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Abstract

Focused ultrasound (FUS) combined with microbubbles is a non-invasive method for targeted, 

reversible disruption of the blood-brain barrier (FUS-BBB opening). This approach holds great 

promise for improving delivery of therapeutics to the brain. In order to achieve this clinically 

important goal, the approach necessarily breaks a protective barrier, temporarily, which plays a 

fundamental role in maintaining a homeostatic environment in the brain. Preclinical and clinical 

research has identified a set of treatment parameters under which this can be performed safely, 

whereby the BBB is disrupted to the point of being permeable to normally non-penetrant agents 

without causing significant acute damage to endothelial or neuronal cells. Much of the early work 

in this field focused on engineering questions around how to achieve optimal delivery of 

therapeutics via BBB disruption. However, there is increasing interest in addressing biological 

questions related to whether and how various aspects of neurophysiology might be affected when 

this fundamental protective barrier is compromised by the specific mechanisms of FUS-BBB 
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opening. Improving our understanding of these secondary effects is becoming vital now that FUS-

BBB opening treatments have entered clinical trials. Such information would help to safely 

expand FUS-BBB opening protocols into a wider range of drug delivery applications and may 

even lead to new types of treatments. In this paper, we will critically review our current knowledge 

of the secondary effects caused by FUS-BBB opening on brain physiology, identify areas that 

remain understudied, and discuss how a better understanding of these processes can be used to 

safely advance FUS-BBB opening into a wider range of clinical applications.
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Introduction

Almost twenty years ago, it was demonstrated that focused ultrasound (FUS) combined with 

systemically circulating microbubbles could be used to disrupt the blood-brain barrier 

(BBB) in a non-invasive and transient fashion (1). It was immediately recognized that this 

technology could have profound implications for drug delivery to the brain, indeed that was 

the impetus for the original study. The BBB prevents many small molecules, and essentially 

all large molecules, from crossing from the blood stream into the brain. Existing methods for 

delivering therapeutics to the brain, such as osmotic/chemical disruption of the BBB, 

intrathecal injection or direct neurosurgical injection, all have limitations in terms of 

invasiveness, poor spatial distribution or low efficacy (2). FUS-BBB opening, while 

presenting a different set of recognized challenges, offers the promise of a safe, non-invasive 

and targeted approach.

As with any new medical technology, most early research on FUS-BBB opening focused on 

optimizing the procedure for efficacy and demonstrating safety. Preclinical studies 

investigated how BBB opening varied as a function of the FUS parameters that were applied 

(3–5), how long the BBB remained open after the procedure (6–8), what size of molecule 

could be delivered (9), and strategies to control the dose of drug to be delivered (10). Safety 

studies were performed to investigate potential short-term histologic evidence of post-

treatment damage and adverse effects on behavioral readouts (11–13). As preclinical 

evidence accumulated indicating that the method was both effective and safe, researchers 

deployed FUS-BBB opening for drug delivery to treat a wide range of brain diseases (14–

16). The success of these preclinical studies culminated in the first clinical trials in 2018 

applying FUS-BBB opening for the treatment of brain tumors, Alzheimer’s disease, and 

amyotrophic lateral sclerosis (NCT03739905, NCT03119961, NCT03671889).

While the above-mentioned safety and efficacy research did not reveal any immediate 

concerns, it was nevertheless understood that FUS-BBB opening was altering a fundamental 

protective barrier in the body and could therefore lead to significant, and potentially harmful, 

short and long-term secondary effects. In fact, breakdown of the BBB is known to occur in 

several neurodegenerative diseases, and has been implicated in contributing to a negative 

feedback loop that exacerbates disease progression (17). Accordingly, the first applications 
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of FUS-BBB opening targeted terminal brain disorders with no alternative cure. As long as 

the procedure could be implemented under a particular set of treatment parameters that 

cleared a bar of minimum safety, the risk-benefit analysis was seen to be in favor of the 

procedure. Some early studies investigated the primary mechanisms of BBB permeability 

(18–20), but for the most part questions related to biological effects on brain physiology 

were not pursued.

The past several years has seen a growing interest in research related to the secondary effects 

of FUSBBB opening. Specifically, after the BBB is permeated in this abrupt manner, what 

are the casual effects to brain physiology? The major secondary effects observed thus far 

include a generalized inflammatory response, reduction of amyloid β plaques and 

hyperphosphorylated tau proteins, changes in brain transcriptome and proteome profiles, 

alteration of cerebral blood flow, possible suppression of neuronal activity, and possible 

effects on clearance of metabolic waste products into the cerebral spinal fluid (CSF) (Figure 

1). In most cases, the mechanisms underlying these effects and their dependence on FUS 

parameters remain unclear.

A better understanding of these effects is necessary to safely expand clinical indications of 

FUS-BBB opening. Expansion to new applications often requires more aggressive 

treatments parameters approaching a regime where the long-term consequences are 

unknown. Such indications may necessitate more aggressive BBB opening for delivery of 

larger therapeutics, BBB opening over a greater volume to treat diseases that affect the entire 

brain, BBB opening in disease states with an underlying neuroinflammatory component, 

delivery of therapies that are known to independently cause an inflammatory response 

themselves, and repeated BBB openings for treatments that require multiple dosing.

