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MRI-guided focused ultrasound for
treating Parkinson’s disease with
human mesenchymal stem cells

Sheng-Kai Wu25>, Chia-Lin Tsai':5, Aisha Mir* & Kullervo Hynynen%4>*

Parkinson’s disease (PD) is a progressive disorder that affects the nervous system and causes regions
of the brain to deteriorate. In this study, we investigated the effects of MR-guided focused ultrasound
(MRgFUS) for the delivery of human mesenchymal stem cells (MSCs) on the 6-hydroxydopamine
(6-HODA)-induced PD rat model. MRgFUS-induced blood-brain barrier (BBB) permeability modulation
was conducted using an acoustic controller with the targets at the striatum (ST) and SN. Human
MSCs were injected immediately before sonication. Here, we show that we can deliver human MSCs
into Parkinsonian rats through MRgFUS-induced BBB modulation using an acoustic controller. Stem
cells were identified in the sonicated brain regions using surface markers, indicating the feasibility of
MSC delivery via MRgFUS. MSCs + FUS treatment significantly improved the behavioural outcomes
compared with control, FUS alone, and MSCs alone groups (p <0.05). In the quantification analysis

of the TH stain, a significant reservation of dopamine neurons was seen in the MSCs + FUS group as
compared with the MSCs group (ST: p=0.03; SN: p=0.0005). Mesenchymal stem cell therapy may be
a viable treatment option for neurodegenerative diseases such as Parkinson’s. Transcranial MRgFUS
serves as an efficacious and safe method for targeted and minimally invasive stem cell homing.
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6-hydroxydopamine

Parkinson’s disease (PD) is a progressive neurodegenerative movement disorder characterized by relatively focal
degeneration of mesencephalic dopamine (mesDA) neurons, the cell bodies of which are located within the
substantia nigra pars compacta (SNc) in the midbrain'. The associated deprivation of axonal projections and
subsequently reduced release of dopamine (DA) onto the striatal medium spiny neurons leads to the cardinal
symptoms, such as bradykinesia, resting tremor, and muscular rigidity. As such, DA replacement therapy
has been established and is now a gold standard for PD treatment®. Pharmaceutical strategies such as this
are advantageous because they are non-invasive, and oral administration is fast acting. However, traditional
medicine can only improve symptoms temporarily, as it cannot halt disease progression and can cause treatment-
related motor fluctuations and dyskinesias for a while. On the other hand, surgical interventions, such as deep
brain stimulation (DBS) and thermocoagulation, have also been developed as an alternative therapeutic option
for PD34, Surgery has immediate and dramatic effects; however, it is invasive, and there is a risk of intracranial
hemorrhage, facial palsy, dysarthria and paresthesia for surgical treatments®. Hence, there is an imperative need
to develop innovative therapeutic strategies that can overcome the drawbacks of present treatments, to detain
the progression of the disease and improve patients’ quality of life.

While MSCs are larger than the average BBB gap, focused ultrasound (FUS) does not strictly open the BBB
to allow free passage based on molecular size alone. FUS modulates the BBB, creating a transient increase in
permeability that induces changes in endothelial cell properties, upregulating adhesion molecules and increasing
local cytokine release, which could aid in active cell transmigration. A study by Burgess et al.® demonstrated
that MRIgFUS, in combination with microbubbles, can allow even larger entities, such as neural stem cells, to
traverse the BBB—further, Shen et al.” suggested that the physical effects of FUS are accompanied by a biological
response that enhances cell transmigration through interaction with the vascular endothelium. In this study,
the MRIGFUS treatment likely involves a combination of physical opening, modulation of endothelial cells, and
biochemical signalling that allow MSCs to cross the BBB.
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Since the primary motor symptoms of PD are associated with DA neuronal loss, it implies that cell substituting
within the specific brain area offers hope for ameliorating some of the significant neurological deficits of PD
patients. Therefore, there has been a long-standing interest in cell-replacement therapy in treating PD. A more
profound comprehension of mesenchymal stem cell (MSC) function is needed for cell-replacement therapy
of neurodegenerative disorders and the evolution of potent cell-derived treatments in regenerative medicine®.
MSCs induce a range of biological effects, including neuroprotective, immunomodulatory, angiogenic, and
chemotactic effects, and promote differentiation of the resident stem cells. MSCs have shown noteworthy
therapeutic power in Parkinsonian animals®. Clinical trials also support the efficacy and safety of MSCs in PD.
Even though MSCs promise great therapeutic potential, there are challenges in their application to the central
nervous system (CNS), particularly regarding the delivery efficacy associated with transplantation technologies.

