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Abstract 32 

Objective and Impact Statement: This study examined the efficacy and safety of pulsed, low intensity 33 

focused ultrasound (LIFU) and determined its ability to provide neuroprotection in a murine permanent 34 

middle cerebral artery occlusion model (pMCAO). 35 

Introduction: Focused ultrasound (FUS) has emerged as a new therapeutic strategy for the treatment of 36 

ischemic stroke; however, its non-thrombolytic properties remain ill-defined. Therefore, we examined 37 

how LIFU influenced neuroprotection and vascular changes following stroke. Due to the critical role of 38 

leptomeningeal anastomoses, or pial collateral vessels, in cerebral blood flow restoration and tissue 39 

protection following ischemic stroke, we also investigated their growth and remodeling.  40 

Methods: Mice were exposed to transcranial LIFU (fundamental frequency: 1.1 MHz, sonication 41 

duration: 300 ms, interstimulus interval: 3 s, pulse repetition frequency: 1 kHz, duty cycle per pulse: 50%, 42 

peak negative pressure: -2.0 MPa) for 30 minutes following induction of pMCAO and then evaluated for 43 

infarct volume, blood-brain barrier (BBB) disruption and pial collateral remodeling at 24-hrs post-44 

pMCAO. 45 

Results: We found significant neuroprotection in mice exposed to LIFU compared to mock treatment. 46 

These findings correlated with a reduced area of IgG deposition in the cerebral cortex, suggesting 47 

attenuation of BBB breakdown under LIFU conditions. We also observed increased diameter of CD31-48 

postive microvessels in the ischemic cortex. We observed no significant difference in pial collateral vessel 49 

size between FUS and mock treatment at 24-hrs post-pMCAO. 50 

Conclusion: Our data suggests that therapeutic use of LIFU may induce protection through microvascular 51 

remodeling that is not related to its thrombolytic activity.  52 
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Introduction 53 

Ischemic stroke is a leading cause of death and disability that is often associated with a minimal 54 

degree of functional restoration. In the hyper-acute phase of ischemic stroke, surgical thrombectomy 55 

following large vessel occlusion (LVO) is the optimal intervention to remove the primary obstruction and 56 

restore cerebral blood flow (CBF) to the penumbra (Goyal et al., 2016; Nogueira et al., 2018). Because 57 

systemic treatment with IV rt-PA has shown little effect in the treatment of LVO, additional means of 58 

therapeutic intervention are needed to compliment current treatment options either prior to and/or 59 

following thrombectomy. Focused ultrasound (FUS) has been shown to provide good skull penetration, 60 

enhance thrombolytic effects, and reduce cerebral infarction in rodent studies when applied under a range 61 

of parameters directly or in combination with t-PA or other therapeutics (Datta et al., 2006; Molina et al., 62 

2009; Zafar et al., 2019). However, unexpected hemorrhagic complications have been observed in clinical 63 

trials testing transcranial low-frequency ultrasound-mediated thrombolysis in brain ischemia (TRUMBI) 64 

trial, in which unfocused 300 kHz ultrasound pulses were applied using long pulses (Alexandrov et al., 65 

2004; Daffertshofer et al., 2005). This trial was ultimately stopped before completion due to high rates of 66 

hemorrhage in patients, likely due to the low ultrasound frequency and long pulses used in these 67 

treatments. These findings suggest that additional testing for optimal energy levels under cerebral 68 

ischemic conditions is needed. 69 

Ultrasound (US) is known to have several biological effects depending on its emission 70 

characteristics. Recently, there is growing evidence that US at lower intensities (<2 W/cm2) facilitates 71 

enzymatic mediated thrombolysis by breaking fibrin polymers which can increase the effectiveness of 72 

thrombolytic drugs. However, in addition to its perceived thrombolytic effects, more information is 73 

needed to improve our understanding of the mechanistic underpinnings that may drive acute 74 

neuroprotection. Notably, there are no reports in the preclinical literature about intracerebral bleeding or 75 
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relevant cerebral cellular damage at energy levels up to 1 W/cm2. Additionally, the emitted US beam 76 

widens with decreasing frequency, insonating increased volumes of intracerebral vasculature with the low-77 

frequency US therapy and potentially damaging off-target tissues. Therefore, additional studies are needed 78 

to confirm the safety and efficacy of US therapy for stroke. Among several ultrasound technologies, low-79 

intensity focused ultrasound (LIFU) has emerged as a non-invasive therapy for several diseases. Previous 80 

studies have shown this therapy upregulates neurotrophins, including VEGF and endothelial nitric oxide 81 

synthase (eNOS), in animal models of heart disease, vascular dementia and Alzheimer’s disease (Huang, 82 

