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Several therapeutic agents for neurological disorders are usually not delivered to the brain owing to the presence
of the blood—brain barrier (BBB), a special structure present in the central nervous system (CNS). Focused
ultrasound (FUS) combined with microbubbles can reversibly and temporarily open the BBB, enabling the

application of various therapeutic agents in patients with neurological disorders.

focused ultrasound blood-brain barrier neurological disorders drug delivery

| 1. Alzheimer’s Disease

The incidence of Alzheimer’s disease (AD), the most representative neurodegenerative brain disease, is steadily
increasing as the aging population increases. However, only drugs that can alleviate and delay symptoms are
currently being used, and no specific treatment methods or therapeutic agents [ have been developed yet. Over
the past decades, several clinical trials have been conducted with various targets, focusing on these two clinical
indications: amyloid beta plaques and neurofibrillary tau tangles [&. However, all clinical trials have failed; only
Aducanumab, which targets amyloid-B (AB) plaque removal, has shown a therapeutic effect, but it is controversial
due to side effects [Bll4l. Although the amyloid hypothesis remains controversial, since the accumulation of AB is a

representative pathological hallmark of AD, numerous therapeutic studies targeting Ap have been conducted.

The first preclinical study on FUS for AD aimed to deliver anti-A3 antibodies targeting amyloid plaques into the
brain by a BBB opening. Consequently, anti-Af antibodies bound to the AP plaques and rapidly reduced the plaque
pathology Bl. Subsequently, research on delivering therapeutic agents through FUS-mediated BBB opening in
patients with AD has gained attention EIZEBIEIL0LLIILZ] |nterestingly, studies have reported that amyloid pathology
(BI13]114][15][16] and phosphorylated tau 718l are reduced only by FUS-induced BBB opening without specific drug
delivery. Treatment delivery via FUS-mediated BBB opening also affected memory recovery in AD animal models
(14][19]1201[21](22] ' Research studies on various biological changes by FUS-mediated BBB opening are ongoing.
However, for FUS to be a promising non-pharmacological treatment delivery method for AD, further research is
needed on why amyloid is reduced and cognitive function is restored. FUS induces the activation of microglia and
astrocytes, which may increase phagocytosis of the amyloid plaques 13114123 Recently, a study confirming the
therapeutic effect in an AD mouse model (5xFAD) by combining FUS and Aducanumab was reported [24],
Aducanumab, a monoclonal antibody targeting fibril forms and beta-amyloid oligomer, has been proven effective
since receiving FDA approval in 2021. However, due to side effects, debate continues as to whether or not it should

be used.
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In conclusion, combined treatment with FUS and Aducanumab reduced amyloid plaque levels, increased

hippocampal neurogenesis, and restored cognitive function. Here, FUS activated phagocytic microglia and

increased the number of astrocytes associated with amyloid plaques. This suggests that FUS can induce a

reduction in amyloid plaques through phagocytosis. In addition, an RNA sequencing analysis showed that the

combined treatment with FUS and Aducanumab upregulated neuroinflammation signaling, phagosome formation,

reelin signaling, and CREB signaling 24!, The immunomodulatory effect of FUS, such as the activation of various

innate immune cells, plays a vital role in reducing amyloid plaques 29, Regarding the recovery of cognitive function

by FUS, the increase in hippocampal neurogenesis 23128127128 or synaptic plasticity 2223 may play a role here,

but further research is needed on this topic. The researchers summarized the most relevant preclinical studies on
FUS-mediated BBB opening in AD (Table 1).

Table 1. Recent preclinical studies on focused ultrasound-mediated blood—brain barrier opening in Alzheimer’s

Authors, Year

of
Publication

Xhima (2020)
7l

Dubey

(2020)
(0]

Deng (2021)
[30]

Feng (2021)
[31]

Animal
Model

TgCRNDS8
mice

TgCRNDS8
mice

APP/PS1
transgenic
mice

Sprague-
Dawley rats
AB (1-40)
injection
model

CF:1.68 MHz
PRF:1 Hz
TD:120 s

AP: Maintained
after decreasing
to 25% based on
subharmonic
emissions

CF:1.68 MHz
PRF:1 Hz
TD:120 s

AP: 0.23 MPa
(feedback
controller)

CF:1 MHz
PRF:10 Hz
TD:60 s
AP:0.6 MPa

CF:1 MHz
TD:60 s
AP:0.8 MPa

disease.

