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Abstract

The blood-brain barrier (BBB) prevents most drugs from gaining access to the brain parenchyma,
which is a recognized impediment to the treatment of neurodegenerative disorders like Parkinson’s
disease (PD). Focused ultrasound (FUS), in conjunction with systemically administered
microbubbles, opens the BBB locally, reversibly and non-invasively. Herein, we show that neither
FUS applied over both the striatum and the ventral midbrain, without neurotrophic factors, nor
intravenous administration of neurotrophic factors (either through protein or gene delivery)
without FUS, ameliorates the damage to the nigrostriatal dopaminergic pathway in the sub-acute
MPTP mouse model of early-stage PD. Conversely, the combination of FUS and intravenous
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neurotrophic (protein or gene) delivery attenuates the damage to the nigrostriatal dopaminergic
pathway, by allowing the entry of these agents into the brain parenchyma. Our findings provide
evidence that the application of FUS at the early stages of PD facilitates critical neurotrophic
delivery that can curb the rapid progression of neurodegeneration while improving the neuronal
function, seemingly opening new therapeutic avenues for the early treatment of diseases of the
central nervous system.
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Introduction

The blood-brain barrier (BBB) poses a formidable impediment to the treatment of adult-
onset neurodegenerative disorders, like Parkinson’s disease (PD), preventing most drugs
from gaining access to the brain parenchyma. Drug delivery techniques aimed at overcoming
the almost impermeable BBB can be grouped into two main categories: (i) invasive and
targeted and (ii) non-invasive and non-targeted methods. Direct injection, convection-
enhanced delivery and osmotic BBB disruption are some examples of the first group while
biological and chemical approaches as well as intranasal drug delivery belong to the latter
group (1, 2). However, technological advances of the past decades have revealed the
immense potential of therapeutic ultrasound in transcranial applications.

Focused Ultrasound (FUS) has been shown to produce a safe disruption of the BBB in
various animal species and in experimental models of human diseases. The localized energy
delivery coupled with the circulation of intravenously administered microbubbles initiates
biological effects that are confined to the vessel walls only and contained solely within the
targeted region (3). Within a certain parametric range, the integrity of the BBB can be
restored within hours and remain intact (4). This technique has shown efficacy in delivering
various compounds like contrast agents (5), sugars (6), antibodies (7), chemotherapeutics (8)
and neurotrophic factors (6) into the brain parenchyma. Recent findings elaborate on the
advantages of FUS-mediated gene delivery over conventional techniques (9-11) while initial
clinical feasibility, safety and efficacy have been reported in the treatment of glioblastoma in
more than 15 patients (12).

The adherence of this study on trophic factors in PD stems from the large body of literature
showing that neurotrophic factors such as glial-derived neurotrophic factor (GDNF) and
neurturin (NTN) can impede the degeneration of the dopaminergic (DA) neurons in the
substantia nigra pars compacta (SNc), and to restore the function of the injured DA neurons
in experimental models of PD (13-15). Furthermore, both GDNF and NTN have been tested
in humans. Intraputamenal infusion of GDNF (16, 17) resulted in functional improvement in
15 advanced PD patients as reported by two Phase | clinical trials, while the 25%
amelioration in motor scores was not achieved in 17 out of the 34 PD patients in a phase 1l
clinical trial. Likewise, intrastriatal delivery of the Adeno-associated type 2 viral vector
encoding human NTN (AAV2-NTN) showed preventive effects on MPTP-induced motor
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disability in non-human primates, but clinical trials failed to show significant disease-
modifying effects (18). Despite the negative results of these Phase Il studies, which might be
due to technical issues (19-21), both GDNF and NTN remain quite appealing molecules for
the present work given their well-established effects on the DA pathways (22, 23).

Germane to this study, we have previously reported that FUS enhances the delivery of NTN
in wild-type mice, non-invasively and locally at the level of PD-relevant brain regions (24).
Briefly, the area of NTN bioavailability, under the same ultrasound parameters as herein,
was 5.07 + 0.64 mm? in the striatum (designated thereafter caudate-putamen [CPu]) and
2.25 + 1.14 mm? in the midbrain, showing the presence of NTN across the entire ultrasound-
treated brain region compared to the relatively smaller region reached by direct injection. In
this previous work, we also demonstrate that NTN cannot only be delivered successfully to
the ventral midbrain through the FUS-induced reversible BBB-opening (24), but also that
the permeate NTN retains its bioactivity as evidenced by the local activation of the
downstream signaling pathway. This finding is particularly significant since the nigrostriatal
pathway, which connects the ventral midbrain region (SNc) with the CPu, is the most
severely-affected DA pathway in PD (25).

Relevant to our work is the demonstration by Fan et al. (10) of the restoration of the DA
nigrostriatal pathway and reversal of motor deficits in a rat model of late-stage PD by
combining FUS and non-viral vector-based gene therapy. This was the first report that
addressed BBB opening and drug delivery in a PD model. Specifically, the authors used a
neurotoxin-induced model of PD, which is characterized by a near complete acute
destruction of the ipsilateral nigrostriatal pathway, hence emulating late-stage PD (26, 27).
One of the salient results of this study is the demonstration of motor improvements in 6-
OHDA-leasioned rats following FUS-assisted transfection for GDNF.

While the study of Fan et al. (10) provides major impetus to the use of ultrasound
technology for therapeutic purposes, it also raises an important question. In advanced stages
of PD, non-motor symptoms become a significant part of the disease as do cognitive decline
and psychiatric and autonomic dysfunction, which can often become more troublesome than
the cardinal motor manifestations of PD (28). These disabling non-motor manifestations
have been attributed to the degeneration of non-DA pathways, which arise over the course of
the disease (28, 29) and which are typically not responsive to either DA therapies (e.g. L-
DOPA administration) or deep brain stimulation. Conversely, in early stage PD, patients are
highly responsive to DA stimulation (29) hence, raising the question as to whether the
targeting of the nigrostriatal pathway by the combined use of ultrasound and neurotrophic
factors may not be of much greater clinical significance if applied sooner rather than many
years after the emergence of PD manifestations. This is a particularly important question as
patients with early PD are physically and professionally active (29) and most are reticent to
use L-DOPA because of its known side effects. Thus, this study has been specifically
designed to address not only the usefulness of FUS in allowing the delivery of BBB-
impermeant bioactive molecules, but also whether such combined strategy might be more
efficacious in improving the quality of life in patients afflicted by a neurodegenerative
disorder, if applied early.
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Materials and Methods

Study Design and Animals.

