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a protein containing an abnormally expanded polyglutamine (polyQ) sequence. The expanded polyQ in
the Htt protein is toxic to brain cells. No therapy exists to delay disease progression.

Methods: This study describes a gene-liposome system that synergistically applied focused ultrasound
(FUS)-blood-brain barrier (BBB) opening for rescuing motor and neuropathological impairments when
administered from pre to post-symptomatic transgenic mouse models of HD. DPPC liposomes (LPs) are

{-‘(z}c/uws?er(;jsl_.lltrasound designed to carry glia cell line-derived neurotrophic factor (GDNF) plasmid DNA (GDNFp) to form a
Gene therapy GDNFp-liposome (GDNFp-LPs) complex. Pulsed FUS exposure with microbubbles (MBs) was used to
Blood-brain barrier opening induce BBB opening for non-viral, non-invasive, and targeted gene delivery into the central nervous
GDNF system (CNS) for therapeutic purposes.

Huntington's disease Results: FUS-gene therapy significantly improved motor performance with GDNFp-LPs + FUS treated HD

mice equilibrating longer periods in the animal behavior. Reflecting the improvements observed in motor
function, GDNF overexpression results in significantly decreased formation of polyglutamine-expanded
aggregates, reduced oxidative stress and apoptosis, promoted neurite outgrowth, and improved
neuronal survival. Immunoblotting and histological staining further confirmed the neuroprotective effect
from delivery of GDNF genes to neuronal cells.
Conclusions: This study suggests that the GDNFp-LPs plus FUS sonication can provide an effective gene
therapy to achieve local extravasation and triggered gene delivery for non-invasive in vivo treatment of
CNS diseases.

© 2019 Elsevier Inc. All rights reserved.

Introduction

Huntington's disease (HD) is an inherited disorder characterized
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polyQ is toxic to brain cells [4]. The pathological hallmark of HD is
brain atrophy that is mainly in the cortex and striatum, and restrict
particularly to the progressive loss of medium-sized striatal
medium-sized spiny neurons and cortical pyramidal neurons [5,6].
Moreover, chronic mutant Htt (mHtt) expression alters the neuro-
vasculature by increasing cerebral blood volume, reducing vessel
density, and blood-brain barrier (BBB) permeability in animal
models and clinical patients [7—9]. The endothelial cells form BBB,
the main elements of the neurovascular unit, that restrict para-
cellular and transcellular entry into the CNS [10,11].

There is currently no effective treatment that can retard or
reverse the progression of HD. Target compounds such as neuro-
trophic factors (NFs) have been considered to play a potentially
significant role in neuroprotection in HD [12—14]. NFs, supporting
the survival of CNS neurons, have demonstrated their reduced
availability in neurological disorders, and insufficiency of neural
NFs supply thereby promotes neurodegeneration [15—17]. More
recently, gene therapy provides exciting potential for improved
therapeutic efficacy [18]. Glial cell line-derived neurotrophic factor
(GDNF) is one of the best-studied NFs and has been shown to
promote the growth, development, survival, and trophic plasticity
of striatal neurons [19—21]. In addition, GDNF has been found to be
neuroprotective against toxin-induced neurodegeneration [22].
Direct local delivery of GDNF to the CNS can be performed using a
catheter or needle [12,23], but this invasive approach is associated
with the risk of neurologic damage, bleeding, and infection, and
also requires multiple bi-monthly injections to ensure sustained
benefit [12]. Noninvasive gene delivery via systemic routes to the
brain encounters several major limitations. One limitation is that
naked plasmid genes are quickly degraded by endogenous nucle-
ases and are rapidly cleared by the reticuloendothelial system (RES)
[24—26]. A second limitation is that the targeting compounds such
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as GDNF into CNS can be hampered due to blockage by the BBB.
Studies have shown that HD gradually develops BBB integrity
impairment with age, leading to profound disturbance of brain
homeostasis [10,15—17]. Previous studies have shown the correla-
tion of the neurovasculature impairment and pathologically-
developed BBB breakdown and have some implications for iden-
tifying potential HD therapies in the future [7,15,27].