FUS Parameters Target Region

Basal
forebrain

Cortex and
hippocampus

Posterior 3.5
Lateral 3.5
Ventral 3.5

(mm)

Hippocampus

Main Results

Delivery of D3 (peptidomimetic
agonist of TrkA) to the basal forebrain
via FUS activated the TrkA-related
signaling cascades and increased
cholinergic neurotransmission.

IVIg-FUS significantly increased
neurogenesis. FUS alone and IVIg
alone significantly reduced amyloid

plaques. IVIg-FUS affects
neurogenesis through the
downregulation of TNF-a.

Proved the possibility of extracting
exosomes from astrocytes through
ultrasonic stimulation.
Astrocyte-derived exosome was
delivered to the brain after opening
the BBB to confirm the amyloid
clearance effect.

As a result of the delivery of
MpLXSN-BDNF (modified MB with
retrovirus-BDNF) through FUS,
cognitive function is improved, and
BDNF restores synaptic loss.
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Authors, Year

of I:nncl)rdngl FUS Parameters Target Region Main Results
Publication
CE-1 MHz The combined treatment of scanning
. APP23 ] ultrasound and Aducanumab induced
Leinenga ) PRF:10 Hz . . .
(2021) 22 transgenic D6 s Whole brain the effect of reducing amyloid
mice i plaques in the hippocampus and
AP:0.7 MPa - .
restored cognitive function.
g;é;ﬂgj FUS-mediated BBB opening
Poon (2021) TgCRNDS8 TD'iZO S Hippocampi treatment three to five times biweekly
(331 mice . and cortices did not induce neutrophil recruitment
AP:0.28-0.55 : .
or phagocytosis of amyloid plaques.
MPa
FUS increased the delivery rate of
07/2a mAb (Fc-competent anti-pGlu3
Aged CF:278 kHz AR monoclonal antibody) to the brain
Sun (2021) PRF:2 Hz . . by 5.5 times. Co-treatment with FUS
(4] APP::i?eldEg TD:100 s Hippocampi and 07/2a mAb induces greater
AP:0.33 MPa effects on learning and memory
recovery and increases synaptic
puncta.
FUS-Gastrodin treatment restored
Kunming mice CF:1 MHz memory and alleviated
Luo (2022) Ap1-42 PRF:1 Hz HIDPOCAMDUS neuropathology. FUS-Gastrodin
(5] injection TD:120 s bp P reduced A, tau, and P-tau and
model Voltage: 200 mV upregulated BDNF, synaptophysin,
and PSD-95 in the hippocampus.
07/2a mAb (anti-pyroglutamate-3 A3
) antibody) delivered with FUS resulted
- APP/PS1dE9 CF'27_8 kHz in a 5- to 6-fold increase in the brain-
Bathini . PRF:2 Hz Cortex and : .
[36] transgenic i . to-blood antibody ratio after 4 and 72
(2022) ; TD:100 s hippocampus
mice h. FUS-07/2a mAb enhanced the
AP:0.33 MPa . o .
immunoreactivity of resident Ibal+
and phagocytic CD68+ microglia.
Repeated FUS-BBB opening reduces
- CE:1 MHz tau |n.clu3|ons.. FUS-BBB opening
. K3 mice ] mediates delivery of RNF5 (tau-
Bajracharya PRF:10 Hz . o .
(2022) 71 (human 1N4R D6 s Whole brain specific monoclonal antibody)
tau) . increase brain uptake and
AP:0.5 MPa . -
accumulates in unclear cells within
the pyramidal layer.
Kong (2022) 5xFAD mice CF:0.5 MHz Hippocampi Combined therapy of FUS and
24 :
2 PRF:1 Hz Aducanumab decreases amyloid
TD:120's deposits, increases neurogenesis,
AP:0.25 MPa

