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Focused ultrasound (FUS)-induced with microbubbles (MBs) is a promising technique for noninvasive opening
of the blood-brain barrier (BBB) to allow targeted delivery of therapeutic substances into the brain and thus
the noninvasive delivery of gene vectors for CNS treatment. We have previously demonstrated that a separated
gene-carrying liposome andMBs administration plus FUS exposure can deliver genes into the brain,with the suc-
cessful expression of the reporter gene and glial cell line-derived neurotrophic factor (GDNF) gene. In this study,
we further modify the delivery system by conjugating gene-carrying liposomes with MBs to improve the GDNF
gene-delivery efficiency, and to verify the possibility of using this system to perform treatment in the 1-Methyl-
4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced animal disease model. FUS-BBB opening was verified by
contrast-enhanced MRI, and GFP gene expression was verified via in vivo imaging system (IVIS). Western blots
aswell as enzyme-linked immunosorbent assay (ELISA) were conducted tomeasure protein expression, and im-
munohistochemistry (IHC)was conducted to test the Tyrosine hydroxylase (TH)-neuron distribution. Dopamine
(DA) and its metabolites aswell as dopamine active transporter (DAT)were quantitatively analyzed to show do-
paminergic neuronal dopamine secretion/activity/metabolism.Motor performancewas evaluated by rotarod test
weekly. Results demonstrated that the LpDNA-MBs (gene-liposome-MBs) complexes successfully serve as gene
carrier and BBB-opening catalyst, and outperformed the separated LpDNA/MBs administration both in terms of
gene delivery and expression. TH-positive IHC andmeasurement of DA and its metabolites DOPAC and HVA con-
firmed improved neuronal function, and the proposed system also provided the best neuroprotective effect to re-
tard the progression ofmotor-related behavioral abnormalities. Immunoblotting and histological staining further
confirmed the expression of reporter genes in neuronal cells. This study suggests that FUS exposureswith the ad-
ministration of LpDNA-MBs complexes synergistically can serve as an effective gene therapy strategy for MPTP-
animal treatment, andmay have potential for further application to perform gene therapy for neurodegenerative
disease.
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1. Introduction

Parkinson's disease (PD) is the secondmost commonneurodegener-
ative disorder worldwide, affecting 1% of the elderly population with a
higher prevalence [1]. Patients typically develop progressive loss of
the nigro-striatal dopaminergic neurons and eventually resulting in
wide-spread neuronal cell death [2,3]. Currently no definite treatment
approach exists to slow the progression of neurodegenerative disease.
Patients suffer a loss of movement controlling and other such
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symptoms, mainly due to degeneration of dopaminergic neurons in the
substantia nigra (SN), coupled with a depletion of dopamine (DA) and
metabolites in the nigrostriatal projections [4,5].

Gene therapy is a therapeutic approach that aims to treat disease by
genetically modifying neuronal cells to relieve relevant-symptoms or
even reverse PD progression [6,7]. For example, glial cell line-derived
neurotrophic factor (GDNF) is a potent agent for PD therapy due to its
neuroprotective and neurotrophic effects [8,9]. The overexpression of
neuroprotective genes to promote regeneration of DA in activated neu-
rons offers potentially significant symptoms alleviation while slowing
disease progression [10]. This strategy allows for treatment using puta-
tive neuroprotective-agents prior to significant/irreversible neuronal
loss [11]. However, one of the major challenge to this approach is the
blood-brain barrier (BBB), in which tight junctions between the endo-
thelial cells block the penetration of molecules N400 Da, thus
preventing CNS uptake therapeutic drugs/genes [12]. In addition, thera-
peutic genes administered intravenously are rapidly degraded through
reticuloendothelial system (RES) uptake and clearance, thus typically
requiring the invasive intracranial local injection of therapeutic genes
[13,14].

Transcranial focused ultrasound exposure with microbubbles (MBs)
can temporally and locally open the BBB to allow large therapeutic sub-
stances to penetrate the targeted CNS regions [15–18] in various species
ranging from small to larger animal [19–21]. Regarding gene-vector de-
livery, we have previously shown that the technique can be synergisti-
cally combined with a liposome-containing plasmid DNA (LpDNA)
system to significantly promote GDNF transfection (5–10 fold increase
in GDNF measures as compared to controls) at target CNS sites in nor-
mal animals [22]. It is reasonable to surmise that GDNF gene delivery
and expression in SN via LpDNA system combined with FUS-BBB open-
ing should be beneficial to PD progression control, since previous stud-
ies have confirmed that supplemental GDNF supplement can help
prevent neuronal death and can retard PD progression [23,24]. In addi-
tion, FUS-induced BBB opening relies on the administration of MBs to
provide cavitation-induced sheer stress/radiation force in capillaries to
trigger tight-junction opening. Amore efficient design involves forming
LpDNA-MBs complex [25,26] tomaximize gene-vector delivery into the
brain since the MB-generated force directly radiates LpDNA toward
Fig. 1. Schematic representation of the synergistic use of the LpDNA-MBs complex to assist FUS
treated animals. FUS = focused ultrasound; BBB = blood-brain barrier.
tight-junctional crafts. Therefore, we hypothesize that the LpDNA-MBs
complex with an FUS-induced BBB opening can effectively deliver
genes to the brain to provide effective PD treatment.