Intracerebral transplantation is the most widely utilized procedure for delivering cells into the brain. The
outcome has yet to be satisfied because only part of the patients responded well to this treatment!!~!3. However,
there are various risks related to this procedure, such as surgical complications (hemorrhage and wound
infection), tissue damage inducing inflammatory edema, and transplantation immune responses'*!*. Intranasal
delivery has been proffered to avoid these surgical risks but has been shown to be inaccurate and requires cell
migration to the target brain areas!®.

Magnetic resonance imaging-guided focused ultrasound (MRIgFUS), which is applied transcranially to
a specific brain area and combined with a systemically administered microbubble (MB) contrast agent, has
been utilized to transiently increase the permeability of the blood-brain barrier (BBB), allowing neural stem
cells (NSCs)!7 and MSCs'® to cross from the bloodstream into the brain in healthy rats. The morphological
changes observed in the brain vasculature of PD patients—such as alterations in capillary numbers, length,
and diameter—highlight the need for new approaches that specifically target these changes. Hence, the current
study explores MRIgFUS-enhanced intracranial transplantation of MSCs to determine whether this method
could address these vascular alterations and enhance MSCs delivery in the PD model'. In the present study,
we aimed to assess the therapeutic efficacy of targeted delivery of human bone marrow MSCs (hBM-MSCs)
using MRIgFUS in the 6-hydroxydopamine (6-OHDA) PD model, when compared to intravenous hBM-MSCs
administration, by evaluating behaviour performance as well as histological changes of SN and striatum.

Results

The experiments were designed to evaluate the efficacy of MRgFUS for delivering MSCs into specific brain
regions (striatum and substantia nigra) in the 6-OHDA-induced Parkinson’s disease rat model. MSCs were
delivered following BBB modulation using focused ultrasound, and behavioural outcomes were monitored to
assess therapeutic efficacy. The MRgFUS parameters used in these experiments were peak-negative pressure at
0.128 MPa, pulse length of 10 ms, and pulse repetition frequency of 1 Hz. Microbubbles (20 uL/kg of Definity)
were administered to aid BBB permeability.

MRgFUS-facilitated BBB permeability modulation

The goal of this experiment was to evaluate the efficacy of MRgFUS in enhancing BBB permeability in targeted
brain regions, which is a critical step for subsequent MSC delivery in the Parkinson’s disease rat model. A
schematic of the MRgFUS setup is depicted in Fig. 1. In brief, T2-weighted MR images were taken to precisely
target the regions in the ST and SN in the lesioned hemisphere of the PD rats. 10 bursts at 0.128 MPa without
microbubbles were used to capture the baseline emissions, followed by an intravenous injection of microbubbles.
Upon detection of the acoustic threshold, the MSCs were injected immediately via the tail vein. The representative
BBB permeability enhancement is shown in Fig. 24, indicating that the enhancement was achieved in both the
ST and SN. In addition, post-treatment T2* images (Fig. 2B) demonstrated no detectable hypo-intense signal
in the targeted regions, which indicated no acute hemorrhage occurred due to the FUS sonication. Figure 2C
shows the BBB permeability enhancement threshold for the ST (0.42+0.10 MPa) and the SN (0.4+0.09 MPa).
No significant difference in the threshold was found between these two regions (p=0.6).

Mesenchymal stem cells are identified in the brain after FUS

This experiment aimed to determine whether the MRgFUS protocol could successfully facilitate the translocation
of MSCs across the BBB into the brain parenchyma in the Parkinson’s disease rat model. To identify whether
microbubble-mediated FUS exposure is able to translocate MSCs to the brain parenchyma, animals (n=4) were
sacrificed 2 h post-treatment. Two MSC surface markers, CD90 (Fig. 3A) and CD105 (Fig. 3B), were used to
identify the MSCs in vivo and the Prussian blue stain (Fig. 3C) was able to pick out the iron-labelled MSCs in the
sonicated region. In contrast, no stained or labeled cells were found on the contralateral side of the brain at this
time point, indicating that MRgFUS could translocate the MSCs into the desired part of the brain.

