediated endocytosis of the circulating peptide at the luminal membrane of the capillary
endothelium; (2) movement through 200–300nm of endothelial cytoplasm; (3) exocytosis of
the peptide into the brain interstitial fluid at the abluminal membrane of the capillary
endothelium [10].
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Trans- BBB Delivery Strategies
The traditional approaches for the drug delivery in the brain are small-molecule drugs, trans-
cranial drug delivery via an invasive catheter, and BBB disruption. As we mentioned before,
most small-molecule drugs do not cross the BBB, and only a few neurological diseases respond
to small- molecule drugs [2]. Trans-cranial brain drug delivery requires an invasive catheter
to be placed in the brain using one of three neurosurgical-based approaches: intracerebral
implantation [11–13], intracerbroventricular infusion (ICV) [14,15], or convection enhanced
diffusion (CED) [16–20]. While the intracerebral implantation and ICV infusion rely on
passive diffusion of drugs into the brain, the CED forces fluid drugs through the brain. The
limited penetration of drugs into the brain from the depot site and their rapid elimination by
active transport from the brain tissue into the blood pose serious limitations with these methods
[2,21,22]. So, to improve survival from gliomas (the most aggressive CNS malignant cancer)
investigators have examined approaches ranging from direct intratumoral injections to
implantable computer-driven constant infusion pumps and biocompatible/biodegradable
devices bearing an anticancer drug such as a membranous sheet containing doxorubicin [23].
However, the prognosis of patients with malignant glioma is still very poor [24]. The
mechanical delivery of drugs into the brain has also been hampered by serious drawbacks (for
a review, see [25]). For example, CED has shown a preferential flow of the forced fluid along
white matter tracts [18] leading to diffuse astrogliosis [16] and raised concerns regarding long-
term effects of this delivery approach for humans [22].

Alternatively, to allow treatment with pharmacological agents, the BBB can be reversibly
disrupted by intracarotid arterial infusion of noxious agents such as hyperosmolar solutions
[26–29], vasoactive agents [30], solvents [31,32], akylating agents [33,34], immune adjuvants
[35], cytokines [36,37], and other miscellaneous agents [38,39] (see review [2]). The major
limitation is that BBB disruption causes a non-localized drug delivery and an increase in brain
uptake of plasma albumin and other protein components of blood, which are toxic to brain cells
[40]. The side effects include the potential risk of neuronal damage [41].

New drug delivery strategies have emerged from an understanding of the molecular and cellular
biology of the brain microvasculature and BBB transport processes. Several approaches to
overcome the BBB have been developed (for reviews [42–45]). Some methods have focused
on modifying the agents to allow them to penetrate the BBB, while others have used drug
carriers such as liposomes and nanoparticles [46,47], or conjugated the drugs with a protein
[48], a peptide vector [49,50], or with an antibody and used BBB endogenous carrier system
to ferry drug molecules across the BBB [51]. For example, drugs can be made transportable
across the BBB by using “chimeric peptide” technology [52,53]. A chimeric peptide is formed
when a small- or large-molecule drug that is normally not transported across the BBB is fused
or conjugated to BBB transport vector that undergoes receptor-mediated transcytosis through
the BBB, and which acts as a ”molecular Trojan horse” [1,41,54,55]. The discovery of “Trojan
horse” peptides in the 90’s and the demonstration that proteins fused to the transport vector
protein are capable of crossing the BBB raised hopes that it may have a huge impact on
neurobiological therapy. However, it was only recently that delivery of proteins with
therapeutic potential has been achieved in animal models of some human neurological
disorders [41]. More studies must be undertaken which include genetically engineered fusion
proteins or humanized antibodies for BBB drug targeting with reduced immunogenicity and
minimized working burden in the chemical conjugation [56]. The limitation also is that only
a finite amount of drug can be delivered due to a limited number of receptors and the fact that
only a discrete quantity of molecules can be attached to a carrier. Furthermore, despite a high
degree of target selectivity, the use of targeted therapies often has systemic toxicity [57].
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Focused Ultrasound
Current advances in acoustic technology have made ultrasound a modality with high
therapeutic and diagnostic applicability. Focused ultrasound techniques allow the
concentration of acoustical energy in a focal spot deep in the body with minimal effects to the
near-field tissue. It is a method of non-invasively inducing local biological effects deep inside
the body without surgical intervention. Ultrasound-induced effects can be produced by two
major mechanisms: thermal and non-thermal (such as radiation pressure and cavitation).
Relatively low-level temperatures (~43°C) maintained for 30–60 min can be used for
hyperthermia [58–61] to sensitize tumors to chemotherapy and radio-therapy. Using higher
temperatures (>60°C), FUS is used as a thermal ablation method to treat tumors in many organs,
including prostate, liver, kidney, breast, bone, uterus and pancreas [62–72] or as a technique
of thermal coagulation of blood vessels [73–78]. One has great flexibility in designing
ultrasonic applicators; spherical radiators, lenses, reflectors [58], or phased arrays [79] to tailor
a focal zone to almost any application.