All experimental procedures involving animals were approved by the Columbia University
Institutional Animal Care and Use Committee. Wild-type C57BL/6 mice (~25 g, ~3 months
of age, sex: male, Harlan, Indianapolis, IN, USA) were group-housed under standard
conditions (12 hr light/dark cycles, 22°C) and were provided with a standard rodent chow (3
kcal/g; Harlan Laboratories, Indianapolis, IN, USA) and water ad /ibitum. A total of 70
animals received a daily injection of MPTP (30 mg kg™ free-base) for five consecutive
days; this regimen causes an apoptotic degeneration of the nigrostriatal pathway in adult
mice (30) and by ~21 d after MPTP administration, no further loss of nigral dopaminergic
neurons is detected. The groups and the corresponding timeline are summarized in the
Supplementary Figure 1.

Focused Ultrasound.

Similar to our previous study, a single-element, spherical-segment FUS transducer (center
frequency: 1.5 MHz, focal depth: 60 mm, radius: 30 mm; axial full-width half-maximum
intensity: 7.5 mm, lateral full-width half-maximum intensity: 1 mm, Imasonic, France),
driven by a function generator (Agilent, Palo Alto, CA, USA) through a 50-dB power
amplifier (E&I, Rochester, NY, USA) was used to target the SN and the CPu. A central void
of the therapeutic transducer held a pulse-echo ultrasound transducer (center frequency: 10
MHz, focal depth: 60 mm, radius 11.2 mm; Olympus NDT, Waltham, MA) used for
alignment, with their two foci aligned. The imaging transducer was driven by a pulser-
receiver (Olympus, Waltham, MA, USA) connected to a digitizer (Gage Applied
Technologies, Inc., Lachine, QC, Canada). A bolus of 0.1 uL/g of body mass polydisperse
manufactured in-house (31) microbubbles diluted in saline (8x108#/ mL, mean diameter: 1.4
um) was injected intravenously immediately preceding the sonication of each target, i.e. SN
or CP. A 20-min time interval was allowed between SN and CPu (add Mania) targeting to
allow the microbubble concentration to be cleared from the circulation (32). Each animal
was sonicated for 60 s, with a pulse repetition frequency (PRF) of 10 Hz, with one
sonication location at SN and two sonication locations at the CPu in order to safely open the
entire area of interest with acoustic parameters that do not cause damage, at peak negative
acoustic pressure (PNP) of 0.45 MPa (33, 34) after accounting for 18% and 33% murine
skull attenuation for the SN and CPu, respectively.

Microbubbles.

Polydisperse microbubbles were manufactured in-house following our previously published
protocol (34). Briefly, the 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) and
polyethylene Glycol 2000 (PEG2000) were mixed at a 9:1 ratio. Two milligrams of the
mixture were dissolved in a 2 ml solution consisting of filtered PBS/glycerol (10% volume)/
propylene glycol (10% volume) using a sonicator (Model 1510, Branson Ultrasonics,
Danbury, CT, USA) and stored in a 5 ml vial at 4°C. The empty space in the vial was filled
with decafluorobutane (C4F1p) gas and activated via mechanical agitation using a VialMix™
(Lantheus Medical Imaging, N. Billerica, MA) shaker for a pre-set time of 45 s. The

J Control Release. Author manuscript; available in PMC 2020 June 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Karakatsani et al.

Page 5

concentration and size distribution of each microbubble vial were measured with a Coulter
Counter Multisizer (Beckman Coulter Inc., Fullerton, CA).

Magnetic resonance imaging (MRI).

Simulation.

MRI was performed on mice receiving sonications. Upon completion of the ultrasound
procedures, the BBB opening was confirmed with a 9.4T MRI system (Bruker Medical,
Boston, MA). The mice were placed in a birdcage coil (diameter 3 cm), while being
anesthetized with 1 — 2% isoflurane and vital signs monitored throughout the imaging
sessions. A bolus of 0.3 ml of gadodiamide (GD-DTPA) (Omniscan®, GE Healthcare,
Princeton, NJ) was injected intraperitoneally into each mouse. Approximately 50 min post
the injection, MR images were collected using a contrast-enhanced T1-weighted 2D FLASH
sequence (5). In addition, T2-weighted MRI was performed 24 hrs post sonication to inspect
the potential occurrence of edemas. Three-dimensional images were reconstructed using T1
images to visualize the BBB opening (Amira, FEI, Hillsboro, OR).

The acoustic properties of the mouse head were obtained from microCT images with a
resolution of 80 um in the three directions (R_mCT2, Rigaku, Tokyo, Japan). The acoustic
properties of the skull and the brain were obtained from previously published experimental
data (35). The numerical simulations were performed using the k-Wave MATLAB
(MathWorks Inc., Natick, MA, USA) toolbox (36). The toolbox provides the k-space pseudo
spectral time domain solution for the coupled first-order acoustic equations for
heterogeneous media. The detailed explanation of simulation parameters can be found in our
previous report (37).

Neurotrophic Factors.

Recombinant human Neurturin was purchased from Invitrogen (CA, USA) and reconstituted
according to the manufacturer’s instructions. An intravenous injection of 50ul Neurturin (20
ug/g of body mass) followed immediately after the FUS-induced BBB opening for which 5
pl/mouse microbubbles were diluted in 100ul saline and injected via the tail vein.