Effects of FUS-induced MSCs transplantation on 6-OHDA-induced motor deficits

This experiment aimed to evaluate the therapeutic effects of MRgFUS-enhanced MSC transplantation on
motor deficits in the 6-OHDA-induced Parkinson’s disease rat model. To determine whether dopaminergic
neuroprotective effects could be achieved by transplantation of MSCs by FUS sonication in the 6-OHDA-induced
Parkinsonian rat model, 4 different treatment groups were compared. Treatment efficacy was assessed using 2
motor function-related behavioural tests before treatment as the baseline and four weeks after the MSCs delivery
as the endpoint. The percentage of left paw usage was measured in the cylinder test at the baseline and endpoint.
The ratio of behavioural performance compared to the baseline measurement is shown in Fig. 4. MSCs + FUS
treatment showed a significant improvement in left paw usage as compared with the control (p=0.003) and the
MSCs alone treatment (p=0.03). In addition, the progression in apomorphine-induced rotations (AIR) was less
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Fig. 1. Focused ultrasound experimental setup.

in the MSCs + FUS condition as compared with the control (p =0.002) and the MSCs alone (p=0.02), indicating
that the MSCs+FUS treatment had demonstrated neurorestorative effects on these PD-related behavioural
outcomes.

Histological characterization of dopaminergic neurons and quantification of TH stain
This experiment aimed to investigate the effects of MRgFUS-facilitated MSC transplantation on the integrity of
dopaminergic neurons in the striatum and substantia nigra by quantifying tyrosine hydroxylase (TH) expression.
In the nigrostriatal pathway, the substantia nigra pars compacta (SNc¢) in the midbrain projects to the striatum
(ST) (caudate nucleus and putamen). Therefore, the degeneration of dopaminergic neurons in this 6-OHDA-
induced PD model produces dopamine neuron depletion in both the ST and SN, which can be characterized by
the tyrosine hydroxylase (TH) stain. To verify the efficacy of FUS-facilitated MSCs transplantation in promoting
neuron function, we calculated the ST and SN neuron fibre density by quantifying their TH immunoreactivity
on the lesioned site and employed the contralateral regions as the control for each animal. Figure 5 shows the
representative TH stain for 4 different conditions in the ST and SN. In the control and FUS alone treatment,
the ST and SN on the lesioned hemisphere demonstrate a significant loss of TH-positive neurons. MSCs alone
achieved a slight improvement in the number of ST and SN TH-positive neurons. Moreover, MSCs + FUS showed
a restorative effect on the lesioned side. The quantitative data of the TH stain is plotted in Fig. 6. The results are
shown as the relative ratio by dividing the contralateral side into the ipsilateral side. MSCs + FUS treatment (ST:
33 £6%; SN: 40 £ 3%) significantly increased the TH expression as compared to MSCs (ST: 28 £2%; SN: 32+ 5%)
in both the ST (p=0.03) and SN (p=0.0005).

Discussion

Mesenchymal stem cells (MSCs) have drawn much attention due to their remarkable immuno-modulatory,
neurotrophic, and neurogenic properties?>!. Here we show how MSCs, in combination with FUS, can be a tool
to provide the neuroprotective effects on the 6-OHDA-induced Parkinsonian rat model. By using an ST-SN
sonicating pattern to the nigrostriatal pathway, we were able to achieve MSCs transcranial delivery and thus
improve pathological and behavioural traits of PD. The treatment was well-tolerated by the animals, without
evidence of abnormal behaviour. In addition, no treatment-induced tissue damage was found in histology and
MRI observation.

