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ABSTRACT 36 

Gene therapy for neurodegenerative diseases faces significant challenges due to the blood-37 

brain barrier (BBB), which limits drug delivery to the central nervous system (CNS). While 38 

clinical trials for Parkinson’s disease (PD) have progressed, administration of vectors expressing 39 

enzymatic or neurotrophic factor transgenes have required extensive optimization of the delivery 40 

method to achieve potentially therapeutic levels of transgene expression. Focused ultrasound 41 

(FUS) combined with microbubbles has emerged as a promising non-invasive strategy to 42 

transiently open the BBB for targeted gene delivery via viral nanocarriers including recombinant 43 

adeno-associated viruses (AAVs). However, key factors influencing FUS-mediated AAV delivery, 44 

including dose distribution and therapeutic efficacy, remain underexplored in non-human primates 45 

(NHPs). Here, we evaluated the feasibility of AAV9-CAG-GFP delivery using two portable 46 

therapeutic ultrasound modalities: ultrasound-guided, spherically-focused FUS (USgFUS) and a 47 

novel low-frequency linear array configuration for imaging and therapy called theranostic 48 

ultrasound (ThUS). In mice, FUS-sonicated regions exhibited a 25-fold increase in AAV9 49 

biodistribution compared to systemic injection alone. Extending this approach to NHPs, we 50 

observed up to a 200-fold increase in AAV9 DNA in treated brain regions, including PD-relevant 51 

structures. In assessing the translational therapeutic potential of this technique, ThUS-mediated 52 

AAV9-hSyn-hNTRN (human neurturin) delivery in a toxin mouse model of PD facilitated the 53 

rescue of up to 80% and 75% of degenerated dopaminergic neurons in the substantia nigra and 54 

striatum, respectively. These findings demonstrate that portable ultrasound technologies can non-55 

invasively enhance AAV9 delivery to targeted brain regions in both mice and NHPs relative to 56 

what can be achieved with intravenous (IV) delivery of the same capsid alone. With further 57 
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development, these approaches may offer a clinically viable, non-invasive alternative for gene 58 

therapy in neurodegenerative diseases. 59 

INTRODUCTION 60 

Neurodegenerative diseases are characterized by the progressive loss of neurons and their 61 

associated functions. Given that over 15% of the global population is estimated to be afflicted with 62 

a neurodegenerative disease, and their incidence is expected to increase rapidly over the next 63 

several decades (1, 2), there is an urgent need for more effective treatments. Gene therapy, a 64 

technique which modulates gene expression for therapeutic benefit, has advanced substantially 65 

since the first human trial in 1990. Strategies include gene overexpression or miRNA-mediated 66 

gene silencing to target disease mechanisms. These approaches are particularly relevant for 67 

neurodegenerative diseases, which can be genetic, as in Huntington’s disease (HD), or result from 68 

genetic and acquired factors, as in Alzheimer’s (AD) and Parkinson’s diseases (PD). 69 

Adeno-associated viruses (AAV) have emerged as one of the preferred gene delivery 70 

vectors for neurodegenerative diseases due to their relatively low immunogenicity and 71 

genotoxicity (3). Various administration routes are being explored to optimize therapeutic efficacy 72 

while mitigating risks, each presenting distinct advantages and challenges. Intraparenchymal (IP) 73 

delivery, as exemplified by the recent approval of Upstaza—the first FDA-approved AAV-based 74 

gene therapy administered directly to the brain for treating aromatic L-amino acid decarboxylase 75 

(AADC) deficiency—allows targeted gene delivery with reduced systemic exposure and lower 76 

doses but requires an invasive neurosurgical procedure. In diseases with multiple affected brain 77 

regions or widespread pathology, this approach may necessitate prolonged surgical times to reach 78 

multiple targets, making it less practical for certain conditions. Alternative approaches, such as 79 

intracerebroventricular (ICV) or intrathecal (IT) administration into the cerebrospinal fluid (CSF), 80 
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may facilitate broader CNS transduction in diseases with diffuse pathology, with ICV requiring an 81 

invasive burr hole procedure (like IP delivery) for direct ventricular access, and IT utilizing a less 82 

invasive lumbar puncture to deliver vectors to the CSF. However, variability in clinical outcomes 83 

with these methods highlights the necessity of precise preclinical assessments to optimize 84 

transgene biodistribution in patients (4, 5). Systemic delivery via intravenous (IV) injection 85 

circumvents the need for neurosurgical intervention but requires engineered blood-brain barrier 86 

(BBB)-penetrating capsids and high vector doses (5), increasing the risk of peripheral toxicity, 87 

including fatal liver damage (6). While intraparenchymal administration offers advantages such as 88 

localized delivery and reduced systemic exposure (7–12), limitations of the technique for treating 89 

PD specifically (13–15) motivates the need for novel AAV administration methods such as focused 90 

ultrasound (FUS) which may provide non-invasive alternatives to enhance gene transfer to the 91 

CNS. 92 

FUS is a well-established technique to non-invasively and focally circumvent the BBB and 93 

therefore permits reduced IV injection doses. When used in conjunction with systemically-94 

administered microbubbles, FUS has proven to elicit transient, safe, reversible and focal opening 95 

of the BBB, conferring therapeutic benefit in multiple mechanisms involved in neurodegenerative 96 

disorders both pre-clinically and clinically (16–24). Notably, FUS enables delivery to multiple 97 

brain regions in a shorter timeframe compared to the corresponding surgical procedures and 98 

exhibits the potential to target larger areas, such as the neocortex. While most clinical trials have 99 

utilized magnetic-resonance-guided FUS (MRgFUS) to achieve BBB opening, which was safe and 100 

effective in clinical trials for BBB opening in neurodegenerative diseases and cancer (23, 25–30), 101 

MRgFUS is inherently costly and not widely accessible to patients since a dedicated MRI scanner 102 

is required for the procedure. Additionally, MRgFUS procedures require patients to remain in the 103 
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MRI scanner for prolonged periods of time, significantly reducing patient comfort. Our group has 104 

developed cost-effective, fast, and portable ultrasound-guided FUS (USgFUS) devices that enable 105 

BBB opening outside of an MRI scanner through the use of neuro-navigation technology. USgFUS 106 

modalities also leverage ultrasound guidance to monitor microbubble activity during BBB opening 107 

(31–36), most often with a separate receiving transducer in addition to the FUS therapy transducer. 108 

Advantageously, this FUS-induced intravascular microbubble activity correlates with both the 109 

volume of contrast-enhancement on T1-weighted MRI, the gold-standard in confirming BBB 110 

opening following FUS, and the amount of AAV transgene expression after BBB opening (31). 111 

Moreover, ultrasound guidance through B-mode and harmonic imaging of the skull enables precise 112 

and non-invasive targeting of specific brain structures without the need for intraprocedural MRI 113 

(37). A novel single-transducer modality for USgFUS, called theranostic ultrasound (ThUS), was 114 

also developed for an even more favorable tradeoff between flexibility and portability, and exhibits 115 

other advantages over traditional USgFUS configurations including integrated high-resolution 116 

microbubble cavitation imaging, accelerated BBB repair, and simultaneous multi-focal BBB 117 

opening (31, 38–40). Furthermore, this configuration is operated by existing diagnostic ultrasound 118 

scanner hardware available in the clinic. Therefore, BBB opening with USgFUS configurations 119 

including ThUS could provide a more accessible and cost-effective alternative to BBB opening 120 

procedures, currently in the clinic, that are performed with intraoperative MRI. 121 

In terms of drug delivery, FUS enables reduction of the systemic dose because the increase 122 

in BBB permeability temporarily allows increased drug transport into the brain. Our group and 123 

others have demonstrated the tolerability, efficacy, delivery efficiency, and therapeutic benefit of 124 

FUS-mediated AAV delivery in both healthy and Parkinsonian animal models (31, 41–45). AAV9 125 

has specifically been selected for many pre-clinical AAV delivery studies employing FUS and 126 
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intravenous injection due to its natural CNS tropism and ability to cross the BBB, though in very 127 

limited concentrations (46). To date, only two published studies have reported increased focal 128 

AAV delivery following BBB opening with FUS in non-human primates (NHP), one conducted 129 

with MRgFUS in rhesus macaques (43), and the other with FUS in marmosets (44). While these 130 

studies demonstrated that FUS-mediated BBB opening for targeted AAV delivery is possible in 131 

NHP, there still remains an unconfirmed quantitative relationship between systemically-132 

administered AAV dose and targeted gene expression within clinically relevant targets in the NHP 133 

brain, as well as an understudied relationship between FUS pulsing parameters and resulting 134 

transduction efficacy in NHP.  135 

We designed our study presented herein to address the following: i) investigate the 136 

relationship between systemic AAV dose and resulting biodistribution after BBB opening in 137 

multiple brain regions, ii) evaluate the FUS parametric space for AAV delivery, iii) establish safety 138 

considerations, and iv) capitalize on the advantages posed by USgFUS. We conducted a dose 139 

escalation study in mice to determine a relationship between systemic dose and AAV9 transduction 140 

in brain regions opened with FUS. We then evaluated the feasibility for AAV9 delivery in NHPs 141 

with both a clinical USgFUS configuration and a low-frequency ThUS linear array configuration 142 

to model clinical translation of gene delivery for neurodegenerative disease facilitated by more 143 

accessible therapeutic ultrasound systems. Finally, we provide insight into the future opportunities 144 

for therapeutic ultrasound in treating neurodegenerative disorders through a study conducting 145 

neurotrophic factor (NTF) gene delivery with ThUS in a mouse model that recapitulates 146 

neurodegeneration in early PD (47). The results of these studies elucidate the advantages and 147 

limitations of potential USgFUS configurations for AAV-mediated gene delivery across the BBB, 148 
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while revealing the potential for therapeutic efficacy of non-invasive transcranial gene delivery 149 

with accessible USgFUS configurations in neurodegenerative disorders. 150 

RESULTS 151 

Dose escalation of systemically-administered AAV9 reveals dose-dependent transduction 152 

following FUS-mediated BBB opening in C57BL6/J wild-type mice 153 

To inform the AAV dosing for the following NHP study with USgFUS, we first conducted 154 

an AAV9 dose escalation study in mice. The following 3 doses of the AAV9-CAG-GFP construct 155 

were intravenously injected before BBB opening with FUS targeting the hippocampus (n=5 mice 156 

per group): 1.0e10 gc/mouse, 1.0e11 gc/mouse, and 5.0e11 gc/mouse. Two additional groups were 157 

included: one group of 5 mice received an intravenous injection of 5.0e11 gc/mouse without FUS 158 

BBB opening, while the last group received neither AAV nor FUS, but still underwent anesthesia.  159 

The average BBB opening volume induced with FUS in groups receiving FUS and IV 160 

injection of AAV was 88.06 ± 23.17 mm3, quantified from contrast-enhanced T1-weighted MRI 161 

acquired 30 minutes post-FUS (Figure 2A). No statistically significant differences in BBB opening 162 

volume were observed between the AAV dose groups receiving FUS, indicating that groupwise 163 

differences in CNS transduction were driven by systemic dose, not variability in FUS sonication 164 

parameters or induced BBB opening volume (Figure 2B). Mice were then survived for 21 days to 165 

allow for gene expression to occur before euthanasia. After euthanasia and tissue processing, 166 

ddPCR revealed statistically significant increases in AAV DNA within the hippocampus between 167 

groups; a 25-fold increase in DNA was detected in the hippocampi of mice which received the 168 

highest AAV dose and FUS BBB opening relative to mice receiving only a systemic injection of 169 

the highest AAV dose with no FUS intervention (Figure 2C). Quantification of GFP luminance in 170 

brain sections allocated for IHC revealed a similar trend with statistically significant increases in 171 
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GFP transgene expression facilitated by FUS BBB opening with increasing AAV dose (Figure 172 

2D). This is depicted qualitatively on microscopy images of representative sections from the FUS 173 

+ low AAV dose group (Figure 2E), the FUS + medium AAV dose group (Figure 2F), and the 174 

FUS + high AAV dose group (Figure 2G). Finally, cell-type specificity of AAV transduction was 175 

evaluated across all dose groups with representative IHC presented of the high dose group in 176 

Figure 2H-L, where approximately 80% of transduced cells were astrocytes, while the remaining 177 

20% were neurons (Figure 2M).  178 

While the intravenous route of administration yielded substantial liver transduction, which 179 

is particularly characteristic of AAV9, BBB opening with FUS reduced the ratio of liver to brain 180 

transduction from a 375-fold increase in gene copies within the liver over the brain at the highest 181 

systemic dose delivered without FUS intervention, to a 55-fold increase in gene copies within the 182 

liver over the brain at the same dose after FUS-mediated BBB opening (Figure 2C). Although the 183 

application of FUS to the brain did not significantly alter gene transduction in the liver, the 184 

significantly increased AAV DNA within the brain after FUS relative to that in peripheral organs 185 

highlights a significant opportunity for non-invasively reducing the required therapeutic dose of 186 

transgenic DNA with USgFUS.  187 

Systemic AAV9 injection and FUS-mediated BBB opening in NHP yields substantial 188 

improvement in targeted AAV9 transduction in the brain 189 

The prior dose escalation study in mice informed the systemic dose used for the subsequent 190 

NHP studies. Specifically, the 5.0 × 10¹¹ gc/mouse high dose, administered to mice weighing an 191 

average of 25 g was scaled proportionally based on body weight to match the ~13 kg rhesus 192 

macaques described herein, resulting in a corresponding total dose of approximately 2.6 × 10¹⁴ gc 193 

per macaque. Given the increased microstructural complexity and thickness of the primate skull 194 
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relative to the mouse skull, subject-specific estimates of the FUS focal volume and anticipated 195 

attenuation due to ultrasound propagation through the NHP skull were derived from acoustic wave 196 

propagation simulations and were used to apply the specific voltage to the FUS transducer needed 197 

to achieve the required in situ focal pressure for sufficient AAV delivery across the BBB, 198 

corresponding to an ultrasound mechanical index (MI) of 0.8 (Supplementary Figure 1, 199 

Supplementary Figure 2). 200 

During the four FUS sonications, real-time cavitation doses calculated from the passive 201 

acoustic mapping (PAM) images of microbubble cavitation (overlaid atop regions of BBB opening 202 

denoted on MRI in Figure 3A-D) rose substantially approximately 30 seconds after MB injection 203 

into the saphenous vein indicating microbubble activity within the FUS focal volume. 204 