The AAV1-CAG-eGFP-GDNF vectors used in this study were purchased from SignaGen
Laboratories (Rockville, MD). The titers of the viral vectors were provided by the
manufacturer (quantified with real-time PCR) and diluted to 1.2x1012 GC/ml in PBS. For
each mouse (average body weight of 25 g), a total of 100 pl diluted AAV was mixed with
approximately 5 pl/mouse microbubbles and co-injected via the tail vein.

AAV Transduction.

The mice were sacrificed and the brains processed similar to the previous description but,
the sections were treated with rabbit anti-GFP antibody (dilution 1:5000, Novus Biologicals,
Littleton, CO) and goat anti-rabbit conjugated with Alexa Fluor 488 (dilution 1:500,
ThermoFisher, Waltham, MA) to confirm AAV transduction. Fluorescence images were
taken with a confocal microscope (Nikon Instruments Inc., Melville, NY).
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Immunohistochemistry.

Mice were subjected to transcardial perfusion upon sacrifice and the brains extracted and
sectioned (30 um) throughout the entire CPu and SN as previously described (MANIA).
Every 6! section of the posterior CPu and SN, and every 6t section of the anterior CPu
were processed free-floating for TH-immunohistochemistry. After these sections were
sequentially washed in 0.1 M Tris-buffered Saline (TBS; pH 7.4), treated with 10%
methanol/3% H,0» solution in TBS, rewashed in TBS, incubated for 60 min in 5% normal
goat serum (NGS, Vector, USA), and then incubated for 49 h with an anti-TH antibody
(Calbiochem, USA, 1:2000 for SN; 1:1000 for CPu) at 4°C in TBS containing 2% NGS.
Then, sections were washed in TBS, followed by incubation for 60 min with a secondary
biotin-conjugated anti-rabbit antibody raised in goat (1:400 in TBS), washed again in TBS,
incubated for 60 min in an avidin-biotin complex solution (ABC HRP kit (Peroxidase, Goat
IgG), Vector Laboratories, USA) in TBS, and then washed in TBS. Finally, immunostaining
was visualized by 3,3’-diaminobenzine (DAB substrate kit, Vector Labs) and all sections
were counter-stained with cresyl violet solution (1 g cresyl violet acetate, Sigma-Aldrich,
USA, in 500 mL DI-water with 25 mL acetic acid 10%).

Real-time PCR.

Real-time PCR was used to quantify copies of GFP mRNA in various brain regions. Ten
days after FUS-faciliated AAV delivery, mice were sacrificed and brain structures (striatum
and substantia nigra) were isolated. The primers used in this study were forward (5’-
AGCTGAAGGGCATCGACTTC-3’) and reverse (5’- CTACGGCTACCTTGTTACGA-3’).
The analysis was performed with a RNeasy Plus Mini Kit (Qiagen, Hilden, Germany). The
MRNA levels were measured by gPCR using the SYBR Green assay (Applied Biosystems,
Carlsbad, CA, USA). Signals from structures of interest were compared to signals from
background tissue (cerebellum) and fold changes were obtained.

High-performance Liquid Chromatography (HPLC).

HPLC with electrochemical detection was employed to quantify the levels of dopamine,
DOPAC and HVA. Following the same timeline for single NTN administration, mice (3-5
per group) were decapitated, their brains were quickly removed, hemispheres were separated
and the corresponding sections (striatum and midbrain) were dissected out freehand on an
ice-chilled glass petri dish. Samples were immediately frozen on dry ice and stored at —80°C
until analysis. On the day of the assay, the samples were sonicated in 50 vol (wt/vol) of
HeGA while on ice. Centrifugation at 10,000 x g at 4°C for 10 minutes was followed by
filtering and injection of the supernatant (20ul) onto a C18-reverse-phase HR-80
catecholamine column (ESA, Bedford, MA). The samples passed through a mobile phase of
90% 50 mM sodium phosphate/0.2 mM EDTA/1.2 mM heptanesulfonic acid (pH = 3.5)
solution and 10% methanol with a 1.0 ml/min flow rate. Peaks were detected by an ESA
model Coulochem 5100A detector (EI =-0.04 V, E2 = +0.35 V).

Quantitative Morphology.

The total number of TH- and cresyl violet-stained SNc¢ neurons were counted by Stereology
using the optical fractionator as per the published protocols as described in the Materials and
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Methods* section (38, 39). To quantify the immunoreactivity of TH+ nerve fibers in the SNr,
midbrain tissue sections were white-balanced, and color deconvoluted (24, 40) prior to being
converted to grayscale. Then, the SNr was manually outlined, and the pixels within this
region of interest were thresholded. The percentage of the dendrites/axons-covered area on
each side, i.e. ipsilateral and contralateral to FUS, was determined and the average ratio of
each group was used to compare the results among the different groups. The same
quantification algorithm, presented in Supplementary Figure 2, was followed for the TH+
expression in the CPu images without the deconvolution step since the striatum slices were
not counterstained.

Estimates of the number of TH+ neurons in the SNpc were generated by first delineating the
borders of the SNpc with a 5x objective using the anatomical landmarks specified in the
literature (41, 42). The number of SNpc TH+ (DA) neurons was then calculated using the
optical fractionator probe (Stereolnvestigator, version 11.02.1, MBF Bioscience, Williston,
VT, USA) and with the sampling parameters empirically determined by Baquet et al. (42) or
the mouse SN. By applying a random start and random distribution of the counting frames,
every 4t section was counted (for a total of ~10 sections per mouse) with an unbiased
counting frame size of 100 x 100 um and a grid size of 200 x 200 um. Cells were sampled
through the entire thickness of the tissue section using a 1 um guard zone. Sections were
viewed under a 40x dry objective. At least 100 cells were counted within 40-60 framing
sites for each side and animal, and the coefficient of error was <0.10.

Behavioral Study.

