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ABSTRACT
It has been shown that low frequency ultrasound in the presence of microbubble
can effectively open the blood brain barrier (BBB) to allow the drugs to be delivered
into the brain with an increased concentration. We aim to apply this method to
increase the efficacy of Cytarabine (Ara-c) to treat central nervous system leukemia
(CNSL). In the present study, we validated this ultrasound contrast agent Sonovue®
targeting treatment via in vivo and in vitro experiments. The results showed that
Sonovue® combined with Cytarabine could significantly inhibit K562 cell (chronic
myeloid leukemia cell line) proliferation. In the animal experiments, it has been
shown that high dose Ara-c chemotherapy could prevent and cure CNSL effectively
and the drug concentration in the brain was much higher compared with low dose
Ara-c chemotherapy group. We certified that under ultrasound exposure Sonovue®
combined with low dose Cytarabine achieved an effective drug concentration in the
rat brain, and brain tissue had no significant damage. Further animal experiments
will be conducted to confirm these results in a leukemia animal model, considering
the blood brain barrier is destroyed at different levels by leukemia cells. We hope this
method will reduce the side effects of high-dose Cytarabine and improve the clinically
high recurrence and poor prognosis of the central nervous system leukemia.

INTRODUCTION

malignancies [2]. Although advanced methods have been
developed to delay the disease progression such as lumbar
puncture intrathecal injection, high-dose chemotherapy,
cerebral radiation and hematopoietic stem cell
transplantation therapies [3], the cure rate remains low [4].
CNSL has a tendency to relapse and exhibit refractoriness,
thus fails to achieve the long-term goal, which is to reduce
recurrence, to prolong survival and to improve life quality.

Central nervous system leukemia (CNSL) is a fatal
leukemia complication companied with clinical symptoms
in nervous system due to the infiltration of leukemia
cells into duramater, spinal cord, brain parenchyma and
nervous system [1]. CNSL is an indispensable factor for
the treatment of acute leukemia and other hematological

www.impactjournals.com/oncotarget

5424

Oncotarget

Therefore, it’s necessary to find a new, safe and effective
treatment method to prevent and control CNSL or other
hematological malignancies infiltrating central nervous
system.
The blood brain barrier (BBB) functions to inhibit
the delivery of an amount of agents to the brain, including
100% of large-molecule neurotherapeutics and more
than 98% of small-molecule drugs [5]. Overcoming the
difficulty in delivering therapeutic agents to brain presents
a major challenge for the treatment of CNSL. Blood brain
barrier may also participate in forming and maintaining the
CNS immune evasion [6], which is the basis of recurrence
that leukemia cells and other tumor cells hide in the
“shelter-central nervous system” to “escape” the damage
of chemotherapy drugs [6]. In clinic, doctors often use a
high drug dose to achieve enough drug concentration in
brain, which also increases the toxicity risk [7]. Therefore,
for CNSL or other hematological malignancies central
nervous system infiltration treatment, a new drug delivery
system by which the drug can effectively pass through the
BBB is indispensable.
Ultrasound-targeted microbubble destruction
(UTMD) [8] refers to the microbubbles fracture that
arouses cavitation effect [9] under ultrasound exposure
with different intensities at a specific site, in turn the
macromolecular substance can pass through the cell
membrane due to sonoporation and be caught by cells
[8, 10–12]. This is a potential method for targeted
drug delivery. It has been proved that high dose Ara-c
chemotherapy can prevent and cure CNSL effectively [13]
and the drug concentration in the brain is much higher than
that in low dose Ara-c cheotherapy. This study aims to
investigate the treatment effect of ultrasound microbubble
carrying low dose Cytarabine in order to build the basic
therapeutic method to treat the central nervous system
leukemia.

parameter that leads to inhibition rate <50% and takes less
time was chosen (Figure 1B).
(3) According to the analysis results of different
ultrasonic parameters on the inhibition of k562 cells, the
order of the three factors that affect the inhibition rate is:
duty ratio > time > sound intensity (Table 2). Ultimately
we chose the following ultrasonic parameters sound
intensity 1.48 w/cm2, duty ratio 1:4, time 5 min for further
experiments.
(4) Inhibition rate of k562 cells resulting from
different Sonovue® concentration (0.17 mg/ml–6.8 mg/ml)
combined with Cytarabine is shown in Figure 1C.
Considering the economic reason, chose final Sonovue®
concentration of 1.7 mg/ml into the next experiment.