Human bone marrow-derived MSCs have shown therapeutic potential for the development of regenerative
treatments in PD, and systemic administration of these cells has been tested in preclinical and clinical studies?>%.
In PD models, MSCs exhibit immunomodulatory effects after infiltrating injury sites in response to particular
chemotactic recruitment?* and releasing several growth and immunoregulatory factors; therefore, MSCs can
alleviate inflammation and improve tissue healing?>. Moreover, MSC-based therapy has been used to modulate
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Fig. 2. Representative blood-brain barrier (BBB) permeability modulation in Parkinson’s disease rats

after Magnetic resonance imaging-guided focused ultrasound. (A) T1-weighted images post-treatment
demonstrated the BBB permeability enhancement in the striatum (ST) and substantia nigra (SN) in both
coronal and sagittal views, compared to pre-treatment. (B) No obvious hypo-intense signal was found in the
sonicated regions in the post-sonication T2* images. (C) The BBB permeability enhancement thresholds in ST
and SN using the acoustic controller.
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Fig. 3. The feasibility of delivering Mesenchymal Stem Cells (MSCs) via MR-guided focused ultrasound
(MRgFUS) and microbubbles is shown. MSCs were identified using stem cell markers (A) CD90 and (B)
CD105, and (C) Prussian blue 2 h after sonication. The arrows indicate the positive cells.
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Fig. 4. The behavioural data were collected to compare pre-treatment and the endpoint. MSCs + FUS
treatment significantly improves the outcome in the cylinder and apomorphine-induced rotation tests. (A)
MSCs+FUS elicited a significant improvement in the cylinder test compared to control and MSCs treatments.
(B) MSCs+FUS showed a less progressive rotation response as compared to MSCs and control.

inflammation and accommodate tissue regeneration in treating PD and many other neuroinflammatory and
neurodegenerative illnesses®. In these studies, different routes of administration were examined. In one study,
Venkataramana et al.>> demonstrated the stereotaxic injection of MSCs into the lateral ventricles; in the other
studies, the systemic (intra-arterial or intravenous) routes were chosen?’-%°. These studies suggested that systemic
administration of MSCs is safe and effective in delaying the progression of neurological deficits. However, the
efficiency of MSC homing within the brain remains unclear.

Extravasation of infused stem cells to injured sites occurs in a similar way with endogenous immune cells
(dendritic cells, T-cells, monocytes), in that stem cells also follow the steps of chemoattraction, margination,
rolling, adhesion, and diapedesis, which is a consequence of similar expression profiles of integrins, cytokine
and chemokine receptors (e.g., VCAM-1, betal integrins)***!. In the CNS, many preclinical studies have shown
that pretreatment with focused ultrasound (FUS) in the presence of preformed microbubbles non-destructively
modifies the vascular endothelial microenvironment, demonstrated by an up-regulation of chemokines,
cytokines, cell adhesion molecules (CAM) and trophic factors (CCTFs)*2-34. This pattern of FUS-mediated
biological alterations allows significant enhancement of stem cell homing and transmigration compared with
simple intra-vascular injection®.
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Fig. 5. Representative tyrosine hydroxylase (TH) stains shown in the striatum (ST) and substantia nigra (SN)
for different treatments.

ST

>
vy
%2
ra

pi-has 50 p=0.0005

40— )
£ T £ —
prur} )

235 3 25 401
"+ T - -
v ® < ® 30—
© ©
L§ 20- ,_§ = =
o ® o ®
'ZE 'ZE 20
= =
o - o
a 8 L a 8 104
= ==
- =
0- T T T 0- T T T

>» o o &
o @)
R
09
\§
Fig. 6. FUS+MSC treatment significantly increases the ratio of TH-positive expression on the lesioned side in
the (A)stratum (ST) and (B) substantia nigra (SN).
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FUS, in combination with microbubbles, can elicit a wide range of bioeffects in the brain. Therefore,
monitoring and controlling the exposure level is necessary to achieve consistent, reversible BBB permeability
enhancement. Various feedback control algorithms have been employed to induce transient enhancement in
BBB permeability, while avoiding overexposure of the brain**-3. In this study, we used a modified version of

Scientific Reports | (2025) 15:2029 | https://doi.org/10.1038/s41598-025-85811-8 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

the controller using the sub-harmonics or ultra-harmonics to determine the operating pressure, as O’'Reilly et
al. reported*’. In addition, there was no damage in the post-treatment T2* images, indicating that the sonication
was tolerated by the animals.