Amphetamine-elicited behavioral studies were performed for the neurorestoration part of the
experiments. Four weeks after MPTP lesioning, mice were randomly assigned to four
groups. Each mouse received an intraperitoneal injection of amphetamine (2.5 mg/kg,
dissolved in 150 pl saline) 10 min before behavioral testing. The subject was then placed in
an open field chamber consisting of a custom-made polycarbonate chamber (dimensions:
27.3 cm x 27.3 cm x 27.3 cm). Directly above the chamber was a video camera, which
interfaced with a computer and tracking software (Noldus, Wageningen, Netherlands). Each
subject was placed directly in the center of the field, and video tracking was used to record
and measure activity. Mice explored the field ad libitum for a session duration of 40 minutes.
Upon completion, the subject was removed, urine and feces were counted and removed, and
the chamber was cleaned with ethyl alcohol and disinfectants to remove any trace of the
former subject. The same behavior testing was repeated for each animal post AAV/FUS
treatment at the end of the 12-week survival period.

Statistical Analysis.

Intra-group comparisons between the ipsilateral and contralateral sides were analyzed using
a two-tailed paired Student’s #test. All values are expressed as means + standard deviation.
Differences among group means were analyzed using two-way factorial analysis of variance
(ANOVA) with AAV and FUS as the independent factors. When ANOVA showed significant
differences, pair-wise comparisons between means, post-hoc analysis by Newman-Keuls
multiple comparisons test was performed. In all analyses, the null hypothesis was rejected at
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the 0.05 level. All statistical analyses were performed using Prism 7 (Graphpad Software,
San Diego, CA, USA).

Results and Discussion

To determine the potential value of using FUS to improve brain penetrance of bioactive
molecules, especially those promoting functionality, if not viability, of the compromised
neurons in certain regions of the neurodegenerated brain, we elected to use the MPTP mouse
model of PD (25). More precisely, not only does this neurotoxin-based model provide, in
mice, reliable, extensively-validated lesioning of specifically the nigrostriatal DA pathway,
but also causes, in humans, a clinical picture almost indistinguishable from PD (43), hence
strengthening the relevance of the anticipated mouse findings to the human condition. It
should also be emphasized that most effective preclinical neuroprotective strategies tested in
animal models of PD, while mitigating neurodegeneration, fail to maintain DA function
(44), hence often ending with a number of SNc neurons unable to produce DA. Thus, the
importance of identifying adjunct strategies that are capable of improving function in spared
DA neurons is critical to the success of neuroprotective/neurorestorative strategies.
Accordingly, our preclinical experiments were designed to be specifically relevant to this
important clinical issue by using, primarily, tyrosine hydroxylase (TH)-immunostaining and
quantitative morphology in the nigrostriatal DA pathway of mice post-MPTP as a proxy for
FUS allowing NTN and GDNF to reach and to operate within the CNS. This strategy was
prompted by the fact that many spared DA neurons in the MPTP model have subnormal
expression of TH, the rate-limiting enzyme in DA synthesis, and that neurotrophic factors
have the property of stimulating TH expression.

For the present study, the workflow focused on the morphological quantification of cell
bodies, dendrites and nerve terminals of the nigrostriatal DA pathway (see Materials and
Methods* section and Supplementary Figure 2). Our experimental design compared TH-
based parameters between hemispheres among MPTP-injected mice that received either no,
one or three systemic injections of NTN combined with either one or three unilateral brain
FUS exposures or a single gene delivery of AAV-GDNF; throughout this study, the
ipsilateral hemisphere refers to the hemisphere receiving the unilateral ultrasound.
Previously, we used a similar design in intact mice and found that the application of
unilateral brain FUS following a systemic injection of another trophic factor, BDNF, did
promote its entry into the brain, only in the ipsilateral hemisphere and in a highly regionally
restricted manner (6). In a similar rationale, the successful delivery of NTN through the
FUS-induced BBB opening in wild type mice has been confirmed by tracing the
downstream signaling pathway through the detection of increased phosphorylation of the
Ret receptor, cytoplasmic kinase Erk 1 and 2 and CREB transcription factor in structures
associated with their abundance (24). Also, for the purpose of this study, the neurotrophic
factors are assumed to be of equivalent efficacy when it comes to neurorestoration and
neuroprotection as previously reported (45, 46).
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MPTP suppresses TH immunoreactivity in the CPu and midbrain under a sub-acute

regime.

As we have previously demonstrated (47), the regimen of MPTP used here in adult mice not
only causes a loss of TH-positive cell bodies in the SNc, but also, and to a greater extent, of
TH-positive dendrites in the substantia nigra pars reticulata (SNr) and nerve terminals in the
CPu. As shown in Figure 1, mice that were subjected to this subacute regimen of MPTP
conformed to the known description of the aforementioned brain lesion. However, based on
our past experience (47), we specifically set the dosage of MPTP per injection to cause a
detectable but minimal reduction in TH-positive neurons in the SNc so that we could predict
a 40-50% reduction in TH-immunoreactivity in the CPu. This approach was selected since
goal for this work was to closely emulate an early stage of PD (25). Indeed, the ultimate
objective of the proposed methodology would be for application in early stage PD patients
who may experience a particularly strong quality of life improvement, should the proposed
therapeutic strategy effectively boost the expression of DA synthetic enzymes, such as TH,
in compromised, but still alive SNc neurons. As expected, our stereology counts revealed a
~23% reduction of SNc TH-positive neurons in mice injected with MPTP compared to those
injected with saline (two-way ANOVA for n=7, F[1, 12] = 3.191; P=0.0993). To assess the
effect of MPTP in the SNr and CPu, we used a customized TH density quantification
algorithm based on thresholding (see Materials and Methods* section and Supplementary
Figure 2). Images were white-corrected and color-deconvoluted before delineating the SNr
or the CPu as the regions of interest (ROIs). The percentages of pixels over the ROIs that
exceeded the set intensity threshold for both MPTP- and saline-injected mice are presented
for both hemispheres separately (Figure 1). Based on this method, we found that MPTP-
injected mice displayed a ~35% and ~45% reduction of TH-immunoreactivity in the SNr
(two-way ANOVA for n=5, F[1, 8] = 5.335; P=0.0497) and CPu (two-way ANOVA for n=5,
F[1, 8] = 25.64; P=0.0010), respectively. Furthermore, neither in the MPTP-treated (pair
Student’s t-test; SNc: t[6]=0.821, p=0.442; SNr: t[4]=0.07, p=0.947; CPu: t[4]=1.832,
p=0.14) nor in the saline-administered mice (pair Student’s t-test; SNc: t[6]=0.217, p=0.835;
SNr: t[4]=1.447, p=0.221; CPu: t[4]=0.426, p=0.691) did the DA parameters differ
significantly between the two hemispheres, excluding TH-immunoreactivity asymmetry. The
significant loss of cells bodies, dendrites and terminals in the MPTP brains was also noted
by the decreased TH immunoreactivity shown in Figure 1b-d compared to the saline group.