Chang, Lee, & Yang, 2017; Lin, Chen, Lu, Liu, & Yang, 2015; S. H. Liu, Lai, Chen, & Yang, 2017). 83 

Moreover, additional long-term functional benefits have been shown in models of stroke, with changes 84 

suggested to be mediated through angiogenesis and neurogenesis (Gorick, Chappell, & Price, 2019; Shah 85 

et al., 2017).  86 

In the present study, we examined the use of LIFU for the treatment of ischemic stroke using a 1.1 87 

MHz single element FUS transducer designed to deliver transcranial LIFU in a murine model.  88 

Specifically, we evaluated whether directed LIFU could promote acute neuroprotection in a non-89 

thrombotic murine model of permanent middle cerebral artery occlusion (pMCAO). Another important 90 

objective of this study was to verify the absence of adverse effects of LIFU (e.g., hemorrhage) on the brain 91 

under ischemic conditions. First, a pilot experiment was conducted to assess the safety of the LIFU therapy 92 

applied under two peak negative pressures conditions: ~2.0 MPa and 3.5 MPa. Then, additional 93 

experiments were completed at a peak negative pressure of 2.0 MPa to determine a mechanism of action 94 

unrelated to thrombolytic effects. The efficacy and safety of LIFU under the experimental ultrasonic 95 

conditions for ischemic stroke therapy were evaluated using a series of post-mortem analyses, while 96 

closely monitoring for adverse effects of FUS treatment (e.g., hemorrhage) on the brain under ischemic 97 

conditions.  98 
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 99 

Results 100 

Transcranial LIFU safety and efficacy 101 

LIFU was applied transcranially for 30 minutes using a 1.1 MHz single element FUS transducer 102 

following pMCAO for all groups 103 

(Figure 1). To determine the safety of 104 

transcranial LIFU under the 105 

experimental ultrasonic parameters, a 106 

pilot study was first conducted 107 

comparing two peak negative pressures 108 

(p-) (1.8 MPa and 3.5 MPa). Sham or 109 

pMCAO (i.e., stroke) adult, male CD1 110 

mice in the pilot group were exposed to 111 

30 minutes of LIFU at a peak negative 112 

pressure of either 1.8 MPa or 3.5 MPa, 113 

with an ultrasonic pulse applied every 114 

three seconds (interstimulus interval 115 

(ISI) = 3 s) (n=3-4 mice per group). A 116 

pulse repetition frequency (PRF) of 1 kHz, duty cycle (DC) per pulse of 50%, sonication duration (SD) of 117 

300 ms, and tone-burst duration (TBD) of 0.5 ms were used in all experiments. Throughout the surgery 118 

and LIFU treatment, the animal was anesthetized using isoflurane and monitored for signs of distress or 119 

changes in temperature and respiration rate. After LIFU treatment, the animal’s behavior was noted during 120 

recovery, and the treated region was monitored for hemorrhage.  Mortality occurred in one of three sham 121 

 

Fig. 1 

A

B C



6 
 

mice and one of four pMCAO mice 122 

in the 3.5 MPa treated group. 123 

Additionally, hemorrhaging 124 

occurred in one of two remaining 125 

sham mice and one of three 126 

remaining pMCAO mice treated 127 

with 3.5 MPa LIFU (Figure 2A-B; 128 

2D-E). The destruction of cerebral 129 

arteries and connecting pial arteries 130 

was appreciable in the vessel painted images in the area of 3.5 MPa LIFU treatment where hemorrhaging 131 

occurred (Figure 2C; 2F). No mortality or hemorrhage was noted in the sham or pMCAO groups treated 132 

with 1.8 MPa LIFU. Based on the results from the pilot study, a peak negative pressure of 2.0 MPa was 133 

chosen for neuroprotection experiments to maximize the potential effects of the LIFU treatment while 134 

minimizing any risk to the subjects. 135 

 136 

LIFU prevents cortical tissue damage and BBB permeability following pMCAO 137 

Utilizing the pMCAO model of ischemic stroke (Okyere, Creasey, Lebovitz, & Theus, 2018), adult 138 

male CD1 mice were first subjected to stroke surgery followed by 30 minutes exposure to 1.1 MHz, 2.0 139 