The results presented here build upon several previous reports. It was previously shown that neural stem cells
are capable of differentiating into a neuronal lineage in vivo at 24 h®. In this study, a shorter time point (2 h) was
able to detect the cell deposition within the brain parenchyma. Poon et al. showed that MBs + FUS mediated BBB
modulation allowed immune cells to translocate in the brain parenchyma immediately after sonication in vivo*!.
Shen et al. delivered human neural progenitor cells (hNPCs) via FUS-mediated BBB permeability modulation,
and they were able to identify the Molday iron oxide nanoparticles (MIONSs) two hours post-FUS sonication’,
which is similar to what we observed in this study.

Intracarotid (IA) infusion of MSCs to a similar PD rat model has been conducted, and transient BBB
disruption by mannitol was found necessary to achieve the delivery to the brain?*. Without mannitol-induced
BBB disruption, MSCs do not efficiently cross the BBB in PD rats. The FUS-induced delivery of MSCs can be
compared to the IA mannitol infusion method. Mannitol infusion-induced BBB opening leads to the global
distribution of MSCs within the brain, whereas FUS provides a localized cell accumulation. The disadvantage of
mannitol-induced BBB disruption is that it may result in increased BBB permeability in off-target brain areas,
which would, for instance, permit higher exposure to endogenous neurotoxins (i.e., albumin) and may lead to
adverse impacts such as vaso-vagal responses and focal seizures*2. Future work on combining the IA injection
of MSCs and FUS sonication might have the potential to increase the number of therapeutic cells in the desired
region.

The current study has several limitations which should be addressed in future work. Firstly, the number of
MSCs was given based on the literature values®, which used 2 million cells via intravenous injection. Lee et al.*2.
intravenously injected 3 million of MSCs in combination with FUS and resulted in a more than 2 folds increment
in MSCs delivery. This indicates a higher amount of stem cells can be further examined on the therapeutic
efficacy.

Secondly, using the cell transplantation method in an animal model requires an immunosuppressant for
the whole session of treatment, which is somehow not representative of the clinical context. The long-term use
of immunosuppressants can cause several side effects®’. This limitation can be conquered by using individual
patients’ grafting products, which would require further investigation to demonstrate safety, and would increase
treatment cost*4. Furthermore, although the MSCs can be maintained in cell culture for some time, we only used
the cells within six passages due to the design of the experiment. It might be useful to conduct a repeated or
fractional treatment using the same patch of cells to examine the therapeutic outcome over a longer treatment
duration.

Finally, although the FUS-facilitated MSCs transplantation provides a significant improvement in the TH
stain, the behavioural outcome is not yet optimal. For instance, the sonicated region could be extended to cover
the entire nigrostriatal pathways. In our setup, the MSCs were infused upon the detection of sub- or ultra-
harmonic signals; a more robust volume of BBB permeability enhancement can be achieved by a phased-array
system®. There are several documented ways that the number MSCs could be increased in the brain: Firstly, the
microbubble dose could be increased?. Secondly, the sonications could be repeated?’+*%. Thirdly, intra-arterial
infusion of cells?»*” increases the available cells and thus increases the delivery. However, the optimal number
of MSCs in the brain for the treatment of any brain condition has not been studied with FUS and should be
investigated in the future.

In conclusion, our results provide proof-of-concept validation as well as the efficacy and safety of using
MRgFUS for enhancing cellular delivery. The characteristic non-invasiveness and repeatability of MRgFUS-
mediated delivery show the great potential of treatment paradigms for neurodegenerative disorders, such as
Parkinson’s disease, especially for patients who are poor surgical candidates. The encouraging results offer
motivation for further application and assess its feasibility for clinical translation.

Methods

Animals

A total of thirty-two male Wistar rats (Taconic Biosciences, USA) that had a mean weight of 301 + 11 g were used
in this study. All animal procedures were approved by the Animal Care Committee at Sunnybrook Research
Institute and are in accordance with the Canadian Council on Animal Care and ARRIVE guidelines. Animals
were housed in the Sunnybrook Research Institute animal facility (Toronto, Canada) on a reverse light cycle and
were allowed water and food ad libitum. All the rats were immunosuppressed with 12.5 mg/kg cyclosporine A
(PHR1092, Sigma-Aldrich, Inc., St. Louis, MO, USA) via daily subcutaneous injection starting the day before the
treatment and continuing up to the day they were sacrificed.