The use of focused ultrasound (FUS) to transiently open the BBB
for noninvasive delivery of therapeutic genes has been investigated
[26,28—31]. The combination of burst FUS exposure in the presence
of microbubbles (MBs) effectively enhances cavitation to tempo-
rally disrupt the BBB. FUS-mediated BBB opening also allows
therapeutic agents to deposit at specific sites noninvasively, with
the BBB recovery few hours after the procedure [32—37]. We have
previously shown that the synergistic use of FUS-BBB opening with
GDNF-gene-vector to perform noninvasive GDNF gene delivery,
which could enhance treatment efficacy in a Parkinson's disease
(PD) mouse model [26,30,31]. We therefore hypothesize that GDNF
gene delivery to specific brain region with FUS-mediated BBB
opening has beneficial effects on HD transgenic mice.

This study aims to verify that self-designed gene vector, a
liposome-containing plasmid DNA formulation, can be used in
conjunction with FUS-BBB opening to promote CNS GDNF gene
delivery for HD treatment. Fig. 1 shows the proposed strategy
concept. FUS exposure would induce MB oscillation in blood vessels
and locally amplify acoustic cavitations to promote GDNF gene
penetration and delivery into the HD brain. MRI was used to follow
HD anatomical regional atrophy of normal and diseased mice.
Immunohistochemical analysis was conducted to examine the
formation of neuronal aggregates in HD mice over time. Biophysi-
cal/biochemical analysis was conducted to characterize the conse-
quence of the GDNF gene-delivery.

Enhanced neuroprotective
and restorative effects
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Fig.1. Schematic representation of FUS-mediated GDNFp-LPs delivery for treatment of HD transgenic mice. BBB ultrastructure alterations in the ipsilateral striatum at 2 h after FUS-
BBB opening. The regular capillary lumen, integrity base membrane, and normal extracellular space are observed prior to FUS exposure (Before sonication). The swelling of end-feet
(green arrow), disrupted base membrane, narrowed capillary lumen and enlarged extracellular space (yellow arrows) are observed at 2 h after FUS exposure (After sonication). The
yellow circles represent microbubbles (MBs), small green circles represent glia cell line-derived neurotrophic factor plasmid DNA-liposomes (GDNFp-LPs), and red circles represent
red blood cells (RBC). Scale bar, 2 um. FUS = focused ultrasound; BBB = blood-brain barrier. (For interpretation of the references to colour in this figure legend, the reader is referred

to the Web version of this article.)
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Materials and methods

See Supplementary Materials and Methods.

Results

Design of LP-encapsulated pDNA and in vitro validation for gene
delivery

To achieve cell-specific targeting and to overcome the barriers to
cytosolic and nuclear delivery, condensed pDNA encapsulated in
LPs is crucial to maintaining gene delivery efficiency through
intravenous administration. LPs that encapsulated GDNF-, HttQ25-,
and HttQ109-pDNA were formulated. After encapsulating pDNA
within LPs and removing the un-encapsulated pDNA by spin col-
umn, the amount of encapsulated pDNA was calculated from the
absorbance of pDNA in the resulting pDNA-LPs. Fig. 2 shows the
characteristics of the pDNA-LPs used in this study. Fig. 2A shows the
zeta potential of pDNA/pDNA-LPs with a negatively charged sur-
face, implying only minor changes of electrical potential of DPPC
LPs. Fig. 2B shows the size distribution of L-HttQ25, L-HttQ109, and
GDNFp-LPs with a mean diameter approximately 150 nm. Fig. 2C
shows the cryo-TEM images of L-HttQ25, L-HttQ109, and GDNFp-
LPs. Apparently, the DPPC-based LPs can trap hydrophilic pDNA
and interact with pDNA to form pDNA-LPs. The mean size was
approximately 150 nm for pDNA-LPs.

To analyze if ultrasound exposure can induce polyQ-containing
Htt expression and form aggregates in vitro, the disease-inducing
Htt protein exon 1 fragment (L-HttQ109) and its wild-type coun-
terpart (L-HttQ25) constructs were used in transient transfection
experiments on N2A cells. As shown in Fig. 2D, the red fluorescence
(1C2) signals was uniformly and evenly distributed throughout the
cytoplasm and nucleus in L-HttQ25 and L-HttQ109 cells. The red
fluorescence was also generally distributed evenly throughout the
cytoplasm, with small aggregates in cytoplasm and large aggre-
gates in nucleus of L-HttQ109 cells after ultrasound exposure. In
contrast, HttQ25-expressing cells contained no visible aggregates
and instead expressed a relatively homogeneous intracellular dis-
tribution at the time point examined (middle column). This ag-
gregation was found in most HttQ109-expressing cells after
ultrasound induction over 48-h period.

