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Abstract

Focused ultrasound (FUS) is hereby shown to noninvasively and selectively deliver compounds at
pharmacologically relevant molecular weights through the opened blood-brain barrier (BBB). A
complete examination on the size of the FUS-induced BBB opening, the spatial distribution of the
delivered agents and its dependence on the agent's molecular weight were imaged and quantified
using fluorescence microscopy. BBB opening in mice (n=13) was achieved in vivo after systemic
administration of microbubbles and subsequent application of pulsed FUS (frequency: 1.525 MHz,
peak-rarefactional pressure in situ: 569 kPa) to the left murine hippocampus through the intact
skin and skull. BBB-impermeant, fluorescent-tagged dextrans at three distinct molecular weights
spanning over several orders of magnitude were systemically administered and acted as model
therapeutic compounds. First, dextrans of 3 and 70 kDa were delivered trans-BBB while 2000 kDa
dextran was not. Second, compared to 70 kDa dextran, a higher concentration of 3 kDa dextran
was delivered through the opened BBB. Third, the 3 and 70 kDa dextrans were both diffusely
distributed throughout the targeted brain region. However, high concentrations of 70 kDa dextran
appeared more punctated throughout the targeted region. In conclusion, FUS combined with
microbubbles opened the BBB sufficiently to allow passage of compounds of at least 70 kDa, but
not greater than 2000 kDa, into the brain parenchyma. This noninvasive and localized BBB
opening technique could thus provide a unique means for the delivery of compounds of several
magnitudes of kDa that include agents with shown therapeutic promise in vitro, but whose in vivo
translation has been hampered by their associated BBB impermeability.
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INTRODUCTION

The in vivo systemic delivery of neurological agents and biomarkers in the brain is critical
for the induction of therapeutic effects and the understanding of biological pathways.
However, most molecular targets in the brain cannot be reached due to the blood-brain
barrier (BBB). Under normal conditions, the BBB provides vital physiological functions that
prevent harmful toxins from entering the brain and maintain ionic and volume environments
necessary for proper neuronal firing and brain function (Stewart and Tuor 1994).
Unfortunately, these same properties also constitute the major impediment in delivering
agents in the brain. BBB impermeability is most pronounced for molecules greater than 400
Da (Pardridge 2005) which are characteristic of the vast majority of therapeutic agents and
biomarkers.

A common brain drug delivery method consists of penetrating a needle through untargeted
tissue to reach a subcortical structure (Pardridge 2007). The agent diffuses the targeted
region, but its spatial extent is constrained by the narrowness of the brain extracellular space
(Sykova and Nicholson 2008). Alternative methods modify the chemical properties of
agents to increase their trans-BBB permeability, thus utilizing the extensive capillary
network. These techniques aim to increase their lipid-solubility (Greig et al. 1990), cause
contraction and dilations of the vessel, or utilize transport systems endogenous to the
endothelial cells (Pardridge 2007). Lipidization typically fails for larger molecules and
permeability is increased throughout the entire body, thus limiting dosage due to associated
side-effects. Methods that contract or dilate vessels are not localized within a specific region
of the brain, and have associated toxicity. Finally, the use of endogenous transport systems
requires a comprehensive knowledge of each specific agent and transport system leading to
a time-consuming and costly process. Therefore, neither direct injection nor chemical
modification of agents is currently sufficient as methods of brain drug delivery for many in
vivo experiments that aim to understand neurological processes or to test the therapeutic
effectiveness of drugs.

In this paper, we evaluate the potential of a novel methodology that utilizes focused
ultrasound (FUS) and microbubbles to provide a noninvasive, transient, and localized
technique that increases the molecular weight threshold of deliverable agents in the brain
(Hynynen et al. 2001, Raymond et al. 2008). In FUS, acoustic energy propagates several
centimeters through water or tissue and converges onto a small focal region (on the order of
cubic millimeters) while its surroundings remain relatively unaffected. When FUS is
applied, under specific acoustic parameters, in the presence of systemically administered,
acoustically active, pre-formed microbubbles (<10 um in diameter), acoustic cavitation and
radiation force are induced (Apfel 1997). These bubble-ultrasound interactions have been
shown to modify the BBB physiology and induce a transient influx of molecules from the
lumen into the tissue parenchyma; enabling thus many previously BBB-impermeable
molecules to permeate (Choi et al. 2007a, Choi et al. 2007b, Hynynen et al. 2001, Kinoshita
et al. 2006, Treat et al. 2007).

