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Chapter 1: Preface 

1.1 Abstract 

     Gene therapy in the central nervous system (CNS) has the potential to slow or reverse 

pathology in numerous neurological diseases including Parkinson’s disease, Alzheimer’s 

disease, and brain tumors. However, while clinical gene therapy trials have been largely 

unsuccessful, outcomes may be improved by a) enhancing delivery efficiency and transfection 

volume, b) improving reproducibility of treatments and c) treating patients at earlier or prodromal 

stages prior to onset of irreversible pathology. While currently the gold standard for treatments 

in the CNS, direct administration strategies are invasive and may yield poor gene vector 

distribution. Less invasive strategies capable of targeted and homogenous delivery in the CNS 

are required.  

     In this dissertation, we demonstrate a novel strategy for delivery of gene vector nanoparticles 

into the brain capable of circumventing two major barriers to drug delivery in the brain; namely, 

the blood-brain barrier (BBB) and the nanoporous extracellular matrix (ECM). Focused 

ultrasound (FUS), when used in conjunction with ultrasound contrast agent microbubbles (MBs) 

is capable of non-invasive and spatially localized disruption of the BBB, capable of delivering 

agents as large as 100 nm in diameter into the CNS. We use this strategy in combination with 

non-viral gene vector nanoparticles which are coated in exceptionally dense coats of 

polyethylene glycol in a “brain-penetrating” nanoparticle (BPN) formulation, capable of rapidly 

diffusing through brain tissue. With this novel strategy, we are able to achieve robust reporter 

gene expression in the brain of healthy rats that lasted at least 28-days and was localized to the 

site targeted with FUS. Importantly, we demonstrate transfection of both neurons and astrocytes 

without signs of toxicity or astrocyte activation.  

     Next, we sought to apply our strategy to a rat model of Parkinson’s disease (PD). PD is a 

common and idiopathic neurodegenerative disorder commonly characterized by degeneration of 
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dopamine-generating neurons in the substantia nigra and their axonal projections into the 

striatum. We packaged a gene for the glial cell line-derived neurotrophic factor (GDNF), a 

neurotrophic factor shown by other groups to be therapeutic in this model, into a BPN and 

delivered it to the striatum of a PD rat model. With just a single treatment, we were able to 

achieve therapeutically relevant levels of GDNF protein content in the FUS-targeted striatum, 

restore dopamine levels, and dopaminergic neuron density and eliminate behavioral indicators 

of Parkinsonism.  

     Finally, we explored strategies to enhance BPN dispersion and uptake in the CNS. By using 

a unique approach in which pulsed FUS was used to pre-treat the target tissue, we found 

significant enhancement in BPN dispersion through healthy rat and mouse brain as well as in 

the U87 model of human glioblastoma multiforme after infusion into the brain parenchyma with 

convection enhanced delivery. Next, by applying this pre-treatment regimen prior to opening of 

the BBB with FUS and MBs, we demonstrate up to 5-fold enhancement of delivery of BPN 

compared animals whose BBB was opened with FUS and MBs but did not receive pre-

treatment FUS.  

     Overall, these studies demonstrate the ability of FUS to target the delivery of gene vectors 

across the BBB and elicit robust and homogenous transgene expression that is localized to the 

FUS-targeted site. Importantly, the non-invasive nature allows treatment of neurological 

disorders earlier time points than current invasive direct administration strategies. These results 

will be important in the development and, ultimately, translation of FUS-based strategies for 

gene delivery and gene therapy in the CNS.  
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1.2 Preview of this dissertation 

In chapter 2, this dissertation will introduce broad topics related to FUS and its ability to delivery 

drugs and genes across the blood-brain barrier. This chapter will also include discussion of 

outstanding questions in the larger field. Chapter 3-5 will report our studies involving the 

development of FUS and non-viral gene vector nanoparticles as a novel strategy for delivery of 

gene vectors to the brain, our application of this strategy to treat a rat model of Parkinson’s 

disease and, finally, a novel strategy to enhance delivery across the blood-brain barrier with 

FUS. Chapter 6 will provide a discussion of the future directions of the work discussed in this 

dissertation.  
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Chapter 2: Drug and Gene Delivery Across the Blood-Brain Barrier with Focused 

Ultrasound 

Kelsie F. Timbie*, Brian P. Mead*, Richard J. Price. Journal of Controlled Release 219: 61-

75, 2015 

*Authors contributed equally to this work.  
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2.1 Abstract 

The blood-brain barrier (BBB) remains one of the most significant limitations to treatments of 

central nervous system (CNS) disorders including brain tumors, neurodegenerative diseases 

and psychiatric disorders. It is now well-established that focused ultrasound (FUS) in 

conjunction with contrast agent microbubbles may be used to non-invasively and temporarily 

disrupt the BBB, allowing localized delivery of systemically administered therapeutic agents as 

large as 100 nm in size to the CNS. Importantly, recent technological advances now permit FUS 

application through the intact human skull, obviating the need for invasive and risky surgical 

procedures. When used in combination with magnetic resonance imaging, FUS may be applied 

precisely to pre-selected CNS targets. Indeed, FUS devices capable of sub-millimeter precision 

are currently in several clinical trials. FUS mediated BBB disruption has the potential to 

fundamentally change how CNS diseases are treated, unlocking potential for combinatorial 

treatments with nanotechnology, markedly increasing the efficacy of existing therapeutics that 

otherwise do not cross the BBB effectively, and permitting safe repeated treatments. This article 

comprehensively reviews recent studies on the targeted delivery of therapeutics into the CNS 

with FUS and offers perspectives on the future of this technology. 

 

Keywords: Focused ultrasound, blood-brain barrier, CNS drug delivery, nanoparticles 

Abbreviations: AAV, adeno-associated virus; BBB, blood-brain barrier; BBBD, blood-brain 

barrier disruption; BCNU, bis-chloroethylnitrosourea, or carmustine; BNCT, boron neutron 

capture therapy; BPN, brain-penetrating nanoparticle; CNS, central nervous system; DOX, 

doxorubicin; FUS, focused ultrasound; GBM, glioblastoma multiforme; GDNF, glial-cell derived 

neurotrophic factor; MB, microbubble; MR, magnetic resonance; NTN, neurturin; NP, 

nanoparticle; PCD, passive cavitation detection; PEG, polyethylene glycol; SPIO, 

superparamagnetic iron oxide; SWI, susceptibility weighted imaging; TMZ, temozolomide 
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2.2. Introduction 

Many diseases of the central nervous system (CNS) present tremendous challenges for 

clinicians. Both primary and metastatic brain tumors carry dismal survival rates (11, 12), and the 

increasing age of the population in the developed world has created a dramatic increase (13) in 

the number of people living with age-related neurodegenerative diseases like dementia, 

Alzheimer’s and Parkinson’s. Additionally, nearly 20% of the adult population (14) experiences 

the debilitating effects of a mental illness like obsessive-compulsive disorder or clinical 

depression each year, generating over $44 billion in lost productivity in the US alone (15). The 

commonality in this wide range of CNS disorders is the inherent difficulty of treatment. The 

blood-brain barrier (BBB) provides excellent protection for the body’s most privileged organ, 

preventing the vast majority of molecules in circulation from entering brain tissue. However, 

because of this, the BBB also presents a significant challenge for CNS treatments, as systemic 

therapies are rarely capable of crossing the BBB. Recently, the ability of focused ultrasound 

(FUS) in conjunction with microbubbles (MBs) to facilitate the noninvasive, localized, and 

reversible opening of the BBB has led to the emergence of this technology as a viable new 

option for delivering therapeutics to the CNS. Here, we review recent studies on FUS-mediated 

delivery of drugs and genes into the CNS. For convenience, we have included a table of key 

references (Table 1). 

 

2.2.1 The Blood-Brain Barrier 

The BBB provides a formidable obstacle for drug delivery in the brain (Figure 1). Through a 

unique combination of transmembrane proteins and tightly regulated channels not seen 

elsewhere in the body, the BBB prevents nearly 100% of large molecule (>500 Da) drugs 

including recombinant proteins and antibodies and 98% of small molecule drugs from passing 

into the brain (5). Lipid soluble small molecule drugs may cross the BBB if they are capable of 
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diffusing through the endothelial cell membrane itself (5), but few drugs fall into this category. 

The BBB’s remarkable exclusionary capability is attributed to tight junctions that join the 

endothelial cells lining the vasculature throughout the brain (16). Tight junctions are comprised 

of several proteins, including various claudins, occludins, junctional adhesion molecules, and 

cadherins, which function to prevent molecules from passively diffusing between cells and out of 

the vasculature (16). Rather, small molecules must pass through the endothelial cells 

themselves, either through diffusion (for lipid soluble molecules) or active transport (most 

nutrients and other substances necessary for normal brain function) (16). Furthermore, if a 

certain molecule does manage to pass through the endothelial cell layer, the basement 

membrane provides an additional barrier to diffusion. Simply stated, nature’s best defense 

against infection significantly hinders our ability to treat diseases of the CNS by preventing drug 

delivery to the brain.   

 

2.2.2 Conventional Approaches for Bypassing the Blood-Brain Barrier 

     Given the central role of the BBB in limiting drug and gene delivery to the CNS, numerous 

methods have been developed to bypass this barrier. For example, specific viruses or 

nanoparticles (NPs) with BBB-targeting ligands can cross the BBB after systemic 

administration(17). However, in order to achieve effective concentrations in the brain, they must 

be administered in doses which are associated with adverse effects in peripheral organs(18). 

For this reason, the majority of preclinical and clinical studies have used direct intracranial 

administration as a strategy to locally increase therapeutic concentration without off-target 

effects. Specific brain regions can be accessed with needles or catheters and more recent 

strategies have utilized fluid convection to enhance distribution of therapeutics in the brain(19). 

By maintaining bulk flow with hydrostatic pressure differentials, convection enhanced delivery 

has demonstrated marked improvement over conventional direct intracranial injection 
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methodologies(20, 21). Unfortunately, despite promising results for direct injection in several 

preclinical and clinical trials(22–26), these strategies are risky and surgical complications have 

hindered widespread adoption. Furthermore, macromolecular agents require long dissemination 

times and typically cannot spread beyond a few millimeters(20). Indeed, the invasive nature of 

strategies like intracranial injections is not compatible with drugs that need to be dosed 

repeatedly.  

     In order to reduce risks associated with direct injection, less-invasive strategies to enhance 

therapeutic delivery across the BBB have been developed. These include intranasal 

administration and chemical disruption of the BBB by intra-arterial infusion of the osmotic agent 

mannitol(27) or vasodilators(28–30). Intranasal administration permits transport to the brain 

through perineural or perivascular channels(31). While intranasal drug delivery is non-invasive 

and obviates peripheral side effects associated with intravenous administration, it is limited by 

poor absorption across the nasal epithelium, inconsistent delivery efficiency and poor 

localization(31, 32). Similarly, mannitol infusions lead to global BBB disruption, causing non-

specific uptake and potentiating adverse off-target effects. Infusion of mannitol into the carotid 

artery leads to an osmotic-driven movement of fluid out of endothelial cells(33), shrinking them 

and leading to fenestration of cerebral vessels. While disruption of the BBB with mannitol is 

reasonably safe, therapeutic delivery is inconsistent with up to 10-fold variations in drug 

concentrations(34).  

 

2.2.3 Opening the Blood-Brain Barrier with Focused Ultrasound 

     FUS has the advantage of being the only modality capable of achieving non-invasive, safe, 

repeated, and targeted BBB disruption to enhance drug or gene delivery to the CNS. With the 

advent of MR-compatible transducers with sub-millimeter precision, it is now possible to apply 

image-guided transcranial FUS to the human brain (35–38) in an extremely localized manner, 
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greatly reducing the risk of off-target effects. FUS treatments can be performed on awake 

patients, eliminating the need for general anesthetic and permitting real-time patient feedback. 

Importantly, MR and integrated passive cavitation detection (PCD) facilitate real-time 

intraoperative treatment monitoring, while post-treatment MR imaging allows confirmation of 

treatment success(39–42) and safety(43, 44). The development of transcranial FUS has been a 

long process. Groundbreaking research by the Fry brothers performed over 50 years ago 

demonstrated that ultrasound could produce bioeffects in the human brain(45). However, it 

wasn’t until recent technological advances were made in both ultrasound and MRI that the field 

experienced a surge in interest. In the past ten years, there has been an increase in the number 

of papers investigating the potential applications of ultrasound in the brain.  

     Ultrasound is, at its most basic, a pressure wave. As the wave passes through the tissue, the 

tissue experiences alternating periods of high pressure (compression) and low pressure 

(rarefaction). Ultrasound can be applied in a continuous fashion, common in treatments that 

require heat deposition, or in a pulsed manner, which is utilized for BBBD. Focusing the 

ultrasound beam (i.e. FUS) provides high spatial accuracy (less than 1 mm resolution in some 

cases) and localizes bioeffects. However, reflection and diffraction of the ultrasound wave at 

material interfaces (i.e. skull-tissue interface) can distort the focus and decrease the energy 

delivered at the target. While the favorable skull geometry of rats or mice allows the use of 

single-element transducers in pre-clinical trials (Figure 2), the far more complex topography of 

the human skull requires the use of a multi-element array with phase-correction software to re-

focus the ultrasound beam as it passes through the skull. There are many combinations of FUS 

parameters (frequency, pressure, pulsing protocol) suitable for BBBD, but lower frequencies 

(≤1.0 MHz) experience less attenuation and distortion by the skull.  

     Transcranial FUS is typically applied in conjunction with intravenously administered MBs to 

effect blood-brain barrier disruption (BBBD). MBs are small (1-10 µm) lipid or protein shelled 
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bubbles filled with an inert gas, most commonly a perfluorocarbon and are FDA-approved as a 

contrast agent during ultrasound imaging. Importantly, circulating MBs reduce the acoustic 

energy required to open the BBB by two orders of magnitude and confine mechanical effects to 

the vasculature(46). This permits the use of low pressure FUS and virtually eliminates any 

concerns about skull heating during treatment. Extended off-time (low duty cycle) between FUS 

pulses allows MB reperfusion and thermal dissipation at the focus. At the lower ultrasonic 

pressures used for BBBD, MBs oscillate stably in the FUS field, expanding during rarefaction 

and contracting during compression, producing mechanical shear forces(47) and 

microstreaming(48) effects which act on the vessel wall. This behavior domain, called stable 

oscillation, is preferred for BBBD as its effects are more predictable. In contrast, at higher 

acoustic pressures, MBs experience unstable oscillations and eventually collapse inward, 

producing elevated local temperatures and high-pressure jet streams in a process termed 

inertial cavitation. While FUS-MB induced BBBD occurs in both regimes, inertial cavitation is 

more violent and is generally avoided for applications in healthy brain tissue. However, it may 

find use in diseased tissue, or for the delivery of very large (~100 nm) therapeutics, when the 

potential benefits outweigh the risks.  

     A collection of in vitro and ex vivo work(49–51) has demonstrated that the mechanical forces 

exerted by stably oscillating MBs cause vessel distension and invagination, as well as changes 

in the endothelial cells’ cytoskeletons and cell-cell interactions (Figure 3). Together, these 

effects produce BBBD via three mechanisms: disruption of tight junctions, induction of 

transcytosis and sonoporation of the vascular endothelium. Work using transmission electron 

microscopy imaging(52) has demonstrated both a reduction and altered distribution of claudins 

1 and 5, occludin, and ZO-1 after FUS exposure. Most notably, tight junction proteins were no 

longer clustered along the edges of endothelial cells, suggesting that they were no longer 

contributing to tight junction complexes. Furthermore, penetration of horse radish peroxidase 
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between endothelial cells was evident, demonstrating that tight junctions were no longer sealing 

paracellular pathways from the vasculature to the brain parenchyma. In addition to this 

paracellular pathway, horseradish peroxidase was also taken up by the vascular endothelial 

cells after sonication. Later work(53–55) demonstrated increased expression of caveolin-1 in the 

vascular endothelium after sonication, identifying caveolae as the most likely transcytotic 

pathway. A unique approach using two-photon microscopy provided further support for both 

paracellular and transcellular pathways. Here, it was noted that dextrans crossed the BBB after 

FUS via either a fast or slow mechanism (i.e. less/greater than 10 min) and postulated that the 

fast and slow pathways were most likely paracellular (tight junction disruption) and transcellular 

(increased transcytosis and sonoporation), respectively(56). Interestingly, 70kDa dextrans 

appeared to have a higher pressure threshold for BBB crossing than smaller 10kDa dextrans, in 

agreement with other studies indicating that the extent of BBBD (particularly the size of 

junctional clefts) is related to pressure(57). Furthermore, smaller vessels (i.e. less than ~25-30 

µm) were significantly more likely to be disrupted by FUS(58) than larger vessels, and fast 

leakage(56) (i.e. paracellular) was the dominant mode of transport in these vessels. This 

difference is attributed to the interactions between MBs and the vessel wall – in smaller vessels, 

oscillating MBs are more likely to come in close contact with the vessel wall, generating larger 

circumferential stresses than in larger vessels. Going forward, achieving a better understanding 

of the dynamics of these transport pathways will be critical for enabling more predictable BBBD, 

especially with the increased use of larger therapeutics.     

 

2.2.4 Safety and Monitoring of Blood-Brain Barrier Disruption 

     While it is well known that driving MBs into inertial cavitation with high acoustic pressures 

can lead to irreversible capillary damage and the leakage of blood across the BBB (59), 

thresholds have been established wherein BBBD can be achieved without toxicity or damage. 
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BBBD is transient and, depending on acoustic pressure(60), barrier function is typically restored 

within 4-6 hours after treatment (Figure 4A,B) (52, 61, 62). Importantly, no motor or acuity 

deficits were found after repeated BBBD procedures with FUS at numerous targets in 

monkeys(63, 64). Interestingly, some of these monkeys had T2* hypointensities in post-FUS 

MR imaging, indicating minor red blood cell accumulation; however, these minor capillary 

leakages did not lead to any changes in visual acuity or motor skills. Furthermore, it is important 

to emphasize that, even in the rare occurrence of erythrocyte extravasation at the lower 

pressures used in these studies, no apoptotic bodies were found and cognitive function of the 

animals was not impaired(63). These findings are in agreement with other studies suggesting 

that minor capillary damage and red blood cell extravasation  is not expected to lead to long 

term effects(41, 65). Indeed, it is possible that such damage would be acceptable in treatment 

of debilitating or life-threatening neurological diseases. It is important to further emphasize that 

FUS-related safety issues would be minor compared to those of other treatment strategies like 

intracranial injection, which can lead to extensive damage along the needle tract, or even non-

invasive treatments like gamma knife radiosurgery(66, 67).  

     While FUS-mediated BBBD has been shown to be safe in numerous animal models, 

intraoperative monitoring with passive cavitation detection or MR imaging further reduces 

chances of aberrant FUS treatments. Passive cavitation detection (PCD) allows real-time 

assessment of MB cavitation(68). While stable cavitation is most likely responsible for reversible 

BBBD(59, 69), inertial cavitation has been linked with tissue damage(70). Importantly, acquired 

PCD intensity is well correlated with BBBD(59, 69). PCD non-invasively detects the acoustic 

signatures resulting from MB oscillations, and can distinguish between stable oscillations and 

MB collapse.(71). Stably oscillating MBs emit harmonic, subharmonic or ultraharmonic 

frequency acoustic emissions, whereas collapsing MBs emit broadband acoustic signals(72, 

73). PCD has been used to ensure safe FUS settings in several large animal BBBD models(63, 
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74) and systems are currently in development that will allow fully automatic feedback to control 

FUS sonications(75). Once the FUS treatment is complete, MR imaging sequences including 

T2* and susceptibility weighted imaging (SWI) are sensitive tools that can be used to detect 

blood products present in tissue(43, 61, 76) and have been shown to be sensitive to measure 

even minor capillary damage(63).  

 

2.3. Drug Delivery 

FUS-mediated BBBD permits the delivery of a wide range of therapeutics, and improves 

the efficacy and safety profile of the few drugs which can cross the BBB by reducing the 

required systemic dose. FUS has demonstrated remarkable ability to deliver a wide range of 

payloads, including small molecule drugs[79,85], ~150 kDa antibodies(79), recombinant 

proteins(80) and even ~100 nm liposomal drug vehicles(81, 82). As FUS technology has 

improved over the last decade, work has progressed from the delivery of free small molecule 

drugs [79,85] such as temozolomide to larger plaque-binding antibodies (79) and ~100 nm 

liposomal drug vehicles (81, 82). In addition, functionalized MBs (83), targeting moieties(84) and 

two-step processes like boron neutron capture therapy (85) have also been investigated in 

conjunction with FUS to further enhance delivery efficiency into the CNS. Here, we review work 

demonstrating the delivery of systemically administered small molecule-, recombinant protein- 

and antibody-based therapeutics in the brain using FUS-mediated BBBD. 

 

2.3.1 Unencapsulated Drug 

     Temozolomide (TMZ), a small molecule drug, is currently part of the recommended approach 

to the clinical treatment of glioblastoma multiforme (GBM), and many clinical trials continue to 

test various TMZ dosing regimens as well as drug combinations (86–89). Although TMZ has 

produced moderate improvements in patient survival, GBM is notorious for tumor recurrence 
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after surgical resection because infiltrating tumor cells, which are protected from systemic drug 

delivery by the BBB, inevitably remain after surgery. Thus, it has been hypothesized that the 

delivery of TMZ via FUS-mediated BBBD may improve patient outcomes by providing drug 

delivery to these “protected” infiltrating cells (77, 90). In support of this hypothesis, in a rat 

model of GBM, BBBD in combination with orally administered medium dose TMZ significantly 

increased survival (ISTmedian=15% compared to controls) and controlled tumor growth as well as 

high dose TMZ alone (90). A study using the U87 glioma model in mice further demonstrated 

that FUS treatment improves tumor growth control and survival over TMZ alone across a range 

of TMZ doses (ISTmedian=111% compared to control for highest dose TMZ + FUS), although the 

benefit is most pronounced for low dose regimens (77). This effect appeared to be due to an 

increase in TMZ concentration and retention time (2.7- and 1.5-fold, respectively) in sonicated 

tissue (77). These studies demonstrate that BBBD with FUS can enhance the efficacy of even 

“gold standard” drugs in GBM. 

     While able to cross the BBB, carmustine (bis-chloroethylnitrosourea, BCNU) is another small 

molecule chemotherapeutic drug whose effectiveness could be enhanced by improved local 

delivery, as it is highly toxic and degrades within 15 minutes. BCNU-loaded polifeprosan 20 

Gliadel wafers were one of the first uses of biodegradable polymers for drug delivery in humans 

(91–94), representing a unique solution to the problems posed by BCNU. Disappointingly, 

Gliadel produced only mild improvements in patient survival (2.3 months compared to placebo), 

and is now only recommended for patients with fully resectable tumors(94). Given these 

limitations, FUS-mediated delivery has been hypothesized to provide similar benefits. To this 

end, intravenous BCNU has been administered in conjunction with FUS-mediated BBBD, which 

doubled BCNU deposition in a C6 glioma model. It was shown that this combined treatment 

provides better tumor growth control and improved animal survival (ISTmedian=86% compared to 

control) (95). This study also indicates that it may be possible to decrease the intravenous dose 
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administered while maintaining therapeutically relevant drug concentrations in the brain, thus 

reducing systemic toxicity effects without the need for surgery. Ultimately, it is evident that 

BBBD with FUS can improve outcomes, even when used in conjunction with drugs that are able 

to cross the BBB, by increasing local drug concentrations and decreasing systemic toxicity. 

     PEGylated liposomal doxorubicin formulations are able to extravasate and collect in tumors, 

and they have been used in the treatment of glioma with some success, increasing progression 

free survival to 12 months in 15% of patients (96–98). The liposomal formulation is necessary 

since free doxorubicin (DOX) exhibits systemic toxicity and is unable to cross the BBB (96). 