In vivo BBB opening and paracellular permeability

The efficiency of FUS exposure in conjunction with micro-
bubbles to temporally open the BBB at striatum of R6/2 HD mice
was evaluated. Fig. 3A shows a typical example of a contrast-
enhanced MRI and the corresponding HE stained brains to
confirm BBB-opening efficacy via the proposed system. Enhanced
T1-weighted images confirm the BBB-opening scale under 0.33-
MPa exposure pressure. Subtracted MR images showed enhancive
signal intensity in the surrounding striatum regions, suggesting
Gd-DTPA leakage. The HE-stained brain sections with 0.33-MPa
exposure pressure confirmed no potential capillary/brain tissue
damage. The 0.33-MPa exposure level was thus used for the
following R6/2 HD mice treatments. In addition, BBB integrity was
also evaluated by detecting EB extravasation after FUS-BBB open-
ing. As shown in Fig. 3B, EB extravasation was significantly
increased in the sonicated brains of R6/2 HD mice and WT mice.
The amounts of EB deposited in the sonicated tissues were
0.36 + 0.13, 0.45 + 0.12, and 0.46 + 0.14 pg/g for 6, 12, and 18-week-
old R6/2 HD mice, and 0.6 + 0.13, 0.41 + 0.11, and 0.48 + 0.13 pug/g
for 6,12, and 18-week-old WT mice. The permeability of EBs in the
rostral regions for FUS-BBB opening was significantly higher than
under non-sonicated conditions, and the difference is statistically
significant (***P < 0.005 and **P < 0.01) for all age groups except R6/
2 HD mice at 18 weeks of age.

The EB extravasation experiment showed a tendency in increase
of BBB permeability in R6/2 HD mice compared to WT at 18-weeks
of age. It is also noted that FUS-BBB opening did not enhance
significantly the BBB permeability in R6/2 HD mice at 18-weeks of
age. To determine if BBB permeability occurs relative to HD pro-
gression, we examined the kinetic changes induced by FUS expo-
sure via DCE-MRI analysis. DCE-MR scanning was performed to
evaluate the effect of dynamic BBB permeability changes on the
basis of regions of interest drawn in anatomically identical posi-
tions in Fig. 3C. The BBB-opened region was clearly identified as the
region of Gd-DTPA penetration into the striatum, implying that
BBB-opening effect was involved. DCE-MR images were further
investigated for dynamic permeability changes to analyze the ki-
netic parameters of an ROI at the BBB-opened regions between 18-
week-old R6/2 HD and WT mice. It is noted that Ktrans level is
higher in R6/2 HD mice compared to the WT mice, indicating
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Fig. 2. Characteristics of the GDNFp-LPs, the L-HttQ25, and the L-HttQ109 nanoparticles used in this study. (A) Particle zeta potential; (B) particle size distribution; and (C) particle
morphologies. (D) Immunocytochemical staining (1C2 antibody for detection of huntingtin) of N2A cells transfected with L-HttQ25 or L-HttQ109 with or without ultrasound (US)
sonication. After 2 days of induction, expression of HttQ109 fragment leaded to aggregate formation in N2A cells transfected with L-HttQ109 by US whereas clones expressing

HttQ25 showed no detectable aggregate formation.
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Fig. 3. (A) Representative MR images before and after FUS-BBB opening in 6-week-old R6/2 HD mice. T1-weighted images of sagittal and coronal regions (left column); Gd-DTPA
contrast-enhanced T1-weighted images of sagittal and coronal regions (middle column); subtracted after and before Gd-DTPA injection T1 images of sagittal and coronal regions
(right column), corresponding HE stained section. (B) The amount of EB extravasation before and after FUS-BBB opening in both WT and R6/2 HD mice over time. (C) The values of
Ktrans maps before and after conducting FUS-BBB opening in both 18-week-old WT mice and R6/2 HD mice. Parameters were as follows: acoustic pressure, 0.33 MPa; frequency,
500 kHz; burst duration, 10 msec; PRF, 1Hz; duty cycle, 1%; total exposure time, 30-sec at contralateral hemisphere and another 60-sec at ipsilateral hemisphere; and MB dose,
SonoVue® 0.1 mg/kg. Data represent means + S.D of three independent experiments. Significant difference was denoted as “*”, “**”, and “***” to respectively represent P < 0.05,
P<0.01, and P < 0.005 (Mann-Whitney U test).

impaired BBB in HD mice at 18-weeks of age. In the WT mice, we
observed a peak value of Ktrans of 0.43 +0.05 min~' after FUS
exposure from static 0.15+0.04 min~!, whereas Ktrans of
0.47 +0.07 min~! from static 0.34+0.20 min~' in R6/2 HD mice.
R6/2 HD mice had a higher Ktrans level after FUS-BBB opening at
18-weeks of age. Similarly, EB extravasation showed increased
permeability after FUS-BBB opening, although not statistically sig-
nificant in 18-week-old R6/2 HD brains. Taken together the results
support the plausibility of using FUS to open the BBB either in WT
or R6/2 HD mice, but the BBB opening is less effective in late HD
mice.