Previous studies of FUS-induced BBB opening have validated the delivery of many
molecules: MRI contrast agents such as Omniscan™ (573 Da) and Magnevist® (938 Da)
(Choi et al. 2007a, Choi et al. 2007b, Hynynen et al. 2001), Evans Blue (Kinoshita et al.
2006), Trypan Blue (Raymond et al. 2008), Herceptin (148 kDa) (Kinoshita et al. 2006),
horseradish peroxidase (40 kDa) (Sheikov et al. 2008), doxorubicin (544 Da) (Treat et al.
2007), and rabbit anti-Ap antibodies (Raymond et al. 2008). However, the technique's
potential has not been studied at length such as to be widely applicable for experiments in
neuroscience. In particular, the upper limit on the molecular weight of deliverable molecules
has not been determined and the spatial distribution of their delivery has not been

Ultrasound Med Biol. Author manuscript; available in PMC 2011 January 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Choi et al.

Page 3

extensively characterized. Comparisons in efficacy of delivery amongst the aforementioned
molecules are difficult since their chemical properties (i.e., charge, molecular shape, etc.)
and in vivo circulation behavior may vastly differ or are unknown (Habgood et al. 2007). In
our previous studies, we delivered 573-Da MRI contrast agents through the BBB opening,
but observed that its in vivo spatial distribution was not Gaussian around the focus (Choi et
al. 2007a, Choi et al. 2008) and was instead distributed in a heterogeneous pattern. Although
we used high field (9.4T) MRI with resolution good enough (voxel size: 75x75x600 um3) to
discern large vessels (i.e., posterior cerebral artery, longitudinal hippocampal vessels, etc.)
and distinct hippocampal regions (i.e., dentate gyrus, CAL/CA2/CAS3, etc.) it was not
sufficient to discern smaller brain structures (i.e., hippocampal fissure, transverse
hippocampal veins, cell bodies, etc.). In order to overcome the aforementioned limitations,
fluorescence microscopy was employed in this study to achieve the resolution and contrast
necessary to discern the spatial distribution of delivered agents relative to the underlying
brain structures.

In this study, the FUS-induced BBB opening was determined using dextrans at distinct
molecular weights that are relevant for biomarkers and drugs. The spatial deposition pattern
of molecules in the brain was analyzed with respect to the underlying vasculature. A single
delivery target, the hippocampus, was selected, since it is an anatomically distinct,
subcortical structure that is perfused by an easily identifiable vasculature relative to
anatomical landmarks such as the hippocampal fissure (Coyle 1975, 1976, 1978). The
hippocampus is also a good target since it may be the initial site where Alzheimer's disease
first manifests itself. This study will help elucidate the relevance of FUS-induced BBB
opening to biomarkers and therapeutic agents used for the treatment of CNS diseases such as
Alzheimer's, Parkinson's, and Huntington's disease.

MATERIALS AND METHODS

Ultrasound equipment

Ultrasound waves were generated by a single-element, spherical segment FUS transducer
(center frequency: 1.525 MHz, focal depth: 90 mm, radius: 30 mm; Riverside Research
Institute, New York, NY, USA). A pulse-echo diagnostic transducer (center frequency: 7.5
MHz, focal length: 60 mm) was aligned through a central, circular hole (radius: 11.2 mm) of
the FUS transducer so that the foci of the two transducers fully overlapped (Fig. 1). A cone
filled with degassed and distilled water was mounted onto the transducer system with the
water contained in the cone by an acoustically transparent latex membrane cap (Trojan;
Church & Dwight Co., Inc., Princeton, NJ, USA). The transducer system was attached to a
computer-controlled, three-dimensional positioning system (Velmex Inc., Lachine, QC,
CAN). The FUS transducer was connected to a matching circuit and was driven by a
computer-controlled function generator (Agilent, Palo Alto, CA, USA) and a 50-dB power
amplifier (ENI Inc., Rochester, NY, USA). The pulse-echo transducer was driven by a
pulser-receiver system (Panametrics, Waltham, MA, USA) connected to a digitizer (Gage
Applied Technologies, Inc., Lachine, QC, CAN) in a personal computer (PC, Dell Inc., TX,
USA).