S, 0 the loss
of dopaminergic neurons. PD is neuropathologically characterized by proteinaceous inclusions called Lewy bodies
(38 Notably, as many studies have reported that a-synuclein plays a direct role in disease development, PD is

classified as a-synucleinopathies 2. Currently, there are no clear treatments to slow or alleviate the progression of

https://encyclopedia.pub/entry/45026 3/15



Focused Ultrasound-Mediated Blood-Brain Barrier Opening for Neurological Disorders | Encyclopedia.pub

Author?, Year  , imal S | onsidered
o FUS Parameters Target Region Iﬂgﬁ'ﬁ\lﬁzsu ts _
Publication Gl 2ssion  of
and attenuates cognitive function  ssion 43,
deficits.
> neurons

has been confirmed “31441145]: however, one study was discontinued due to safety concerns in clinical trials 48,

ARINRSCLRIARBP B ENEEN e BEVsAP By IS WoPicHB i Hhy NG JIRRUERY pbsLRilRPdp etratiias e
Mgra{mp@g@@_; PRF, pulse repetition frequency; PSD-95, postsynaptic density protein-95; TD, train duration; TH,

tyrosine hydroxylase.

Since neurturin has been found to have neuroprotective and neuro-regenerative effects on dopaminergic neurons
B9 the FUS-based delivery of neurturin has been studied to find an alternative to GDNF [Bl52 Recently,
recombinant adeno-associated viral (rAAV) vectors have received much attention as a tool for gene delivery to the
brain. The technology of delivering rAAV using FUS-mediated BBB permeability and expressing the delivered gene
has already been examined 23, Accordingly, recent studies on PD models using FUS mainly involve gene delivery
using rAAV. While there are many studies on delaying disease symptoms by delivering various therapeutic agents

using FUS, there is a lack of preclinical research studies on a-synuclein-based PD models. The most relevant

preclinical studies on FUS-mediated BBB opening in PD were summarized (Table 2).

Table 2. Recent preclinical studies on focused ultrasound-mediated blood—brain barrier opening in Parkinson’s

disease.
Authors, .
Animal FUS Target .
Year of - Main Results
P M | Parameter Region
Publication ous arameters egio
C57BL/6 CFL5 MHz Striatum and FUS-Intranasal delivery increased TH
) [54] : PRF:10 Hz . . - :
Ji (2019) mice TD'60 s substantia immunoreactivity and improved motor control
MPTP AP-0.45 MPa nigra function.
BDNF or GDNF gene delivery through the
Balb/c CF:1 MHz UTMD system induces a neuroprotective
Lin (2020) mice PRF:10 Hz Substantia effect. However, combined with the
(55] MPTP TD:180 s nigra GDNF/BDNF gene delivery it did not produce
Voltage:85 V benefits compared with individually delivering
BDNF or GDNF genes.
CF:1 MHz Cortex
van (2021) C5?BL6 PRE:l Hz ST Improvgs therapeutic efficacy by |ncrea5|rllg
[56] mice TD:60 s substantia the delivery rate of encapsulated curcumin
MPTP AP:0.24-0.45 . through FUS.
nigra
MPa
Yuhong C57BL/6J CF:1 MHz Striatum FUS increased the delivery rate of gastrodin,
(2022) B4 mice PRF:1 Hz which induces neuroprotective effects, by 1.8-
MPTP TD:60 s fold. FUS-Gastrodin treatment increased the
Voltage:100, expression levels of Bcl-2, BDNF, PSD-95,
150, 200 mV
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Authors, .
Animal FUS Target .
Year of - Main Results
Publication Model Parameters Region
and synaptophysin protein and decreased the
levels of caspase-3 in the striatum.
Sprague- CF:1 MHz Striatum and FUS-induced BBB permeability in the striatum
Trinh (2022) prag PRF:1 Hz . and substantia nigra. SIRT3-myc (viral vector
58] Dawley ) substantia . .
rats TD:120 s niara gene therapies for PD) was expressed only in
AP:0.4 MPa g the striatum.