FUS CNS gene delivery ameliorated aggregation, oxidative stress,
inflammation and neurodegeneration in HD transgenic mice

The time course of the R6/2 HD mice including the schedule of
FUS treatment, rotarod, as well as histological analysis was

summarized in Fig. 4A. The mice were grouped into sham, GDNFp-
LPs only, FUS only, and GDNFp-LPs + FUS. To study the pathological
changes after the FUS CNS gene delivery treatment, a series of
immunohistochemical staining were performed, including protein
aggregation, oxidative stress, and inflammatory and apoptosis
markers. Fig. 4B shows the examination of the protein expression
patterns and the spatial distributions of cell types in various animal
groups in 14-week-old mice. It shows WB analysis results for the
GDNF protein expression among various experimental groups.
Using the readout from the sham group as a baseline, significant
GDNF protein expressions was observed in the GDNFp-LPs + FUS
animal group. This suggests that FUS-BBB opening successfully
delivered GDNFp-LPs into brain target region, and transfected and
eventually transduced GDNF expression.

Microscopically visible huntingtin protein aggregates serve as
important indicator in HD progression (Fig. 4C 1st and 2nd col-
umns). Significant reductions in Htt aggregates in cortex/striatum
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Fig. 4. (A) Timeline of the study design and schematic of the mouse treatment-procedure. (B) Levels of neuronal GDNF expression after 9 weeks of treatment. (C) Immunodetection
of tissue slides from WT mice and HD mice with and without FUS-gene therapy. Microscopic assessment of protein aggregates, Caspase 3, TUNEL, P-CREB, and MDA numbers. (D)
Immunohistochemical localization of p-tubulin, GFAP, MAP2, and IBA-1 in cortex and striatum brain tissue from WT mice and R6/2 HD mice with different treatments ( x 400
magnification). Bar graph shows the optical density (mean) statistical analysis of the changes among various experimental groups. FUS exposure level was set to 14W. ANOVA
combined with post-hoc Tukey test was performed for comparisons. Compared with the WT group: single pound, P < 0.05; double pounds, P < 0.01; compared with the HD sham
group: single asterisk, P < 0.05; double asterisks, P <0.01. Values are presented as means + SD. N = 3—6 mice/group.
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(2.5 + 0.7/3.5 + 0.7) were shown in GDNFp-LPs + FUS treated R6/2
HD mice compared to sham (19.1 + 1.4/18.0 + 2.8), reducing
approximately 87% and 81% of Htt aggregates in cortex and stria-
tum when compared to the sham group. Cellular apoptosis levels
were analyzed by quantifying caspase 3 and TUNEL staining (Fig. 4C
3rd to 6th columns). Positive immunostaining with caspase 3 was
observed in the nucleus and cytoplasm and TUNEL-positive
apoptotic signals identified in the nucleus. In GDNFp-LPs + FUS
group, a slightly increased immunoreactivity for caspase 3 in either
the cortex or striatum was found when compared to WT mice, but
was significantly lower than the HD sham group. TUNEL immu-
nostaining in striatum was significantly decreased in GDNFp-
LPs + FUS group compared to WT and HD sham mice, respectively.
These results imply that cellular apoptosis was effectively relieved
after GDNFp-LPs + FUS treatment.

In addition, to further investigate whether impairments in
motor function correlate with histological changes in the cortex
and striatum regions, we next examined the neuronal survival
marker P-CREB and oxidative stress marker MDA (Fig. 4C 7th to
10th columns). Administration with GDNFp-LPs following FUS-BBB
opening produced a statistically significant increase (**P < 0.01) in
expression of P-CREB in R6/2 HD mice brains compared to the sham
group. To confirm the change in oxidative stress in the brain tissues,
MDA was immunoprecipitated. MDA levels in the neural rostral
region were significantly higher in the group of GDNFp-LPs + FUS
treated R6/2 HD mice than the sham animal group (*P < 0.05).
Oxidative stress levels contributed to be higher in the sham,
GDNFp-LPs, and FUS groups, but the differences were not statisti-
cally significant when compared to the WT group. Both markers
showed significant improvements with GDNFp-LPs + FUS expo-
sure. This confirmed that GDNFp-LPs + FUS treatment provides the
most significant neuronal protection.