The pressure amplitudes and three-dimensional beam dimensions of the FUS transducer
were measured using a needle hydrophone (needle diameter: 0.2 mm; Precision Acoustics
Ltd., Dorchester, Dorset, UK) in a degassed water tank prior to the in vivo experiments. The
pressure amplitudes reported in this paper were measured by calculating the peak-
rarefactional pressure values and attenuating by 18% to correct for skull attenuation (Choi et
al. 2007b). The full-width-at-half-maximum intensities of the lateral diameter and axial
length of the beam were calculated to be approximately 1.32 and 13.0 mm, respectively. The
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details of the calibration and skull attenuation experiments can be found in previous studies
by our group (Choi et al. 20073, Choi et al. 2007Db).

Preparation of animals

All procedures involving animals were approved by the Columbia University Institutional
Animal Care and Use Committee. A total of thirteen wild-type mice (strain: C57BL/6, mass:
28 to 32 g, sex: male; Harlan, Indianapolis, IN, USA) were used in this study. The mice
were anesthetized using 1.25-2.50% isoflurane (SurgiVet, Smiths Medical PM, Inc.,
Wisconsin, USA) throughout both the BBB opening and transcardial perfusion procedures.
Between the two procedures, the mice were placed underneath a heating lamp to prevent the
potential onset of hypothermia due to extended use of anesthesia.

Blood-brain barrier opening protocol

Each mouse was anesthetized and placed prone with its head immobilized by a stereotaxic
apparatus (David Kopf Instruments, Tujunga, CA, USA) (Fig. 1). The mouse hair was
removed using an electric trimmer and a depilatory cream. A degassed water-filled container
sealed at the bottom with thin, acoustically and optically transparent, Saran™ Wrap (SC
Johnson, Racine, W1, USA) was placed on top of the mouse head while ultrasound coupling
gel was used to eliminate any remaining impedance mismatch between the two surfaces
(Fig. 1). The FUS transducer was then submerged in the water of the container with its beam
axis perpendicular to the surface of the skull.

The focus of the transducer was positioned inside the mouse brain using a grid-positioning
method that utilized the pulse-echo diagnostic transducer (Choi et al. 2007b). A grid
constructed from three 0.30 mm thin metal bars with two bars parallel to one another and
separated by 4.00 mm. At the center of the parallel bars a third center bar was soldered
perpendicular to the two. The grid was placed in the water bath, on top of the skull, and in
alignment with sutures visible through the skin. The center bar was aligned along the sagittal
suture and one of the parallel bars with the lambdoid suture. A lateral two-dimensional
raster-scan of the grid using the diagnostic transducer was made and the transducer's beam
axis was positioned 2.25 and 2.00 mm away from the sagittal and lambdoid suture,
respectively (Fig. 2a). Finally, the focal point was placed 3.00 mm beneath the top of the
skull so that the acoustic wave propagated through the left parietal bone and overlapped with
the left hippocampus and a small portion of the lateral region of the thalamus (Fig. 2b). The
right hippocampus was not targeted and was used as the control. The grid positioning
method has been previously shown to be within 0.5 mm of the target site, which was
sufficiently precise to have the FUS focal spot consistently overlap with the hippocampus of
the murine brain (Choi et al. 2007b).

A 25 pl bolus of ultrasound contrast agents (SonoVue®; Bracco Diagnostics, Inc., Milan,
ITA) consisting of microbubbles (mean diameter: 3.0-4.5 um, concentration: 5.0-8.0 x 108
bubbles per ml) was injected into the tail vein 1 minute prior to sonication (Fig. 2). This
delay of 1 min was selected since echocardiography of the mouse left ventricle validated the
presence of circulating bubbles for at least 5 minutes (data not shown), and it had been
previously shown to be sufficient for BBB opening across several mice (Choi et al.
2007a,Choi et al. 2008). The injected amount corresponded to a concentration of 0.78-0.89
ul/g of body mass while the clinically recommended contrast agent dosage used for B-mode
imaging of cardiac chambers is 0.029 ul/g of body mass. This concentration was chosen
despite the large discrepancy between these concentrations, because we were investigating a
therapeutic application as opposed to a diagnostic method. We thus assumed that a higher
concentration would indicate the maximum efficacy of the FUS-induced BBB opening
procedure. Future experiments will be focused on reducing this bubble concentration.
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Following microbubble injection, pulsed FUS (pulse rate: 10 Hz, pulse duration: 20 ms, duty
cycle: 20%) was then applied at 569 kPa peak-rarefactional (mechanical index: 0.46) in a
series of two intervals consisting of 30 s of sonication at a single location (i.e., the
hippocampus). Between each interval, a 30-s window allowed for residual heat between
pulses to dissipate and microbubbles to reperfuse the cerebral vasculature undisturbed by the
acoustic wave (Choi et al. 2007a). The FUS sonication procedure was performed once and at
a single location in each mouse brain.