In this review, we begin with a brief overview of the known mechanisms by which FUS 

combined with systemically circulating microbubbles leads to permeabilization of the BBB. 

We then summarize the current state of knowledge about the different secondary effects on 

brain physiology that FUS-BBB opening induces. Next we consider CSF clearing, astrocytes 

and endothelial cells, three areas that are likely affected by FUS-BBB opening but are 

currently understudied in this regard. We conclude with an outlook for future studies needed 

to facilitate the wider use of FUS-BBB opening for drug delivery and possibly lead to new 

insights as to how physiological perturbations induced by this technology may be harnessed 

for new types of treatments.

1. The primary effect: FUS-induced disruption of the BBB

There are many excellent reviews on FUS-BBB opening that cover BBB breakdown 

mechanisms, FUS parameter optimization, safety studies, delivery of therapeutic agents and 

applications to treating neurological diseases. For example, see Aryal et al. (14), Burgess et 

al. (21), Timbie et al. (16), Meairs et al. (15) and Pandit et al. (22). Here we will only briefly 

review the key mechanisms implicated in BBB disruption necessary for understanding the 

secondary phenomena that are the focus of this review.

The BBB plays both a protective and a regulatory role. It is a highly selective physical 

barrier that prevents toxins from entering the brain from the bloodstream. Endothelial cells 
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comprising blood vessel walls are connected by tight junction proteins that limit the 

diffusion of molecules along paracellular pathways. These tight junction complexes include 

claudins, occludins, zonula occludens (ZO) proteins and junctional adhesion molecules 

(JAMs) (22). In practice, the BBB is impermeable to many small molecules with a molecular 

weight under ~400 Da, depending on their charge and lipid-solubility, and essentially to all 

molecules whose molecular weight is greater than ~500 Da (23). In its regulatory capacity, 

the BBB acts to maintain ionic balance, selectively transport molecules to and from the 

central nervous system and support local immune surveillance (22). Molecular transport is 

achieved by both passive and active mechanisms, using active efflux as well as carrier-

mediated and receptor-mediated transcytosis.

FUS-BBB opening disrupts this delicate regulatory system. The endothelial cells that 

primarily make up the BBB interact with pericytes, smooth muscle cells, astrocytes, neurons 

and microglia (Figure 2). Together with extracellular matrix components, these cells form 

the neurovascular unit (NVU). Multifactorial and reciprocal interactions between these cell 

types are needed for efficient regulation of systems that are key to brain homeostasis, such as 

cerebral blood flow. Disruptions to NVU functioning can affect cells locally and also have 

widespread consequences on the vasculature, neuronal networks and the CSF system.

FUS-BBB opening is achieved through the combination of an ultrasound pressure field and 

gas-filled microbubbles circulating in the vasculature. The microbubbles are ~1 – 4 

micrometers in diameter, typically have a lipid or albumin shell and are filled with a gas 

such as air, sulfur hexafluoride or perfluorocarbons. Three of the most common formulations 

are commercially available microbubbles that are FDA-approved as ultrasound contrast 

agents (Optison (GE Healthcare), SonoVue (branded as Lumason in the United States, 

Bracco) and Definity (Lantheus Medical Imaging)). When the microbubbles enter the focal 

zone of the ultrasound pressure field, they undergo a rapidly oscillating expansion and 

contraction in size known as cavitation and experience a radiation force in the direction of 

FUS propagation. These mechanical forces affect endothelial cells in several ways that have 

been observed in pre-clinical studies (Figure 2). This includes the immediate disruption of 

tight junctions as observed histologically by electron microscopy (18), a reduction in claudin 

5, occludin and ZO-1 expression levels observed at the interendothelial cell clefts 1 hour 

post treatment (20), a decrease in drug efflux mechanisms (24–26), increased permeability 

of the cell plasma membrane and an increase in the number of transcytotic vesicles (19).

The relative contribution of these different factors to the disruption of the BBB is unknown. 

What is known is that immediately after FUS sonication the BBB becomes permeable to 

substances that normally do not cross this barrier. This includes contrast agents such as 

gadolinium (~500 Da), larger dyes such as Trypan blue (~67 kDa when bound to albumin), 

delivery vehicles such as gold nanoparticles (~ 20 nm), liposomes (~80 nm) or adeno-

associated viral vectors (~25 nm), and a wide variety of therapeutics such as the 

chemotherapeutic agent Temozolomide (194 Da), brain-derived neurotrophic factor (~30 

kDa), antibodies (~150 kDa) and even neural progenitor cells (~5–10 μm) (14). The BBB 

then gradually recloses with an exponential decay kinetics of several hours, and is typically 

fully closed by 24 hours post-sonication (6–8).
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2. Secondary effects of FUS-BBB opening

2.1. Initiation of an inflammatory response—One of the principal secondary effects 

of FUS-BBB opening is inflammation. Recent studies in rats have observed hallmarks of an 

inflammatory response at the site of BBB disruption (28–31). Four of these studies observed 

signs of microglia activation by immunofluorescent staining, as evidenced by increased 

signal for the ionized calcium-binding adapter molecule 1 (Iba1) (28, 30–32). Microglia 

activation was observed at 1 hour, 6 hours and 24 hours post-BBB disruption, with some 

studies reporting persistent activation up to weeks after (28, 31). Three out of these four 

studies additionally observed evidence of astrocytic reactivity, as indicated by increased 

expression of glial fibrillary acidic protein (GFAP) (28, 31, 32). Astrocytic reactivity in these 

studies was paralleled by a strong inflammatory response.