One major shortcoming of ultrasound is that it is strongly attenuated by bone; hence, for brain
applications, an acoustic window must be made by a craniotomy. However, the experimental
and theoretical studies [80–85] have shown that focal, trans-skull ultrasound exposure of brain
tissue may be accomplished by using large surface area phased arrays and information derived
from modern imaging methods to correct the ultrasound wave distortion produced by the skull
These studies have also indicated that optimal trans-cranial focusing can be achieved at
frequencies below 1 MHz[82]. By reducing the frequency to approximately 250kHz the need
for patient specific correction is eliminated with the cost of a larger focal spot and reduced
pressure gain [86]. Recently developed image-guided focused ultrasound clinical systems
make it possible to deliver ultrasound to the targeted regions in the brain through the intact
skull, and the animal experiments as well as the clinical trials showed encouraging results
[62,85,87,88].

FUS-induced targeted BBB disruption may offer a solution to the problems of the delivery of
either small or large molecule drugs to the brain, and FUS-based techniques could enter clinical
drug development programs for most CNS disorders.

BBB disruption via ultrasound alone (a short history)
Several studies have shown that ultrasound-induced effects can result in localized BBB
disruption, either accompanied by tissue necrosis or, in some cases, without any evident tissue
damage at all. The very first study of BBB permeability following ultrasonic irradiation was
provoked by the publication by Barnard, Fry, and Brennan [89] (University of Illinois) of
results of histological studies of the lesions produced by FUS in the brain. They stated that
blood vessels “appeared not to be altered morphologically by ultrasound”. In response, the
rival team from MGH (Boston, MA) performed the study of the vasculature changes in the
FUS-produced lesions and published their results the following year. By using a vital dye trypan
blue and radioactive phosphate as tracers they demonstrated that despite “the lack of visible
changes in structure of irradiated capillaries, there is evidence of a profound disturbance in
capillary blood-brain barrier permeability, as evidenced by the rapid and massive deposition
in the brain of trypan blue and radioactive phosphate” [90]. The BBB appeared to be altered,
made easily permeable within the area damaged by FUS; this area was turned into “a non-
barrier-protected region”, as occurs in such cases as cerebral injures (i.e. trauma, heat, and
chemical, toxic, or allergic reactions) [90]. Since then, the Bakay’s technique of the use of the
vital dye trypan blue has been widely used for detecting FUS-produced lesions [91–95] and
verifying BBB disruption [91,96–101]. Later, Patrick et al. [102] noted that the BBB is also
disrupted at the periphery of the ultrasound-produced lesions and suggested that this disruption
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could enhance the ultrasound treatment of brain tumors through combination of FUS-produced
tumor ablation with an antineoplastic agents delivered via an ultrasonically modified BBB.

The ultrasound potential for BBB disruption without producing lesion was first reported by
Ballantine, Bell, and Manlapaz [91]. By using a high-power defocused ultrasonic beam
(frequency: 2.7 MHz, intensity: 4000 W/cm2, pulse width: 0.3s, pulse period: 1.0 s, pulse
number: 15) they affected the BBB with a negligible damage to the surrounding parenchyma.
Although the parenchyma appeared to be intensively stained with Trypan Blue and there were
hemorrhagic areas in the sonicated regions, they found no evidence of discrete lesions. These
results led them to the conclusion that it may be possible to select ultrasound parameters that
allow for a BBB disruption without risk of producing lesions. The next step was taken by
Vykhodtseva, who did not try to select US parameters to disrupt BBB, but vice versa, was
intending to find exposure parameters for producing small, finely-controlled lesions in the
deeply-located brain structure, that has been known to be responsible for Parkinson’s disease
syndromes. She used a variety of short burst durations and pulse repetition frequencies at high
acoustic intensity level as well as the Bakay’s technique to visualize FUS-produced effects in
rabbit brains. However, in many cases, she observed areas that were diffusely stained with
trypan blue and that sometimes contained tiny red blood cell extravasations without any
discrete lesion. Attempts to produce lesions by increasing pulse duration resulted in
hemorrhages and ill-controlled tissue disintegration. The disappointment was great and she
published her findings only several years later [96]. That time she described these effects as
BBB disruption, presumably caused by cavitation. Later, she returned to the study of the bio-
effects produced by short pulses of FUS at intensity levels above the cavitation threshold in
rabbit brain in vivo [103]. These effects included BBB disruption at the targeted locations
without damage to the brain parenchyma (as detected by the histology evaluation). However,
the parameters that would produce such disruption consistently have not been found.
Continuing the attempts to disrupt BBB by FUS, in 1998–1999, Hynynen, Vykhodtseva, and
McDannold performed extensive MRI/histological study on the brains of rabbits. They tested
a wide range of FUS parameters at high acoustical power levels (up to 700 W) with a sharply
focused transducer (f-number 0.8) and observed a variety of effects but failed to produce
consistent BBB disruption (unpublished data) and accepted a limitation of this approach. More
recently, Mesiwala et al. [104] reported similar findings in rat brain. In that work, they too
found that it was sometimes possible to produce BBB disruption without visible damage to the
brain parenchyma.

BBB disruption via ultrasound combined with an ultrasound contrast agent
A new approach to solving the problem of targeted BBB disruption has been developed by
Hynynen et al [97]. They suggested to use focused ultrasound in combination with encapsulated
gas-filled microbubbles (<8 μm diameter), commercially available as US contrast agents,
instead to generate the bubbles in the brain blood vessels. Indeed, if the BBB disruption is
related to an interaction between the ultrasound field and microbubbles, the acoustic energy
needed to produce this interaction will be greatly reduced, since there is no need to generate
the bubbles that requires high intensities [103]. This point makes the procedure more practical
for application through the intact skull, since risks of overheating the skull would be greatly
reduced. Finally, using these agents limits the interaction of the ultrasound to the endothelial
cells reducing the chance of damage to other brain structures.

