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ABSTRACT BACKGROUND L 1PUS accidentally causes BBB opening in human

Treatment of many neurological diseases is impeded by the blood-brain barrier (BBB) that The BBB represents both a safeguard against thetnagion of physiologically harmful substances itite central nervous system (CNS), and a consiiehalvdle to the delivery of therapeutic agents. Accidental discovery of a permeabilizing effect ¢ime BBB occurred when non-invasive
prevents most drugs from entering into the brain. Accidental occurrence of MRI contrast Blood vessels in the brain differ from those in thst of the body in that they prevent most drugmfpassing into the surrounding tissue. While hisften beneficial, it can inhibit the range loétapies transcranial application of LIPUS to a human pdti®as found to cause enhanced extravasation
agent extravasation in a patient after treatment with low-intensity ultrasound prompted us that can be employed to successfully treat diseasgsas Alzheimer's and brain cancer. of MRI contrast material without evidence of injyi4]. The effect at that time was considered to
to investigate whether low-intensity pulsed ultrasound (L1PUS) could be used to safely and A technology allowing safe, targeted, reversiblerpg of the BBB would potentially revolutionize tbahe study and treatment of CNS disorders, inolgidieurodegenerative conditions and brain be a serious adverse event, but at a later timeonsidered the possibility that LIPUS might be
reversibly open the blood-brain barrier, allowing large molecules to pass through. In three malignancies that have proven resistant to coneeakiapproaches. used for drug delivery to the brain. Several subsatpre-clinical studies appear to indicate that
pre-clinical rodent studies and an ongoing primate study, evidence has been collected that a BBB disruption with hypertonic solutions (typicaligannitol) enhances CNS penetration of macromossciil], but at the cost of pronounced fluid shiftsl dack of regional specificity. Ultrasound- LIPUS can reversibly open the BBB to allow passafgarge molecules into the brain.

localized, safe, and rever sible opening of the BBB can be enabled by L 1PUS exposure. mediated BBB disruption has been another approgalored. High intensity focused ultrasound (HIFU}%eeen demonstrated to open the BBB at energysléval do not result in cellular injury[2], but FLAIR-imaging L s i e
a drawback is the long duration of opening induced. .
LIPUS has been used since the early 1990’s to e@tel bone healing, but only recently some insigiiat potential mechanisms of action has been gaides]. The upregulating effect of LIPUS on  Extravasation of Gd-DTPA after LI1PUS

N - |

L |PUS increases Evans Blue concentration in rat brains cytokines and chemokines that has been observedrhghe also occur in other tissues. exposure (from [7]) _ t ¢ **
“a B si j
Huang 2, Herken U, Moskowitz Mt
In this study male Sprague-Dawley rats were useaviestigate whether low-intensity unfocussed IR UNY: G0 iz lacizeileaNe iV Vel alonVAldlS el =it e)izla LI1PUS increases Ad-Luc expression in rat brains LIPUS Mediated Blood-Brain Barrier Permeabilization in Primates
ultrasound applied over an extended time periodidvmecrease extravasation of Evans Blue (EB)
dye into the brain tissue. Gianni D’ , Abbed K, Herken U, Chiocca EA Ogden 3, Loganathan A Herken U, Suzuki M, Chiocca EA Lawrence M, Herken U, Switzer R, Redmond B Gullans S
Methods In this study male Sprague-Dawley rats were usadvestigate whether low intensity ultrasound Male Sprague-Dawley rats were exposed to LIPUSguthnee different burst lengths, and then In this ongoing study, we are using African greesnkeys (Chlorocebus aethiops sabeus) with a
Animals were anesthetized using 2% Isoflurane iro@ygen/nitrogen mixture. 0.1g/kg EB was could enhance delivery of adenovirus with LacZ aidP®Geporter genes across the BBB. received Adeno virus with a luciferase reporter gekat-luc) to investigate whether pulse length body weight of 5-6 kg to investigate LIPUS dosealefency of localized BBB opening.
Injected into the right femoral vein of each anim@B injection in groups #1 and #2 was Methods had an influence on BBB disruption. Methods
performed ~15 minutes after the termination ofulhesound exposure. In groups #3 and #4, EB Animals were anesthetized using 2% Isoflurane inogaygen/nitrogen mixture. After a medial Methods Animals are anesthetized with 1-1.5% Isofluranacet! in a stereotaxic frame, and exposed to 60