However, liposomal DOX is also able to extravasate and collect in other tissues, notably the 

skin, producing tissue damage and discomfort (98). FUS-mediated BBBD may facilitate the use 

of free DOX, generating high intratumor drug concentrations while preventing systemic toxicities 

associated with the liposomal formulation. While FUS was capable of delivering up to 17-fold 

increases in DOX concentration in healthy brain tissue, in the GL261 mouse model of GBM, 

treatment with FUS and free DOX increased DOX concentrations in the tumors by only 4-fold 

compared to contralateral controls, although this increase was significant. Animals treated with 

FUS + free DOX had improved survival times (ISTmedian = 68%) as well, and did not show effects 

of systemic drug toxicities (99). While this work indicates that FUS can improve the delivery of 

free drug across the blood-tumor barrier, it is also apparent that FUS parameters may need to 

be optimized for tumor biology rather than healthy brain tissue. 

     Boron neutron capture therapy (BNCT) offers the ability to eradicate tumor cells without 

damaging healthy tissue, a characteristic which is particularly appealing for brain applications. It 

relies on the accumulation of a stable boron isotope in the tumor tissue, followed by irradiation 

with low-energy neutrons. The accumulated boron absorbs the neutrons and releases high 

energy particles, destroying the tumor cells (100). BNCT has achieved some success in head-

and-neck cancers (101), as well as GBM (102, 103), but it is believed that FUS-mediated BBBD 
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may improve BNCT efficacy by increasing the concentration of boron in the tumor tissue. 

Several rodent studies (85, 104, 105) have demonstrated that FUS significantly increases the 

concentration of BPA-f, a boron containing drug, in tumor tissue, as well as homogenizing 

distribution (85). Nonetheless, it remains to be seen whether this increase correlates to an 

improvement in treatment efficacy.  

     Therapeutic antibodies, while currently showing promise in the treatment of numerous 

cancers, are too large to cross the BBB. Therefore, antibodies which have shown success 

against various cancers are not beneficial for patients with brain metastases (106), and 

antibodies designed to treat neurodegenerative diseases require a delivery system (107). Early 

work indicated that FUS-mediated BBBD could be used to deliver endogenous IgG antibodies 

(108) as well as functionally intact D(4) receptor targeting antibody(109), opening the door for 

therapeutic applications. An exciting recent study in the TgCRND8 model of Alzheimer’s 

disease showed that FUS-mediated BBBD increased glial cell activation and the delivery of 

endogenous IgG and IgM antibodies, which led to a reduction in plaque load (110). Further work 

in this model demonstrated the delivery of anti-Aβ across the BBB (Figure 5A), which then 

bound to the plaques (Figure 5B) and caused a significant 23% decrease in plaque surface area 

(Figure 5C). Plaque number and size were both decreased in the anti-Aβ + FUS group (79). An 

earlier study in the APPswe/PSEN1dE9 Alzheimer’s model indicated that FUS-mediated BBBD 

produces a 3-fold increase in plaque-bound anti-Aβ compared to non-sonicated tissue (111). 

These studies suggest the potential use of FUS-mediated antibody delivery for the treatment of 

neurodegenerative disorders. Indeed, compared to other transcranial delivery methods, FUS is 

particularly suited for the long term repeated treatments necessitated by the nature of these 

disorders due to its noninvasive application and highly localized effects. 

     Trastuzumab (Herceptin), a monoclonal antibody which binds to the Her2 receptor, has 

shown promise in the treatment of breast cancer (106), which frequently metastasizes to the 
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brain. In healthy animals, FUS-mediated BBBD significantly increased the delivery of 

trastuzumab in sonicated tissue with no apparent toxicity (112). In a rat model of breast cancer 

brain metastasis, animals receiving FUS + trastuzumab had significantly smaller tumors (4 of 10 

tumors resolved completely) with an ISTmedian of 32% compared to untreated controls. 

Commonly, patients with brain metastases are omitted from clinical trials, as many therapeutics 

which work well against the primary tumor do not cross the BBB and have no efficacy against 

brain metastases. FUS-mediated delivery across the BBB can significantly improve drug 

delivery and efficacy in the brain, and may permit a wider range of treatment options for patients 

with brain metastases.  

     Neurotrophic factor administration has been shown to ameliorate a variety of CNS disorders, 

including schizophrenia (113), depression (114), autism (115), and Parkinson’s (116). However, 

like most large molecules, neurotrophic factors do not cross the BBB. BDNF, which shows 

promise as a neuroprotective agent (116), maintains its bioactivity after FUS-mediated delivery 

across the BBB and generates significant downstream signaling activity(117). Neurturin (NTN), 

another factor that has been identified as a potential therapy for neurodegenerative diseases 

(116), has also been delivered successfully (117) . FUS-mediated delivery increased NTN 

bioavailability by 25-fold compared to direct injection, and activation of signaling downstream of 

NTN indicated retention of function (80). Nonetheless, despite the success with BDNF and NTN, 

glial cell-line derived neurotrophic factor (GDNF) continues to pose problems for FUS-based 

delivery. One study (118) demonstrated a significant increase in the delivery of GDNF in FUS-

treated regions; however, another was unable to detect GDNF delivery across the BBB due to 

rapid breakdown in the bloodstream (117).  

     Immunotherapy is especially intriguing for brain tumor applications, because toxicities 

associated with traditional drugs pose significant problems for healthy brain tissue(119, 120). 

However, the presence of the BBB confounds most traditional immunotherapeutic approaches. 
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FUS-mediated delivery of immunostimulatory interleukin-12 (IL-12) significantly increased IL-12 

deposition in intracranial C6 gliomas, improved tumor growth control and increased survival 

(ISTmedian=43%) (121). This effect was attributed to a significant improvement in the cytotoxic T-

lymphocyte/regulatory T-cell ratio in the FUS + IL-12 group, presumably due to a combination of 

increased IL-12 concentration and vascular permeability, which permitted enhanced cytotoxic T-

lymphocyte infiltration (121). With the success of recent immunotherapy trials, we speculate that 

FUS-mediated immunotherapy delivery may permit the inclusion of patients with brain 

metastases who would normally be denied treatment and ultimately represent a turning point in 

how brain metastases are treated. 

 

2.3.2 Liposomes 

Liposomal drug formulations are popular due to their versatility and biocompatibility (122). 

Their structure, comprised of an aqueous core and a lipid shell, permits the loading of both 

hydrophilic and hydrophobic drugs (123), and the formulation of the lipid shell can be easily 

modulated for PEGylation (124), thermosensitivity, and/or targeting (125). Furthermore, both the 

size and composition of the liposome can be altered to control circulation time and degradation 

rate (126). Liposomes are particularly beneficial for packaging highly toxic drugs, since 

encapsulated drugs are not bioavailable. Conversely, their larger size makes them more difficult 

to deliver and FUS may trigger release of the drug payload. The liposomal formulation of 

doxorubicin, a potent anthracycline, was one of the first drug delivery systems used in 

combination with FUS(81, 82, 84, 127–129). Treat et al demonstrated that a single treatment 

combining FUS and liposomal DOX delayed tumor growth and improved survival time 

(ISTmedian=24% compared to 16% for liposomal DOX alone) in a rat gliosarcoma model. Later 

work by the same group showed that 3 weekly FUS + liposomal DOX treatments drastically 

improved survival (Figure 6B) compared to the liposomal DOX-only group (ISTmedian=100% and 



19 

 

16%, respectively), with complete tumor resolution (Figure 6A) in several animals in the FUS + 

liposomal DOX group (82). Nonetheless, several animals did suffer from  side effects, including 

skin toxicity, neural loss and intratumoral hemorrhage (82). To verify that the combination of 

FUS and liposomal DOX was not causing additional toxicity, a safety study in healthy animals 

was conducted that demonstrated only minor damage at the focus in animals that received both 

liposomal DOX and FUS, believed to be due to high local concentrations of DOX deposited by 

aggressive FUS settings. Of note, the authors also demonstrated that administering liposomal 

DOX after treatment caused a 32% decrease in DOX delivery across the BBB, a finding we 

have substantiated with 60 nm polymeric NPs (unpublished studies). A study with animals 

bearing bilateral 9L gliosarcomas indicated that even late stage tumors benefit from FUS-

mediated delivery, with treated tumors showing a two-fold increase in DOX concentration 

compared to unsonicated controls (81). FUS treatment also significantly increased the delivery 

of tumor targeted liposomal DOX formulations in an intracranial mouse xenograft model (84, 

128), while decreasing some elements of DOX-related toxicity (128), presumably due to lower 

levels of drug in circulation post sonication. While it is still unclear whether intact liposomes 

cross the BBB, it is clear that the combination of liposomal encapsulation and FUS-mediated 

delivery provide excellent therapeutic results, increasing drug concentrations at the target while 

minimizing systemic toxicities. 

 

2.3.3 Drug Loaded Microbubbles  

     Microbubbles can also be functionalized for use as drug delivery vehicles. Although drug 

loading is limited to the lipid or protein shell, the relatively large surface area (~50 µm2) permits 

conjugation for both targeting and therapeutics(130). Because of its hydrophobicity, BCNU has 

been incorporated into the shell of lipid MBs with some success(83, 131–133). Encapsulation of 

BCNU within the MB’s lipid shell permitted simultaneous BBB opening and local drug delivery 
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similar to that seen with unencapsulated drug, with the added benefit of increased tissue 

retention time at the target(133). Treatment with BCNU-MBs and FUS showed excellent tumor 

control 30 days post inoculation and median survival time was increased by 12% compared to 

controls in a C6 glioma model (133). The addition of VEGF-R2 to the BCNU-MBs provided 

antiangiogenic targeting capabilities and further improvements in tumor control and animal 

survival (83). The same group also developed DOX-loaded MBs conjugated with 

superparamagnetic iron oxide (SPIO) NPs(134), which showed a two-fold increase in DOX 

deposition within a rat glioma compared to a non-sonicated control. FUS treatment followed by 

magnetic targeting also deposited SPIO NPs released from the MBs within the tumor tissue, 

permitting MR-based treatment monitoring. While drug-loaded MBs offer the benefit of highly 

localized delivery, they may also require higher pressure to release the drug and are limited to 

the circulation time of the MB itself.  

 

 

2.4 Gene Delivery 

      Gene therapy in the CNS is emerging as an attractive strategy for the treatment of 

neurological diseases like Parkinson’s disease(2, 135–137), Alzheimer’s disease(138, 139), 

lysosomal storage diseases(140, 141) and brain tumors (142). Indeed, despite the ability of 

traditional small molecule drug regimens to treat early symptoms of diseases like Parkinson’s 

disease, continued disease progression ultimately leads to recurrence(143). Furthermore, the 

BBB requires these drugs to be administered at high systemic doses to reach effective 

concentrations in the brain, ultimately causing adverse peripheral side effects (18). Alternatively, 

gene therapy offers the ability to treat the underlying causes of the disease and ultimately slow 

progression or even reverse disease pathology. Moreover, continuous transgene expression 

leads to long term efficacy, reducing required treatments and overall patient costs when 
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compared to drugs or liposomes, which need to be dosed periodically. While numerous gene 

therapy trials for neurological disease have yielded early positive results, limited vector 

distribution(20) and the risk of infection(144) after intracranial injection have slowed widespread 

adoption. Toward this end, it has been postulated that outcomes could be improved by 

enhancing therapeutic distribution within the target structures(145). High capillary density in the 

brain allows multiple points of entry into the CNS after FUS application, potentiating improved 

distribution compared to intracranial injection. Therefore, delivery of therapeutic genes into the 

CNS with FUS may prove to be a powerful new method for treating neurological diseases.  

     Despite a high number of publications demonstrating the ability FUS to deliver gene bearing 

liposomes(146, 147), non-viral polyplexes(148–150), viruses(151–153) and free or MB bound 

plasmid DNA(154) to the periphery, there are very few studies that have shown the delivery of 

systemically administered gene-bearing agents to the CNS with FUS. Indeed, the first 

successful studies showing delivery of reporter gene-bearing agents across the BBB with FUS 

were completed as recently at 2012(155–157). In these studies, it was shown that FUS could 

deliver either naked plasmid or adeno-associated virus (AAV) across the BBB to mediate 

transgene expression in the brain. Recently, however, excitement for this application has led to 

a flurry of new studies, which will be reviewed here.  

 

2.4.1 Naked Plasmid Delivery 

     Anionic plasmid DNA can be electrostatically bound to cationic MBs to create MB-DNA 

carriers. As a result, DNA will be immediately exposed to the vasculature being disrupted by 

FUS-activated MBs, potentiating DNA extravasation and trans-BBB delivery. Several studies 

have shown that linking the plasmid DNA to the MB will enhance the transfection compared to 

free circulating plasmid delivered with FUS(130, 158–160). Interestingly, MRIgFUS exposure to 

MB-DNA carriers bearing a gene for eGFP led to a significant enhancement of transgene 
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expression in neurons in a young mouse model(156). Using a similar system, it was shown a 

MB-DNA carrier bearing a gene for BDNF led to a ~20-fold increase in BDNF protein 

content(157). Unfortunately, very high doses of plasmid DNA were required due to susceptibility 

to degradation from nucleases in the blood and the cell, which reduce the efficiency of this 

vector system.  

 

2.4.2 Adeno-Associated Virus 

     Adeno-associated virus (AAV) with its small ~20 nm size, transduction efficiency, and limited 

immunogenicity is a well-suited vector for delivery applications across the BBB. Indeed, some 

AAV vectors like the self-complementary AAV9 (scAAV9) vector are able to cross the BBB and 

mediate global transgene expression in the brain after intravenous injection. However, very high 

doses of scAAV9 are required with up to 1x1011 vg/g found to only transduce 19% of motor 

neurons in adult mice(161). In contrast, FUS-mediated BBBD can yield transduction efficiencies 

of 80% in the brain (155) and 87% in the spinal cord (Figure 7) (162) at doses as low as 2.5x109 

or 2x109 vg/g, respectively. This marks a robust enhancement of transgene expression in the 

CNS after intravenous administration of scAAV9. In each case, transgene expression was 

localized to the anatomical location targeted with FUS. In addition to scAAV9, other studies 

have shown the delivery of AAV1(163, 164) or AAV2(165) across the BBB with FUS. 

Importantly, these studies showed that transgene expression can be limited to neurons through 

the use of the synapsin-1 promoter(163). Moreover, it was found that a transgene under the 

CMV promoter and packaged into the AAV2 capsid led to predominantly astrocytic expression 

after delivery with FUS(165), in contrast to intracranial injection of the same vector which led to 

mostly neuronal expression(166, 167). To this end, it has been suggested that FUS could alter 

cellular receptor concentrations including heparan sulfate proteoglycans. This receptor, in 
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addition to being the cellular receptor for AAV2(168) is also known to have roles in the CNS 

injury response(169).  

     Despite its efficiency, AAV has shown significant limitations when considered in the context 

of CNS gene delivery applications. Concerns about safety, limited packaging capacity, 

difficulties in scale-up and high production costs limit its scope as a long-term solution to CNS 

gene delivery. Furthermore, repeated administration of AAV leads to production of neutralizing 

antibody immune responses that may ultimately reduce the efficiency of the vector(170, 171). 

Finally, scAAV vectors and AAV vectors have packaging capacities of just 2.4 kb or 4.8 kb 

(172), respectively, which hampers the versatility of this vector.  

 

2.5. Polymer-Based Delivery Systems 

     Polymer based NP delivery systems offer several advantages over non-encapsulated drugs 

or viral delivery systems. These include tailorability, ease of manufacture, improved drug-

release profiles and protection from degradation or clearance(173, 174). Combined, these 

properties can reduce drug doses and drug-associated toxicity while improving therapeutic 

efficacy (175–180). Polymer NPs can be loaded with a variety of payloads including soluble or 

non-soluble drugs(160, 177, 181, 182), imaging or theranostic agents(183–185), or nucleic 

acids(148, 174, 186, 187).  

     It is well known that enhancing therapeutic distribution in the brain parenchyma will improve 

efficacy(145). Indeed, while the limitations imposed by the BBB are widely known, the brain 

parenchyma itself presents a further barrier to delivery in the brain. The brain tissue barrier 

consists of a dense nanoporous mesh of electrostatically charged macromolecules including 

chondroitin sulfate proteoglycans, hyaluronan and tenascins (188, 189). These charged 

molecules form a microstructure that hampers diffusion of macromolecules and vectors 

including NPs (8, 190) and viruses (21) via steric or adhesive interactions. In addition, tumors 
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like GBM contain dense and heterogeneous networks of collagen(191) and high interstitial 

pressures(192) that further limit macromolecule diffusion(193–196). As a result, until recently, it 

was thought that the upper size limit to diffusion in healthy brain was as small as 64 nm (197). 

However, it has been shown that an extremely dense (> 9 PEG/100 nm2) coat of the bioinert 

and neutrally charged polymer polyethylene glycol (PEG) shields NP surface charge and 

reduces ECM interactions in brain tissue, permitting the diffusion of particles up to 114 nm in 

size (6, 8, 198) and improving circulation time(199), which leads to enhanced accumulation in 

tumors through the enhanced permeability and retention effect(200, 201). Dense PEG coats 

have demonstrated remarkable improvements in diffusivity and efficacy with multiple types of 

polymer(6, 148, 174, 186). For example, highly-PEGylated “brain-penetrating” NPs (BPNs) 

continue to diffuse up to 24 hours after delivery, leading to a more homogeneous distribution 

within the parenchyma (Figure 8A-E) (198) In contrast, all sizes of un-PEGylated controls were 

rapidly immobilized within the ECM (Figure 8F,G). Unsurprisingly, drug-loaded BPNs are more 

effective than their un-PEGylated counterparts in limiting tumor growth after intracranial 

administration. Additionally, BPNs are also an effective vehicle for gene delivery in the brain, 

and have demonstrated remarkable efficiency after intracranial administration(186). Gene 

bearing BPN are an easily adaptable and versatile option for applications in the brain, devoid of 

the limitations of viral vectors. FUS is capable of delivering 60 nm BPNs across the BBB (Figure 

8A-E) (6). These BPN represent an important advance in polymeric delivery systems, as 

evading the BBB is only the first major obstacle to drug and gene delivery in the brain – a point 

eloquently demonstrated by the lack of success with the Gliadel wafers. Therapeutics must be 

delivered well beyond the vasculature, and particles that are able to diffuse within the brain 

parenchyma greatly increase treatment volume and efficacy.  

     Polymer-based NP delivery systems are well suited for brain therapies after FUS mediated 

BBBD. Ideal drug delivery systems for applications in the CNS would include (i) ability to 
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homogeneously distribute within the target volume, (ii) sustained drug release and (iii) long 

circulation times by avoiding rapid clearance. In combination with FUS as a non-invasive 

strategy to bypass the BBB, polymeric brain-penetrating NPs have potential to overcome many 

of the hurdles associated with drug and gene delivery in the brain.  

 

2.6. Therapeutic Bioeffects of Focused Ultrasound 

    This chapter is focused on the delivery of drugs and genes across the BBB with FUS; 

however, it is also important to note that recent advances in our understanding of biological 

responses to FUS have potentiated novel approaches to treatments of brain disease. FUS is 

now being explored both pre-clinically and clinically for its potential to treat brain diseases, even 

the absence of additional therapeutic agents. Recent advances in this field has led to 

considerable excitement and a flurry of new studies which will be reviewed here.  

 

2.6.1 Modulation of Immune Cell Activation with Focused Ultrasound 

     Focused ultrasound-mediated modulation of the brain immune environment may potentiate 

novel treatment strategies for brain diseases including brain cancers and neurodegenerative 

diseases without need for pharmacological agents(202, 203). For example, BBBD with FUS 

alone in a mouse model of Alzheimer’s disease led to a significant reduction of plaque burden 

four days after a single treatment(110). The authors showed that plaque reduction was linked to 

significant enhancement of endogenous antibodies bound to the Aβ plaque as well as to 

activation of microglia and astrocytes in the FUS-treated region. Further studies, using FUS to 

deliver an antibodies against amyloid-β (79) or have also been shown to reduce plaque burden.  

Additionally, five successive treatments with FUS and MBs were shown to lead to further plaque 

clearance and improved subject performance on several memory tasks(204) and, in 

combination with anti-tau antibodies(205) was able to elicit even more robust effects.   
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     FUS and MBs have also been used to enhance the enhance the body’s anti-tumor immune 

response with great success (202, 206). Earlier in this chapter we reviewed a variety of papers 

that used FUS and MBs to delivery antibodies across the blood-tumor barrier in order to 

enhance immune activation in a tumor. However, FUS with or without MBs has been shown to 

enhance activation and/or trafficking of immune cells into tumors and is being explored as an 

adjuvant strategy to enhance immunomodulatory anti-cancer drugs. These studies have been 

extensively reviewed elsewhere(202) and are outside the scope of this dissertation.  

     Finally, in addition to alterations in immune function and cell behavior within the brain, FUS-

mediated BBBD has been shown to enhance neurogenesis(207), which is attributed to the 

demonstrated upregulation of BDNF(208) and Akt (209) after FUS. This observation has led to 

suggestions that FUS could be used as a non-invasive alternative to deep brain stimulation for 

treatment of depression(210). Importantly, low intensity FUS has also shown ability to 

transiently stimulate neurons in both animals(208, 211–214) and humans(215, 216), and has 

the ability to elicit acute sensory responses in the fingers and hands(216), potentially allowing 

non-invasive brain mapping. Ultimately, we believe that FUS will permit several therapeutic 

options in the CNS, beyond those dependent upon drug and/or gene delivery across the BBB.  