MPa peak negative pressure LIFU or mock LIFU. In the mock LIFU group, the mice were still placed 140 

under the transducer and exposed to isoflurane for 30 minutes but did not receive any ultrasound treatment.  141 

As seen in the pilot experiment, mice were maintained at 37 ± 0.5°C and were monitored for changes in 142 

respiratory rate or signs of distress. No distress, changes in respiration rate, or hemorrhage were noted in 143 

Fig. 2 
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any of the mice. Mice were recovered for 144 

24-hours (hrs) then were euthanized and 145 

evaluated for infarct volume. Using 6 146 

nissl-stained coronal serial sections, we 147 

quantified the infarct volume using the 148 

Cavalieri probe in MBF 149 

StereoInvestigator (Brickler et al., 2018) 150 

and observed that mice receiving the LIFU 151 

therapy showed a significant reduction in 152 

infarct volume compared to mock LIFU (7.51 + 1.44 mm3 vs. 19.62 + 3.68 mm3; respectively, n=8-9 per 153 

group **P=0.005) (Figure 3A-3C). Next, we stained serial coronal sections with anti-mouse-488 154 

antibodies to identify and quantify the area of IgG deposition in the brain at 24hrs post-pMCAO. Compared 155 

to mock LIFU (23.77 + 4.43 mm3, n=5), we observed a significant reduction in LIFU treated mice (7.29 + 156 

2.56 mm3, n=7, **P=0.0016) (Fig. 4A-4C). IgG deposition was seen in anterior to posterior ipsilateral 157 

cortical hemisphere of mock treated pMCAO mice (Fig. 4A) which was substantially attenuated in LIFU 158 

treated mice (Fig. 4B). 159 

 160 

LIFU increased microvessel size in the ischemic cortex following pMCAO 161 

To determine if LIFU-mediated neuroprotection is correlated with the microvascular remodeling, 162 

we stained coronal sections with a vascular marker, CD31, and measured the microvessel diameter in the 163 

ipsilateral cortex. We found that LIFU treatment significantly increased the vessel diameter (7.07+0.17 164 

µm, n=5) when compared to mock control (4.06+ 0.11 µm, n=4) (Figure 5A-5E). This observation 165 

suggests a vasodilatory effect of ultrasound which may contribute to the protection against pMCAO-166 

induced ischemic stroke.  167 

Fig. 3
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 168 

No change in leptomeningeal anastomoses in response to LIFU treatment following pMCAO 169 

Leptomeningeal anastomoses or pial collateral vessels are anastomotic vessels that provide 170 

alternative routes for retrograde cerebral blood flow into the occluded territory following stroke and have 171 

a role in preserving the penumbral tissue. Due to the proximity of these vessel to the cranial LIFU 172 

treatment, we evaluated whether tissue protection may be due, in part, to their functional remodeling. 173 

Using our established vessel painting technique (Defazio et al., 2011; Okyere et al., 2018; Okyere et al., 174 

2020), we sought to quantify the diameter and number of pial collaterals at 24-hrs post-pMCAO in the 175 

ipsilateral and contralateral hemispheres of mock LIFU (n=12) and LIFU treated mice (n=11). As we 176 

previously demonstrated (Okyere et al., 2018; Okyere et al., 2020), we observed a significant increase in 177 

the diameter (µm) of ipsilateral MCA-ACA intracollaterals (30.98 + 3.75 µm) compared to contralateral 178 

(24.44 + 2.80 µm; P=0.0039) in the control mock FUS mice (Figure 6A, 6B, 6E). Similarly, we found 179 

LIFU treated (-2 MPa, 1.1 MHz) mice also showed a significant increase in collateral size in the ipsilateral 180 

Fig 4.