Consequently, contrast-enhanced T1-weighted MRIs acquired approximately 1 hour after the last 205 

sonication for each NHP confirmed successful FUS BBB opening along the FUS-targeted 206 

trajectories, as well as contrast-enhancement within each targeted region apart from the 207 

hippocampus, which did not exhibit radiological indications of BBB opening (Figure 3E-H). 208 

Quantification of contrast enhancement after subtraction of pre-sonication MRI revealed BBB 209 

opening volumes of 267.9 mm3, 358.6 mm3, and 227.4 mm3, for the combined putamen and 210 

caudate trajectories, the hippocampus trajectory, and the substantia nigra trajectory, respectively 211 

(Figure 3I), yielding a combined BBB opening volume of 853.9 mm3, or 0.854 cc over a ~30-212 

minute FUS procedure in NHP A (Supplementary Video 1). The single FUS sonication in NHP B 213 

yielded a contrast-enhanced volume of 886.52 mm3 along the FUS trajectory and sulci proximal 214 

to it (Figure 4C).  215 

Three weeks after FUS-mediated BBB opening, NHP A was euthanized for downstream 216 

tissue analysis of AAV9 delivery with ddPCR and IHC. Biodistribution analysis of tissue punches 217 
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taken from the targeted and respective contralateral brain regions with ddPCR revealed a 200-fold 218 

improvement in AAV9 transduction in the caudate, a 44-fold improvement in the sonicated 219 

putamen, and a 50-fold improvement in transduction in the substantia nigra in FUS-treated regions 220 

relative to contralateral regions (Figure 3J). An average AAV9 DNA yield of 0.07 ± 0.06 gc/cell 221 

was observed in unsonicated regions of the CNS, representing the average transduction efficiency 222 

of AAV9 without transient FUS-mediated opening of the BBB, whereas an average of 2.94 ± 2.28 223 

gc/cell was observed in FUS treated regions (Figure 3J), comprising an average 42-fold increase 224 

in AAV9 DNA achieved with FUS in NHP A. In NHP B, which was euthanized 4 weeks after 225 

FUS-mediated AAV9 delivery along the planned trajectory shown in Supplementary Figure 2A, 226 

qPCR of brain punches along the FUS-sonicated cortex revealed 20-fold, 13-fold, and 28-fold 227 

increases in vector DNA within the parietal, superior temporal, and ventral inferotemporal cortex, 228 

relative to the unsonicated, left cortical regions (Supplementary Figure 3). 229 

Given that FUS sonications were monitored with real-time PAM using a separate 230 

confocally-aligned ultrasound imaging array, we sought to evaluate the association of cavitation 231 

dose with the amount of vector DNA quantified by ddPCR to determine whether PAM-based 232 

treatment monitoring could predict resulting gene expression. Quantification of cavitation dose 233 

across the 4 separate sonications in NHP A revealed significantly higher contributions of stable 234 

harmonic cavitation (SCDh) than stable ultraharmonic cavitation (SCDu) or inertial cavitation 235 

doses (ICD), indicating that the induced BBB opening volumes were primarily driven by stable 236 

cavitation during AAV delivery with FUS (Figure 3K). Remarkably, SCDh was highly correlated 237 

with the amount of vector DNA quantified within the FUS-targeted brain regions (R2 = 0.97, p = 238 

0.0165, Figure 3L), while neither SCDu or ICD exhibited a correlation with resulting vector 239 

genome copies (Figure 3M-N). Given that SCDh was the primary contribution to the overall 240 
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cavitation dose influencing BBB opening volume, and indeed exhibited the highest correlation 241 

with resulting vector DNA, cavitation dose could be a potential monitoring strategy for predicting 242 

gene delivery after FUS-mediated BBB opening. 243 

Consistent with ddPCR-derived AAV biodistribution results, IHC revealed a marked 244 

increase in observable gene expression along all FUS-sonicated trajectories in NHP A (Figure 4A-245 

B) and NHP B (Figure 4C) relative to unsonicated brain regions which altogether displayed 246 

extremely minimal GFP expression on fluorescence microscopy images. No GFP expression was 247 

detected in the hippocampus of NHP A, corresponding to sonication 3 (Figure 3G). Fluorescence 248 

microscopy images of the sonicated caudate target revealed substantial GFP expression 249 

predominantly in astrocytes as indicated by GFP colocalization with astrocyte marker S100β 250 

(Figure 4D-F,H), along with several neurons, depicted by GFP colocalization with neuronal 251 

marker NeuN (Figure 4D-G). IHC conducted in the substantia nigra depicted both neuronal and 252 

astrocytic transduction (Figure 4I-L), where TH staining revealed GFP expression within the 253 

substantia nigra (Figure 4N-P), specifically within dopaminergic neurons as demonstrated by 254 

colocalization between GFP and TH signal in Figure 4Q-T. GFP expression was observed along 255 

the FUS trajectory within various cortical structures in NHP B, whereas the contralateral 256 

hemisphere was devoid of detectable GFP expression (Figure 4U). The regions with the most GFP 257 

expression (Figure 4V) also overlapped with contrast-enhanced regions on the T1-weighted MRI 258 

shown in Figure 4C. GFP (Figure 4W) colocalization with astrocytic and neuronal (Figure 4X-Z) 259 

markers exhibited similar relative levels of GFP expression across FUS treated brain regions.  260 

While astrocytes and neurons comprised the majority of cells expressing GFP after FUS-261 

facilitated AAV delivery, other cell types including oligodendrocytes (Supplementary Figure 4A-262 

H) were also transduced but comprised a significant minority of cells transduced within all regions 263 



12 
 

evaluated. No microglia transduction was observed as depicted by lack of colocalization of GFP 264 

with microglia marker IBA1 (Supplementary Figure 4I-L). 265 

Systemic AAV9 delivery and BBB opening with a novel 500 kHz theranostic ultrasound linear 266 

array yields targeted AAV9 transduction with a low-cost portable therapeutic ultrasound system 267 

ThUS is a novel low-frequency ultrasound imaging array configuration designed to 268 

enhance the potential for point-of-care therapeutic ultrasound of the brain through use of existing 269 

clinical diagnostic ultrasound scanner hardware. In addition to evaluating the feasibility of AAV9 270 

delivery with a conventional clinic-ready USgFUS prototype system (16), we also sought to 271 

determine whether ThUS could elicit BBB opening and AAV9 delivery in NHP.  272 

Prior to AAV delivery experiments, we evaluated the feasibility of using ThUS to target 273 

brain regions implicated in neurodegeneration in PD in two NHPs: NHP B (targeting the caudate, 274 

putamen, and periaqueductal gray) and NHP C (targeting the caudate, putamen, and hippocampus) 275 

(Supplementary Figure 8). A single ThUS session targeting the substantia nigra in NHP B elicited 276 

successful BBB opening as confirmed by contrast-enhanced T1-weighted MRI acquired ~1 hour 277 

post-ThUS (Figure 5A-C). PCI acquired and displayed during the sonication (Figure 5D) agreed 278 

well with the volume of BBB opening as shown in the superimposed maximum intensity projection 279 

contours denoting the BBB opening volume in Figure 5E-F. This level of agreement underscores 280 

the utility of high-resolution real-time PCI to monitor BBB opening with ThUS, particularly when 281 

compared qualitatively to the less resolved PAM images in Figure 3. In addition to targeting the 282 

substantia nigra, we also targeted the caudate and putamen simultaneously using the ThUS rapid 283 

alternating steering angles (RASTA) pulse sequence (31) with two steering angles, one targeted 284 

2.5 mm anterior and the second targeted 2.5 mm posterior to the line normal to the array face 285 

(Supplementary Figure 6A-B). This yielded two BBB opening trajectories during a single 286 
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sonication as depicted on contrast-enhanced T1-weighted MRI (Figure 5G-J), using only a single 287 

bolus microbubble injection. Overall, PCI signal intensity was lower in the striatum when 288 

compared to the substantia nigra, potentially due to a number of factors including the beam 289 

incidence angle (Supplementary Figure 6C-L) and reduced effective PRF when using the RASTA 290 

sequence, as discussed in the Supplementary Material. However, BBB openings in Figure 5M 291 

denoted by the white contours in Figure 5L still agreed spatially with PCI acquired during ThUS 292 

RASTA (Figure 5K). Most notably, over all sonications targeted to the substantia nigra and 293 

striatum, a high correlation between the cumulative PCI signal intensity (representing the total 294 

cavitation dose over the sonication) and induced BBB opening volume was observed (Figure 5N, 295 

R2 = 0.88, p = 0.0017), further emphasizing the value of quantitative PCI employed during 296 

sonication.  297 

Given that we consistently induced successful BBB opening with ThUS, we aimed to 298 

determine whether this low-frequency multi-element linear array configuration could deliver AAV 299 

to the NHP brain through the study presented in Figure 1F. Immediately after beginning the 300 

sonication with ThUS RASTA targeted to both the anterior and posterior portions of the striatum 301 

in NHP B, a bolus of microbubbles followed by 2.0e13 gc/kg AAV9-CAG-GFP was intravenously 302 

injected. After sonication for 4 minutes, the ThUS array was repositioned to target the substantia 303 

nigra where a second bolus injection of microbubbles was administered before sonication for two 304 

minutes with a single ThUS focus. Finally, the ThUS array was repositioned to target a trajectory 305 

through the midbrain before another bolus injection of microbubbles and sonication for two 306 

minutes. BBB opening was confirmed along each of the three ThUS-targeted trajectories as shown 307 

in Figure 6A-C, with good spatial agreement between BBB opening volumes (Supplementary 308 

Video 2) and PCI (Supplementary Figure 7). 309 
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NHP B was closely monitored for one month after ThUS to allow for gene expression to 310 

occur before euthanasia by transcardial perfusion. The brain and peripheral organs were then 311 

prepared for biodistribution and histology assays as detailed in the methods section. After 312 

immunostaining and microscopy, GFP expression was observed along all three trajectories. Within 313 

the putamen (Figure 6D), GFP expression was predominantly observed within astrocytes (Figure 314 

6E), depicted by colocalization of GFP with astrocytic marker S100β (Figure 6F-G,I). GFP+ 315 

neurons were also detected within the sonicated putamen depicted by colocalization of GFP with 316 

neuronal marker NeuN in Figure 6F,H,I. Along the substantia nigra trajectory, GFP expression 317 

was localized within a small region in the thalamus, slightly dorsal to the substantia nigra pars 318 

compacta (Figure 6J-K), within astrocytes (Figure 6L-M,O) and neurons (Figure 6L,N-O) at a 319 

distribution which agreed qualitatively with other transduced brain regions in the study. However, 320 

within the sonicated midbrain, specifically the periaqueductal gray region (Figure 6P), neurons 321 

were primarily transduced as demonstrated by colocalization of GFP with NeuN in Figure 6Q,R,T. 322 

No astrocytic GFP expression was observed in this region (Figure 6S), revealing a relationship 323 

between brain structure and cellular tropism exhibited by AAV9-CAG-GFP within the NHP brain. 324 

Taken together, these results demonstrate that AAV9-mediated gene expression is expected to 325 

occur within multiple cerebral cell types, but the relative expression level between cell types 326 

depends on the brain region targeted with therapeutic ultrasound.  327 

Overall, the resulting level of gene expression appeared to exhibit a higher level of 328 

dependence on brain region rather than the volume of BBB opening induced. While the 78.65 mm3 329 

BBB opening volume along the substantia nigra trajectory (Supplementary Figure 7E) was 4-fold 330 

greater than the 19.61 mm3 BBB opening induced in the striatum (Supplementary Figure 7D), gene 331 

expression within the putamen (Figure 6D) appeared to exceed that of the level of expression 332 
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observed along the substantia nigra trajectory within the thalamus and substantia nigra pars 333 

compacta (Figure 6J-K). Additionally, while the BBB opening volume along the midbrain 334 

trajectory encompassed discontinuous volumes surrounding the periaqueductal gray region where 335 

gene expression is visible in Figure 6P, the more dorsal BBB opening regions shown in 336 

Supplementary Figure 7F were devoid of observable GFP expression. This apparent discrepancy 337 

may indeed be caused by a number of factors including the tissue allocation method used for 338 

downstream assays, but also may reflect the specific regional transduction patterns of AAV9 339 

within the rhesus macaque brain, as was also observed in mice (48).  340 

Safety of FUS- and ThUS-facilitated BBB opening in NHP after intravenous administration of 341 

AAV9  342 

To evaluate the in vivo safety of both FUS and ThUS sonication procedures in the NHPs, 343 

T2-weighted fluid-attenuated inversion recovery (T2-FLAIR) imaging was conducted immediately 344 

prior to gadodiamide injection for contrast-enhanced T1-weighted imaging (Figure 7A-D, P-R) in 345 

both NHPs on the day of AAV delivery. For FUS sonications, T2-FLAIR images were devoid of 346 

hyperintensities along all trajectories (Figure 7E-G) apart from the BBB opening region in the 347 

right cortex of NHP B, where small hyperintensities depicting minor acute edema were detected 348 

(Figure 7H). In conducting histological analysis, we also discovered evidence of a potential lasting 349 

astrocytic immune response within part of the aforementioned cortical BBB opening in NHP B 350 

(Figure 7I-J). Regions with persistent astrocytic activation exhibited a high proportion of GFAP 351 

expression (Figure 7M) within S100β+ astrocytes (Figure 7O), represented visually by 352 

colocalization between GFP, S100β, and GFAP (Figure 7J). Given that no other FUS or ThUS-353 

sonicated regions expressing GFP exhibited both T2-FLAIR hyperintensities and evidence of 354 

persistent astrocyte activation, this instance was likely due to a deviation in the treated trajectory 355 
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from the planned and simulated trajectory. For ThUS sonications, no obvious hyperintensities were 356 

detected within the BBB opening regions (Figure 7P-R) in any of the targets sonicated with ThUS 357 

on T2-FLAIR images (Figure 7S-U). 358 

Preliminary ddPCR results of peripheral tissue samples from NHP A provided insight into 359 

the relationship between targeted transduction within the brain as a result of BBB opening with 360 

FUS and peripheral tissue transduction after a systemic injection of AAV9. Tissue samples from 361 

NHP A revealed systemic biodistribution of 181 gc/cell in the liver, and 3 gc/cell in the heart—a 362 

magnitude which is consistent with the level expected at the injected dose of 2.0e13 gc/kg. Given 363 

the high level of off-target gene expression in peripheral tissue, and majority of gene transduction 364 

occurring in astrocytes, novel capsid engineering strategies will be leveraged for increased 365 

neuronal targeting and liver de-targeting in future experiments.  366 

Systemic AAV9-hNTRN delivery and bilateral BBB opening with ThUS facilitates 367 

neurorestoration in the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) mouse model 368 