 

2.6.2 Changes in ECM structure with Focused Ultrasound 

     Recent studies have demonstrated the ability of FUS to enhance delivery and/or transport of 

therapeutic agents even after they cross into the brain parenchyma. Ultrasound treatments are 

now being explored preclinically to enhance dispersion of therapeutic agents when applied 

during direct injection of small molecule tracers(217, 218) or liposomes(219) into rodent or 

non-human primate brain. ARF driving infusate…  

     In addition to using FUS simultaneously during infusion, additional data argues that FUS 

exposure prior to administration of agents into the brain can lead to significant 
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enhancement in transfection volume. One such study used FUS and MBs (1.5 MHz, 0.72 

MPa, 5% duty cycle, 2.5x106 MB/g), with a regime similar to that used for BBB opening, 

prior to direct infusion of AAV2 vectors and found approximately 3-fold enhancement of 

transduction volume(220). Importantly, MBs do not appear necessary to this treatment and 

ultrasound exposure (~0.36 MPa, 10% duty cycle) of ex vivo brain slices (i.e. without MBs) 

revealed increases in perivascular and extracellular spaces of the brain(221). Interestingly, 

another recent study used acoustic radiation force imaging to show that pulsed FUS exposure 

reduced tissue elasticity and interstitial fluid pressures and increased penetration of fluorescent 

tracer nanoparticles(223) with FUS PNP of 8.95 MPa and a duty cycle of 5%. While this study 

did not assess thermal changes, temperature rise with similar FUS intensities was shown in a 

previous study to be <5°C(328). Nonetheless, It has been postulated that the increase in fluid 

conductivity of the tumor after FUS pre-treatment results in more rapid fluid flow away from the 

high pressure tumor core to the relatively lower pressure tumor periphery(329). High interstitial 

fluid pressures remain a major barrier to uptake of intravascularly circulating therapeutic agents 

into tumors(330), which is typically dependent on differences in capillary hydrostatic pressure 

and tumor interstitial fluid pressure. While the mechanisms of increased tissue permeability 

after FUS pre-treatment has been hypothesized to be primarily non-thermal(221), additional 

investigation is required to better understand cellular and tissue-level responses to FUS.  
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2.7. Conclusions and Future Perspectives 

FUS is currently the only modality which allows repeated, non-invasive, and temporary 

BBBD to deliver drugs or genes to the CNS(39). Numerous studies have demonstrated the 

ability of FUS to deliver a wide range of payloads across the BBB including imaging agents, 

small molecule drugs, ~150 kDa antibodies, recombinant proteins, ~20 nm viruses, ~60 nm 

NPs, 100 nm liposomes and even 10 µm stem cells. As a result, FUS has opened doors to 

novel treatments for CNS disorders like neurodegenerative disease, GBM, and psychiatric 

disorders. Particularly, despite its advantages and immense potential, nanotechnology has 

largely been excluded from applications in the brain owing to difficulties in delivery, which can 

be overcome with FUS. While the BBB has long been considered the greatest bottleneck in the 

development of treatments for CNS disease, FUS may fundamentally revolutionize how such 

diseases are approached. 
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2.9 Chapter 2 Figures: 

 

Figure 2.1. Blood-Brain Barrier Biology. The blood-brain barrier presents a major obstacle to 
therapeutic delivery in the central nervous system. It is comprised of unusually abundant and 
structurally unique tight junctions between the vascular endothelial cells and a thick basement 
membrane. Regulation via astrocytes and pericytes maintain this barrier, preventing the 
passage of the vast majority of therapeutics. 
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Figure 2.2. Transcranial FUS with microbubbles is the only modality capable of achieving non-
invasive, safe, repeated and targeted BBB disruption, leading to improved drug or gene delivery 
to the brain. Pre-clinical FUS studies in animals including mice and rats permit use of a single-
element FUS transducer, due to favorable skull geometry. FUS can be guided with MR imaging 
and is capable of sub-millimeter resolution allowing precise targeting of structures in the CNS 
with minimal off-target effects.  
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Figure 2.3. Mechanism of focused ultrasound mediated blood-brain barrier disruption. 
Circulating microbubbles oscillate in the ultrasonic field, producing forces that act on the vessel 
wall to generate three bioeffects that permit transport across the blood-brain barrier: disruption 
of tight junctions, sonoporation of the vascular endothelial cells and upregulation of transcytosis.  
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Figure 2.4. Transcranial FUS leads to temporary and localized BBBD with no long term 
damage. A. Representative transverse contrast enhanced T1 MRI (top) and permeability maps 
(bottom) obtained at four time points after FUS-mediated BBBD. Arrows indicate the two FUS-
treated regions. Ktrans values indicated by the color bar. B. Mean Ktrans values over time in 
FUS treated regions. Control indicates contralateral hemisphere at same anatomical location. 
Reprinted from Journal of Controlled Release, 162, J. Park, Y. Zhang, N. Vykhodtseva, F. a 
Jolesz, N.J. McDannold, The kinetics of blood brain barrier permeability and targeted 
doxorubicin delivery into brain induced by focused ultrasound, 134-42, (2012) with permission 
from Elsevier.  
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Figure 2.5. FUS mediated delivery of anti-AB antibody reduces plaque load in the 
TgCRND8 mouse model of Alzheimer’s disease. A) Treatment with FUS increases delivery of 
anti-AB antibody BAM-10 in the targeted region (right) compared to the non-sonicated control 
(left). White boxes indicate area selected for inset. Scale bar 1mm, inset 100 µm. B) BAM-10 
delivered with FUS (right column) colocalizes with plaque within 4 hrs post-delivery and remains 
up to 4 days. Unsonicated control regions (left column) show no BAM-10 delivery. Scale bars 50 
µm. C) FUS-MB enhanced delivery of BAM-10 reduces plaque load 4 days post treatment. 
Scale bar 1mm. Reprinted from PLoS One, 5(5), Jordão JF, Ayala-Grosso CA, Markham K, 
Huang Y, Chopra R, McLaurin J, Hynynen K, Aubert I, Antibodies targeted to the brain with 
image-guided focused ultrasound reduces amyloid-beta plaque load in the TgCRND8 mouse 
model of Alzheimer's disease, e10549, (2010) with permission. 
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Figure 2.6. Three weekly FUS BBBD treatments (weeks 1-3) mediated delivery of liposomal 
doxorubicin and prolonged survival in a rat glioma model. A) T2 weighted images of control, 
FUS-only and DOX-only groups showing rapid tumor growth during weeks 1-3. T2 weighted 
images of a long-term survivor in the FUS+DOX group shows rapid tumor growth in weeks 1-4 
followed by tumor resolution. Hyperintensity at week 20 is due to an enlarged ventricle. Black 
box indicates treatment period. B) Tumor growth as measured by MRI for each experimental 
group. Note that no control animals survived past week 3. Black box indicates treatment period. 
Reprinted from J Control Release, 169, Aryal M, Vykhodtseva N, Zhang YZ, Park J, McDannold 
N. Multiple treatments with liposomal doxorubicin and ultrasound-induced disruption of blood-
tumor and blood-brain barriers improve outcomes in a rat glioma model, 103-11, (2015) with 
permission from Elsevier.   
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Figure 2.7. FUS mediated delivery of scAAV9 leads to a dose-dependent transgene expression 
in mouse brain. Mice were treated with MRI guided FUS in the right striatum (a) or hippocampus 
(b-e) immediately prior to intravenous injection of scAAV9 bearing a gene for GFP under the 
ubiquitously active chicken β-actin promoter at doses of 5x108 (a,c,e left), 2.5x109 (b,e middle) 
or 1.25x1010 (d,e right) vg/g . Twelve days after treatment, GFP expression was assessed in 
coronal brain sections with immunohistochemistry (a-d) or fluorescence microscopy (e). GFP 
expression was higher on the FUS-treated region (a,c,d,e, right) than the corresponding 
anatomical location on the contralateral hemisphere (a,c,d,e, left) at the two higher doses, but 
not the lowest dose. The publisher for this copyrighted material is Mary Ann Liebert, Inc. 
publishers. 
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Figure 2.8. FUS delivers large 60-nm brain-penetrating nanoparticles across the BBB. At one 
hour post sonication, low pressure sonication primarily delivers nanoparticles to the endothelium 
(A) while higher pressure delivers particles to the interstitium (B). After 24 hours, brain-
penetrating particles have diffused away from the vessel, significantly increasing nanoparticle 
coverage in the interstitial space compared to both low and high pressure 1 hr timepoints (C, G). 
Control regions show no nanoparticle delivery (D).  60 nm brain-penetrating nanoparticles 
(BPN) diffuse in ex vivo brain tissue after injection, while uncoated particles (NP) are 
immobilized (E). 100 nm BPNs also exhibit diffusive behavior in brain tissue, as demonstrated 
by traces taken by particle tracking software, while 200 nm BPNs and both 100 and 200 nm 
uncoated NPs are immobilized (F). * indicates p<0.05. A,B,D,G,E reprinted from J Control 
Release, 189, Nance E, Timbie K, Miller GW, Song J, Louttit C, Klibanov AL, Shih TY, 
Swaminathan G, Tamargo RJ, Woodworth GF, Hanes J, Price RJ, Non-invasive delivery of 
stealth, brain-penetrating nanoparticles across the blood-brain barrier using MRI-guided 
focused, 123-32, (2014) with permission from Elsevier. F reprinted from ACS Nano, 8(10), 
Nance E, Zhang C, Shih TY, Xu Q, Schuster BS, Hanes J, Brain-penetrating nanoparticles 
improve paclitaxel efficacy in malignant glioma following local administration, 10655-64, (2013) 
with permission from AAAS. 
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2.10 Chapter 2 Tables 

Table 1. Key references demonstrating drug or gene delivery with focused ultrasound. 

Disease 
Application 

Author, 
Year 

Animal Model 
Substance 
Delivered 

Vehicle Ref. 

Generalized 
Kinoshita 
2006 

Swiss-Webster 
mice 

Dopamine D4 
receptor-targeting 
antibody 

Unencapsulated (109) 

Generalized 
Burgess 
2012 

Wistar Rats 
siRNA 
oligonucleotide 

Unencapsulated (223) 

Generalized Huang 2012 Kunming Mice  
BDNF-eGFP 
Plasmid 

Cationic MBs (157) 

Generalized Huang 2012 Kunming Mice 
CMV-EGFP 
Plasmid 

Cationic MBs (156) 

Generalized 
Thevenot 
2012 

C56BL/6 Mice CB-GFP Gene scAAV9 (155) 

Generalized Alonso 2013 Wistar Rats 
CMV-nlsLacZ 
Gene 

AAV2/1 (164) 

Generalized Hsu 2013 Mice  CMV-GFP Gene AAV2 (165) 

Generalized Nance 2014 
Sprague-Dawley 
Rats 

Polystyrene Tracer PEGylated NPs (224) 

Generalized Wang 2014 Mice 
Synapsin-eGFP 
Gene 

AAV1 and AAV2 (163) 

Generalized 
Weber-
Adrian 2015 

Wistar Rats CB-GFP Gene scAAV9 (162) 

Alzheimer’s 
Raymond 
2008 

APPswe:PSEN1
dE9 and PDAPP 
Mice 

Anti-Aβ antibody Unencapsulated (111) 

Alzheimer’s Jordão 2010 TgCRND8 Mice Anti-Aβ antibody Unencapsulated (79) 

Alzheimer’s Jordão 2013 TgCRND8 Mice Endogenous IgG Unencapsulated (110) 

Alzheimer’s 
Leinenga 
2015 

APP23 Mice NA Unencapsulated (225) 

Brain 
Metastasis 

Kinoshita 
2006 

Swiss-Webster 
Mice 

Herceptin Unencapsulated (112) 

GBM Ting 2012 
C6 glioma in 
Sprague-Dawley 
Rats 

BCNU MBs (133) 

GBM Treat 2012 
9L gliosarcoma 
in Sprague-
Dawley Rats 

Doxorubicin 
PEGylated 
liposomes 

(127) 

GBM Yang 2012 
GBM8401 in 
NOD-scid Mice 

Doxorubicin 

PEGylated 
liposomes, AP-1 
targeted, 111In-
labeled 

(128) 
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GBM Yang 2012 
GBM8401 in 
NOD-scid Mice 

Doxorubicin 
PEGylated 
liposomes, AP-1 
targeted 

(84) 

GBM Alkins  2013 
9L glioma in 
Fischer 344 Rats 

BPA-f Unencapsulated (85) 

GBM Aryal 2013 
9L gliosarcoma 
in Sprague-
Dawley Rats 

Doxorubicin 
PEGylated 
liposomes 

(82) 

GBM Fan 2013 
C6 glioma in 
Sprague-Dawley 
Rats 

Doxorubicin 
SPIO-conjugated 
MBs 

(134) 

GBM Fan 2013 
C6 glioma in 
Sprague-Dawley 
Rats 

BCNU 
VEGF-targeted 
MBs  

(83) 

GBM Kovacs 2014 
GL261 or SMA-
560 glioma in 
Mice 

Doxorubicin Unencapsulated (99) 

GBM Yang 2014 
F98 glioma in 
Fischer 344 Rats 

BPA-f Unencapsulated (105) 

GBM Aryal 2015 
9L gliosarcoma 
in Sprague-
Dawley Rats 

Doxorubicin 
PEGylated 
liposomes 

(81) 

GBM Aryal 2015 
9L gliosarcoma 
in Sprague-
Dawley Rats 

Doxorubicin 
PEGylated 
liposomes 

(129) 

GBM Chen 2015 
C6 glioma in 
Sprague-Dawley 
Rats 

IL-12 Unencapsulated (121) 
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Chapter 3: Targeted Gene Transfer to the Brain via the Delivery of Brain-Penetrating 

DNA Nanoparticles with Focused Ultrasound 

Brian P. Mead, Panagiotis Mastorakos, Jung Soo Suk, Alexander L. Klibanov, Justin Hanes, 

Richard J. Price. Journal of Controlled Release, 223: 109-117, 2016 

 
 

Abbreviations 

FUS, Focused ultrasound; DNA-BPN, gene-bearing brain penetrating nanoparticles; NP, 

nanoparticle; PEG, polyethylene glycol; MB(s), microbubble(s); BBB, blood brain barrier; CNS, 

central nervous system; GFAP, glial cell fibrillary acidic protein; NeuN, Neuronal nuclear 

antigen, AAV, adeno-associated virus; MR, magnetic resonance 
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3.1 Abstract 

     Gene therapy holds promise for the treatment of many pathologies of the central nervous 

system (CNS), including brain tumors and neurodegenerative diseases. However, the delivery of 

systemically administered gene carriers to the CNS is hindered by both the blood-brain barrier 

(BBB) and the nanoporous and electrostatically charged brain extracelluar matrix (ECM), which 

acts as a steric and adhesive barrier. We have previously shown that these physiological barriers 

may be overcome by, respectively, opening the BBB with MR image-guided focused ultrasound 

(FUS) and microbubbles (MBs) and using highly compact “brain penetrating” nanoparticles (BPN) 

coated with a dense polyethylene glycol corona that prevents adhesion to ECM components. 

Here, we tested whether this combined approach could be utilized to deliver systemically 

administered DNA-bearing BPN (DNA-BPN) across the BBB and mediate localized, robust, and 

sustained transgene expression in the rat brain. Systemically administered DNA-BPN delivered 

through the BBB with FUS led to dose-dependent transgene expression only in the FUS-treated 

region that was evident as early as 24 h post administration and lasted for at least 28 days. In the 

FUS-treated region ~42% of all cells, including neurons and astrocytes, were transfected, while 

less than 6% were transfected in the contralateral non-FUS treated hemisphere. Importantly, this 

was achieved without any sign of toxicity or astrocyte activation. We conclude that the image-

guided delivery of DNA-BPN with FUS and MBs constitutes a safe and non-invasive strategy for 

targeted gene therapy to the brain. 

 

KEYWORDS: Focused Ultrasound, Non-Viral Gene Delivery, CNS Diseases, Blood Brain Barrier 
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3.2 Introduction 

Gene therapy approaches have shown promise for the treatment of Parkinson’s disease,(2, 4, 

24, 135–137) Alzheimer’s disease,(138, 139) lysosomal storage diseases(140, 141) and brain 

tumors.(226) Viral gene vectors have been used in clinical trials for neurological disorders and 

shown to be therapeutically effective.(227) However, viral vectors, such as adenovirus, adeno-

associated viruses and herpes simplex viruses have significant limitations, including safety 

concerns, limited packaging capacity, technical difficulties in scale up and high production 

costs.(228) Moreover, prior exposures and/or repeated administrations of these vectors lead to 

neutralizing immune responses that ultimately reduce the efficiency of transgene delivery.(170, 

171) DNA-bearing nanoparticles (DNA-NP) have emerged as a versatile and easily adaptable 

platform for gene therapy devoid of the aforementioned limitations.  

Regardless of the type of gene vectors used, the blood brain barrier (BBB) prohibits delivery 

of systemically administered vectors to the central nervous system (CNS), resulting in minimal 

transgene expression.(5) Even specific viral vectors or DNA-NP with BBB-targeting ligands 

achieve only minimal accumulation in the brain when administered at very high doses, which 

are associated with potential adverse effects in peripheral organs.(18) For this reason, the 

majority of preclinical and clinical studies have focused on direct intracranial administration of 

gene vectors. However, the invasive nature of this approach and the risks associated with 

surgery limit the applicability of this strategy and its potential use for repeated administrations. 

Various methods for circumventing the BBB, such as intra-arterial infusion of osmotic agents, 

have been proposed, but they are invasive and non-targeted,(229, 230) leading to transgene 

expression in an uncontrolled fashion.  

     Currently, focused ultrasound (FUS) is the only modality allowing repeated, non-invasive, 

and temporary BBB permeabilization, leading to localized drug and gene delivery to the brain.(6, 

39) Circulating ultrasound contrast agent microbubbles (MBs), when exposed to low intensity 
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FUS, oscillate in volume with acoustic rarefaction and compression.(231) Ultimately, 

interactions between these activated MBs with the vascular wall lead to disruption of tight 

junctional complexes(108) and induction of active transport processes across the BBB.(232) 

Importantly, high capillary density in the brain permits many points of entry after FUS 

application, potentiating improved distribution compared to local injection. BBB opening is 

temporary, typically resolving within 4-6 h,(39, 233) and has shown safety in several 

experimental animal models, including rhesus macaques.(63) Furthermore, both preclinical and 

clinical studies have demonstrated the potential of FUS to deliver systemically administered 

payloads including imaging agents,(65, 234) ~100 nm liposomes,(78, 127) ~150 kDa 

antibodies,(110, 112) recombinant proteins,(118) ~20 nm viruses(155, 164) and ~10 μm neural 

stem cells(235) into the brain. Toward this end, the size of BBB opening is dependent on FUS 

acoustic pressures(57), suggesting the FUS parameters can be tuned to accommodate delivery 

of therapeutics of different sizes. FUS can be aimed with guidance from magnetic resonance 

imaging systems, allowing for accurate targeting of predefined brain structures; devices capable 

of targeting ultrasound through the human skull with sub-millimeter precision are currently in 

clinical trials.(36, 37)     

          Once beyond the BBB, the brain parenchyma provides an additional barrier to the 

diffusion of nanoparticles (NP). This brain-tissue barrier (BTB) consists of a nanoporous 

microstructure of negatively charged ECM macromolecules that hampers the distribution of 

NP(8, 190) and viruses(21) via adhesive interactions and/or steric obstruction. It has recently 

been shown that sub-115 nm NP densely coated with neutrally charged and bio-inert 

polyethylene glycol (PEG) are able to overcome the BTB and rapidly diffuse within the brain 

tissue.(8) We have demonstrated that BBB opening with MR-guided FUS and MBs can facilitate 

the delivery of colloidally stable, densely PEGylated 60 nm fluorescent tracer brain-penetrating 

NP (BPN) across the BBB.(6) Once delivered across the BBB, BPN exhibited wide dispersion 
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into the tissue away from the vessels of entry, allowing for homogeneous distribution in the 

FUS-treated tissue. 

     In this study, we used colloidally stable DNA-NP with a dense PEG coating (DNA-BPN) 

previously shown to achieve remarkable penetration through the BTB and high levels of 

transfection following direct intracranial administration.(186) By combining FUS-mediated BBB 

opening with systemically administered DNA-BPN, we formulated a non-invasive strategy to 

achieve safe, highly localized, robust, and sustained transgene expression in the CNS.   
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3.3 Results and Discussion:  

We formulated highly PEGylated DNA-BPN based on a gold-standard cationic polymer, 

polyethylenimine (PEI), as previous described.(148, 174, 186) This technique allowed the 

formulation of highly compact and colloidally stable 56 ± 2nm DNA-BPN with a PEG to PEI w/w 

ratio of 50 that is substantially higher than PEGylation ratios used traditionally(236–238). 

Effective shielding of the NP positive surface charge was confirmed by the near-neutral ζ-

potential (+1.5 ± 0.3 mV; Table 1). We further measured the stability of DNA-BPN in pooled 

human plasma (PHP; Innovative Research, Novi, MI); DNA-BPN retained their colloidal stability 

following incubation in PHP at 37oC, as evidenced by the well-preserved hydrodynamic 

diameters (65 ± 7 nm), near-neutral surface charge (-1.8 ± 0.8 mV) and polydispersity index 

(PDI) of 0.25 (Table 1). Despite a minimal increase in size, DNA-BPN did not aggregate, 

retained their sub-100 nm diameter and DNA compaction over at least 30 min of incubation in 

PHP at 37oC, as demonstrated by the hydrodynamic diameter histograms and transmission 

electron micrographs (Figure 1a, b). 

To measure the in vivo transfection efficiency of DNA-BPN, we formulated DNA-BPN with a 

plasmid containing a luciferase reporter gene driven by a long-acting β-actin promoter (pBAL). 

These DNA-BPN were intravenously co-injected at 3 different concentrations (50 µg, 100 µg 

and 200 µg) with MBs in Sprague-Dawley rats and FUS was applied to the striatum of the left 

hemisphere. Gene expression was measured using an In Vivo Imaging System (IVIS100; 

Xenogen, Alameda, CA). FUS-mediated BBB permeabilization led to targeted DNA-BPN 

delivery to the brain and robust bioluminescence at the ultrasound focus (i.e. anatomical 

location where FUS was applied) (Figure 2a). Off-target (i.e. outside the ultrasound focus) 

bioluminescence was not observed. Ex vivo bioluminescent imaging was performed on freshly 

excised brains at day 28 after DNA-BPN administration in order to confirm that the in vivo 

transfection measurements were not due to signal from extra-axial tissues such as the skin 
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and/or the skull (Figure 2b). Ex vivo images offer higher resolution and thus confirmed luciferase 

transgene expression through the entire ultrasound focus without off-target transgene 

expression. Repeated IVIS imaging demonstrated persistent dose-dependent reporter 

transgene expression for at least 28 days. Of note, even the lowest DNA-BPN dose led to 

bioluminescence signal significantly above the background (Figure 2c, d). Importantly, gene 

expression was observed as early as 24 hours after FUS-mediated delivery of DNA-BPN. 

Compared to commonly used viral vectors, this constitutes a very short lag time.(239) Some 

viral vectors (e.g. AAV2) require up to 5 weeks to achieve maximal expression,(240) indicating 

that their expression kinetics are less favorable than that of DNA-BPN. Importantly, expression 

persistence represents a marked improvement over previously published results using non-viral 

gene vectors. For example, in a study wherein MB bound pDNA was delivered across the BBB 

with FUS, expression dropped to ~10% of maximum after just 14 days.(156)  

     We next determined the transfection efficiency and neuron-astrocyte tropism following FUS-

mediated delivery of DNA-BPN. We used DNA-BPN containing an mCherry plasmid driven by 

the β-actin promoter (pBACH). The hydrodynamic diameter (56±2 nm) and ζ-potential (1.5±0.3 

mV) of these pBACH-carrying DNA-BPN were consistent with those of DNA-BPN complexed 

with pBAL. One week after FUS mediated delivery of pBACH bearing DNA-BPN, whole-brain ex 

vivo epifluorescence imaging confirmed mCherry transgene expression in the FUS-targeted 

region (Figure 3a). Microscopic examination of the FUS-targeted regions of nuclear 

counterstained (Draq5) brain cross-sections (Figure 3b) yielded visually detectable levels of 

mCherry expression, even at the lowest DNA-BPN dose. DNA-BPN achieved efficient 

transfection throughout the ultrasound focus region, in good agreement with a previous study 

suggesting the ability of densely PEGylated DNA-BPN to distribute homogeneously throughout 

brain parenchyma.(186) At the 200 μg DNA-BPN dose, 42.3% of cells in the ultrasound focus 

expressed the transgene compared to only 5.8% in the non-FUS treated contralateral 
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hemisphere (Figure 3c). The population of cells transfected by the 200 μg dose was significantly 

greater than the transfection efficiency of 30.2% or 28.0% found at the 100 μg or 50 μg doses, 

respectively. Consistent with our results generated using pBAL, mCherry gene expression 

appeared to be dose dependent (Figure 3c). Furthermore, we confirmed that transgene 

expression is directly dependent on FUS treatment because, even at a very high DNA-BPN 

dose, transgene expression beyond the intact BBB of the contralateral hemisphere was 

minimal. The highly efficient transfection of a large cell population within the FUS focus is most 

likely attributed to the contribution of FUS to improving DNA-BPN penetration through the 

BBB,(148) as well as the widespread distribution of DNA-BPN within the brain tissue. This is in 

good agreement with previous findings in which ultrasound enhanced delivery and transfection 

efficiency in FUS-treated tissue following systemic administration of NP.(159, 160) In fact, 

ultrasound mediated delivery of pBAL bearing NP, similar to the formulation used in the current 

study, led to strong and localized expression in hard-to-transfect skeletal muscle in vivo,(148) 

even greater than the level achieved by direct injection. 

To then determine which cell types are transfected with this approach, additional cross-

sections were immunolabeled for NeuN (neuronal marker), GFAP (astrocyte marker), and 

mCherry (Figure 4). DNA-BPN vectors entered both astrocytes and neurons in FUS-targeted 

tissue (Figure 4a). Out of the transfected neuron-astrocyte cell population, approximately 42% 

of transfected cells were neurons and the remaining 58% of transfected cells were astrocytes. 

Numerous studies have shown the importance of restricting transgene expression to particular 

cell types. To this end, cell-specific transgene expression can be achieved by the use of specific 

promoters. In the brain, transgene expression can be limited to astrocytes with a GFAP 

promoter(3) or neurons with a synapsin(163) or MeCP2(241) promoter. Several recent studies 

have demonstrated the importance of astrocytes in neurodegenerative disease,(242, 243) and 
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astrocyte-specific overexpression of neurotrophic factors leads to similar therapeutic efficacy as 

neuron-derived expression.(3)   

     FUS has previously demonstrated the ability to improve efficiency of several different gene 

vectors in the brain after systemic administration. For example, while self-complementary 

adeno-associated virus 9 (scAAV9) broadly transfects cells beyond the BBB even without 

additional targeting mechanisms, doses as high as ~1x1011 vg/g have been found to transduce 

only 19% of motor neurons in adult mice.(161) Delivery of scAAV9 into the brain(155) or spinal-

cord(162) with FUS achieved  almost 80% total transduction efficiency in the brain and 87% of 

neurons in the spinal cord at 2.5 x109 or 2x109 vg/g, respectively. While scAAV9 currently yields 

higher transfection than DNA-BPN in the brain after delivery with FUS,  scAAV9 has a 

packaging capacity of just 2.4 kb(172), which limits the versatility of this vector. To this end, 

tailorability, high packaging capacity and ease of manufacture make non-viral gene vector 

systems enticing, and further optimization of DNA-BPN formulation may enhance efficiency in 

the CNS.  