 

Fig.5
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(33.04 + 4.26 µm) vs contralateral 181 

(24.75 + 6.24 µm, P=0.004) 182 

hemispheres (Figure 6C-E), however, 183 

no difference was observed between 184 

mock and LIFU treated mice. These 185 

changes were also observed in the 186 

MCA-PCA collaterals (Figure 6F) and 187 

in all MCA inter-collaterals (Figure 188 

6G). No difference in collateral number 189 

was seen across groups (Figure 6H). 190 

Lastly, the size distribution for pial 191 

collaterals were assessed. For all MCA 192 

inter-collaterals (Figure 6I), we 193 

observed an increase in collateral size 194 

in the ipsilateral hemisphere of LIFU 195 

treated mice, with 33.2% of collaterals 196 

ranging from 31-40 microns and 15.7% from 41-50 microns compared to 15.9% and 4.25% in the 197 

contralateral hemisphere, respectively. Conversely in mock LIFU mice, a significant increase was seen 198 

only in the 31-40 microns range, which contained 38.4% of ipsilateral collaterals but only 16.5% of 199 

collaterals in the contralateral hemisphere. Both mock and LIFU treated mice had significantly fewer 200 

collateral vessels ranging less than 20 microns range on the ipsilateral hemisphere (Mock: 11.6%; LIFU: 201 

10.2%), compared to the contralateral (Mock: 32.4%; LIFU: 40.2%). For pial collaterals connecting the 202 

MCA-ACA (Figure 6J), the previous trends for LIFU treated mice remain unchanged with significantly 203 

Fig. 6
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more ipsilateral pial collaterals in the 31-40 and 41-50 range (34.2% and 17.9%) compared to contralateral 204 

collaterals (14.9% and 4.2%). Significantly more ipsilateral collaterals were only observed in 31-40 205 

micron range for the mock LIFU group (Ipsi: 35.4%; Contra: 13.6%). Lastly, the LIFU treated mice also 206 

had significantly fewer ipsilateral collaterals in the <20 microns range, with 14.3% of ipsilateral and 207 

31.2% of contralateral collaterals in this range. Although no significant changes were seen in pial collateral 208 

size in the LIFU treated group at 24-Hrs, it does not rule out the ability for LIFU treatment to improve or 209 

alter vasodilation within the pial collateral niche, which could influence neuroprotection. Overall, these 210 

findings suggest LIFU may offer significant neuroprotection through alternatives mechanisms to 211 

arteriogenesis.  212 

 213 

Discussion 214 

The current study provides further evidence of the safety and neuroprotective properties of LIFU 215 

in a murine model of pMCAO. We observed a ~2.5-fold decrease in the infarct volume induced by 216 

pMCAO at 24-hr post-pMCAO and this result correlated with reduced area of IgG deposition in the 217 

ipsilateral cortex. Vasogenic edema is a major concern following ischemic stroke and is due to the 218 

disruption of the blood-brain barrier (BBB). The decrease in IgG deposition observed indirectly measures 219 

BBB function and suggests LIFU may function to prevent the accumulation of extracellular fluid. A 220 

decrease in edema following surgically-induced ischemic stroke with LIFU treatment has been shown by 221 

multiple groups, further supporting this hypothesis (Baek, Pahk, Kim, Youn, & Kim, 2018; Baek et al., 222 

2020; Deng et al., 2022).   223 

We further demonstrate that microvascular remodeling may influence LIFU-mediated protection. 224 

