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Introduction 
 Treatment of neurological disorders is often hampered by the inability of therapeutics to cross the blood-brain barrier (BBB). Over the last 
several years, novel techniques have been developed that use focused ultrasound (FUS) energy in combination with microbubble (μB) contrast 
agents to temporarily open up the BBB [1]. Foundational studies have been carried out in animal models [2], where BBB opening is clearly visible 
via contrast-enhanced MRI.  While MRI allows assessment of BBB opening to contrast agents, it does not directly show the distribution of 
therapeutics within the brain.  In this work, we have employed MRI, SPECT, CT, autoradiography, and fluorescence microscopy to compare the 
distribution of both contrast agents and model therapeutics within the brains of mice following FUS-mediated BBB opening. 
 

Methods 
  BBB opening was carried out in anesthetized mice with the following procedure: Mice were anesthetized (1.5% isoflurane gas in O2) and 
placed in a supine position into a custom made positioning apparatus which held a FUS transducer (20 mm diameter, 19 mm focal length) such that 
its focal spot was within the midbrain of the mouse.  A 150 μL bolus of perfluorocarbon (PFC) gas-filled μBs was injected into the tain vein.  FUS was 
immediately applied via twenty 3-second sonications (37% duty cycle, 6 ms pulse width, 40 W/cm2) separated by 3 second pauses.  Following an IP 
injection of Gd-DTPA, MRI was carried out on the mice using T1-weighted spin-echo sequences.  All MRI was carried out on a 7T Bruker Biospec 
MRI system utilizing a 72 mm ID birdcage coil for excitation and a 4-channel phased array coil for reception. During imaging, mice were secured 
with ear and bite bars and maintained at body temperature. Within 3 hours of the MRI procedure, pairs of mice were injected with pertechnetate 
(Tc-99m ion), Tc-99m DTPA, or Tc-99m-labeled cyclodextrin and imaged on a custom built dual-modality SPECT/CT imaging system [3] to determine 
the distribution of the radiotracer in the brain. Following SPECT/CT, mice were sacrificed and autoradiography was carried out on coronal brain 
sections.  Other mice underwent the same BBB opening and MRI procedures followed by the IV injection of 100 μL 70kD FITC-labeled dextran. 
Twenty minutes post injection, the mice were perfused transcardially with 10 mL of saline followed by 10 mL of 4% PFA. Brains were extracted, 
snap-frozen, sectioned horizontally and imaged with an Olympus MVX10 fluorescence microscope.  Liposome-coated microbubbles were made by 
conjugating 100 nm diameter carboxyfluorescein-loaded liposomes, including DPSE-PEG-maleimide to PFC microbubbles including DPPE-PEG-SPDP 
in the lipid shell.  The particles were imaged on an Olympus IX71 inverted microscope.   

Results and Discussion 
 Example MRI and fluorescence microscopy images following BBB opening are shown in Fig. 1.  Images show a strong co-localization of MRI 
signal enhancement with the larger (70kD) dextran molecule. However, as expected, the distribution of the relatively small Gd-DTPA is consistently 
larger than that of the dextran molecules.  Figure 2 shows representative MRI images before (A) and after (B and C) BBB opening. There is a strong 
increase in signal (arrow) in the mouse brain after BBB opening. SPECT/CT images of the same mouse (Fig. 2D and 2E) following pertechnetate 
injection demonstrates a slight uptake of radiotracer into the brain that is co-localized with the MRI enhancement.  Autoradiography (not shown) 
revealed increased radioactivity in the same BBB region.  The activity of all tracers within the brain, however, was extremely small compared to the 
activity observed in the body of the mouse (Fig. 2D).  The results of these studies validate the ability of FUS-mediated BBB opening to allow 
molecules to enter the brain.  However, they also emphasize the need to develop more efficient methods with which to introduce drugs to the 
specific site of BBB opening without exposing the rest of the body to excessively high concentrations of drug.  Drug-loaded liposomes conjugated to 
acoustically active μBs could prove very useful in this regard.  Example images of such macromolecular constructs are shown in Fig. 3 where 
fluorescently-labeled liposomes have been conjugated to μBs.  While the BBB opening technique described herein is intended to increase drug 
delivery to the brain for neurological disorders (e.g. Alzheimer’s and Parkinson’s), these imaging experiments could also be utilized to evaluate the 
loss of BBB integrity caused by other pathologies such as brain tumors, TBI, and viral infections.  
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Fig. 2. T1-weighted MRI images in mice before (A) and after (B,C) BBB 
opening. Signal increase (arrow) from Gd-DTPA crossing the BBB.  SPECT 
(hot iron LUT) and CT (grayscale) images of the same mouse after injection 
of pertechnetate (D,E).  The green ROI in D is enlarged in E with lower 
SPECT signal threshold to show pertechnetate in same region shown in 
MRI.  

Fig. 3.  Fluorescently-stained liposomes bound to 
the surface of microbubbles. Microbubbles are 
clearly seen with DIC microscopy (left). 
Fluorescence imaging (center) reveals liposomes 
aggregated in ring-like structures. A merged 
image (right) reveals the fluorescent liposomes 
are co-localized with the surface of the 
microbubbles. 

Fig. 1.  T1-weighted MRI (left) and 
fluorescence microscopy of mouse 
brain (right) revels the distribution 
of Gd-DTPA and FITC-labeled 70kD 
dextrans across the BBB, 
respectively.  Co-localization of 
signal enhancement on MRI and 
microscopy show similar 
distribution in the brain.   
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