Fig. 4D shows fluorescent-tagged immunohistochemistry (IHC)
microscopies, to observe cellular changes in neurons and glia in the
cortex and striatum regions. Double-labeled IHC staining (green: -
tubulin III and MAP2 to identify neurons; red: GFAP and IBA-1 to
respectively identify astroglia and microglia; blue: DAPI to mark all
cell nuclei) was performed and merged to demonstrate neuro-
protective effects in neuronal cells. pB-tubulin exhibited distinct
fibrillary cytoskeletal localizations in the cortex and striatum area
(1st and 2nd columns). GFAP, an intermediate filament protein, is
expressed mainly in astrocytes. B-tubulin staining was associated
with neuronal microtubule, whereas GFAP staining was filamen-
tous and distinct from that encountered with B-tubulin. p-tubulin
expression was able to induce a preferential growth and branching
of neurites in GDNFp-LPs + FUS groups when compared to other
groups. GFAP immunoreactivity was elevated in the sham and
GDNFp-LPs groups. Of note, GFAP expression was relatively mod-
erate in the GDNFp-LPs + FUS treatment group and close to that of
the WT group, implying the neuro-inflammatory response in R6/2
HD mice was lessened. The intensity of microglial marker, IBA-1, in
the cortex and striatum area was relatively high in WT and GDNFp-
LPs + FUS animals compared to the other groups. This showed that
microglia were more activated [38]. Furthermore, MAP2, indicating
neurite outgrowth, increased significantly in GDNFp-LPs + FUS
animals, and also was very similar to cell types from WT mice. The
results confirm that successful GDNF gene delivery and GDNF
overexpression provides neuroprotection effects, including
neuronal viability and promoting neurite outgrowth.

FUS CNS gene delivery improved motor performance and rescued
brain atrophy in HD transgenic mice

Next, we demonstrate the neuroprotective effect via FUS-BBB
opening to facilitate CNS GDNF-gene (GDNFp-LPs) delivery into

the R6/2 HD mice. Fig. 5A shows R6/2 HD mice developed neuro-
anatomical changes in various experimental conditions. Significant
differences in motor coordination restoration were noted in the
GDNFp-LPs + FUS treated group when compared to the sham
group. Fig. 5B shows weekly rotarod motor performance among
groups. Of note, GDNFp-LPs + FUS provided the most significant
improvement of motor ability maintaining through the treatment
period from 14- to 18-weeks of age when compared to the other
groups. At week 18, a significant difference can be observed when
compared GDNFp-LPs + FUS (latency: 201.13 + 83.56 s) to sham
(39.78 + 28.74 s), GDNFp-LPs only (22.15 + 0.49 s), and FUS only
groups (18.30 + 20.17 s). The results demonstrated that R6/2 HD
mice with GDNFp-LPs and FUS-BBB opening treatment could pro-
vide a neuroprotective effect to retard disease progression evi-
denced by neuroanatomical and motor function observation.

Discussion

Our work demonstrates that FUS exposure-gene therapy en-
hances neuroprotective effects through successful FUS + MBs-
induced GDNF overexpression with the mechanism summarized in
Fig. 6. FUS + MBs-enhanced GDNF transduction is shown to be
capable of reversing motor deficits, brain rostral atrophy, and
neuronal dysfunction and loss. The FUS + MBs-GDNF gene delivery
also increases CREB phosphorylation. P-CREB enhances neuronal
plasticity and cell survival, which is demonstrated by reduced
expression of the antiapoptotic protein caspase 3 and DNA frag-
mentation (TUNEL). In addition, GDNF overexpression decreases
MDA expression, an oxidative stress marker (Fig. 4C and D). We
have also shown that the proposed system effectively enhances
neurotrophic factor synthesis in the HD brain and provides neu-
roprotective effects.