Kovacs et al. proposed that mechanical forces induced by the FUS-BBB opening provoked 

the release of biomolecules known as damage-associated molecular patterns (DAMPs) from 

injured cells, which initiated and perpetuated a noninfectious inflammatory response 

commensurate with what is seen in other types of brain injury such as trauma or stroke (32–

34). DAMP-initiated inflammatory response is evidenced by activation of NFκB and other 

pro-inflammatory pathways with subsequent upregulation of heat-shock protein 70, 

cytokines IL1α, IL1β, IL18, TNFα and IFNγ, as well as various other proinflammatory, 

anti-inflammatory, and trophic factors (32). Increases in the levels of inflammatory markers 

followed a kinetic similar to that of microglia activation, beginning less than 1 hour after 

FUSBBB opening and resolving 24 hours later. The intensity of the inflammatory response 

seems to correlate with the FUS microbubble dose. A study by McMahon et al. comparing 

different sonication schemes demonstrates that FUS-mediated BBB disruption can be 

achieved with a reduced inflammatory response when a lower dose of microbubbles 

combined with acoustic feedback control of the FUS pressure level is used (35). In addition 

to the microbubble dose level, about which there is some controversy (32, 36, 37), the 

volume of brain tissue over which the BBB has been opened is a possible factor that could 

explain the different levels of inflammatory response seen in the Kovacs (nine sonication 

targets) vs MacMahon (one sonication target) studies. However, no studies have been 

performed to explicitly test how the volume of BBB opening affects the inflammatory 

response. With respect to repetitive FUS-BBB opening, evidence of microhemorrhage 

scaling with the number of repetitions was found with MRI, although no significant increase 

in inflammation was seen using a PET marker [18F]-DPA714 (28, 31).

In a separate study McMahon et al. go into further details of the inflammatory response by 

gauging transcriptional changes in the microvasculature during the acute phase after FUS-

BBB opening (38). Their data show an upregulation of a number of pro-inflammatory genes 

at 6 hours post-BBB opening, most of which return to their baseline levels by 24 hours. 

These include the astrocyte activation marker GFAP. The authors also report the 

downregulation of BBB transporter genes 6 hours post FUS-BBB opening, which also return 

to baseline levels at the 24-hour mark. Finally, the study reports the upregulation of genes 

associated with angiogenesis at both the 6-hour and 24-hour time points (38).
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Acute inflammation can lead to a wide array of effects in the brain, some of which are 

protective. There are several reports of FUS-BBB opening appearing to stimulate 

neurogenesis. The hypothesis being that such an effect is downstream of the acute 

inflammation processes that have been observed. The earliest paper looked at the effect of 

FUS-BBB opening on cell survival signaling molecules and found increased activation of 

Akt signaling, an intracellular pathway involved in cell survival, growth and proliferation 

(39). Two further studies specifically observed that FUS-BBB opening by itself increased 

the number of proliferating cells and new neurons in the area of the mouse hippocampus 

targeted for BBB opening (40, 41). Importantly, neurogenesis was only observed under 

conditions where the FUS and microbubble parameters used successfully disrupted the BBB 

(40). Recently, Shin et al. documented the presence of hippocampal neurogenesis in a 

cholinergic degeneration model of dementia in the adult rat (42). These authors observed an 

increase in neurogenesis and higher expression levels of brainderived neurotrophic factor 

and of early growth response protein 1, which associated with improved behavioral 

performance in the Morris water maze test (42).

Figure 3 presents a time line of the inflammatory markers typically present after a mild 

traumatic brain injury (43–45) along with those observed in at least one of the different 

FUS-BBB opening studies. Note that some studies specifically did not see the presence of a 

particular inflammatory component cited in this figure, reflecting the dependence of the 

inflammatory response on the FUS parameters that were used.

2.2. Clearance of the amyloid-β and Tau proteins—Persistent neuroinflammation 

can be harmful to the brain, and indeed is a hallmark of many neurodegenerative diseases 

(46). However, acute inflammatory and immune responses usually serve a positive protective 

purpose. Some of the most exciting recent work in the field of FUS-BBB opening is aimed 

at initiating an inflammatory response as a way to harness the body’s own immune system 

into fighting the underlying pathologies associated with neurodegenerative diseases (47, 48).