Fluorescent-tagged dextrans

The BBB opening was studied using five different conditions, i.e., three molecular sizes and
two control cases. Approximately 10 min after FUS-induced BBB opening, the mice were
intravenously injected via the femoral vein with fluorescent-tagged dextrans in three sets of
distinct molecular weights of 3 (n=3), 70 (n=3), and 2000 (n=5) kDa. The 3 kDa and 70 kDa
dextrans were tagged with Texas Red® since it provided a stronger fluorescent signal within
a wavelength range that did not overlap with the autofluorescence of the murine brain. The
2000 kDa dextran were tetramethylrhodamine-tagged since they were not commercially
available as conjugated to Texas Red®. In addition, two control conditions were studied with
the first mouse sonicated post-microbubble injection but not injected with dextran, and the
second mouse with microbubbles and 3 kDa dextran injected but without sonication.

After a 20-min wait following the dextran injection, which enabled the dextran to circulate
throughout the vasculature, the mice were transcardially perfused with 30 ml of phosphate
buffer saline (138 mM sodium chloride, 10 mM phosphate, pH 7.4) and 60 ml of 4%
paraformaldehyde. The brain was extracted from the skull and post-fixed in
paraformaldehyde overnight followed by cryoprotection in 30% sucrose overnight. The
brain was embedded in optimum cutting temperature compound (Sakura Tissue-Tek O.C.T.
Compound; Torrance, CA, USA), frozen in a square mold, and then serially sectioned into
300 um slices in either a horizontal or coronal orientation using a cryostat. A 300-um
thickness was chosen since it allowed for the analysis of the arteries and veins, which were
speculated to be contributing factors in drug deposition in our previous study (Choi et al.
2007a).

Sizing of dextrans

The hydrodynamic diameter of the 3 and 70 kDa dextrans was measured using a Zetasizer
(Nano-ZA, Malvern Instrument Ltd., Malvern, Worcestershire, UK) to be 2.33+0.38 and
10.2+1.4 nm, respectively. In this method, particle motion induced by laser illumination was
used in the Stokes-Einstein relationship to estimate the hydrodynamic diameter. This
diameter reflects that of a sphere with the same translational diffusion coefficient as that of
the dextran measured. However, since the fluorescence of the markers conjugated to the
dextrans interfered with the light scattering method, similar biotinylated dextrans without
the fluorescent markers were sized instead for the 3 and 70 kDa dextrans. Unfortunately,
unlabeled 2000 kDa dextran was not commercially available, and, therefore, a reliable
measurement could not be made.

Histological section image analysis

Bright field and fluorescent images were acquired using an inverted light and fluorescence
microscope (1X-81; Olympus, Melville, NY, USA). Both Texas Red-tagged and
tetramethylrhodamine-tagged dextrans were excited at 568+24 nm while emissions were
filtered for 610+40 nm. For each mouse brain, three serial sections were selected at a
defined cross-section of the hippocampus. Figures 3 and 4 depict an example section for
each experimental setting and orientation. The following two sets of values were then
quantified: the normalized increase in fluorescence in the left (targeted) hippocampus
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relative to the right (untargeted) hippocampus and the area of fluorescence in the targeted
hippocampus. For each section and for both cases, the hippocampus in the bright field
images was manually outlined using Adobe® Photoshop® CS3 (San Jose, CA, USA) and
used to isolate the hippocampus in the fluorescent images (Fig. 3G and H). The outlines did
not include the PCA or longitudinal hippocampal vessels since they do not contain a BBB
(Fig. 3A and B). All subsequent processing was made in MATLAB® 2007 (Natick, MA,
USA). The relative increase in fluorescence was then calculated by dividing the spatially
averaged fluorescence in the left hippocampus by the spatially averaged fluorescence in the
right hippocampus. In order to calculate the area of fluorescence, pixels were assigned to be
fluorescent if its intensity was 2.5 standard deviations above the spatially averaged right
hippocampus. This threshold value was set, because it allowed for reliable and consistent
fluorescence above the brain's autofluorescence. Any pixel above this threshold indicated
increased fluorescence due to FUS and microbubbles. The percent area of fluorescence was
then calculated by dividing the area of fluorescence by the total area of the hippocampus.
The normalized increase in fluorescence and the area of fluorescence in the targeted
hippocampus were averaged across three sections for each mouse brain. The values were
then averaged and standard deviations were calculated for each dextran size. In the case of 3
kDa dextran, three sections for each of the three mice were analyzed for a total of nine
sections processed.