LIFU-treated mice showed a significant increase in CD31-positive vessel diameter, which may indicate 225 

acute vasodilatory effects of ultrasound. Indeed, previous findings in humans show noninvasive 226 

transcutaneous low-frequency ultrasound causes vasodilation in brachial arteries (Iida et al., 2006). 227 
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Focused ultrasound has been shown to trigger the endothelium to release nitric oxide resulting in dilation 228 

of blood vessels (Maruo et al., 2004). Activation of the endothelial cells by focused ultrasound treatment 229 

supports VEGF signaling, angiogenesis, and restoration of the BBB, most notable under the anesthetic 230 

isoflurane, which was used in the present study (Mathew et al., 2021). These changes may play a central 231 

mechanistic role in the neuroprotective properties of LIFU under ischemic stroke conditions. The sustained 232 

vasodilation in the microvessels may also explain, at least in part, the increase in cerebral blood flow by 233 

roughly 20% seen in other studies at least 30 minutes post-transcranial focused ultrasound treatment (Deng 234 

et al., 2022). Transcranial LIFU was applied to the cerebral vasculature, including the MCA-ACA pial 235 

collaterals niche, after ischemic stroke using a 1.1 MHz single element transducer. Pulsed LIFU was 236 

delivered to the affected cerebral tissue at a PRF of 1 kHz, a duty cycle per pulse of 50%, a sonication 237 

duration of 300 ms, and an interstimulus interval of 3 s (Figure 1C). However, no change in pial collateral 238 

vessel size was noted. The lack of enlargement of these vessels could be due to the short duration of LIFU 239 

treatment and indicates neuroprotection is likely linked to the vasodilation of smaller caliber capillaries 240 

rather than growth of the pial collateral arterioles.  241 

 Histological findings confirm microvascular changes in the penumbra of transcranial LIFU treated 242 

mice compared to mock treatment. Although not evaluated in the current study, previous work has 243 

highlighted the importance of blood-brain barrier (BBB) permeability in tissue damage following stroke 244 

(Jiang et al., 2018). Our findings suggest that the use of transcranial LIFU at a fundamental frequency of 245 

1.1 MHz and a peak negative pressure of 2.0 MPa for 30 minutes after ischemic stroke at defined pulsing 246 

parameters can mediate tissue protection compared to previous studies. Indeed, issues have been raised 247 

regarding the use of low-frequency ultrasound causing increased blood-brain barrier disruptions and 248 

intracerebral hemorrhage—particularly in the presence of recombinant tissue plasminogen activator—249 

which was corroborated in rat experiments using 20 kHz ultrasound (Gerriets, Walberer, Nedelmann, 250 
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Bachmann, & Kaps, 2007). We also observed cortical hemorrhagic lesions that appeared like traumatic 251 

cerebral contusions on gross morphology and increased mortality when increased ultrasonic pressures were 252 

applied to subjects using the same FUS system and pulse schema, but at a peak negative pressure of 253 

approximately 3.5 MPa. 254 

 Our findings demonstrate the critical need for extensive preclinical evaluation of new devices that 255 

can deliver optimal ranges of transcranial LIFU as a therapeutic strategy for ischemic stroke. In this study, 256 

we show that our 1.1 MHz system was capable of delivering transcranial LIFU in order to safely induce 257 

significant neuroprotection when applied for 30 minutes after the onset of ischemic stroke. Further studies 258 

are needed to test the therapeutic window, for example application up to 6-8 hrs post-onset of stroke, using 259 

large animal models to adjust for skull thickness, as well as uncovering the cellular and molecular 260 

mechanisms underlying neural tissue protection that may include microvascular remodeling. Additional 261 

modes of action may include modulation of BBB, edema, vasospasms, tissue permeability, interstitial flow, 262 

and innate immune regulation (Chen, Wei, & Liu, 2015; Curley et al., 2020; Mathew et al., 2021; Mead et 263 

al., 2019). Overall this work demonstrates the neuroprotective properties of LIFU in a murine model of 264 

stroke, and provides insight into its possible role as a novel neural therapeutic for the treatment of cerebral 265 

ischemia. 266 

 267 

Methods  268 

Animals 269 

All rodents were bred and housed in an AAALAC accredited, virus/antigen-free facility with a 12-hrs 270 

light-dark cycle; food and water were provided ad libitum. Male CD1 mice ages 8-12 weeks were 271 

purchased from Charles River, Durham, NC. All mice were given defined codes prior to pMCAO surgery 272 

to enable double-blinded experimentation. A total of fourteen mice were used for the initial safety testing 273 
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and 23 mice were used for the final study.  274 

 275 

Surgical procedures  276 

The murine model of pMCAO was performed as previously described.  Briefly, 8-12-week old male mice 277 

were given Buprenorphine-SR (0.15 mg/kg, ZooPharm, Laramie, WY) then anesthesia was induced using 278 