The study develops and evaluates the efficacy of a CNS gene delivery
system via the synergistic use of FUS-induced BBB opening with the
GDNF-gene-vector/MBs complex to perform noninvasive GDNF gene
delivery and evaluate its treatment efficacy in 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) mouse model of PD. We propose a
novel GDNF-gene-vector/MBs complex design by synthesizing biotinyl-
ated liposome-containingpDNA (LpDNA) to bind avidin-MBs via biotin-
avidin linkages. Once in the cell, the LpDNA eventually enters the nucle-
us and enhances the protein expression. The designed LpDNA contains
green fluorescence protein (GFP) genes and GDNF genes to allow for
in vivo detection of gene expression. Fig. 1 shows the proposed FUS
gene delivery system. Biophysical/biochemical analysis was conducted
to characterize the LpDNA-MBs complex system. We measured the ex-
pression levels of proteins and metabolites, conducted pathological ex-
aminations, assessed motor performance of MPTP-treated mice, and
compared the proposed LpDNA-MBs complex system with separated
LpDNA/MBs administration. We also present immunohistochemistry
(IHC) staining evidence that neuronal cells are the major target to be
transduced via the proposed system.

2. Material and methods

2.1. Plasmid DNA (pDNA) preparation

A single bacterial colony containing a plasmid encodingboth theGFP
gene (marker gene) and the glia-derived neurotrophic factor (GDNF)
gene (therapeutic gene) was cultured and inoculated in 500 mL LBme-
dium. The mixture was then incubated for about 24 h at 37 °C with
shaking at 300 rpm. The bacteria cells were harvested by centrifugation
at 3000 ×g for 30 min at 4 °C. Following to the manufacturer's instruc-
tions, the sampleswere centrifuged at 15,000 ×g for 10min and the su-
pernatant was decanted. Then, 200 μL of double-distilled autoclaved
water (DDAC) was added to the pellet, followed by 20 μL of sodium ac-
etate along with 550 μL of cold ethanol. The mixture was centrifuged at
4 °C for about 15 min. Finally the supernatant was gently removed and
-induced BBB opening to perform noninvasive and targeted GDNF gene delivery for MPTP-

Image of Fig. 1
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100 μL of DDAC water was added to the plasmid. The plasmid concen-
tration was taken using a Nanodrop (ND-1000, Thermo Fisher Scientific
Inc. Waltham, MA) at wavelengths of 260- and 280-nm. A ratio greater
than 1.8 indicated that the purified pDNA was free of contaminants.
2.2. Biotinylated liposome-containing plasmid DNA (LpDNA) formation

Biotinylated liposomes containing dipalmitoylphosphatidylcholine
(DPPC), cholesterol (Chol), 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[biotinyl(polyethylene glycol)2000] (DSPE-
PEG (2000)-Biotin) (Avanti Polar Lipids Inc., Alabaster, AL), and α-to-
copherol in a 3:1:1:0.004 M ratio were made using the film hydration
method as previously described [27]. Briefly, the lipidmixture dissolved
in chloroformwas dried in a flask to produce a homogeneous lipid film.
The film was then hydrated with a suspension of condensed plasmid
DNA (pDNA) at 42 °C until the film dispersed from the bottom of the
flask. The suspension was then sonicated and extruded 10 times
through 200-nm polycarbonate filters using an Avanti Mini Extruder
(Alabaster, AL), and then passed through a spin column to remove the
unencapsulated pDNA. After centrifugation at 16,100 ×g for 15 min
and supernatant collection, the concentration of LpDNA in the lipo-
somes was determined spectrophotometrically by measuring at a
wavelength of 260 nm (Hitachi F-7000, Tokyo, Japan) following the
method used in our previous study [22].
2.3. LpDNA-microbubble complex preparation

The LpDNA solution in PBS and avidinylatedMBs (Targeson Inc., San
Diego, CA) weremixed at a 1:1 volume ratio and stirred for 1 h at room
temperature. The avidinylated MBs were gently stirred in the LpDNA
liquid to form the LpDNA-conjugated avidinylated MBs (LpDNA-MBs).
Themixture was spun for 10min at 20 ×g using a fixed rotor centrifuge
(Eppendorf 5415C, Hauppauge, NY). The higher density of the LpDNA-
MBs caused them to settle at the bottom, while untargeted MBs
remained in the top layer.We discarded the top layer, and re-suspended
the targeted MBs in a total volume of 1.0 mL of PBS. Encapsulation effi-
ciency was calculated as the fraction of original pDNA incorporated into
the LpDNA vesicles. The mean particle size and zeta potential of pDNA,
LpDNA, avidinylatedMBs, and LpDNA-MBswere respectivelymeasured
by dynamic light-scattering (DLS) and zeta potential on a Nano-ZS90
particle analyzer (Malvern Instruments, Malvern, Worcestershire, UK).
An average of 10 runs was completed, with each run requiring about
3 min. The avidinylated MBs and LpDNA-MBs were prepared and im-
aged by cryogenic-transmission electronmicroscopy (Cryo-TEM). Parti-
cle number concentrations were calculated from the masses of LpDNA
and LpDNA-MBs suspended in a 1:100 (v/v) ratio in a cuvette with
DDAC water by Mastersizer™ 2000 (Malvern Instruments, Malvern,
Worcestershire, UK). The measured concentration was generated
using the Mastersizer analysis software and reported in the form of a
population percentage.
2.4. PD animal model