 Given that ThUS enabled non-invasive gene delivery to the NHP brain in structures 369 

implicated in PD, we next evaluated the therapeutic potential for ThUS-mediated AAV delivery 370 

by assessing the restoration of a partially-degenerated nigrostriatal pathway in the subacute MPTP 371 

mouse model. This mouse model enables selective degeneration of nigrostriatal neurons at a 372 

severity determined by the dosing regimen (47) and has been routinely used in pre-clinical PD 373 

research in both mice and NHP. After a 21-day period of neurodegeneration post-MPTP dosing 374 

corresponding to the timeline shown in Figure 8A, mice underwent bilateral sonication using two 375 

anatomically symmetric focal volumes encompassing the striatum and substantia nigra, achieved 376 

by ThUS RASTA, and/or received AAV as described in the methods section. Contrast-enhanced 377 

T1-weighted MRI acquired on sonicated animals displayed bilateral BBB opening extending 378 
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throughout both the substantia nigra and posterior CPu (Figure 8B). Representative summed PCI 379 

over the 2-minute sonication duration are shown in Supplementary Figure 9D, where no significant 380 

differences in PCI cumulative pixel intensity were observed between the MPTP + ThUS and 381 

MPTP + ThUS + AAV groups (Supplementary Figure 9E), indicating that any post-treatment 382 

effects are primarily due to AAV administration, not differences in ThUS-mediated BBB opening.   383 

After a survival period of either 3 months or 6 months post-AAV dosing, mice were 384 

euthanized and neurorestoration was evaluated with TH immunohistochemistry on coronal 385 

cryosections from the substantia nigra and caudate putamen. Image analysis of TH-stained sections 386 

containing the substantia nigra (Figure 8M-O) revealed a ~96 % significant increase in SNr 387 

dendritic fiber network density 3 months post-dosing in MPTP mice treated with ThUS+AAV 388 

relative to untreated MPTP mice (Figure 8C), with no additional significant improvement observed 389 

after 6 months (Figure 8F). A ~107% significant increase in cell body density in the SNc was 390 

observed 3 months post-dosing in the MPTP + ThUS + AAV group relative to untreated MPTP 391 

mice (Figure 8D), with a small but statistically insignificant improvement in the average area of 392 

SNc TH immunoreactivity after 6 months (Figure 8G). Additionally, nearly 3-fold reductions in 393 

dendritic fiber density and cell body area were calculated in the MPTP group relative to healthy 394 

wild-type controls at the 3-month timepoint, attesting to the effectiveness of the MPTP dosing 395 

protocol (Figure 8C-D). No significant differences in dendrite fiber network density or cell body 396 

area were observed in MPTP mice receiving either AAV or ThUS compared to untreated MPTP 397 

mice at either timepoint. However, such quantities in the MPTP + ThUS + AAV group were 398 

statistically indistinguishable from wild-type control mice at both timepoints (Figure 8C-D, F-G, 399 

Supplementary Figure 9A-B), although trends indicated incomplete neuronal rescue. These results 400 
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demonstrate that ThUS-facilitated hNTRN gene delivery may induce lasting neurorestorative 401 

effects in the substantia nigra.  402 

In addition to analyzing TH density in sections containing the substantia nigra, TH 403 

immunoreactivity in the caudate putamen, corresponding to axon terminals of neurons whose cell 404 

bodies reside in the substantia nigra, as shown in the light sheet microscopy image in 405 

Supplementary Figure 9C, was also quantified and compared across groups at both timepoints 406 

(Figure 8P-R). Quantification of TH immunoreactivity in the caudate putamen demonstrated an 407 

~3-fold trending increase in the MPTP + ThUS + AAV group relative to untreated MPTP mice 408 

after 3 months post-dosing (Figure 8E), albeit statistically insignificant. Interestingly, the ThUS 409 

treatment alone conferred a greater average increase in terminal area than all other treatment 410 

interventions (Figure 8E), which was not significantly different than healthy control mice after 3 411 

months post-dosing. Additionally, comparisons between the mean TH+ density of groups 412 

receiving ThUS (MPTP + ThUS and MPTP + ThUS + AAV) and groups not receiving ThUS 413 

(MPTP only and MPTP + AAV) revealed a significant increase in TH immunolabeling in ThUS-414 

treated groups, whether receiving AAV or not (Figure 8L). Given the statistically significant 415 

differences in dendrite growth and density of cell bodies within the substantia nigra yet trending 416 

but not statistically significant differences between axon terminal staining between MPTP mice 417 

and MPTP + ThUS + AAV mice, we sought to determine whether increased neurorestoration 418 

would occur as a result of longer cumulative treatment effects. In addition to observing generally 419 

increased TH signal within the striata of MPTP mice treated with ThUS+AAV (Figure 8R), we 420 

observed a significant ~4-fold average increase in TH+ terminal density relative to the MPTP only 421 

group (Figure 8H), corresponding to nearly a ~2-fold increase in TH+ terminal density in the 422 

striatum from 3 months to 6 months post-ThUS+AAV (Figure 8K). This indicates that while 423 



19 
 

neurorestoration is statistically increased 3 months post ThUS+AAV relative to untreated mice in 424 

the SN (Figure 8I-J), a potentially longer duration of hNTRN overexpression is required to induce 425 

significant changes in neurorestoration at the axon terminal level. Together, these results indicate 426 

that ThUS-mediated hNTRN delivery induces both short-term and long-term neurorestoration, as 427 

confirmed by histological analysis in two main regions of the nigrostriatal pathway implicated in 428 

dopaminergic neuron loss in early PD.  429 

DISCUSSION 430 

 In this study, the most novel results demonstrate a marked increase in AAV9-CAG-GFP 431 

delivery across the BBB in multiple brain regions, achieved with two different USgFUS 432 

configurations in geriatric rhesus macaques. This NHP study was informed by an AAV9 dose 433 

escalation study in wild-type mice, where we observed significant increases in hippocampal FUS-434 

delivered AAV9 DNA after increasing the systemic AAV9 dose, supported by both biochemical 435 

and immunohistochemical outcomes. We elected to target brain regions implicated in PD including 436 

the substantia nigra, caudate, and putamen for our NHP study to elucidate the effectiveness of 437 

USgFUS for facilitating non-invasive gene therapy in neurodegenerative disorders. With 438 

FUS+PAM, we achieved BBB opening volumes ranging from 267 mm3 in the striatum to over 439 

800 mm3 in the cortex. The increase in targeted BBB permeability yielded an average increase in 440 

vector DNA over contralateral structures of nearly 50-fold, comprising the first quantitative 441 

biochemical readout of AAV transduction within FUS-targeted regions in NHP.  No substantial 442 

increase in vector DNA was observed in targeted regions where no BBB opening was detected, 443 

such as the hippocampus which proved to be challenging to target due to poor FUS beam incidence 444 

angle with respect to the skull curvature. Note that for complex trajectories, acoustic holograms 445 

coupled to a single-element transducer have been shown to achieve deeper and more selective 446 
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targeting (49, 50). However, the hippocampal targeting difficulties in the present study were also 447 

resolved when using the ThUS linear array in NHP C, marking an advantage of the linear array 448 

ThUS configuration over the spherically focused FUS configuration. Interestingly, SCDh which 449 

has been shown to correlate with BBB opening volume (51), was directly correlated with the 450 

quantity of vector DNA within the targeted regions, where BBB opening volume quantified by 451 

contrast-enhancement on post-FUS T1-weighted MRI failed to exhibit such a correlation. This 452 

attests to the significant advantage that USgFUS systems may pose in cavitation-based viral 453 

delivery across the BBB. IHC also confirmed targeted GFP transgene expression within the 454 

targeted regions in astrocytes, neurons including dopaminergic neurons within the substantia nigra, 455 

and a small number of oligodendrocytes.  456 

Given the previously demonstrated portability, cost, and flexibility advantages of ThUS 457 

for AAV delivery in mice (31), we also evaluated the feasibility for ThUS-mediated targeted AAV 458 

delivery in NHP to elucidate the advantages and shortcomings of this novel linear array theranostic 459 

system as USgFUS development progresses towards clinical translation of non-invasive gene 460 

therapy. Opening volumes induced by ThUS were smaller overall when compared to FUS (~20-461 

80 mm3) primarily due to the 2-fold higher ThUS transmit frequency relative to the FUS 462 

configuration used in this study. We also revealed important relationships between integrated high-463 

resolution PCI and resulting BBB opening volume, as PCI pixel intensity was directly related to 464 

BBB opening volume and spatially agreed with contrast-enhanced regions on T1-weighted MRI. 465 

In evaluating the ability of ThUS RASTA to induce BBB opening in multiple structures within the 466 

same sonication, specifically the caudate and putamen, we found that success of multi-focal BBB 467 

opening with RASTA highly depends on the incidence angle of the ThUS-steered beam to the 468 

skull, noting a decrease in BBB opening volume and PCI intensity of nearly 4-fold and 1.5-fold, 469 
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respectively, with a sub-optimal incidence angle as confirmed by pre-sonication B-mode 470 

ultrasound imaging with the ThUS array. This also motivates the future use of B-mode for targeting 471 

refinement and PCI-based monitoring to correct for sub-optimal BBB opening during treatment. 472 

Unfortunately, the BBB opening most affected by suboptimal incidence angle within the striatum 473 

occurred on the day of AAV delivery, but despite this, targeted GFP expression was still confirmed 474 

on IHC in the sonicated putamen in addition to all other trajectories targeted with ThUS. No 475 

apparent differences in the proportion of astrocytic transduction versus neuronal transduction 476 

between FUS and ThUS were observed.  477 

We also evaluated safety of both FUS and ThUS parameters used for AAV delivery 478 

through examination of T2-FLAIR MRI and neuroimmune activation signatures within 479 

fluorescence microscopy images. One occurrence of edema on T2-FLAIR MRI corresponding to 480 

high astrocytic GFAP expression in histology was observed along the cortical FUS trajectory in 481 

NHP B which exhibited a nearly 4-fold increase in BBB opening volume relative to the other FUS-482 

induced BBB opening volumes. However, for all other BBB openings induced by either FUS or 483 

ThUS, no hyperintensities were observed in T2-FLAIR imaging, attesting to the safety of the 484 

USgFUS transmit parameters used in this study. Due to the intravenous route of AAV 485 

administration, substantial peripheral transduction occurred most prominently in the liver. This is 486 

a substantial limitation of targeted AAV delivery with transcranial FUS after a systemic AAV 487 

injection, which motivates the application of viral vector capsid engineering strategies to increase 488 

targeting efficacy (52, 53), or exploration of other, more direct routes of AAV administration such 489 

as intranasal delivery (20, 54).  490 

Overall, the results presented herein offer a crucial demonstrated relationship between 491 

systemic dose and expected vector DNA in FUS-targeted regions, while confirming the feasibility 492 
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of both long-pulse FUS and short-pulse ThUS modalities to elicit focal AAV delivery across the 493 

BBB in rhesus macaques. In addition, it is worth mentioning that the total treatment duration, from 494 

the beginning of the first sonication to end of the last sonication of 4 targets ranged from 30-45 495 

min for each NHP, which is a major advantage of portable USgFUS for BBB opening and AAV 496 

delivery outside of an MRI scanner. We also waited ~10 minutes between sonications to allow for 497 

microbubble clearance from the brain vasculature in an effort to associate BBB opening volume 498 

with a given concentration of injected microbubbles for experimental design purposes rather than 499 

allowing for microbubbles to accumulate in the vasculature from successive microbubble 500 

injections. With microbubble infusion methods, the treatment durations could be reduced further, 501 

potentially enabling realization of a fast, outpatient, non-invasive gene therapy procedure in 502 

patients in the future.  503 

In the present study, we also evaluated bulk neurorestoration effects due to ThUS-mediated 504 

AAV9-hNTRN delivery in Parkinsonian MPTP mice via TH immunohistochemical quantification 505 

of neuron dendritic processes in the SNr, cell soma density in the SNc, and axon terminal density 506 

in the striatum up to 6 months post-treatment. While the prior NHP study demonstrated the 507 

feasibility for AAV9 delivery with portable USgFUS modalities, this mouse study was conducted 508 

to evaluate the therapeutic efficacy of non-invasive gene therapy with our most flexible therapeutic 509 

ultrasound platform, ThUS. Three months after AAV9-hNTRN delivery with ThUS BBB opening, 510 

we observed up to a 96% increase in dendritic network density in the SNr, and nearly double the 511 

density of cell soma within the SNc. Consistent with these observations in the substantia nigra, we 512 

also observed a 3-fold increase in axon terminal density in the striatum in MPTP mice receiving 513 

ThUS+AAV treatment. Interestingly, axon terminal density nearly doubled 6 months after AAV9-514 

hNTRN delivery with ThUS, while no significant differences in SNr or SNc TH immunopositivity 515 
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between 3 months and 6 months occurred. Given our use of the sub-acute MPTP dosing scheme 516 

to induce relatively minor nigrostriatal neuronal loss relative to other modes of MPTP insult (47), 517 

we also considered the possibility for natural reversal of neurodegeneration over time. This effect 518 

was made evident by comparison of TH immunopositivity in the substantia nigra between 3 and 6 519 

months. We observed an average ~50% increase in SNr and SNc density in the MPTP mice 520 

euthanized at the 6-month timepoint (corresponding to nearly 7 months after the first MPTP 521 

injection), relative to MPTP mice analyzed at the 3-month timepoint. To our knowledge, no prior 522 

studies have confirmed the length and stability of MPTP-induced neurodegeneration up through 6 523 

months after sub-acute dosing (47, 55, 56). 524 

While an extensive body of literature supports the observation of neuroprotection or 525 

neurorestoration with NTF overexpression either through AAV delivery or recombinant protein 526 

infusion (57–63), these results were not sufficiently recapitulated in human clinical trials. In this 527 

study, the non-invasive route of delivery facilitated by a next-generation therapeutic ultrasound 528 

device like ThUS could enable potentially increased efficacy with reduced complications with 529 

further optimization of AAV dosing and ThUS parameters. Karakatsani et al., demonstrated 530 

significant increases in substantia nigra and striatal TH immunoreactivity with multiple sessions 531 

of unilateral FUS-mediated GDNF delivery, or a single session of unilateral FUS-mediated AAV9-532 

GDNF delivery in MPTP mice in both neuroprotective and neurorestorative experimental designs 533 

