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Parkinson’s disease (PD) is the second most common chronic neurodegenerative
disease globally; however, it lacks effective treatment at present. Focused ultrasound
(FUS) combined with microbubbles could increase the efficacy of drug delivery to
specific brain regions and is becoming a promising technology for the treatment of
central nervous system diseases. In this study, we explored the therapeutic potential
of FUS-mediated blood–brain barrier (BBB) opening of the left striatum to deliver
gastrodin (GAS) in a subacute PD mouse model induced by 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP). The concentration of GAS in the left hemisphere was
detected by ultra-high performance liquid chromatography electrospray Q-Orbitrap
mass spectrometry (UHPLC/ESI Q-Orbitrap) and the distribution of tyrosine hydroxylase
(TH) neurons was detected by immunohistochemical staining. The expression of TH,
Dopamine transporter (DAT), cleaved-caspase-3, B-cell lymphoma 2 (Bcl-2), brain-
derived neurotrophic factor (BDNF), postsynaptic density protein 95 (PSD-95), and
synaptophysin (SYN) protein were detected by western blotting. Analysis showed that
the concentration of GAS in the left hemisphere of PD mice increased by approximately
1.8-fold after the BBB was opened. FUS-mediated GAS delivery provided optimal
neuroprotective effects and was superior to the GAS or FUS control group. In addition,
FUS enhanced GAS delivery significantly increased the expression of Bcl-2, BDNF,
PSD-95, and SYN protein in the left striatum (P < 0.05) and reduced the levels of
cleaved-caspase-3 remarkably (P = 0.001). In conclusion, the enhanced delivery by FUS
effectively strengthened the protective effect of GAS on dopaminergic neurons which
may be related to the reinforcement of the anti-apoptotic activity and the expression
of synaptic-related proteins in the striatum. Data suggests that FUS-enhanced GAS
delivery may represent a new strategy for PD treatment.
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INTRODUCTION

Parkinson’s disease (PD) is characterized with resting tremor,
bradykinesia, rigidity, and postural balance disorders, which
is accompanied by non-motor symptoms such as anxiety and
depression, and seriously damages patients’ quality of life
(Armstrong and Okun, 2020). In 2016, approximately 6.1 million
people were diagnosed with PD worldwide, which was about
2.4-fold higher than the number in 1990 (GBD, 2018). Drugs
such as carbidopa-levodopa and dopamine agonists can alleviate
the dyskinesia caused by early PD; however, their efficacy
fluctuates with long-term use, leading to adverse reactions such
as dyskinesia and on-off phenomena, thus making it difficult to
control the patient’s condition (Armstrong and Okun, 2020).

The blood–brain barrier (BBB) blocks the entry of certain
therapeutic drugs into the brain and represents a key obstacle
in terms of treating PD. Under physiological conditions, 98% of
drugs with a molecular weight of fewer than 400 Daltons and
almost 100% of drugs with a molecular weight of more than
500 Daltons cannot pass through the tight junctions of BBB
(Pardridge, 2005). Focused ultrasound (FUS) is a new method
that could open the BBB and is highly penetrative, non-invasive
with good localization and reversibility. In animal and clinical
trials, researchers have demonstrated that the combination of
FUS and microbubbles can safely as well as reversibly induce
the opening of the BBB under specific parameters (Rezai et al.,
2020; Wu et al., 2020; Pouliopoulos et al., 2021; Yang et al., 2021).
Recently, our team found that the delivery of gastrodin (GAS) via
FUS-induced BBB opening could improve memory impairment
and neuropathology in a mouse model of Alzheimer’s disease
(Luo et al., 2022). Moreover, studies have shown that the
FUS-mediated delivery of neurotrophic factors and genes can
effectively inhibit the rapid progression of neurodegeneration in
a mouse model of PD and improve neurological function (Mead
et al., 2017; Ji et al., 2019).

Gastrodin, the main active component of Gastrodia elata,
exerts neuroprotective effects in various neurological diseases.
Many studies have confirmed the efficacy of GAS in treating
PD (Yan et al., 2019; He et al., 2021). The mechanism of
action may involve the anti-oxidation effect (Wang et al., 2014),
anti-inflammation effect (Li et al., 2012) and the inhibition of
apoptosis (Chen et al., 2017) by GAS. However, only a tiny
amount of GAS can enter and disperse throughout the brain in
terms of intravenous or oral administration (Lin et al., 2008).
Kumar et al. (2013) found that increasing the dose of orally
administered GAS could enhance the therapeutic effect of GAS
in PD. In another study, Haddadi et al. (2018) attempted to inject
GAS into the substantia nigra of rats directly by microinjection;
although the concentration of drug increased in specific brain
region, the invasive nature of the method was challenging from
a clinical point of view. Therefore, it is necessary to identify a
non-invasive method to increase the concentration of GAS in
specific brain regions without increasing the drug dose as this
may represent an effective method to improve the treatment
efficiency of PD.