FUS-facilitated BBB opening.

The BBB is virtually impermeable to macromolecules (including NTN and AAV) due to the
contributions of tight junctions, pericytes, and astrocyte end feet (48). In order for the
macromolecules to reach the targeted brain parenchymal region, the local BBB has to be
temporarily opened. The acoustic energy, amplified by microbubbles, exerts mechanical
forces on the endothelial cells as well as on surrounding BBB components (49). Simulations
were performed to optimize the sonication parameters using mouse computed tomography
(CT) scans. As illustrated in Figure 2a, the focused acoustic beam concentrated in the
targeted region (indicated in red) and the —3dB acoustic pressure field was estimated to be
1x1x7.5 mm3. The effectiveness of the delivered ultrasound energy was monitored in real-
time using a passive cavitation monitoring system, which captured the signals emitted from
the cavitating microbubbles (50). As shown in Figure 2b, the orange signal indicated the pre-
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microbubble administration baseline signal, while the blue signal demonstrates augmented
ultrasound-microbubble interaction in situ. The successful disruption of the BBB was
evaluated via contrast-enhanced T1-weighted magnetic resonance imaging (MRI) as shown
in Figure 2c. The BBB-opened regions are highlighted via diffused MR contrast agent
gadolinium. A three-dimensional rendering of the opening is also illustrated in Figure 2c. In
addition, T2 scans were performed to identify the presence of potential edema caused by the
sonications. Under the ultrasound parameters used in this study (frequency of 1.5 MHz and
peak negative e pressure of 0.45 MPa), we did not observe short-term (one-day post
sonication) edema, as evidenced in the T2-weighted MRI.

Protein delivery upregulates the depleted DA neurons in the SN region.

Having established the damage caused in the three selected brain regions, i.e. SNc, SNr, and
CPu by the MPTP injections (Supplementary Figure 3), we then investigated the effects of
the combination of a unilateral brain FUS application with the systemic administration of
NTN on DA parameters in MPTP mice. Given the lack of right-left DA asymmetry in the
MPTP mice reported above and the fact that FUS is applied only on one side of the brain,
our results were computed as ratios of ipsilateral over contralateral values to better capture
the unilateral nature of the proposed strategies.

Since the cell bodies of the nigrostriatal DA neurons reside in the SNc, assessment of the
effect of FUS/NTN in this specific brain region was first performed in order to understand
the potential effect of our methodology on a stable lesion, i.e. fixed number of neurons.
Indeed, at the selected time point, it has been demonstrated previously that DA neurons no
longer die (51). Since no compelling evidence of DA neurogenesis in the post-lesioned adult
brain exists (52), any change in the number of TH-positive neurons could only be attributed
to a larger number of “countable neurons” due to increased TH immunoreactivity. This
phenomenon, thus, works as a proxy for NTN action. Two descriptive timelines show the
steps followed during the experimental procedure for the single and triple treatment
separately, along with the representative TH-immunostained tissue sections (Figure 3,
Supplementary Figure 4). A one-way ANOVA for the five groups of MPTP-injected mice,
i.e. FUS-/NTN-, FUS+/NTN-, FUS+++/NTN-, FUS+/NTN+, and FUS+++/NTN+++,
revealed significant differences in SNc TH-positive neuron numbers (n=5-7; F4, 27] = 8.892;
P=0.0001). By using Newman-Keuls post-hoc tests, we found that either one or three FUS
applications to MPTP mice alone failed to significantly increase TH-positive SNc neuron
numbers compared to no FUS (P>0.05). Conversely, administration of three, but not one,
NTN administrations, each time preceded by FUS application, resulted in a significant
increase (p<0.01) on the order of 17%. Thus, these findings indicate that systemic NTN
successfully gained access to the CNS following FUS application and initiated the
upregulation of TH expression within the spared SNc DA neurons. Although these results
are encouraging, from a functional standpoint, it remains to be investigated whether similar
changes occurred where DA neurotransmission actually takes place.

One unique property of SNc DA neurons is the capacity to release DA from their dendrites,
suggesting that DA mediates neurotransmission events not only at the level of the CPu but
also at the level of the SNr. Thus, to address the effect of NTN in the SNr region, the
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threshold area covered by TH-positive fibers exceeding the stain-intensity cut-off was
extracted and normalized to the entire region covered by fibers. As for the SNc, a one-way
ANOVA revealed significant differences in SNr TH-positive fiber density among the five
groups (F4, 221 = 11.31; P<0.0001) as shown in Figure 3d. As was the case with the cell
bodies, the Newman-Keuls post-hoc test demonstrated that neither one nor three FUS
applications alone to MPTP mice produced any positive changes in SNr fiber density. In
contrast, both single and triple administration of NTN, after the corresponding applications
of FUS, resulted in a statistically significant increase of the SNr TH-positive dendritic
network on the order of 20-22% compared to the no FUS group. The higher TH-
immunoreactivity observed within the SNr in response to FUS/NTN treatment supports the
notion that dendritic expression of DA markers in spared neurons post-MPTP can be
increased.