THuuiasuiiia 15 Uic 111ust ayylicooive yialll Wiivl wildl a 1yl iIcuuliclive jalc diiu puul pruyliusis ucospile uea'[mentS
such as resection, radiotherapy, and chemotherapy B2, The blood—tumor barrier (BTB) is created by the often

P, acoustic pressure;. Bcl-2, B-cell ymphoma-2; BDNF, brain-derived neurotrophic factor:. CF, center frequency;
eterogeneOLPs oﬁsruptlon of the BB% wﬁ)th?n ﬁ1e tumor due to aberrant anglog%nllc 3gnallng. As t%e elﬂ/ery gf

FUS, focused ultrasound; GDNF, glia cell line-derived neurofrophic factor; MPTP, neurotoxin. 1-Methyl-4-phenyl-
antlscancer grugs ?s ?mﬂted espltg t%e ?rregu ar Irea(?(?ness o% tlluje BTB, quantitative cijrug éer]wery tth%)ugﬁ FUS-

1,2,3,6-tetrahydropyridine; PD, Parkinson’s disease; PRF, pulse repetition frequency; PSD-95, postsypaptic densit
meﬁateg BBI%( opgx{ngr}s requwe%rl@ﬁ Many previous stutﬂes on (Jj)rug ellve%/ %y I¥US§1ave |r1[\)/o?veycppgt=ents Wftx
Brotein-95; TD, train %uration; TH, %ro]sqine hgdr,oxglase; TMD,,u]trasovnd-tarﬁete microbubble destruction. .

rain tumors. Doxorubicin is a chermotherapéutic agent that inhibits cell growth and induces apoptosis in malignant
glioma cells; however, it is not commonly used because it cannot cross the BBB. In 2007, Treat et al. delivered
doxorubicin to a tumor in the brain via FUS-mediated BBB opening, indicating that this drug could be a viable
treatment option 8. Until now, various therapeutic agents have been used to treat glioblastomas, and FUS-
mediated BBB opening technology is being developed. In the early days of FUS research, unencapsulated drugs
such as the common anticancer drug temozolomide (TMZ) 8263l carmustine (BCNU) 84, and immunostimulatory

interleukin-12 (IL-12) (62881 were mainly used.

Brain metastasis represents an important predictor of mortality for various non-brain cancers such as breast
cancer. Like primary brain tumors, brain metastases do not have an intact BBB, but most therapeutics still have
lower intra-tumoral bioavailability than non-brain tumors 7. FUS studies have continued to treat metastatic brain
tumors as well as primary brain tumors. In 2012, there was a study confirming the therapeutic effect by delivering
Trastuzumab based on FUS-BBB opening in a breast cancer brain metastases model (68, Additional research
reported in 2016 demonstrated that the administration of trastuzumab and pertuzumab in a brain metastasis mouse

model of breast cancer inhibited the growth of brain metastasis when used with FUS, compared to chemotherapy
alone (6,

Whether it is a primary brain tumor or a metastatic brain tumor, the critical factor in the tumor microenvironment is
to what extent the anticancer drugs could be delivered into the target region. It has been reported that the delivery
of chemotherapeutic agents with small molecular weights to the brain tumor microenvironment is approximately
3.9-fold higher under FUS-mediated BBB opening conditions 9. This enhanced delivery rate has been shown to

increase median survival by approximately 30% compared to chemotherapy alone.

However, efflux transporters such as Pgp are overexpressed in cancer cells and prevent the uptake of anticancer
drugs into the cells, resulting in resistance to them. FUS-mediated BBB opening temporarily inhibits Pgp
expression, thereby preventing drug efflux and interfering with functional components of the BBB [l Additional
research is needed on efflux transporter inhibitors targeting cancer cells. In addition to unencapsulated drugs,

studies have reported that tumors (metastatic breast cancer) can be effectively controlled by delivering natural killer
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cells under BBB opening 2. Furthermore, studies on suppressing brain tumors by delivering patient-specific

antibodies or complexes loaded on short-hairpin RNA-liposomes have also been previously reported 2. Since

then, several studies have been conducted to enhance the safety and efficiency of tumor treatment by delivering

encapsulated therapeutics through the conjugation of existing drugs or genes with improved MB, virus, and

nanoparticles [4IZEIT6I77 - As immunotherapy is a critical issue in neuro-oncology, additional research on

immunotherapy using FUS-mediated BBB opening is expected to become more active in the future. The most

relevant preclinical studies on FUS-mediated BBB opening in brain tumors were summarized (Table 3).