We hypothesize that FUS mediated BBB opening can safely
and effectively increase the concentration of GAS in the brain

(including the striatum), thus enhancing the protective effect of
GAS on dopaminergic neurons (Figure 1A). After confirming
that FUS can safely and effectively open the BBB of the
left striatum, we established a subacute PD mouse model by
injecting 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP).
ultra-high performance liquid chromatography electrospray
Q-Orbitrap mass spectrometry (UHPLC/ESI Q-Orbitrap) was
then used to detect the concentration of GAS in the left
hemisphere of the PD mice. Finally, the therapeutic effect
of GAS delivered by FUS on PD mice was evaluated by
immunohistochemical staining and western blotting.

MATERIALS AND METHODS

Animals
The protocol of this experiment was approved by the
Animal Ethics Committee of Kunming Medical University
(KMMU2019076). All the experimental procedures followed
the guidelines for the care of laboratory animals. All male
C57BL/6J mice (8 weeks old, 20–22 g) were purchased from the
Experimental Animal Center of Kunming Medical University
and housed at 25◦C ± 2◦C with a fixed 12 h light/dark cycle. All
mice had free access to food and water.

Study Design
In order to test the safety of the BBB opening induced by FUS,
healthy C57BL/6J mice were randomly divided into Sham group
and FUS output voltage groups of 100, 150, and 200 mV. The
opening of the BBB was visualized by Evans blue (EB, Millipore
Sigma, Burlington, MA, United States) that exudated from
the blood stream, and the safety was verified by hematoxylin-
eosin (H&E) as well as Nissl staining. By considering the EB-
stained area of the brain section and the results of pathological
staining, the optimal FUS parameters to open the BBB were
determined. Next, we investigated the efficacy of FUS-induced
BBB opening to delivery GAS in PD mice. After adaptation for
2 weeks, 48 male C57BL/6J mice were randomly divided into five
subgroups: a Sham group (n = 8), an MPTP group (n = 8), an
MPTP + GAS group (n = 12), an MPTP + FUS group (n = 8)
and an MPTP + FUS + GAS group (n = 12). To establish
a subacute model of PD on C57BL/6J mice, MPTP (Sigma-
Aldrich, St. Louis, MO, United States) was dissolved in saline and
subcutaneously injected 30 mg/kg for 5 consecutive days. The
Sham group was injected with an equal volume of saline instead.
Next, the MPTP + GAS group and the MPTP + FUS + GAS
group were intraperitoneally injected with GAS (100 mg/kg/d)
for 19 consecutive days; the other groups were injected with
saline. FUS sonication was carried out once every 3 days with
a total of 6 times. The Sham group, the MPTP group, and the
MPTP + GAS group received placebo FUS sonications. Mice in
the MPTP + FUS + GAS group were intraperitoneally injected
with GAS immediately after the opening of the BBB to facilitate
its delivery into the brain. We employed UHPLC/ESI Q-Orbitrap
to assess the concentration of GAS in the left hemisphere.
Behavioral tests were performed on the 1st, 7th, 13th, and 19th
days after MPTP injection to evaluate the motor function of mice.
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FIGURE 1 | (A) Hypothesis of the delivery of gastrodin (GAS) by focused ultrasound (FUS)-induced blood–brain barrier (BBB) opening. FUS induced BBB opening
increased the delivery of GAS to specific brain regions in Parkinson’s disease (PD) mice, thereby enhanced neuroprotective effect on dopaminergic neurons.
(B) Details relating to experimental timing including behavioral testing and FUS operation. MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; UHPLC/ESI
Q-Orbitrap, ultra-high performance liquid chromatography electrospray Q-Orbitrap mass spectrometry. (C,D) Acoustic pressure distribution of the lateral and axial
direction.

The body weight of the mice was monitored every 3 days once.
The mice were sacrificed on the 20th day for relevant biochemical
tests (Figure 1B).

Blood–Brain Barrier Opening Induced by
Focused Ultrasound
The FUS sonication system consisted of a waveform generator
(RIGOL DG4202, Suzhou, China), a power amplifier (Mini-
circuits LZY-22+, New York, United States), and a focused
ultrasonic transducer (fundamental frequency: 1 MHz,
focal length: 4 cm, diameter: 15 mm). Two-dimensional
sound field distributions were measured using a calibrated
needle hydrophone (2010, Precision Acoustics, Dorchester,

United Kingdom). The lateral and axial sound pressure
distributions are shown in Figures 1C,D, which indicates
that the ultrasound transducer was well focused. The mice
were anesthetized with isoflurane in the animal chamber and
then the heads were fixed with prone position. The anesthesia
was maintained continuously by inhaled isoflurane with a
concentration of 1% through an anesthesia machine (RWD
R500, Shenzhen, Guangdong, China). Next, we shaved the fur on
the top of the mouse’s head off and removed any remaining fur
with hair removal cream. The ultrasonic transducer was placed
in an adapter designed for directional FUS delivery and fixed to
the left striatum region (0.5 mm front Bregma, 2 mm left). Then,
we filled the gap between the mouse scalp and the ultrasound
adapter with ultrasound couplant. SonoVue (Bracco Imaging BV,
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Milan, Italy) microbubbles (1.25 µl/g) were injected into the tail
vein. Ten seconds later, the mice were sonicated with FUS. The
pulse repetition frequency of FUS was 1 Hz, with a pulse width of
10 ms, and an exposure time of 60 s, output voltage of 100, 150,
and 200 mV were used.