Statistical analysis

RESULTS

Differences between two sets of values were determined using statistical analysis. Following
the calculation of the mean and standard deviation in the change of fluorescence of the left
over the right hippocampus for the five sets of values, a Student's t-test was performed. The
same comparison amongst the five sets of values for the increase in area of fluorescence was
made. In all comparisons, a P < 0.05 was considered to denote a significant difference.

Trans-BBB delivery of dextrans of distinct molecular weights

All FUS-induced BBB opening procedures were performed in vivo in mice. Following
systemic injection of SonoVue® microbubbles, FUS was delivered noninvasively through
the left parietal bone and its overlying skin (Fig. 1) to a cylindrical brain tissue volume of
1.32 mm in diameter and 13.0 mm in axial length (Fig. 2A). The focal volume extended
ventrally from the left parietal bone so that its axial length overlapped with the left
hippocampus and part of the left lateral thalamic region (Fig. 2B). Fluorescent-tagged
dextrans of 3, 70, and 2000 kDa in molecular weight were then systemically administered.
Their trans-BBB delivery was then confirmed and quantified with fluorescence microscopy.

In each mouse, a horizontal or coronal section at distinct anatomical locations corresponding
to those shown in Figs. 3 and 4 was analyzed. Two sets of measurements were quantified to
help elucidate the extent of fluorescent markers delivered to the FUS-targeted hippocampus:
the increase in spatially averaged fluorescence (Fig. 5A) and the total area of fluorescence
(Fig. 5B). Two separate data sets were assumed to be different if a P < 0.05 was calculated
with a Student's t-test.

Experiments in two control mice were performed in the cases of: (i) 3 kDa dextran injection
without FUS sonication or microbubble injection and (ii) FUS sonication following
microbubble injection without dextran injection. In both cases, no significant difference in
the overall fluorescence was registered between the contralateral and ipsilateral hippocampi,
indicating that the dextran was not BBB permeant and that neither FUS nor microbubbles
induced an increase in fluorescence on their own (Fig. 5).
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The average fluorescence intensity increase in the left hippocampus was determined by
spatially averaging the left and right hippocampus separately and then dividing their
difference by the average fluorescence in the right hippocampus. Since a spatial average was
used, this calculation did not quantify how homogeneous or diffuse the fluorescence was
within the outlined hippocampal region. Since we used relatively thick 300 um sections,
average autofluorescence levels were spatially homogeneous and relatively consistent
among different brains (Fig. 3 D, F, H, J, and L). The mice receiving dextran of 3 kDa
exhibited a high increase in average fluorescence in the sonicated hippocampus (P < 0.05)
(Fig. 5A). Despite exhibiting a relatively lower average fluorescence compared to animals
receiving the 3 kDa dextran (P < 0.05), animals receiving 70 kDa dextran also exhibited an
increase in brain tissue fluorescence relative to the control mice (P < 0.01) (Fig. 5A). No
significant fluorescence was observed in brain tissue after the systemic injection of 2000
kDa dextran (P > 0.1) in the left (targeted) hippocampus.

The percent area of the targeted hippocampus that was infused by the dextrans was also
calculated for both the coronal and horizontal cross-sections. The 3 kDa and 70 kDa
dextrans entered 54.2 + 24.6% and 45.6 + 12.6% of the targeted hippocampus, respectively.
Both constituted significant increases compared to the two controls (P < 0.05). However, no
significant difference in the total area of fluorescence could be determined (P > 0.5) between
animals injected with 3 and 70 kDa dextrans.