In the initial work, sonications at 1.63 MHz combined with the US contrast agent Optison (GE
Healthcare, Milwaukee, WI) introduced by IV injection were tested using MRI (contrast
enhanced imaging) and histology [97]. It was found that pulsed sonication: 100 ms pulses
delivered at a repetition frequency of 1 Hz for 20s at pressure amplitudes of 0.7 and 1 MPa,
repeatedly produced BBB disruption in the targeted locations of the rabbit brain. These pressure
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amplitudes are approximately two orders of magnitude lower than needed to produce thermal
damage to brain under similar experimental conditions [105]. Lowering the pulse duration to
10 ms produced similar effects. The BBB was open at approximately 2h and closed at 48h after
sonication as confirmed with the contrast enhanced MR imaging. In histology, the effects were
found to be mostly related to tiny extravasations of red blood cells scattered around the
sonicated areas indicating few affected capillaries. The evaluation for ischemia (Vanadium
acid fuchsin, VAF staining) and apoptosis (ApopTag, CHEMICON International, Inc., CA),
the effects one might expect if any even subtle damage to microcirculation occurred, detected
only a few cells with evidence for apoptosis or ischemia indicating that the effects to the brain
were negligible [106,107]. To test the method for safety, the long-term effects of these
sonications have been investigated and a follow-up studies were performed using the
parameters that did not produce neuronal damage [107]. No delayed effects were observed
either by MRI or histology up to 4 wk after sonication, and no ischemic or apoptotic regions
were detected that would indicate a compromised blood supply was induced by the sonications.
Thus, the effects to the brain were found to be minimal – certainly less than what one would
expect from any invasive intervention to deliver drugs.

The frequency of 1.63 MHz tested in the initial studies, is not optimal for transcranial ultrasound
application due to (i) small focal region volume; (ii) distorting effects of the skull bone on the
ultrasound beam; and (iii) possible overheating due to high absorption of the ultrasound by
bone. Thus, next studies investigated whether the BBB disruption could be produced using
lower frequencies more suitable for transcranial sonication. First, a frequency of 690 kHz,
which has been employed in a commercial focused ultrasound system designed for thermal
ablation [100] was tested. Then, 260 kHz [101] a frequency at which the ultrasound can be
applied through the skull without having to correct for focal distortion [80,86] investigated. At
both frequencies, the BBB disruption has been produced, and again no ischemia, apoptosis, or
any long-term damage has been detected in histology. The BBB disruption has been also
produced through the intact rabbit skull. It is worth noting that the number of red blood cell
extravasations was reduced at the lower frequencies and BBB disruption at 260 kHz was
possible with no extravasations at all. Figure 1 shows examples of the focal BBB disruption
in rabbit brain at four frequencies tested to date. A few hours after the sonications, the barrier
is restored (Figure 2).

In a study of the effects of ultrasound frequency on the threshold for BBB disruption [108],
the threshold at 2.1MHz for pulsed sonication (burst: 10ms, PRF: 1Hz, duration: 20s) was
determined in rabbit brain and compared to the thresholds found previously at 0.26, 0.69, and
1.63MHz in rabbits and at 1.5MHz in rats under similar experimental conditions [97,100,
101,107,109–111]. The BBBD thresholds (the pressure amplitude with 50% probability for
BBBD) were 0.25, 0.35, 0.61, 0.60, and 0.69 MPa, for sonication at 0.26, 0.69, 1.5, 1.63, and
2.1 MHz, respectively. Converting the data to mechanical index (MI, which is defined as the
pressure amplitude divided by the square root of frequency) and combining data from all of
the frequencies yielded a MI threshold for BBB disruption of 0.47. This data suggests the use
of MI as an index for ultrasound-induced bioeffects in the presence of microbubbles provided
that other sonication parameters are kept constant.

Other work suggests that the pulse repetition frequency (PRF) and ultrasound contrast agent
dose has no effect on the BBB disruption (BBBD), at least over a particular range (US
frequency: 0.69 MHz, burst: 0.1, 1, 10 ms; PRF: 0.5, 1, 2, 5 Hz; duration: 20s peak; negative
pressure amplitude: 0.1–1.5 MPa; Optison; 50, 100, 250 μl/kg), while both the BBB disruption
threshold and magnitude depend on the burst length [112]. Reducing burst length from 10 ms
to 0.1 ms resulted in significantly less contrast MRI enhancement. The BBB disruption
thresholds were estimated to be 0.69, 0.47, and 0.36 MPa for 0.1, 1, and 10 ms bursts
respectively.
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A range of particle sizes has been tested for passage through the BBB disruption in the focal
zone after sonication. It has been shown that MRI contrast agents such as Magnevist®
(molecular weight: 938) and MION (monocrystalline iron oxide nanoparticles, molecular
weight: 10000) [101,113], trypan blue (molecular weight: 961), horseradish peroxidase
(molecular weight 40000) [100], and antibodies (molecular weight 150000) [114] can pass
through the BBB disruption.