2% isoflurane-30% oxygen. During the procedure mice were maintained at 37 ± 0.5°C and monitored for 279 

changes in respiratory rate. The skull was thinned to expose and cauterize the main and two distal branches 280 

of the left middle cerebral artery (MCA). Sham mice received identical procedures and skull thinning, 281 

without ligation using cauterization. Transcranial FUS was performed immediately following pMCAO 282 

procedures for 30 minutes as detailed below. For Mock LIFU treated animals, the mice were placed under 283 

the transducer for 30 minutes, but the ultrasound system was not turned on. During the procedure and 284 

recovery, mice were monitored for signs of distress and hemorrhage. Mice were euthanized by vessel 285 

painting at 24 hours post-pMCAO. 286 

 287 

Focused ultrasound system and treatment parameters 288 

The transcranial focused ultrasound (FUS) system used in this study is depicted in Figure 1. Two connected 289 

function generators were controlled via a current-generation data acquisition driver (NI USB-6501, 290 

National Instruments Corp., Austin, Texas, USA) interfacing with a custom MATLAB (The MathWorks, 291 

Natick, MA, USA) script using the Data Acquisition Toolbox (MATLAB Data Acquisition Toolbox, The 292 

MathWorks, Inc., Natick, MA, USA). MATLAB was used to trigger the first function generator by sending 293 

a current signal to the generator at the interstimulus interval (ISI = 3 s) for 600 stimulations, resulting in a 294 

total sonication time of 30 minutes. The first function generator (SDG5082, Siglent Technologies, Solon, 295 

OH, USA) generated a square wave used to trigger the second function generator (SDG1025, Siglent 296 
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Technologies, Solon, OH, USA) and controlled the pulse repetition frequency (PRF = 1 kHz), the duty 297 

cycle per pulse (DC = 50%), and the sonication duration (SD = 300 ms). The second function generator 298 

was used to control the ultrasound fundamental frequency (FF = 1.1 MHz), the tone-burst duration (TBD 299 

= 0.5 ms), and the peak negative pressure (p-). All pulsing parameters were chosen after a thorough review 300 

of published studies investigating LIFU for neuromodulation and neuroprotection (Baek et al., 2018; Guo 301 

et al., 2015; L. Liu et al., 2019; Wu et al., 2020).The pulsed signal from the second function generator was 302 

amplified by a linear power amplifier (2100L, Electronics and Innovation, LTD, Rochester, NY, USA) 303 

and transmitted to a 1.1 MHz single element focused ultrasound transducer with estimated focal 304 

dimensions of 10.21 mm in length and 1.37 mm in diameter (H-101, Sonic Concepts, Inc., Bothell, WA, 305 

USA) through its corresponding matching network (Sonic Concepts, Inc., Bothell, WA, USA). The output 306 

from both function generators was verified and monitored in real-time during treatment using a 2-channel 307 

oscilloscope (Handyscope HS5, TiePie engineering, Sneek, Friesland, The Netherlands) and Multi-308 

Channel Software (TiePie Multi Channel Version 1.42.3.1000/0.9.7.3, TiePie engineering, Sneek, 309 

Friesland, The Netherlands). The FUS ultrasound transducer was coupled to the mouse skull using a 310 

conical coupling device (C-101, Sonic Concepts, Inc., Bothell, WA, USA) filled with degassed water. 311 

Ultrasound coupling gel was placed between the membrane of the coupling cone and the animal’s skull to 312 

further reduce signal attenuation. The components of the FUS system are summarized in Figure 1A and a 313 

picture of this set-up is shown in Figure 1B. The pulsing regime employed in these studies is pictured in 314 

Figure 1C. 315 

 Transcranial FUS was applied to each subject immediately following the pMCAO cauterization 316 

procedure (i.e., stroke) for 30 minutes using the pulsing parameters listed above. Focal pressures were 317 

measured prior to experiments using a high-sensitivity calibrated rod hydrophone (HNR-0500, Onda 318 