Variation in the spatial distribution of dextrans

The spatial distribution of fluorescent markers delivered across the BBB using FUS was
investigated using serially sectioned brains at specific horizontal (Fig. 3) and coronal (Fig.
4) planes. In order to help elucidate the importance of the vasculature on this spatial
distribution, a diagram of the vasculature within the hippocampal region adapted from Peter
Coyle's artwork (Coyle 1976,1978) is depicted in Fig. 3A and B. Internal transverse
hippocampal arteries, in the horizontal orientation, originated from the hippocampal fissure
as indicated by the arrowhead in Fig. 3G. The vessels then arch clockwise in the region
between the identifiable CA1/CA2/CAS3 subfields and the Dentate Gyrus (Fig. 3A and G).
Internal hippocampal veins run nearly parallel to these arteries but in the opposite direction
(Fig. 3B). Multiple veins join the internal hippocampal vein, which then exits via the
hippocampal fissure. The external transverse hippocampal vessels are located in the
hippocampal region bordering the thalamus.

Intravenous injection of 3 kDa dextran resulted in fluorescence throughout the left
hippocampus and part of its immediate surroundings (Figs. 3G, H and 4A). In particular, a
greater fluorescence signal was observed near the internal and external hippocampal vessels.
High levels of fluorescence were also observed along part of the lateral thalamic region
bordering the hippocampus including regions surrounding the arteries and veins within the
thalamus. However, in general, fluorescence was mostly distributed diffusely throughout the
sonicated region.

In animals injected with 70 kDa dextran, the hippocampal regions also exhibited diffuse
fluorescence (Figs. 31, J and 4B), indicating that this dextran permeated throughout a
significant portion of the hippocampus. This level of fluorescence in the diffuse region was
not as high as that observed with 3 kDa dextran, but was significantly higher than the
controls (Fig. 5). Qualitative analysis showed that, in addition to the diffuse fluorescence,
isolated regions of higher fluorescence were distributed along the internal transverse
hippocampal vessels (Fig. 31). Higher fluorescence was also observed surrounding the
vessels in the lateral thalamic region bordering the hippocampus, similar to the 3 kDa
dextran.
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No significant fluorescence was observed in the left hippocampus after injection of 2000
kDa dextran (Fig. 5A). However, outside the hippocampal region, fluorescence was
qualitatively observed along the left longitudinal hippocampal vessels, the PCA, and the
immediate branches originating from the two (Figs. 3K, L and 4C).

All of the aforementioned results strongly indicated not only the size of the BBB opening
and the spatial distribution of dextran according to its molecular weight, but also a
correlation between the spatial distribution of dextran and the location of vessels.

DISCUSSION

This study elucidates the relevance of FUS-induced BBB opening as a method for
understanding biological processes and for testing the therapeutic effectiveness of drugs.
Our method neither requires an MRI system, nor a craniotomy. It is spatially accurate, and is
simple enough to implement in most laboratories. A single, one-minute FUS application
combined with microbubbles was sufficient to noninvasively and selectively open the BBB
and deliver molecules larger than the BBB's natural size exclusion threshold of 400 Da. As
our model tracers, we chose 3, 70, and 2000 kDa dextrans that were fluorescently tagged.
The 3 and 70 kDa dextrans were measured by dynamic light scattering to have a
hydrodynamic diameter of 2.33+£0.38 and 10.2+1.4 nm, respectively. In one study, 3 and 70
kDa dextrans were found to be 3 and 14 nm in diameter (Thorne and Nicholson 2006), and,
in another, the 70 and 2000 kDa dextrans were found to be 14.8 and 54.4 nm in diameter,
respectively (Lebrun and Junter 1994).

This study has determined that the molecular weight threshold for dextran traversing the
FUS-induced BBB opening was between 70 and 2000 kDa and that the 2000 kDa dextran
could not be delivered. This suggests that there is a size limit associated with the technique.
Large molecules and other constituents within the circulatory system, such as microbubbles
(1-10 pm) and red blood cells (8 um), cannot cross the FUS-opened BBB. According to
prior literature, the largest molecule delivered through using FUS was Herceptin at 148 kDa
(Kinoshita et al. 2006), which is within the threshold range reported here. Despite the fact
that Herceptin has different chemical properties than dextran, it may suggest that the
molecular weight threshold, beyond which a molecule cannot be delivered via the FUS-
induced BBB opening, may lie between 148 and 2000 kDa.