Extracellular amyloid-β (Aβ) plaques and hyperphosphorylated tau proteins that form 

intracellular neurofibrillary tangles are the two main histopathological hallmarks of 

Alzheimer’s disease. Preclinical studies successfully used FUS-BBB opening to deliver 

exogenous antibodies that would target and reduce Aβ plaques (27, 49). Interestingly, follow 

up experiments led to the unexpected finding that FUS-BBB opening alone (i.e., without 

delivery of exogenous antibodies) resulted in a reduction in Aβ plaques. Based on those 

findings and earlier studies showing that circulating immunoglobulin G (IgG) antibodies can 

enter the parenchyma after FUS-BBB opening (18, 27), it was hypothesized that FUSBBB 

opening could allow naturally occurring antibodies present in the blood to enter the brain, 

bind to Aβ plaques and facilitate their disaggregation (48).

Several following studies have now confirmed this hypothesis, with substantial evidence 

showing that FUS-BBB opening alone leads to reduction in Aβ plaque levels in targeted 

brain regions of Alzheimer’s disease mouse models (30, 48, 50). In these studies, 

endogenous antibodies IgG and immunoglobulin M (IgM) were both found colocalized with 

Aβ plaques (48), Aβ plaque size and surface were reduced in the targeted hemisphere (48), 

and the mean Aβ plaque number was reduced relative to the contralateral untreated 
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hemisphere (50). In addition, a more aggressive “scanning ultrasound” approach that opens 

the BBB over the whole brain was also found to be effective in reducing the number of Aβ 
plaques compared to sham treated animals (30, 51).

The reduction in Aβ plaque burden appears to be driven by increased microglial and 

astrocytic phagocytosis, as indicated by postmortem analysis showing colocalization of Aβ 
plaques and activated microglia and astrocytes, and increased Aβ expression levels within 

glia (30, 48). Importantly, in addition to plaque reduction, several studies have also shown a 

behavioral effect in which the Alzheimer’s disease model mice treated with FUS-BBB 

opening exhibited significant improvement in memory-specific tasks (30, 42, 47). As a step 

towards translation, the approach was shown to be well tolerated in larger animals models 

(52, 53). Motivated by this preclinical work, a human clinical trial was carried out on five 

patients with early to moderate Alzheimer’s disease (54). All patients received one session 

of FUS-BBB opening in a 3×3 grid targeted to the dorsolateral prefrontal cortex, and four of 

the patients received a second treatment one month later. Although no difference between 

pre- and posttreatment amyloid levels was seen on [18F]-florbetaben PET scanning, no 

adverse events or radiologic signs of tissue damage were reported (54). There are currently 

three other on-going trials in the United States and Canada to use FUS-BBB opening alone 

to reduce Aβ plaque burden in Alzheimer’s disease patients (NCT03739905, NCT03119961, 

NCT03671889).

Recent research has focused on using a similar approach for the reduction of tau pathology. 

The initial results are promising, showing that both delivery of tau-targeting exogenous 

antibodies using FUS-BBB opening (55, 56) and FUS-BBB opening alone (57, 58) are 

effective in lowering the level of hyperphosphorylated tau proteins in mouse models of 

Alzheimer’s disease. Similar to the Aβ studies, this research has shown that microglia 

activation is a likely mechanism of action (58), and that reduction in tau levels leads to 

behavioral improvements (57).

2.3. Alteration of cerebral blood flow—There are several lines of evidence that FUS-

BBB opening affects normal functioning of cerebral blood flow. Blood flows through the 

cerebral vascular network at a rate that is modulated by neurovascular coupling, a set of 

mechanisms by which the brain recruits additional blood flow to active areas. In 2008 

Raymond et al. used in vivo optical imaging to directly observe that FUS-BBB opening 

induced vasospasm in mouse brain arteries and arterioles (59). In 14 out of the 16 mice rapid 

constriction of the vessel (an average of 60% reduction in diameter) was followed by 

recovery back to baseline within ~20 to 600 seconds. A separate study in rats observed the 

same effect of vessel constriction, but only in 25% of measured vessels and with a smaller 

constriction ranging from ~20% for 80 µm diameter vessels up to ~50% for 10 μm diameter 

vessels (60). We expect such arterial constriction to transiently reduce blood flow, although 

this was not directly measured in either study.

Another set of studies suggests that FUS-BBB opening disrupts neurovascular coupling and 

thereby reduces the brain’s ability to recruit additional blood flow to active regions. Chu et 

al. used electrophysiological recordings and functional MRI (fMRI) to study brain responses 

to forepaw stimulation following FUS-BBB opening (61). They saw a significant reduction 
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in the evoked potential amplitude and latency but only when using high pressure FUS 

sonications (0.8 Mechanical Index, a parameter that accounts for both FUS pressure and 

frequency and has been shown to correlate with magnitude of BBB disruption). The fMRI 

blood oxygen level dependent (BOLD) signal was reduced at 1 hour post-BBB opening for 

both the high pressure group (0.8 Mechanical Index) and a moderate pressure group (0.55 

Mechanical Index). The BOLD signal includes contributions from both cerebral blood flow 

(CBF) and the cerebral metabolic rate of oxygen (CMRO2), and therefore cannot isolate 

CBF changes alone. For the moderate pressure group, the BOLD signal returned to baseline 

at the 2- and 7-day follow ups. The high pressure parameters used were strong enough to 

cause microhemorrhage (61).