Eight-week-old Balb/c male mice, each weighing about 25 g, were
used for all experiments. To implement a mouse model of PD using
the neurotoxin MPTP, nigrostriatal changes caused a loss of striatal do-
pamine, as in previous studies [28]. Six test groups of mice (n= 15 per
group) received the intraperitoneal injection of MPTP-HCl (40 mg/kg;
Aldrich-Sigma, St. Louis, MO) in saline once a day, 5 days per week for
3-weeks, and were killed at 8 days after the last injection. Control
mice received saline only. All experiments met the criteria outlined by
the Institutional Animal Care and Use Committee of Chang Gung Uni-
versity (CGU-IACUC), and were performed according to the guidelines
in TheHandbook of the Laboratory Animal Center, ChangGungUniversity.
2.5. Focused ultrasound exposure setup

A single-element FUS transducer (Imasonics SAS, France; center fre-
quency=500 kHz, diameter= 64mm, radius of curvature=63.2mm,
electric-to-acoustic efficiency of 99%) was placed in an acrylic water
tank filled with distilled and degassedwater. The focus of the ultrasonic
fieldwas positioned on the desired region. The signals from the function
generator (33120A, Agilent, Palo Alto, CA) were boosted with a power
amplifier (150A100B, Amplifier Research, Souderton, PA), measured
using an inline powermeter (Model 4421, Bird Electronics Corp., Cleve-
land, OH), and then used to drive the FUS transducer. The animal was
placed directly under a 4 × 4 cm2 window of thin polymer film at the
bottom of the acrylic tank, in acoustic connection using acoustic trans-
mission gel (Pharmaceutical Innovations, Newark, NJ). The output
acoustic pressure was calibrated using a calibrated polyvinylidene-
difluoride-type (PVDF) hydrophone (Model HNP-0400, ONDA, Sunny-
vale, CA, USA). Microbubbles (MBs) or LpDNA-MBs complexes with a
concentration of 5 × 108 MBs/mL were administered intravenously
prior to FUS exposure. Input electric power ranging from 0.8–5.4 W
was used (equivalent to negative pressure 0.3–0.8 MPa). Following to
our previous in vivo study, the experiment used burst-mode ultrasound
with a burst length of 10ms, a pulse-repetition frequency (PRF) of 1 Hz,
and an exposure duration of 60 s.

2.6. Imaging assessment using in vivo imaging system (IVIS) and MRI

Induction of FUS-induced BBB opening was verified via magnetic
resonance imaging (MRI) and evens blue (EB) extravasation. A 7-Tesla
magnetic resonance scanner (Bruker ClinScan, Germany) was used to
acquire a 4-channel surface coil for monitoring. Anatomical images
were scanned before and after FUS sonication by performing a gradient
echo FLASH sequence to acquire T1W1 images with the following imag-
ing parameters: pulse repetition time (TR) / echo time (TE) = 230 ms;
FOV = 30 × 17.82 mm2; in-plane resolution = 256 × 256 pixels; slice
thickness= 0.8mm; flip angle= 70°. Following sonication, an intrave-
nous bolus (0.1 mmol/kg) of gadopentetate dimeglumine (Gd-DTPA)
MRI contrast agent (Magnevist, Berlex Laboratories,Wayne, NJ)was ad-
ministered to determine the BBB opening. To stain the BBB-opened
brain areas, Evens blue (EB) at 30 mg/kg was injected immediately
after the mice were exposed to FUS sonications. The mice were
sacrificed approximately 2 h after EB injection. HE staining was used
to assess the resulting histological damage at both contralateral and ip-
silateral SN.

In addition, the activity and location of gene delivery were identified
at 24 and 48 h after FUS treatment via the bioluminescence imaging
(IVIS-200, Xenogen Corporation, CA). The signal intensity of the ac-
quired frames was quantified by Living Image 2.5 software (Caliper
Life Sciences, MA) to assess transgene expression activity.

2.7. Animals study procedure and design

To study the effect of transgenic induction on the neuroprotective
response in the FUS-BBB opening in the contralateral and ipsilateral
SN area, four experimental groups were composed: LpDNA (pDNA at
27 μg), FUS exposure only (no LpDNA, no avidinylated MBs), LpDNA
(pDNA at 27 μg) injection followed by avidinylated MBs injection with
FUS exposure, and LpDNA-MBs (27 μg of pDNA at LpDNA-conjugated
avidinylated MBs) with FUS exposure. The experiment for each group
was run twice a week for 3-weeks. If not otherwise specified, the
LpDNA was injected intravenously through the tail vein. The
avidinylated MBs or the LpDNA-MBs were injected and FUS exposure
was immediately applied to the brains to open the BBB, resulting in en-
hanced delivery of LpDNAacross the BBB. In addition, the FUS exposures
were followed about 2 min later by an additional FUS sonication at the
ipsilateral hemisphere. We applied pulsed FUS sonication with a 10-
ms burst length, a 1% duty cycle, a 1-Hz pulse repetition frequency
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(RPF), and a 60 s insonation duration at the contralateral hemisphere,
and a further 30 s insonation at the ipsilateral hemisphere. The
LpDNA-MBs (mean diameter of about 1.5 μm, and MB concentration
of 5 × 108 bubbles/mL) were intravenously injected through the tail
vein at a dose of 4 μL/kg.

Tests were conducted on six animal groups: (a) normal control; (b)
MPTP-treated only; (c) MPTP-treated with LpDNA administration; (d)
MPTP-treated with FUS exposure; (e) MPTP-treated with separate
LpDNA/MBs administrations following FUS exposure; and (f) MPTP-
treated with LpDNA-MBs administration following FUS exposure. In-
duction of mice with 40 mg/kg MPTP for 3-weeks resulted in about
60% loss of TH-positive neurons. Fig. 2 shows the detailed time course
for the MPTP-treated PD-model mice, with their treatment timepoints,
scheduled rotarod, and histological analysis with orwithout FUS sonica-
tion in the presence of LpDNA or avidinylated MBs.