(41). Additionally, Mead et al., observed reduction of behavioral deficits and neurodegeneration 534 

in 6-OHDA mice up to 10 weeks after unilateral MR-guided FUS delivery of brain penetrating 535 

nanoparticles (BPN) containing GDNF, which enabled uniform striatal coverage (64). Our study 536 

is the first to leverage simultaneous image-guided bilateral delivery of AAV9-hNTRN to both the 537 

substantia nigra and striatum, and evaluate subsequent effects of a single AAV administration up 538 
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to 6 months post-treatment, a timeline which more closely aligns with the time point at which 539 

modest clinical benefits of AAV-GDNF administration were observed in patients (65). 540 

To the best of our knowledge, only two other studies have reported on AAV delivery in 541 

NHP with FUS. Blesa et al confirmed GFP expression in targeted regions in both healthy and 542 

Parkinsonian MPTP rhesus macaques after BBB opening with MRgFUS followed by systemic 543 

injection of AAV9-hSyn-GFP (43). Apart from the use of portable USgFUS for BBB opening, our 544 

study exhibits several key differences from the aforementioned study related to the timing and 545 

dose of AAV injection, and AAV construct. First, our study leveraged co-injection of MBs and 546 

AAV to capitalize on potential cavitation-mediated mechanisms for vector transport across the 547 

BBB during sonication, whereas the prior study injected AAV after confirmation of BBB opening 548 

on MRI, yielding a time difference between sonication and AAV administration of up to 2 hours. 549 

In addition to this, the prior study utilized a systemic dose of 5.0e13 gc/animal of AAV9-hSyn-550 

GFP, compared to injection of ~2.6e14 gc/animal of AAV9-CAG-GFP in the study presented 551 

herein. The combination of the increased dose of AAV9 administered during BBB opening and 552 

the use of the ubiquitous CAG promoter rather than the neuron-specific hSyn promoter yielded an 553 

apparent increase in overall transgene expression in the targeted regions relative to histological 554 

observations made in the prior study. Our study also offers additional insight into the transduction 555 

efficiency of AAV through quantification of vector DNA through ddPCR, confirming the 556 

effectiveness of USgFUS in targeted AAV transduction through both histological and biochemical 557 

analyses. Indeed, the prior study evaluates MRgFUS-mediated AAV delivery to the striatum in 558 

MPTP monkeys, attesting to the tolerability of systemic gene delivery and focal BBB opening in 559 

PD animal models, and provides critical translational insight for the field.  560 
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In addition to the aforementioned study, a second study by Parks et al, evaluated efficacy 561 

of focal transgene delivery with systemically-administered AAV2 and AAV9, with gene 562 

expression driven by hSyn, in marmosets (44). Consistent with our findings and the observations 563 

of Blesa and colleagues, Parks et al noted an increase in transgene expression in BBB-opened 564 

regions, with transgene expression in neurons due to the use of the hSyn promoter in AAV 565 

constructs. Parks et al also noted increased transduction efficiency with AAV9 relative to AAV2 566 

after FUS-mediated BBB opening in marmosets, consistent with our previous findings in mice 567 

(42). The major difference between the study conducted by Parks et al and the study presented 568 

herein is the difference in NHP model. Marmosets are significantly smaller than rhesus macaques 569 

exhibiting much thinner skulls, which arguably do not recapitulate the thickness or microstructure 570 

of the human skull (66). Similarly to the study by Blesa et al., AAV was systemically administered 571 

after confirmation of BBB opening on MRI, which may have contributed to differences in 572 

observed transduction efficiency relative to our present study. Crucially, our study was designed 573 

to model multiple aspects of future potential FUS-mediated gene therapy techniques in humans, 574 

from transducer hardware design considerations for acoustic wave propagation through the human 575 

skull, to elucidating potential limitations related to the substantially higher titer of AAV needed 576 

for a systemic route of injection in patients. 577 

Another primary difference between the study presented herein and previous studies 578 

investigating FUS-mediated AAV delivery in NHP lies in our use of ultrasound guidance during 579 

FUS or ThUS. Our study elucidated important advantages of USgFUS for BBB opening, from the 580 

direct association observed between SCDh derived from PAM with resulting vector DNA in the 581 

sonicated regions, to targeting advantages related to B-mode targeting capabilities inherently 582 

enabled by ultrasound imaging arrays. Our group has previously demonstrated an association 583 
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between stable cavitation and BBB opening in NHP (67–69), but this study is the first to relate 584 

cavitation dose to AAV transduction efficiency in primates. This observed association is highly 585 

advantageous in that the amount of vector DNA to be expected within the FUS-targeted region 586 

could potentially be inferred non-invasively, during the treatment, without MRI confirmation. 587 

Indeed, future studies are needed to confirm this relationship, however this preliminary evidence 588 

underscores the advantages of acoustic monitoring for FUS-mediated AAV delivery. In addition 589 

to this, B-mode imaging prior to FUS and ThUS sonications reiterated the importance of normal 590 

beam-to-skull incidence angle to achieve optimal BBB opening efficiency (70). While we did not 591 

correct for sub-optimal incidence angle prior to sonication in this study, the observed relationship 592 

between symmetric skull geometry on B-mode imaging and BBB opening volume motivates 593 

additional investigation into the utility of anatomical ultrasound imaging integrated into USgFUS 594 

for ensuring maximal AAV delivery into sonicated brain regions. Our group has recently 595 

developed ultrasound-based strategies for skull imaging using harmonic ultrasound imaging which 596 

may be implemented in AAV delivery experiments in NHP to facilitate targeting in the future (37). 597 

Some limitations of our present study merit additional discussion. First, only 2 NHP were 598 

used for this study, necessitating additional biological replicates to further validate our results, 599 

specifically a relationship between the efficacy of USgFUS-mediated AAV delivery and the 600 

particular brain region targeted. Other limitations relate to the viral method of gene therapy 601 

proposed in this study. NHP and humans alike commonly possess neutralizing antibodies (nAb) 602 

against particular AAV serotypes (71–74), limiting the applicability of serotype-specific AAV 603 

delivery for all patients for a particular gene therapy indication. The presence of nAb against 604 

AAV9 for example precluded observation of transduction in one NHP in the aforementioned study 605 

conducted by Blesa et al (43) emphasizing a limitation of both a systemic route of administration, 606 
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and the use of AAV vectors in general. Despite this, tradeoffs between the low immunogenicity of 607 

AAV, size and packaging capabilities relative to other viral vectors such as lentivirus (LV) or 608 

adenovirus (ADV) still make it a primary choice for gene therapy in the clinic (75).  609 

Future studies are primarily aimed at improving the specificity of gene delivery induced 610 

by FUS and AAV, both increasing expression in neurons of interest and reducing peripheral gene 611 

expression which could lead to systemic toxicity. In addition, future studies are aimed at assessing 612 

the feasibility of USgFUS-mediated gene delivery with other naturally-occurring, as well as 613 

engineered AAV capsids given the specific benefits related to tissue targeting and limiting immune 614 

response exhibited by particular AAV serotypes other than AAV9. Finally, we aim to implement 615 

non-invasive USgFUS-mediated AAV delivery in additional experimental models of 616 

neurodegenerative diseases to evaluate expression of a functional transgene given the feasibility 617 

for such an approach demonstrated with ThUS-mediated AAV9-hNTRN delivery in MPTP mice. 618 

CONCLUSION  619 

 FUS and gene therapy have each demonstrated significant potential for enabling non-620 

invasive and efficacious neurodegenerative disease therapy in the clinic. However, there is still a 621 

need for pre-clinical research to answer questions related to their optimal synergistic utility. In this 622 

study, we offer insights to these unanswered questions relating to quantification of brain 623 

transduction resulting from USgFUS-mediated BBB opening and the relationship between FUS 624 

and ThUS parameters on gene delivery efficacy. By understanding how much AAV delivery 625 

occurs within the brain after systemic injection and targeted delivery with the parameters reported 626 

herein, along with revealing the vital association between image-derived cavitation dose and gene 627 

delivery within the NHP brain for the first time, FUS continues to emerge as a promising strategy 628 

to significantly aid in gene therapy pre-clinical and clinical studies. Specifically, alternative 629 
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options posed by portable USgFUS systems in gene therapy administration in clinical trials may 630 

offer greater reach to potential candidates averse to surgical administration. This approach not only 631 

broadens the pool of eligible participants but also addresses a significant barrier to enrollment in 632 

trials that involve surgical interventions, particularly in regard to the elderly patient population 633 

most afflicted by neurodegenerative disease. As a result, USgFUS could play a crucial role in 634 

advancing the development and adoption of gene therapies for conditions like Parkinson’s disease 635 

by making these trials more accessible and appealing to a wider population. With future studies 636 

aimed at improving the targeting capabilities and safety profile of this combinatorial technique in 637 

both the therapeutic ultrasound and gene therapy spaces, USgFUS could enable accessible, non-638 

invasive, and therapeutically efficacious gene therapy to help minimize the immense burden of 639 

neurodegenerative disease treatment on patients and their families. 640 

MATERIALS AND METHODS 641 

Experimental Design 642 

 The overall objectives of this study were to evaluate the feasibility and provide a 643 

multifaceted and quantitative readout of AAV9 delivery across the BBB in mice and rhesus 644 

macaques with two modalities of portable low-intensity therapeutic ultrasound: conventional 645 

single-element, spherically-focused FUS, or a multielement, point-of-care ThUS array. The ThUS 646 

configuration constitutes a simplified yet flexible design which could enable increased 647 

accessibility of therapeutic ultrasound for non-invasively treating neurological disorders, which 648 

motivated the final objective of the study herein, which was to determine whether ThUS-facilitated 649 

AAV9 delivery could elicit disease-modifying therapeutic effects in a mouse model of early PD. 650 

To investigate these objectives, 3 studies were designed. Study 1 constituted an AAV9-CAG-GFP 651 

dose escalation study in mice with FUS to inform the systemic AAV9 dose for a subsequent 652 
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feasibility study using both FUS and ThUS with the same AAV9-CAG-GFP construct in NHP, 653 

referred to herein as Study 2. Finally, Study 3 was conducted to evaluate ThUS+AAV9 delivery 654 

for therapeutic neurorestoration in MPTP mice and offer future research direction for therapeutic 655 

ultrasound-facilitated gene delivery in treating neurodegenerative diseases.  656 

 All procedures involving animals were performed in accordance with approved protocols 657 

under the guidelines of the Columbia University Institutional Animal Care and Use Committee 658 

(IACUC). The terminal NHP study (Study 2) was initiated after n=2 geriatric NHPs (29-30 y.o., 659 

12.8-13.0 kg) housed within the Columbia University Institute of Comparative Medicine (ICM) 660 

were recommended for euthanasia due to arthritis and other complications minimizing their 661 

tolerance for anesthetic procedures: NHP A and NHP B. Advantageously, the progressed age of 662 

the NHPs allowed us to recapitulate transcranial therapeutic ultrasound-facilitated AAV9 delivery 663 

through the aged skull and brain in an elderly human population most likely to be afflicted with 664 

neurodegenerative disorders, while projected euthanasia permitted institutional approval of this 665 

terminal study. Before study initiation, both NHPs were also screened for AAV9 neutralizing 666 

antibodies (nAb). Each NHP received one intravenous injection of AAV9 but were euthanized at 667 

different time points post-AAV dosing (3 weeks vs. 4 weeks). A summary of the individual 668 

experimental details for the study timeline of both NHPs is shown in Figure 1. An additional adult 669 

male rhesus macaque NHP C, was used for ThUS parameter optimization and targeting 670 

confirmation as discussed later on, did not receive AAV and was not euthanized at the terminal 671 

study endpoint with NHP A and NHP B. 672 

Both NHP A and NHP B were placed on an immunosuppressive steroid regimen consisting 673 

of once-daily, orally administered prednisolone (1 mg/kg) beginning 14 days prior to FUS- or 674 

ThUS-mediated AAV delivery and ending on the day of euthanasia, 21-32 days post-sonication. 675 
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Prior to AAV delivery, baseline CT and MRI scans were acquired for numerical acoustic wave 676 

simulations (49) and for evaluation of pre-sonication MR signatures before BBB opening 677 

procedures for target selection before dosing. On the day of AAV delivery, BBB opening using 678 

either FUS or ThUS was performed according to the protocol in the following section. After 679 

sonications were completed and the NHPs were transferred to the MRI suite, a series of anatomical 680 

MRI were acquired within two hours after BBB opening to evaluate both safety and efficacy of 681 

BBB opening with ThUS and FUS. Following MRI, the NHPs were closely monitored during 682 

recovery from anesthesia by veterinary staff. After a period of 3-4 weeks (21 days for NHP A, and 683 

32 days for NHP B) to allow transduction and gene expression to occur, NHPs were euthanized, 684 

and tissues were dissected and collected for biodistribution and immunohistochemistry assays as 685 

described in later sections. 686 

Prior to conducting this study, a dose escalation study with the same AAV9-CAG-GFP 687 

construct was conducted in wild-type mice to inform AAV9 dosing for the NHPs. A total of 25 8-688 

10-week-old, female C57BL/6J mice (The Jackson Laboratory, Bar Harbor, ME, USA) were 689 

allocated for this study and were divided into the following 5 groups: 1.0e10 gc/mouse IV 690 

AAV9+FUS, 1.0e11 gc/mouse IV AAV9+FUS, 5.0e11 gc/mouse IV AAV9+FUS, 5.0e11 691 

gc/mouse IV AAV9 only, and a sham group receiving anesthesia only. Mice received FUS and/or 692 

AAV9 on day 0, followed by a 21-day survival period before euthanasia by transcardial perfusion 693 

with ice-cold 1X PBS. Excised brains were split along the midline such that one hemisphere was 694 

allocated for paraffin embedding and IHC to observe cell-type specificity of GFP expression, while 695 

the hippocampus was dissected from the opposite hemisphere for quantification of AAV9 DNA 696 

and RNA with ddPCR. Liver tissue from each mouse was also split for IHC and ddPCR analyses.  697 
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An additional study (Study 3) employing ThUS-mediated AAV9-hSyn-hNTRN-WPRE 698 

delivery in the subacute MPTP mouse model was conducted to elucidate the utility of a next-699 

generation therapeutic ultrasound system to elicit neurorestoration in MPTP mice. The timeline 700 

for this study is shown in Figure 8A. A total of 42 male C57BL/6J mice (Charles River 701 