A recent study from our group used both fMRI BOLD measurements and an arterial spin 

labeling (ASL) MRI sequence to directly measure functional CBF at 1 hour after FUS-BBB 

opening (62). We also observed significantly reduced BOLD and CBF signal changes in 

response to hind paw stimulation in the region of BBB opening (Figure 4), which returned to 

baseline by 24 hours later. Measurements of CBF acquired without stimulation did not show 

any differences between the sonicated hemisphere and the non-targeted hemisphere, 

indicating that the FUS-BBB opening did not affect the baseline level of blood flow. This 

study used more moderate FUS-BBB opening parameters (0.41 Mechanical Index) and saw 

clear signs of BBB disruption on contrast MRI but no signs of microhemorrhage or other 

forms of tissue damage were visible on H&E stained histology slides (Figure 4) (62). It is 

not clear from either study what is the mechanistic link from BBB disruption to suppression 

of the neurovascular response. Possible mechanisms from the chain of events that make up 

neurovascular coupling include suppression of neuronal activity (discussed in Section 2.4), 

altered neurovascular signaling mechanisms, a compromised local response of the 

vasculature due to endothelial cell dysfunction, or disruption of signaling mechanisms along 

vessels that cause upstream arterioles to dilate (discussed in Section 3.3) (63). It is possible 

that the upregulation of inflammatory molecules could interfere with the neurovascular 

signaling mechanisms. If endothelial cell function has been compromised, this is known to 

affect neurovascular coupling (64, 65). It is also possible that the breaking of tight junctions 

between endothelial cells may interfere with retrograde signaling along vessels that is 

necessary for dilation of upstream vessels (66). It is also not known how these alterations to 

cerebral blood flow depend on FUSBBB opening parameters such as microbubble dose, 

volume of BBB disruption, or the effect of repeated BBB openings.

Another piece of evidence comes from two fMRI-based studies that demonstrated FUS-BBB 

opening disrupts the resting state functional connectivity between brain regions. Resting 

state fMRI is a method to assess “functional connectivity” between brain regions based on 

temporal correlations in the BOLD data (67, 68). Our study demonstrated reduced functional 

connectivity in rats after FUS-BBB opening targeted to the right somatosensory cortex (69). 

Compared to sham controls, rats that underwent FUSBBB opening had reduced functional 

connectivity from the targeted right hind limb somatosensory cortex to several sensorimotor 

areas in the same hemisphere and to the left hind limb somatosensory cortex in the opposite 

hemisphere indicating disruption of large-scale neuronal network activity. Similar to the 

neurovascular response findings described above, the FUS-BBB opening protocol used did 

not result in any visible damage on H&E stained histology (69). Our findings were partially 
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replicated by Meng et al. in a human study that also used resting state fMRI to assess 

metrics of functional connectivity in early stage Alzheimer’s disease patients who 

underwent FUS-BBB opening that was targeted to their right frontal lobe (70). Results of 

this study showed decreased connectivity in the ipsilateral right frontoparietal network, but 

not in the same network and brain regions of the non-targeted contralateral hemisphere. 

These changes were transient, with no significant differences in functional connectivity 

between BBB open and BBB closed cases at one-day and one-week after BBB opening (70). 

Additional studies still need to be performed to understand the underlying mechanisms and 

characterize the phenomenon in terms of FUS-BBB opening parameters.

2.4. Suppression of neuronal activity—Section 2.3 described a study by Chu et al. 

that demonstrated FUS-BBB opening performed with a high FUS pressure amplitude 

changes the characteristics of somatosensory evoked potential measurements, including a 

~60% reduction in amplitude of the P1 peak and a ~50% increase in the latency of the P1 

peak (61). These results raise the question of whether FUS-BBB opening could have a direct 

effect on neuronal activity. As evoked potentials are direct measures of neuronal electrical 

activity, it does appear that in this case FUS-BBB opening suppressed neuronal activity. 

However, the parameters used resulted in microhemorrhages seen on histology and 

suppression of both the evoked potential and BOLD measurements out to at least 7 days, 

indicating that the effect was likely due to local tissue damage. When a more moderate FUS 

pressure level was used, the BBB was still opened but the effects on evoked potential 

amplitude or latency were not significantly different from no-FUS controls (61). This 

implies that the BBB may be disrupted without having a significant impact on neuronal 

function. Although, interestingly, the study also considered three repeated BBB openings at 

the moderate FUS pressure level spaced by three days apart and found an effect on evoked 

potential amplitude and latency emerged after the second and third treatments. It is also 

possible that the effects of FUS-BBB opening are suppressing some types of inhibitory 

neurons, which have been shown in the stroke literature to be more sensitive to damage (71, 

72).

