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ABSTRACT

The purpose of this study was to investigate the behavioral alterations and 
histological changes of the brain after FUS-induced BBB disruption (BBBD). Rats 
were behaviorally tested using the open field, hole-board, and grip strength tests 
from day 1 through day 32 after undergoing BBBD induced by FUS with either a mild 
or heavy parameter. In the open field test, we found an increase in center entries 
on day 1 and day 9 following heavy FUS treatment and a decrease in center entries 
at day 18 following mild FUS treatment. With regard to memory-related alterations, 
rats subjected to heavy FUS treatment exhibited longer latency to start exploring 
and to find the first baited hole. However, rats subjected to mild FUS treatment 
exhibited no significant differences in terms of memory performance or grip force. 
The obtained data suggest that heavy FUS treatment might induce hyperactivity, 
spatial memory impairment, and forelimb gripping deficits. Furthermore, while mild 
FUS treatment may have an impact on anxiety-related behaviors, the data suggested 
it had no impact on locomotor activity, memory, or grip force. Thus, the behavioral 
alterations following FUS-induced BBBD require further investigation before clinical 
application.

INTRODUCTION

The blood-brain barrier (BBB) regulates the 
exchange of nutrients and waste between vasculature 
and brain tissue. At the same time, the BBB prevents the 
passage of larger molecules from the vasculature into the 
brain tissue [1]. Thus, most potent chemotherapeutics are 
ineffective in the brain diseases due to limited permeability 
of the BBB [2]. Several noninvasive methods have been 
developed to disrupt the BBB to facilitate the entry of 
therapeutic agents into the brain [3-5], but these methods 
can be problematic in that they enhance the delivery of 
drugs throughout the brain. Recently, focused ultrasound 
(FUS) with microbubbles has offered the potential to 
produce BBB disruption (BBBD) noninvasively in specific 
regions of the brain [6, 7].

It has been demonstrated that FUS-induced BBBD 
can be used to efficiently deliver systemically administered 
drugs to targeted brain regions in glioma-bearing mice, 

improving treatment efficacy [8, 9]. Moreover, the entire 
process of changes in BBB permeability induced by FUS 
can be quantitatively monitored by real-time dynamic 
contrast-enhanced magnetic resonance imaging (DCE-
MRI) [10-12]. Thus far, the greatest limitation on the use 
of FUS-induced BBBD in clinical practice consists of 
safety concerns relating to cavitation in the brain. A real-
time technique to monitor microbubble behavior to ensure 
safe BBBD is thus critical if FUS-induced BBBD is to be 
used in clinical applications.

Mechanical effects may be responsible for FUS-
induced BBBD, but inertial cavitation could usually 
cause hemorrhaging or apoptosis in the brain tissue 
from the neighboring vessel. According to previous 
studies, however, when BBBD is performed using 
appropriate parameters, tissue damage can be avoided 
[7, 13]. Nevertheless, the acoustic intensities applied 
in BBBD are higher than those applied in transcranial 
diagnostic ultrasound. Although no significant negative 
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effects resulting from histological examination, further 
evaluation of brain functions following FUS-induced 
BBBD were still needed. Such research will increase 
our knowledge of the behavioral alterations that occur 
following BBBD and allow for a better assessment of 
the safety of this technique in terms of its effects on brain 
functions.

The purpose of this study was to examine the impact 
of BBBD in terms of behavioral alterations following FUS 
exposure in the presence of microbubbles. Locomotor 
activity and habituation were assessed using the open field 
test, while memory impairments were evaluated using the 
hole-board test. In addition, forelimb gripping deficits 
were examined using the grip strength test.