Laboratories, Kingston, NC, USA) were obtained at 12 weeks of age and were acclimated to 702 

isolated housing facilities for 4 weeks before MPTP dosing. The acute model of MPTP-induced 703 

neurodegeneration is extremely sensitive to environmental variations between animals and was 704 

thus generated according to the specific procedures set forth by Jackson-Lewis and Przedborski et 705 

al. (47). 34 mice underwent daily IP injections of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 706 

(MPTP) for 5 days, while 8 mice underwent control saline injections on the same dosing schedule. 707 

After a 21-day period of neurodegeneration. Mice were randomly split into five experimental 708 

groups: MPTP only, MPTP+ThUS, MPTP+AAV, MPTP+ThUS+AAV, and saline-injected 709 

healthy controls. Within each experimental group, approximately half of the animals were 710 

allocated to be euthanized for analysis 3 months post-treatment, while the other half was allocated 711 

for euthanasia 6 months post-treatment. After euthanasia by transcardial perfusion with ice-cold 712 

1X PBS, mice brains were excised and prepared for TH immunohistochemistry and image analysis 713 

performed by investigators blinded to experimental conditions.   714 

BBB opening procedure in NHP 715 

A schematic of the experimental apparatus used for FUS-mediated BBB opening in NHP 716 

is shown in Figure 1A, with an overall timeline of the study presented in Figure 1E. NHPs were 717 

anesthetized by injection of ketamine and dexmedetomidine followed by maintenance of the 718 

anesthetic plane with a mixture of isoflurane and oxygen. The head was fixed in a stereotactic 719 

instrument before shaving and depilating hair on the scalp to facilitate proper acoustic coupling 720 
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between the transducer and scalp. A layer of degassed ultrasound gel was placed atop the head 721 

below a degassed water bath designed to easily facilitate transducer positioning from target to 722 

target. After initialization and registration of the neuronavigation system used to provide real-time 723 

guidance during FUS or ThUS (Brainsight, Rogue Research Inc., Montréal, Québec, Canada), 724 

targeting was achieved using a robotic arm (UR5e, Universal Robots, Odense, Denmark). B-mode 725 

imaging was conducted to ensure normal incidence of the FUS beam to the skull before acquiring 726 

baseline cavitation activity immediately prior to injection of microbubbles for each target. During 727 

the BBB opening procedure, NHPs received a bolus intravenous (IV) injection of polydisperse 728 

microbubbles followed by immediate sonication and injection of 2.0e13 gc/kg of AAV9-CAG-729 

GFP after a rise in cavitation level was observed with PAM or PCI as described in later sections. 730 

NHP A underwent BBB opening along 4 separate trajectories summarized in Figure 1E, while 731 

NHP B underwent a single FUS sonication, followed by AAV injection during the first of three 732 

ThUS sonications with the experimental configuration shown in Figure 1B at distinct targets 733 

sonicated in the order displayed in Figure 1F. 734 

NHP A underwent FUS-mediated BBB opening targeted to the following brain regions in 735 

chronological order of sonication: left putamen, left caudate, left hippocampus, and right substantia 736 

nigra. A single bolus injection of house-made polydisperse microbubbles was injected 737 

immediately prior to the bolus injection of AAV9-CAG-GFP and commencement of sonication at 738 

the left putamen for 2 minutes. The transducer was then translated 5 mm to the right before 739 

immediate sonication of the left caudate for another 2 minutes with the previously injected 740 

microbubbles. The transducer was then positioned to target the left hippocampus before a second 741 

bolus injection of microbubbles and sonication for 2 minutes. Lastly, the transducer was positioned 742 
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at the right substantia nigra before a final bolus injection of microbubbles and sonication for 2 743 

minutes. 744 

NHP B underwent FUS-mediated BBB opening targeted to the right hippocampus for 2 745 

minutes, followed by the bolus injection of AAV9-CAG-GFP and opening of the left caudate and 746 

putamen using the rapid alternating steering angles (RASTA) pulse sequence for ThUS 747 

(Supplementary Figure 6A) to target both the caudate and putamen simultaneously for 4 minutes. 748 

The ThUS transducer was then targeted to the left substantia nigra before sonication using a single 749 

ThUS focus for 2 minutes, followed by a final ThUS sonication targeted to the left brainstem for 750 

2 minutes, again using a single ThUS focus. 751 

Microbubbles 752 

In-house-manufactured microbubbles were synthesized and activated according to 753 

previously published protocols (76, 77). In brief, 1,2-distearoyl-sn-glycero-3-phosphocholine 754 

(DSPC, Avanti Polar Lipids Inc., Alabaster, AL, USA) and 1,2-distearoyl-sn-glycero-3-755 

phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (DSPE-mPEG2000, Avanti Polar 756 

Lipids Inc., Alabaster AL, USA) were combined at a 9:1 molar ratio. The combined mixture of 757 

lipids was dissolved in 50 mL of solution containing filtered phosphate-buffered saline, glycerol, 758 

and propylene glycol at an 8:1:1 ratio and immersed in a sonication bath for 1 to 2 hours until 759 

complete dissolution of lipids. After aliquoting 1.5 mL of the solution into individual 3 mL vials 760 

for storage, microbubbles used on the day of sonication underwent activation via 5 alternating 761 

sequences of air aspiration and perfluorobutane (PFB) gas infusion (Decafluorobutane, FluoroMed 762 

L.P., Round Rock, TX, USA). Following PFB gas infusion, the vial was activated via a modified 763 

amalgamator (VialMixTM, Lantheus Medical Imaging, N. Billerica, MA, USA) for 45 s. 764 

Concentration and size distribution were determined with a particle counter (MultiSizer 4e, 765 
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Beckman Coulter, Indianapolis, IN) before normalization according to NHP weight for Study 2. 766 

1.02e10 MBs (NHP A) to 1.04e10 MBs (NHP B) were administered for each bolus injection in 767 

NHP, in a concentration ranging from 0.033-0.083 mL/kg.  For the mice studies (Study 1 and 768 

Study 3), 5 µL of MBs were administered for each injection at a concentration of 8e8 MBs/mL.  769 

For target confirmation experiments in NHP C. 2 vials of FDA-approved LUMASON 770 

microbubbles (Bracco Diagnostics Inc., Princeton NJ, USA) were used as described in the previous 771 

section. Manufacturer estimated microbubble concentrations ranged from 1.50e8 – 5.6e8 772 

MBs/mL, with a mean diameter range of 1.5-2.5 µm.  773 

Adeno-associated viruses (AAV) 774 

The AAV9-CAG-GFP vectors employed in these studies were provided by REGENXBIO 775 

Inc. (study 1 and study 2 NHP A) and Spark Therapeutics Inc. (study 2 NHP B). A systemic dose 776 

of 2.0e13 gc/kg, corresponding to a total injected dose of 2.56e14 – 2.60e14 gc for each NHP was 777 

carefully diluted in an IV formulation buffer before injection via an IV port in the right saphenous 778 

vein. For Study 3, AAV9-hSyn-hNTRN-WPRE was manufactured and underwent quality control 779 

protocols (Vector Biolabs, Malvern, PA, USA) at a titer of 4.0e13 gc/mL. AAV was diluted in 780 

sterile saline in preparation for an intravenously injected dose of 1.1e11 gc/animal.  781 

Statistical analysis 782 

 All statistical analyses were performed in Prism (Ver. 10.3.1, GraphPad), where statistical 783 

tests and significance criteria are specified within relevant figure captions. Unless otherwise 784 

mentioned, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, and error bars denote ± one standard 785 

deviation of the mean.  786 

 787 
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Figure 1: Experimental apparatus and NHP study overview. A) FUS BBB opening experimental configuration with 
neuronavigation guidance. B) ThUS BBB opening experimental configuration with neuronavigation guidance. C) Long-pulse FUS 
sequence diagram. D) Short-pulse ThUS sequence diagram. E) Timeline for FUS-AAV delivery with NHP A. F) Timeline for FUS 
and ThUS-AAV delivery with NHP B. 
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Figure 2: AAV dose escalation increases FUS-facilitated gene delivery to the mouse CNS. A) Representative axial (left) and coronal 
(right) T1-weighted MRI depicting bilateral hippocampal BBB opening. B) Groupwise comparisons of BBB opening volume across AAV 
dose groups. C) Liver and hippocampal genome copies per cell derived from ddPCR. D) Luminance of GFP expression in IHC microscopy 
images. Representative GFP expression from IHC in E) 1.0e10 gc (low dose), F) 1.0e11 gc (med. dose) and G) 5.0e11 gc (high dose) 
groups. Confocal imaging depicting representative proportion of astrocytic and neuronal GFP expression from the high dose group with 
individual H) DAPI, I) NeuN, J) GFP, K) S100β channels and L) merged channels. Yellow and blue arrows depict transduced astrocytes 
and neurons respectively. M) Percent of GFP expression in astrocytes versus neurons. Statistical significance in B-D determined by one-
way ANOVA with Tukey’s multiple comparisons correction. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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Figure 3: FUS-facilitated gene delivery correlated with PAM cavitation dose in NHP A. PAM images overlaid onto the sagittal slice 
of MRI corresponding to the center of the PAM imaging plane for the A) putamen trajectory, B) caudate trajectory, C) hippocampus 
trajectory, and D) substantia nigra trajectory.  White outlines correspond to green contours outlining the BBB opening volume in E-H. 
Maximum projection of contrast-enhanced BBB opening volume on MRI for E) putamen trajectory, F) caudate trajectory, G) hippocampus 
trajectory, and H) substantia nigra trajectories. Intersection of dashed lines indicate the center of the FUS focus. I) Quantification of BBB 
opening volume within targeted brain regions in NHP A. J) Biodistribution of AAV DNA within the CNS. K) Quantification of cavitation 
dose derived from real-time PAM. Statistical significance determined by one-way ANOVA with post-hoc Tukey’s multiple comparisons 
test. ****p<0.0001. Linear relationship between vector genome copies per cell and L) stable harmonic cavitation dose (SCDh), M) stable 
ultraharmonic cavitation dose (SCDu) and N) inertial broadband cavitation dose (ICD) determined by standard linear regression.  
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Figure 4: FUS-mediated AAV9-CAG-GFP delivery elicits astrocytic and neuronal transgene expression in several NHP brain regions. 
Raw coronal contrast-enhanced T1-weighted MRI for the sonications targeted to the A) left caudate (NHP A, sonications 1-2), B) right 
substantia nigra (NHP A, sonication 4), and C) right cortex (NHP B, single FUS sonication). White ellipses in A-B denote approximate ROIs 
of BBB opening, and yellow arrowheads in B-C denote less obvious ROIs within BBB openings. D) Merged image of GFP expression in the 
sonicated left caudate. Arrowheads denote transduced neurons, and arrows denote transduced astrocytes. Individual E) GFP, F) DAPI, G) 
NeuN, and H) S100β channels from merged image in (D). I) Merged image of GFP expression in the sonicated right substantia nigra. 
Arrowheads denote transduced neurons. Individual J) GFP, K) DAPI, L) NeuN and M) S100β channels from merged image in (I). N) Merged 
image of the right substantia nigra (horizontally flipped) with individual O) TH and P) GFP channels depicting GFP and TH signal overlap. 
White dashed ellipses denote ROI of GFP and TH overlap. Q) High magnification merged image of colocalized R) TH signal and S) GFP 
signal, with T) DAPI nuclei staining in the right substantia nigra from ROIs denoted in N-P. Arrowheads denote transduced dopaminergic 
neurons. U) GFP expression within the sonicated cortex in NHP B. Inset depicts contralateral cortex. V) Enlarged image of ROI shown in U. 
Enlarged images of W) GFP, X) GFP/S100β Y) GFP/NeuN, and Z) GFP/NeuN/S100β /GFAP channels from ROI in V. 
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Figure 5: Feasibility of BBB opening in PD-afflicted brain regions with ThUS in NHP. A) Axial B) coronal and C) sagittal contrast-
enhanced T1-weighted MRI of a ThUS-mediated BBB opening with a trajectory targeted through the substantia nigra. Corresponding summed 
PCI acquired during the sonication overlaid onto D) pre-sonication B-mode and E) slice of T1-weighted MRI corresponding to the center of 
the BBB opening volume denoted by the white contours. F) Same slice of T1-weighted MRI as (E) with green overlay depicting region of 
contrast enhancement after BBB opening. G) Axial, H) anterior coronal, I) posterior coronal, and J) sagittal contrast-enhanced T1-weighted 
MRI of a BBB opening induced with ThUS RASTA with trajectories targeted to the caudate and putamen. Corresponding summed PCI 
acquired during the sonication overlaid onto K) pre-sonication B-mode and L) slice of T1-weighted MRI corresponding to the center of the 
BBB opening volume denoted by the white contours. M) Same slice of T1-weighted MRI as (L) with green overlay depicting region of contrast 
enhancement after BBB opening. N) Correlation between cumulative PCI pixel intensity and induced BBB opening volume. n=6 sonications, 
R2 = 0.88 determined by standard linear regression.  
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Figure 6: AAV9-CAG-GFP delivery with ThUS elicits targeted astrocytic and neuronal gene expression within several NHP brain regions. 
Raw coronal contrast-enhanced T1-weighted MRI for the sonications targeted to the A) right putamen, B) left substantia nigra, and C) midbrain in NHP 
B. D) Scanned fluorescence microscopy image depicting GFP expression within the sonicated putamen. Inset on right corresponds to unsonicated 
contralateral hemisphere. E) Enlarged image of rectangular ROI in D depicting GFP expression within the putamen. F) GFP expression within the 
rectangular ROI in E. G) GFP and S100β colocalization denoted by white arrows. H) GFP and NeuN colocalization denoted by white arrowheads. I) 
Merged image of GFP, S100β, NeuN, and DAPI staining from F-H. J) Image of GFP expression within the thalamus along the SN-targeted trajectory. 
Inset denotes contralateral hemisphere. K) Enlarged image of ROI in J. Enlarged images of ROI in K) depicting L) GFP, M) GFP/ S100β, N) GFP/NeuN, 
and O) GFP/NeuN/S100ß/GFAP channels. P) GFP expression within the periaqueductal gray region of the midbrain. Q) GFP expression and R) NeuN 
staining depicting neuronal GFP expression. S) S100β staining revealed no astrocytic gene expression in oculomotor nucleus. T) Merged image of 
GFP, NeuN, S100β and DAPI staining depicting neuronal GFP expression denoted by white arrows.   
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Figure 7: Safety of ThUS- and FUS- mediated AAV9-CAG-GFP delivery in NHP. Contrast-enhanced T1-weighted MRI depicting 
ThUS-mediated BBB opening in the A) left putamen, B) left caudate, C) right substantia nigra, and D) right cortex (NHP B) with 
corresponding T2-FLAIR MRI shown in E-H). Dashed ellipse ROI denotes region of BBB opening. White arrowheads in (H) 
correspond to hyperintense regions on T2-FLAIR. I) Fluorescence microscopy image depicting astrocytic immune response in FUS-
sonicated cortex. White arrowheads denote regions of high GFAP and S100β colocalization. J) Multichannel fluorescence microscopy 
image from region in (I) denoted by black rectangular ROI. K) GFP, L) GFP/ S100β, M) GFAP, N) NeuN, and O) S100β channels. 
Contrast-enhanced T1-weighted MRI depicting ThUS-mediated BBB opening in P) right caudate/putamen, Q) left substantia nigra 
and R) left midbrain with corresponding T2-FLAIR MRI shown in S-U). Dashed ellipse ROI denotes region of BBB opening. The 
pre-existing hyperintensity on the contralateral hemisphere in (S) was not study related. Arrowheads in (U) denote minor 
hyperintensities from a separate FUS sonication not induced by ThUS.   
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Figure 8: ThUS-mediated AAV9-hSyn-hNTRN delivery facilitates neurorestoration in MPTP mice. A) Timeline of experiment from MPTP 
dosing to euthanasia. B) Representative contrast-enhanced T1-weighted MRI acquired ~ 30 min post-ThUS and AAV dosing. Bilateral ThUS 
targeting elicited BBB opening in both the striatum (CPu) and substantia nigra (SN) with a single sonication. C) Groupwise quantification and 
comparison of fluorescence area of dendritic network within SNr, and D) cell bodies within SNc. E) Groupwise comparison of %TH positivity 
over striatal area. F) Groupwise comparison of fluorescence area of dendritic network within SNr, and G) cell bodies within SNc. H) Groupwise 
comparison of %TH positivity over striatal area. Comparisons between TH immunoreactivity in I) SNr and J) SNc in MPTP mice and 
MPTP+ThUS+AAV mice after 3 months and 6 months post-treatment. K) Groupwise comparisons between CPu TH immunoreactivity in MPTP 
mice and MPTP+ThUS+AAV mice after 3 months and 6 months post treatment. L) Groupwise comparisons between all mice not receiving ThUS 
(MPTP only and MPTP+AAV groups) and mice receiving ThUS BBB opening (MPTP+ThUS and MPTP+ThUS+AAV groups). Representative 
pseudo-colored fluorescence microscopy images of left and right SN in M) a mouse receiving only MPTP injections and no therapeutic 
intervention, and mice receiving MPTP injections and ThUS+AAV treatment N) 3 months post-dosing, and O) 6 months post dosing. 
Representative pseudo-colored fluorescence microscopy images of striata of mice receiving P) only MPTP injections and no therapeutic 
intervention, and mice receiving MPTP injections and ThUS+AAV treatment Q) 3 months post-dosing, and R) 6 months post-dosing. Statistical 
significance in C-H determined by one-way ANOVA with post-hoc Tukey’s multiple comparisons correction. *p<0.05, **p<0.01, ***p<0.001, 
N = 4 per group. Statistical significance in I-K determined by two-way ANOVA with post-hoc Tukey’s multiple comparisons correction, *p<0.05, 
**p<0.01, n=3-4 per group. 
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Supplementary Materials and Methods: 
 