2.8. Motor-related behavioral test

PD is a neurodegenerative disorder with typical motor symptoms,
and our experiment assessed animalmotor performance using an accel-
erating rotarod apparatus. Repeated testing of adult PD-modelmice and
normal controls over a 4-week period revealed progressive impair-
ments in motor learning skill and motor performance. Subject body
weight and general health condition were monitored daily during the
period of exposure to MPTP drugs or LpDNA or FUS treatment. No ani-
mal died during this period. All motor skill learning occurred during
the light phase of the 12-h light/dark cycle. Motor coordination and bal-
ancewere assessed using a rotarod apparatus (RT-01, Singa Technology
Corp., Taiwan). The animal was placed on the rolling rod at an initial
speed of 5 rpm. Five trials were run at 3 min intervals at accelerated
speeds (5–30 rpm). Each group contained fifteen mice, and each
mouse repeated the trial three times, recording the time until the sub-
ject fell off the rotarod.

2.9. Protein expression

The protein levels of GDNF and GFP expressed in the striatal tissues
were respectively detected using the GDNF and GFP ELISA Immunoas-
say Kits (abcam®, Cambridge, MA) as per manufacturer's instructions.
Absorbance of tissue lysates were separately measured at 450 nm and
488 nm for full strength, with 1:10, 1:100, 1:500, 1:1000, 1:5000 dilu-
tions using a microplate ELISA Reader (Molecular Devices, LLC., Sunny-
vale, CA). The resulting concentrations of GDNF and GFP proteins were
adjusted according to the dilution folds and replicates were averaged
to obtain their final concentration levels. The protein levels were nor-
malized to express a normal control for the transfection efficiency in
striatal tissues.

2.10. Neurochemical analysis

Levels of dopamine (DA), 3,4-dihydroxyphenylacetic acid (DOPAC),
and homovanillic acid (HVA) were determined by HPLC using a
Fig. 2. Timeline of the study design and schematic of the mouse treatment-procedure
sequences.
modified methods described previously [29,30]. Briefly, the isolated
brain striatum was homogenized in 500 μL of PRO-PREP™ protein ex-
traction solution (iNtRON Biotechnology Inc., Summit, NJ). Samples
were centrifuged at 10,000 ×g for 30 min and then filtered through a
0.45 μm syringe membrane. DA, DOPAC, and HVA from the supernatant
were analyzed by the HPLC systemusing a C18 columnwith a UVdetec-
tor at 280 nm. The sample was passed through the HPLC system using a
mobile phase of 89.5% 0.1 M of trichloroacetic acid, 10−2 M of sodium
acetate, 10−4 M of ethylenediaminetetraacetic acid, and 10.5% metha-
nol (pH 3.8) at a flow rate of 1.0 mL/min.

2.11. Western Blotting

Fresh frozen brain tissues from the SN and striatum (ST) were ho-
mogenized in PRO-PREP™ protein extraction solution, kept overnight,
and then centrifuged at 10,000 ×g for 30min. After centrifugation to re-
move tissue debris, the protein contents of the tissue homogenates
were determined according to the Bradford method [31]. The superna-
tant with 20 μg protein was dissolved in a sample buffer, separated by
10% SDS-PAGE, and then transferred to a polyvinylidene fluoride
(PVDF) membrane. The PVDF membrane was further incubated with a
primary rat anti-DAT antibody (abcam®, Cambridge, MA), rabbit anti-
GFP antibody (R&D Sys., Minneapolis, MN) or mouse anti-GDNF anti-
body (OriGene Technologies, Inc., Rockvile, MD) at a 1:500 dilution
and a secondary mouse anti-rat, donkey anti-rabbit and rabbit anti-
mouse antibodies (Molecular Probes Inc., Grand Island, NY) at a
1:1000 dilution. To measure the optical density of the positive bands,
the film was scanned using the BioSpectrum Imaging System (UVP
LLC, Upland, CA).

2.12. Immunohistochemistry staining

To evaluate the effect of dopaminergic neurodegeneration caused by
MPTP administration and treatment-procedure on the neuroprotective
impairment, an immunohistological staining of Tyrosine hydroxylase
(TH) was performed in brain SN sections from normal control and PD-
model mice. Brain tissues were prepared and sectioned using standard
procedures to examineneuronalmorphology. For immunohistochemis-
try, a substantia nigra brain section was stained with anti-TH antibody
(dilution 1:5000, Novus Biologicals, Littleton, CO) using the ABC-DAB
method. Slide images were then recorded with a phase-contrast micro-
scope (TissueFAX Plus, TissueGnostics, Austria). To identify the effect of
therapeutic response on neuronal function, tissue sectionswere stained
overnight at 4 °C with the following primary antibodies: anti-GFP (dilu-
tion 1:500, Abcam®, Cambridge, MA), anti-GDNF (dilution 1:500,
OriGene Technologies, Inc., Rockvile, MD), and anti-MAP2 (dilution
1:1000, Santa Cruz Biotechnology, Inc., Dallas, TX). After rinsing in
PBS, the sections were incubated in secondary antibody with goat
anti-rabbit fluorescence 594 or donkey anti-mouse fluorescence 594
(1:1000, for GFP or MAP2) or with rabbit anti-mouse fluorescence 488
(1:1000, for GDNF) for 1 h at room temperature. After rinsing in PBS,
coverslipswere applied on slideswith an anti-fade reagent with the nu-
clear marker DAPI (Molecular Probes Inc., Grand Island, NY). The sec-
tions were then imaged by a Leica TCS SP8X confocal microscope
(Leica Microsystems, Wetzlar, Germany).