PD model by intracranial injection of 6-OHDA to Substantia Nigra pars Compacta
(SNc)

Animals were anesthetized initially with 5% isoflurane in the chamber and then reduced to 2.5% for the duration
of the surgery with a mask. The procedure was performed on a stereotaxic apparatus (Model 940, Kopf, CA,
USA). After hair removal from the scalp, an incision was made, and then a burr hole was carefully drilled based
on the coordinates of substantia nigra pars compacta (SNpc). A total of 2 uL. 6-OHDA (5 mg/ml of 6-OHDA
dissolved in saline containing 0.01% ascorbic acid, Sigma-Aldrich, St. Louis, MO, USA) was administered in the
right SNpc with a Hamilton syringe (26-gauge, model 80030, NV, USA) at a flow rate of 0.4 ul/min. Coordinates
from bregma were: AP = -5.3 mm, ML=+2.0 mm, DV = -7.8 mm®. The syringe was left in place for 5 min after
injection and then removed slowly™. The skin incision was then closed with 5-0 polydioxanone sutures. Pain
relief medication (buprenorphine, 0.05 mg/kg) was given subcutaneously once daily for 3 days after surgery.
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Fig. 7. Summary of experimental workflow. The injection of 6-OHDA was referred to as Day 0. The baseline
and endpoint behavioural tests were performed on Day 13 and 41, respectively. The MSCs transplantation
treatment using MRgFUS was conducted on Day 14. The endpoint of the study was six weeks after the
6-OHDA-induced PD surgery.

Behavioural evaluation — cylinder test and apomorphine-induced rotations (AIR)

The baseline behavioural evaluation was conducted to verify the success of this PD model on day 13 after surgery.
In this study, we used the cylinder test and apomorphine-induced rotations to evaluate the animal mobility
related to PD. In the cylinder test, the animals were placed in an approximately 20-cm-diameter cylinder, and a
camera was placed on top of the cylinder to record the animal for 5 min. There was a minimum of 25 contacts to
the wall of the forelimbs. For the apomorphine-induced rotation (AIR) test, the animals were evaluated with a
subcutaneous injection of apomorphine (0.4 mg/kg, Sigma-Aldrich, St. Louis, MO, USA). 10 min after injection,
the rats were placed in an open field environment, and the complete turns contralateral to the lesion side were
recorded quantitatively for a session duration of 10 min. The net asymmetry rotation score was expressed as the
complete body turns per minute. Only animals with positive responses (a total of more than 30 rotations) would
be selected for the following transplantation experiments®>2. The endpoint assessment of the two behavioural
tests was conducted on day 41 before sacrificing the animals (Fig. 7).

Cell culture

Human bone marrow-derived mesenchymal stem cells (hBM-MSCs) (SC00BM1, Vitro Biopharma, Colorado,
CO, USA) were cultured in low serum, complete medium (Vitro Biopharma, SC00B1) in 75 cm? cell culture flasks
in a 5% CO,-containing incubator at 37 °C. Cell number and viability were calculated with a Luna automated
cell counter (Logos Biosystems, Inc., Gyeonggi-do, South Korea) via trypan blue exclusion. The medium was
replaced twice a week until confluence, and the hBM-MSCs were used within six passages.

For the iron oxide labelled MSCs detection, 4 uL of superparamagnetic iron oxide (Fe,O,, No. 725358-5ML,
Sigma-Aldrich, Inc., St. Louis, MO, USA) was added to the stem cell media 24 h prior to the transplantation
experiments, as previously described!”. For the in vivo injection, hBM-MSCs (both iron-labelled and non-iron-
labelled) were treated with Accutase cell detachment solution (ZenBio Inc., Durham, NC, USA), collected,
centrifuged, and re-suspended at a concentration of 4 x 10° cells/mL in phosphate-buffered saline (PBS). Cells
were maintained at 4 °C before the injection, for a maximum of 2 h.