RESULTS

Blood-brain barrier integrity and body weight 
change

Figure 1 shows the average extravasation of 
Evans blue (EB) (in μg/g of tissue) in brains injected 
intravenously with EB immediately and 24 h after 
heavy and mild sonication. In both cases, the amount 
of EB extravasation in the right sonicated brains was 
significantly greater than that in the right sham brains 
immediately after sonication. Moreover, the degree 
of EB extravasation in the brains subjected to heavy 
sonication was significantly higher than that in the brains 
that underwent mild sonication. Furthermore, in both 

cases BBB integrity (p > 0.05) appeared to have been re-
established at 24 h based on the fact that administration 
of EB at this time led to no difference between the 
sonicated brains and its sham brain.

Body weight changes were recorded from day 0 to 
day 32 following heavy and mild sonication (Figure 2). No 
significant difference was found between the BBBD-heavy 
group and sham group at all time-points. However, there 
was a significant decrease in BBBD-mild group on day 32 
after sonication.

Open field activity

The open field test was performed to examine 
locomotor activity and habituation in the animals after 
FUS-induced BBBD. BBBD-heavy exposed rats entered 
the center of the open field significantly more frequently 
on days 1 and 9 post-sonication compared with sham 
group (Figure 3A). BBBD-mild exposure significantly 
reduced the number of center entries on day 18 post-
sonication compared with sham group (Figure 3B). Figure 
4 shows the habituation profile for global exploratory 
activity following heavy and mild BBBD. A significant 
decrease was observed between activity on day 32 (H3) 
and on day 1 (baseline) in the BBBD-heavy rats (Figure 
4A). The activity levels on day 18 (H2) and day 32 (H3) 
were both significantly different than activity levels on day 
9 (H1). No significant differences in habituation rates were 
found between any of the groups in BBBD-mild animals 
(Figure 4B).

Figure 1: EB extravasation was quantified in the brain tissue immediately after and 24 h after sonication. Immediately 
after heavy or mild sonication, the amount of EB extravasation in the sonicated brains was significantly higher than that in sham brains. 
Moreover, the amount of EB extravasation in the brains that underwent heavy sonication was significantly higher than in the brains that 
underwent mild sonication. No significant difference was found among them at 24 h following sonication. (*, p<0.05; **, p<0.01, n = 4).
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Hole-board test and grip strength test

To evaluate the learning and memory ability, the 
hole-board teat was performed in the animals after FUS-
induced BBBD. The BBBD-heavy group exhibited a 
significantly longer latency and latency to first baited hole 
compared with the sham group (Figure 5A). No significant 
differences in latency and latency to first baited hole were 
found between the BBBD-mild group and sham group 

(Figure 5B). In addition, no significant differences were 
observed between any of groups in terms of working 
memory or the reference memory rate (Figures 5C and 
5D). Furthermore, Figure 6 shows the mean values of 
grip strength per body weight unit for the different BBBD 
groups. Grip strength was decreased significantly in the 
BBBD-heavy rats on day 9 post-sonication, but there was 
no significant difference in BBBD-mild group relative to 
sham groups.

Figure 2: Body weight change after BBBD. Graphs showing the the average body weights in A. the BBBD-heavy group and B. the 
BBBD-mild group on days 0, 1, 9, 12, 18, and 32 following sonication. * denotes significant differences compared to the sham group on 
day 32. (**, p<0.01, n = 8).

Figure 3: Effects of rats with FUS-induced BBBD on the open field activity. A. The number of center entries was significantly 
increased in the BBBD-heavy group on days 1 and 9 following sonication. B. But the number of center entries was significantly decreased 
in the BBBD-mild group on day 18 following sonication. * denotes significant differences compared to the sham group at the same time 
points. (*, p<0.05; ***, p<0.005, n = 8).
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Histological observation