Thus, a noninvasive method for temporal disruption of the BBB in targeted regions in the brain
using low-energy focused ultrasound pulses combined with an ultrasound contrast agent has
been developed. It has been demonstrated that the method is reliable and that the associated
effects in the brain tissue are negligible. It can also be applied using ultrasound frequencies
suitable for transcranial sonication. The next step is to provide the data needed to move this
technology to the clinic. For this purpose monoclonal antibodies have been identified.

Delivery of therapeutics
The use of monoclonal antibodies as targeted diagnostic and therapeutic agents has been
intensively investigated since the 1970’s [115–119]. Monoclonal antibodies are a class of
agents aimed at specific receptors on targeted cells, which bind to antigens present on cells
(such as cancer cells). These anitibodies can be labeled with therapeutic or imaging agents. In
addition to having direct cellular effects, antibodies can carry substances such as drugs, toxins,
or radioactive isotopes to the targeted cells. Recently, a number of second-generation
monoclonal antibody agents (such as Herceptin for treatment of metastatic HER-2-positive
breast cancer; Rituximab and Ibritumomab Tiuxetan- for lymphomas, Gemtuzumab
ozogamicin and Alemtuzumab for leukemia) have been approved by the FDA for use in
malignancies, and many other agents are currently in clinical trials [117,120–123]. There is
also evidence that treatment with antibodies to the amyloid beta protein (Abeta) can reduce
cognitive dysfunction and reverse cognitive deficits in early Alzheimer’s Disease [124,125].
However, these large-molecule agents (150,000 Daltons) cannot pass the BBB; curative doses
generally cannot be delivered without excessive toxicity to a normal brain [126,127]. Injecting
agents directly to tumors or into the surgically created cavity -- as well as administrating drugs
via the transient osmotic opening of the BBB -- has not been very efficient for patients with
brain tumors, due to the limited diffusion of the drugs into brain, toxic side effects, and high
complexity of the procedures [126,128–130].

The feasibility of the MRI-guided FUS technology to deliver antibodies to the brain has been
demonstrated by Kinoshita et al. [114,131]. Using a mouse model, researchers delivered a
polyclonal antibody against the extracellular domain of the dopamine D4 receptor to the
targeted region of the brain. Intravenously administered dopamine D4 receptor-targeting
antibodies crossed the BBB and recognized their antigens after the MRI-targeted FUS- induced
BBB disruption occurred [131]. In brief, following the intravenous injection of the anti-
dopamine D4 receptor antibodies, sonication was performed with the simultaneous injection
of the microbubbles-based US agent (OPTSION, Amersham Health, Princeton, NJ). The
exposure parameters were the following: US frequency: 0.69 MHz; burst length: 10 ms; PRF:
1 Hz; duration: 40s; peak pressure amplitude: 0.6–1.1MPa. The BBB disruption was confirmed
by the contrast-enhanced MRI and Trypan Blue leakage in the targeted locations. The brain
sections were stained with anti-rabbit IgG antibodies, and positive signals were detected at
those locations where the Trypan Blue staining had been observed. This research confirms that
the anti-dopamine D4 receptor antibody was delivered only in sonicated regions

More recently, Kinoshita et al. [114] used the same technique to deliver Herceptin
(Trastuzumab, Genentech, San Francisco, CA) to the brain. Herceptin is a recombinant
humanized IgG monoclonal antibody drug which works on the HER2/neu (erbB2) receptor.

Vykhodtseva et al. Page 7

Ultrasonics. Author manuscript; available in PMC 2009 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



This receptor is amplified in approximately 25–30% of breast cancer patients [132] (about
50,000 patients in the US alone [133]). Herceptin targets the tumor cells, which overexpress
the HER2/neu (erbB2) receptor. Herceptin was the first oncogene-targeted therapy to be
developed for the treatment of metastatic breast cancer (for review see [134]). For patients with
HER2/neu-positive tumors and for metastatic patients whose tumors overexpress this receptor,
Herceptin has improved both survival and response rates [135]. Breast cancer is the second
most common cause of brain metastases, and 10–15% of patients develop central nervous
system disease [136]. However, for patients with metastases in the CNS, Herceptin success is
significantly limited--due to a lack of drug penetration through the BBB [137,138,138]. The
average survival time for these patients is only about one year [139].

Herceptin was successfully delivered into the brains of mice when the MRI-guided FUS-
induced BBB disruption was performed [114]. Herceptin was detected in the sonicated
locations (Figure 3), while in regions with an intact barrier its level was below detection limit.
The amount of Herceptin delivered to the target tissue was correlated with the extent of BBB
disruption monitored by MRI, enabling an indirect estimate of the amount of Herceptin
delivered.

Recently, the MRI-guided FUS technology to disrupt BBB has also been tested for targeted
delivery of doxorubicin (DOX) [111], a chemotherapeutic drug with demonstrated anticancer
efficacy and widespread clinical use. First isolated in the early 1960s, DOX remains among
the most effective anticancer treatments ever developed (see reviews [140–143]). One of the
most actively used agents for systemic chemotherapy, DOX functions either as a single agent
or in combination with multidrug chemotherapy and/or radiotherapy to treat many types of
malignancies including breast [144,145], ovarian [146,147], endometrial [148], gastric [149],
lung [150], thyroid carcinomas [151], Hodgkin’s and AIDS-related non-Hodgkin’s
lymphomas, [152,153], cutaneous lymphomas [154], osteosarcoma [155], and soft-tissue
sarcomas [156]. DOX has also been suggested to be a strong candidate for chemotherapy of
tumors in the CNS [157]. Although DOX showed its potential against glioma cells (the most
invasive form of primary brain tumors) both in vitro [158] and in vivo [159,160], it has not
been effective in patients with brain tumors due to the BBB, which prevents DOX cytotoxic
concentrations in brain tumors from being achieved.