Furthermore, given that TH is the rate-limiting enzyme in DA synthesis, our results support
the fact that the combination of NTN and FUS may help to enhance DA neurotransmission
in compromised neurons. Interestingly, if enhanced DA neurotransmission within the SNr
can be associated with comparable changes in the CPu, the proposed therapeutic strategy
may have far-reaching implications for the symptomatic treatment of PD. It is also worth
noting that since the magnitude of the changes was not significantly different in MPTP-
injected mice that received one or three FUS/NTN treatments, it may be argued that, with
respect to SNr, the maximal induction of TH in the DA dendrites is already achieved after a
single FUS/NTN exposure. However, from the perspective of a chronic condition like PD,
future studies will have to investigate the duration of the dendritic induction of TH produced
by one and three FUS/NTN exposures and assess the recurrence of the treatment, as this
question may be of major importance in determining the optimal FUS/NTN regimen for PD
patients.

Repeated protein delivery is necessary to upregulate the DA terminals in the CPu.

Anatomically, SNc DA neurons project primarily to the CPu (25), hence the loss of SNc DA
neurons in PD causes a striatal depletion of DA nerve terminals and DA content. To
determine the efficacy of our technique in promoting nerve terminal function, we estimated
CPu fiber density by quantifying its TH immunoreactivity employing the same algorithm as
for the SNr site. Figure 4 shows the respective timelines with the sonicated structure as well
as representative images for each group (Supplementary Figure 5). Again, we performed a
one-way ANOVA which revealed significant differences in the CPu TH-positive fiber
density among the five groups (n=5-7; F[4, 24) = 3.527; P=0.0212). As expected, from the
preceding analysis of the SN regions, FUS alone did not result in an increase of the terminal
TH positivity. In striking contrast to the situation observed in the SNr, only the three
FUS/NTN exposures caused an overt increase in TH immunoreactivity in the CPu of the
MPTP mice (p<0.05) on the order of 50%. Since the single administration of NTN failed to
permeate the CPu as effectively as in the SN, the stronger regimen of FUS/NTN may be
required to achieve the desired effect. Furthermore, within the CPu, TH-positive fibers
represent less than 10% of the fiber pool hence, most of the NTN molecules in the CPu
might interact with neuronal structures other than TH-positive fibers. To complement these
immunohistochemical findings, the levels of DA and its metabolites, homovanillic acid
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(HVA) and 3,4-dihydroxyphenylacetic acid (DOPAC) were determined by HPLC in both the
ventral midbrain and striatum. The results are reported as ratios of ipsilateral over
contralateral levels to capture the unilateral effect of our intervention (Figure 5). A
significant twofold increase in DA levels was observed in the ventral midbrain (F[3 131 =
7.055; P=0.0047) and to a lesser extend in the CPu of hemispheres treated once with
ultrasound and NTN compared to the rest. The levels of the key metabolites followed the
same trend, even though these changes in metabolites were not statistically significant.
These HPLC findings are in agreement with the TH immunoreactivity proving the
insufficiency of the single treatment in restoring the depleted DA to its original levels.

The decrease in TH immunoreactivity observed in MPTP-injected mice treated with
ultrasound alone (FUS+/NTN- and FUS+++/NTN-) in Figures 3 and 4 raised the possibility
that FUS might downregulate TH expression. To test this possibility, naive mice (i.e. not
injected with MPTP) were subjected to FUS. For this experiment, five mice sonicated
multiple times (MPTP-/FUS+++/NTN-) and five mice sonicated only once (MPTP-/FUS+/
NTN-) were compared against five control mice (MPTP-/FUS-/NTN-); for the three
sonications protocol, two days interval was used between each sonication to allow the BBB
to be restored (4). Remarkably, the number of SNc TH-positive neurons did not significantly
differ among the three groups (one-way ANOVA, F[3 121 = 1.755; P=0.2145). Similarly, no
significant differences were observed in either the SNr TH-positive dendrite (one-way
ANOVA, F[2, 12] = 0.1158; P=0.8917) or CPu TH-positive terminal density (one way
ANOVA, F[2, 12] = 0.1193; P=0.8886) across the three groups (Supplementary Figure 6).
Although FUS does not cause any detectable alteration in TH expression in healthy neurons,
it remains an open question whether ultrasound could downregulate TH expression in
compromised neurons.

Gene delivery upregulates the depleted DA neurons in both the SN and CPu.

To determine whether dopaminergic restorative effects could be produced by the
combination of AAV-GDNF and FUS in the early stages of PD, a new cohort of mice was
used and the different treatments (FUS-/AAV-, FUS+/AAV-, FUS-/AAV+, FUS+/AAV+)
were compared 84 days after the delivery (Figure 6a).

The viral vector used in this study was AAV1 under the control of the neuron-specific CAG
promotor. Different from AAV9, a more aggressive serotype, AAV1 does not cross the BBB
spontaneously, and yet maintaining a higher level of bioactivity compared to that of AAV2.
Our previous work has shown that greater transduction can be achieved using this serotype
compared to AAV2 (11), which has been the sole choice for all clinical PD trials to date
(53). The CAG promotor was selected to best represent the vector used in prior clinical
trials. In this study, we observed some degree of non-specific transductions in untargeted
organs, such as the liver and kidney similar to neuron-specific promotor synapsin (54, 55).

Upon sacrifice, immunohistochemistry revealed stronger TH immunopositivity at the level
of the ventral midbrain sections of MPTP mice receiving AAV+/FUS+ combinations, on the
sonicated side, than at the level of ventral midbrain sections of mice from all other MPTP
groups (Figure 6b). Quantitatively, TH-positive neuron numbers did not significantly differ
(paired Student t-test; t7) < 0.45, p > 0.67) in mice that received neither or one form of
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treatment (i.e. AAV or FUS) as shown in Figure 6¢ (Supplementary Figure 7). However,
while marginal, MPTP mice that received systemic AAV-GDNF injection and unilateral
sonication showed, on average, a greater number of SN TH-positive neuron numbers on the
sonicated side (paired Student t-test; t(11) = 2.93, p = 0.015). Even more striking is the
observation that MPTP mice from the AAV+/FUS+ group showed, on the sonicated side,
quite a stronger SN pars reticulata optical density of TH immunostaining (Figure 6d and 6e)
(paired Student t-test; t(4) = 7.01, p = 0.006), suggesting that the combination of AAV-GDNF
and FUS has a strong beneficial effect on dopaminergic dendrites. Across group comparison
revealed a significant increase (n=4-5; F(3, 13) = 7.514; P=0.0036) on the order of 76% in the
dendritic fiber network of the ipsilateral-over-contralateral side compared to the MPTP
group (Figure 6e). A very similar situation was observed for the ratio of the striatal TH-
positive terminal density which was significantly higher (n=4-5; F3 17] = 4.733; P=0.014)
on the order to 32% for the AAV+/FUS+ group compared to the MPTP-injected mice
(Figure 6f).