Numerical acoustic simulations 

 Acoustic wave simulations were performed to estimate the focal volume and pressure 

attenuation at each target for each NHP. Simulations were performed using the acoustic package 

of the k-wave toolbox (GPU-optimized) in MATLAB (78, 79), where the heterogeneous 3D maps 

of density and sound speed, and homogeneous acoustic absorption of the cranial muscle, skull, and 

brain were derived from pre-sonication CT scans (49) for input onto the computational grid with 

7 and 12 ppw (points per wavelength) resolution for the working frequencies of 500 kHz (ThUS) 

and 250 kHz (FUS), respectively, ensuring simulation convergence and accuracy by contemplating 

at least 8 grid points per average NHP skull thickness (37). Sound speed (c), density (ρ) and 

absorption (α) of water (background), skull, brain and muscle tissues were: cwater = 1473 m/s, ρwater 

= 1000 kg/m3, αwater_500kHz = 150e-6 dB/cm, αwater_250kHz = 9e-6 dB/cm, cskull_max=4112 m/s, 

cskull_mean=2463 m/s, ρskull_max=3323 kg/m3, ρskull_mean = 1851 kg/m3, αskull_500kHz = 1.35 dB/cm, 

αskull_250kHz = 0.68 dB/cm, cbrain = 1560 m/s, ρbrain = 1000 kg/m3, αbrain_500kHz = 0.41 dB/cm, 

αbrain_250kHz = 0.19 dB/cm, cmuscle = 1600 m/s, ρmuscle=1000 kg/m3, αmuscle = 0.75 dB/cm. 

BBB opening sequences 

Given the difference in skull thickness and geometry between mice and NHP, and the 

objective to evaluate translational applicability of therapeutic ultrasound systems for clinical use, 

two different configurations for each therapeutic ultrasound modality, i.e. FUS or ThUS, were 

employed. For each configuration, in situ acoustic pressure was estimated with a combination of 

water tank experiments using ex-vivo skulls and a hydrophone, and 3D transcranial acoustic wave 

propagation simulations (Supplementary Figures 1-2). A major difference between the FUS and 

ThUS configurations employed in these studies was the pulsing paradigm, where BBB opening 



was induced with either long pulses on the order of milliseconds, or short pulses on the order of 

microseconds, with particular advantages and disadvantages outlined in the discussion section. For 

the purposes of the studies reported herein, FUS was operated with a long-pulse sequence, while 

ThUS was operated with a short-pulse sequence with the parameters reported in Supplementary 

Tables 1-2.   

1.5 MHz single-element long-pulse USgFUS (mice) 

The FUS system for BBB opening in mice consisted of a 1.5 MHz single-element, 

geometrically focused transducer (Imasonic, Voray-sur-l’Ognon, France), with a 6.7 ms pulse 

length, 10 Hz PRF and an in-situ PNP of 650 kPa (0.53 MI). 4 total 60-second sonications were 

performed per BBB opening session to target the entire hippocampus as described in previously 

published work by our group (17). 5 uL bolus injections of house-manufactured polydisperse 

microbubbles were injected prior to the 1st and 3rd sonication, where AAV9-CAG-GFP was co-

injected with microbubbles for animals receiving AAV9+FUS.  

1.5 MHz multi-element short-pulse ThUS (mice) 

The ThUS system for BBB opening and treatment monitoring with PCI in mice consisted 

of a single repurposed diagnostic imaging phased array (P4-1, ATL, Philips, Amsterdam, 

Netherlands) operated at a 1.5 MHz center frequency by a research ultrasound system (Vantage 

256, Verasonics Inc. Kirkland, WA) with the following transmit parameters: 1.0 MPa PNP (0.82 

MI), 5-cycle pulse length, 1000 Hz PRF, 0.5 Hz, BRF. The transducer was positioned such that 

central focal coordinates were 2.0 mm anterior and 1.5 mm mediolateral relative to lambda and 

refined using B-mode imaging as described in previously published studies (31). Immediately after 

initiating the ThUS RASTA pulse sequence, 1.1e11 gc/mouse of AAV9-hSyn-hNTRN-WPRE 



was intravenously co-injected with a 5 uL bolus of microbubbles at the concentration specified in 

a later section, while the ThUS sonication continued for 2 minutes. 

0.25 MHz single-element long-pulse USgFUS (NHP) 

BBB opening with FUS was achieved using a long-pulse sequence (Figure 1C) transmitted 

from a single-element clinical 0.25 MHz FUS transducer (H-231, 110 mm outer diameter, 44 mm 

inner diameter, 6 x 6 x 49 mm focal volume, Sonic Concepts, Bothell Washington) with a central 

hole containing a confocally-aligned imaging array (P4-1, 2.5 MHz, 96 elements, ATL, Philips, 

Amsterdam, Netherlands) for B-mode imaging and passive acoustic mapping (PAM) (16). Each 

FUS sonication consisted of 10 ms pulses, repeated at a PRF of 2 Hz for a sonication duration of 

2 minutes at an estimated in situ PNP of 0.4 MPa (MI of 0.8). The same formulation and 

concentration of house-made polydisperse microbubbles as mentioned previously was injected 

according to the weight of the NHP on the day of sonication.  

0.50 MHz multi-element short-pulse ThUS (NHP) 

Synchronous BBB opening and PCI with ThUS in NHP was achieved using a custom short-

pulse sequence (Figure 1D) operated by a Verasonics Vantage research ultrasound system, 

transmitted by a custom 0.5 MHz multielement linear array (32 elements, 4 x 16 x 40 mm focal 

volume, Vermon, Tours, France). Both a single ThUS focus and two steered foci (ThUS RASTA) 

were employed in this study, where bursts of 100 3-cycle pulses repeated at a PRF of 1000 Hz 

were deployed at a BRF of 0.5 Hz for a sonication duration of 2 minutes, or 4 minutes for ThUS 

RASTA with an estimated in situ PNP of 1.0 MPa (MI of 1.4). The same formulation and 

concentration of house-made polydisperse microbubbles as mentioned previously was injected 

according to the weight of the NHP on the day of sonication. 



During experiments used to confirm targeting with ThUS in NHP C where no AAV was 

delivered, slight variations to the parameters and microbubble formulations were chosen to 

evaluate feasibility of BBB opening with commercially-available LUMASON (Bracco 

Diagnostics Inc., Princeton NJ, USA) microbubbles. The pulse length was increased to 5 cycles 

rather than 3 cycles, and two sonications were performed: the first targeted to the caudate 

(Supplementary Figure 8A-C) using the manufacturer’s recommended dilution factor for 

preparation of 5 mL sterile saline in 1 vial of microbubbles, and the second targeted to a volume 

containing the lateral geniculate nucleus (LGN), hippocampus, and posterior putamen 

(Supplementary Figure 8D-F), using a greater concentration of microbubbles using a dilution 

factor for preparation of 1 mL of sterile saline in 1 vial of microbubbles. Each sonication lasted 

for approximately 4 minutes until the cavitation dose derived from intraprocedural PCI 

(Supplementary Figure 8G,I) approached pre-sonication levels (Supplementary Figure 8H,J).  

Magnetic resonance imaging (MRI) 

For the mice studies (Study 1 and Study 3), contrast-enhanced T1-weighted MRI for 

confirmation and quantification of BBB opening were acquired according to the exact protocol 

described in previously published work from our group (17, 19, 31, 39). Approximately 30 min 

after FUS or ThUS, mice received an 0.2 mL IP injection of gadodiamide (Omniscan®, GE 

Healthcare, Chicago, IL, USA) before imaging in a 9.4 T vertical bore MRI system (Ascend, 

Bruker Medical, Billerica, MA, USA) for imaging with a T1-weighted 2D FLASH sequence (TR: 

230 ms, TE: 3.3 ms, Flip angle: 70°, 6 averages, FOV: 25.6 mm × 25.6 mm, Matrix size: 256 × 

256, Slice thickness: 0.4 mm, Resolution 0.1 mm × 0.1 mm). 

For the NHP studies (Study 2), safety and BBB opening evaluation were performed on a 

wide-bore 3T MRI scanner (SIGNATM Premier, GE Healthcare, Chicago, IL, USA) approximately 



1 hour post-FUS/ThUS. BBB opening was evaluated using contrast-enhanced T1-weighted MRI 

with the following sequence parameters after an intravenous injection of gadodiamide contrast 

agent (0.2 mL/kg, Omniscan®, GE Healthcare, Chicago, IL, USA): TR: 7.44 ms, TE: 3.11 ms, 

averages: 0.7, flip angle: 11°, resolution: 0.5 x 0.5 mm, slice thickness: 0.8 mm. T2 FLAIR MRI 

with the following sequence parameters were acquired prior to contrast administration to evaluate 

safety after the BBB opening procedure: TR: 7500 ms, TE: 93.93 ms, averages: 1, flip angle: 90°, 

resolution: 0.41 x 0.41 mm, slice thickness: 0.99 mm. BBB opening was quantified by subtraction 

of the 1st T1-weighted MRI acquisition post contrast injection from the 5th, and automatically 

delineated by regions where the mean intensity within a manually-selected BBB opening ROI was 

greater than that of the surrounding tissue within a 98% confidence interval according to a 

previously reported method (16).  

Tissue preparation 

At the endpoint of study 1, mice were deeply anesthetized using a mixture of isoflurane 

and oxygen before euthanasia by transcardial perfusion with ice-cold 1X PBS. Brains were 

extracted and split along the midline to allocate one hemisphere for fixation in 4% PFA, 

cryoprotection in 30% sucrose, and IHC as described in the following section, and the other for 

hippocampal dissection and snap-freezing for AAV biodistribution analysis with ddPCR. Livers 

were also extracted for both IHC and biodistribution analyses.  

For study 2, both NHPs underwent similar tissue collection and processing protocols. Each 

NHP was deeply anesthetized with a mixture of isoflurane and oxygen before thoracotomy and 

transcardial perfusion with ice-cold 1X PBS until the effluent ran clear and tissues appeared visibly 

blanched, indicating complete perfusion. Gross tissues were collected from the periphery and were 

sampled using 3 mm tissue punches. The excised brains were sliced coronally into 4-6 mm-thick 



slabs according to post-sonication contrast-enhanced T1-weighted MRI. Tissue punches were 

taken within the sonicated regions and contralateral control regions including the cortex, putamen, 

caudate, substantia nigra, hippocampus and lateral geniculate nucleus, along with additional brain 

regions of interest to evaluate background AAV9 transduction including the choroid plexus, spinal 

cord, cerebellum, medulla, and pre-frontal cortex. Tissue punches (3 mm diameter, 4 mm 

thickness) were immediately snap frozen on dry ice and stored at -80 ℃ before quantification of 

AAV genome copies per cell using ddPCR. Slabs allocated for histology were either stored in 4% 

PFA for 48 hours and transferred to 30% sucrose for cryosectioning or fixed in 10% NBF for 24 

hours followed by processing for FFPE and microtome sectioning of paraffin-embedded sections. 

Tissue punches (3 mm diameter, 4 mm thickness) of the following peripheral organs were 

acquired to evaluate systemic gene transduction as a result of systemic AAV injection: liver, heart, 

skeletal muscle, pancreas, lung, spleen, and kidney. Tissue punches were also snap frozen and 

stored at -80 ℃ for quantification of AAV genome copies per cell using ddPCR. A slab of liver 

tissue was also fixed with 4% PFA for 48 hours and transferred to 30% sucrose for cryosectioning 

and evaluation of GFP expression with fluorescence microscopy. 