Table 3. Recent preclinical studies on focused ultrasound-mediated blood—brain barrier opening in brain tumors.

Authors, Year
of Publication

McDannold
(2020) (&

Curley (2020)
[75]

Englander
(2021) &

Sheybani
(2021) &Y

Ye (2021) 4

Chen (2021)
182]

Animal
Model

Sprague-
Dawley rats
F98 glioma

athymic
nude mice
U87 GBM

B6 mice
PDGF-B +
PTEN-/
-p53-/-
murine
glioma

C57BL/6
mice
GL261
glioma

Swiss-
Webster
mice
GL261
glioma

Fisher rats
C6 glioma

FUS

Parameters

CF:230
kHz
PRF:1.1 Hz
TD:55 s
AP:119-
186 kPa

CF:1.1
MHz
DC:0.5%
TD:120 s
AP:0.45—
0.55 MPa

CF:15
MHz
PRF:5 Hz
TD:120 s
AP:0.7
MPa

CF:1.1
MHz
DC:0.5%
TD:120 s
AP:0.4
MPa

CF:15
MHz
PRF:5 Hz
TD:60 s
AP:0.43
MPa

CF:400
kHz

Target
Region

Striatum

(Tumor)

Striatum
(Tumor)

Pons
(Tumor)

Striatum
(Tumor)

Brain stem
(Tumor)

Caudate
putamen

Main Results

It was confirmed that the ExAblate Neuro low-
frequency clinical TcMRgFUS system could
stably open the BBB in a rat model. Although
delivery of irinotecan to the brain was not
neurotoxic, it was not effective in prolonging
survival or reducing the growth of gliomas.

Interstitial fluid transport in brain tumors is
increased by FUS. FUS increased the
dispersion of directly injected brain-
penetrating nanoparticles through tumor tissue
by >100%.

FUS increased the delivery rate of etoposide
into the tumor site more than five times
compared to the control group, but there was
no difference in survival rate or inflammation.

[89Zr]-mCD47 (phagocytic immunotherapy)
delivery with repeated FUS can significantly
constrain tumor outgrowth and extend survival
rate.

FUS-mediated intranasal delivery increased
the delivery rate of anti-PD-L1 antibodies to
the brain stem by 4.03-fold.

CD4+ (helper TILs) and CD8+ (cytotoxic TILS)
immunogenic responses were significantly
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Authors, Year  Animal FUS Target
of Publication = Model Parameters  Region
PRF:1 Hz (Tumor) increased after 7 days of FUS treatment.
TD:120 s
AP:0.81
MPa

Main Results

CF:1 MHz Sonosensitive liposome-encapsulatin
BALB/c nude PRF:1 Hz ; £ i

Moon (2022) Cerebral doxorubicin enhances permeability by FUS-

[83] mice TD:B_O S hemisphere mediated BBB opening. The GBM cytotoxicity
ug87 GBM AP:1 L .
2 of IMP301-DC was significantly increased.
W/cm
CF:1.1
C57BL/6 MHz
Sheybani mice PRF:1 Hz Striatum FUS-mediated BBB opening in gliomas
(2022) 84] GL261 TD:120 s (Tumor) transiently induces inflammatory effects.
glioma AP:0.4-0.6
MPa

AP, acoustic pressure; BBB, blood—brain barrier; CF, center frequency; DC, duty cycle; FUS, focused ultrasound;

GBM, glioblastoma; PRF, pulse repetition frequency; TD, train duration; TILs, tumor-infiltrating lymphocytes.
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