Assessment of Blood–Brain Barrier
Disruption and Safety
Twenty-four male C57BL/6J mice were randomly divided into
a Sham group (n = 6) and the FUS group. The FUS group was
further divided into 100, 150, and 200 mV groups (n = 6 for each
group) to determine the optimal output voltage for FUS-induced
BBB opening when other parameters were fixed. Immediately
after FUS sonication, 2% of EB dye (6.25 µl/g) was injected
through the tail vein. We injected microbubbles and EB dye in
the Sham group with placebo FUS sonication. The mice were
euthanized after 4 h of EB circulation and then the brain was fixed
in paraformaldehyde solution for 24 h (n = 3 for each group).
Next, we prepared coronal brain slices which covered the center
of the ultrasound-sonicated region. The BBB opened area was
visualized by EB penetration.

Brain tissues from mice in the Sham and FUS group were
collected at 4 h after FUS sonication (n = 3 for each group) to
test the safety of FUS-induced BBB opening. After dehydration
and fixation, tissues were embedded in paraffin and then cut into
coronal sections with the thickness of 4 µm. Paraffin sections of
the center of sonicated brain region were dewaxed in xylene and
anhydrous ethanol and then stained with H&E (Service G1003,
Wuhan, Hubei, China). For Nissl staining, the paraffin sections
were dewaxed and stained with toluidine blue, differentiated
with glacial acetic acid, cleared with xylene, and then sealed
with neutral gum. After the optical parameters were determined
on normal C57BL/6J mice, we carried out BBB opening of left
striatum by FUS for six times with the optimal parameters on PD
mice and reassessed the safety by H&E and Nissl staining. Images
of the left cortex and striatum in the brain sections were acquired
using a dissecting microscope (Olympus, Japan).

Assessment of Motor Function
Pole Test
As previously described, we performed the pole test to assess
motor function of mice. A 50-cm–long pole was wrapped with
gauze to prevent mice from slipping and a wooden ball was placed
on the top (Zhang et al., 2017). The bottom was covered with
bedding to protect the mice from fall injury. Mice were trained
three times in advance to ensure that all mice could bow their
heads down when placed on the ball. Each mouse was placed on
the wooden ball and the total time that mouse taken to climb from
the top of the pole to the bottom was recorded.

Paw Grip Endurance Test
The Paw grip endurance test can evaluate comprehensive motor
function, such as muscle strength, muscle tone, and ataxia
(Hutter-Saunders et al., 2012). We chose a 45 cm × 30 cm
rectangular stainless steel screen, the built-in mesh is 1 cm2, and
the screen is 25 cm high from the pad. During the test, we placed
the mice horizontally on the grid and then quickly flipped the grid

180◦, and recorded the time that mice fell off the grid. The upper
limit was up to 90 s.

Detection of Gastrodin Concentration by
UHPLC/ESI Q-Orbitrap
We examined GAS concentration in the left hemisphere of
mouse after the first time of BBB opening by FUS. Mice in
the MPTP + GAS and MPTP + FUS + GAS groups (n = 4
for each group) were randomly selected and sacrificed 30 min
after the injection of GAS. The tissue of the left hemisphere
was separated and placed in a cryotube at −80◦C. A standard
sample of GAS (G299059-5 g, 62499-27-8, ≥98%, Aladdin,
Shanghai, China) was weighed and mixed with pure methanol
to prepare a 5.0 mg/ml reserve solution which was then diluted
into 1000, 500, 200, 100, and 50 ng/mL standard solutions
for analysis and to create a GAS standard curve. The tissue
samples were weighed, mixed with methanol, grinded and then
centrifuged; the supernatant was taken for testing subsequently.
Levels of GAS in the left hemisphere were then quantified with
a UltiMate 3000 RS chromatograph (Thermo Fisher Scientific,
Waltham, MA, United States) and Q-Exactive high-resolution
mass spectrometer (Thermo Fisher Scientific, Waltham, MA,
United States). We used a positive electrospray ionization
source (ESI); the electrospray voltage was 3.2 kV, the capillary
temperature was 300◦C, high purity argon was used as the impact
gas, the sheath gas was 40 Arb, and the auxiliary gas was 15 Arb.
The system was equipped with a Waters T3 150 × 2.1 mm, 3-
µm column with an automatic injection volume of 5 µl and
a flow rate of 0.30 ml/min. Chromatogram acquisition and the
integration of analytes were processed by Xcalibur 4.1 software
(Thermo Fisher Scientific, Waltham, MA, United States). Linear
regression was performed with a weighting factor of 1/X.