2.13. Statistical analysis

All are presented as mean ± standard deviation (SD). Statistical
analysis was performed on a personal computer using SPSS version
16.0 (SPSS Inc., Chicago, IL) statistical software. Statistical differences
were assessed using ANOVA with post-hoc Tukey test, Mann-Whitney
U test, or Kolmogorov-Smirnov's test, where appropriate. Statistical sig-
nificancewas denoted as “*”when p b 0.05, “**”when p b 0.01, and “***”
when p b 0.005.

Image of Fig. 2
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3. Results

3.1. Characterization of LpDNA and LpDNA-microbubble complexes

The amount of encapsulated pDNA inside liposomes was calculated
based on the absorbance of pDNA in the resulting LpDNA,with themea-
sured LpDNA entrapment efficiency of 82.5%. The size distribution of
LpDNA, avidinylated MBs, and LpDNA-MBs was 105–400 nm, 700–
2150 nm, and 100–4200 nm, respectively (Fig. 3A). Zeta potential was
measured to determine MBs-LpDNA conjugating affinity, and the mea-
sured potential distribution of pDNA, LpDNA, avidinylated MBs, and
LpDNA-MBs were −19.2 ± 3.8, −19.1 ± 3.5, +20.3 ± 2.7, and
+2.3 ± 1.9 mV, respectively. There was no electrical difference be-
tween the mean zeta potentials of pDNA/LpDNA when compared with
aweakly positive charge of the biotinylated liposomes, implying that bi-
otinylated liposomes allowed for DNA loading. Relatively minimal
changes in surface charges were observed after the incubation of
avidinylatedMBs and LpDNA(−18ΔmV), implying successful conjuga-
tion of the LpDNA and the MBs. The surface charges of the slightly pos-
itive liposomes increased slightly, suggesting a significantly greater
binding capacity with negatively charged pDNA.

Fig. 3C and D respectively show Cryo-TEM images of avidinylated
MBs and the LpDNA-MBs. The formation of LpDNA-MBs conjugation
was confirmed by the presence of LpDNA (white arrows), whereas the
LpDNA appeared to be absent in the claw-spheroid shaped structure.
After adding avidinylated MBs to LpDNA, the mean size of the LpDNA-
MBs was 1.5 μm with a polydisperity index of 0.72 (Fig. 3E). The
LpDNA-MBs concentration was estimated to be as high as 5 × 108/mL.
3.2. FUS-induced blood-brain barrier (BBB) opening

Next, we evaluated the impact of FUS exposure on opening the BBB
near the substantia nigra (SN) region. Fig. 4A shows a typical example of
a contrast-enhanced MRI and the corresponding EB-dye stained brains
Fig. 3.Characterization of the LpDNA-MBs complexes. (A) Size distribution of LpDNA, avidinylat
LpDNA, avidinylated MBs, and LpDNA-MBs. (C, D) Cryo-TEM images of the avidinylated MBs a
to confirm BBB-opening efficacy via the proposed system. Enhanced
T1-weighted images confirm the BBB-opening scale under various ex-
posure pressure levels (Fig. 4A). Subtracted MR images showed no ap-
parent signal intensity (SI) increase in the brain at 0.3-MPa exposure
except in the ventricles, indicating the BBB was still intact. 0.5-MPa ex-
posure induced apparent SI changes in the surrounding SN regions,
whereas 0.8-MPa exposure induced a more profound SN BBB-opening
effect and more apparent Gd-DTPA leakage. The observation of Gd-
DTPA leakage was also confirmed by EB-stained brain sections, with
0.5- and 0.8-MPa both inducing EB leakage (the latter providing more
profound leakage). HE staining of 0.8-MPa exposure also showed
scattered erythrocytes extravasations, whichmay raise concerns for po-
tential capillary/brain tissue damage, but this was not observed in the
0.5-MPa exposure. The 0.5-MPa exposure level was thus used for the
following PD-animal treatments. In addition, the efficacy of targeted
transfection was evaluated through IVIS (Fig. 4B). FUS-triggered
LpDNA-MBs delivery resulted in a significant increase of GFP expression
over LpDNA administration alone and control animals.
3.3. GFP and GDNF expression after FUS-BBB opening

Fig. 5 showsWestern blotting analysis results for the GFP and GDNF
protein expression. Using a normal control as baseline, FUS exposure
with separate LpDNA/MBs administration or LpDNA-MBs complex
both yield significantly increased GDNF and GFP protein expressions.
This suggests that FUS exposure successfully opened the BBB, thus in-
ducing LpDNA penetration and eventually transducing GDNF and GFP
expression. In addition, both GDNF and GFP were highly expressed in
the LpDNA-MBs complex approach with a protein expression level ex-
ceeding that of the separate LpDNA/MBs administration. This was con-
sistent with the GDNF and GFP proteins levels analyzed by ELISA
immunoassay shown in Fig. 6A and B (taking the normal GFP and
GDNF control levels as baseline). This verifies that the LpDNA-MBs
complex + FUS system can provide more effective gene delivery.
edMBs, and LpDNA-MBsmeasured bydynamic light scattering. (B) Zeta potential of pDNA,
nd LpDNA-MBs complexes. (E) Size population percentage of LpDNA and LpDNA-MBs.