To provide a functional correlate to the above results, we took advantage of the fact that
amphetamine, by stimulating the release of dopamine from the residual neurons, induces a
rotational behavior in rodents if there is a right/left unbalance (56). Using a camera-based
behavioral testing apparatus, mice were allowed to explore the field freely and the number of
clockwise (CW; i.e. away from the sonicated hemisphere) and counter-clockwise rotations
(CCW;, toward the sonicated hemisphere) were recorded after amphetamine injection. After
MPTP injection but prior to any AAV and/or FUS treatment, no significant rotational
behavioral was noted in any of the mice indicating that the MPTP lesion produced
symmetrical damage (Supplementary Figure 8). Twelve weeks after the AAV and/or FUS
treatment, only the MPTP mice from the AAV+/FUS+ group showed significant rotations
that were consistently CW (paired Student t-test; t(g) = 2.61, p = 0.035), supporting the
notion that the sonicated side was associated with higher amphetamine-induced
dopaminergic neurostimulation (Figure 6h).

The AAV+/FUS+- treated mice had significantly higher optical densities for both the
dendritic field in the SN pars reticulata and the nerve terminal network in the CPu, on the
sonicated side as well as a marginal increase in SN TH-positive neurons on the sonicated
side. Since no compelling evidence exists, supporting that novel dopaminergic neurons can
be produced in mature brains (44), the most parsimonious explanation for the AAV/FUS-
related changes in neuronal counts is that the combined treatment stimulates the expression
of TH, causing merely more dopaminergic neurons to become identifiable and counted.
Although this explanation can also apply to the dendritic field changes, we cannot exclude
that the nerve terminal changes are, at least, due to axonal sprouting. While more work is
required to elucidate the underpinning process driving the aforementioned changes, we
already know that they are functionally relevant since, following amphetamine injection, the
MPTP mice post-treated with AAV/FUS display a robust rotational behavior consistent with
the idea that the sonicated side that received AAV-GDNF recovered a strong dopaminergic
neurotransmission (56).

The therapeutic alternatives explored in this study showed a gradual increase in beneficial
outcome. Direct protein delivery was proven efficient in upregulating neuronal function but
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its translation to the clinical practice entails multiple applications that significantly improve
neuronal integrity along the entire pathway. Gene therapy comes as an alternative to multiple
applications allowing for constant release of the neurotrophic factor with only one
ultrasound session. The successful delivery was followed not only by upregulation of the
dopaminergic pathway including a small increase in neuronal cells but also by a detectable
behavioral effect enhanced by the administration of amphetamine.

One limitation of this study is that FUS could induce acute inflammation in the sonicated
region (57). This is likely caused by the exudates (such as albumin) through the opened BBB
leading to microglia upregulation. However, as shown in our previously reported studies, this
does not lead to long-term inflammation nor behavior deficits (11). The amount of
administered viral vectors should also be carefully examined to minimize systemic toxicity
and immune response. Studies in larger animal models (i.e. non-human primates) need to be
carried out before results presented here can be translated to the clinic.

Other limitations in this study include the limited number of mice used primarily due to the
high cost of NTN acquisition. As a consequence, additional quantitative measures to directly
measure DA synthesis such as analytical techniques could not be fully explored but will be
included in future studies. Moreover, different dosages, upregulation duration as well as the
time-interval between consecutive treatments also could not be studied. Multiple treatments
may have an even more profound restorative effect, if applied at the steady state of the
preceding treatment. The two major obstacles involved in NTN delivery to the brain with
efficient dosage lie in, first, permeating the BBB and, second, ensuring sufficient
bioavailability across the entire structure of interest. In the study preceding this one (18), it
was shown that both objectives could be achieved with FUS-induced BBB drug delivery in
wild-type mice.

In conclusion, for the first time, our findings show that by targeting the SN and CPu at the
early stages of PD, the nigrostriatal pathway is upregulated, thus reinforcing the strong
premise of FUS methodology for allowing otherwise BBB-impermeant bioactive molecules
to reach the brain parenchyma and treat the compromised neurons. Administration of
neurotrophic factors achieved significant increase in the DA phenotypic marker TH that was
localized at the level of the downregulated nigrostriatal pathway. Gene therapy and the triple
treatment improved neuronal function at both the dendritic and terminal area while the
single treatment only upregulated the former.

This study employed direct delivery of neurotrophic proteins as the pharmacological
strategy, therefore substituting gene delivery and the associated risks. On the other hand,
gene delivery was proven safe and beneficial to the treated brains accounting as a viable
alternative to the difficulties associated with multiple treatments. The AAV-GDNF delivery
offered the opportunity of investigating physiological changes due to the continuous
production of the neurotrophic factor and the longer survival times constituting the second
part of this study. Based on these initial findings, FUS-mediated neurotrophic protein
delivery may prove pivotal in the effective reversibility of neurodegeneration at the early
stages of the disease where motor control symptoms are most prominent. The study also
concluded that repeated protein delivery, similar to gene therapy, improves neuronal function
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along the entire pathway, further demonstrating the clinical relevance of the methodology
and the immediate impact on to current clinical PD treatment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1:
The MPTP effect. a. The timeline shows degeneration following MPTP application and the

interval until immunohistochemistry was performed. b. Representative coronal images of the
SNc for control and MPTP injected groups. SNc cell body quantification for each brain
hemisphere is presented. A ~22% reduction of SNc TH+ cell body number is observed in the
MPTP- vs saline-injected mice (two-way ANOVA for n=7, F[1, 17} = 3.191; P=0.0993). c.
Higher magnification (4x) images focusing on the SNr shows a loss of fibers of ~33% in
MPTP- vs. saline-injected mice (two-way ANOVA for n=5, F[; g) = 5.335; P=0.0497). The
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area quantification is presented per hemisphere and per brain. d. Representative images of
the CPu TH+ terminal density for the saline and MPTP groups showing a ~40% reduction of
CPu TH+ immunoreactivity in MPTP- vs saline-injected mice (two-way ANOVA for n=5,
F[1, 8] = 25.64; P=0.0010). Area quantification shows the decrease in TH+ immunoreactivity
for the MPTP mice per side per brain.