To test the feasibility of FUS+US contrast agent technology to delivery DOX to the brain,
DOX hydrochloride encapsulated in long-circulating pegylated liposomes (Doxil; Ben Venue
Laboratories, Bedford, OH; 5.67 mg/kg) was used [111]. In this form, the encapsulated DOX
is released in the tissue once the liposomes pass the BBB. Concentrations within the therapeutic
range [161] (886 ± 327 ng/g) have been achieved in the brain of rats following systemic
administration of Doxil, when MRI-guided focused ultrasound with preformed microbubbles
(Optison) was applied through the intact rodent skull (Figure 3). In contrast, the accumulation
of DOX in untreated brain tissue remained low, reducing the risk of neurotoxic effects. Higher
concentrations were possible with some associated brain tissue damage, which might be
acceptable for cancer treatment. Importantly, MRI signal enhancement in the sonicated regions
correlated with DOX concentrations, suggesting that contrast-enhanced MRI may provide a
means for online treatment monitoring (Figure 4).

Thus, FUS+US contrast agent method has potential to fundamentally change current practices
in drug delivery and therapy for disorders of the central nervous system. In the future, the safety
of repeatedly disrupting the BBB over the course of weeks and longer to mimic the schedule
for patients receiving chemotherapy (such as Herceptin or doxorubicin) should be tested to
prove that such repeated sessions do not cause brain damage and neuron loss. Then, it should
be determined whether drugs can be delivered in a therapeutic dosage to the brain over the
course of prolonged treatment. In the studies with antibodies and doxorubicin, a correlation
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was found between the magnitude of contrast-enhancement in MRI and the concentration of
agents in the brain; this may provide a method to guide the procedure. It is worth noting that
although doxorubicin is an efficient chemotherapeutic agent against many types of cancer, its
use is limited due to severe cardiotoxic side-effects [162,163]. The FUS+US contrast agent
technique might be useful for increased delivery of the drug into a tumor while leaving its
concentration low outside of the tumor.

Physical Mechanisms of Blood-Brain Barrier Disruption
Despite recent successes in opening the blood-brain barrier with microbubble-enhanced
ultrasound [97–101], the exact mechanisms through which the barrier is disrupted remain
unknown. The effect may be attributed to a combination of cavitation activity and acoustic
radiation forces. Cavitation defined as the acoustically induced activities of microscopic gas
bubbles within the medium [164] is believed to be the most important of the variety of non-
thermal bio-effects of ultrasound (see review [165]). These micro-bubbles can be seeded from
pre-existing gas pockets in the media and act as nucleation sites. When microbubbles interact
with an ultrasound beam, a range of biological effects can been observed [166]. At low
acoustical power levels, the bubbles oscillate within the ultrasound field growing in size via
rectified diffusion [167]. The bubble activity of this type called “stable” cavitation. Near an
oscillating bubble, the medium undergoes a small-scale eddying “microstreaming” [166]. The
biological effects of the stable cavitation are mostly attributed to shear stresses exerted on cells
and large molecules by microstreaming [166,168,169]. Vascular endothelium is known to
dynamically response to shear stress, and shear stress play a critical role in BBB homeostasis
and vascular pathophysiology (for review see [170]). For endothelial cells to be affected, they
must be in contact/near-contact with active bubbles. The acoustic radiation forces causing
bubbles to move in the direction of the wave propagation [171] bring them in contact with
vessel endothelium. Radiation pressure may be involved in FUS + microbubbles- based BBB
opening through activating the stretch-sensitive or mechanosensitive (MS) ion channels in the
vascular endothelium. To addition to mechanosensation, the MS channels are now known to
be been implicated in many basic cell functions [172]. The channels can be activated by
conformational changes during localized stretching of cell membranes [173,174]. Each of these
effects can potentially affect the blood vessels and the blood flow within the microvasculature
and be the source of the BBB disruption (Figure 5). At high enough acoustic pressures, the
bubble can grow rapidly and collapse violently, a phenomenon known as inertial cavitation
[164]. Bubble collapse can create extremely high local temperatures and pressures [175,176],
high-velocity jets [177,178] and the generation of free radicals [179–181]. Both stable and
inertial cavitation have been reported to produce bio-effects in vitro and in vivo (for review see
[166,182,183]).

The preformed microbubbles used in ultrasound contrast agents can produce all these effects,
either with their shells intact or after the shells been cracked by the US exposure and their
gaseous contents released. They can also act as cavitation nuclei when destabilized by the
ultrasound wave [184]. The contrast agents may produce or greatly enhance effects at the lowest
acoustic pressure levels at which the effects do not occur without contrast agent. Ultrasound
in combination with US contrast agents produce pore formation [182] and increase
permeability of cell membranes without affecting cell viability [185]. Cell deformations caused
by oscillating microbubbles were suggested to be responsible for enhanced cell membrane
permeability and such deformations were revealed under a microscope when a fast framing
camera at 10 million frames per second was used [185].