Two more recent studies specifically looked at neuronal function after FUS-BBB opening 

and concluded that FUS-BBB opening did not affect neuronal excitability (73, 74). The first 

study used patch-clamp recordings from individual neurons in brain slices cut 2- and 24-

hours after single-session whole-brain FUS-BBB opening and those cut one week and three 

months after six weekly whole-brain FUS-BBB opening sessions. No significant differences 

were seen in neuronal excitability parameters between FUS-treated and sham controls at any 

of the time points (73, 74). The study also evaluated neuronal morphology and found no 

signs of structural damage. The second study investigated the effects of repeated FUS-BBB 

opening in aged 12- and 18-month old mice. After six whole-brain FUS-BBB opening 

sessions, neuronal health was evaluated by electrophysiological recordings in brain slices 

and by Golgi staining. No significant differences were seen between FUS-treated and sham 

controls in terms of evoked excitatory post-synaptic currents, long-term potentiation, or 

neuronal morphology (73).
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3. Understudied areas

There are a few brain systems and cell types associated with the BBB and/or the NVU that 

are relatively understudied in terms of how they are affected by FUS-BBB opening.

3.1. CSF clearance of waste products—One mechanism for clearance of waste 

products in the brain is convective flow of CSF through the interstitium to remove solutes, 

including proteins such as Aβ (75–77). One hypothesis for how this clearance works is that 

bulk flow of CSF travels along periarterial spaces, enters the brain interstitium partly 

through aquaporin-4 (AQP4) channels on astrocytic end-feet, is driven across the interstitial 

space by diffusion and advection while it mixes with interstitial fluid (ISF) and pulls along 

waste products and then the fluid and solutes drain via the peri-venous spaces (78). Research 

is ongoing to better understand both the directionality of the bulk flow and the extent to 

which AQP4 channels and astrocytes may be involved (79–81). The peri-arteriole and peri-

venous spaces are directly adjacent to the BBB and therefore it is possible that the 

functioning of this waste clearance system is affected in some way by FUS-BBB opening.

To date, only one retrospective observational study investigated the impact of FUS-BBB 

opening on the CSF clearance system. Meng et al. examined MRI data acquired in eight 

Alzheimer’s disease patients and four amyotrophic lateral sclerosis patients acquired before, 

immediately after and one day after undergoing FUS-BBB opening procedures (82). In four 

of these patients they saw evidence of hyperintensity patterns in fluid-attenuated inversion 

recovery (FLAIR) images. This suggested the gadolinium contrast agent injected 

intravenously, gadobutrol, was exiting the vasculature at the area of increased BBB 

permeability and being transported through the interstitium to the peri-venous clearance 

pathway. Interestingly, an earlier paper evaluating the safety of FUS-BBB opening in non-

human primates also observed similar patterns of gadolinium spread away from the targeted 

site but interpreted it as contrast agent leakage into a sulcus (12).

These two papers provide evidence that contrast agents let out of blood vessels by FUS-BBB 

opening might be transported along perivascular pathways in human and non-human primate 

brains. Data showing that FUS-BBB opening enhances intranasal delivery of agents to the 

brain is further indirect evidence that FUS-BBB opening affects the CSF clearance system 

(83–85). But there are still no studies on how the functioning of the CSF clearance system is 

affected by FUS-BBB opening. It remains to be seen whether FUS-BBB opening could be 

used to enhance CSF clearance properties, for example to boost the removal of disease 

pathology such as Aβ plaques. Or, if FUS-BBB opening somehow hinders the functioning of 

this system and actually slows the clearance of harmful waste products.

3.2. Astrocytes—Brain astrocytes are glial cells that are an integral part of the NVU. 

Astrocytes are physically adjacent to the vasculature, have endfeet in contact with the 

basement membranes surrounding the vasculature, and form synaptic connections with 

neurons. Although the full scope of the role astrocytes play in maintaining brain homeostasis 

and function is not fully known, these cells have been implicated in facilitating fluid 

exchange via AQP4 channels (76), helping to regulate the BBB (86), influencing 

neurotransmitter uptake and release (87), modulating neurovascular coupling (88, 89), and 
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regulating neuroinflammation (90). It has been shown that FUS-BBB opening can lead to an 

increase in the number of activated astrocytes in the targeted area when more aggressive 

FUS parameters are used (28, 31, 48, 91). But it is not clear what this means for the many 

functional roles that astrocytes play.

There have been no studies that looked specifically at how FUS-BBB opening affects the 

functions of astrocytes. It is possible that astrocyte functionality could be directly affected 

by the mechanical forces of microbubble cavitation or by the inflammatory response that 

ensues. Changes to astrocytic behavior could be a component of several of the secondary 

effects of FUS-BBB opening that were previously discussed. For instance, activated 

astrocytes might alter neurovascular coupling and play a role in the attenuation of the 

neurovascular response described in Section 2.3. Also, if the expression of astrocytic AQP4 

channels changes, it could modify the fluid flow properties of the CSF clearance system. 

Due to their proximity to blood vessels, activation of astrocytes could also have an effect on 

the pharmacodynamics and pharmacodistribution of the drugs that are released in the 

parenchyma after FUS-BBB opening.