At either the 3-month or 6-month endpoint for study 3, mice were deeply anesthetized 

using a mixture of isoflurane and oxygen before euthanasia by transcardial perfusion with ice cold 

1X PBS. Brains were extracted and fixed in 4% PFA for 48 h before storage in 30% sucrose with 

0.01% sodium azide at 4 ℃ until sectioning. 

Immunohistochemistry 

For study 1, the mouse brain hemispheres allocated for ICH were prepared according to 

previously published protocols (80). First, hemispheres were embedded in OCT (Tissue Tek, 

Torance, CA, USA), sectioned into 50-µm-thick slices using a freezing microtome, and stored in 



a solution containing 0.045 M phosphate buffer, 30% ethylene glycol, and 25% glycerol before 

staining. Sections were first washed 3X with Tris-buffered saline (TBS) before blocking for 1 h in 

a solution containing TBS and 3% normal horse serum (Vector Laboratories, Newark, CA, USA) 

and 0.25% Triton-X (TBS+). Sections were incubated with the following primary antibodies in 

TBS+ at 4 ℃ for 48 hours: chicken anti-GFP (#NB100-1614, Novus Biologicals, Centennial, CO, 

USA) at 1:1000, rabbit anti-Iba1 (#E404W, Cell Signaling Technologies, Danvers, MA, USA) at 

1:500, mouse anti-NeuN (#ab104224, Abcam, Cambridge, MA, USA) at 1:1000, and rabbit anti-

S100β (#ab52642, Abcam, Cambridge, MA, USA) at 1:1000. After incubation in primary 

antibodies, sections were washed twice with TBS for 15 min each followed by TBS+ for 30 min 

before incubation in the following secondary antibodies for 2 hours at room temperature: donkey 

anti-chicken IgY Alexa Fluor 488 (Invitrogen, Waltham, MA, USA), donkey anti-mouse IgG 

Alexa Fluor 555 (Invitrogen, Waltham, MA, USA), and donkey anti-rabbit IgG Alexa Fluor 647 

(Invitrogen, Waltham, MA, USA), each at a dilution of 1:250. Finally, sections were incubated 

with DAPI (Invitrogen, Waltham, MA, USA) at 5 µg/mL for 5 minutes, washed 3 more times with 

TBS for 15 min each, and mounted onto slides with coverslips and mounting media (ProLong Gold 

anti-fade).  

For study 2, slabs allocated for cryosectioning were frozen and sliced into 35-µm-thick 

floating coronal sections within the BBB opening and contralateral brain regions. Slabs allocated 

for microtome sectioning were paraffin-embedded and sectioned into 5-um coronal sections 

mounted directly to glass microscope slides. For NHP A, IHC was conducted in an analogous 

manner to the above description for study 1. For NHP B, paraffin embedded brain slabs were 

coronally sectioned into 5-micron thick slices and were immunostained for GFP, S100β, GFAP, 

and NeuN. The IHC protocol was performed as follows. Sections were baked in the ACD 



HybEZTM II Oven (Biotechne 321710) for 1 hour at 60°C to melt the paraffin, deparaffinized in 

Histo-Clear (#50-899-90147, Fisher Scientific, Waltham, MA, USA), rehydrated through a 100%, 

95%, 70%, and 50% ethanol series, and rinsed in distilled water. Heat-induced epitope retrieval 

was performed using pH 6 citrate buffer (BioSB BSB 0020) in a TintoRetriever Digital Pressure 

Cooker (BioSB BSB 7008) at 100°C with low pressure setting for 20 minutes. Subsequently, the 

slides were cooled for 30 min at room temperature and washed three times in 1X PBS, 5 minutes 

each. Tissue sections were then incubated in blocking solution (5% BSA, 1% donkey serum, and 

0.2% Triton X-100 in 1X PBS) for 1 hour at room temperature. Primary antibodies against GFP 

(1:1000, #ab6673, Abcam, Waltham, MA, USA), GFAP (1:2000, # AB5541, MilliporeSigma, 

Burlington, MA, USA), NeuN (1:500, #ab104224, Abcam, Waltham, MA, USA), and S100β 

(1:2000, #ab52642, Abcam, Waltham, MA, USA) were applied in the blocking solution overnight 

at 4℃. The next day, the sections were washed once in 1X PBS containing 0.2% Triton X-100 and 

then twice in 1X PBS, for a total of three washes, 10 minutes each. Secondary antibodies were 

applied in the blocking solution for 2 hours at room temperature. The following secondary 

antibodies were used: donkey anti-goat 555 (1:500, #A32816, ThermoFisher, Waltham, MA, 

USA), donkey anti-rabbit 488 (1:300, #A32790, ThermoFisher, Waltham, MA, USA), donkey 

anti-mouse 647 (#A32787, ThermoFisher, Waltham, MA, USA), and donkey anti-chicken 790 

(1:500, #703-655-155, Jackson ImmunoResearch, West Grove, PA, USA). After removing the 

secondary antibodies, the sections were washed in 1X PBS containing 0.2% Triton X-100 followed 

by washes in 1X PBS as described above, and autofluorescence blocking was performed for 3 

minutes using Vector® TrueVIEW® Autofluorescence Quenching Kit (Vector Labs SP-8400-15) 

as per manufacturer’s instructions. Immediately after, the sections were rinsed in distilled water 

and mounted with ProLong Gold with DAPI (#P36931, ThermoFisher, Waltham, MA, USA).  



For study 3, excised brains stored in 30% sucrose were coronally cryosectioned into 35 

µm-thick sections in the substantia nigra and striatal regions. Immunostaining for tyrosine 

hydroxylase (TH) for evaluation of neurorestoration was performed according to the following 

protocol: briefly, sections were washed 3x with 1X PBS followed by blocking for 1 h with 5% 

donkey serum and 0.3% Triton X-100. Sections were incubated overnight with TH anti-rabbit 

primary antibody (#Ab 657012, Sigma-Aldrich, St. Louis, MO, USA). Sections were washed again 

before incubation in AlexaFluor-594 donkey anti-rabbit secondary antibody solution in the dark 

for 1 h. Stained sections were washed a final time, mounted onto slides and coverslipped with 

DAPI mounting solution before imaging. 

Microscopy and image analysis 

For study 1, mounted coronal brain sections were imaged for luminance quantification with 

a Leica M205 FCA at 1x magnification with a 500 ms exposure time. Visualization of 

colocalization of GFP with cell type-specific markers including Iba1, NeuN, and S100β was 

performed with a confocal microscope (LSM 900 Airyscan 2, Zeiss, Oberkochen, Germany) at 

either 20X or 63X magnification. For study 2, imaging was performed for NHP A using the above 

microscopy apparatuses. For NHP B, images were acquired using a slide scanner (Axio Scan Z7, 

Zeiss, Oberkochen, Germany) with a 20X air objective at a resolution of 0.69 microns per pixel. 

For study 3, fluorescence microscopy images for TH-stained coronal sections containing 

the substantia nigra and caudate putamen regions were acquired using a tile scan at 10x 

magnification on an Olympus microscope (BX61, Olympus Corporation, Tokyo, Japan) 

configured with a 647 nm filter cube. Imaging was conducted for all analyzed sections using the 

same exposure parameters for consistent fluorescence quantification. Images of TH-stained 

coronal brain sections were analyzed with a custom image processing pipeline in MATLAB and 



ImageJ. Images of 3 sections per mouse per brain region (centered at approximately -3.40 mm and 

+0.14 from bregma for the SN and CPu, separated by ± 1 increment of 35 µm) were background-

normalized using histogram normalization after converting to grayscale. In a semi-automated 

script, the SNc and SNr were individually segmented before thresholding to isolate TH+ neuron 

cell bodies and dendritic processes. The areas of TH+ cell bodies and dendritic processes within 

the segmented SNc and SNr, defined as the maximum 75% of the luminance range in the 

normalized, thresholded images were quantified and normalized to the area of segmentation. An 

analogous procedure was conducted with fluorescence microscopy images of the striatum, except 

the criteria for determining TH-positivity was reduced to the top 50% of the luminance range due 

to the decrease in contrast relative to the SN images.  Presented images were pseudo-colored in 

ImageJ for enhanced contrast and visualization of TH-stained neurons.  

Biodistribution assays 

  Droplet digital polymerase chain reaction (ddPCR) was performed for tissue samples in 

study 1 and NHP A in study 2, whereas qPCR was performed for tissue samples from NHP B in 

study 2. For ddPCR, samples were homogenized using a tissue homogenizer (Precellys Evolution, 

Bertin Technologies, Rockville, MD, USA) in a lysis buffer containing RA1 (Macherey-Nagel, 

Allentown, PA, USA) and 1% β-mercaptoethanol. DNA extraction from tissue homogenates was 

performed according to the manufacturer’s instructions (DNeasy Blood & Tissue Kit, Qiagen, 

Germantown, MD, USA). Extracted DNA was combined with Naica multiplex PCR mix, probes, 

and primers for GFP, mouse or rhesus macaque glucagon, and mouse or rhesus macaque TATA-

binding protein (TBP), and was loaded into Sapphire Chips (Stilla Technologies, Beverly, MA, 

USA) for PCR. Sample partitioning and the PCR thermal cycling program was performed by the 

Naica Geode instrument (Stilla Technologies, Beverly, MA, USA) before image acquisition on the 



Naica Prism3 reader (Stilla Technologies, Beverly, MA, USA) with the following exposure times: 

50 ms for the blue channel, and 150 ms for the green channel. Total droplet enumeration and 

quality control was performed with the Crystal Reader software (Stilla Technologies, Beverly MA, 

USA) through detection of the FITC reference dye in the blue channel. Droplet-specific 

fluorescence values were analyzed using the Crystal Miner software (Stilla Technologies, Beverly, 

MA, USA), where GFP copy number was measured in the blue channel (FAM), and glucagon or 

TBP copy numbers were measured in the green channel (VIC).  

For NHP B, tissue punch samples (3 mm) were collected from peripheral organs and brain 

slabs (4 mm thick). Tissue samples were homogenized on the Tissuelyser II (Qiagen, Germantown, 

MD, USA) in lysis buffer with 5 mm stainless steel beads. Following a 30-minute incubation at 

56 C with shaking, tissue lysates were transferred to the QIAsymphony SP instrument for DNA 

extraction with the QIAsymphony DSP DNA Mini Kit (Cat # 937236, Qiagen, Germantown, MD, 

USA). Sample concentrations were measured with a nanodrop. qPCR of DNA samples was 

performed on the QuantStudio 7 Pro System (ThermoFisher) using primers and a TaqMan probe 

targeting EGFP. Quantification of vector genomes was performed using a standard curve generated 

with linearized plasmid DNA. 

Passive acoustic mapping (PAM) and power cavitation imaging (PCI) processing 

 PAM images acquired during USgFUS sonication were reconstructed as described 

previously (16, 81). Briefly, real-time PAM images were displayed during sonication using 

coherence-factor-based PAM with GPU acceleration (RTX A6000, NVIDIA, Santa Clara, CA, 

USA). Final reconstructed PAM images were generated by averaging individual PAM frames after 

the microbubble injection for each sonication. Stable harmonic cavitation doses (SCDh), and stable 

ultraharmonic cavitation doses (SCDu) were calculated as described in the aforementioned studies, 



and included the 3rd through 6th harmonic and ultraharmonic frequencies. Inertial cavitation dose 

(ICD) was computed as the sum of the averaged amplitude of frequencies between each harmonic 

to ultraharmonic interval for each burst, and below the 3rd harmonic extending to 75 kHz.  

 PCI acquired during ThUS were reconstructed using a GPU (Quadro P5000, NVIDIA, 

Santa Clara, CA, USA) to generate the final PCI maps displayed in Figure 5 and Supplementary 

Figures 6-9, by summing the frames for each burst after the microbubble injection as described 

previously (31). Cavitation dose, i.e. PCI signal intensity was defined as the sum of pixel intensities 

within the final PCI map for each sonication. 

iDISCO tissue clearing, whole-brain immunolabeling, and light sheet microscopy 

 A brain from an MPTP mouse in study 3 treated with ThUS+AAV which was euthanized 

6 months post treatment underwent whole-brain tissue clearing and TH immunolabeling with 

iDISCO. Briefly, the previously fixed brain was dehydrated over a 20%-100% methanol gradient 

and bleached overnight using a solution of dichloromethane (DCM) and methanol. The brain was 

then washed before incubating in permeabilization solution containing glycine DMSO for 24 hours 

at 37 ℃ and blocked with a gelatin solution containing porcine skin and Triton X for another 24 

hours. The brain was then incubated in a heparinized solution containing TH primary antibody (Ab 

657012, Sigma-Aldrich) at a concentration of 1:1000 for 11 days before washing, dehydrating and 

incubation in secondary antibody (AlexaFluor-647) for 8 days. After immunolabeling, the brain 

was washed, rehydrated and incubated in DCM before clearing in dibenzyl ether (DBE). The entire 

tissue clearing process was conducted over a period of approximately 4 weeks.  

Light sheet microscopy (LSM) was conducted on a single brain to visualize the entire intact 

nigrostriatal pathway after iDISCO tissue clearing and immunostaining using an Ultramicroscope 

II Light Sheet Microscope (Miltenyi Biotec, Bergisch Gladbach, Germany) with a 2X 0.5 NA 



Olympus VMPLAPO Plan Apochromat Objective. The brain was silicon-mounted before being 

placed in an imaging cuvette containing DBE and imaged horizontally with a 3.4 um-thick light 

sheet at a 640 nm excitation wavelength.  

 

 

 
  



Supplementary Results:  

Given the success of ThUS RASTA to elicit multi-target BBB opening in mice in prior 

studies, we extended the ThUS RASTA sequence for BBB opening volume expansion in NHP B 

with analogous pulsing parameters (Supplementary Figure 6A). The ThUS array was positioned 

with the lateral dimension of the array parallel to the sagittal plane of the NHP brain rather than 

targeting two hemispheres simultaneously. Steering angles were chosen to minimize skull 

incidence angle effects, and the center of each steered focal volume were separated by 5 mm as 

shown in Supplementary Figure 6B. Pre-sonication B-mode imaging was conducted after targeting 

the ThUS array along a trajectory passing through the anterior caudate and posterior putamen to 

ensure a 90° beam to skull incidence angle. PCI acquired during the sonication depicted a 

substantial rise in cavitation activity with nearly the same average magnitude along both the 

anterior trajectory and posterior trajectory, denoted by the red and blue traces in Supplementary 

Figure 6F, respectively. Summed PCI over the 4-minute sonication duration agreed spatially with 

BBB opening volumes denoted by the white contours registered and superimposed onto the final 

summed PCI in Supplementary Figure 6G, yielding a final BBB opening volume of 78.13 mm3. 