Corp., Sunnyvale, CA, USA). Before treatment, the FUS transducer was positioned over on the lest parietal 319 
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bone 4mm rostral of bregma and 2mm lateral of midline (sagittal suture) on all treated mice and two studies 320 

were completed. First, a safety study was conducted on fourteen adult, male CD1 mice with experimental 321 

groups as follows. Three sham mice (i.e., mice with craniotomy but without MCA ligation) were treated 322 

with 30 minutes of LIFU therapy at p- -1.8 MPa, three sham mice was treated with LIFU at p- -3.5 MPa, 323 

and two sham mice was left untreated. Four pMCAO (i.e., stroke) mice were also treated with LIFU at p- 324 

3.5 MPa and two pMCAO mouse was left untreated. Mice included in the pilot study were monitored for 325 

the appearance of gross hemorrhage in the treatment area immediately after treatment and for 24-hours 326 

post-treatment. Mortality of each group was also recorded.  327 

Based on the results of the pilot study, eleven adult, male CD1 mice were subjected to the LIFU 328 

treatment at a peak negative pressure of -2 MPa. Twelve additional mice were used as an experimental 329 

control by applying mock ultrasound where the FUS transducer was positioned over the same region as 330 

the treated mice and anesthesia was maintained for 30 minutes without turning on the ultrasonic device. 331 

 332 

Vessel painting and pial collateral quantification  333 

The vessel painting technique was performed as previously described (Defazio et al., 2011; Okyere et al., 334 

2016). Briefly, male mice were injected with heparin (2,000 units/kg), and sodium nitroprusside (SNP, 335 

0.75 mg/kg) five minutes prior to euthanization, using an overdose of isoflurane. Mice were then perfused 336 

with 10 ml of 1X phosphate buffered saline (1X PBS) containing 20 units/ml heparin, then 10 ml DiI (0.01 337 

mg/ml, Invitrogen) -4% sucrose-PBS-heparin mixture at a flow rate of 2 ml/min followed by 50 ml of cold 338 

4% paraformaldehyde (PFA). Fixed brains were imaged and tiled at 4x magnification on an inverted Nikon 339 

C2 confocal microscope. Images were imported into ImageJ (NIH) for quantification of the number and 340 

diameter of inter-collaterals, as described (Okyere et al., 2020).(Okyere et al., 2018; Okyere et al., 2020) 341 

 342 
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Infarct volume, IgG deposition volume and CD31 immunostaining  343 

Perfused fixed brains were cryopreserved in 25% sucrose then embedded in OCT and serial cryo-sectioned. 344 

Infarct volume (mm3) was assessed by the Cavalieri Estimator probe using StereoInvestigator software 345 

(MicroBrightField, Williston, VT, USA), as previously described. Briefly, six serial coronal sections, cut 346 

at 30µm, were stained using a 0.2% Cresyl violet solution (Electron Microscopy Science, Hatfield, PA) or 347 

anti-mouse IgG-488 (Invitrogen, Waltham, MA). The total volume of infarct was quantified by estimating 348 

the area of tissue loss in the ipsilateral cortical hemisphere using six, serial coronal sections. A 100 µm 349 

spaced grid was placed over the ipsilateral hemisphere in the Cavalieri probe and infarcted area scored. 350 

The coronal sections were used for immunohistochemical (IHC) staining of CD31. Sections were blocked 351 

with 2% cold water fish skin gelatin (Sigma, Inc. St. Louis, MO) in 0.2% triton-X100, incubated with goat 352 

anti-CD31 (1:100, R&D systems, Minneapolis, MN, USA) overnight at room temperature (RT), washed 353 

with 1X PBS, and then incubated with donkey anti-goat 488 (1:250, Thermofisher, USA) for 1 hour at RT. 354 

Slides were then mounted with DAPI counterstain (SouthernBiotech, Birmingham, AL) and images were 355 

acquired using Olympus fluorescence microscope. Micro-vessel diameters were measured using ImageJ.    356 

 357 

Statistical analysis.  Data was graphed using GraphPad Prism, version 9 (GraphPad Software, Inc., San 358 

Diego, CA).  Where appropriate, student’s two-tailed t test was used for comparison of two experimental 359 

groups and multiple comparisons by one-way or two-way ANOVA followed by post hoc Bonferroni test.  360 