Low-intensity pulsed ultrasound (LIPUS) with
Cytarabine and Sonovue® inhibit k562 cells
proliferation
(1) Enhanced apoptosis effect on k562 cells was
detected at 24 hours after intervention with ultrasound
combined with Sonovue® and Cytarabine, and the effect
was stronger than that in the groups with ultrasound,
Sonovue®, Cytarabine individually used or combination
of two, as shown in Figures 1D, 2 and 3A.
(2) As shown in Figure 4, the cellular morphology
of untreated K562 cells are round or irregular form,
the large nucleus has high nuclear/cytoplasmic ratios,
and the chromatin distributed evenly in the nucleus;
mitochondria of these cells are plentiful, with a circular
or pole form, explicit structure, visible mitochondrial
crista (Figure 4A–4C). The typical apoptotic changes
were found in Ultrasound Sonovue® combined with drug
group: the cell is irregular, hyperchromatic, chromatin
nuclear fragmentation, chromatin is crescent edge set,
or agglutination into pieces; and visible mitochondria
swell, cristae mitochondria structure fuzzy, glycogen
accumulation, a large number of vacuoles in cells forming.
(Figure 4D–4F).

RESULTS
Selection of ultrasonic exposure parameters,
Sonovue® concentration and Cytarabine
concentration

Blood brain barrier (BBB) opening induced by
Low-intensity pulsed ultrasound (LIPUS) with
Sonovue®

(1) Cytarabine with a total concentration in the
range of 0.2 ug/ml–6.4 ug/ml could obviously inhibit the
growth of k562 cells at 24 and 48 hours after intervention,
as shown in Figure 1. Among them, the concentration of
3ug/ml less than the concentration of IC50 at 24 hours
after intervention was chosen to be used in the following
experiments.
(2) Each adjustable parameter of the ultrasonic
apparatus including three levels are listed in Table 1.
According to the results of k562 cells proliferation
inhibition rate after 24 hours under different ultrasonic
parameters in orthogonal experiment, the best ultrasonic
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In consideration of RBC seepage situation as
the main basis for vascular and tissue damage, the HE
staining results of the brain tissue (Figure 5) showed that
the ultrasonic exposure combined with Sonovue® did not
damage the brain tissue, thus it is safe for the brain.
For Sonovue® combined with Cytarabine of
different dose groups, there was no brain tissue damage
found in normal rats, and it was shown that there was not
difference in the brain tissue between low-dose Cytarabine
combined with ultrasound Sonovue® group and high-dose
ivdrip Cytarabine group (P < 0.05).
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Table 1: Ultrasonic parameters of orthogonal design of experiment at different level
Level
Sound intensity (w/cm2)
duty cycle
1
1.48
1:4
2
2.56
1:1
3
2.79
4:1

The liquid chromatography-mass spectrometry
(HPLC/MS) detection

Time
5 min
10 min
15 min

blood-brain barrier and it has been a challenge to the
treatment of CNSL [14]. Three treatment methods are
clinically applied: more systemic high-dose chemotherapy,
intrathecal injection and radiation therapy. These therapies
can be used alone or combined. However, all the above
three methods have certain disadvantages: high-dose
chemotherapy could increase severe side effects;
Intrathecal injection therapy is an invasive treatment with
increased risk and low acceptance, especially lumbar
puncture operation may cause damage to lumbar puncture
(Traumatic lumber puncture, TLP) [15], and also the
leukemia cells in the peripheral blood might infiltrate the
cerebrospinal fluid due to operation and aggravate illness;
Craniospinal radiotherapy has no selectivity and can cause
brain damage.
Focused ultrasound (FUS) in conjunction with
contrast agent microbubbles may involve delivery of
systemically administered therapeutic agents to the CNS
[12]. FUS and microbubbles induced targeted BBB
may offer a solution to the problems associated with the
delivery of drugs to the brain [5, 12, 16]. Several studies

HPLC/MS detection results listed in Table 3
and Figure 6A–6D showed that the Cytarabine
concentration in rat brain of Group D is 41.176 ng/ml
which is higher than that of high-dose Cytarabine group
(Group C) of 32.41 ng/ml. Statistical analysis suggested there
was no significant difference between group C and Group
D (P > 0.05), however there was a statistically significant
difference between low dose drug group (Group B) and
Group D (P < 0.05). It showed that ultrasound combined
with Sonovue® can open the blood-brain barrier to promote
drugs into the brain tissue to achieve effective treatment
effect, and to reduce the side effects of chemotherapy that
high-dose treatment is likely to bring.