     Finally, we histologically examined brain tissues for signs of toxicity and/or gliosis.  

Hematoxylin and eosin (H&E) stained brain tissues that had been transfected via the delivery of 

DNA-BPN with FUS-mediated BBB opening were used to assess local toxicity (Figure 5a); 

comparisons were made to contralateral control hemispheres (i.e. FUS-, DNA-BPN+) and 

animals receiving no treatment. Importantly, no cellular damage was observed at any dose in 

either the FUS-treated or contralateral control hemispheres. Hemosiderin staining was found in 

the FUS treated region in only 2 of the n=18 brains tested. When examined as fraction of tissue 

area coverage, less than 0.1% of the observed H&E stained tissue area was hemosiderin 

positive, thereby indicating that erythrocyte leakage across the BBB after FUS treatment was an 

exceptionally rare occurrence. GFAP immunolabeling was used to assess potential astrocyte 

activation (i.e. gliosis) (Figure 5a). Comparisons of average grayscale intensity in GFAP stained 
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images across several depths in the brain revealed that GFAP staining intensity was unchanged 

when compared to both the contralateral region (i.e. FUS-, DNA-BPN+) and untreated controls 

(FUS-,DNA-BPN-). This indicates that no long-term astrocyte activation occurred in response to 

DNA-BPN delivery via FUS-mediated permeabilization of the BBB (Figure 5b). We also note 

that no long-term changes in animal behavior were observed following FUS-mediated delivery 

of DNA-BPN.   

     While the long term safety of BBB opening with FUS and MBs has been confirmed in 

animals through both tissue histology and animal behavior tests, it is also well known that 

driving MBs beyond a mode of stable cavitation and into an inertial cavitation mode can lead to 

blood pooling in tissue.(59, 244) Nonetheless, inertial cavitation is avoidable and it has been 

argued that minor erythrocyte extravasation would have minimal impact(41, 65) and such minor 

effects would be acceptable in treatments of diseases like tumors or neurodegenerative 

disease. With regard to PEI, its high positive charge density has raised concerns about 

toxicity.(238) In particular, non-PEGylated PEI NP have been shown to lead to cell death in vitro 

and in vivo after intracranial administration(186, 245). However, when the surface of PEI-based 

NP are densely coated with PEG, such as with the DNA-BPN used in the current study, toxicity 

is negligible.(186) Our safety results are consistent with those reported for convection enhanced 

delivery of PEI-based DNA-BPN, wherein no vector-induced toxicity was observed at high 

doses in rats.(186) 

     In conclusion, we provide here the first demonstration of targeted, robust, and sustained 

CNS transfection achieved by delivering systemically administered DNA-BPN across the BBB 

with FUS and MBs. This platform approach for gene delivery to the CNS has potential as a 

targeted and non-invasive modality for treatment of a variety of neurological diseases, including 

brain tumors and neurodegenerative diseases. 
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3.4 Materials and Methods: 

3.4.1 Animals 

  Female Sprague-Dawley rats were purchased from Harlan and maintained on a 12/12h 

light/dark cycle. Rats used in the experiments weighed between 180-220 g and were given food 

and water ad libitum. All animal experiments were approved by the Animal Care and Use 

Committee at the University of Virginia and conformed to the National Institutes of Health 

regulations for the use of animals in research. 

 

3.4.2 DNA-BPN Fabrication and Characterization 

 To synthesize a PEG5k-PEI copolymer, methoxy-PEG-N-hydroxysuccinimide (mPEG-NHS; 5 

kDa; Sigma-Aldrich, St. Louis, MO) was conjugated to 25 kDa branched PEI (Sigma-Aldrich), as 

previously described (PEG5k-PEI)(148, 174, 186). Nuclear magnetic resonance (NMR) was 

used to confirm a PEG: PEI ratio of 50; a ratio previously shown to provide sufficient shielding of 

the DNA-NP positive surface charge(186). 1H NMR (500 MHz, D2O): δ 2.48 – 3.20 (br, 

CH2CH2NH), 3.62 – 3.72 (br, CH2CH2O). The pBAL and pBACH plasmids were produced by 

Copernicus Therapeutics Inc. (Cleveland, OH). DNA-NP were formulated by the drop-wise 

addition of 10 volumes of plasmid DNA (0.2 mg/ml) to 1 volume of polymer solution. PEI 

solutions were prepared at a previously optimized nitrogen to phosphate (N/P) ratio of 6 and at 

PEG5k-PEI to PEI molar ratio of 3. Gene vectors were washed with 3 volumes of ultrapure 

water, and concentrated to 1 mg/ml using Amicon® Ultra Centrifugal Filters (100,000 MWCO; 

Millipore Corp., Billerica, MA) so as to remove free polymers. DNA concentration was 

determined using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, 

Wilmington, DE). 

To characterize DNA-NP in water as well as PHP we used a Nanosizer ZS90 (Malvern 

Instruments, Southborough, MA). Hydrodynamic diameter and PDI were measured in 10 mM 
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NaCl at pH 7.0 by dynamic light scattering (DLS); ζ-potential was similarly measured by laser 

Doppler anemometry. In order to determine the DNA-NP morphology, transmission electron 

microscopy (TEM) was used (Hitachi H7600; Hitachi High Technologies America, Schaumburg, 

IL). PEI gene vector stability was assessed following incubation of DNA-NP in PHP, filtered 

through Amicon® Ultra Centrifugal Filters (100,000 MWCO), at 37oC. We conducted DLS before 

and immediately after treatment with PHP as well as at 5 min, 10 min, 20 min and 30 min of 

incubation. TEM was also conducted immediately after treatment with PHP and at 10 min, 20 

min and 30 min of incubation. 

 

3.4.3 FUS-Mediated DNA-BPN Delivery 

 Female Sprague-Dawley rats (180-220 g) were anesthetized with an intraperitoneal injection of 

ketamine (40 mg/kg; Fort Dodge, IA) and dexdomitor (0.2 mg/kg, Pfizer, New York, NY) in 

sterilized 0.9% saline. A tail vein catheter was inserted to allow intravenous injections of DNA-

BPN and microbubbles. Animal heads were shaved and depilated before being secured prone 

in a stereotaxic frame (Stoelting, Wood Dale, IL). Rat heads were ultrasonically coupled to a 

FUS transducer and positioned such that the ultrasound focus was localized to the left striatum. 

Rats received a co-injection of DNA-BPN (50 µg, 100 µg or 200 µg) and MBs (3x105 MBs/g 

body weight) followed by 0.3 ml of 2% heparinized saline to clear the catheter. Sonication began 

immediately after clearance of the catheter.  

     All sonications were performed using a 1 MHz single element FUS transducer (Olympus, 

Center Valley, NJ) operating at a 0.5% duty cycle for 2 min. Peak negative pressure was 0.6 

MPa for all treatments. The waveform pulsing was amplified using a 55 dB RF power amplifier 

(ENI 3100LA; Electronic Navigation Industries, Richardson, TX).   

 

3.4.4 Microbubble Preparation 
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 MBs used in this study are similar to Optison (GE Healthcare, Little Chalfont, Buckinghamshire, 

UK). To produce MBs, a 1% solution of serum albumin in saline was sonicated (20 kHz, 30 s) 

with an ultrasound disintegrator (XL2020; Misonix, Farmingdale, NY) with an extended ½-inch 

titanium probe. The flask containing the solution had its headspace filled with octafluoropropane 

gas prior to sonication. MBs were sized and counted using a Coulter Counter (Multisizer 3, 

Beckman Coulter, Fullterton, CA).  

 

3.4.5 In Vivo Bioluminescence Imaging 

 Animals were anesthetized and maintained on 2-2.5% isofluorane in oxygen. D-Luciferin (Gold 

Biotechnology, St. Louis, MO) was administered by intraperitoneal injection at 150 mg/kg. 

Animals were serially imaged using an IVIS100 imaging system (Xenogen, Alameda, CA, USA). 

Photons were collected and integrated for a period of 1 minute. Images were processed using 

Xenogen’s Living Image software. Total flux intensities were measured from a region of interest 

over the FUS targeted region.  

 

3.4.6 Ex Vivo Bioluminescence Imaging 

 Immediately following the final in vivo bioluminescence imaging session, rats treated with FUS 

and DNA-BPN bearing β-actin-luciferase plasmid rats were euthanized and decapitated. The 

brains were quickly dipped in 10 mg/ml D-luciferin and imaged using the IVIS100 imaging 

system. Photons emitted were collected over 2 min.  

 

3.4.7 Whole Brain Epifluorescence Imaging 

 One week after delivery of pBACH-bearing DNA-BPN with FUS, rats were euthanized. 

Immediately following euthanasia, left and right carotid arteries were cannulated and perfused 

with 20 ml of 2% heparinized 0.9% saline followed by 10 ml of 4% paraformaldehyde. Brains 
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were immediately placed into 0.9% saline and imaged using an IVIS100 imaging system with 

the 605 nm excitation and 650 nm emission filters.  

 

3.4.8 Histological Processing 

 Immediately following euthanasia, left and right carotid arteries were cannulated and perfused 

with 20 ml of 2% heparinized 0.9% saline followed by 10 ml of 4% paraformaldehyde. Brains 

were suffusion-fixed in 4% paraformaldehyde for 24 h at 4ºC prior to desiccation in 30% sucrose 

for 24 h at 4ºC. Desiccated brains were placed in OCT compound for 1 h prior to flash freezing 

and ultimate storage at -80ºC. Brains were mounted with OCT and sectioned in a cryostat 

(Leica, Buffalo Grove, IL). Transverse 8 µm thick sections were mounted and stained.  

 

3.4.9 Histology  

Hematoxylin and Eosin (H&E) staining was performed on mounted sections according to 

standard protocols. Tissues were imaged on a bright field microscope (Zeiss, Jena, Germany) 

equipped with a color CCD Camera (Olympus, Center Valley, NJ) 

 

3.4.10 Immunofluorescence 

 Mounted sections were washed 3x for 10 min in phosphate buffered saline (PBS) then 

incubated with blocking solution (Vector Labs, Burlingame, CA). Next, sections were incubated 

overnight at 4ºC with mouse anti-mCherry (1:200; Abcam, Cambridge, MA). After washing 3x 

for 10 min in PBS, sections were incubated for 1 h at room temperature with Alexafluor-488 

conjugated goat anti-mouse IgG (1:250; Invitrogen, Grand Island, NY) and Draq5 (1:1000; 

Thermo Scientific, Waltham, MA). After washing 3x for 10 min in PBS, slides were mounted 

using Prolong Gold (Invitrogen) and a coverslip. Sections were imaged on a Nikon Eclipse 

TE2000 confocal microscope (Nikon, Melville, NY) equipped with a 20x oil objective. 
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Transfection efficiency was assessed using ImageJ by manually counting Draq5+ cells and 

comparing this to Draq5+ mCherry+ cells. At least three representative fields of view were 

counted from at least three different section depths within the rat brain.  

     To assess cell tropism, mounted sections were washed 3x for 10 min in PBS and incubated 

with blocking solution (Vector Labs, Burlingame, CA). Sections were next incubated overnight 

with mouse anti-mCherry (1:200; Abcam). After washing 3x for 10 min in PBS, sections were 

incubated for 1 hr at room temp with Alexa Fluor 647 conjugated goat anti-mouse IgG 

(Invitrogen). After washing 3x for 10 min in PBS, sections were incubated with mouse anti-glial 

fibrillary acidic protein (GFAP) (1:500; Millipore Corp.) and mouse anti-neuronal nuclear antigen 

(NeuN) (1:500; Millipore Corp.). After washing 3x for 10 min in PBS, sections were mounted 

using Prolong Gold (Invitrogen). Sections were imaged on a Nikon Eclipse TE2000 confocal 

microscope equipped with a 20x oil objective. Cellular tropism was assessed using ImageJ by 

manually comparing localization of mCherry+ cells with NeuN+ cells and GFAP+ cells. At least 

three representative fields of view were counted from at least three different section depths 

within the rat brain. 
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3.6 Chapter 3 Figures 

 
Figure 3.1. DNA-BPN stability in PHP (A) Gene vector hydrodynamic diameter (number mean) 
distribution following incubation in PHP at 37oC for 0, 10, 20 and 30 min. Size was measured by 
DLS in 10 mM NaCl at pH 7.0. (B) Transmission electron microscopy images of gene vectors 
following incubation in PHP at 37oC. Scale bar: 100 nm. 
 
 
  



57 

 

 
Figure 3.2. FUS-mediated delivery of pBAL DNA-BPN across the BBB leads to robust and 
localized transgene expression in the rat brain. (A) Representative IVIS bioluminescence scans 
acquired 7 days after delivery of luciferase-bearing DNA-BPN into the rat brain with FUS. 
Bioluminescence was dependent on the DNA-BPN dose. (B) Ex vivo bioluminescence IVIS 
scans showing transgene distribution through axial plane (left) and coronal plane (right) 28 days 
after FUS treatment. (C) Representative IVIS bioluminescence images in a rat given 200 μg 
luciferase bearing DNA-BPN over 28 days. (D) Line graph of bioluminescence total flux over the 
28 day test period. *Significantly different than all other doses tested (p<0.05).  
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Figure 3.3. FUS mediated delivery of pBACH DNA-BPN into rat brain leads to efficient and 
localized transfection. (A) Representative whole brain ex vivo epifluorescence IVIS scans taken 
7 days after delivery of DNA-BPN. (B) Confocal fluorescence images show mCherry (red, left 
column), Draq5 (blue, middle column) and merge (right column) images 7 days after FUS-
mediated delivery of DNA-BPN. Arrows indicate co-localization of mCherry and Draq5. Scale 
bar = 100 um. (C) Bar graphs showing transfection efficiency 7 days after DNA-BPN delivery 
with FUS compared to contralateral non-FUS treated hemisphere. *Significantly different 
(p<0.05).  
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Figure 3.4. DNA-BPN delivered across the BBB with FUS transfect both astrocytes and 
neurons. (A) Representative confocal fluorescent images show mCherry (red, left column), 
GFAP (green, middle-left column), NeuN (blue, middle-right column), and merge (right column) 
images 7 days after delivery of pBACH DNA-BPN with FUS (top row) or without FUS (bottom 
row). Arrows indicate colocalization of mCherry and GFAP (red) or NeuN (yellow). Scale bar = 
100 µm. (B) Bar graph showing the relative fraction of mCherry+ cells that colocalize with the 
GFAP astrocytic marker or the NeuN neuronal marker.  
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Figure 3.5. Examination of brain tissues for toxicity and gliosis at 1 week after DNA-BPN 
delivery with FUS. (A) Representative images from n=6 H&E-stained sections (top) or confocal 
GFAP-immunofluorescence sections 7 days after DNA-BPN delivery with FUS. No signs of 
toxicity were found in brains treated with FUS and DNA-BPN. Hemosiderin staining was found 
in 11% of n=18 brains tested. (B) Bar graph of GFAP grayscale intensity in the FUS+ and DNA-
BPN treated regions as well as the contralateral FUS- hemisphere. No statistical differences 
were found.  
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3.7 Chapter 3 Tables 
 

Table 3.1. Physiochemical properties of DNA-BPN.  
 

 

Hydrodynamic Diameter ± SEM (nm)a ζ-potential ± SEM  
(mV)b 

PDIa 

Number mean z-average 

DNA-BPN 56 ± 2 106 ± 1 1.5 ± 0.3 0.18 

DNA-BPN in 
plasmac 

65 ± 7 130 ± 2 -1.8 ± 0.8 0.25 

 
a Size and PDI were measured by DLS in 10 mM NaCl at pH 7.0 and data are presented as the 
average of at least 3 measurements ± standard error of the mean (SEM). 
b ζ-potential was similarly measured by laser Doppler anemometry and data are presented as 
the average of at least 3 measurements ± SEM. 

c Physicochemical characteristics were measured following 5 min incubation in PHP at 37ºC. 
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Chapter 4: Novel focused ultrasound gene therapy approach non-invasively restores 

dopaminergic neuron function in a rat Parkinson’s disease model 

Brian P. Mead, Namho Kim, G. Wilson Miller, David Hodges, Panagiotis Mastorakos, Alexander 

L. Klibanov, James W. Mandell, Jay Hirsh, Jung Soo Suk, Justin Hanes, Richard J. Price. Nano 

Letters 17: 3533-3542, 2017.  
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4.1 Abstract 

Therapies capable of decelerating, or perhaps even halting, neurodegeneration in Parkinson’s 

disease (PD) remain elusive. Clinical trials of PD gene therapy testing the delivery of 

neurotrophic factors, such as the glial cell-line derived neurotrophic factor (GDNF), have been 

largely ineffective due to poor vector distribution throughout the diseased regions in the brain. In 

addition, current delivery strategies involve invasive procedures that obviate the inclusion of 

early-stage patients who are most likely to benefit from GDNF-based gene therapy. Here, we 

introduce a two-pronged treatment strategy, composed of MR image-guided focused ultrasound 

(FUS) and brain-penetrating nanoparticles (BPN), that provides widespread but targeted GDNF 

transgene expression in the brain following systemic administration. MR image-guided FUS 

allows circulating gene vectors to partition into the brain tissue by non-invasive and transient 

opening of the blood-brain barrier (BBB) within the areas where FUS is applied. Once beyond 

the BBB, BPN provide widespread and uniform GDNF expression throughout the targeted brain 

tissue.  After only a single treatment, our strategy led to therapeutically relevant levels of GDNF 

protein content in the FUS-targeted regions in the striatum of the 6-OHDA-induced rat model of 

PD, which lasted at least up to 10 weeks. Importantly, our strategy restored both dopamine 

levels and dopaminergic neuron density and reversed behavioral indicators of PD-associated 

motor dysfunction with no evidence of local or systemic toxicity. Our combinatorial approach 

overcomes limitations of current delivery strategies, thereby potentially providing a novel means 

to treat PD.  

 
Keywords: Focused Ultrasound, Non-Viral Gene Delivery, Parkinson’s Disease, Blood-
Brain Barrier  
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4.2 Introduction 

     Parkinson’s disease (PD) is a largely idiopathic neurodegenerative disorder affecting 

approximately 2% of the population over 65(246). It is estimated that PD costs more than 14 

billion dollars each year in the US alone(247) and incidence is expected to double as early as 

2040(116). One of the primary hallmarks of PD is the degeneration of dopaminergic neurons 

with cell bodies in the substantia nigra pars compacta (SNpc) and axon projections extending 

into the striatum. The resulting dopamine deficiency leads to progressive and debilitating motor 

control deficits including bradykinesia, rigidity, and resting tremor. While pharmacological 

dopamine replacement or surgical therapies like deep brain stimulation can ameliorate 

symptoms at early stages in PD, they are not neuroprotective and continued neuronal 

degeneration ultimately leads to recurrence of symptoms(248, 249). Furthermore, late stage 

patients often develop motor symptoms that are refractory to dopamine replacement therapies 

or complications stemming from long-term dopamine-replacing drug use(250).  Therapies that 

can slow or stop the neurodegenerative process have remained elusive(251). 

     Gene therapy approaches aimed at slowing or reversing neurodegeneration in PD have 

been developed and tested in both pre-clinical and clinical settings for many years. Neurotrophic 

factors, like the glial cell-line derived neurotrophic factor (GDNF), are attractive candidates for 

gene therapy due to their ability to protect neurons from continued degeneration, induce 

neuronal regeneration and sprouting, and enhance dopamine generation from the remaining 

neuronal population(252, 253). Numerous gene therapy clinical trials for PD have been 

completed using genes that encode for neurotrophic factors like GDNF or its close structural 

and functional relative, neurturin (NTRN). While these clinical trials showed safety, therapeutic 

outcomes were disappointing. Going forward, it has been hypothesized that therapeutic 

outcomes may be improved by: a) enhancing delivery efficiency, transfection volume, and 

reproducibility of delivery within the target structures(254), b) treating earlier stage (or even 
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prodromal) patients prior to the onset of extensive irreversible neurodegeneration(255, 256), 

and c) further adjusting dosing parameters to ensure appropriate levels of neurotrophic factor 

expression throughout the target volume. While advances in direct injection strategies, including 

convection enhanced delivery (CED), may improve outcomes, concerns over their invasive and 

risky nature have obviated the inclusion of early stage PD patients in clinical trials. More 

effective and minimally-invasive approaches that can be used for patients regardless of their 

disease stages are required.  

     To date, clinical gene therapy studies have relied upon direct administration methods that 

are invasive and may yield poor transgene distribution. Systemic administration has not been 

considered because the BBB prevents nearly 100% of molecules larger than ~400 Da in size 

from entering the brain. Indeed, the BBB remains one of the most significant impediments to 

therapeutic delivery to the brain following systemic administration(5). To achieve efficacy, both 

viral vectors and nanoparticles with BBB-targeting ligands often require very high systemic 

doses, which can lead to peripheral adverse side effects(18). Other strategies for circumventing 

the BBB, such as intranasal administration or intra-arterial infusion of the osmotic agent 

mannitol, have been proposed and are being tested. However, they also have weaknesses that 

may hinder translation to the clinic, including invasiveness, inconsistency, and/or poor targeting 

and tissue distribution(229, 230).  

     MR image-guided focused ultrasound (FUS) is currently the only modality capable of non-

invasively opening the BBB for spatially targeted therapeutic delivery into the brain(7). Through 

the activation of ultrasound contrast agent microbubbles (MBs) in stable cavitation, FUS permits 

the targeted delivery of nanoparticles as large as 100 nm across the BBB(6, 7). Activated MBs 

exert mechanical forces on the vessel wall, temporarily disrupting tight junctional 

complexes(108) and inducing active transport processes(232). Barrier function is typically fully 

restored within 4-6 hours(233, 257), and safety has been demonstrated in several large animal 
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models(63, 64). Advances in transducer technology now permit sub-millimeter precision, and 

with guidance from magnetic resonance (MR) imaging, it is possible to apply FUS across the 

human skull in an extremely localized manner, limiting the potential for unwanted side 

effects(258, 259). Furthermore, MR imaging allows semi-real time intraoperative treatment 

feedback and post-operative confirmation of success. Indeed, MR image-guided FUS is now 

FDA approved for use in humans with essential tremor(259), and clinical trials for other CNS 

disorders including tremor dominant PD are underway(260).     

     Once across the BBB, vectors must traverse a dense, nanoporous, and negatively charged 

extracellular matrix (ECM) that impedes the dispersion of traditional nanoparticles(8, 190) and 

viruses(21) through both adhesive interactions and steric obstruction. Importantly, it has recently 

been shown that sub-114 nm nanoparticles densely coated with hydrophilic and neutrally 

charged polyethylene glycol (PEG) are able to overcome this barrier and diffuse rapidly within 

the brain parenchyma(8, 186, 261, 262). These “brain-penetrating nanoparticles” (BPN) can be 

complexed into nano-sized and colloidally stable gene vectors(263, 264). We have previously 

demonstrated that FUS can target BPN delivery to rat brain(6), which can provide robust and 

long-term reporter gene expression in the FUS-targeted region when the BPN is loaded with 

plasmid DNA(265). In the current study, we used a BPN formulation to deliver a GDNF gene-

bearing plasmid (GDNF-BPN) to the striatum of PD rats whose BBB was transiently opened in a 

targeted manner with MR image-guided FUS.  We demonstrate a clinically-relevant strategy to 

restore dopaminergic neuronal function without the need for invasive surgical procedures.  
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4.3 Results 

4.3.1 Characterization of GDNF-BPN. 

The GDNF plasmid was previously engineered for long term expression in the brain(266). By 

using a long-lasting polyubiquitin C promoter, optimized Kozak consensus sequence to improve 

translation initiation, and a CpG depleted plasmid backbone to reduce DNA silencing(267), this 

gene cassette was found to have peak expression after approximately 7 days and lasting at 

least 6 months after direct injection into mouse striatum(266). We condensed GDNF plasmids or 

negative control reporter gene bearing plasmids (i.e. pBAL) with a blend of polyethylenimine 

(PEI) and PEI-PEG conjugates to yield GDNF-BPN or pBAL-BPN, respectively. We have shown 

that the large amount of PEG in these systems greatly reduces, if not eliminates, potential in 

vivo toxicity induced by the highly cationic nature of PEI(148, 186, 265). The GDNF-BPN and 

pBAL-BPN formulations both possessed very small hydrodynamic diameter (50 +/- 3 nm), near 

neutral surface charge (ζ-potential of 1.5 +/- 0.2 mV), and a tight size distribution (polydispersity 

index of 0.2); we have shown that nanoparticles that possess this combination of 

physicochemical properties rapidly penetrate within brain tissue(186) and provide uniform and 

efficient reporter gene expression in the rat striatum after delivery with FUS(265). GDNF-BPN 

and pBAL-BPN were colloidally stable without any significant change in size and morphology for 

at least 6 hours when incubated in artificial cerebrospinal fluid (aCSF) at 37 °C (Figure S1). 