In a separate sonication targeting the same coordinates within the striatum, BBB opening volume 

was reduced by nearly 4-fold due to poor skull incidence relative to the aforementioned sonication. 

Supplementary Figure 6H demonstrates the asymmetrical skull reflection in pre-sonication B-

mode imaging which yielded substantial reflections in therapeutic transmits denoted by the high 

PCI signal intensity at the skull in Supplementary Figure 6I. Relative to the PCI maps from the 

aforementioned sonication shown in Supplementary Figure 6E, this sonication exhibited reduced 

PCI signal intensity within the brain, corroborated by reduced PCI signal intensity in the volume 

sonicated by the anterior steering angle (Supplementary Figure 6K). The mismatch between 



cavitation induced by the two steering angles yielded an overall 1.6-fold decreased cavitation dose 

over the 4-minute sonication, and reduced BBB opening volume of 19.65 mm3 as depicted by the 

white contour in Supplementary Figure 6L, relative to the sonication presented in Supplementary 

Figure 6C-G. These results emphasize the importance of proper targeting before sonication with 

ThUS, and the potential role of PCI to enable adjustments to the sonication protocol during BBB 

opening in future experiments. 

During targeting confirmation experiments in NHP C which did not receive AAV, BBB 

opening was confirmed after a single ThUS sonication within the caudate and anterior putamen 

comprising a volume of 134.16 mm3 (Supplementary Figure 8A-C), and after a second sonication 

within a 303.52 mm3 volume containing the LGN, hippocampus, and posterior putamen 

(Supplementary Figure 8D-F). Most notably, contrast enhancement was detected within the 

dentate gyrus in the hippocampus, which could not be successfully targeted with the 0.25 MHz 

FUS configuration due to poor beam incidence angle. This indicates that the footprint and 

dimensions of the linear ThUS array may yield increased flexibility in targeting deep structures 

within the NHP brain. Additionally, the feasibility of inducing BBB opening with commercially-

available, FDA-approved LUMASON microbubbles is advantageous for regulatory approval of 

ThUS-mediated gene delivery in the clinic. 

  



Supplementary Discussion 

Our neurorestoration observations in study 3 are consistent with results of other previously 

published studies investigating the effects of the GDNF family of neurotrophic factors on 

amelioration of lesions caused by MPTP or 6-OHDA. While we specifically investigated 

neurorestorative effects in this study, meaning that treatment interventions were conducted after 

lesioning by MPTP, other studies have also observed neuroprotective effects by inducing 

overexpression of NTF prior to lesioning. Kearns et al. revealed that GDNF administration at most 

6 hours before 6-OHDA injection conferred complete neuroprotective effects (57). Tomac et al., 

conducted one of the first studies investigating the impact of GDNF administration on reversal of 

MPTP-induced neurodegeneration in mice, where both neuroprotection with GDNF 

administration prior to MPTP dosing, and neurorestoration when injecting GDNF after MPTP 

dosing was observed (58). While these aforementioned studies were conducted with GDNF, a 

protein within the same family of NTF as NTRN, Oiwa et al. specifically demonstrated both 

neuroprotection of TH+ neurons in the substantia nigra from 6-OHDA lesioning, and 

neurorestoration of TH+ neurons in the striatum 4 weeks after NTRN administration (59). Given 

the disparity between the relatively short timepoints for restoration evaluation in prior studies and 

the results presented herein, we conclude that at least 3-6 months of NTRN overexpression may 

be necessary to observe significant changes in neuronal rescue in both the substantia nigra and 

striatum in mice. Beyond rodent models, Kells et al., demonstrated significant neurorestorative 

effects in Parkinsonian NHP dosed with MPTP after CED of AAV2-GDNF to the striatum, noting 

retrograde transport from the striatum to the SN as both a mechanism for initiating 

neurorestoration, and as a limitation of the striatal gene delivery target (60).  



It is important to note that in our study, and in many of the aforementioned studies, TH 

staining was agnostic to subtypes of neurons implicated in PD. While TH+ dopaminergic neurons 

make up the excitatory pathway stemming from the SNc to the striatum, TH+ GABAergic neurons 

within the SNr contribute to the balance of inhibitory signals which maintain proper firing of 

dopaminergic neurons in the SNc (61). Alterations in the complex interplay between these types 

of neurons contributes to the motor dysfunction observed in PD patients and must be further 

investigated in gene delivery studies to assess the impact of neurorestorative therapy on motor 

function. To further understand the differential impact of AAV9-hSyn-hNTRN delivery to 

different neuronal subtypes susceptible to transduction by the hSyn promoter, AAV enhancers may 

be used to increase specificity for targeting particular neuronal subtypes (62, 63). 

 

 

 

 

 

 

 

  



Supplementary Figures (Figure S1-S9) 

  

 

Supplementary Figure 1: Acoustic wave simulations for FUS treatment planning in NHP A. A) Computational grid depicting 
FUS focal pressure map through the intact primate skull at the left putamen trajectory (top). The intersection of the black dashed lines 
denote the center of the FUS focus. The estimated -6 dB FUS focal dimensions overlaid onto the sagittal slice of the pre-FUS MRI is 
shown in red, while the white crosshairs denote the center of the focus (bottom). B) Simulated FUS pressure map along the left caudate 
trajectory (top) with -6dB focal contour overlaid onto the pre-FUS MRI (bottom). C) Simulated FUS pressure map along the left 
hippocampus trajectory (top) with -6dB focal contour overlaid onto the pre-FUS MRI (bottom). D) Simulated FUS pressure map along 
the right substantia nigra trajectory (top) with -6dB focal contour overlaid onto the pre-FUS MRI (bottom). 



  

 

Supplementary Figure 2: Acoustic wave simulations for FUS and ThUS treatment planning in NHP B. A) Computational grid depicting 
FUS focal pressure map through the intact primate skull at the right hippocampus trajectory (top). The intersection of the black dashed lines 
denote the center of the FUS focus. The estimated -6 dB FUS focal dimensions overlaid onto the sagittal slice of the pre-FUS MRI is shown 
in red, while the white crosshairs denote the center of the focus (bottom). B) Simulated ThUS pressure map along the left brainstem trajectory 
(top) with -6dB focal contour overlaid onto the pre-FUS MRI (bottom). C) Simulated ThUS pressure map along the left substantia nigra 
trajectory (top) with -6dB focal contour overlaid onto the pre-FUS MRI (bottom). D) Simulated ThUS pressure map along the posterior angle 
of the right caudate/putamen trajectory (top) with -6dB focal contour overlaid onto the pre-FUS MRI (bottom). E) Simulated ThUS pressure 
map along the anterior angle of the right caudate/putamen trajectory (top) with -6dB focal contour overlaid onto the pre-FUS MRI (bottom).  
 



 
 
 

 

 
 

 
 
  

 

Supplementary Figure 3: Cortical AAV biodistribution in NHP B. Increased vector genome copy number (CN) per cell in cortical 
areas sonicated with FUS. DPCR = dorsal posterior corona radiata; RLIC = retrolenticular limb of the internal capsule. Error bars 
represent standard deviation of the mean of n=2-5 qPCR samples per region. 

                    



  

 

Supplementary Figure 4: AAV9-CAG-GFP transduction of other cerebral cell types in NHP A with FUS. A) GFP, B) NeuN, 
C) Olig2, and D) merged channel image with corresponding enlarged images from rectangular ROIs shown in E-H. I) GFP, J) 
NeuN, K) Iba1, and L) merged channel image devoid of GFP expression within microglia. M) DAPI, N) GFP, O) S100ß, P) 
NeuN, and Q) merged channel image depicting unique transduction pattern of astrocyte-vascular coupling.   

 



 

 
  

 

Supplementary Figure 5: Focal profiles of 32-element 500 kHz ThUS array at 55 mm depth. A) 2D axial beam plot thresholded at -
6dB. B) Axial and C) lateral 1D focal profiles obtained from (A). D) 2D horizontal focal profile in the elevational/lateral dimension 
thresholded at -6 dB. E) Elevational and F) lateral 1D focal profiles obtained from (D).  

 



  

 

Supplementary Figure 6: Bi-focal BBB opening with ThUS RASTA in NHP. A) Schematic of the ThUS RASTA pulse sequence 
used in NHP. B) Diagram of focus locations denoted as colored asterisks superimposed onto sagittal brain MRI during target selection. 
Targets separated by 5 mm in sagittal dimension.  Representative ideal ThUS RASTA sonication with C) pre-sonication B-mode, D) 
self-normalized PCI superimposed onto B-mode, E) absolute PCI, F) trace of PCI intensity over the sonication duration, and G) BBB 
opening contours overlaid onto PCI registered with sagittal MRI slice at the center of the BBB opening volume. Another sonication 
targeting the same region with poor beam incidence angle effects with H) pre-sonication B-mode, I) self-normalized PCI superimposed 
onto B-mode with ellipse dashed ROI denoting poor beam to skull incidence angle, J) absolute PCI, K) trace of PCI intensity over the 
sonication duration, and L) BBB opening contours overlaid onto PCI registered with sagittal MRI slice at the center of the BBB opening 
volume. 

 



 

 
 

 

 

 

 

 

 

Supplementary Figure 7: PCI and BBB opening volumes corresponding to targeted AAV9-CAG-GFP delivery with ThUS. 
PCI (colored overlays) and BBB opening contour (white outlines) superimposed onto central T1-weighted MRI slice after 
sonication with A) ThUS RASTA targeted to the caudate & putamen, B) a single ThUS focus targeted to the substantia nigra, and 
C) a single ThUS focus targeted to the midbrain. BBB opening volumes denoted by the green overlays for D) the caudate & 
putamen target (VBBB = 19.61 mm3), E) substantia nigra target (VBBB = 78.65 mm3), and F) the midbrain (VBBB = 65.02 mm3). 
Dashed lines indicate the center of the planned ThUS focus after targeting. Note that the PCI and BBB opening shown in (A) and 
(D) correspond to the sonication depicted in Figure 2H-L.  

 

 

 



 

 

Supplementary Figure 8: ThUS-mediated BBB opening and PCI with LUMASON microbubbles. A) Axial, B) coronal, and C) sagittal 
contrast-enhanced T1-w MRI depicting BBB opening in the caudate and anterior putamen 1 hour post-sonication. D) Axial, E) coronal, and F) 
sagittal contrast-enhanced T1-w MRI depicting BBB opening in the LGN, hippocampus and posterior putamen 1 hour post-sonication. Blue ellipses 
denote approximate ROI depicting BBB opening. G) Representative 1st sonication PCI overlaid onto pre-sonication B-mode image depicting 
localized cavitation activity. H) Cavitation dose over the 1st sonication duration. I) Representative 2nd sonication PCI overlaid onto pre-sonication 
B-mode image. J) Cavitation dose over the 2nd sonication duration. Note the greater initial (baseline) cavitation dose from 0-2 min prior to the 2nd 
bolus injection due to microbubbles still circulating from the 1st injection. 



 

 

Supplementary Figure 9: Additional MPTP histology and ThUS cavitation mapping. A) Pseudo-colored TH 
immunofluorescence image of striatum from healthy control mouse not receiving MPTP. B) Pseudo-colored TH 
immunofluorescence image of substantia nigra from healthy control mouse not receiving MPTP. C) 3D reconstructed light-
sheet microscopy image of TH immunolabeled and iDISCO tissue-cleared brain of an MPTP mouse euthanized 6 months after 
receiving ThUS+AAV treatment. D) Representative cavitation images from MPTP mice treated with ThUS+AAV. E) No 
significant differences in average cavitation doses across ThUS treatment groups determined with unpaired t-test.  



Supplementary Tables:  
 

Supplementary Table 1: FUS + PAM device specifications and parameters 

FUS transducer H-231 (Sonic Concepts) 
Center frequency 0.25 MHz 
Elements  1 
Outer/inner diameter 110/44 mm 
Focal volume 6 mm x 6 mm x 49 mm 
Pulse length 10 ms 
Pulse repetition frequency  2 Hz 
Sonication duration 2 min 
Derated pressure 0.4 MPa 
Mechanical index 0.8 
Imaging Array P4-1 (ATL, Philips)  
Center frequency 2.5 MHz 
Elements 96 
Aperture 19.2 mm 
Sampling frequency  10 MHz  
Microbubbles  House-made polydisperse  
Microbubble dose  8.0e8 MBs/mL (10X clinical Definity® dose) 

 
Supplementary Table 2: ThUS device specifications and parameters 

ThUS transducer 500 kHz linear array (Vermon) 
Focal volume 4 mm x 16 mm x 40 mm 
Center frequency 0.5 MHz 
Elements 32 
Pitch 1.6 mm 
Kerf 0.1 mm 
Elevational aperture 25 mm 
Acoustic lens thickness 0.4 mm 
Elevational plane focal distance 55 mm 
f-number 1.07 
Pulse length 3 cycles, or 5 cycles (NHP C) 
Pulse repetition frequency (PRF) 1000 Hz 
Burst repetition frequency (BRF) 0.5 Hz 
Derated pressure  1.0 MPa 
Mechanical Index 1.4 
Sonication Duration 4 min for RASTA, 2 min/target otherwise 
Microbubbles House-made polydisperse  
Microbubble dose 8.0e8 MBs/mL (10X clinical Definity® dose) 

 
 
 
 



Supplementary Video Captions: 
 
Video 1: 3D rendering of BBB opening volumes in NHP A. Green regions indicate contrast-
enhanced volume on post-FUS T1-weighted MRI, while blue lines and blue centroids indicate the 
FUS trajectory and center of the FUS focus, respectively. Filename: NHPA_BBBO_FUS.mp4 
 
 
Video 2: 3D rendering of BBB opening volumes in NHP B. Green regions indicate contrast-
enhanced volume on post-FUS T1-weighted MRI, while blue lines and blue centroids indicate the 
ThUS trajectory and center of the ThUS focus, respectively. Only the 3 ThUS sonications are 
displayed for clarity. The single FUS sonication in NHP B is not displayed in this rendering. 
Filename: NHPB_BBBO_ThUS.mp4 
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