As shown in Figure 7A and 7B, TUNEL-positive 
cells were observed in the BBBD-heavy and BBBD-
mild groups on day 1 post-sonication. Moreover, fewer 
apoptotic cells were found in the BBBD-mild group 
compared with the BBBD-heavy group. No apoptotic 
cells were found in the sonicated brains subjected 
to heavy or mild BBBD on day 9 after sonication 
(Figures 7C and 7D). In the hippocampus and cortex, 
the number of apoptotic cells in the BBBD-heavy 
group was significantly higher than the number of 
apoptotic cells in the BBBD-mild group. However, 
no statistical differences of apoptosis were found in 
the BBBD-mild group in hippocampus and cortex part 
of brain (p<0.05). In addition, red blood cells were 
present in hippocampus and cortex part of brain, and 
were more severe for the BBBD-heavy group (Figures 
8A and 8B). No hemorrhaging was observed in H&E 
staining of the brain on day 9 following BBBD 
(Figures 8C and 8D).

DISCUSSION

To our knowledge, the current study is the first 
to explore the effect of BBBD induced by FUS on 
behavioral alterations in an animal model. The findings 
from this study indicate that BBBD-heavy rats produced 
hyperactivity and habituation deficit relative to sham 
animals under open field test. Moreover, the BBBD-
heavy rats revealed spatial memory impairment in the 

hole-board test and a forelimb gripping deficit in the 
grip strength test compared to sham group. In contrast, 
BBBD-mild rats only exhibited anxiety-related behaviors 
in the open field test.

FUS-induced BBBD is a promising method by 
which to enhance the delivery of drugs to target sites for the 
treatment of brain diseases. Damage to the BBB, however, 
can alter brain homeostasis or neuronal activity because 
BBBD may allow harmful substances into the brain. It has 
previously been shown that acute, transient BBBD produces 
behavioral and electrographic seizures that correlate with 
the degree of BBBD [14]. A focal BBBD causes reactive 
changes in the brain that lead to abnormal excitability [15]. 
Therefore, further investigations are required to discover 
potential side effects on brain functions before FUS-
induced BBBD is applied in routine clinical applications. 
In this study, the BBB was disrupted immediately after 
FUS exposure and recovered at 24 h following BBBD. 
The extent of BBBD was dependent on the ultrasound 
parameters. From histological observations, it could be seen 
that the occurrence of hemorrhaging and apoptosis were 
consistent with the degree of BBBD. The results suggest 
that the integrity of the BBB and the damage of brain tissue 
could be recovered after FUS exposure.

The real mechanisms of FUS-induced BBBD are 
still unknown. Among the most likely causes are the 
mechanical effects associated with interactions between 
acoustic waves and microbubbles. Previous studies have 
indicated that vasoconstriction might be related to BBBD 
during FUS exposure [16, 17]. This constriction might 
result in temporary ischemia, which can induce BBBD 

Figure 4: Habituation profile in the open field test on days 1, 9, 18, and 32 following sonication. A. Habituation was 
observable in the heavy-BBBD rats, as highlighted by significant decreases in activity on day 32 (H3) relative to baseline activity. B. In 
contrast, mild-BBBD was not associated with significantly reduced activity levels at later time-points. * and # denote significant differences 
compared to day 1 (baseline) and day 9 (H1), respectively. (*,#, p<0.05, n = 8).
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Figure 5: Hole-board testing was performed on day 12 following sonication. The latency and latency to the first baited hole were 
recorded in A. the BBBD-heavy group and B. the BBBD-mild group. Working memory and reference memory were calculated in C. the 
BBBD-heavy group and D. the BBBD-mild group.* denotes a significant difference relative to sham group. (*, p<0.05; **, p<0.01, n = 8).

Figure 6: Effects of rats with BBBD on grip strength. A. the BBBD-heavy group and B. the BBBD-mild group. * denotes a 
significant difference relative to sham group. (*, p<0.05, n = 8).
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by modifying cerebral blood flow. Most studies that have 
used animal behavioral assessments have shown that 
ischemia is associated with subsequent hyperactivity 
and habituation deficits [18, 19]. The data obtained in 
the present study indicated that heavy BBBD induced 
by FUS resulted in hyperactivity and habituation deficits 
during the open field test. This was taken to indicate 
hyperactivity and impaired habituation, possibly 
resulting from transient ischemia induced by FUS. In 
addition, Figure 3B indicates that mild BBBD in rats 
resulted in anxiety-like behavior on day 18 following 
FUS exposure. This might explain why the average 
body weight in the BBBD-mild rats was significantly 
decreased on day 32 post-sonication compared with sham 
group due to a poor appetite.