Inertial cavitation, if it occurs when the BBB disruption is produced, would likely be the most
significant effect, due to the large energy concentrations in the vicinity of the collapsing
bubbles. However, monitoring of acoustic emission during FUS exposures at the lowest
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therapeutic FUS frequency of 260 kHz (burst: 10 ms; PRF: 1 Hz; duration: 20 s) in conjunction
with an US contrast agent (Optison), showed that the BBB disruption can be produced without
wideband emission (Figure 6) [109], which has been used as a signature for inertial cavitation
[186–188]. This finding, along with the lack of red blood cell extravasations, suggests that
inertial cavitation is not necessary for the BBB disruption. Small extravasations found in
histology were associated with the appearance of wideband emission at higher acoustical
pressure levels (0.40 and 0.57 MPa). Interestingly, that significant increase in the emission was
recorded at the second and third harmonics of the US driving frequency that indicates
asymmetric oscillations. This increase correlated with BBB disruption and might be useful as
an online method to indicate when the disruption occurs.

Microbubbles in blood vessels
Most of our knowledge about bubble/ultrasound interaction derives from studies on bubbles
contained within a vessel much larger than the bubble size resulting in negligible boundary
effects. However, these conditions are not valid for bubbles in blood vessels such as capillaries,
where the presence of boundaries may become significant. The investigation of bubbles
acoustics in confined geometries such as blood vessels has only recently begun [189–195].
Interesting and unexpected results have emerged from these initial studies. The bubble resonant
frequency has been found to be significantly affected by both the vessel diameter and length
[190,191]. So, in the capillary of 5.0 μm radius and 0.5mm length, a 2 μm bubble resonates at
about 250 kHz, while in the vessel of 30 μm radius and 0.7 mm length its resonance frequency
is about 1.0 MHz (Figure 7). The upper limit for capillary diameter in rat brain has been found
to be 10 μm [196] and typical ranges for arteriole- and venule diameter are 11μm −76 μm and
47μm −127 μm, respectively [197]. The transfer of energy from an ultrasonic field to a gas
bubble occurs more effectively when the frequency of the ultrasonic field equals the resonance
frequency of the bubble. These results suggest the possibility of using ultrasound in a range of
frequencies that are, in general, lower than the ones used now for therapeutic applications of
ultrasound [191]. Furthermore, the threshold for inertial cavitation is also affected by the vessel
size, increasing in smaller vessels [195]. This can be understood by considering the effect of
the vessel wall on the bubble inertia, which is known to greatly affect bubble collapse. The
inertia is different for bubbles in a free field and bubbles in a tube [198,199]: while the effective
mass of free-floating bubbles is relatively small and constant, the inertia of bubbles in a tube
depends on tube size increasing in a tube of smaller diameter. As the bubble grows, its inertia
increases and reaches the largest value in the smallest tube, such as a capillary. Increasing
inertia slows down the bubble growth, and therefore more acoustical pressure needs to be
applied for bubble expansion and subsequent collapse. In capillaries, where microbubbles can
easily fill the vessel-cross section, their inertia is large and oscillations can be significantly
hampered. As a consequence, the bubble collapse may be weakened. High-speed camera
observations [189,193] have shown that in narrow tubes the bubble expansion is constrained
leading to asymmetric elongation along the vessel wall. This intra-luminal expansion causes
a significant dilation of the wall and eventually the tube rupture [189]. Obviously, the bubble’s
expansion that stretches the capillary wall may produce significant bio-effects in the capillary
and the inertial cavitation may not necessary for producing BBB disruption. As research on
bubble acoustics in the blood vessels progresses, it is expected that useful insights for the
control of microbubbles for BBB disruption would be provided.

Biological Mechanisms of BBB Disruption
Electron Microscopy Study

Electron microscopy of the brain following MRI-proven the BBB disruption in targeted
locations, indicates that the sonication evokes transendothelial transport by both transcellular
and paracellular pathways [200–202]. Several avenues of transcapillary passage following FUS
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exposure have been identified: 1. transcytosis; 2. endothelial cell cytoplasmic openings-
fenestration and channel formation; 3. passage through opened tight junctions; 4. free passage
through the injured endothelium (with the higher power sonications). An immunocytochemical
study using endogenous immunoglobulinG (IgG) as a tracer, showed IgG passage from blood
to brain parenchyma (IgG presence in the endothelial cell’s vesicles, in the cytoplasmic
channels, and intercellular clefts as well as in neuropil around the blood vessels). Figure 8
shows examples of the electron microscopy findings. The rate of the transendothelial vesicular
transport after FUS-induced modulation of the BBB estimated by using ultrastructural
morphometry for horseradish peroxidase (HRP) as a tracer was found to be substantially
increased, more pronounced in arterioles [201].

The paracellular passage of the tracer molecules was shown to be a result from junctional
complexes disintegration [202]. That work was the first direct evidence that FUS causes
disassembling of the tight junctional (TJs) molecular structure, leading to loss of the barrier
functions in brain microvessels. The immunoelectron microscopy for the TJs-specific proteins
showed a loss of immunosignals for occludin, claudin-5 and ZO-1 at 1 h, 2 h and, in a few
vessels, at 4 h after sonication. BBB disruption was verified by the leakage of IV administered
horseradish peroxidase (40,000 Da) and lanthanum chloride (La3+~139 Da). There was no
tracer leakage observed at 6h and 24 h, and the barrier function of the TJs appeared completely
restored at these time-intervals.