DISCUSSION
The presence of BBB makes it difficult for
macromolecular chemotherapy drugs going through the

Figure 1: k562 cell proliferation inhibition rate determined by MTT with different Cytarabine concentration: 0.2 ug/ml–6.4 ug/ml

(A); under different ultrasonic parameters in orthogonal experiment: date shows in Table 1 (B); with different Sonovue®
concentration (C, column A, B, C, D and E means Sonovue® concentration of 0.17 mg/ml, 0.85 mg/ml, 1.70 mg/ml, 3.40 mg/
ml and 6.80 mg/ml); in different Ultrasound Sonovue® with Cytarabine combination groups (D, column A, B, ……, F means:
A: Blank group; B: Cytarabine group; C: Ultrasound Sonovue® group; D: Sonovue® drug group; E: Ultrasonic drug group, and F: Ultrasound
Sonovue® drug group). *denotes p < 0.05 **denotes p < 0.01 ***denotes p < 0.001.
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5426

Oncotarget

Table 2: Range analysis results
Kjm/ kjm
A (sound intensity)
B (Duty cycle)
C (Time)
K1
103.60
55.68
161.03
K2
155.70
152.87
102.32
K3
160.88
211.63
156.83
k1
34.53
18.56
53.68
k2
51.90
50.96
34.11
k3
53.63
87.52
52.28
Range
19.10
68.96
19.57
(Footnotes: Kjm for the first j column m level indicators and the corresponding experiment, such as KA1 refers to sound
intensity level 11.48 w/cm2 of the sum of three groups of inhibition rate, Kjm for Kjm average, poor for a maximum of
Kjm minus the minimum).

Figure 2: Ultrasound Sonovue® combination of drugs on k562 FCM results. (A) Blank group; (B) Cytarabine group;
(C) Ultrasound Sonovue® group ; (D) Sonovue® drug group ; (E) Ultrasonic drug group; (F) Ultrasound Sonovue® drug group.
www.impactjournals.com/oncotarget
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Figure 3: (A) Flow cytometer detection ultrasound Sonovue® combination of drugs on k562 cell apoptosis rate: different groups and

results corresponding with the results of FCM, Figure 2. (B) Brain tissue Cytarabine concentration measured by HPLC/MS: different dose
Cytarabine with or without microbubble. *denotes p < 0.05 **denotes p < 0.01 ***denotes p < 0.001.

Figure 4: Ultrasound Sonovue® joint Cytarabine intervention in k562 cells in electron microscope. (A) Blank Group

4000×; (B) Blank Group 8000×; (C) Blank Group 30000×; (D) Ultrasound Sonovue® combined with drug group 4000×; (E) Ultrasound
Sonovue® combined with drug group 8000×; (F) Ultrasound Sonovue® combined with drug group 30000×.
www.impactjournals.com/oncotarget
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Figure 5: Ultrasound Sonovue® combination of Cytarabine on brain HE dyeing results (Different groups indicated the
RBC seepage situation has no difference.) (A) Blank Group 200×; (B) Blank Group 400×; (C) Low Dose Group 200×; (D) Low
Dose Group 400×; (E) High Dose Group200×; (F) High Dose Group 400×; (G) Ultrasound Sonovue® combined with Low Dose Drug
Group 200×; (H) Ultrasound Sonovue® combined with Low Dose Drug Group 400×.
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Table 3: Ultrasound Sonovue® after drug treatment group rats Cytarabine concentration (n = 4, x‾ ± s)