Both 3 and 70 kDa dextrans were shown to traverse the BBB after 1-min FUS sonication at
a single location (i.e., onto the hippocampus) by an increase in the fluorescence throughout
the targeted region (Figs. 3G-H and 5B). When comparing these two molecules, the 3 kDa
dextran was distributed throughout the sonicated hippocampus at a higher overall relative
concentration (Fig. 5). The 70 kDa dextran was spatially distributed in two distinct patterns:
a low level of fluorescence that was diffuse throughout the hippocampus, and high levels of
fluorescence consisting of punctated regions near, or along, larger vessels such as the
internal and external transverse hippocampal vessels, the longitudinal hippocampal artery,
and the PCA. In the case of the punctate regions, fluorescence did not extend further than a
few microns away. The 70 kDa dextran also accumulated along the longitudinal
hippocampal arterial wall, suggesting that the markers were either contained within, or
attached to, the membranes of cells that constitute the vascular wall such as endothelial and
smooth muscle cells (Fig. 4B). Both 3 and 70 kDa dextrans were most concentrated at or
near the internal and external hippocampal vessels and the vessels within the thalamus (Figs.
3B, I and 4A, B).

In order to determine what proportion of the hippocampus could be treated and whether the
permeated area would vary with the molecular weight of the molecules delivered, the
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percent area of the hippocampus exhibiting fluorescence was calculated. Dextrans were
delivered to a significant percentage of the total targeted area (i.e., hippocampus): 54.2 +
24.6% for 3 kDa dextran and 45.6 + 12.6% for 70 kDa dextran in the cross-section analyzed
(Fig. 5B). The center of the acoustic focal volume (i.e., the focal point) was positioned to
overlap with the medial portion of the hippocampus and avoid overlap of the beamwidth
with the lateral side of the skull. This placement away from the lateral hippocampal region
limited the spatial extent of the BBB opening to the hippocampus. In future studies, a larger,
or smaller, area of BBB opening could be induced by adjusting the pressure amplitude,
altering the FUS transducer geometry, or sonicating multiple locations.

The acoustic parameters and microbubbles described in this study have been used in many
of our previous and concurrent experiments. The spatial deposition patterns of 3 kDa
dextran (Fig. 6B) obtained in this study correlated with our previous high-field T;-weighted
spin-echo MRI study (Fig. 6A) (Choi et al. 2008) that quantified the in vivo deposition of a
573-Da MRI contrast agent (gadolinium) through the FUS-induced BBB opening of separate
mice (Choi et al. 2007a). Similar to the results shown in Figs. 3 and 4, the gadolinium
molecules accumulated in the parenchyma through the FUS-induced BBB opening.
However, they were distributed in a non-gaussian and heterogeneous pattern (Fig. 6A). This
observation helped contribute to the rationale for performing the present study. Preliminary
assessment of the safety of FUS-induced BBB opening using the same acoustic parameters
reported in this paper is part of a concurrent study. Hematoxylin and eosin-stained sections
of FUS-induced BBB opened brains revealed petechial red blood cell extravasations, but no
neuronal damage (Konofagou et al. 2009). The in vivo assessment of the spatial distribution
of MRI contrast agents and the comprehensive assessment of safety are some of our ongoing
studies that, together with the results from this paper, will help elucidate the greater potential
of FUS-induced BBB opening.

Four major findings were reported in this paper. First, dextrans of 3 and 70 kDa were
delivered trans-BBB while 2000 kDa dextran was not. Second, compared to 70 kDa dextran,
a higher concentration of 3 kDa dextran was delivered through the opened BBB. Third, the 3
and 70 kDa dextrans were both diffusely distributed throughout the targeted brain region.
However, the 70 kDa dextran was diffuse at a lower concentration while having numerous
punctate regions of higher concentration, indicating a more heterogeneous overall
distribution. Finally, dextrans were deposited at larger amounts proximal to larger vessel
branches such as the internal and external transverse hippocampal vessels, and the vessels
within the thalamus, when compared to other regions in the targeted hippocampus. These
results suggest that FUS and microbubbles may deliver 70 kDa agents across the BBB, but
that 3 kDa and smaller agents may be delivered at a more effective concentration. A broader
applicability for delivering inhibitors, growth factors, peptides, and other biomarkers and
therapeutic agents to a volume on the order of cubic millimeters was thus shown. FUS and
microbubbles constitute a non-contact, noninvasive, localized, and transient delivery method
for cortical and subcortical structures with the critical capability of depositing agents at sizes
relevant for biomarkers and neurologically potent drugs.
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Fig. 1.