Changes were identified as significant at *P value < 0.05; **P<0.01 and ***P<0.001. Each mean value 361 

was reported together with the standard error of mean (SEM). An experimenter blinded to the conditions 362 

performed all lesion volume and IgG deposition quantifications. 363 

 364 
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Figure Legends: 381 

 382 

Figure 1. Experimental setup for focused ultrasound treatment following ischemic stroke. (A) Two 383 

connected function generators were driven by a custom MATLAB computer program to generate a pulsing 384 

signal amplified by a linear power amplifier and transmitted to the FUS transducer. (B) Transcranial 385 

focused ultrasound was applied to the cerebral vasculature of an adult, male CD1 mouse using a 1.1 MHz 386 

single element transducer coupled to the skull with a coupling cone filled with degassed water. (C) Mice 387 

were treated with LIFU at a peak negative pressure of either -1.8 MPa, -2.0 MPa or -3.5 MPa and PRF = 388 

1 kHz, SD = 300 ms, ISI = 3 s, and TBD = 0.5 ms for 30 minutes. Figure 1A created in part with 389 

Biorender.com. 390 

 391 

Figure 2. Atypical tissue damage and mortality observed after LIFU treatment at p- 3.5 MPa. (A-B) 392 

Representative images of non-hemorrhagic sham brain after LIFU treatment at p- 1.8 MPa. (C) Example 393 

of a vessel painted confocal image after sham surgery and LIFU treatment without ultrasound-induced 394 

damage at p- 1.8 MPa. (D-E) Representative images of hemorrhage observed on the brain surface of sham 395 

animal after LIFU treatment at p- 3.5 MPa (arrow). (F) Example of a vessel painted confocal image of 396 

tissue damage after sham surgery and LIFU treatment at p- 3.5 MPa (white arrow). Scale = 1000um.  397 

 398 

Figure 3. Infarct volume reduced in mice treated with LIFU following ischemic stroke. (A) Representative 399 

images of serial Nissl-stained sections at 3 bregma levels in mock treated and (B) LIFU treated mice, 1-400 

day post-pMCAO. (C) Quantified data shows a significant reduction in infarct volume in FUS treated 401 

mice compared to mock treated controls; n = 8-9. ** p < 0.005. 402 

 403 

Figure 4. IgG deposition reduced in LIFU treated mice after pMCAO. (A) Representative confocal images 404 

of sections immuno-labeled with anti-IgG (green) and counter stained with DAPI (blue) from mock treated 405 

and (B) LIFU treated mice 1-day after pMCAO. (C) Quantified analysis showing reduced deposition of 406 

IgG in LIFU treated animals compared to mock treated controls. n = 5-7. ** p < 0.005. 407 

 408 

Figure 5. Microvessel size increased in mice treated with LIFU following ischemic stroke.  (A) Quantified 409 

analysis showing increased microvessel diameter in LIFU treated animals compared to mock treated 410 

controls. n = 4-5. **** p < 0.0001. (B-E) Representative images for IHC staining of CD31 (microvessels, 411 
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green) and Nissl (neurons, red) in the ipsilateral cortex of mock treated (B, D) and LIFU treated (C, E) 412 

mice 1-day after pMCAO. 413 

 414 

Figure 6. LIFU treatment does not significantly alter pial collateral size. (A-B) Representative vessel 415 

painted confocal images of pial collaterals (stars) in both mock LIFU and (C-D) LIFU treated brains 1-416 

day post-pMCAO. (E) MCA-ACA, (F) MCA-PCA, and (G) average MCA inter-collateral diameters 1-417 

day post-pMCAO. Ipsilateral collaterals were significantly larger than the contralateral collaterals in both 418 

groups. No significant difference was seen in collateral diameter size between mock and LIFU treated 419 

groups. (H) Inter-collateral counts show no significant difference in the number of pial collaterals in the 420 

control and treated group. (I) Breakdown of MCA inter-collateral and of (J) MCA-ACA collateral 421 

diameters after pMCAO. n = 11-12. * p < 0.05; ** p < 0.005; *** p < 0.001. 422 

 423 
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