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Abstract With focused ultrasound (FUS) and microbub-

bles, BBB can be transiently disrupted with a localized and

non-invasive approach. BBB disruption induced by FUS

has made progressions to move forward on delivery of

therapeutic agents into a brain in a specific area of brain for

better treatment of neurological diseases. In addition to be

used as an improvement of drug delivery, BBB disruption

has been found to induce biological effects such as a

clearance of protein aggregation which cause Alzheimer’s

disease, regulation of proteins which facilitate drug uptake,

and modulation of neuronal function and neurogenesis. In

this review, we discuss overview about the principles of

BBB opening with FUS and milestones in these biological

effects of FUS-induced BBB disruption.
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1 Introduction

Blood brain barrier (BBB) is a highly selective membrane

barrier which separates circulating blood from extracellular

fluid in central nervous system. BBB protects the brain

from the most of pathogens and toxic materials and

maintains the homeostasis. However, endothelial cells in

the brain capillaries form tight junctions which interfere

therapeutic agents to pass through. Statistically, 98% of

small molecule size as less than 400 Da and approximately

100% of large molecule size as bigger than 500 Da drugs

cannot pass through the tight junctions [1] which hinders

the treatment of brain diseases using neurotherapeutic

drugs due to the nature of BBB. Furthermore, in most of

brain diseases such as brain cancer and Alzheimer’s dis-

ease (AD), pathological progression is correlated with the

level of BBB degeneration [2–4]. Therefore, it is important

to understand the nature of BBB to treat brain disorders.

Various technologies have been attempted to open the

BBB (Table 1) such as hyperosmolar therapy with man-

nitol drug [5], electroporation [6, 7] and ultrashort-pulsed

laser [8]. However, when these conventional technologies

are applied, there are limitations to be improved. For

example, Mannitol opens entire BBB which expose the

whole brain to pathogens and toxic materials [9]. Electro-

poration method is invasive since it requires skull pene-

tration and ultrashort-pulsed laser cannot reach in deep area

of the brain. So, these technologies have limitations to go

through clinical trials since they may cause side effects or

permanent brain damages [7, 8]. Recently, ultrasound

energy has been used to open BBB safely by focusing

ultrasound energy to targeted regions within brain. [10].

First, microbubbles are injected into blood vessel, then,

ultrasound energy interacts with injected microbubbles.

Then, the interaction between microbubbles and ultrasound

energy stimulates endothelial cells physically and opens up

BBB. With this approach, focused ultrasound (FUS) has

strong advantages such as non-invasive, localized and safe

compared to the conventional technologies [11].

Several studies show progressions on delivery of ther-

apeutic agents into the brain after FUS induced BBB dis-

ruption [12–18] (Table 2): the delivery of anticancer drugs

[12–16] or nanoparticles [18], reduction of amyloid-bs
(Abs) [17] and so on. Furthermore, these progresses have
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made researchers to demonstrate safety by experimenting

on non-human primates [19]. Studies on the treatment of

two representative neurological diseases like brain cancer

and AD through FUS-induced BBB disruption proved its

potential to be used in clinical setting. First, there have

been attempts to study a delivery using anticancer drugs

such as doxorubicin [20] and temozolomide [21] to treat

brain cancer. In these preclinical studies, effectiveness was

investigated in vivo and currently it has reached to the

stage of clinical trials (NIH Clinical Trial Identifier:

NCT0234391, ‘‘Blood–Brain Barrier Disruption Using

Transcranial MRI-Guided Ultrasound’’). Next, there is a

data demonstrating that Ab is reduced after FUS-induced

BBB disruption in AD preclinical trials. Although only few

studies on AD have been conducted, promising results are

shown. Moreover, there are no reports of significant side

effects caused with FUS induced BBB disruption on both

representative neurological diseases which can potentially

open new era of treatment.

The purpose of this review is to arrange results of pos-

sible biological effects of BBB disruption induced by FUS

because the mechanical stimulation caused by interactions

between ultrasound and microbubbles can affect the func-

tion of brain endothelial cells where the changes may

induce biological effects on mechanism of BBB opening in

the brain. We also suggest to conduct further studies and

analysis on neurological diseases treatments.

2 Focused ultrasound-induced blood–brain
barrier disruption

The first report that FUS could increase permeability of the

BBB was in the 1950’s. This study showed that ultrasound

increased BBB permeability and its mechanism was based on

thermal effects generated by FUS [22, 23]. However, BBB

disruption using thermal effects caused tissue damage inmost

cases. So, to reduce magnitude of acoustic pressure required

for effective BBB disruption without brain tissue damage,

researchers injected ultrasound contrast agents (i.e

microbubbles) intravenously [20, 21]. With a short pulse

duration, gas bubble oscillation corresponds to the rapid

changes in pressure within the brain vasculature which lead to

the enhancement of permeability of BBB and minimize side

effects with reduced FUS pressure. In addition to that, BBB

disruption with combination of FUS and microbubbles has

advantages of being consistent, reproducible and transient.