Moderate to severe loss of hippocampus typically 
produces spatial memory and learning impairments [20, 
21]. Figure 5 indicates that heavy BBBD can induce 
deficits in spatial memory without affecting working 
memory and reference memory. One explanation of 
this result is that the BBBD-heavy animals, because 
of hippocampal damage, were impaired in terms of 
forming spatial maps of their environments. Such a 
spatial memory deficit would be consistent with the 
significant apoptosis in the hippocampus indicated 
by TUNEL staining. Furthermore, grip strength was 

decreased significantly (p<0.05) in rats subjected to 
heavy BBBD on day 9 as compared to shams. As shown 
in Figure 7, there was also significant apoptosis in the 
cortices of the BBBD-heavy rats. This observation is 
consistent with a previously published study, which 
showed that unilateral lesions of the sensorimotor 
cortex do lead to a loss of gripping ability of the 
contralateral forepaw [22].

Several studies have shown that stimulation with 
low-intensity pulsed ultrasound (LIPUS) increases the 
levels of neurotrophic factors in the hippocampus of the 
brain [23, 24]. Moreover, another report demonstrated 
that the neuroprotective effects induced by LIPUS 
against brain injury in the sonicated brain [25]. The 
permeability and time window of FUS-induced BBBD 
can be effectively modulated with LIPUS. LIPUS also 
significantly reduced hemorrhages, neuronal death, and 
apoptosis in the sonicated brain. As a safe and effective 
neuroprotection strategy, LIPUS might be proposed as an 
adjunct treatment modality for brain injuries after FUS-
induced BBBD in the future clinical applications.

FUS-induced BBBD represents a major advance in 
the targeted drug delivery of the brain. The current study 
suggests the possibility that manipulation of FUS-induced 
BBBD might produce a variety of behavioral changes 
after enhanced drug delivery. Further investigations of 

Figure 7: Effects of sonication on apoptotic cell death in the hippocampus and cortex in rats with BBBD. Representative 
TUNEL-stained brain sections in A. the BBBD-heavy group and B. the BBBD-mild group on day 1 after sonication. C. and D. show the 
TUNEL staining on day 9 following sonicaton in the BBBD-heavy group and the BBBD-mild group, respectively. E. In the hippocampus 
and cortex, rats with mild-BBBD had fewer apoptotic cells than rats with heavy-BBBD on day 1 following sonication. Arrow indicates the 
apoptotic cells. * denotes a significant difference relative to sham group. (**, p<0.01; ***, p<0.005, n = 3).
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behavioral alterations in animals following FUS-induced 
BBBD are needed in order to avoid abnormal brain 
functioning in humans following future clinical uses of 
FUS-induced BBBD.

MATERIALS AND METHODS

Animals

All procedures involving animals were conducted 
in accordance with the guidelines for the Care and 
Use of Laboratory Animals. The study protocol was 
approved by the Animal Care and Use Committee of 
National Yang Ming University. Male Sprague-Dawley 
(SD) rats weighing from 300 to 350 g were used in 
this study. The animals were housed in groups of four 
in cages placed in a room on a 12:12 h light-dark 
cycle in which the temperature was maintained at 24 

± 1oC. All the rats had free access to food and water. 
Before FUS sonication, each animal was anesthetized 
intraperitoneally with chloral hydrate (400 mg/kg), and 
the body temperature was maintained at 37oC using a 
heating pad. The top of the cranium was shaved and 
the scalp overlying the skull was incised to facilitate 
the use of the bregma of the rat skull as an anatomic 
landmark for targeting.