 

4.3.2 MR Imaging Assessment of Blood-Brain Barrier Opening. 

FUS treatments were guided by peri-operative MRI (Figure 1). Pre-FUS T1-weighted and T2-

weighted (Figure 1A) MR images were acquired and used to plan 4 equally-spaced treatment 

sites within the ipsilateral (6-OHDA treated) striatum. We targeted only the striatum because 

previous studies suggest that this approach leads to a greater functional recovery than 

treatment of both the striatum and SNpc(268). FUS parameters (1.15 MHz, 0.6 MPa non-
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derated peak-negative pressure), MB dose (3x105 MB/g), and GDNF-BPN dose (0.5 µg/g body 

weight) were chosen based on previous BPN delivery and safety studies from our group(6, 

265). To confirm BBB disruption after FUS-application, Gd-DPTA was injected intravenously 

and contrast-enhanced T1-weighted images were acquired (Figure 1C) and compared to pre-

FUS T1-weighted images. Enhancement in signal intensity in the FUS-treated striatum was 

found in all (n = 32) animals treated with FUS. In addition, T2*-weighted imaging, which detects 

extensive red blood cell extravasation, was performed pre- and post-FUS (Figure 1 B,D). Red 

blood cell extravasation, which would have been indicated by hypointense regions on T2* MRI, 

was never detected at the FUS-treated sites (n = 128) in this study. 

    

4.3.3 Localized delivery of GDNF-BPN with FUS Elicits Robust GDNF Protein Expression 

in the Striatum.  

Two weeks after unilateral partial lesioning with 6-OHDA, GDNF-BPN were injected 

intravenously and delivered to the 6-OHDA lesioned striatum with MRI-guided FUS. Delivery of 

GDNF-BPN with FUS to the striatum led to an 11-fold increase in ipsilateral striatal GDNF 

protein when compared to 6-OHDA only control animals (Figure 2). GDNF protein levels 

remained elevated through week 12, reaching 12.3 ± 3.5 ng/mg. Application of 6-OHDA alone, 

in conjunction with GDNF-BPN without FUS, or in conjunction with FUS-mediated delivery of 

pBAL-BPN, had no significant effect on GDNF protein levels. GDNF levels were not elevated 

above baseline levels in the contralateral striatum or the SNpc (Figure S2A) of either 

hemisphere in any group, indicating that FUS application yielded target-site specific GDNF 

expression. Importantly, GDNF expression in animals receiving GDNF-BPN was not 

significantly elevated in off-target major organs (Figure S2B) when compared to 6-OHDA only 

animals.  
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4.3.4 Dopamine Levels are Elevated in 6-OHDA Lesioned Rats that Subsequently 

Received FUS-Targeted GDNF-BPN Delivery. 

Two weeks after administration of 6-OHDA into the striatum of control animals, ipsilateral striatal 

dopamine (DA) levels dropped to ~10% of those measured in the contralateral striatum (Figure 

3). Furthermore, DA levels remained low at weeks 6 and 12 in the 6-OHDA only control group. 

In agreement with the locomotor function data, animals in both the 6-OHDA + GDNF-BPN (no 

FUS) and 6-OHDA + FUS + pBAL-BPN control groups showed no improvement in ipsilateral DA 

levels compared to animals who received no treatment after 6-OHDA administration. 

Importantly, 6-OHDA lesioned animals treated with GDNF-BPN and FUS exhibited 2.8-fold and 

2.2-fold increases in DA levels compared to 6-OHDA only control animals at weeks 6 and 12, 

respectively. Ipsilateral DA levels in these treated animals were not significantly different from 

contralateral striatal DA levels at week 12, suggesting that the treatment regimen normalized 

DA levels. In addition, in the ipsilateral striatum, the DA metabolites 3,4-dihydroxyphenylacetic 

acid (DOPAC) and homovanillic acid (HVA) were elevated 3.8-fold and 4.3-fold, respectively, in 

6-OHDA +FUS + GDNF-BPN animals at week 12 compared to 6-OHDA rats, indicative of DA 

turnover (Table S1).  

 

4.3.5 Dopaminergic Neuron Density is Restored in 6-OHDA Lesioned Rats that 

Subsequently Received FUS-Targeted GDNF-BPN Delivery. 

Both dopaminergic (TH+) neuron cell number in the SNpc and nigrostriatal neuronal projection 

density in the striatum were assessed through quantitative morphology at weeks 2, 6, and 12 

after 6-OHDA administration (Figure 4). In control animals, 6-OHDA administration led to a 74% 

reduction in dopaminergic cell number in the SNpc and an 87% reduction in dopaminergic 

staining density in the striatum at two weeks. Control animals receiving 6-OHDA only, 6-OHDA 

+ GDNF-BPN, or 6-OHDA + FUS + pBAL-BPN showed no improvement in dopaminergic 
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neuron number in the SNpc nor in dopaminergic staining density in the striatum. In contrast, 6-

OHDA rats treated with GDNF-BPN and FUS showed, respectively, 3.2-fold and 5.0-fold 

increases in dopaminergic cell number in the SNpc and dopaminergic density in the striatum at 

week 12. Qualitatively, 6-OHDA + FUS + GDNF-BPN treatment also appeared to enhance TH+ 

fiber density in the substantia nigra pars reticulata (SNpr), which lies ventral to the SNpc, when 

compared to 6-OHDA controls. 

 

4.3.6 Locomotor Function is Markedly Improved in 6-OHDA Lesioned Rats that 

Subsequently Received FUS-Targeted GDNF-BPN Delivery.  

Unilateral striatal 6-OHDA lesioning without treatment led to extensive locomotor deficits, 

including apomorphine-induced rotational bias and forepaw use bias after two weeks (Figure 5). 

Control animals that received no treatment after 6-OHDA administration, intravenous GDNF-

BPN only, or pBAL-BPN and FUS maintained both drug induced and voluntary locomotor bias 

throughout the entire 12-week course of the study, indicating extensive neurodegeneration 

(Figure 5). In contrast, 6-OHDA lesioned animals that received the FUS + GDNF-BPN treatment 

demonstrated markedly improved locomotor function. At week 2, treated animals exhibited a 

54% reduction in apomorphine-induced rotational bias when compared to 6-OHDA only control 

animals. At week 4, forepaw use bias was restored to normal levels. In the 6-OHDA + FUS + 

GDNF-BPN treatment group, these improvements in locomotor function, as assessed by both 

tests, were fully retained through the 12 week duration of the experiment.  

 

4.3.7 Safety Analysis 

     Animals in the 6-OHDA + FUS + GDNF-BPN treatment group did not show changes in 

weight gain compared to controls (Figure S3A). Brain tissue sections were stained with H&E 

and scored for signs of toxicity by a board certified neuropathologist (JWM) blinded to the 
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treatment conditions. No evidence of neural damage, ischemic injury, or gliosis was found 

beyond that caused by the 6-OHDA probe injection tract in any slide throughout the course of 

the 12-week study (Figure S3B).  

 

4.4 Discussion 

     Clinical strategies capable of slowing or reversing neurodegeneration in Parkinson’s disease 

remain elusive. It has been hypothesized that clinical gene therapy trials using viral vectors to 

deliver neurotrophic factors, including GDNF, have failed to meet primary efficacy outcomes due 

to both incomplete delivery to the target structures and invasive surgical strategies that obviate 

the inclusion of early stage PD patients(254, 255). Using a clinically relevant treatment 

paradigm, wherein treatment was applied when the nigrostriatal motor neuron pathway had 

experienced an ~80% reduction in dopaminergic neuron density, we demonstrated that the MR 

image-guided delivery of brain-penetrating GDNF gene nanovectors with FUS is capable of 

generating marked improvements in locomotor function, nigrostriatal dopaminergic neuron 

density, and DA levels, with some metrics showing complete restoration. Given the minimally-

invasive nature of this gene delivery strategy, we postulate that it may eventually be translated 

to the clinic for treatment of early stage or prodromal PD patients.  

 

4.4.1 Gene Delivery to the CNS with FUS 

     It is now well established that MR image-guided FUS may be used to non-invasively and 

temporarily open the BBB, allowing localized delivery of systemically circulating agents as large 

as 100 nm in size to the CNS(6, 7). We have previously demonstrated the ability of FUS to 

target the delivery of reporter gene-bearing BPN to the brains of healthy rats, leading to 

efficient, targeted, and localized transgene expression without signs of toxicity or astrocyte 

activation(265). Importantly, we found that ~30% of cells, including an equal ratio of neurons 
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and astrocytes, were transfected at a similar dose as the current study(265). We note that FUS 

has recently been shown to facilitate the delivery of systemically administered GDNF-loaded 

liposomes ~200 nm in diameter to the brain, leading to neuroprotection in a mouse model of 

PD(269). While a modest but significant increase in GDNF protein content was observed (< 2-

fold increase over control animals), a total of 12 FUS + GDNF plasmid treatments, at doses of 1 

µg/g, were required to achieve this level of GDNF expression. Moreover, transgene expression 

was detected in non-targeted brain and some peripheral organs, as determined by in vivo 

imaging. In contrast, our GDNF-BPN, possessing smaller diameters of ~50 nm, elicited an 11-

fold increase in GDNF protein content that was achieved with  a single treatment only (dose = 

0.5 µg/g) and precisely localized to the FUS-treated striatum. Thus, we postulate that GDNF 

plasmid delivered via this unique combination of FUS-targeted BBB opening and BPN-mediated 

brain distribution offers a single treatment approach with improved spatial specificity, greater 

GDNF expression, and enhanced functional therapeutic outcomes.  

     FUS has also been shown, in studies by other investigators, to be capable of delivering 

naked plasmids(156, 157) and adeno-associated viruses (~20 nm size)(155, 163) to the CNS 

after systemic administration. The appeal of viral-based gene vectors is reduced by neutralizing 

immune responses to the virus, which are often observed following administration or prior 

exposure, that reduce efficiency of transgene delivery(171).  Other limitations of viral vector 

approaches include low packaging capacity, high production costs, and/or safety risks(228). The 

non-viral BPN vectors used in the current study are versatile, highly tunable, and devoid of the 

intrinsic limitations associated with viral vectors. 

 

4.4.2 Comparison to Previous Pre-Clinical Studies with GDNF 

     Our treatment strategy yielded long-term and spatially localized GDNF expression at levels 

that did not elicit local toxicity. GDNF protein content remained elevated (~10-fold over controls) 
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in the FUS + GDNF-BPN treated striatum for at least 10 weeks post-treatment, suggesting long-

term GDNF expression at functional levels at least on the order seen in other gene delivery 

studies with the same plasmid(270). Elevated GDNF levels were not found in the ipsilateral 

SNpc, the contralateral striatum, or the contralateral SNpc, highlighting the ability of FUS to 

spatially localize the delivery of GDNF-BPN. While the mechanisms of restoration of 

dopaminergic cell number in the SNpc due to enhanced GDNF expression are not yet clear, it 

has been postulated(3) that this could be elicited by GDNF-induced signaling at axon terminals 

rather than retrograde GDNF transport. This is consistent with our finding that dopaminergic 

neurons were restored in the SNpc despite GDNF levels remaining at normal levels. There 

appears to be a fairly large therapeutic window for GDNF in the brain, as previous studies have 

shown that while small (3-4 fold) increases in GDNF protein levels in the striatum were sufficient 

to protect most neurons from 6-OHDA lesioning, much higher levels (~100-300-fold increases) 

of GDNF expression can lead to adverse side effects, including lower tissue DA and TH levels 

after 6-12 weeks(271, 272). However, appropriate targeting within the brain is critical, as off-

target GDNF overexpression in the hypothalamus(273, 274) or infusion into the ventricles(275) 

can lead to weight loss. Studies using systemically administered recombinant GDNF protein 

have not reported adverse events associated with off-target GDNF uptake(276), which is 

consistent with the observation that animal weight gain was normal in our study.  

     Previous studies have used direct administration of viral vectors to overexpress GDNF in 

both toxin-based and α-synuclein-based preclinical models of PD. While studies in toxin-based 

models have demonstrated restoration of motor function and/or dopaminergic density after 

GDNF gene therapy, these studies have utilized less severe models of PD, wherein animals 

only exhibited ~30-50% dopaminergic neuron loss at the time of treatment(2, 3, 277). In 

contrast, animals in the current study were treated when ~70-80% of dopaminergic neurons had 

been lost, thereby replicating the level of neurodegeneration seen in early stage human PD 
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patients(278, 279). While the 6-OHDA model recapitulates many aspects of human PD, going 

forward, it may be useful to determine whether our approach is efficacious in other PD models, 

such as an α-synuclein overexpression model. Nonetheless, it is important to note that α-

synuclein-based PD models have previously demonstrated lack of efficacy of GDNF gene 

therapies(280), presumably due to GDNF receptor (Ret) downregulation(281); therefore, 

alternative models may be more appropriate for this application. 

   

4.4.3 Relevance to Clinical Trials  

     Despite the success of gene therapies for neurotrophic factors in pre-clinical animal studies 

(2, 3, 271, 282), clinical PD trials have generally failed to meet primary outcomes. While early 

gene therapy trials with AAV2-NTRN administered intracranially by convection-enhanced 

delivery did produce preliminary evidence for clinical improvement, results were inconsistent(22, 

23). Following this clinical trial, post-mortem results demonstrated that only ~20% of the 

targeted putamen expressed detectable levels of NTRN (283), suggesting that increasing 

putaminal coverage could improve outcomes. A follow-up phase 2b trial used an ~3-fold higher 

dose of AAV2-NTRN and increased the CED-injected volume ~4-fold(284). Unfortunately, 

putaminal coverage was increased to only ~30% and these trials again failed to meet primary 

outcomes. Ongoing clinical trials using AAV2-GDNF (www.clinicaltrials.gov, NCT01621581) are 

aimed at improving volume of distribution using highly-invasive intracranial infusion.  

     Additional data argue for treatments at earlier stage or even prodromal PD. PD symptoms 

typically appear after loss of ~70-80% of dopaminergic neurons(278, 279), and degeneration is 

nearly complete within 10 years after diagnosis, rendering the disease irreversible(285). 

Consistent with this paradigm, a recent post-hoc analysis of earlier AAV2-NTRN clinical trials 

demonstrated that patients treated less than 5 years after PD diagnosis had a significantly 

(~2.5-fold) greater improvement in unified PD rating scale (UPDRS) scores when compared to 
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patients treated more than 10 years after diagnosis. Importantly, PD patients treated with AAV2-

NTRN more than 10 years after diagnosis (constituting more than half of the treated patients) 

exhibited no improvement when compared to sham controls(284). The FDA has so far been 

unwilling to treat PD patients at earlier stages owing to the invasive nature and risks associated 

with intracranial injection/infusion strategies(255). 

     In contrast, FUS has the advantage of being a non-invasive treatment strategy that can even 

be performed on awake patients, obviating risks associated with surgical procedures and 

general anesthetics (286). Moreover, the high capillary density in the brain provides a large 

surface area for delivery from the systemic circulation after FUS application. Coupling of FUS 

with highly diffusive BPN that can access all the cells between opened capillaries allows 

exceptionally homogenous and efficient DNA delivery over a large volume within the FUS-

targeted region. FUS mediated delivery of GDNF-BPN, therefore, represents an enticing 

alternative capable of overcoming many of the hurdles associated with conventional treatment 

strategies.  
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4.5 Materials and Methods 

4.5.1 Animals 

Female Sprague-Dawley rats were purchased from Envigo, housed on a 12/12h light/dark cycle, 

and given food ad libitum. Animal experiments were approved by the Animal Care and Use 

Committee at the University of Virginia and conformed to the National Institutes of Health 

guidelines for the use of animals in research.  

 

4.5.2 6-OHDA Lesions 

Partial striatal lesioning with 6-OHDA was performed as previously described (2, 3). Female 

Sprague-Dawley rats (~160-180 g) were anesthetized and maintained with 2-2.5% isofluorane 

in oxygen. The top of the animals’ heads were shaved and depilated before being secured 

prone in a stereotaxic frame (Stoelting, Wood Dale, IL). Buprenorphine (0.03 mg/kg, Reckitt 

Benckiser Healthcare, Hull, UK) was administered to achieve local anesthesia. A midline scalp 

incision was made, and the skull was exposed. A total of 12 µg 6-OHDA (Sigma-Aldrich, St. 

Louis, MO) dissolved in 2µl 0.02% ascorbic acid/0.9% saline was injected in two sites in the 

right striatum at the coordinates: AP: +0.5, ML: +2.1, DV: -5 and AP: -0.5, ML: +3.8, DV: -5 mm 

at 0.5 µl/min.  

 

4.5.3 Plasmid Design 

The GDNF plasmid (~4 kB) was constructed as previously described(266, 270) using standard 

molecular biology techniques and kindly donated to us by Dr. Mark Cooper (Copernicus 

Therapeutics) and Dr. David Yurek for use in this study. In brief, human GDNF was placed 

downstream of the ubiquitously active and long-lasting polyubiquitin C promoter and first exon 

and intron sequences. GDNF was codon-optimized and prokaryotic elements were CpG 

depleted to reduce potential methylation sites known to increase likelihood of gene silencing. 
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The pBAL plasmid was produced by Copernicus Therapeutics Inc. (Cleveland, OH) and is 

described elsewhere(265). Briefly, this plasmid contains the luciferase reporter gene driven by 

the ubiquitously active β-actin promoter.  

 

4.5.4 DNA-BPN Fabrication and Characterization 

DNA-BPN were fabricated and characterized as previously described(186, 265). Briefly, PEG5k-

PEI copolymer was synthesized by conjugating molar excess of 5kDa methoxy-PEG-N-

hydrosuccinimide (mPEG-NHS, 5 kDa, Sigma-Aldrich, St. Louis, MO) to primary amine groups 

of 25 kDa branched PEI (Sigma-Aldrich, St. Louis, MO). The resulting PEI-PEG conjugate 

possessed a high degree of PEG conjugation (average of 41 PEG chains per PEI molecule). 

The final product was extensively dialyzed against ultrapure water and the conjugation was 

confirmed by nuclear magnetic resonance. DNA-BPN were formulated by drop-wise addition of 

10 volumes of plasmid DNA to 1 volume of polymer mixture solution of PEI and PEG5k-PEI. 

DNA-BPN were purified with 3 volumes of ultrapure water to eliminate free polymers, and 

concentrated to 1mg/ml using Amicon Ultra Centrifugal Filters (100,000 MWCO; Millipore Corp., 

Billerica, MA). The DNA concentration of DNA-BPN was confirmed using a NanoDrop 2000 

spectrophotometer (Thermo Scientific, Waltham, MA). Hydrodynamic diameter, ζ-potential, and 

polydispersity index of DNA-BPN were measured using Zetasizer Nano ZS (Malvern 

Instruments, Southborough, MA). Colloidal stability of DNA-BPN was observed with 

transmission electron microscopy (TEM, Hitachi H7600, Japan) after incubating DNA-BPN in 

aCSF (Harvard Apparatus, Holliston, MA) at 37 °C for 6 hours. 

 

4.5.5 Microbubble Fabrication and Characterization 

MBs used in the current study have a formulation similar to Optison (GE Healthcare, Little 

Chalfont, Buckinghamshire, UK). A 1% solution of serum albumin in saline was sonicated (20 



78 

 

kHz, 30 s) with an ultrasound disintegrator (XL2020; Misonix, Farmingdale, NY) with an 

extended ½-inch titanium probe. The flask containing the solution had its headspace filled with 

octafluoropropane gas prior to sonication. MBs were sized and counted using a Coulter Counter 

(Multisizer 3, Beckman Coulter, Fullerton, CA). 

 

4.5.6 FUS-Mediated DNA-BPN Delivery 

Female Sprague-Dawley rats were anesthetized with an intraperitoneal injection of ketamine (40 

mg/kg, Zoetis, Fort Dodge, IA) and dexdomitor (0.2 mg/kg, Pfizer, New York, NY) in sterilized 

0.9% saline. A tail vein catheter was inserted to allow intravenous injections of DNA-BPN and 

microbubbles. In a previous study by our group(6), BPN with a similar size and surface 

chemistry were found to be circulating 24 hours after i.v. administration into rats. Rat heads 

were shaved and depilated before being secured supine in a degassed water bath coupled to 

the FUS system (RK-100, FUS Instruments, Toronto) and the entire system was placed in the 

3T MR scanner (Magnetom Trio, Siemens Medical Solutions, Malvern, PA). A homebuilt 2-inch 

cylindrical transmit-receive RF coil was placed around the rat’s head to maximize imaging SNR. 

Baseline T2-weighted and T2*-weighted images were acquired using turbo spin-echo and 

spoiled gradient-echo pulse sequences, respectively. T2-weighted imaging parameters 

included: TR/TE = 3600/46 ms, flip angle = 90°/150°, readout bandwidth = 219 Hz/pixel, 9 

slices, thickness = 1 mm, field of view = 50 mm, matrix = 192 × 192, turbo factor = 18, 100% 

phase oversampling, 4 averages, total time = 5:22.  T2*-weighted imaging parameters included: 

TR/TE = 101/9 ms, flip angle = 50°, readout bandwidth = 320 Hz/pixel, 7 slices, thickness = 2 

mm, field of view = 64 mm, matrix = 192 × 192, 100% phase oversampling, 4 averages, total 

time = 2:37.  T2-weighted images were used to select 4 evenly spaced target locations within 

the right striatum and 5 mm from the top of the skull.   
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     Rats received a co-injection of GDNF-BPN (100 µg/200g body weight) and MBs (3x105 

MBs/g body weight) followed by 0.3 ml of 2% heparinized saline to clear the catheter. 

Sonication began immediately after clearance of the catheter. Sonications were performed at 

0.6 MPa (not accounting for skull/tissue attenuation) using a 1.15 MHz single element focused 

transducer (FUS Instruments, Toronto, Canada) operating in 10 ms bursts, 0.5 Hz pulse 

repetition frequency and 2 min total duration. Immediately following BBB opening, post-

treatment T2*-weighted images were acquired followed by intravenous administration of MRI 

contrast agent (0.5 µl/g body weight, Magnevist, Bayer Health Care, PA) and T1-weighted 

contrast-enhanced images were acquired to verify BBB opening. T1-weighted imaging 

parameters were identical to those used for the T2*-weighted images, except: TE = 3.1 ms, 2 

averages, total time = 1:19. Animals were removed from the MRI table and placed on a warm 

pad for 30 minutes prior to reversal of the anesthetic with antisedan (2 mg/kg, Orion Pharma, 

Espoo, Finland) 

 

4.5.7 Behavioral Testing 

Assessment of behavioral function was performed 1-3 days before and 2,4,6,8,10 and 12 weeks 

after injection of 6-OHDA (Figure S4). 

1) Cylinder Test of Spontaneous Forelimb Use: Cylinder tests were performed similar to 

those previously described(25). In a dark testing room, rats were placed a 20-cm diameter glass 

cylinder and their activity was recorded from above. Left and right weight-bearing forepaw 

contacts with the wall were quantified by a trained and blinded observer. A minimum of 20 

contacts were required to complete the test. Data are presented as percentage of contacts with 

the contralateral (left) forepaw.  