Multiphoton Microscopy Study In Vivo
The temporal profile of BBB disruption has been studied in mice in vivo using simultaneous
optical imaging and ultrasound exposure to the brain using a system developed by Raymond
et al [203]. The ultrasound components were integrated into a multiphoton microscope and
sonication was performed through the ventral surface, leaving the dorsal surface of the brain
free for imaging through a cranial window (Figure 9). The fluorescent dye was used as a tracer
to visualize the brain blood vessels during exposure to low-intensity US (0.2 W) with a
coincident IV injection of Optison. This work indicates that vasoconstriction can occur during
the ultrasound exposure, followed by leakage of the tracer shortly thereafter [204]. FUS
produced arteriolar vasoconstriction that disrupted blood flow and lasted up to 5 min (Figure
9). The BBB disruption occurred via two distinct processes: a gradual increase (over minutes)
in perivascular fluorescence along the length of the affected vessel without rupture of the vessel
wall and a rapid increase (~seconds) in select, focal regions [204]. These data corroborated
studies suggesting increased endothelial transcytosis and paracellular passage via tight
junctions [200–202] and demonstrated vasoconstriction, which might alter BBB permeability
by modifying cerebral blood flow. Similar vasoconstriction was observed earlier, when rabbit
femoral artery was exposed to high-intensity pulsed FUS [77]. These results suggest that the
temporary vasoconstriction (vessel spasm) might be related to the BBB disruption. This
constriction might result in temporary ischemia, which can cause BBB disruption.

Spreading Depression
FUS has been shown to disrupt the BBB when used with an US contrast agent, allowing the
delivery of both small- and large-molecule agents into the brain. However, the BBB disruption
is sometimes accompanied by red blood cell extravasations, indicating a mild vascular injury.
Such injury is permissible for tumor treatment, but would be unwanted for delivering
neuroimaging agents to the targeted areas in the brain. A solution to disrupting the BBB without
occasional injury may be FUS-induced spreading depression (SD). SD is an electrochemical
wave that propagates through neural tissue, causing neuronal depolarization, transient loss of
membrane ionic gradients, and cessation of neuronal bioelectrical activity without causing
irreversible damage to the brain. A range of stimuli directly affecting the brain can trigger SD:
high-frequency electrical pulses or direct current, mechanical stimuli such as pressure on or
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puncture of the cortex, alkaline pH, low osmolarity, and a variety of chemicals (see review
[205]). First described by Leao in 1944 [206], SD remains a mysterious phenomenon and its
exact functions remain unknown. SD is implicated in several neurological diseases including
migraine and stroke. It may increase neuronal survivability against ischemia (infarct tolerance)
[207], has potential to stimulate persistent neurogenesis [208] and alter BBB permeability by
activating metalloproteinase (MMP-9), which is known to disrupt the BBB by cleaving
extracellular matrix in the BBB basal membrane [209]. Previously the feasibility to initiate SD
by FUS exposure through both the intact skull and exposed dura was established in animal
experiments [210]. Recently, FUS’s potential to disrupt the BBB through initiating SD has
been reported [211]. Cortical spreading depression (CSD) was induced by FUS (frequency:
4.89MHz) in the brain of rats and verified through electrocorticograms (ECG) recorded by
using implanted EEG electrodes. Pulsed sonications (burst: 40–200ms, PRF: 2Hz, duration:
20–30s, total acoustic power in water: 2.3W) were delivered through a skull window or through
the intact skull. Five to seven SD waves were initiated with an interval of 25–30 min in each
animal at day “0” (electrodes implantation) and induced repeatedly over the next 1–7 days. In
additional experiments, CSD waves were initiated by application of 4 μl of 2%KCl to the
cortex. CSD initiated by both FUS and KCl applications produced BBB disruption, which was
verified by leakage of Trypan Blue IV injected 18–20 hours after the last induced CSD. The
brain parenchyma appeared to be intensively stained with the Trypan Blue in both areas
sonicated with FUS and areas of KCl application. However, sonication through the skull
revealed damage to the cerebral cortex presumably due to overheating the skull bone. These
preliminary results indicate that FUS-induced spreading depression may be used for non-
invasive BBB disruption in targeted locations although much more work is needed prior to any
firm conclusions can be made.