3.3. Propagation of vasomotor responses along the vessel wall—Effects of 

FUS-BBB opening on individual endothelial cells has been more extensively studied to 

understand the mechanisms that contribute to BBB permeability. However, one area that 

remains unexplored is the impact of FUS-BBB opening on communication between 

endothelial cells and their role in regulating blood flow. To produce an efficient CBF 

increase throughout the depth of active cortical tissue, vessel dilation needs to occur not only 

locally but also in upstream arterioles and pial arteries. It has been hypothesized for some 

time that such a long distance signaling mechanism would need to be initiated at the site of 

neuronal activity and conducted along blood vessels all the way to feeding pial arteries (63). 

Both dilation and constriction signals can propagate along vascular walls via multiple routs 

depending on the nature of the signaling mechanism (92). A number of recent studies have 

demonstrated the role of endothelial cells in this process (93, 94). Chen et al. showed that a 

localized lesion in the endothelium of a single cortical pial arteriole prevented vasodilation 

from propagating past the lesion site (93). They further showed that more widespread 

endothelial lesions had a significant effect on the amplitude and time course of the 

hemodynamic response to somatosensory stimulation (93).

On the cellular level, the current hypothesis is that this rapid signaling involves activation of 

capillary endothelial cell inward-rectifier K+ (KIR2.1) channels (94) causing 

hyperpolarization that propagates along the blood vessel as an ionic current that travels 

through the endothelium via gap junctions (95, 96). It has been shown that FUS-BBB 

opening affects expression of tight junction proteins between endothelial cells, but effects on 

the connexin proteins that make up the gap junctions have not been studied. If this pathway 

for retrograde vessel dilation signaling is broken by FUS-BBB opening, that would help to 

explain the result of an attenuated neurovascular response seen by Chu et al. and Todd et al. 

(61, 62). All these questions warrant further investigations to both increase our knowledge of 

the basic science mechanisms behind these observations and identify novel means that could 

reduce the side-effects of this procedure and improve patient safety.
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4. Future directions: clinical safety guidance and basic science studies

As a method for drug delivery to the brain, FUS-BBB opening has the potential to be 

applied to a broad range of therapy and disease combinations. It has already successfully 

reached the clinic for three applications: chemotherapy delivery for brain tumor patients (97) 

and FUS-BBB opening alone for

Alzheimer’s disease (54) and ALS (98) patients. These phase 1 clinical trials have provided 

the first evidence that the technology is safe in humans under the protocols used. Further 

trials are needed to establish its efficacy and gain regulatory approval as a new therapeutic 

modality. As the field moves forward, there are two compelling reasons for gaining a fuller 

understanding of the secondary effects FUS-BBB opening might have on brain physiology. 

First, understanding any potentially harmful effects is necessary in order to safely move the 

treatment into new applications. Second, as happened with the discovery that FUS-BBB 

opening alone helps to remove Aβ plaques, it is possible that other secondary mechanisms 

could be harnessed for therapeutic effects.

Many of the safety issues have to do with how the potentially harmful secondary effects of 

FUS-BBB opening vary as a function of treatment parameters. The currently published 

clinical data demonstrates that FUS-BBB opening can be performed safely with no adverse 

events in humans (54, 97, 98). However, it is possible that more aggressive treatments could 

tip some of these phenomena from benign and transient into posing more serious safety 

risks. Safety considerations include: 1) how does the volume of tissue over which the BBB is 

disrupted affect the potentially harmful effects of neuroinflammation and attenuation of the 

neurovascular response? Differences in BBB opening volume were potentially a factor in the 

different inflammatory responses observed by the Kovacs versus McMahon studies (35, 91). 

While Leinenga et al. showed promising results with no major side-effects after whole-brain 

BBB opening in rodents (30, 51), these results may not translate to the much larger human 

brain and hence still need to be evaluated. 2) How is the inflammatory response different 

when FUS-BBB opening is performed in patients that have persistent neuroinflammation as 

part of their disease profile or when delivering therapies such as gene therapy vectors that 

can induce an inflammatory response themselves (99)? 3) Do the alterations to cerebral 

blood flow become more severe with repeated BBB openings, larger microbubble dose, or 

greater volume of BBB opening? Answering these questions will allow the field to move 

forward into new types of drug delivery treatments with confidence.

Many of these secondary effects have only been discovered relatively recently and are still 

being investigated. In most cases the mechanistic links from FUS-BBB opening to the 

observed phenomena are not known. And in many cases the dependence on key FUS 

parameters has not yet been studied. Table 1 lists the secondary phenomena discussed here 

and how they have been shown to behave as a function of different treatment parameters, 

including if the effect has not been studied yet. As a more complete picture of cellular and 

molecular mechanisms and dependence on treatment parameters emerges, new ways to 

apply FUS-BBB opening beyond drug delivery may become apparent. Perhaps the most 

promising avenues relate to harnessing the positive aspects of the body’s inflammatory and 

immune responses, for both clearance of harmful waste products and promotion of 

neuroprotective elements.
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Highlights

• FUS-BBB opening is a promising tool for drug delivery to the brain.