 

2) Apomorphine-induced Rotational Activity  
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Rotational tests were performed similar to those previously described (2). Rotational analysis 

was performed with automated bowls (Med Associates, St. Albans, VT) and the RotoRat 

software. Rats received a subcutaneous injection of apomorphine (0.4 mg/kg, Sigma-Aldrich, St. 

Louis, MO). Left (contralateral) and right (ipsilateral) rotations were recorded over 40 minutes. 

Data are expressed as net full body rotations per minute, with contralateral turns assigned a 

positive value.  

 

4.5.8 Histological Processing 

Immediately following euthanasia, animals were perfused via the left and right carotid arteries 

with 20 ml of 2% heparinized 0.9% saline followed by 10 ml of 4% formalin. Brains were 

suffusion-fixed in 4% formalin for 72h at 4oC. Brains were then placed in a brain matrix 

(Stoelting, Wood Dale, IL). The first coronal slice containing the striatum was prepared by 

cutting 3 and 6 mm anterior to the front of the brain. The second coronal slide containing the 

SNpc was prepared by cutting 9 and 12 mm anterior to the front of the brain. Each slice was 

embedded in paraffin and serially cut in 8 µm coronal sections. Slices were cut in either 6 

sections, 240 µm apart, or 8 sections, 120 µm apart, for the striatum-containing and SNpc-

containing slices, respectively. Sections were immunolabeled against tyrosine hydroxylase.  

 

4.5.9 Immunohistochemistry 

Mounted sections were deparaffinized in xylene and rehydrated in decreasing concentrations of 

ethanol (100%-70%). Slides were heated to ~95oC for 20 minutes in 10 mM sodium citrate 

buffer (pH 6.0) to unmask antigens. Endogenous peroxidase activity was blocked using 3% 

hydrogen peroxide. Sections were washed in PBS and blocked with blocking solution (Vector 

Labs, Burlingame, CA). Next, sections were incubated overnight at 4 °C with rabbit anti-TH 

primary antibody (1:250, Millipore, Temecula, CA). Sections were rinsed in PBS and incubated 
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with goat anti-Rabbit HRP conjugated secondary antibody (1:250, Abcam, Cambridge, MA) for 1 

h at room temperature. After washing in PBS, sections were incubated with DAB-peroxidase 

substrate solution (IHC-Tek, Ellicott City, MD) and mounted with permanent mounting medium 

(Vector Labs, Burlingame, CA). Sections were imaged on a macroscope (Wild, Heerbrugg, 

Switzerland) equipped with a CCD camera (Olympus, Center Valley, NJ) at either 16X (striatal 

sections) or 35X (SNpc sections). 

 

4.5.10 Quantitative Morphology 

Images of striatal and SNpc sections were analyzed with in-house written software using 

MATLAB (Mathworks, Natick, MA). In order to assess inverse staining intensity in the striatum, 

images were inverted and averaged background was subtracted. Striatal regions were manually 

selected from the image and the pixel intensity was averaged throughout the entire striatum. 

Average pixel intensity was then averaged across all six striatal sections. Data are presented as 

a ratio of average pixel intensity on the ipsilateral side compared to the contralateral side. In 

order to assess TH+ cell bodies in the SNpc, averaged background was subtracted using a 

Gaussian averaging function. SNpc regions were manually selected from the image and 

converted to binary images using Otsu’s method. Images were then used to create linear 

structuring elements and individual cell bodies were counted automatically. Cell body counts 

were averaged across all SNpc sections. Data are presented as a ratio of the average cell body 

number on the ipsilateral side compared to the contralateral side.  

 

4.5.11 Sample Preparation for Biochemical Analysis 

Striatum, SNpc, liver, spleen, heart, kidneys and lungs were rapidly collected on ice and stored 

at -80oC until further processing. Organs were pulverized in liquid nitrogen and separated into 

equal fractions for further analysis.  
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4.5.12 Measurement of Striatal Catecholamines 

Striatal samples were lysed with 50 µl of 0.1 M perchloric acid per milligram of tissue using a 

tissue homogenizer (Omni International, Kennesaw, GA) and centrifuged at 13000 x g for 10 

min at 4oC. The supernatant was passed through a 0.22 PVDF Filter (Merck-Millipore, Cork, 

Ireland), and analyzed by HPLC, a modification of conditions from previously published 

methods(287). Samples were separated on a C18 reverse-phase HPLC column (Thermo-

Scientific, BDS Hypersil, 100 x 2.1 mm). Dopamine, 3,4-dihydroxyphenylacetic acid (DOPAC) 

and homovanillic acid (HVA) were quantified by electrochemical detection (Antec, Decade) in a 

mobile phase consisting of 50 mM citrate/acetate, pH 4.5, 1 mM decyl sulfonic acid, 0.1 mM 

EDTA, and 7% acetonitrile modifying agent. Flow rate was 0.35 ml/min and the detector 

potential was 0.7 mV relative to a Ag/AgCl reference electrode.  

 

4.5.13 GDNF Protein Levels Measured by ELISA 

Striatal, SNpc, liver, spleen, lung, heart and kidney samples were lysed with 10 µl of Lysis 

Buffer (137 mM NaCl, 20 mM Tris pH 8.0, 1% NP-40, 10% Glycerol) supplemented with 1 mM 

PMSF, 0.5 mM Sodium Orthovanadate and 10 µl Protease Inhibitor Cocktail (Sigma-Aldrich, 

cat. nr.: 8340) per ml of Lysis Buffer with a tissue homogenizer (Onmi International, Kennesaw, 

GA). The GDNF ELISA was performed according to the instructions provided by the 

manufacturer (Promega, cat. nr., G7621). Total protein was measured using a BCA protein 

assay (Thermo Scientific, Rockford, IL) and GDNF protein was compared to the total amount of 

protein in the sample.  

 

4.5.14 Statistical Analysis 

Sample sizes for all groups were determined empirically. Animals which exhibited severe (>9 

rotations/min) or inadequate (<5 rotations/min) apomorphine-induced rotational behavior two 
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weeks following 6-OHDA administration were excluded. All statistics were conducted using 

SigmaPlot software (Version 13.0), which automatically suggests parametric or non-parametric 

tests depending on the results of normality testing. Group comparisons were performed using 

either three-way ANOVA (locomotor bias tests, body weight comparisons) or two-way ANOVA 

followed by Mann-Whitney rank sum tests or Holm-Sidak methods. Repeated measures models 

were used to estimate the effects in the ipsilateral and contralateral sides of the brain. Statistical 

significance was set at p < 0.05. All values are presented as mean ± SEM.  

 

4.5.15 Data Availability 

The data supporting the findings in the current study are available upon request from the 

corresponding authors.  
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4.8 Chapter 4 Figures 

 
Figure 4.1. MR imaging for guidance, confirmation, and safety evaluation of FUS treatments. A) 
The treatment site (i.e. 6-OHDA lesioned striatum) was targeted with T2 pre-FUS images. C) 
BBB opening in the striatum was confirmed with post-FUS contrast-enhanced T1 imaging. B, D) 
Treatment safety was assessed by comparing pre- and post-FUS T2* images. Hypointensities 
in T2* images, indicating red-blood cell accumulation, were never observed in FUS-treated 
animals (n = 32). 
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Figure 4.2. FUS-mediated delivery of GDNF-BPN to the striatum of PD rats leads to a 
significant increase in GDNF protein levels in the striatum. Bar graphs show GDNF protein 
levels in the ipsilateral (black) and contralateral (gray) striatum. n = 5 (6-OHDA +FUS +GDNF-
BPN), n = 4 or n = 3 (6-OHDA +GDNF-BPN) in each group at each time point. *Significantly 
different from all groups at the same time point (p<0.05). 
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Figure 4.3. FUS-mediated delivery of GDNF-BPN improves dopamine levels in the ipsilateral 
hemisphere. Bar graph of dopamine levels in the striatum in the ipsilateral (black) and 
contralateral (gray) hemisphere at weeks 2, 6 or 12 after 6-OHDA administration. n = 5 (6-
OHDA +FUS +GDNF-BPN), n = 4 (6-OHDA only) or n = 3 in each group at each time point. 
*p<0.05 vs. all groups at the same time point and same hemisphere. ** p<0.05. +p<0.05 vs. 
contralateral at same time point.  
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Figure 4.4. Delivery of GDNF-BPN to the striatum with FUS increases dopaminergic neuron 
density in the striatum and SNpc. Representative images of TH-stained coronal sections 
through the striatum (A) or SNpc (B) at either week 6 (top row) or week 12 (bottom row) after 6-
OHDA administration. Bar graphs show inverse TH staining intensity (C) or TH+ cell number (D) 
normalized to contralateral. n = 5 (6-OHDA +FUS +GDNF-BPN) or n = 4 in each group and time 
point. *p,0.05 vs. all groups at same time point. 
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Figure 4.5. Delivery of GDNF-BPN with FUS restores locomotor function in PD rats. (A) Line 
graph of average contralateral rotations per minute after apomorphine administration. (B) Line 
graph of contralateral touch fraction in the forepaw use bias test. n >14 in each group at Weeks 
0 through 6; n > 7 in each group at Weeks 8 through 12. * Significantly different than all other 
groups at the same time point (p< 0.01).  
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4.9 Chapter 4 Supplemental Figures 

 
Figure 4.S1. GDNF-BPN are colloidally stable when incubated in water or artificial 
cerebrospinal fluid (aCSF). Representative transmission electron microscope images of GDNF-
BPN in (A) ultrapure water, (B) immediately after mixing in aCSF, or (C) after 6 hours of 
incubation in aCSF. Scale bar = 200 nm. 
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Figure 4.S2. FUS-mediated delivery of GDNF-BPN to the striatum of PD rats does not change 
GDNF protein levels in the SNpc or other major organs. (A) Bar graphs show GDNF protein 
levels in the ipsilateral (black) and contralateral (gray) SNpc. n = 5 (6-OHDA +FUS +GDNF-
BPN), n = 4 (6-OHDA only) or n = 3 in each group at each time point. (B) Bar graph shows 
GDNF protein levels in animals 6-OHDA treated (gray) or 6-OHDA + GDNF-BPN treated (black) 
animals. n = 3 (6-OHDA) or n = 5 (6-OHDA + GDNF-BPN).   
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Figure 4.S3. FUS-mediated delivery of GDNF-BPN to the striatum of PD rats does not lead to 
systemic or local toxicity. (A) Line graph shows animal weights for all animals used in the study. 
n >14 at each group at Week 0 through 6; n > 7 at each group at Week 8 through 12. (B) 
Representative images from H&E stained sections through the striatum 6 or 12 weeks after 6-
OHDA administration. No signs of toxicity beyond the needle injection tract were found.  
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Figure 4.S4. Time schedule of study. Rats received intrastriatal 6-OHDA at week 0 and 
locomotor function was examined 1-3 days prior to 6-OHDA administration and biweekly with 
apomorphine-induced rotational behavior and cylinder forepaw use bias tests. Animals were 
sacrificed at week 2, 6 or 12 and brains were either homogenized or fixed/sectioned for further 
ex vivo analysis.  
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4.10 Chapter 4 Tables: 

 

 
 
  

Table 4.S1. Dopamine Metabolites in the Ipsilateral Striatum  

* P < 0.05 vs all other groups at the same time point. ‡ p < 0.05 vs 6-OHDA + 

FUS + pBAL-BPN and 6-OHDA + GDNF-BPN groups at the same time point.  
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Chapter 5:  

Mechanisms and Applications of Augmented Brain-Penetrating Nanoparticle Dispersion 

and Non-Viral Transfection via Brain Tissue Pre-Treatment with Pulsed Focused 

Ultrasound   
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5.1 Abstract 

Microbubble activation with focused ultrasound (FUS) remains uniquely capable of non-

invasive, image-guided, and spatially targeted delivery of systemically administered gene 

vectors to the CNS; however, we postulate that therapeutic efficacy can be further 

improved by enhancing delivery and/or uptake through modulation of the targeted tissue. 

Toward that end, we tested a series of pulsed ~1 MHz FUS “pre-treatment” regimens for 

their ability to enhance dispersion of reporter gene vector brain-penetrating nanoparticles 

through healthy CNS and brain tumor (U87 glioma) tissue and improve uptake/expression 

after delivery across the blood-brain barrier (BBB) with FUS and microbubbles. Pre-

treatment with 1 MHz pulsed FUS, both in the presence and absence of intravascular 

microbubbles, led to significant increases (>76% in both normal brain tissue and U87 

tumors) in transfection volume after convection enhanced delivery of BPN. Importantly, the 

FUS pre-treatment effect was largely attenuated in transient receptor potential ankyrin type 

1 (TrpA1) knockout mice, but not in transient receptor potential vanilloidin type 1 (TrpV1) 

knockouts, thereby identifying TrpA1 as a requisite mechanosensor in this response. Pre-

treating brain tissue with pulsed FUS prior to systemic administration of luciferase gene-

bearing BPN and opening of the BBB with FUS and microbubbles led to a significant (up to 

5-fold) increase in bioluminescence compared to non-pre-treated controls. Pre-treatment 

did not affect subsequent stable and inertial cavitation doses during BBB opening, and 

detailed histological and immunohistochemical analyses revealed no evidence of neural 

damage, ischemic injury, astrogliosis or microgliosis. We conclude that FUS pre-treatment 

of brain tissue is a safe adjunct approach that is capable of markedly augmenting 

nanoparticle-mediated dispersion and transfection via activation of mechanosensitive 

TrpA1 channels.   
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5.2 Introduction 

     Gene therapy has the potential to slow or reverse pathology in numerous neurological 

diseases including Parkinson’s disease, Alzheimer’s disease and brain tumors (226). 

However, homogenous and widespread gene vector distribution in the brain is hampered 

by the presence of a dense and nanoporous extracellular matrix (ECM) (8) as well as the 

blood-brain barrier (BBB), which prevents nearly 100% of systemically circulating 

molecules larger than ~400 Da from entering the brain(5). Indeed, despite the promise of 

viral and non-viral gene vectors to reverse pathology in small animal models of neurological 

diseases(252, 253, 288), gene therapy trials have had limited success in clinical trials. It 

has been hypothesized that therapeutic outcomes of these studies, which largely have 

relied on direct injection strategies, can be improved by enhancing delivery efficiency (145) 

and transfection volume (289) as well as treating patients at an earlier (or prodromal) stage 

prior to the onset of irreversible pathology(284). 

     In order for macromolecules to disperse widely in the brain parenchyma, they must 

traverse the brain’s ECM. Consisting of a dense lattice of electrostatically charged 

molecules including proteoglycans, hyaluronan, and tenascins, the ECM hampers diffusion 

of gene vectors via steric and/or adhesive interactions. Moreover, tumors like glioblastoma 

multiforme (GBM) contain dense and heterogeneous networks of collagen and high 

interstitial pressures that further limit macromolecule diffusion. As a result, until recently, it 

was thought that the upper size limit to diffusion in healthy brain was as small as 64 nm 

(197). While recent studies using non-adhesive nanoparticles coated with dense coats of 

polyethylene glycol in a “brain-penetrating” nanoparticle (BPN) formulation have revised the 

upper size limit to ~115 nm(8), treatments of large volumes of diseased tissue remains a 

significant hurdle.   
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     It is now well established that focused ultrasound (FUS) and microbubbles (MBs) is 

uniquely capable of temporary, targeted, and spatially localized disruption of the BBB, 

allowing agents as large as ~100 nm in size to extravasate into the CNS(7). Intravascularly 

circulating ultrasound contrast agent MBs, when exposed to FUS, exert mechanical shear 

forces as well as circumferential strain on the capillary endothelium. Barrier function to 

small (<1 nm) magnetic resonance (MR)-contrast agents is fully restored within 4-6 

hours(61). Importantly, under guidance of MR-imaging, FUS systems are capable of 

exquisite spatial targeting, peri-operative treatment monitoring and post-operative 

confirmation of success. Use of MR-image guided FUS and MBs to open the BBB is in 

early stages of human clinical trials for GBM (NCT02986932) and Alzheimer’s disease 

(NCT02986932) and high intensity FUS is now FDA approved for use in humans with 

Essential Tremor(259) and is in clinical trials for numerous other neurological conditions.   

     In addition to its ability to target delivery of therapeutic agents across the BBB, FUS 

may also enhance distribution and/or transfection of therapeutic agents even after they 

cross the BBB. Ultrasound treatments are now being explored preclinically to enhance 

dispersion of therapeutic agents when applied simultaneously during direct injection of 

small molecule tracers(217, 218) or liposomes(219) into rodent or non-human primate 

brain. More recently studies have suggested that exposure of rodent brain to FUS and MBs 

prior to direct infusion of adeno-associated viral vectors enhanced transduction 

volume(220), and ultrasound exposure of ex vivo brain slices revealed increases in 

perivascular and extracellular spaces of the brain(221). Pulsed FUS has also been shown 

to increase squamous cell carcinoma flank tumor porosity and decrease intratumoral 

interstitial fluid pressure(222). Indeed, while the mechanism has been hypothesized to be 

primarily non-thermal(221), additional investigation is required to better understand cellular 

and tissue-level responses to FUS.  
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     Transient receptor potential ankyrin type 1 (TrpA1) and transient receptor potential 

vanilloidin type 1 (TrpV1) are calcium channels widely expressed in the brain parenchyma, 

including in astrocytes(290–293) and endothelial cells(294), and known be activated by 

mechanical(295) or thermal (>42°C) stimuli(296), respectively. While calcium mediated 

gliotransmission in the CNS remains controversial(297), it has been hypothesized that 

calcium waves in astrocytes could constitute an extra-neuronal signaling system in the 

brain. 

     In the current study, we investigate how pre-treatment of rodent brain with FUS can a) 

enhance dispersion of ZsGreen-BPN in both healthy rodent brain, as well as the U87 model 

of human glioma both in the presence and absence of ultrasound contrast agent MBs, b) 

identify a role for mechanically activated TrpA1 channels in this increased transport and c) 

demonstrate how FUS pre-treatment can enhance delivery and/or transgene expression 

after delivery of Luc-BPN across the BBB with FUS and MBs in a clinically relevant strategy 

to enhance FUS mediated delivery of gene vectors to the brain.  
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5.3 Results 

5.3.1 Characterization of gene vector BPN 

ZsGreen and Luciferase (Luc) bearing plasmids were engineered as previously 

described(186, 265, 288). ZsGreen and luciferase are driven by the ubiquitously active 

CMV or β-actin promoter, respectively. ZsGreen or Luc plasmids were condensed with a 

blend of polyethylenimine (PEI) and PEI-PEG to yield ZsGreen-BPN or Luc-BPN, 

respectively. The high density of PEG in these systems has been shown to greatly reduce, 

if not eliminate, in vivo toxicity caused by the cationic nature of PEI(148, 186, 265). Both 

ZsGreen-BPN and Luc-BPN were small (hydrodynamic diameter ≤ 45 nm) and near neutrally 

charged (ζ-potential ≤ 1 mV), (Table 1). Nanoparticles containing similar size and charge 

characteristics penetrate rapidly though brain tissue when infused with CED and provide 

widespread and uniform reporter gene expression(298). Previous studies showed that BPN with 

similar physiochemical characteristics were stable for at least 6 hours after being incubated in 

artificial cerebrospinal fluid at 37°C(288).  

 

5.3.2 Pre-exposure of rodent brain to pulsed FUS prior to convection enhanced 

delivery of ZsGreen-BPN, both with and without MBs, improves volume of 

distribution. 

Sprague-Dawley rats were pre-treated in the right striatum with (i) FUS (1 MHz, 1.2 MPa, 

1% duty cycle, 4 minutes), (ii) FUS at low PNP (1 MHz, 0.4 MPa, 5% duty cycle, 10 

minutes) or (iii) FUS + MBs (1 MHz, 0.6 MPa, 0.5% duty cycle, 2 minutes, 1x10 5 MB/g) 

immediately prior to CED infusion of ZsGreen-BPN. Listed PNPs are measured in water, so 

they do not account for attenuation caused by the skull and other tissue. ZsGreen-BPN 

transfected tissue volume was assessed at the 48-hour time point, corresponding to the 

approximate time of maximum transgene expression (Figure 1A). Application of low PNP 
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FUS had no significant effect on ZsGreen-BPN transfection volume and FUS + MBs without 

infusion of ZsGreen BPN did not lead to any increase in tissue fluorescence (Figure 1B and 

1C). ZsGreen expression was not found in the contralateral left striatum in any animal. 

Importantly, FUS and FUS + MBs led to, respectively, 44% and 142% increases in 

transfection volume compared to animals receiving a CED infusion of ZsGreen-BPN 

without FUS pre-treatment (Figure 1B and 1C). Moreover, pre-treatment with FUS + MB led 

to a 67% increase in transfection volume compared to rats pre-treated with FUS.  

 

5.3.3 Pulsed FUS enhances transfection volume by activating TrpA1 channels, but 

not TrpV1 channels.   

C57BL/6, TrpA1-/-, and TrpV1-/- mice were pretreated in the right striatum with FUS (1 MHz, 

1.2 MPa, 1% duty cycle, 4 minutes) or FUS+ MB (1 MHz, 0.45 MPa, 0.5% duty cycle, 2 

minutes, 1x105 MB/g) immediately prior to CED. As previously noted, PNPs were measured 

in water. PNPs were reduced in the FUS + MB group in the mice compared to the ra ts to 

account for differences in attenuation caused by skull thickness differences. In C57BL6 

mice pre-treated with FUS or FUS + MB, transfection volume increased by 77% and 74%, 

respectively (Fig 2A). In a similar fashion, transfection volume increased in TrpV1-/- mice by 

54% and 88%, respectively, in the FUS and FUS + MB groups when compared to animals 

receiving CED infusion of ZsGreen-BPN without FUS pre-treatment FUS (Figure 2). 

However, transfection volume in TrpA1-/- mice was not significantly augmented by pre-

treatment with FUS or FUS + MB.  When compared to wild-type C57BL/6 mice, this 

constitutes 87% and 68% attenuations in the FUS and FUS + MB mediated increases in 

transfection volume, respectively.  
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5.3.4 Pulsed FUS enhances transfection volume after CED administration of ZsGreen-

BPN into the U87 model of human GBM.  

Athymic nude mice were inoculated in the right striatum with intracranial U87mg glioma 

xenograft stably expressing mCherry (Figure 3a). Tumors were imaged with T1 contrast 

MRI to determine precise tumor location on day 15. On day 16, tumors were pre-treated 

with FUS or FUS + MB immediately prior to CED infusion of ZsGreen-BPN. FUS and FUS + 

MB led to, respectively, 113% and 112% increases in the volume of U87 tumor transfection 

compared to animals receiving a CED infusion of ZsGreen-BPN, but no FUS pretreatment 

(Figures 3B and C).  

 

5.3.5 Application of pulsed FUS to brain tissue before trans-BBB delivery of Luc-BPN 

markedly enhances transfection.  

FUS mediated BBB opening and Luc-BPN delivery treatments in rats were operated under 

the guidance of peri-operative MRI. Pre-FUS T2-weighted MR images were acquired and 

used to plan 3 equally spaced sites in the right or left striatum to be pre-treated with FUS 

and, after pre-treatment, used to plan 3 equally spaced sites in both the left and right 

striatum to be treated with FUS + MB (Figure 4a). Pre-treatment FUS was operated at 

either 2 or 4 MPa PNP (1.11 MHz, 2.25% duty cycle; 10 min duration). BBB opening was 

then generated after i.v. MB injection using FUS (0.55 MPa PNP, 1.11 MHz, 0.5% duty 

cycle, 1e5 MB/g, 2 min duration). PNPs were measured in water and do not account for 

attenuation caused by skull and other tissue. In vivo and ex vivo bioluminescence images 

were acquired at day 2 or 3 after FUS treatments, respectively, corresponding to the 

approximate days of peak transgene expression (Figure 4B). Bioluminescence was 

localized to the approximate volume treated with FUS + MBs in both in vivo and ex vivo 

imaging (Fig 4B). Importantly, pre-treatment with 2 MPa (Fig 4C) or 4 MPa (Fig 4D) pulsed-
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FUS led to 1.46- and 5.74-fold increases in bioluminescence (Fig 4E), respectively, 

compared to the contralateral striatum which did not receive FUS pre-conditioning.  