In vivo FUS-induced BBB opening experimental setup. The hair on the mouse head was
removed and its head was stabilized using a stereotaxic apparatus. The single-element FUS
transducer was used to induce localized BBB opening through the intact skin and skull and
was driven by a PC-controlled function generator through a power amplifier. The pulse-echo
transducer was used for targeting the hippocampus of the mouse brain (Fig. 2) and was
triggered by a pulser-receiver system whose data was collected with a digitizer in a PC.
Ultrasound was coupled to the mouse head via a water chamber and container while the
ultrasound system was positioned with a three-dimensional positioning system.
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Fig. 2.

Location of FUS-targeted regions in vivo. The FUS transducer was targeted through (A) the
left parietal bone of the mouse skull. The dotted circle in (A) approximately corresponds to
the 1.32 mm full-width-at-half-maximum peak diameter of the focus. The focal volume was
placed to overlap the left hippocampal region as seen on a horizontal histological section (B)
of the mouse brain. The right hippocampal region was not targeted and acted as a control.
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Fig. 3.

Horizontal sections (300 um thick) of the left (targeted; C, E, G, I, K) and right (untargeted;
D, F, H, J, L) hippocampal regions of five mouse brains. The area within the dashed white
lines was defined as the hippocampal region. The hippocampal vasculature is depicted in
(A) for arteries and (B) for veins roughly corresponding to the horizontal sections depicted.
The diagrams were adapted from Peter Coyle's artwork (Coyle 1976, 1978). Anatomical
regions were labeled in (G): left ventricle (LV), thalamus (Th), CA1, CA2, CAS3, dentate
gyrus (DG), posterior cerebral artery (pca), and longitudinal hippocampal artery (lha). It
should be noted that the pca and lha were not within the hippocampal region (A, B, and G)
and were intentionally excluded since they are not part of the hippocampus. The
hippocampal fissure indicated by the arrows is where the transverse hippocampal vessels
enter and exit the hippocampus. The first mouse (C, D) was injected with 3 kDa fluorescent-
tagged dextran, but no sonication was applied. The second mouse (E, F) was sonicated, but
no dextran was injected. In these two mice, no significant difference in fluorescence
between the contralateral hippocampal regions was observed. Fluorescence was observed in
the targeted hippocampal region when 3 kDa (G, H) and 70 kDA (1, J) dextrans were
injected after sonication. The 3 and 70 kDa dextrans permeated 54.2 + 24.6% and 45.6 £
12.6% of the targeted hippocampus area, respectively (Fig. 5B). No difference in
fluorescence was observed in the left hippocampal region of mice injected with 2000 kDa
(K, L) dextran when compared to the right.
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Fig. 4.

Coronal sections (300 um thick) of the hippocampi of three mouse brains. Fluorescence was
observed in the targeted hippocampus when 3 kDa (A), and 70 kDa (B) dextrans were
injected after sonication. No significant fluorescence was observed after 2000 kDa (C)
dextran was injected after sonication.
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Fig. 5.

(A) The normalized increase in the spatially averaged fluorescence of the left (targeted)
hippocampus over the right (untargeted) hippocampus. Sonication after intravenous
injection resulted in increased fluorescence in the targeted hippocampus for 3 kDa and, to a
lesser extent, 70 kDa dextran. No significant fluorescence was observed after 2000 kDa
dextran was injected. In two controls, where dextran was injected but no sonication was
applied, and where sonication was applied but no dextran was injected, almost no increase in
fluorescence compared to the contralateral side was observed. (B) An increase in the percent
area of fluorescence was also observed in both the case of 3 kDa and 70 kDa dextran
administration without any significant difference between the two. No increase in area of
fluorescence compared to the control was observed after injection of 2000 kDa dextran.
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Fig. 6.

Comparison of results obtained using MRI and fluorescence microscopy. (A) MR images
acquired on the same day as BBB opening reveal MR contrast agent (574 Da) leakage
throughout the left (targeted) hippocampus and the surrounding regions. (B) In the same
mouse, at 24h post-sonication, a second injection of MR contrast agent and MR imaging
revealed that the BBB had closed (i.e., no leakage of the contrast agent). The spatial extent
of BBB opening on the MR image in (A) is in good agreement with the (C) BBB opening
indicated by injection of 3 kDa fluorescent-tagged dextrans.
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