was injected 30-45 minutes before starting theasttund exposure. For ultrasound exposure, neck incision, a PE 10 catheter was introduced th&internal carotid artery. For ultrasound Animals were anesthetized using 2% Isoflurane inoaygen/nitrogen mixture. After a medial minutes of LIPUS or no ultrasound (sham treatmedti)rasound bursts with a length of 300
animals were placed in a stereotaxic frame and kegder inhalation anesthesia throughout the exposure, animals were placed in a stereotaxic dramd kept under inhalation anesthesia neck incision, a PE10 catheter was introduced timoright internal carotid artery. The catheter cycles are delivered at an energy defined by tlek peechanical index (Ml) in situ of 0.25 or

procedure. throughout the procedure. After 90 minutes of siikand exposure, 1ml of virus (5x1078 titer) was continuously perfused with normal saline atta of 15Qul/min. 0.35, with or without a frequency sweep. If a freaqcy sweep is used, ultrasound frequency is
Ultrasound parameters: frequency 300 +/- 30 kHzseuépetition frequency 300 Hz, duration of was injected over 10 seconds. Three animals reddngh dose intra-arterial mannitol injections For ultrasound exposure, animals were placed itere@axic frame and kept under inhalation incremented in 2 kHz steps from 270 kHz to 330 kHz.
exposure two (2) hours. Each pulse comprised etther(for 10% duty cycle) or four (for 20%  instead of ultrasound prior to virus applicatiorpasitive controls. anesthesia throughout the procedure. After 60 rashof ultrasound exposure, 2 ml of virus was Animals are sacrificed 24 hours after ultrasoundosyre and perfused with heparinized PBS,
duty cycle) bursts of 50 cycles each. Frequency svapt from 270 kHz to 330 kHz during each Ultrasound parameters: frequency 300 +/- 30 kHzy dutle 20%, pulse repetition frequency 300 injected over 20 minutes while ultrasound exposuaie continued. followed by a 4% paraformaldehyde solution.
burst. Ultrasound intensity was either Ml 0.4 alda2duty cycle, or Ml 0.6 with 10% duty cycle  Hz, duration of exposure 2 hours. Each pulse caagriour bursts of 50 cycles each. Frequency Ultrasound parameters: frequency 300 +/- 30 kHzy dytle 10%, total duration of exposure 1 Coronal brain sections are mounted on slides arubeted with an antibody against monkey IgG
over a period of 2 hours was swept from 270 kHz to 330 kHz during each burst hour 20 minutes. Ultrasound bursts lengths were @@les (short), 600 cycles (medium), and and then stained with a secondary antibody. Theegegf regional BBB leakage is indicated by
Animals were sacrificed after 24 hours and immedyaberfused with 500ml 0.9% saline solution. After 2 or 4 days animals were sacrificed and imiatedy perfused with 500ml 0.9% saline 1200 cycles (long), with pulse repetition frequescof 100 Hz, 50 Hz, and 25 Hz, respectively. the amount of positive IgG staining. Normally onlynimal amounts of 1gG are present in regions
Brains were removed and separated into hemisphardsfurther into corpus, striatum, and solution. Brains were removed, separated into flpmhedial, posterior, and cerebellar sections, Frequency was swept from 270 kHz to 330 kHz, watrements of 2 kHz after 10 bursts. outside the circumventricular organs (midline sinoes bordering the 3rd and 4th ventricles),
cerebellum for photo spectrometric measuremenEBofoncentration. and shock frozen. Thin sections were slide mouftedtaining and microscopy, other sections After 2 days animals were sacrificed and brainsewermoved, and each hemisphere was which stain darkly for IgG.
Results were used for extraction of virus DNA. separated into frontal, medial, posterior, and lmeltar sections. Additional liver samples were
All groups exposed to ultrasound showed increaggéd@dhcentration in brain tissue (see graph). Results collected for reference. All samples where weighiedn homogenized in tissue lysis buffer. After | L eft: Regional BBB
When EB was injected after ultrasound exposureceaination increased by about 100% (Ml  Ultrasound exposed animals and controls showed GRE LacZEi R N I N incubation with luciferin, relative luminescencatarwhere determined for each sample. R Sl disruption after ;
0.4) and 200% (MI 0.6). EB injection prior to ukcand exposure resulted in an increase of tissue expression but interpretation was difficult becaa$eartifacts and 2 Results | i i 3 : ‘ lower L1PUS g
. . . . . = z = 5 5 ST = & °5 Pulse length | Animals | Positive % Samples | Positive % \
concentration by about 380% (Ml 0.4) and 450% (Md)OThese results appear to indicate that jsolated occurrence of transfected cells. In alated animals, reportd 5 A large number of animals did not show ool m T 5 G i A ntensitv. Note th i
ultrasound at these intensities will reversiblyréase BBB permeability, and that the effect will  gene expression was found mostly in the basal gariglsome instance “ v luminescence of liver samples, indicating faile@ Me?gi“féf E z ggzg 3(3) é §§§f 3 e NS Intensty. Notethe
last only for a short time after ultrasound expesarterminated. expression could be found in the cortex. No expwaswas observed in CR of Virus D_NA systemic virus delivery, and had to be excluded. We - = = 0 v striated patterns.
the negative controls. PCR for the virus backbdrewved presence of the e _ ; saw higher occurrence of transfection in ultrasound Gk \\ nght DiSfUptiOn
EB by Region, Dose, and Timing virus in the single ultrasound treated animal thas sacrificed after two - ks SRR, treated animals compared to controls, supportiieg th relatve Adkuc Luminseence ‘ gt // pattern after higher
S days. No significant amount of virus could be ideed in negative= T theory that LIPUS can be used to deliver viral gest </ i ;
i Evans Blue. controls or in other animals that were sacrificé@rafour days. Low-.. « ' acros{: the BBB. A high degree of variability mafie i - intensity LIPUS