Conclusion
A completely noninvasive method to selectively and temporarily disrupt the blood-brain barrier
at desired locations in the brain using low-power focused ultrasound pulses combined with an
injection of a commercially-available ultrasound contrast agent has been developed. By
steering the focus, either by moving the transducer or electronically steering the focal region
using a phased array transducer, one could disrupt the BBB within a desired region of the brain.
Surrounding tissue will be protected by its intact BBB, thus limiting any potential dose-limiting
neurotoxic side effects. Alternatively, it is possible to steer the ultrasound beam with the same
way to deliver agents to the entire brain if needed. Since the procedure can be performed in an
MRI scanner, it is possible to guide the procedure and evaluate tissue effects. The presence of
the US contrast agent (pre-formed microbubbles in a lipid or albumin shell) enhances the local
ultrasound effect and limits it to the brain vasculature, thus reducing the chance of damage to
other structures. Use of these bubbles also greatly reduces the time average and peak acoustic
energy needed to produce this interaction. This point makes the procedure practical for
application through the intact skull, since the cost of the system and risks of overheating the
skull would be greatly reduced. The effects of FUS-induced BBB disruption on the brain tissue
appear to be negligible – certainly acceptable for cancer treatment.
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FIGURE 1.
Focal contrast enhancement in T1-weighted MR images demonstrating local BBB disruption
in the rabbit brain produced by FUS at four ultrasound frequencies: 2.1 MHz, 1.63 MHz, 0.69
MHz, and 0.26 MHz. The images were acquired perpendicular to the direction of the ultrasound
beam. The enhancing spots (arrows) show where the MRI contrast agent (Magnevist, Berlex
Laboratories Inc, Wayne, NJ) passes through the FUS-induced BBB disruption. As the
frequency decreases, the size of the BBB disrupted area increases. Lower ultrasound
frequencies permit trans-cranial sonication with a little beam distortion. At 260 kHz, exposure
will be possible without having to compensate for this distortion, making a relatively simple
ultrasound device feasible.
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FIGURE 2.
The normalized signal intensity measured in contrast-enhanced T1-weighted MRI as a function
of time after injection of contrast agent in the sonicated location (solid circle) and in a
nonsonicated (control) location (open circle). Enhancement in the sonicated region was due to
FUS-induced BBB disruption (ultrasound frequency: 0.26 MHz). At 2 h 41 min after
sonication, the barrier was still open (upper), while at 5 hours it was almost closed (lower).
Reproduced with permission from [101].

Vykhodtseva et al. Page 25

Ultrasonics. Author manuscript; available in PMC 2009 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 3.
Concentration of DOX delivered to the brain as a function of Optison dose. DOX concentration
(mean ± SD) achieved in sonicated brain tissue met or exceeded the concentration shown to
have a clinical response for human tumors (dotted line) [161]. Exposure parameters:
frequency=1.7 MHz; Burst= 10 ms; PRF = 1 Hz; Duration: five 120-s sonications at 0.6 W
followed by eight 60-s sonications at 0.3 W, sonications spaced 4 to 5 min apart. Reproduced
with permission from [111].
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FIGURE 4.
Correlation of MRI signal enhancement and DOX delivered to the targeted brain following
MRI-guided FUS-induced BBB disruption (logarithmic fit; r = 0.87). Reproduced with
permission from [111].
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FIGURE 5.
Possible mechanisms for blood-brain barrier disruption via ultrasound + microbubbles.
Assuming that the effect is not due to bubble collapse (inertial cavitation), possible effects
include stimulation of the endothelial cells via radiation force on the bubbles, bubble oscillation
or from microstreaming of the fluid around the bubbles.
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FIGURE 6.
Spectra acquired during 10 ms pulses at four different locations in the rabbit brain. The white
arrows indicate the locations of the fundamental frequency of the ultrasound (260 kHz), as well
as the second and third harmonics. (a)–(d): Spectra from sonications without Optison®. (e)–
(h): Spectra from sonications at the same locations and exposure levels with Optison®. The
sonication that produced the spectrum in (e) did not result in BBBD; in (f)–(h), BBB disruption
was observed. In (g) and (h), the frequency spectrum was accompanied by wideband acoustic
emission, which is indicated by a hump at approximately 650 kHz (black arrow), the central
frequency of the receiver. The additional peaks (especially at lower frequencies) were artifacts
in the signals presumably induced in the cables extending out of the MRI room. They were
also observed in signals obtained with the ultrasound driving system disabled. (a), (e): 0.14
MPa; (b), (f): 0.29 MPa; (c), (g): 0.40 MPa; (d), (h): 0.57 MPa). Figure reproduced from
[109] with permission.
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FIGURE 7.
Resonance frequency as a function of the vessel radius, in the range between 2 and 35 μm for
bubbles of different sizes (1–4 μm) located in the center of a vessel of length 0.5 mm. (Courtesy
of E. Sassaroli).
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FIGURE 8.
Electron micrographs showing transcellular and intracellular passage of horseradish
peroxidase (HRP) after ultrasound-induced BBB disruption. This tracer appears black in the
photomicrographs and has a molecular weight of 40 kDa. A: Intense vesicular transport is
observed by numerous HRP-positive caveolae (example indicated by arrow) after sonication
at 0.26 MHz in a rabbit brain. B: Passage of HRP through several interendothelial clefts
(arrows) is observed after sonication at 1.5 MHz in a rat. The tracer has infiltrated the basement
membrane and the interstitial space in the neuropil (*). (L: lumen; Ax: cross-sectioned axons;
B: basement membrane). (Data from [201,202]; Courtesy of N. Sheikov).
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FIGURE 9.
In vivo multiphoton imaging of the mouse brain vasculature during FUS-induced BBB
disruption. The animal received 0.1ml (2 mg/ml) 10 kDa, dextran-conjugated Alexa Fluor 488
intravenously ~5 min before imaging (green in images). Immediately after the t=0 frame was
taken, a 45-s US exposure was initiated and a 0.1ml bolus (10 mg/ml) of 70 kDa, dextran-
conjugated Texas Red was delivered intravenously (red in images). Almost total occlusion of
the large vessel in the center of the field occurred 12 s after the initiation of ultrasound exposure
(arrow). Beginning at 60 s and by 305 s, leakage in the green channel is apparent in the lower
left of the field, and around the central vessel. (a=arterioles; v=veins; scale bar is 100 μm).
Reproduced with permission from [204].
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