2.1 FUS conditions for BBB disruption

Over the past decade, various parameters of FUS and

microbubble were evaluated to open the BBB. To decide

appropriate FUS frequency, considerations on ultrasound

wave to penetrate skull and to be focused at small spot in

brain had been made. Along with the idea, the FUS fre-

quency mainly used in preclinical test was at range of

0.2–1.5 MHz FUS frequency [24]. The acoustic pressure

was also one of the important factors to safely disrupt the

BBB so to deliver FUS energy, acoustic pressure was used

in the range of 0.3–0.8 MPa peak rarefactional pressure

with 10 ms burst for 1–2 min. The degree of BBB dis-

ruption were also dependent on concentration and size of

microbubbles [25, 26]. Microbubble was injected through a

tail vein catheter since higher concentrations of

microbubbles may cause brain tissue damage [26].

2.2 Safety of BBB disruption

Severe damages at undesired region during FUS treatment

can cause permanent brain damage or death. Minimizing

Table 1 Current techniques for

BBB disruption
BBB open techniques Localization Non-invasiveness Stability References

Drug (Mannitol) Bad Good Good [5]

Electroporation Good Bad Bad [6, 7]

Ultrashort-pulsed LASER Good Good Bad [8]

Focused ultrasound Excellent Excellent Excellent [10]

Table 2 Therapeutic agent

delivery after FUS-induced

BBB disruption

Drug Molar mass/size Findings References

Doxorubicin 579.98 Da Estimate the amount of doxorubicin delivered [12]

Herceptin 148 kDa Estimate the amount of herceptin delivered [13]

Methotrexate 545.44 Da Compare to FUS delivery and ICA injection [14]

BCNU 214 Da BCNU delivery, long term survival [15]

Epirubicin 543.5 Da Epirubicin delivery, tumor progression slowed [16]

Ab antibody 150 kDa BAM-10 delivery, reduction in Ab plaque [17]

MION-47 20 nm Delivery of nanoparticles (MION-47) [18]
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variables and improving safety during BBB disruption

induced by FUS are in demands to be developed for clin-

ical translation.

Standing waves in the brain increase in situ pressures

unexpectedly, especially near interfaces of the bone where

high energy absorption are occurred already. The standing

waves can lead to unpredictable disturbance in the brain.

Irregular shapes and differences in the thickness of the

skull bone influences a reflection angle of the sound, where

unwanted high pressures aside from targeted area can be

present. With short burst (\3 ls in length) technique,

safety concerned with standing waves can be improved. In

addition to that, standing waves can be regulated with the

large aperture arrays consists of 1024 elements which

independently perform arrays to transmit beam at desired

depth and location.

There were several studies to improve safety of FUS-

induced BBB disruption with microbubbles. In these

studies, optimization not only on ultrasound parameters but

also on concentration and amount of microbubbles were

investigated in rat [10, 27]. Although these studies opti-

mized ultrasound parameters, the other parameters like

differences of skull thickness according to age of animals

and state of cerebral vessels in brain diseases could affect

BBB disruption. Several groups had developed methods to

detect the acoustic cavitation of microbubbles for real-time

monitoring of FUS treatment [28, 29]. Since inertial cavi-

tation and high pressure can cause hemorrhages, monitor-

ing acoustic emissions during BBB disruption by FUS is

important key to regulate safety. In order to secure BBB

disruption safely, there are two experiments on a devel-

opment of acoustic cavitation algorithms. First, when

threshold where setting in subharmonics is exceed, 50% of

ultrasound power is reduced and increased the power

gradually until the subharmonic appears again [29].

Another algorithm is a detection of the substances on

ultraharmonics. Ultrasound energy is regulated in between

the set-parameter of the ultraharnomic threshold for the

safety. In addition to that, when broad band noise is pre-

sented which cause brain vasculature damage, power of

ultrasound is set to be shut down to minimize an emer-

gency situation [28]. These developments provide a guide

to adjust FUS acoustic pressure to avoid any side effects in

the brain. With this real-time acoustic feedback technol-

ogy, a subset of the macaques underwent behavioral test-

ing, in which they completed tasks on a touch screen, to

evaluate their visual acuity and higher-order cognitive

abilities after BBB disruption. Results revealed that repe-

ated BBB opening in the visual cortex caused no impair-

ments in complex visual acuity tasks. These findings on

application of BBB disruption induced by FUS from small

animal like mice to large animal like non-human primates

demonstrated that prolonged and repeated opening of the

BBB were safe [19].