Stem cell transplantation therapy via MRgFUS

Prior to sonication, the rats were anesthetized with 2% isoflurane inhalation with medical air as the gas carrier.
The hair on the top of their head was removed with clippers and depilatory lotion. The rats were then placed
supine on an MR-compatible sled, and their head was coupled to a tank of degassed water with ultrasound
gel. FUS treatment was conducted using a pre-clinical MRI-guided system (an in-house developed prototype
of LP100, FUS Instrument Inc., Toronto, ON, Canada), which utilizes an in-house manufactured, spherically
focused transducer (f0:580 kHz, focal number=0.8, diameter =75 mm). Pressure calibration of the transmit
transducer was characterized using a planar fibre optic hydrophone (diameter = 10 um, Precision Acoustic Ltd.,
Dorset, UK). MRI spatial coordinates were co-registered to the transducer motorized positioning system within
a tank of degassed and deionized water to allow targets to be chosen from MR images with a 3-axis freedom.
Ultrasound was delivered in 10 ms bursts with a pulse repetition frequency of 1 Hz, and the acoustic emission
signals were captured using an in-house manufactured lead zirconate titanate (PZT) hydrophone, which has peak
sensitivity at 870 kHz +5 kHz, stored on a scope card (ATS460, AlazarTech, Pointe-Claire, Quebec, Canada).
The threshold for microbubble activation was defined as the pressure required for ultra-harmonic emissions
to exceed the mean plus 10 standard deviations of the baseline ultra-harmonic (870 kHz) signal. A pressure
ramp was used to detect the onset of ultra-harmonic signal, starting at a peak negative pressure of 0.128 MPa,
where 10 s of baseline measurements were recorded prior to a bolus of microbubbles injection (20 pL/kg of
Definity; Lantheus Medical Imaging, Massachusetts, USA). After injection, ultrasound pressure was increased
by 0.008 MPa each second until the threshold was achieved, and then the pressure was fixed for the remainder
of the 120 s sonication*’. Meanwhile, MSCs, suspended in 0.5 mL of PBS as described above, were injected into
the tail vein, followed by 0.25 mL of saline flush. T2-weighted images (4000 ms TR, 70 ms TE, 256 x 256 image
matrix, 1.5 mm slice thickness) were acquired using a 7-Telsa MRI scanner (BioSpin 7030; Bruker, Billerica,
Massachusetts, USA) to select regions on the lesioned side of the brain, which included one target at the SN and
two locations at the striatum. T1-weighted images (500 ms TR, 5 ms TE, 256 x 256 image matrix, 1.5 mm slice
thickness) were used to confirm the BBB permeability modulation after sonication using an MRI contrast agent
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(0.2 mL/kg Gadovist, Schering AG, Berlin, Germany). Post-sonication T2*-weighted images (800 ms TR, 3 ms
TE, 256 x 256 image matrix, 1.5 mm slice thickness) were used to identify hemorrhage.

To verify the stem cell delivery using FUS, four animals receiving iron-labelled MSCs were sacrificed via
transcardiac perfusion 2 h after the treatment.

Immunohistochemistry

When brain harvesting was required, transcardiac perfusion with saline and then 10% phosphate-buffered
formalin were conducted under deep anesthesia. The brain was immersed in 10% phosphate-buffered formalin
for histological preparation. Fixed brain tissue was embedded in paraffin wax and sectioned at 5-um thickness.
Stem cell markers CD90 (1:250; ab181469, Abcam, Cambridge, MA, USA) and CD105 (1:250; ab268052,
Abcam, Cambridge, MA, USA) were performed following the manufacturer’s instructions. Prussian blue stain
(ab150674, Abcam, Cambridge, MA, USA) was used to confirm the iron-labelled MSCs. Tyrosine hydroxylase
(TH) stain (1:500; ab112, Abcam, Cambridge, MA, USA) was used to detect the dopaminergic neurons within
the brain.

Brightfield microscopy images (Zeiss Axio Observer Z1; Carl Zeiss, Germany) of brain sections were taken.
MIPAV (NIH, Bethesda, MA, USA) software was used to quantify the presence of TH with standard contour
and counting functions. The images were firstly converted to grayscale in order to calculate the average intensity,
and then the corresponding regions of interest in the ST and SN were contoured. The results were analyzed to
compare the TH presence from the lesioned side to the contralateral side.

Statistical analysis

All statistical analyses were processed on a computer using GraphPad Prism 5.0 (GraphPad Software, San Diego,
CA, USA). All values are displayed as mean +standard deviation (SD). The results were analyzed by one-way
analysis of variance (ANOVA) with the post hoc Dunnet test. Statistical significance was defined as p <0.05.

Data availability
Data is available upon reasonable request from the corresponding author.
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