Immunohistochemistry Staining
In order to evaluate the effects of MPTP administration
and different treatments on dopaminergic neurons in the
nigrostriatal pathway, we performed tyrosine hydroxylase (TH)
immunohistochemical staining to the striatum and substantia
nigra brain tissue of each group. Paraffin sections of brain
tissue (4-µm-thick) were prepared from each mouse. Following
antigen repair and sealing, the sections were incubated with TH
antibody (Cat. No. ab137869, dilution 1:500, Abcam, Cambridge,
United Kingdom) at 4◦C. A biotinylated goat anti-rabbit
secondary antibody (Service GB23303, dilution 1:200, Wuhan,
China) was added the next day and TH staining was observed
under a microscope after 50 min incubation at room temperature.

Western Blotting
Fresh left striatum and substantia nigra were collected and
stored at −80◦C for use. The total proteins were extracted
by adding radioimmunoprecipitation assay (RIPA) buffer and
phenylmethanesulfonyl fluoride (PMSF) protease inhibitor.
A bicinchoninic acid (BCA) protein concentration determination
kit (Beyotime, China) was used to measure the protein
concentration of each sample. Supernatants were dissolved
in sample buffer at a protein concentration of 20 µg and
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separated by 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE). Separated proteins were then
transferred to a polyvinylidene fluoride (PVDF) membrane
(Millipore Sigma, Burlington, MA, United States). After blocking
with 5% skimmed milk for 2 h, the PVDF membrane was
incubated with primary antibodies and placed overnight in
a refrigerator at 4◦C. The primary antibodies included TH
(Cat. No. ab137869, dilution 1:5000, Abcam, Cambridge,
United Kingdom), Dopamine transporter (DAT, Cat. No. 22524-
1-AP, dilution 1:2000, Proteintech, Rosemont, IL, United States),
B-cell lymphoma 2 (Bcl-2, Cat. No. 26593-1-AP, dilution
1:2000, Proteintech, Rosemont, IL, United States), caspase-3
(Cat. No. 19677-1-AP, dilution 1:2000, Proteintech, Rosemont,
IL, United States), postsynaptic density protein 95 (PSD-95,
Cat. No. 20665-1-Ig, dilution 1:2000, Proteintech, Rosemont,
IL, United States), synaptophysin (SYN, Cat. No. 60191-1-Ig,
dilution 1:2000, Proteintech, Rosemont, IL, United States), brain-
derived neurotrophic factor (BDNF, Cat. No. 66292-1-Ig, dilution
1:2000, Proteintech, Rosemont, IL, United States), GAPDH
(Cat. No. 60004-1-Ig, dilution 1:2000, Proteintech, Rosemont,
IL, United States), β-Actin (Cat. No. sc-47778, dilution 1:2000,
Santa Cruz Biotechnology, Dallas, TX, United States), and
α-Tubulin (cat. No. 66031-1-Ig, dilution 1:2000, Proteintech,
Rosemont, IL, United States). Following incubation with primary
antibodies, the membranes were incubated with anti-rabbit/anti-
mouse immunoglobulin G (IgG) enzyme-linked antibody labeled
with secondary anti-horseradish peroxidase (HRR-) for 90 min
at room temperature. Finally, after washing with TBST, the
membranes were developed on a gel developer and the gray
values of different protein bands were quantified.

Statistical Analysis
All data are expressed as mean ± standard error of the
mean (SEM). We used SPSS version 25.0 (IBM, Armonk, NY,
United States) for statistical analysis. The independent sample
t-test was used to compare the mean difference between the
two groups. One-way ANOVA was used to compare differences
in means among the five subgroups. When analysis of variance
showed significant differences, pairwise comparisons between
means were performed with the least significant difference (LSD)
test for post hoc analysis. Statistical graphs were generated using
GraphPad Prism software version 8.0 (GraphPad Software, Inc.,
San Diego, CA, United States). Differences were considered to be
significant when P < 0.05 (bilateral).

RESULTS

Efficacy and Safety of Focused
Ultrasound-Induced Blood–Brain Barrier
Opening
First, we investigated the efficacy of FUS-induced BBB opening
by evaluating the EB penetration. As shown in Figure 2A, all
FUS groups were stained by EB, indicating that FUS increased
the permeability of the BBB and facilitated EB entry into the
brain. However, in the 100 mV group, the penetration depth

was shallow and limited to the cortex. There was prominent EB
infiltration in the left striatum of the 150 and 200 mV groups,
and the EB infiltration area was larger in the 200 mV group.
However, H&E staining showed that the sonicated cortex and
striatum in the 200 mV group had obvious erythrocyte exudation.
In contrast, there was no bleeding in other groups, the cells
were evenly arranged, and the nucleoli were normal (Figure 2B).
For Nissl staining, the neurons of mice in 100 mV, 150 mV,
and Sham group were in good shape and obvious abnormality
was absent (Figure 2C). Therefore, 150 mV was selected as the
optimal output voltage. After six times’ opening of BBB in PD
mice, we again performed histological analysis. Likewise, H&E
staining showed no hemorrhage in the ultrasound-sonicated
brain area (Figure 2D). The distribution and size of Nissl bodies
in the MPTP group and MPTP+ FUS group were homogeneous
(Figure 2E). The body weight changes of the mice during the
experiment are shown in Figure 2F. During the treatment period,
there was no statistical difference of body weight between the
MPTP + FUS, MPTP + FUS + GAS and the MPTP groups
(P > 0.05). These data show that it is safe and feasible to use FUS
to repeatedly induce the opening of the BBB.