2.3 Benefits of MRI guidance

The use of magnetic resonance imaging (MRI) was bene-

ficial for guidance of targeting ultrasound wave into brain

and evaluation on BBB permeability and brain damage.

There was a report that quantifies BBB permeability using

dynamic contrast enhanced-MRI (DCE-MRI) [12]. In the

study, the BBB was opened with different FUS parameters

and the degree of BBB disruption was quantified. So,

advanced MRI imaging techniques along with FUS could

be useful tool to evaluate BBB permeability and biological

effects.

3 Biological effects

Many studies on biological effects, especially on thera-

peutic agent delivery with FUS-induced BBB disruption,

have been actively carried out recently. In this review, we

describe biological effects mainly on protein regulation,

neuromodulation and neurogenesis of BBB disruption by

FUS.

3.1 Protein regulation

3.1.1 Tight junction (TJ) proteins

Reduction of TJ proteins such as occludin, claudin-5,

claudin1 and zonula occluden-1 after FUS-induced BBB

disruption had been detected using immunoelectron

microscopy [30]. Especially, significant reductions in

occludin, claudin-5 and zonula occludens were observed at

1 and 2 h post-FUS treatment compared to control. 69% of

occludin proteins were decreased at 1 h post-FUS and at

2 h, 62% was reduced compare to control (p\ 0.01).

Although claudin-1 showed level of reduction but it was

not statistically significant. In claudin-5, 75% of reduction

at 1 h and 62% of reduction at 2 h-post FUS were observed

(p\ 0.01). Lastly in zonula occluden-1, 66% of protein

level decreased at 1 h after FUS given, and 62% reduction

at 2 h (p\ 0.01). The levels of these proteins were

recovered to pre-sonication levels within 4 h confirming

that the effects of FUS on the BBB disruption were tran-

sient. Disintegration of TJ proteins lasts up to approxi-

mately 4 h after sonication indicating a promising time

window for the delivery of targeted drug or antibodies to

brain.

Both ultrasound interaction with microbubbles in the

microvasculature and its relation to biology of the BBB are
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complex processes. The interaction can induce microbub-

ble dynamics such as acoustic radiation force, bubble

oscillation, acoustic streaming or inertia cavitation. Ultra-

sound driven microbubbles can generate changes in con-

centration of Ca2? [31]. Similar range of elevation of

calcium concentration is observed with bradykinin, his-

tamine, mannitol and ATP known to increase the perme-

ability of the BBB. Although correlation between calcium

and tight junction protein changes in brain endothelial cells

remains elusive, this can be an important aspect in FUS-

induced BBB disruption in the molecular mechanisms of

BBB disruption. Further studies to reveal the mechanism in

relation to tight junction proteins are needed.

3.1.2 P-glycoprotein (P-gp)

Cho et al. [10] reported that P-gp was down-regulated by

FUS-induced BBB disruption in rat brain [10]. To confirm

BBB disruption,MR T1-weighted image with contrast agent

and Evans blue dye intensity were used and P-gp expression

was analyzed with immunofluorescence. Intensity of P-gp in

BBB disrupted region of brain was decreased by

63.2 ± 18.4% compared to non-sonicated brain region.

Overall results demonstrated the inhibition of P-gp induced

by FUS and microbubbles. Furthermore, they could draw a

strong correlation between the down-regulated P-gp

expression and the level of the BBB disruption magnitude

(MR and Evans Blue intensities, R = -0.687, p\ 0.001,

n = 31; R = -0.731, p\ 0.001, n = 31, respectively).

P-gp substrates are used as anticancer drugs which are

doxorubicine, daunorubicine, vinblastine, vincristine, eto-

poside and teniposide. Inhibition of P-gp by FUS and

microbubbles may retain these drugs temporarily in brain

tissue after across BBB. By P-gp modulation through FUS

with microbubbles, drug retention is increased. So, dose

and frequency necessary to treat brain disease could be

possibly reduced as well as toxicity and side effects on

surrounding tissues. Moreover, this can be applied to other

multi-drug efflux transporters such as breast cancer resis-

tance protein (BCRP) and members of the multi-drug

resistance protein (MRP) family. With the potential pro-

vided, BBB disruption induced by FUS with anti-cancer

drug may efficiently induce therapeutic outcomes.