Image of Fig. 3


Fig. 4. (A)Representative contrast-enhanced T1-weightedMR images (1st row: before contrast injection, 2nd row: after contrast injection, 3rd row: subtracted images), corresponding EB-
stained brain sections (4th row) and HE stained section (5th row) under various FUS exposure pressures. (B) In vivo bioluminescent imaging acquired at 24 and 48 h after LpDNA
administration in sham control, LpDNA administration only, and LpDNA-MBs + FUS exposure.
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3.4. The effects of neurochemical proteins expressed after FUS-BBB opening

To examine the GDNF protein expression and DA secretion, levels of
DA and its key metabolites, 3,4-dihydroxyphenylacetic acid (DOPAC)
and homovanillic acid (HVA) were also analyzed using HPLC (Fig. 6C,
taking the normal control of DA, DOPAC, and HVA as baseline). MPTP-
treatedmice andMPTP-treatedmice receiving LpDNAonly or FUS expo-
sure only showed a steep decrease in DA content in the striatum (ST)
compared to the control mice, from 25.0 ± 8.2 μg/mL protein to
1.2 ± 0.3, 3.4 ± 0.8, 1.8 ± 0.6 μg/mL protein. Similarly, a DOPAC level
decrease from 2.8 ± 1.3 μg/mL to 0.6 ± 0.2, 3.1 ± 1.3, 3.3 ± 0.8 μg/
mL, and a slight decrease in HVA level from 37.5 ± 4.3 μg/mL to
22.1 ± 8.3, 36.7 ± 4.2, 30.8 ± 10.3 μg/mL, respectively. In contrast,
MPTP-treated mice receiving the FUS-BBB openingwith either separate
LpDNA/MBs or LpDNA-MBs complex resulted similarly smaller
Fig. 5. Western blot to detect GFP and GDNF expression levels for various experimental
animal groups.
decreases of DA compared to the control mice (14.8 ± 10.1 μg/mL and
18.9 ± 8.8 μg/mL vs 25.0 ± 8.2 μg/mL), DOPAC level (8.2 ± 3.6 μg/mL
and 5.1 ± 0.6 μg/mL vs 2.8 ± 1.3 μg/mL), and HVA level (32.3 ±
15.6 μg/mL and 27.9 ± 2.6 μg/mL vs 37.5 ± 4.3 μg/mL) in ST than that
found in the untreated or invalid-treated groups. The elevated levels
of DOPAC and HVA in these two groups confirmed restoration of dopa-
minergic neuronal function in PD-model mice via FUS-BBB opening.
3.5. PD-model mice and neuroprotective effects

Fig. 7A and B show neuroprotective effects of treatments on the SN
among the various experimental groups. TH staining showed a 60%
loss of DA neurons in SN of MPTP mice treated with LpDNA only or
with FUS exposure only compared to the control mice. Separate
LpDNA/MBs administration following FUS exposure significantly re-
stored TH-positive neurons (p b 0.05 compared to other MPTP groups
and p b 0.005 versus FUS exposure only group). Of note, the administra-
tion of LpDNA-MBs following FUS exposure provided the most signifi-
cant restoration of TH-positive neurons even with a cell count 14%
higher than the control group (p b 0.005 against MPTP-treated group
only and p b 0.005 against FUS exposure only group). The reduced num-
ber of TH-positive neurons was also consistent with the detected de-
crease of DA along with its metabolites in the MPTP-treated PD mouse
model, as shown in Fig. 6C.

Fig. 7C shows that dopamine active transporter (DAT) expressed in
the SN and ST, respectively, as a major band at approximately 24 kDa
and that its protein expression in mice treated with LpDNA-MBs plus
FUS sonication was greater than other conditions (the normal control,
the LpDNA only, and the LpDNA injection followed by avidinylated
MBs injection plus FUS exposure). These findings indicate that the use
of LpDNA-MBs complex with FUS exposure enhances DA synthesis
due to cellular GDNF transduction when compared with LpDNA admin-
istration alone (p b 0.05) or FUS exposure only (p b 0.05). Since DAT
level functions in DA re-uptake and theDAT level can reflect theDAme-
tabolism level and function of dopaminergic neuron, the increased DAT

Image of Fig. 4
Image of Fig. 5


Fig. 6. (A, B) GDNF and GFP expression level quantitated via ELISA immunoassay among various experimental animal groups. (C) Relative concentration levels of dopamine alongwith its
keymetabolites, DOPAC andHVA. Statistical analysis for each groupwas conducted via ANOVA followedby Tukey's post-hoc test. Significant differencewas denoted as “*”, “**”, and “***” to
respectively represent p b 0.05, p b 0.01, and p b 0.005.
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level confirms the delivery and expression of the GDNF gene into SN of
MPTP-mice improved neuronal degeneration.