 

5.3.6 Passive cavitation detection reveals no change in cavitation detected during 

BBB opening.  

     Acoustic emissions were collected via a listening hydrophone during all Luc-BPN 

delivery procedures. Stable cavitation dose (SCD) and inertial cavitation dose (ICD) were 

calculated during FUS + MB treatment to open the BBB. SCD and ICD were not statistically 

different in the pre-treated striatum compared to the contralateral striatum, which received 

FUS + MB, but not pre-treatment FUS (Fig 6).  

 

5.3.7 Histology 

     Three days after FUS treatment, immediately after ex vivo imaging for transgene 

expression, brains were fixed and sectioned. Sections from animals pre-treated with FUS 

prior to BBB-opening and delivery of Luc-BPN with FUS were acquired at 300 µm spacing, 

representing the entire depth of the striatum. Sections were stained with H&E or 

immunolabeled for astrocytic [glial fibrillary acidic protein (GFAP)] and microglial markers of 

inflammation/toxicity (Iba1) (Figure 7). H&E, GFAP, Iba1 stained sections were scored for 

signs of toxicity by a board certified neuropathologist (JWM) blinded to the treatment 

conditions. No evidence of neural damage, ischemic injury, astrogliosis or microgliosis was 

found. A minority (4/10 at 4 MPa and 1/7 at 2 MPa) of the sections were found to have 

small focal parenchymal microhemorrhages; although these may have been caused by 

handling of non-perfused tissue during ex vivo bioluminescence imaging. Comparisons of 

grayscale intensity of GFAP stained images acquired through the depth of the left and right 
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striatum revealed no changes in GFAP staining intensity amongst any group, including 

naïve, non-treated animals.   

 

5.4 Discussion 

     Despite success in pre-clinical models, clinical gene therapy studies have largely failed 

to meet primary outcomes due to incomplete or heterogeneous delivery to targeted 

structures or invasive surgical strategies that preclude treatment of early stage 

patients(254, 255). Here, we demonstrate the ability of FUS to increase brain tissue pore 

spaces in a TrpA1 dependent manner, thereby markedly expanding volume of transfection 

when applied before CED infusion of ZsGreen-BPN. Next, in a clinically relevant treatment 

paradigm, we show that FUS pre-treatment can lead to up to ~5-fold enhancement in 

bioluminescence after delivery of Luc-BPN to the rodent striatum with FUS and MBs 

without signs of toxicity. The non-invasive and spatially-targeted nature of FUS as a 

strategy for homogenous and robust CNS gene delivery makes it an attractive approach 

that may eventually be translated to the clinic.  

 

5.4.1 Rationale for Testing Pulsed FUS as a Means for Enhancing Transfection in the 

CNS 

     In vivo gene therapy is finally reaching FDA approvals (299–301), including for use in 

the CNS(301). The restrictive nature of the BBB has so far precluded widespread 

application of systemically administered gene vectors. For this reason, intraparenchymal 

infusions have remained the gold standard. Unfortunately, intraparenchymal injection 

strategies are hampered by low volumes of distribution(302), as well as by risk and 

invasiveness (144, 255). Volumes of distribution can be enhanced with convection 

enhanced delivery (CED) strategies, where convective flow away from infusion catheters 
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can enhance infusate dispersion; however, clinical results have remained largely 

unsuccessful(303). Volumes can be enhanced even further using multi-port catheters, 

however, additional catheters increases invasiveness as well as risk of damage including 

significant edema(144) from the catheter placement. In order to avoid these complications, 

novel viral (304, 305) and non-viral vectors engineered with BBB-targeting ligands(306, 

307) capable of crossing the BBB after systemic administration have each shown promise 

in animal disease models. However, in order to achieve efficacy after systemic 

administration, large doses are required(308), leading to concerns about systemic toxicity 

and side effects resulting from off-target delivery. Additional hurdles, including limited 

packaging capacity and difficulty in scale-up(172), also remain. Less invasive strategies 

capable of homogenous and widespread gene vector delivery are required.  

 

5.4.2 Improving Transfection Volume in the CNS by Combining Ultrasound and Direct 

Injection 

     In this study, we demonstrate how FUS can augment volume of transfection of non-adhesive 

gene-bearing BPN when applied prior to CED infusion in rats, mice, and the U87 model of 

human glioma. FUS has recently been explored as an adjunct strategy to enhance dispersion in 

CNS tissue. Toward this end, numerous studies aimed at increasing agent dispersion in the 

brain have applied ultrasound during infusion with cannulas equipped with ultrasound 

transducers(217, 218, 309).  While these studies showed an increased volume of distribution in 

animals treated with ultrasound, this effect has been attributed to the acoustic radiation force 

driving infusate through the brain tissue. More recently, application of high-duty cycle (~0.36 

MPa, 10% duty cycle) pulsed ultrasound was shown to increase ECM pore spaces and 

perivascular spaces(221). In the current study, we found that application of FUS at a similar 

frequency and pressure (1 MHz, 0.4 MPa, 5% duty cycle) did not significantly affect the volume 
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of transfection when applied before CED infusion of ZsGreen-BPN. However, when FUS pre-

treatment was applied at a greater PNP (1 MHz, 1.2 MPa, 1% duty cycle), we found that pre-

treatment with FUS increased volume of transfection robustly across multiple species, including 

1.77-fold in mice, 1.44-fold in rats, 1.77-fold in mice and 2.13-fold in U87 human tumors 

implanted into mice. Another study used intravascularly circulating MBs to enhance transfection 

volume, wherein application of FUS and MBs (1.5 MHz, 0.72 MPa, 5% duty cycle, ~2.5x106 

MB/g) prior to direct injection of reporter gene-bearing adeno-associated virus (AAV) into a 

mouse brain, enhanced transduction volume by ~3-fold(220). The current study found a 2.41-

fold increase in rats pre-treated with FUS and MBs (0.6 MPa, 0.5% duty cycle, 1x105 MB/g), 

1.76-fold increase in mice (1 MHz, 0.45 MPa, 0.5% duty cycle), as well as a 2.11-fold increase 

U87 human glioma tumors implanted in mice (0.45 MPa, 0.5% duty cycle).  

     MBs are typically used for FUS-mediated BBB-opening due to their ability to reduce acoustic 

energy required to open the BBB and, importantly, largely confine the mechanical effects of 

FUS to the vasculature(46). MBs, when exposed to FUS, expand during rarefaction and 

contract during compression creating mechanical forces on the vascular wall including shear 

forces(47) and microstreaming(48). For this reason, BBB opening protocols with FUS and MBs 

are typically operated at relatively low FUS pressures and duty cycles and are not typically 

associated with thermal effects. Indeed, despite limiting most mechanical effects to the 

vasculature during the FUS + MB pretreatment, our study found that this pretreatment increased 

ZsGreen-BPN volume of transfection after infusion into the parenchyma, suggesting that the 

physiological response not restricted to the vasculature. Moreover, even in the absence of MBs, 

FUS can transfer momentum to the propagating medium(310), creating an acoustic radiation 

force capable of causing small tissue displacements on the order of hundreds of microns(311) 

that are not confined to the vasculature(312). Tissue  deformations during FUS pulses and 

restoration to its normal state after the end of the pulse can each occur in as little as 6-8 ms 
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(312). It has been postulated that mechanical shear forces created by the acoustic radiation 

force can disrupt ECM components and enlarge perivascular and ECM pore spaces(221).  

 

5.4.3 Increased volume of transfection after FUS Pre-treatment is attenuated in TrpA1 

knockout mice.  

     Our FUS pre-treatment strategies yielded 1.77-fold and 1.74-fold increases in volume of 

transfection in C57BL6 mice pre-treated with FUS (1.2 MPa, 1% duty cycle) and FUS + MB 

(0.45 MPa, 0.5% duty cycle, 1x105 MB/g), respectively, compared to animals receiving CED 

infusion of ZsGreen-BPN, but no FUS. However, in TrpA1-/- animals, transfection volumes were 

not significantly augmented with FUS pre-treatment and, when considered as a function of fold-

increase over CED transfection volume, TrpA1-/- mice exhibited significantly diminished 

transfection volumes when compared to wild-type controls. Calcium signaling in the brain has 

been shown to control a variety of cellular and tissue level functions(294). TrpA1 and TrpV1, two 

calcium channels known to be expressed on astrocytes(290–293), are activated by mechanical 

(295) and thermal (313) stimuli, respectively, causing calcium transients that can propagate 

through astrocytes and into neighboring astrocytes that are connected through gap 

junctions(314). Astrocytic calcium transients have been linked to numerous changes in the 

brain, including a) changes in blood flow via signaling through astrocytic end foot 

processing surround the BBB (315–317), b) changes in astrocyte morphology (318, 319), c) 

alteration of extracellular homeostasis(320), and d) alteration of neuronal activity through 

gliotransmitters including glutamate (321, 322), ATP (323), D-serine (324), and GABA(325).   

     Increased agent dispersion after FUS pre-treatment has been hypothesized to have a 

non-thermal mechanism(221, 311). This is due mainly due to observation of increased 

ECM pore spaces and perivascular spaces following a pulsed FUS regimen that, similar to 

the pulsed FUS regimens of the current study, is not typically associated with heating. 
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Application of FUS with short pulses and relatively long off-times minimizes heat 

accumulation and, importantly, repeated pulsing can cause cyclic tissue deformation and 

relaxation caused by the acoustic radiation force. Consistent with this paradigm, the current 

study demonstrated that animals lacking the mechanosensitive TrpA1 channel attenuated 

the FUS pre-treatment augmented ZsGreen-BPN dispersion compared to animals lacking 

the thermosensitive TrpV1 channel and wild-type C57BL6 controls.  

 

5.4.4 FUS Pre-treatment as a Strategy to Enhance Glioma Transfection 

     In addition to enhancing volume of transfection in healthy tissue, FUS pre-treatment also 

augmented volume of transfection by 2.13- and 2.11-fold in the FUS + MBs (0.45 MPa, 0.5% 

duty cycle, 1x105 MBs/g) and FUS (1.2 MPa, 1% duty cycle) groups, respectively. Limited drug 

penetration into tumors remains a major obstacle for treatment of brain tumors(192) including 

GBM(326), due to a dense and heterogeneous ECM as well as high interstitial fluid pressures. 

Extremely dense collagen can obstruct transport of macromolecules known to diffuse readily 

through healthy tissue(327). Interestingly, one recent study using acoustic radiation force 

imaging showed that pulsed FUS exposure reduced tissue elasticity and interstitial fluid 

pressures and increased penetration of fluorescent tracer nanoparticles(222), however, this 

study used FUS PNP of 8.95 MPa and a duty cycle of 5%, more than 7-fold greater than the 

PNPs used in the current study. Unfortunately, while this study did not assess thermal changes, 

temperature rise with similar FUS intensities was shown in a previous study to be <5°C(328). 

Nonetheless, It has been postulated that the increase fluid conductivity of the tumor after FUS 

pre-treatment results in more rapid fluid flow away from the high pressure tumor core to the 

relatively lower pressure tumor periphery(329). High interstitial fluid pressures remain a major 

barrier to uptake of intravascularly circulating therapeutic agents into tumors(330), which is 

typically dependent on differences in capillary hydrostatic pressure and tumor interstitial fluid 
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pressure(331). The current study demonstrates increased penetration of non-adhesive 

ZsGreen-BPN at with FUS operated at lower 0.45 MPa PNP and 1% duty cycle. Importantly, a 

similar increase in transfection volume was achieved with FUS + MB treatments with similar 

treatment parameters (0.45 MPa, 0.5% duty cycle, 1x105 MB/g) to BBB-opening procedures.  

     FUS is also being explored clinically to enhance delivery of systemically administered 

therapeutic agents to tumors(7, 332). Recent studies using pre-treatment FUS have 

demonstrated increased nanoparticle uptake(333) and penetration(334) into tumors via the 

enhanced permeability and retention effect after systemic administration. FUS pre-treatment, 

therefore, may be able to enhance FUS + MB delivery strategies.  

 

5.4.5 Pretreatment of CNS tissue with FUS to enhance delivery of systemically 

administered agents with FUS and MBs.  

     MB activation with FUS constitutes a non-invasive and spatially localized delivery strategy 

capable of temporary opening of the BBB to agents as large as 100 nm. This strategy has been 

shown to be safe and BBB barrier function to MR contrast agents is typically restored within 4-6 

hours after treatments. FUS and MBs has been used by other investigators to deliver naked 

plasmid(156, 157) and AAV(155, 163) across the BBB, leading to significant transgene 

expression in the CNS. We have previously demonstrated the ability of FUS and MBs to target 

the delivery of Luc-BPN or BPN bearing the mCherry reporter gene into the brains of healthy 

rats, leading to exceptionally homogenous transgene expression limited to the site of FUS 

application, without signs of toxicity or astrocyte activation(265). Importantly, this strategy was 

able to restore multiple indicators of neurodegeneration in a rat model of Parkinson’s disease 

after delivery of BPN bearing a gene for the glial cell-derived neurotrophic factor(288).  

     Despite the success of FUS and MBs to deliver therapeutic gene vectors into the CNS in 

pre-clinical models, delivery efficiency remains low(335). This study has demonstrated the 
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ability of FUS pre-treatment to enhance dispersion of non-adhesive gene vector BPN after CED 

infusion in the CNS. Moreover, FUS has previously been shown to increase blood flow(333, 

336) as well as increase expression of negatively charged heparan sulfate proteoglycans(165), 

which are known to facilitate PEI based gene vector nanoparticles (337) or AAV(168) entry into 

cells.  

     Pre-treatment of the rat striatum with FUS at either 4 MPa or 2 MPa (1.1 MHz, 2.25% duty 

cycle) immediately prior to opening of the BBB with FUS and MBs (1.1 MHz, 0.5% duty cycle, 

1x105 MB/g) and delivery of systemically administered Luc-BPN (0.5 µg/g) led to a 5.74- or 

1.46-fold increase in in vivo bioluminescence compared to the contralateral hemisphere, in 

which the BBB was opened with FUS and MBs, but not pre-treated. Consistent with these 

results, a previous study showed that bioluminescence following systemic administration of Luc-

BPN and delivery into skeletal muscle with FUS and MBs was ~10-fold higher than in skeletal 

muscle receiving a direct injection of the same dose of BPN into 5 evenly spaced sites(148). 

Another study demonstrated that animals pre-treated with FUS (8.95 MPa, 5% duty cycle) in the 

hind limb led to a significant (>10-fold) increase in intravascular fluorescent nanoparticle 

concentration compared to non-pre-treated tissue and that the most extensive effects were seen 

when nanoparticles were administered immediately after FUS pre-treatment(312). This study 

did not observe extravascular nanoparticles after FUS pre-treatment, consistent with a pulsing 

regimen that is predominated by mechanical effects and not thermal effects, which are capable 

of enhancing nanoparticle extravasation(338).  

     In the current study, we demonstrate a novel strategy to use FUS pre-treatment to enhance 

delivery of gene bearing BPN into the CNS that leads to significantly more robust delivery 

compared to FUS and MB treatment alone. In addition to its non-invasive nature which obviates 

risks associated with traditional surgery, FUS is capable of exceptionally homogenous and 

spatially localized delivery over a large volume in the CNS.  
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5.5 Materials and Methods 

5.5.1 Animals 

Female Sprague-Dawley rats were purchased from Envigo. Male C57Bl6 as well as the TrpA1 

(JAX Stock# 006401) and TrpV1 (JAX Stock# 003770) knockout mice were purchased from 

Jackson and were originally developed elsewhere(339, 340). Male athymic nude mice were 

purchased from Charles River. Animals were housed on a 12/12h light/dark cycle, and given 

food ad libitum. Rats were ~180 – 220 g at the time of treatment and mice were ~25 g. Animal 

experiments were approved by the Animal Care and Use Committee at the University of Virginia 

and conformed to the National Institutes of Health guidelines for the use of animals in research.  

 

5.5.2 Plasmid Design 

The Luc and ZsGreen plasmids (~4 kB) were constructed as previously described using 

standard molecular biology by Copernicus Therapeutics Inc. (Cleveland, OH) and is described 

elsewhere (265, 288, 341) (265). Briefly, the Luc plasmid contains the luciferase reporter gene 

driven by the ubiquitously active β-actin promoter. The ZsGreen plasmid contains the ZsGreen 

reporter gene driven by the ubiquitously active CMV promoter.   

 

5.5.3 DNA-BPN Fabrication and Characterization  

DNA-BPN were fabricated and characterized as previously described(186, 265). Briefly, PEG5k-

PEI copolymer was synthesized by conjugating molar excess of 5kDa methoxy-PEG-N-

hydrosuccinimide (mPEG-NHS, 5 kDa, Sigma-Aldrich, St. Louis, MO) to primary amine groups 

of 25 kDa branched PEI (Sigma-Aldrich, St. Louis, MO). The resulting PEI-PEG conjugate 

possessed a high degree of PEG conjugation (average of 50 PEG chains per PEI molecule). 

The final product was extensively dialyzed against ultrapure water and the conjugation was 

confirmed by nuclear magnetic resonance. DNA-BPN were formulated by drop-wise addition of 
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10 volumes of plasmid DNA to 1 volume of polymer mixture solution of PEI and PEG5k-PEI. 

DNA-BPN were purified with 3 volumes of ultrapure water to eliminate free polymers, and 

concentrated to 1mg/ml using Amicon Ultra Centrifugal Filters (100,000 MWCO; Millipore Corp., 

Billerica, MA). The DNA concentration of DNA-BPN was confirmed using a NanoDrop 2000 

spectrophotometer (Thermo Scientific, Waltham, MA). Hydrodynamic diameter, ζ-potential, and 

polydispersity index of DNA-BPN were measured using Zetasizer Nano ZS (Malvern 

Instruments, Southborough, MA). Colloidal stability of DNA-BPN was observed with 

transmission electron microscopy (TEM, Hitachi H7600, Japan) after incubating DNA-BPN in 

aCSF (Harvard Apparatus, Holliston, MA) at 37 °C for 6 hours. 

 

5.5.4 Microbubble Fabrication and Characterization 

Microbubbles used in this study have a similar formulation to Optison (GE Healthcare, Little 

Chalfont, Buckinghamshire, UK) and its fabrication is described elsewhere(6, 265). In brief, 

saline containing 1% serum albumin was sonicated (20 kHz, 30 s) with an ultrasound 

disintegrator (XL2020; Misonix, Farmingdale, NY) with an extended ½-inch titanium probe. The 

headspace of the vial containing the solution was filled with octafluoropropane gas prior to 

sonication. Microbubbles were sized and counted using a Coulter Counter (Multisizer 3, 

Beckman Coulter, Fullerton, CA) and contained an average mean size of 2.5 – 3 microns.  

 

5.5.5 FUS Pre-exposure and Convection Enhanced Delivery  

Female Sprague-Dawley rats (180-220 g), male C57Bl6 mice, male TrpA1-/- mice, male TrpV1-/- 

mice or male athymic nude mice (~25 g) were anesthetized with an intraperitoneal injection of 

ketamine (40 mg/kg, rats or 80 mg/kg, mice; Fort Dodge, IA) and dexdomitor (0.2 mg/kg, Pfizer, 

New York, NY) in sterilized 0.9% saline. A tail vein catheter was inserted to allow intravenous 

injections of microbubbles. Animal heads were shaved and depilated before being secured 
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prone in a stereotaxic frame (Stoelting, Wood Dale, IL). Rodent heads were ultrasonically 

coupled to a single element FUS transducer (1 MHz, Olympus, Center Valley, NJ) and 

positioned such that the ultrasound focus was localized in the right striatum. Animals received 

an injection microbubbles (1x105 MBs/g body weight) followed by 0.1 ml of 2% heparinized 

saline to clear the catheter. Sonication began immediately after clearance of the catheter.  

    Sonications in animals pre-treated with FUS with high PNP proceeded at 1 MHz, 1.2 MPa, 

1% duty cycle, 10 ms bursts for 4 minutes, and animals pre-treated with FUS with low PNP 

proceeded at 1 MHz, 0.4 MPa 5% duty cycle, 45 ms bursts for 10 minutes. Sonications in rats 

pre-treated with FUS and MBs proceeded at 1 MHz, 0.6 MPa, 0.5% duty cycle, 10 ms bursts for 

2 minutes and in mice pre-treated with FUS and MBs proceeded at 1 MHz, 0.45 MPa, 0.5% 

duty cycle, 10 ms bursts, for 2 minutes. Peak negative pressures Peak negative pressure listed 

are non-derated and do not account for attenuation caused by the skull or other tissue.  

     Immediately following FUS treatment, animals’ heads were cleaned, sanitized and prepared 

for convection enhanced delivery (CED) surgery. Buprenorphine (0.03 mg/kg, Reckitt Benckiser 

Healthcare, Hull, UK) was administered to achieve local anesthesia. A midline scalp incision 

was made, and the skull was exposed. A Neuros syringe (Neuros 1705, Hamilton, Reno, NV) 

containing a 33g needle and a 1mm step was inserted at 1 mm/min into the injection site in 

either rats (AP +0.5, ML: +2.8, DV: -3.5), healthy mice (AP: +0.5, ML: +2.0, DV: -2.0) or GBM-

bearing mice (coordinates determined based off T1 contrast MRI on the day prior to CED 

infusion). The rate of infusion was set to 0.33 µl/min using a frame-mounted syringe pump 

(UMP3, World Precision Instruments, Sarasota, USA). A total of 19 µg ZsGreen-BPN in 20 µl 

0.9% NaCl was injected. Five minutes following the completion of the CED, the needle was 

slowly removed at 1 mm/min and the burr hole filled with sterile bone wax. 

 

5.5.6 Histological Processing and Imaging after Convection Enhanced Delivery 
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To evaluate volume of distribution of BPN following CED administration, animals were sacrificed 

48 hours after CED administration, at the day of approximate peak expression. Rats were 

perfused via the left and right carotid arteries with 20 mls of 2% heparinized 0.9% saline or mice 

were perfused via transcardial perfusion with 10 mls of 2% heparinized 0.9% saline followed by 

10 mls of Tris-Buffered Saline containing 0.1 g/L calcium chloride. Brains were carefully 

removed, rapid frozen and stored at -80°C until sectioning. Freshly frozen brains were sectioned 

coronally into 100 µm sections using a cryostat (1905, Leica, Buffalo Grove, IL). Every other 

section within 2-3 mm of the injection site was collected on a slide and mounted with permanent 

mounting medium (P36970, Invitrogen, Carlsbad, USA).  

     Freshly cut sections were imaged using a Nikon Eclipse TE2000 confocal microscope 

(Nikon, Melville, NY) under 4x magnification. In order to capture the entire ZsGreen+ site, 

multiple images were taken and stitched together in montages. Settings, including pinhole size, 

pixel dwell, digital gain, were carefully selected and maintained through the entire study.  

     Volume of distribution was quantified using a MATLAB script similar to previously 

studies(186). Briefly, this script subtracted background fluorescence and thresholded images at 

5% of the maximum intensity. The area of distribution on each slice was then multiplied by the 

slice thickness, and summed to calculate the total volume of vector distribution.  

 

5.5.7 U87mg-mCherry Tumor Inoculation 

U87mg-mcherry cells were generated by stably transfecting U87mg cells with a plasmid to 

express the mCherry fluorescent reporter gene under control of the CMV promoter and were 

kindly donated by Roger Abounader. Mice were anesthetized with a mixture of ketamine (40 

mg/kg, Fort Dodge, IA) and dexdomitor (0.2 mg/kg, Pfizer, New York, NY). The top of the 

mouse heads were depillated, and the mice were secured prone on a stereotaxic frame 

(Stoelting, Wood Dale, IL) and the heads were cleans and sanitized for surgery. An incision was 
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made at the midline of the scalp and the skull exposed. A 10 µl Hamilton syringe with a 26-

gauge needle was loaded with tumor cells (1.5 x 108 cells per ml) and inserted into the injection 

site (AP: +0.5, ML: +2.0, DV: -3 mm). A total volume of 2 µl (3 x 105 cells) was injected over 4 

minutes. After 1 additional minute the needle was slowly removed from the brain, the burr hole 

was filled with bone wax, and the incision was closed with sutures. 