Focused Ultrasound-Induced
Blood–Brain Barrier Opening Increased
the Uptake of Gastrodin in the Left
Hemisphere of Parkinson’s Disease Mice
The concentration of GAS in the left hemisphere was
0.3679 ng/mg in the MPTP + GAS group, After FUS-induced
BBB opening, the concentration of GAS increased significantly
(P = 0.03), reaching to 0.6619 ng/mg, approximately 1.8-fold
higher than the MPTP+ GAS group (Figure 3).

Movement Defect Were Induced by
1-Methyl-4-Phenyl-1,2,3,6-
Tetrahydropyridine but Recovered
7 Days Later
The climbing time of the pole test in each group was statistically
longer than that of the Sham group (P < 0.05), while the grid
grasping time in the paw grip endurance test was significantly
shorter when compared to the Sham group on day 1 (P < 0.05).
These data suggest that MPTP induced dyskinesia and the PD
model was established successfully. The climbing time of the pole
test as well as the grid grasping time in the paw grip endurance
test between all groups at day 7, 13, and 19 lacked statistical
significance (P > 0.05), indicating an auto recovery of movement
defect (Supplementary Figures 1A,B).

FUS + GAS Increased the Expression of
Tyrosine Hydroxylase and Dopamine
Transporter in the Left Nigrostriatal
Pathway
To investigate the effect of FUS + GAS treatment on
dopaminergic neurons in the nigrostriatal pathway of PD mice,
we used immunohistochemistry assay to stain TH, and the results
are shown in Figures 4A–C. Compared with the MPTP group,
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FIGURE 2 | Efficacy and safety of focused ultrasound (FUS)-induced blood–brain barrier (BBB) opening. (A) Penetration of Evans blue in the brains of mice in
different groups 4 h after FUS-induced BBB opening, n = 3. (B) H&E staining results of sonicated cerebral cortex and striatum in different groups 4 h after
FUS-induced BBB opening, n = 3, scale bar = 50 µm. (C) Nissl staining results of sonicated cerebral cortex and striatum in different groups 4 h after FUS-induced
BBB opening, n = 3, scale bar = 50 µm. (D) H&E staining results of sonicated cerebral cortex and striatum in Parkinson’s disease (PD) mice after a total of six times’
BBB opening induced by FUS, n = 3. Scale bar = 50 µm. (E) Nissl staining results of sonicated cerebral cortex and striatum in PD mice after a total of six times’ BBB
opening induced by FUS, n = 3. Scale bar = 50 µm. (F) The body weight change curve of mice in each group.
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FIGURE 3 | Changes of GAS concentration in the mice’s left hemisphere of
the MPTP + GAS group and the MPTP + FUS + GAS group. Compared to the
MPTP + GAS group, *P < 0.05; T-test, n = 4, mean ± SEM.

the density of TH- positive fibers and the number of TH-positive
cells in the nigrostriatal pathway of the MPTP + FUS + GAS
group recovered significantly (P = 0.016). Further qualitative
analysis of the protein expression levels of TH and DAT
in the left striatum and substantia nigra showed that the
protein expression levels of TH and DAT in the MPTP group
were lower than the levels of the Sham group (P < 0.05).
When dealt with FUS + GAS treatment, the protein levels
of TH as well as DAT in the left striatum and substantia
nigra increased and were significantly higher than those of
the MPTP group (P < 0.05), while there was no significance
(P > 0.05) between the Sham group and the FUS + GAS
group (Figures 4D–I). Compared with the MPTP group, the
number of TH neurons in the left nigrostriatal pathway and the
protein expression levels of TH and DAT were increased with
varying degrees after FUS or GAS treatment, although there was
no statistical significance (P > 0.05). Collectively, these results
suggest that FUS-induced BBB opening allows the entry of GAS,
thus promoting dopamine synthesis and effectively ameliorated
MPTP-induced dopaminergic neuron death.

The Focused Ultrasound Mediated
Gastrodin Delivery Enhanced
Anti-apoptotic Effects
We found that the level of cleaved-caspase-3 protein in the left
striatum after MPTP injection was significantly higher than that
of the Sham group (P = 0.014) and the level of Bcl-2 significantly
decreased (P < 0.001), suggesting that the administration of
MPTP led to remarkable apoptosis. When dealt with FUS+GAS
treatment, the expression level of cleaved-caspase-3 in the left
striatum were significantly lower than that of the MPTP group

FIGURE 4 | (A) Comparison of the immunohistochemical staining of tyrosine
hydroxylase (TH)-positive nerve fibers in the left striatum and substantia nigra
of mice in each group, n = 3. Scale bars = 50 µm for images in stratum;
200 µm for images in substantia nigra. (B) Changes of TH-positive nerve
fibers in the left striatum of mice in each group. (C) Number changes of
TH-positive cells in the left substantia nigra of mice in each group.
(D,E) Representative images of the protein levels of TH and Dopamine
transporter (DAT) in the left striatum and substantia nigra of mice in each group.