J Control Release. Author manuscript; available in PMC 2020 June 10.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Karakatsani et al.

Page 21

-
o
S

Amplitude (dB)

2 4 6 8 10 12
Frequency (MHz)

Figure 2:
FUS-facilitated delivery. a. CT-based simulation revealed the FUS beam focus in situ (mouse

skull is indicated in white). b. Passive cavitation detection was used to monitor the
sonication in real-time without (orange) and with (blue) microbubbles. c. BBB opening was
confirmed with contrast-enhanced T1-weighted MRI (left) and rendered in 3D (middle). No
edema was observed on T2 MRI one-day post sonication.
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Figure 3:

Neurorestoration effect at the level of the SN. a. Single treatment at the SN: The descriptive
timeline of the procedure is followed by representative TH immunohistochemistry images.
The plus/minus signs indicate whether the corresponding side of the brain received MPTP,
FUS and NTN. b. Triple treatment at the level of the SN: The corresponding timeline
provides information regarding the additional steps followed for this part of the study. The
plus/minus signs indicate whether the brains received MPTP, FUS and NTN and the three
plus signs denote the times the treatment was repeated. ¢. Cell body counts at the level of the
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SNc region. Results are shown as the relative ratio by dividing the contralateral side into the
ipsilateral side. The statistical significance occurs with one-way ANOVA (n=5-7; F4, 271 =
8.892; P=0.0001) after correcting the multiple measurements with Newman-Keuls method.
d. The area quantification of the fibrotic density at the SNr region. The results are shown as
the relative ratio by dividing the contralateral side into the ipsilateral side. The statistical
significance occurs with one-way ANOVA (n=5-7; F[4, 2o] = 11.31; P<0.0001) after
correcting the multiple measurements with Newman-Keuls method.
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Figure 4:

Neurorestoration effect at the Caudate-Putamen (CPu) region. a. The descriptive timeline of
the procedure is followed by representative TH immunohistochemistry images. The pixels
surpassing a certain threshold are presented in dark red to enhance the differences between
the ipsilateral and contralateral side. The plus/minus signs indicate whether the
corresponding side of the brain received MPTP, FUS and NTN. b. Triple treatment at the
CPu: The corresponding timeline provides information regarding the additional steps
followed for this part of the study. The plus/minus signs indicate whether the brains received
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MPTP, FUS and NTN and the three plus signs denote the number of times the treatment was
repeated. c. The area quantification of the terminal density at the CPu region. Results are
shown as the relative ratio by dividing the contralateral side into the ipsilateral side. The
statistical significance occurs with one-way ANOVA (n=5-7; F4, 24) = 3.527; P=0.0212)
after correcting the multiple measurements with Newman-Keuls method permeate the CPu
as effectively as in the SNr, it may be that the stronger regimen of FUS/NTN is required to
achieve the desired effect. Furthermore, within the CPu, TH-positive fibers represent less
than 10% of the fiber pool hence, most of the NTN molecules in the CPu might interact with
neuronal structures other than TH-positive fibers.
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Figure5:
HPLC analysis of dopamine (DA) and its key metabolites (HVA and DOPAC) in the ventral

midbrain and the striatum. The results are reported as ratios of ipsilateral over contralateral
levels to capture the unilateral effect of our intervention. A twofold increase in the levels of
DA can be observed in the midbrain of the hemispheres treated once with ultrasound and
NTN compared to the rest of the groups (one way ANOVA, F3 13] = 7.055; P=0.0047). This
trend is preserved for the metabolites but lacks significance. This lateralized increased
dopamine level was not observed in the striatum despite the small increase in the metabolites
observed in the FUS/NTN group compared to the MPTP only group.
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FUS-facilitated AAV-GDNF delivery induced neuronal upregulation in MPTP mice. a.
Experimental timeline where MPTP was given first followed by sonication and a 12-week
survival period. Behavioral studies were performed 1 week prior to sonication and repeated
at the end of the survival period. b. TH staining of the SN region in mice receiving a
combination of AAV/FUS treatments (n=6-10). c. TH+ neurons were counted and intra-
group comparisons were made. Significantly higher number of TH+ neurons were found on
the AAV+/FUS+ side of the brain compared to the contralateral side. d. TH+ dendrite
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density was calculated and intra-group comparisons were performed. Significantly higher
dendrite density was observed on the AAV+/FUS+ side of the brain. e. Immunofluorescent
TH staining revealed much more dopaminergic projections on the AAV+/FUS+ side of the
brain. Dendritic densities of the SN region were compared across groups and significantly
higher dendritic fiber network (n=4-5; F[3 13) = 7.514; P=0.0036) was identified comparing
AAV+/FUS+ to the MPTP group. f. TH staining of the striatum illustrates the ameliorated
dopaminergic projections on the AAV+/FUS+ hemisphere. Quantitative analysis of the
optical density ratio demonstrated significant difference (n=4-5; F[3 17) = 4.733; P=0.014)
between the AAV+/FUS+ to the MPTP group. g. Amphetamine-elicited behavioral studies
revealed more frequent clockwise (toward the remaining lesion side) rotation, signifying
more prominent dopaminergic function on the hemisphere receiving AAV+/FUS+ treatment.
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