Focused ultrasound setup and sonication

The ultrasound system and equipment setup 
were the same as used in our previous study [26]. FUS 
exposure was generated by a 1 MHz single-element 
focused transducer (A392S, Panametrics, Waltham, 
MA, USA) with a diameter of 38 mm and a radius of 
curvature of 63.5 mm. The half-maximum of the pressure 
amplitude of the focal zone had a diameter and length 

Figure 8: Observations of the brains with sonication by hematoxylin-eosin-stained sections. Representative H&E-stained 
brain sections in A. the BBBD-heavy group and B. the BBBD-mild group on day 1 after sonication. C. and D. show the H&E staining on 
day 9 following sonicaton in the BBBD-heavy group and the BBBD-mild group, respectively.
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of 3 mm and 26 mm, respectively. The transducer was 
mounted on a removable cone filled with deionized and 
degassed water whose tip was capped by a polyurethane 
membrane, and the center of the focal zone was about 5.7 
mm away from the cone tip. FUS exposure was precisely 
targeted using a stereotaxic apparatus (Stoelting, Wood 
Dale, IL, USA) that utilized the bregma of the skull as 
the anatomical landmark. The rat’s head was mounted on 
the stereotaxic apparatus with the nose bar positioned 3.3 
mm below the interaural line. Ultrasound transmission 
gel (Pharmaceutical Innovations, Newark, NJ, USA) was 
used to cover the area between the transducer and the 
rat’s skull in order to maximize the transmission of the 
ultrasound. Pulsed FUS was applied with a burst length 
of 50 ms at a 5% duty cycle and a repetition frequency 
of 1 Hz. The FUS was delivered to the targeted region 
in the right hemisphere of the brain located 3.5 mm 
posterior and 2.5 mm lateral to the bregma, and 5.7 mm 
below the skull surface. The ultrasound contrast agent 
(UCA) (SonoVue, Bracco International, phospholipid-
coated microbubbles with mean diameter = 2.5 μm and 
concentration = 1–5 × 108 bubbles/ml) was intravenously 
administered via the femoral vein approximately 15 s 
before sonication. In the animal experiments, rats were 
randomized into four groups (sham-heavy, BBBD-heavy, 
sham-mild, and BBBD-mild) for behavioral assessment 
and histological examination. After receiving the UCA at 
450 μl/kg, the BBBD-heavy and sham-heavy rats were 
treated with and without sonication at an acoustic power 
of 5.72 W (corresponding to peak-negative pressure of 
1.2 MPa), respectively. After receiving the UCA at 150 
μl/kg, the BBBD-mild and sham-mild rats were treated 
with and without sonication at an acoustic power of 2.86 
W (corresponding to peak-negative pressure of 0.7 MPa), 
respectively.

Assessment of blood-brain barrier permeability

The BBB disruption (BBBD) can be quantified 
based on the extravasation of EB, which binds to 
albumin. This has been used previously for the 
evaluation of vascular permeability induced by focused 
ultrasound [27]. In this study, we used EB to assess the 
relationship between behavioral alterations and BBB 
integrity after FUS sonication. The rats were injected 
intravenously with EB (Sigma, St. Louis, MO) at a 
concentration of 100 mg/kg at 0 and 24 hours after FUS 
application. The animals were sacrificed approximately 
4 hours after the EB injection. Animals were perfused 
with saline via the left ventricle until colorless 
perfusion fluid appeared from the right atrium. After 
perfusion and brain removal, the brain was sectioned 
into three slices from 0 to 6 mm posterior to the 
bregma and these were mounted on glass slides. The 
coronal sections were then divided into right and left 
hemispheres before the amount of EB extravasated was 
measured. Samples were weighed and then soaked in 

50% trichloroacetic acid solution. After homogenization 
and centrifugation, the extracted dye was diluted with 
ethanol (1:3), and the amount of dye was measured 
using a spectrophotometer (PowerWave 340, BioTek, 
USA) at 620 nm. The content of EB in the tissue was 
quantified using a linear regression standard curve 
derived from seven concentrations of the dye, and was 
denoted per gram of tissue.