Our preclinical evidence supports the hypothesis that
FUS + MBs-enhanced GDNF gene delivery can rescue motor im-
pairments and partially retard HD progression, supporting the
conclusion that the strategy of FUS + MBs-gene therapy is effective
in controlling hereditary disease progression such as HD caused by
specific gene mutation might be possible. With its noninvasive
feature, FUS-BBB opening system provides opportunity in capable
of repetitively and locally delivering therapeutic gene into the
brain, for example, HD disease progression control demonstrated in
this study.

This study reveals correlations between regional brain atrophy
and motor dysfunction via motor performance and MR images from
early to late stage of HD (see Supplementary Results S1). Progres-
sive brain atrophy in the cerebral cortex, ventricle, and striatum
was compatible with motor deficits, suggesting that changes in
brains of MRI may predict neuronal dysfunction. The intracellular
aggregates are present in brains of HD mice at 6 weeks of age and
increase with over time. These results suggest that the functional
change in R6/2 HD mice may have originated from loss of cortex
and striatum neurons. Thus, neuroimaging measures might feasibly
serve as biomarkers for evaluating the efficacy of neuroprotective
treatments in preclinical trials.

GDNF contributes to the growth, development, and plasticity of
selective striatal neurons for their survival and/or differentiation
[39—41]. GDNF can be delivered in a non-invasive manner to the
brain through the BBB using a systemic administration route. Pre-
vious work has shown that pDNA encapsulated in neutral stealth
liposomes functionalized within a targeting region provides effi-
cient and specific gene delivery in vivo [26,30]. The characteristic
liposomes (LPs) (Fig. 2) were prepared with three different
amounts of pDNA, including GDNF, HttQ25, and HttQ109 as pre-
viously described [26,30,31]. The prepared LPs had an average
effective diameter of 150 nm, as measured by DLS, with a negative
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charge. As shown in Fig. 2B, HttQ25 was homogeneously expressed
in nearly all N2A cells transfected with L-HttQ25 using US exposure,
whereas nearly all N2A cells transfected with L-HttQ109 using US
exposure demonstrated intracellular aggregates. This confirms the
possibility in using ultrasound to successfully enhance cell trans-
fection, and using ultrasound as a gene transfection tool for effi-
cient gene delivery in vivo.

We also examined how vascular permeability might change due
to ultrasound-BBB opening in different disease stages. The
assumption is that an intact neurovasculature structure can be
altered at different disease stages, potentially affecting the effec-
tiveness of FUS to open the BBB. An excellent correlation can be
found between local vascular permeability and enhanced delivery
in the early-middle-stages. However, such increase is not found in
18-week-old R6/2 HD mice, which may be due to no significant
increase in BBB permeability after FUS exposure with MBs. This is

consistent to our observation that MRI kinetic responses reflect a
slow perfusion rise effect at the BBB-opened region, particularly in
older diseased mice, implying that the FUS may not effectively
enhance sufficient diffusivity transition from the vasculature to
brain tissues, and this heterogeneous permeability enhancement
may hamper therapeutic efficacy in late HD stage. This may suggest
that different vascular impairment in different disease stages might
be responsible for the heterogeneous effects of FUS exposure with
MBs on permeability in HD brain [15]. Therefore, BBB opening
through FUS exposure in the presence of MBs can enhance vascular
permeability and deposit therapeutics in the targeted tissue to
significantly improve treatment efficacy in early HD stage rather
than late stage.

This study investigates whether FUS + MBs-gene therapy can
facilitate HD therapy through evaluating motor function mainte-
nance. Through 9 weeks of treatment, GDNFp-LPs + FUS treated
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mice were indistinguishable with WT mice in motor performance,
demonstrating that GDNF-mediated neuroprotective effects can
maintain motor function during the entire course of treatment,
providing strong evidence of retarding HD progression (see sup-
plementary Results S2) [32,34,42,43]. The synergistically applied
FUS + MBs-induced GDNF gene transduction and overexpression
retarded HD progression. This result supports that the reversibility
of the pathology can be achieved in early stage of disease
[14,18,19,32,44].

We have shown the feasibility of combining FUS-BBB opening
and non-viral gene vector to serve as a HD gene therapy platform.
We have identified an effective FUS + MBs-GDNF treatment pro-
tocol that can effectively open the BBB for GDNF gene delivery, and
our study results suggest that the procedure may restore neuronal
function and retard HD progression. For further extending the po-
tential benefit in using this technique to provide long-term and
lasting effect, multiple and repetitive sonication under a well-
controlled intact exposure condition [45] should be valuable and
can be further investigated.
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