(Continued)
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FIGURE 4 | (F–I) The left striatum and substantia nigra of mice in each group
and changes in the protein expression of TH and DAT. Compared to MPTP
group, *P < 0.05; **P < 0.01; ***P < 0.001, no significance (ns), P > 0.05.
One-way ANOVA with LSD test; n = 5, mean ± SEM.

(P = 0.001). Furthermore, the expression levels of Bcl-2 were
significantly up-regulated by FUS + GAS treatment compared
with the MPTP group (P = 0.001); the anti-apoptotic effect of
FUS + GAS was stronger than GAS treatment alone (P < 0.05)
(Figures 5A,B).

Focused Ultrasound Mediated Gastrodin
Delivery Upregulated the Expressions of
Brain-Derived Neurotrophic Factor,
Synaptophysin, and Postsynaptic
Density Protein 95
Next, we performed western blotting to investigate the effect
of FUS + GAS treatment on the expressions of BDNF, SYN,
and PSD-95 in the left striatum of PD mice (Figure 6). We
found that the protein expression levels of BDNF, SYN, and
PSD-95 decreased after the injection of MPTP (P < 0.05) while
increased after FUS or GAS treatment. The protein levels of
BDNF (P < 0.001), SYN (P < 0.001) and PSD-95 (P = 0.003) in
the FUS + GAS group were also significantly higher than those
of the MPTP group (Figures 6A–C). The BDNF level was higher
in FUS + GAS group in comparison of FUS and GAS group
(P < 0.01). For the expression levels of SYN and PSD-95, the
mean values of the FUS + GAS group were higher than that of
FUS as well as GAS group, but there was no statistical difference
(P > 0.05). These results suggest that the delivery of GAS by FUS
increased the expression of BDNF, SYN, and PSD-95 in the left
striatum of MPTP mice.

DISCUSSION

In this study, we demonstrated that (1) FUS combined with
microbubbles can repeatedly, effectively and non-invasively open
the BBB in the striatum of rodents without causing tissue
damage. This method also increased the concentration of GAS
in the left hemisphere by approximately 1.8-fold; (2) When
delivered by FUS, GAS effectively increased the number of
dopaminergic neurons in the nigrostriatal pathway; (3) When
delivered by FUS, GAS effectively enhanced the anti-apoptotic
ability in the striatum and promoted the expression of BDNF and
synaptic-related proteins. This study innovatively identified that
FUS-induced BBB opening can promote the intraperitoneally
injected GAS into the brain and significantly enhances the
neuroprotective effect of GAS on dopaminergic neurons in the
nigrostriatal pathway.

There are several methods facilitating the delivery of drugs
into the brain including intra-arterial infusion of hypertonic
solution (Kiviniemi et al., 2017), electroacupuncture stimulation
(Zhang et al., 2020), electroporation (Lorenzo et al., 2019),
intracranial injection (Liu Y. X. et al., 2018), and intranasal

administration (Su et al., 2020), but these methods have
obvious limitations. Hypertonic solution and electroacupuncture
stimulation open the BBB extensively rather than locally,
resulting in the high risk of pathogens and toxic substances to
enter the brain. Electroporation and intracranial injection are
invasive treatments and face big challenge to repeated operations.
Enzymes quickly degrade drugs administered intranasally, and
the clearing function of nasal cilia reduces the time that drug
get contact with the nasal epithelial cells, which decreases drug
absorption. Under appropriate parameters, FUS combined with
microbubbles can open the BBB non-invasively, locally, and
reversibly thus enhances the delivery of antibodies (Jordão et al.,
2010), neurotrophic factors (Lin et al., 2016; Karakatsani et al.,
2019), nanoparticles (Ohta et al., 2020) and macromolecular
drugs (Park et al., 2017; Wei et al., 2021) to specific brain
regions. Due to the drug’s short half-life, it is necessary to
open the BBB to deliver the drug repeatedly. Several previous
studies reported that when the BBB was continuously opened 8
times in non-human primates at a frequency of every 15 days
once, there were no pathological changes in the EEG and
somatosensory evoked potentials (Horodyckid et al., 2017).
Another research group opened the BBB every 2 days once
in rodents and found that repeated BBB opening by FUS at
low sound pressure with appropriate microbubbles dose did
not cause tissue damage or behavior change. Nevertheless,
there were slight and transient behavioral changes when the
pressure was significantly higher than required or with excessive
microbubbles dose (Tsai et al., 2018). We opened the BBB every
3 days once for a total of 6 times in this experiment. During
the experiment, there was no significant difference in mice’s
body weight between the FUS group and the MPTP group. At
the same time, the pathological sections of the striatum and
cortex in the sonicated site showed no abnormality, indicating
that the ultrasonic parameters used in this experiment are
safe and feasible, exerting great potential to repeated delivery
of drugs by FUS.