Open field activity

Activity in the open field was tested with the 
automated Flex-Field/Open field Photobeam Activity 
System on post-sonication days 1, 9, 18, and 32. The 
system consisted of clear plastic chambers (41 × 41 
× 41 cm), a PC interface board, and a computer for the 
recording and analysis of data. Two sensor frames, each 
consisting of a 16 × 16 photobeam array, were placed 
at 1.5 cm and 6 cm above the bottom of the chambers, 
respectively, and were used to detect movements in the 
horizontal and vertical planes. Each rat was placed in the 
center of the field. During a 5-min observation period, 
the number (center entries) and distance (center entries) 
of center square crossed, and total distance were recorded 
[28, 29].

Hole-board assay

Spatial learning ability was studied by means of 
a hole-board apparatus in which food rewards were 
used as positive motivation. The modified hole-board 
consisted of a gray PVC box (50 × 50 × 50 cm) on 
which 16 holes (2.9 cm in diameter) were arranged in 
four lines. Prior to the hole-board testing, the animals 
were deprived of food for 48 h. On day 12 following 
sonication, six of the holes were baited with a small 
piece of food. A hole visit was scored when the rat 
introduced its nose into a hole. The latency to obtain the 
reward and the number of repeat visits were recorded. 
The latency was defined as the time from the beginning 
of the run to the entry into the first hole. The latency 
to the first baited hole was defined as the time from 
the beginning of the run to the time when the animal 
placed its nose into the first baited hole. The reference 
memory ratio was expressed as the number of visits or 
revisits to the baited holes divided by the total number 
of visits and revisits to baited and non-baited holes. The 
working memory ratio was expressed as the number of 
food-rewarded visits to the number of visits and revisits 
to the baited holes [30, 31].

Grip strength

Neuromuscular strength was tested with the grip 
strength test on days 1, 9, 18, and 32 post-sonication. A 
grip strength meter (O’Hara & Co., Tokyo, Japan) was 
used to assess forelimb grip strength. Rats were lifted and 
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held by their tail so that their forepaws could grasp a wire 
grid. The rats were then gently pulled backward by the 
tail with their posture parallel to the surface of the table 
until they released the grid. The peak force applied by the 
forelimbs of each rat was recorded in Newtons (N). Each 
rat was tested three times, and the greatest measured value 
was used for statistical analysis [32].

Histology

Three rats from each group were prepared for 
histological observation. The rats were perfused with 
saline and 10% neutral buffered formalin on days 1 and 
9 after the FUS sonication. The brains were removed and 
embedded in paraffin and then serially sectioned into 6-μm 
thick slices. The slices were stained with hematoxylin-
eosin (H&E) to visualize their general cellular structure. 
Moreover, the slices were stained by TUNEL staining 
(DeadEnd Colorimetric TUNEL system, G7130, Promega, 
Madison, WI, USA) in order to detect DNA fragmentation 
and apoptotic bodies within the cells. The histological 
examination was carried out by light microscopy 
(Olympus BX61, Olympus, Shinjuku-Ku, Tokyo, Japan). 
A total of 6 tissue sections from each brain were analyzed 
for each animal. The areas showing apoptosis were 
measured using the Image-Pro Plus software (Media 
Cybemetics, Silver Spring, MD) in a blinded manner. 
TUNEL-positive cells were expressed as cells per unit 
area of the field.

Statistical analysis

All values are shown as means ± SEM. The 
behavioral assessment data were analyzed using the 
Mann-Whitney U test. Other data were analyzed using 
the unpaired Student’s t test. Statistical significance was 
defined as a p value ≤ 0.05.
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