o ’ concentration after intensity ultrasound appears to be capable of elefig an adeno-virus.- » L difficult to clearly identify a correlation betweguilse swe) Results | | _
% 2 $ : >8< : L1 PUS exposure across the BBB. Low transfection rates even in plsitive controls neyron with positive length and delivery effect. The table shows thef? ’ : e To date nine animals have been treated with umoand two anlmals.served as controls. We
g A ; y izteekf"“m depends on indicate that passage through the BBB is not thyy abstacle toygga staining after number of animals included in each treatment grouEf : : s have np§ observed any hemorrhqges or ngurologgcﬁmhtd in any of the animals. Controls showed
2 ; % 3 X e ultr asound transfection. LIPUS and the number of animals with a positive® _ : s only minimal amounts of 1gG staining outside of dieumventricular organs, as expected. |

§ i ) intensity and luminescence in at least one brain sample, thé tota z i i 8 Atnllm-als treated Wltht theklogl/ve[r E!trasoulréd q%ge gVHS) showed urflevten g.talnlnglyt. In sorge regions

x - - - - application time number of brain samples per group, and the number Dusidn  Swmgn Swatin staining appears streaked. IS could indicate ecuroence of standing ultrasound waves,

(3) (4) () (4) (3)

_ of samples with positive luminescence. resulting in sufficient energy delivery and subsatguBBB opening only in those areas where
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