It was hypothesized that the degeneration of substantia nigra
neurons in PD originate from the distal axon (Cheng et al., 2010).
It is reported that approximately 30% of the dopamine neurons
in the substantia nigra can be damaged while in the striatum it
can be as severe as 50–70% in PD (Ma et al., 1997; Cheng et al.,
2010). On this basis, the striatum may be an ideal target for PD
treatment. MPTP induces PD-related symptoms by damaging
dopaminergic neurons and decreasing the density of axons as well
as dendrites in the nigrostriatal pathway. Therefore, we selected
the MPTP-induced subacute PD model to simulate the symptoms
of PD and took striatum as the treatment target. We found that
FUS-induced opening of the BBB followed by intraperitoneal
injection of GAS significantly increased the number of TH-
positive nerve fibers and the expression of TH as well as DAT
in the left striatum of PD mice. The concentration of GAS in
the left hemisphere increased after FUS-induced BBB opening;
the increased concentration enables more GAS to act directly
on the damaged dopaminergic neurons. In the study of Ji et al.
(2019) FUS was used to open the BBB of the striatum and
substantia nigra. The curative effect of the FUS + BDNF group
was stronger than that of the FUS group and the BDNF intranasal
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FIGURE 5 | (A) Changes in the expression of cleaved-caspase-3 in the left striatum of mice in each group. (B) Changes in the expression of B-cell lymphoma 2
(Bcl-2) protein in the left striatum of mice in each group. Compared to MPTP group, *P < 0.05; **P < 0.01; ***P < 0.001, no significance (ns), P > 0.05. One-way
ANOVA with LSD test; n = 5; mean ± SEM.

administration group. Therefore, increasing the release of drugs
in the nigrostriatal pathway may be an effective way to improve
drug efficacy for the treatment of PD.

Many studies have found that the therapeutic efficacy of
GAS is closely related to the therapeutic dose. In terms of AD
treatment, 200 mg/kg of GAS was shown to restore the learning
and memory ability of AD mice and reduced the deposition
of Aβ plaques in the brain; the efficacy of this dose was much
higher than that of 100 and 50 mg/kg (Zhou et al., 2016). In
another study, Doo et al. (2014) compared the therapeutic effects
of GAS at doses of 200, 400, and 800 mg/kg in rats with PD.
The improvement of motor function of the 800 mg/kg group
was greater than other groups; furthermore, the 800 mg/kg group
showed a therapeutic effect earlier than the low-dose group.
Although increasing the dose can improve the drug’s efficacy,

GAS has a short half-life and is poorly permeable to BBB, which
limits its therapeutic effect (Liu Y. et al., 2018). Opening the
BBB is a good way to increase the GAS concentration in the
brain and to prolong the half-life. It was shown that during
the 24 h of BBB opening, GAS in CSF maintained at a high
concentration (Kung et al., 2021). In this study, we used FUS
to non-invasively as well as effectively enhance the transport of
GAS into the left hemisphere, which increased the concentration
of GAS in the hemisphere of mice by approximately 1.8 times,
effectively improved the therapeutic efficacy of GAS. Compared
with the single intraperitoneal injection therapy, FUS induced
BBB opening and transferred greater amount of GAS into the
brain parenchyma and should reduce the drug consumption
by plasma proteins and enzymes. Wang et al. (2009) found
that GAS was concentrated in the cortex and cerebellum when
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FIGURE 6 | (A–C) Changes in the protein expression of brain-derived neurotrophic factor (BDNF), postsynaptic density protein 95 (PSD-95), and synaptophysin
(SYN) in the left striatum of mice in each group. Compared to MPTP group, *P < 0.05 compared to MPTP group; **P < 0.01; ***P < 0.001, no significance (ns),
P > 0.05. One-way ANOVA with LSD test; n = 5, mean ± SEM.

entered the brain, and only 4.2% of the drugs could enter
the striatum. We used FUS to open the BBB in the striatal
region so that the drug can be concentrated in a specific brain
region to give play to its effect. Therefore, non-invasive and
local BBB opening by FUS may be an effective way to enhance
GAS delivery and to reduce the injection dose or frequency of
administration to a certain extent and exerts broad prospects for
clinical application.