• Physical disruption of the BBB can lead to secondary effects on brain 

physiology.

• This review summarizes current knowledge and key gaps in understanding 

these effects.

• Known effects include inflammation, clearance of Aβ and changes to blood 

flow.

• Better understanding of these effects will help to move treatments forward.
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Figure 1. 
Timing of secondary effects relative to FUS-BBB opening. Time courses for the extent of 

BBB permeability and the inflammatory response are based on observations in the literature 

from several different time points. Other effects are shown as single point observations taken 

from the literature. The x-axis is displayed using a log10 scale of time.
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Figure 2. 
Overview of FUS-BBB opening. A) Schematic drawing of the main components that form 

the blood-brain barrier and the neurovascular unit. Focused ultrasound applied in the 

presence of circulating microbubbles leads to several effects that increase the permeability of 

the BBB, including breaking of tight junctions between endothelial cells, increased 

transcytosis and a reduction in efflux mechanisms. B) A typical FUS system for preclinical 

studies performed on rodents. C) Several examples of FUSBBB opening applications for 

delivery of therapeutics to the brain. A version of the second image from the right in panel 

C) appeared in (27).
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Figure 3. 
Time courses of inflammatory response for a typical acute brain injury (top) and what has 

been observed following FUS-BBB opening (bottom). Inflammatory components following 

FUS-BBB opening were included in the figure if they were observed in at least one study.
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Figure 4. 
Reduced changes in fMRI BOLD signal in response to hind paw stimulation following 

FUSBBB opening. A) Axial views of the rat cortex showing regions for left and right hind 

paw somatosensory cortex and an example of FUS-BBB opening targeted to the right hind 

paw somatosensory cortex. B) Group average results showing significantly reduced BOLD 

response to hind paw stimulation in the right somatosensory cortex targeted for BBB 

opening. C) Similar results from ASL imaging showing significantly reduced CBF response 

to hind paw stimulation.
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Table 1.

Secondary effects observed and their dependence on FUS-BBB opening treatment parameters.

Phenomenon Observed

Effect of FUS-BBB Opening Parameters on Phenomenon

Time course of effect 
after BBB Opening

Stronger effect 
with larger 
volume of BBB 
Opening?

Stronger effect 
with higher 
microbubble 
dose?

Stronger 
effect with 
repeated BBB 
openings?

Inflammatory 
response

Activation of DAMPs leading 
to sterile inflammatory 
response mediated by NFκB 
pathway (Kovacs 2017)

First signs at ~1 hour; Peak 
at ~6 hours; Mostly return 
to baseline by 24 hrs 
(Kovacs 2017, McMahon 
2018)

Possible (Kovacs 
2017 vs 
McMahon 2018)

Yes (McMahon 
2018)

Yes (Kovacs 
2018)
No (Sinharay 
2019)

Clearance of Aβ 
and Tau

Reduced Aβ and tau burden 
following FUSBBB opening 
alone (Jordao 2013)

Seen as early as 4 days 
after treatment (Jordao 
2013)

Aβ clearance 
seen for 
wholebrain BBB 
opening 
(Leinenga 2015), 
but effect not 
directly 
compared to 
smaller opening

Not Studied No (O’Reilly 
2017)

Gene/Protein 
expression

Downregulation of tight 
junction proteins and BBB 
transporter genes; 
upregulation of 
proinflammatory, 
angiogenesis and neurogenesis 
genes (McMahon 2017)

BBB-related gene changes 
seen at 6 and 24 hours 
(McMahon 2017); 
neurogenesis seen at 12 
days (Mooney 2016)

Not Studied Not Studied Not Studied

Cerebral Blood 
Flow

Attenuation of hemodynamic 
response (Chu 2015; Todd 
2019); breaking of functional 
connectivity (Todd 2018)

Effect seen at ~2 hours; 
Return to baseline by 24 
hours (Todd 2019)

Not Studied Not Studied Not Studied

Neuronal 
activity

Suppression of evoked 
potentials at high FUS 
pressure (Chu 2015)

At high FUS pressure, 
effect persists out to 7 days 
(Chu 2015)

Not Studied Not Studied Yes (Chu 
2015)
No (Hatch 
2016)

CSF clearance 
system

Transport of gadolinium along 
perivascular space after FUS-
BBB opening (Meng 2019)

Evidence of gadolinium 
transport ~1 hour after 
treatment; resolved by 24 
hours later (Meng 2019)

Not Studied Not Studied Not Studied

Astrocytes Activated as part of 
inflammatory response 
(Jordao 2013, Kovacs 2017)

Activation seen within 1 
hour (Kovacs 2017) and at 
4 days (Jordao 2013)

Not Studied Not Studied Not Studied

Inter-endothelial 
cell signaling

Breaking of tight junctions 
between endothelial cells 
reduces vessel signaling 
mechanisms (hypothesized 
only, not directly observed)

Not Studied Not Studied Not Studied Not Studied
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