3.6. Motor-related behavioral recovery after FUS-BBB opening

Fig. 8 showsweeklymonitoring results formotor performance among
the various experimental groups over a 4-week period. Three-week con-
tinuous MPTP injection showed a stable 70% deterioration of home-cage
locomotor behavior when compared to the control mice (latency:
9.6±6.1 s versus 36.8±4.3 s in controlmice). The LpDNAadministration
Fig. 7. (A) Immunodetection of Tyrosine hydroxylase (TH)-positive neurons among the variou
(original and ×100 magnifications; scale bar = 100 μm). (B) Number of TH-positive cells i
transporter (DAT) expression at brain SN and striatum (ST) regions among various experime
actin served as a control. Significant difference was denoted as “*” and “**” to respectively repr
only and FUS exposure groups showed only a slightly improved behavior-
al deficit but did not reach a significant difference (latency: 23.3 ± 2.4 s
versus 18.8± 8.5 s in control mice). Separate LpDNA/MBs administration
following FUS exposure significantly restored motor related behavioral
loss (latency of 40.2 ± 10.3 s). Of note, LpDNA-MBs complex administra-
tion following FUS exposure provided the most significant and complete
restoration of motor related behavior among different tested groups (la-
tency of 53.7 ± 8.8 s). Behavioral analyses indicated that the LpDNA-
MBs complex with FUS exposure provided the most significant improve-
ment of neuronal function.
s experimental animal groups. Positively-stained sites represent healthy TH neuronal cells
n substantia nigra (SN) site among various experimental groups. (C) Dopamine active
ntal groups analyzed via Western blot. Blocking at 22 kDa reflects DAT expression, and
esent p b 0.05 and p b 0.005.

Image of Fig. 6
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Fig. 8. Motor balance and coordination testing of animal via rotarod test under various
experimental groups. Measurements of latency time until fall are from the beam
walking test. Data are presented as the mean ± S.D. Significant difference was denoted
as “**” to represent p b 0.01 via Kolmogorov-Smirnov's tests.
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3.7. Immunohistochemistry after FUS-BBB opening

Fig. 9 shows a typical example of immunohistochemically cell stain-
ing for GFP andGDNF expression and the correlationwith the expressed
cell type (Fig. 9A–D: healthy brain control; Fig. 9E–H: PD-model brain
control; Fig. 9I–L: PD-model brain treated with LpDNA-MBs plus FUS).
Double-labeled IHC (MAP2 to identify neuronal cells and DAPI to mark
all cell nuclei) was used to identify gene expressing in neuronal cells
(Fig. 9 2nd column). Immunohistochemical detection results show
that the proteins GFP and GDNF were expressed in neuronal cells,
thus enriching the neural cells around the BBB-opened brain regions
via MAP2/DAPI staining (Fig. 9I–J). While the expression levels of
GDNF in the neuronal cells were different between the healthy brain
control and PD-model brain control, the LpDNA-MBs following FUS ex-
posure showed a significant increase in expression levels, and PD-model
Fig. 9. Immunohistochemistry of in vivo transfection in neuronal cells after gene delivery. Fluore
interval. Transfected GDNF/MAP2, GDNF/MAP2/DAPI, GDNF/GFP, and GDNF/GFP/DAPI was sho
well as colocalized with GFP expression site. Bar = 30 μm. DAPI = 4′,6-diamidino-2-pheny
protein; GDNF = glia-derived neurotrophic factor.
brain subjected to this treatment showed the most significant increase
of neuronal neurite length and cell count both in terms of GFP and
GDNF expression in neuronal cells. (Fig. 9I–J; neurons were identified
by their proximal dendrite cell shapes). Of note, many GDNF-positive
cells were also GFP-positive, implying that a majority of GDNF-positive
cells exhibit neuronal morphology. Overexpressed GDNF proteins from
transfected neuronal cells are also likely to be able to stimulate neurite
outgrowth and rescue with impaired dopaminergic neurons.

4. Discussion

We previously demonstrated that the systematic encapsulation of
plasmid DNA into liposomes (denoted as “LpDNA”) can effectively pre-
vent degradation. Concurrent opening of the BBB via FUS exposure al-
lows for the successful delivery of GDNF genes, thus amplifying GDNF
expression [22]. This study presents further improvements by conjugat-
ing gene-liposomes with microbubbles (MBs) to form gene-liposome-
MB complexes (denoted as “LpDNA-MBs”) to achieve improved gene
delivery efficiency. The proposed systemhelps restoremotor behavioral
function increase DA (and its metabolites DOPAC and HVA) secretion/
metabolism (indicated by DAT level), and rescue degenerated dopami-
nergic neuron in the striatum of MPTP-induced mice, an animal model
that shows similar symptoms to human PD [6]. Immunohistochemical
analysis shows that the GDNFproteins can be overexpressed in the neu-
ronal cells by LpDNA-MBs with the FUS-BBB opening method, suggest-
ing this novel gene delivery system can provide a non-invasive
approach for effective CNS gene therapy clinical applications.

In this study, we quantitatively investigated the reporter gene ex-
pression in MPTP-induced animal to compare the gene expression effi-
cacy as well as therapeutic efficacy between the proposed LpDNA-MBs
complex system and the previously proposed separate administration
of LpDNA and MBs. Our results indicate that LpDNA-MBs complex sys-
tem provided improved targeted gene delivery efficiency. When
scence staining of brain striatal tissues revealed expression of GDNF and GFP after 4-week
wn to demonstrate GDNF expression site, GDNF expression site specifically at neuron, as
linodole; MAP2 = microtubule-associated proteins (MAPs); GFP = green fluorescence

Image of Fig. 8
Image of Fig. 9
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microbubble-present FUS exposure at the brain SN, focused ultrasound
energy interacts with MBs and triggers bubble vibrations (expansions/
contractions) to generate local radial acoustic emissions. The emitted
energy causes shear stress in CNS capillary and induces temporal
disassembling of tight junction proteins and stimulate active transport
[17,18]. This phenomenon in the microvasculature can transiently pro-
duce vascular pores and increase of vascular permeability (see Fig. 1),
with the simultaneous release of LpDNAnear the vascular pores. During
MBs oscillation, LpDNA experiences acoustic emissions to allow MBs
disconnections, and the radial emissions directs LpDNA toward the
disrupted tight-junctional craft and maximize influx-mediated LpDNA
transportation into brain parenchyma. This may explain why the
LpDNA-MBs complex system with FUS exposure outperforms LpDNA
through increased BBB permeability, for the delivery of genes or other
therapeutic drugs [22,32,33]. Our results indicate that LpDNA-MB com-
plexes can be use to assist FUS-induced BBB opening to maximize the
accumulation of DA, DA's metabolites, GFP, and GDNF in the striatal
brain.