3.1.3 Amyloid beta (Ab) plaque

A few studies showed that FUS-induced BBB disruption

could be used for the reduction of Ab plaques in AD animal

models [32, 33]. First study was conducted on TgCRND8

mice. Plaque size and total surface area in cortex targeted

with FUS region were reduced by 20% and 13%, respec-

tively with a single treatment compared to untreated region

(n = 9) [32]. Also, the number of Ab plaques was reduced

to 9% (n = 9). With APP23 transgenic mice model of AD,

researchers opened entire BBB giving weekly treatment for

6 to 9 weeks to remove Ab [33]. Plaque burden was reduced

in ultrasound treated AD mice and clearance of plaque was

observed in 75% of them. In these two previous studies,

FUS improved bioavailability of endogenous antibodies

and temporal activation of glial cells, providing plaque

reduction mediated with BBB disruption induced by FUS.

Application to treat AD and neurological disorders can get

benefit from this.

Currently, treatment on AD is based on antibodies,

however, many clinical trials have failed. First, with

administration of any exogenous antibodies cause inflam-

mation and cerebrovascular side effects. Next, not only

side effects, antibodies used are not successful enough

since low amount are deliver across BBB. Solely, BBB

disruption with FUS itself can be used as AD treatment

since it reduces amyloid beta plaque. Moreover, FUS can

be used as companion method with current antibodies that

cannot pass through BBB to enhance AD treatment.

3.2 Neuromodulation

There was a study on BBB disruption induced by FUS

accompanied by neuromodulation [34]. This study showed

that functional effects of FUS-induced BBB disruption

with microbubble by measuring changes in somatosensory

evoked potentials (SSEP) and blood-oxygen-level depen-

dent responses (BOLD). To examine neuronal activity

under various parameters, FUS was sonicated at 0.2, 0.35

or 0.5 MPa and neuromodulation was identified by changes

in SSEP and BOLD. FUS reduced the SSEP amplitude for

the 0.35 and 0.5 MPa groups, but not in control or 0.2 MPa

groups, suggesting that the reduction in SSEPs only

occurred when BBB was opened. Similarly, BOLD

responses were reduced in BBB disruption group (0.35 and

0.5 MPa group) while the BOLD did not respond at all in

control or 0.2 MPa groups. Furthermore, 0.5 MPa group

induced a higher magnitude of reduction in BOLD

responses than in 0.35 MPa group.

There were many studies that FUS without BBB open-

ing were enough to induce neuromodulation, depending on

the FUS parameters of the energy into neurons [35, 36].

However, to the best of our knowledge, only one study

showed neuromodulation accompanying FUS-induced

BBB disruption.

Still, the mechanism whereby FUS-induced BBB dis-

ruption affects neuronal activity remains unclear, but this

technology can be applied and used for brain mapping or

treatment of neurologic disorders such as chronic pain,

obesity, Parkinson disease, epilepsy, obsessive compulsive

disorder, and mental or movement disorders.
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3.3 Neurogenesis

FUS-induced BBB disruption could increase cell prolifera-

tion in dentate gyrus of the sonicated hemisphere [37]. This

study was examined to find out whether specific pressure of

FUS and intravenous administration of microbubbles pro-

moted neurogenesis or not. FUS was applied to unilateral

hippocampus at 0.39 and 0.78 MPa with microbubbles and

1.56 and 3.0 MPa without microbubbles. Only at 0.78 MPa,

significant BBB disruption was observed through MR gui-

ded-image where BBB was not disrupted in the other

parameters. So, 0.78 MPa was set as the standard pressure

and 50% reduction value to standard as 0.39 MPa, twice

increased value as 1.56 MPa and four times to standards as

3.00 MPa were used. Additionally, since ultra-harmonic

substances were observed at 0.7 MPa, microbubbles were

not used at higher power. Immediately prior to sonication

start, 0.39 and 0.78 MPa groups were administered with

microbubble contrast agent intravenously at a dose of

0.02 ml/kg. Only 0.78 MPa pressure amplitude with

microbubbles promoted hippocampal neurogenesis when

BBB permeability was increased.

FUS-induced BBB disruption can be potentially used to

treat damaged brain. Increasing neurogenesis to recover

damaged neurons has been proposed as a treatment for

various neurodegenerative disorders.

4 Discussion and conclusion

This paper reviewed representative biological effects by

FUS-induced BBB disruption. FUS induced BBB disrup-

tion may trigger other biological effects in brain, but dis-

cussed results in this research focus mainly on the protein

regulation, neuromodulation and neurogenesis. Mecha-

nisms on how FUS stimulates these biological effects are

unknown but it seems to be evoked only when BBB is

transiently opened. It could be caused by mechanical

stimulation on brain endothelial cells or immunological

response in the brain parenchyma after BBB disruption.

BBB is a main hurdle to overcome to treat neurological

diseases but with FUS, it can be a breakthrough technology

to enhance treatments of the suffering patients. Although

limited information on BBB disruption with FUS are

known and further investigation on the mechanisms

underlying BBB opening to induce other biological effects

and safety are in demands to be examined, promising

outcomes suggest its potentials to be used in clinical

translations.
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