Apoptosis is one of the main causes of dopaminergic neuron
death in PD mice. The inhibition of apoptosis has been
considered as a potential therapeutic strategy for PD. In the
present study, we found that MPTP increased the expression
of cleaved-caspase-3 protein in the striatum and decreased the
expression of Bcl-2 protein, that is MPTP promoted apoptosis.
However, the apoptosis was reversed by FUS + GAS treatment.
Therefore, we speculate that the protective effect of FUS + GAS
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on dopaminergic neurons is partly due to the enhanced anti-
apoptotic effect in the striatum. A previous study also found
that GAS increased the expression of Bcl-2 and inhibited
MPTP-induced caspase-3 activation and protected dopaminergic
neurons, in which the anti-apoptotic effect increased as the
dosage of GAS increased (Kumar et al., 2013). In the present
study, the anti-apoptotic effect of the FUS + GAS group
was significantly higher than the GAS group; this may also
be related to the increase of GAS concentration after the
opening of the BBB.

The reduction of dopamine in the striatum of PD may
be related to fiber degeneration or loss and the synaptic
reduction in the nigrostriatal pathway, while the effective
transport of dopamine is closely related to the integrity of the
nigrostriatal pathway (Villalba and Smith, 2018). After injury
to the nervous system, the levels of SYN reflect the degree of
synaptic remodeling; furthermore, the accumulation of PSD-
95 in synapses can promote synaptic maturation as well as
excitatory synapse enhancement (Kim et al., 2007). It has been
found that MPTP reduces the density of dendritic spines in
the striatum of mice and increases the expression of SYN
while PSD-95 can restore the density of dendritic spines and
relieve the symptoms of PD, at least to some extent (Toy
et al., 2014). In addition, the increased expression of SYN
and GAP43 can promote axonal regeneration and synaptic
remodeling, thereby repairs the damaged dopamine transport
pathway and increases dopamine release (Wang et al., 2008).
BDNF can promote the maturation and genesis of synapses,
and the increased expression of BDNF is essential to the
increase of synaptic activity (Lipsky and Marini, 2007; Sen
et al., 2016). In the present study, we found that FUS + GAS
treatment could increase the expression of BDNF significantly
and improve the reduced PSD-95 and SYN level in the PD
model induced by MPTP. That is, FUS + GAS may increase
the number of terminal synaptic vesicles and the striatal
synaptic density of dopaminergic neurons by increasing the
expression of BDNF, which favors the enhancement of synaptic
transmission, and promotes the release of dopamine. In addition,
BDNF is also closely related to the growth and development
of dopaminergic neurons (Palasz et al., 2020); therefore, an
increase of BDNF may also improve the neuroprotective
effect of FUS+ GAS.

The pole and paw grip endurance tests are the most
used behavioral methods to test MPTP-induced dopamine
damage in the substantia nigra and striatum. Previous studies
described dyskinesia of subacute PD mice induced by the
injection of MPTP (Koppula et al., 2021; Qi et al., 2021).
However, some studies have found that dyskinesia is not always
apparent in this model, it may even present hyperactivity
(Rousselet et al., 2003; Zhang et al., 2017). In the present
study, the immunohistochemical staining of mice at the 20 days
showed the dopaminergic neurons in the nigrostriatal pathway
were severely damaged; however, the impairment of motor
function in the experimental mice was not consistent with
the pathological manifestations. This may be related to the
compensatory ability of the dopaminergic system. It has been
found that when the dopamine neurons in the nigra striatum

were damaged, the striatum itself has a special compensatory
mechanism, that is, the remaining dopaminergic neurons may
release more dopamine and result in a significant increase
in the proportion of dopamine metabolites in the striatum
(Luchtman et al., 2009; Zhang et al., 2017), thus improve
the dyskinesia. What’s more, Rousselet et al. (2003) suggested
that dopamine in the prefrontal cortex may be transferred
to the nigrostriatal system to play a compensatory role. The
recovery of activity in MPTP mice may also be related to
the increase of norepinephrine content. One study found a
significant norepinephrine increase in the striatum of MPTP-
induced subacute PD mice, which may lead to overactivity
(Rousselet et al., 2003).

There are some limitations in the present study. First of all, the
GAS concentration in the hemisphere was detected quantitatively
by UHPLC/ESI Q-Orbitrap. However, the distribution and
metabolism of GAS in the brain are not clear, which demands
further research. Secondly, the dose of GAS (100 mg/kg) that
was intraperitoneal injected in this study originates from the past
experimental reports in rodents (60–800 mg/kg) (Doo et al., 2014;
Wang et al., 2014; Liu Y. et al., 2018). In the view that opening
of BBB will increase GAS concentration in the hemisphere of
mice, it is necessary to explore the optimal dose of GAS under
the appearance of FUS-induced BBB opening in terms of treating
PD. Furthermore, the effective maintaining time of GAS in the
brain which is delivered by FUS-induced BBB opening need
to be further clarified to determine the best frequency of BBB
opening induced by FUS.

CONCLUSION

In this study, FUS was employed to induce the BBB opening of
striatal repetitively and safely in a mouse model of PD, which
significantly increased the concentration of GAS in the sonicated
hemisphere and effectively promoted the protective effect of GAS
on dopaminergic neurons, representing an exciting option for
the treatment of PD. The enhanced delivery of GAS by FUS
induced BBB opening may provide a promising alternative for
the treatment of chronic neurodegenerative diseases.
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