LpDNA measuring 200–400 nm in diameter were synthesized for
use as a gene vector. During FUS-induced uptake of LpDNA, the ultra-
sound pressurewaves interact with theMBs, causing bubble expansion,
followed by bubble growth, oscillation, deformation, and perhaps even
stable cavitation. These latter cavitation phenomenamay shear and dis-
rupt the LpDNAbilayermembranes or disrupt cellmembranes to induce
a perforation of the blood vessels and enhance transgene transportation
within or into brain cells [34]. Previous studies also supported that cell
liposome endocytosis can be triggered and enhanced via ultrasound ex-
posure, therefore supporting enhanced LpDNA uptake [35,36].

We also specially formulated our liposomes to have a positive charge
by using DSPE-PEG-(2000)-amine and the positively charged choline
groups of DPPC in order to entrap negatively-charged plasmids due to
a described previously electrostatic interaction [22]. During liposome
synthesis, the hydration of a dry lipid film containing zwitterionic phos-
pholipids and cholesterol with an aqueous suspension of pDNA (a plas-
mid encoding both the GFP and GDNF genes) was found to constitute
stable biotinylated liposomes with slightly positive charges from
amine groups of phospholipids. In addition, the positively charged
avidinylated MBs and slightly neutral charged biotinylated liposomes
were able to conjugate and good transfection activity can be achieved
(Fig. 3B). Cryo-TEM images are consistent with our hypothesis that
the LpDNAs were conjugated outside the avidinylated MBs by linkage
of biotin-avidin (Fig. 3C andD).We also showed that these biotin-avidin
linkages are formed primarily between LpDNA and avidinylated MBs to
yield a high loading efficiency of pDNA into the LpDNA-MBs complex.

We also showed that the proposed systemeffectively enhanced neu-
rotrophic factor synthesis in the brain andprovides improved neuropro-
tective effects for impaired neuronal cells (Figs. 7 and 8). TH-positive
neurons, dopamine active transporter (DAT), and motor performance
were significantly improved through the concurrent administration of
LpDNA-MBs complexeswith FUS exposure.WithoutMBs, FUS exposure
alone and LpDNA injection alone did not induce such an improvement
since the gene-vector cannot penetrate the BBB, thus supporting the
need to open the BBB via FUS exposure for the systematic delivery of
genes into the CNS.

To investigate GDNF expression level and DA secretion/activity/me-
tabolism, animals were sacrificed postoperatively to evaluate neuropro-
tective efficacy for biochemical analysis including quantitative analysis
of DA level, its metabolites DOPAC and HVA, GDNF, and GFP, as well as
DAT. We showed that the LpDNA-MBs complex system with FUS expo-
sure indeed promoted cellular transfection and transduction in the nu-
cleus, and promoted DA expression in the SN of brain, thus restoring
motor function of MPTP-treated animals. Some studies have demon-
strated that the neuroprotective action by large amount of GDNF on
the nigrostriatal system might also involve the activation of protein ki-
nase [37,38] or induce nuclear factor pathways to promote neuronal
survival from toxic insults [29,39]. Hence, this study may serve as a
starting point to further study of mechanisms involved in the proposed
gene-delivering system.

Other investigators have also presented MB-carrier vesicles de-
signed for drug delivery [40]. Our previous study also demonstrated a
similar strategy in conjugating a gene vector with MBs to promote
gene delivery and improve neuroprotective efficacy [41]. In these previ-
ous reports, liposome/MBs with a cationic charge were synthesized to
increase the loading efficacy. In addition, perfluorocarbon (PFC) gas
was used in MBs, with the gas core typically formulated to form a
vapor phase. In this study, LpDNA-MBs formulation was not only dis-
tinct in the lipid composition but also in the synthesis procedure. We
loaded pDNA into biotinylated liposomes by zwitterionic phospholipids
with positively charged amino groups to create a neutral formulation in
order to maintain systemic circulation over a prolonged period of time.
A potential benefit of the proposed synthesis approach is to increase the
complex's gene-vector payload and potentially prolong circulation time
during intravenous administration.

5. Conclusion

This study demonstrated that GDNF genes can be delivered into CNS
dopaminergic neurons via the concurrent administration of gene-vec-
tor-MBs complexes and noninvasive and targeted FUS-induced BBB
opening.We have shown that the gene-vector-MBs complexeswere su-
perior to separate gene-vector/MBs administration in terms of GDNF/
GFP gene delivery to the SN of brain. We also confirmed successful
GDNF transduction in dopaminergic neurons to recover normal secre-
tion of DA (and metabolites), along with a neuroprotective effect and
the restoration of PD-model motor behavior. These results suggest
that the proposed CNSgene delivery systemhas potential as a therapeu-
tic strategy for neurodegenerative diseases such as PD and Alzheimer's
and Huntington's disease.
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