  

5.5.8 MRI-guided FUS Delivery of Luc-BPN  

Female Sprague-Dawley rats were anesthetized with an intraperitoneal injection of ketamine (40 

mg/kg, Zoetis, Fort Dodge, IA) and dexdomitor (0.2 mg/kg, Pfizer, New York, NY) in sterilized 

0.9% saline. A tail vein catheter was inserted to allow intravenous injections of Luc-BPN and 

microbubbles. In a previous study by our group(6), BPN with a similar size and surface 

chemistry were found to be circulating 24 hours after i.v. administration into rats. Rat heads 

were shaved and depilated before being secured supine in a degassed water bath coupled to a 

FUS system (RK-100, FUS Instruments, Toronto, Canada) containing a 10 cm diameter 1.11 

MHz single-element annular FUS transducer with a 2.5 mm listening hydrophone mounted at 

the center. The entire system was placed in a 3T MR scanner (Magnetom Trio, Siemens 

Medical Solutions, Malvern, PA). A homebuilt 2-inch cylindrical transmit-receive RF coil was 

placed around the rat’s head to maximize imaging SNR. Baseline T2-weighted images were 

acquired using turbo spin-echo pulse sequences. T2-weighted imaging parameters included: 

TR/TE = 3600/46 ms, flip angle = 90°/150°, readout bandwidth = 219 Hz/pixel, 9 slices, 

thickness = 1 mm, field of view = 50 mm, matrix = 192 × 192, turbo factor = 18, 100% phase 

oversampling, 4 averages, total time = 5:22.   

     Three evenly spaced targets for the preconditioning FUS treatment were selected in either 

the left or right striatum from T2-weighted images. Target locations were approximately 5 mm 

ventral from the top of the skull. Preconditioning FUS sonications were performed at 4 MPa or 2 
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MPa, 45 ms bursts, 0.5 Hz pulse repetition frequency for 10 minutes. During preconditioning 

sonications, MR-thermometry was acquired to detect possible changes in temperature.   

     Immediately following preconditioning FUS sonications, rats were given a co-injection of Luc-

BPN (0.5 µg/g body weight) and MBs (1x105 MBs/g body weight) followed by 0.3 ml of 2% 

heparinized saline to clear the catheter. Sonication began immediately after clearance of the 

catheter. Sonications were performed at 0.55 MPa (not accounting for skull/tissue attenuation) 

operating in 10 ms bursts, 0.5 Hz pulse repetition frequency and 2 min total duration. 

Immediately following BBB opening, DCE-MRI was performed to assess changes in gadolinium 

uptake kinetics. Gadolinium (Magnevist, Bayer Health Care, PA) was injected intravenously at 

0.5 µl/g body weight. Animals were removed from the MRI table and placed on a warm pad for 

30 minutes prior to reversal of the anesthetic with antisedan (2 mg/kg, Orion Pharma, Espoo, 

Finland) 

 

5.5.9 Passive Cavitation Detection 

Acoustic emissions were detected with a 2.5 mm wideband unfocused hydrophone mounted in 

the center of the transducer. Acoustic signal was captured using a scope card (ATS460, Alazar, 

Pointe-Claire, Canada) and processed using an in-house built MATLAB algorithm. To assess 

inertial cavitation at each burst, frequencies produced by stable cavitation including 300 kHz 

bandwidth around the fundamental frequency as well as 100 kHz bandwidth surround the 

harmonics (2f, 3f, 4f), sub-harmonics (0.5f), and ultra-harmonics (1.5f, 2.5f, 3.5f) were filtered 

and the root mean square of the spectral amplitude was obtained. Stable cavitation was 

assessed by taking the root mean square of the peak spectral amplitude (Vrms) in the 

frequency bands filtered out for the inertial cavitation calculation. Inertial cavitation dose (ICD) 

and stable cavitation dose (SCD) were obtained by multiplying Vrms values, respectively, by the 

total sonication time and integrated over the duration of the sonication.  
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5.5.10 In Vivo Bioluminescence Imaging 

Two days following FUS-delivery of Luc-BPN, animals were anesthetized and maintained on 2-

2.5% isofluorane in oxygen. D-Luciferin (Gold Biotechnology, St. Louis, MO) was administered 

by intraperitoneal injection at 150 mg/kg. Animals were serially imaged using an IVIS100 

imaging system (Xenogen, Alameda, CA, USA). Photons were collected and integrated for a 

period of 1 minute. Images were processed using Xenogen’s Living Image software. Total flux 

intensities were measured from a region of interest over the FUS targeted region.  

 

5.5.11 Ex Vivo Bioluminescence Imaging 

Three days following delivery of Luc-BPN, rats were anesthetized and maintained on 2-2.5% 

isofluorane in oxygen. D-Luciferin (Gold Biotechnology, St. Louis, MO) was administered by 

intraperitoneal injection at 150 mg/kg. Five minutes after administering D-luciferin, rats 

euthanized and decapitated. The brains were quickly harvested, dipped in 1 mg/ml D-luciferin 

and imaged using the IVIS100 imaging system. Photons emitted were collected over 3 min.  

 

5.5.12 Histological Processing for Safety Analysis 

 Following ex vivo bioluminescence imaging, brains were placed in a brain matrix (Stoelting, 

Wood Dale, IL) and a slice containing the FUS-treated striatum was dissected by cutting two 

coronal slices 2 and 10 mm from the anterior front of the brain, and fixed in 4% PFA for 48 

hours. The striatum were rapidly frozen in OCT and sectioned in a cryostat (Leica, Buffalo 

Grove, IL). 10-micron thick sections were cut in 30 sections, 100 µm apart. Every third section 

was stained with hematoxylin and eosin or immunolabeled against the astrocyte marker, GFAP, 

or the microglial marker, Iba1. Iba1 slides were scored by a neuropathologist (JWM) blinded to 

experimental conditions. Grayscale intensity of GFAP images for each section was assessed 



118 

 

with an in-house built MATLAB program and averaged across all sections for both the left and 

right striatum. 

     Hematoxylin and Eosin staining was performed on mounted sections according to standard 

protocols. Tissues were imaged on a bright field microscope (Zeiss, Jena, Germany) equipped 

with a color CCD Camera (Olympus, Center Valley, NJ). Slides were scored by a 

neuropathologist (JWM) blinded to experimental conditions.  

 

5.5.13 Immunolabeling and Histology for Safety Analysis 

Freshly mounted sections were rinsed in PBS + 0.1% Tween-20 and blocked with 10% horse 

serum for 1 hour. Sections were incubated overnight with goat anti-Iba1 antibody (Ab5076, 

1:500, Abcam, Cambridge, UK) or goat anti-GFAP antibody (Ab53554, 1:500, Abcam) in a 

humidified chamber at 4°C. Sections were washed in PBS + 0.1% Tween-20 and incubated with 

Alexa-fluor-647 conjugated donkey anti-goat secondary antibody (Thermo21447, Thermo, 

Waltham, USA) for one hour and mounted with permanent mounting medium (P36970, 

Invitrogen, Carlsbad, USA). Sections were imaged on a Nikon Eclipse TE2000 confocal 

microscope (Nikon, Melville, NY). 

 

5.5.14 Statistical Analysis 

Sample sizes for all groups were determined empirically. All statistics were conducted using 

SigmaPlot software (Version 13.0), which automatically suggests parametric or non-parametric 

tests depending on the results of normality testing. Statistical significance was set at p < 0.05. All 

values are presented as mean ± SEM.  

 

5.5.15 Data Availability 
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 The data supporting the findings in the current study are available upon request from the 

corresponding authors.  
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5.7 Chapter 5 Figures 

 

 
Figure 5.1. Pre-exposure of rat brain to 1.2 MPa FUS or 0.6 MPa FUS with MBs increases 
volume of distribution after CED administration of ZsGreen-BPN. (A) Timeline of study. 
Rats received FUS ± MB just prior to the start of the CED. Animals were sacrificed at 48 
hours and their brains sectioned to analyze volume of distribution. (B) Representative 
images from sections through the striatum after CED administration of ZsGreen-BPN. (C) 
Bar graph of volume of distribution of ZsGreen-BPN in the striatum after CED 
administration. n = 5 in each group. *p < 0.05 vs all groups, one-way ANOVA. ‡p<0.05.  
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Figure 5.2. Enhancement of ZsGreen-BPN volume of distribution with FUS is 
 attenuated in TrpA1-/- mice but not in TrpV1-/- mice. Bar graphs show volume of distribution 
fold change compared to CED control after CED administration of ZsGreen-BPN into the 
striatum of (A) C57BL/6, (B) TrpA1-/- and (C) TrpV1-/-mice. (D) Representative images from 
sections through the mouse striatum after CED administration of ZsGreen-BPN in C57BL/6 
(top row), TrpA1-/- (middle row) and TrpV1-/- (bottom row). n = 6, n = 7 (CED + FUS) or n = 
3 (FUS + MB) in each group. * = p < 0.05, ** = p < 0.01, ‡ = p < 0.05 vs all groups in same 
genotype, ‡‡ = p < 0.01 vs all groups in same genotype, ¥ = p < 0.05 vs  FUS + MB + CED.  
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Figure 5.3. Pre-treatment of an intracranial mCherry-expressing U87 human glioma tumor 
in a mouse increases volume of distribution after CED administration of ZsGreen-BPN. (A) 
Timeline of study. Tumors were imaged 15 days after inoculation, treated with FUS and/or 
CED on day 16 and their brains harvested on day 18. (B) Bar graph of volume of 
distribution of ZsGreen-BPN in the tumor after CED administration. (C) Representative 
images from sections through the tumor after CED administrat ion of ZsGreen-BPN showing 
the ZsGreen distribution (left column), mCherry-expressing tumor (middle column) and 
merge. n = 7 or n = 3 (FUS + MB) in each group. *p < 0.05 vs all groups, one-way ANOVA.  
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Figure 5.4. Pre-exposure of rat brain to 4 MPa or 2 MPa FUS (2.25% duty cycle, 10 mins) 
without MBs increases bioluminescence after delivery of Luc-BPN with FUS compared to 
non-pre-treated controls. (A) Representative pre-treatment T2 MRI images showing 
treatment planning locations in the striatum of the rats. The striatum of one hemisphere 
was pre-treated and the BBB of both hemispheres was opened with FUS + MB. (B) 
Representative in vivo (top) and ex vivo (bottom) bioluminescence images taken two days 
after application of FUS + MB treatment. The right str iatum was pre-treated. (C – E) Bar 
graphs showing in vivo bioluminescence total flux in animals pre-treated with either 2 MPa 
(C) or 4 MPa (D) or ratio of the bioluminescence on the pre-treated side. n = 7 (2 MPa) or n 
=10 (4 MPa). *p < 0.05 vs all groups, t-test. ** p<0.01, paired t-test.  
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Figure 5.5. Pretreatment with 4 MPa or 2 MPa FUS does not alter SCD and ICD during 
BBB-opening. Bar graph of stable cavitation dose (A) and inertial cavitation dose (B) 
collected during FUS + MB treatment to open the BBB on the pre-treated ipsilateral 
striatum and the contralateral non-pre-treated striatum. No statistical differences were 
found.  
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Figure 5.6. Pre-treatment with FUS at either 4 MPa or 2 MPa does not lead to signs of 
damage, ischemic injury, astrogliosis, or microgliosis. (A) Representative images of H&E 
(top) stained and GFAP (middle) or Iba1 (bottom) immunostained sections through 
ipsilateral pre-treated and FUS + MB treated as well as contralateral FUS + MB treated 
striatum. (B) Bar graph showing GFAP grayscale intensity in all groups including pre-
treated and FUS + MB treated and contralateral FUS + MB treated striatum at both 4 and 2 
MPa as well as control non-treated striatum. No statistical differences were found.    
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5.8 Chapter 5 Tables 
 
 

 
 
  



127 

 

Chapter 6: Thoughts on the Direction of Future Research Projects 
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6.1 Focused Ultrasound as a Strategy for Treating Brain Disease 

     Focused ultrasound (FUS) has now been well established as a treatment strategy for 

numerous brain diseases. High intensity FUS has been FDA approved for treatment of 

Essential Tremor (259), and clinical trials for other CNS disorders including tremor dominant 

Parkinson’s disease (PD) (NCT01772693), Parkinson’s dyskinesia (NCT02263885), OCD 

(NCT03156335) and Huntington’s disease (NCT02252380) and others are being planned. 

Moreover, use of lower intensity pulsed FUS, in conjunction with MBs, to temporarily open the 

blood-brain barrier (BBB) is now beginning clinical trials in glioblastoma multiforme (GBM, 

MCT02343991) and Alzheimer’s disease (NCT02986932). However, despite its immense 

promise, additional investigation is required to improve delivery efficiency, reduce off-target 

uptake, and better understand how different types of ultrasound regimes (i.e. ablation, 

hyperthermia, mechanical tissue disruption, etc.) can work in combination to reduce barriers to 

treatment of disease.  

 

6.2 Integrating Alternative Nanoparticle Formulations into Focused Ultrasound 

Treatment Paradigms 

     In chapter 2, we demonstrated that delivery of reporter gene-bearing nanoparticles 

across the BBB leads to localized and robust transgene expression in the brain 

parenchyma. We showed that this strategy is safe, with no significant activation of 

astrocytes or signs of toxicity under H&E staining.  

     Our long term goal is to pre-clinically test and translate novel gene delivery approaches for 

treatment of PD. While numerous cationic polymer backbone candidates for non-viral gene 

delivery have demonstrated promise for efficient and non-toxic gene transfer in vitro, PEI(342, 

343) and poly (β-amino) esters (PBAE)(344, 345) have shown particular promise for in vivo 
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 applications due to their ability to overcome harsh physiological environments and numerous 

cellular barriers to gene delivery. The delivery of PEI based DNA-BPN with FUS did not show 

signs of local or systemic toxicity at low or moderate doses (<200 µg); however, higher doses 

(>350 µg) led to signs of local toxicity in the ipsilateral striatum including gliosis and pyknotic 

nuclei. PBAE may have improved efficiency and a better safety profile in vivo compared to 

PEI(344–346), as well as an ability to rapidly degrade into biocompatible products over several 

hours. Therefore, a key component to translation of strategies involving delivery of nanoparticles 

with FUS will be to determine if the FUS-targeted delivery of PBAE based DNA-BPN can surpass 

the safety and/or efficacy profile of PEI based DNA-BPN delivery. Broadly speaking, the 

improvements in gene delivery achieved will represent an improved platform for gene therapies 

for other brain diseases.  

     Future studies could also seek to limit off-target gene expression obtained after systemic 

administration of gene vector BPN. Toward this end, advances in genetic tools including promoter 

design and inclusion of miRNA target sites(347) can limit expression to specific cell types or knock 

down expression in off-target organs, respectively. Limiting expression to targeted structures 

could obviate risks associated with off-target expression. 

 

6.3 Development of GDNF-BPN delivery with FUS as a Clinical Treatment Strategy for 

Parkinson’s Disease 

     In chapter 3, we used the unique delivery capabilities of FUS and MBs to deliver a BPN 

bearing the plasmid for a neurotrophic factor, GDNF, to restore locomotor function in a rat 

model of PD. We determined that delivery of GDNF-BPN with FUS led to an ~10-fold 

enhancement in GDNF protein levels that was sustained for at least 10 weeks after delivery 

and was sufficient to improve behavioral, histological and biochemical markers of disease 

in this model. Indeed, we postulate that the non-invasive nature of FUS to deliver GDNF-



130 

 

BPN makes this strategy enticing for the treatment of early stage human PD, where 

treatment strategies are most likely to produce a significant effect.  

     In order to maximize treatment efficacy, it may be worthwhile to test whether the FUS 

pre-treatment strategies demonstrated in chapter 4 can enhance delivery and therapeutic 

response to GDNF-BPN delivery. Indeed, by improving delivery and expression of 

transgenes to the targeted striatum, doses of systemically administered GDNF-BPN may 

be reduced which may ultimately mitigate concerns about side effects associated with off-

target delivery and expression.  

     Next, prior to translating FUS-delivery of GDNF-BPN as treatment strategy in humans, 

further studies could seek additional testing in alternative models of PD including the 

rodent α-synuclein overexpression model and the toxin based MPTP model in non-human 

primates. It is important to note that α-synuclein-based PD models have previously 

demonstrated lack of efficacy of GDNF gene therapies(280), presumably due to GDNF receptor 

(Ret) downregulation(281). Indeed, improved homogeneity of delivery as well as FUS-mediated 

modulation of immune cell activation could improve outcomes. Non-human primates represent 

much more complex models capable of better predictions of clinical success and 

translation. 

     Ultimately, one critical question for determining the efficacy of FUS delivery of GDNF-

BPN to treat human PD clinically is the integrity of the cerebral vasculature in older patients 

who are most likely to suffer to neurodegenerative diseases like PD. Most pre-clinical 

studies using FUS and MBs to open the BBB and deliver therapeutic agents have done so 

in young and naïve mice. However, the vasculature in a human PD brain is known to be 

disrupted, and dysfunctional BBB has been observed post-mortem substantia nigra and the 

striatum of PD patients(348). Moreover, activated microglia are more abundant in the SN of 

PD patients compared to age-matched healthy controls(349). Notably, opening of the BBB 
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appears to be required for extravasation of leukocytes into the brain parenchyma (350) and 

immune activation has been associated with an increased risk of PD(351). In light of this 

cerebrovascular dysfunction, translation of BBB opening strategies including FUS and MBs, 

which is known to activate microglia(110, 225), should be approached with caution. For this 

reason, future studies in aged rodents or more sophisticated models of PD are required.  

 

 

6.4 Secondary Mechanisms of Focused Ultrasound to Enhance Nanoparticle-based 

treatment strategies 

     In chapter 4, we demonstrated the ability of FUS pre-treatment to a) enhance BPN 

volume of distribution when administered via CED into healthy rodent brain and in a glioma-

bearing mouse. We further suggested a role for the TrpA1 calcium channel in altering ECM 

properties after mechanical activation. In addition, we demonstrated that FUS pre-treatment 

led to increased uptake and/or expression after delivery of BPN with FUS and MBs.  

     Future studies could seek to determine whether this approach could improve delivery of 

BPN into either a U87 human glioma tumor model or a B16F10 melanoma brain metastasis 

model. Indeed, while our studies demonstrated increased penetration of BPN through FUS 

pre-treated U87 tumor tissue, FUS pre-treatment has also been shown by other groups to 

decrease intratumoral interstitial fluid pressure(222) and penetration after uptake via the 

enhanced permeability and retention effect(334), suggesting that FUS pre-treatment can reduce 

several major barriers to therapeutic delivery into tumors. To test this, U87 tumor-bearing 

athymic nude mice or melanoma bearing C57Bl6 mice could be pre-treated in both the tumor as 

well as the surrounding healthy tissue with a FUS pre-treatment regime followed by systemic 

administration of Luc-BPN and opening of the BBB with FUS and MBs. Tumors could be 

harvested, isolated, and imaged with ex vivo bioluminescence imaging or homogenized and 
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luciferase expression could be assessed through luciferase assays. Increased drug penetration 

and homogeneity of BPN distribution could be assessed by sectioning and staining treated brain 

tissue. Changes in interstitial fluid flow after pre-treatment could be assessed with serial T1 

imaging, in a technique being developed by the Munson Lab. Ultimately, if successful, this 

strategy could be used to test whether FUS pre-treatment followed by delivery of therapeutic-

bearing BPN with FUS and MBs could lead to significant growth control.  

     Additional future studies could also look at strategies to improve the increased uptake via 

FUS pre-conditioning. In chapter 4, we demonstrated the role of mechano-sensitive channels in 

regulation of ECM permeability and others have postulated that the mechanism of increased 

tissue permeability after FUS pre-treatment is non-thermal(221). In contrast, however, mild 

tissue hyperthermia with FUS has been shown to lead to vasodilation and increased blood 

flow(336). In order to maximize the effect of pre-treatment, multiple FUS pre-treatment 

protocols including regimes known to a) cause sustained mild hyperthermia (~5°C 

temperature rise), b) produce significant mechanical tissue strain but negligible heating (< 

2°C temperature rise) could be tested alongside the FUS regime demonstrated in chapter 

4.  

     Finally, further studies into cellular responses to FUS could include live imaging of 

astrocytes and microglia seeded into 3D matrices housed in acoustically transparent cell 

culture chambers. Toward this end, we could use astrocytes or microglia that fluoresce 

when intracellular calcium levels rise. By confocally aligning a FUS transducer and a 

fluorescence-capable optical objective, it would be possible to live image astrocytes and 

microglia in a brain-like environment. This would allow evaluation of the extent of 

mechanical strain that is required to activate mechano-sensitive channels including TrpA1 

and evaluate changes in astrocyte or microglial morphology following FUS pre-treatment.  
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6.5 Promise for Therapeutic Genome and Transcriptome Engineering strategies with 

Focused Ultrasound 

     This dissertation has described the development of a non-invasive delivery paradigm 

wherein nucleic-acid bearing nanoparticles can be delivered to spatially-localized sites 

within the brain. Non-viral delivery of CRISPR/Cas9 components (i.e. mRNA and sgRNA) 

was recently described for the first time in adult animals(352) and hold immense potential 

for site specific and long-term in vivo gene editing. Programmable CRISPR systems with 

RNA-targeting Cas9 capable of visualizing and eliminating toxic RNAs have been shown to 

be effective in treatment of poly-glutamine disorders like Huntington’s disease and a 

common form of amyotrophic lateral sclerosis(353). Delivery strategies like FUS and MBs 

could allow for exciting opportunities for transcriptome and/or genome engineering in 

numerous models of brain disease.  

 

6.6 Pre-treatment with Focused Ultrasound as a Strategy to Enhance Immune 

Infiltration and Activation 

     In addition to enhancing permeability of healthy brain and tumor tissue, FUS pre-

treatment has been shown to reduce intratumoral interstitial fluid pressure (222) and it has 

been hypothesized that the mechanism includes increasing fluid flow from the core of the tumor 

to the tumor periphery, where the pressure is known to be lower(354). Numerous studies have 

argued that opening of the BBB with FUS and MBs can activate microglia(355, 356), and 

disruption of the BBB with FUS and MBs is currently being explored for its potential to increase 

trafficking of immune cells into the tumor(202). Indeed, future studies could investigate how 

increases in tissue permeability and/or interstitial fluid flow out of the tumor may increase 

exposure of tumor antigen via increased drainage to the meningeal lymphatics and ultimately 

the cervical lymph nodes, which are known to have roles in immune cell trafficking and 
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activation (357). Moreover, it has recently been demonstrated that dense tumor ECM can 

prohibit T-cell migration and reduce antitumor immunity(358). Increased permeability of the 

tumor ECM with pre-treatment FUS regimens may allow increased immune cell activation and 

surveillance. When used in combination with FUS and MBs to increase drug and/or gene 

delivery, this multi-pronged approach has the potential to elicit strong and lasting tumor growth 

control.  

     It is important to note that the immune system in the CNS has roles in both health and 

disease. Activation of immune cells in the parenchyma, including microglia, or in the meninges, 

including dendritic cells can lead to neuroprotective and/or neurorestorative responses(359, 

360). Consistent with this, stimulation of immune in the brain system has also shown promise 

for the treatment of neurodegenerative diseases(361, 362). Moreover, aged brain is associated 

with decreased glymphatic flux and, importantly, decreased amyloid-β clearance in a mouse 

model of Alzheimer’s disease(363, 364). FUS has been used by several groups as a strategy to 

increase antibody delivery across the BBB and enhance immune cell activation (79, 110) and 

has been shown to decrease amyloid-β plaque burden(110, 225) in rodent models of 

Alzheimer’s disease. Further studies could explore the use of a pre-treatment FUS regime to 

enhance antibody delivery, immune cell infiltration and, indeed, increase fluid conductivity and 

ISF flux to enhance amyloid-β clearance from the aged brain.  

      

6.7 Summary 

Taken collectively, these chapters prompt numerous questions that ultimately could drive 

novel and exciting research pathways. FUS is poised, through a variety of mechanisms, to 

fundamentally alter how diseases in both the brain as well as the periphery are treated.  
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