A
B

Blank group
Low dose group

Dose Cytarabine
injection
0
10 mg/kg

C

High dose group

150 mg/kg

81030 ± 8.6

32.41 ng/ml

D

Ultrasound combined with
Sonovue® and low dose group

10 mg/kg

102819 ± 5.0

41.18 ng/ml

group

Level

have shown that the duration of BBB depends on both the
acoustic parameters and the concentrations of microbubble
[17, 18]. Besides, it has been shown safe in vitro and in
vivo [19, 20]. Recent studies indicated that low-intensity
pulsed ultrasound could not only be proposed as a novel
treatment modality for controllable release of drugs into
the brain, but also ameliorate brain injury in the FUSinduced BBBD (BBB disruption) model [21]. The main
purpose of this study was to prove that focused ultrasound
combined with Sonovue® can open the blood-brain
barrier safely and especially at the same time can get the
same drug concentration of brain tissue with intravenous
injection of low-dose Cytarabine while it can be reached
at the high- dose Cytarabine of intravenous drip. In our
study, with HE staining method, it is proved that there is
no obvious damage in brain tissue and blood vessels of
the experimental group. Of course, we also can use abovementioned ways to prove the same results furtherly. Nance
et al. also demonstrate safe, pressure-dependent delivery
of 60nm BPNs to the brain parenchyma in regions where
the BBB is disrupted by FUS and MBs. They performed
two MR-based safety studies on additional animals [22].
In the present study, our data validated that
ultrasound exposure combined with Sonovue® and
Cytarabine can effectively promote the apoptosis of
k562 cells via in vivo experiments at first. These results
indicated that ultrasound exposure combined with
Sonovue® and Cytarabine may kill the leukemia cells
which infiltrated in the central nervous system. Then it was
shown that Ultrasound exposure combined with Sonovue®
could open the blood-brain barrier without brain tissue
damage and effectively promote the drugs into the brain
tissue via in vitro experiments. The Ara-c concentration
within the brain tissue in low-dose Cytarabine combined
with ultrasound and Sonovue® can reach the concentration
of that in high dose intravenous chemotherapy.
At very beginning we have been trying to culture
the patient’s chronic myelogenous leukemia cells which
adopted from peripheral blood or bone marrow, even
this method with human origin cells can be used to avoid
the severe side effects that could be increased by highdose chemotherapy, but we did not succeed because cell
apoptosis developed quickly. We will try more research
method. For in vivo experiments we used healthy Male
Sprague-Dawley (SD) rats, based on the presumption that
www.impactjournals.com/oncotarget

Cytarabine particle
number
0
58713 ± 2.8

brain tissue
Cytarabine concentration
0
23.44 ng/ml

if normal blood brain barrier can be passed by Focused
Ultrasound combined with drug and microbubble, the
damaged blood brain barrier should be passed easier
when the blood brain barrier (BBB) is destroyed at
different levels by leukemia cells [23, 24]. Leukemia cells
infiltrating tied to destroy blood brain barrier, blood-brain
barrier damage further promote leukemia cells migrated to
the central nervous system, which forms a vicious circle.
Zhu et al. evaluate the clinical significance of circulating
tight junction (TJ) proteins as biomarkers reflecting of
leukaemia central nervous system (CNS) metastasis, TJs
means claudin5 (CLDN5), occludin (OCLN) and ZO-1.
The CNSL patients had a lower CLDN5/ZO1 ratio in
both serum and CSF than in non-CNSL patients [25].
We will conduct further animal experiments to confirm
these results in a leukemia animal model. If we can use
the central nervous system leukemia animal model, the
result will be more convincing. Li et al. successfully
established a NOD/SCID mouse model of central nervous
system leukemia by injection of acute monocytic leukemia
cell line SHI-1 cells into the lateral ventricle. Brain
tissue sections showed invasion into the subdural space,
piamater, arachnoid, along the Virchow-Robin space and
into the deep brain parenchyma [26]. We can learn from
their practice of subsequent experiments.
Many studies have confirmed that ultrasound
exposure combined with microbubble can target and open
the blood-brain barrier reversibly and noninvasively, as
well as make drugs, antibodies and genes infiltrate local
brain tissue [27]. Although the specific mechanism is not
clear, it provides a potential way for drug delivery through
the blood-brain barrier and for the treatment of central
nervous system diseases. This study provides a new way
and an experiment foundation to treat central nervous
system leukemia effectively.

MATERIALS AND METHODS
Cell culture
The k562 cells, a generous gift from Dr. JI, were
cultured in RPMI1640 (Hyclone) containing 10% FBS
(Hyclone) and 1% penicillin/streptomycin (Gibco) and
maintained in a humidified incubator at 37° C (Thermo
Fisher Scientific Co., Ltd., Shanghai, China) subculturing
5430
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Figure 6: Brain tissue Cytarabine concentration measured by HPLC/MS under different groups: different groups and
results corresponding with the results of Figure 3B. (A-1) Blank Group; (A-2) Cytarabine standard ; (B) Low dose Group (10 mg/kg);
(C) High dose Group (150 mg/kg); (D) Ultrasound Sonovue® Drug Group (10 mg/kg).
www.impactjournals.com/oncotarget
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every 2 to 3 days. The logarithmic growth cells were
selected for the experiment.

Ultrasonic Parameters: using an ultrasonic frequency
of 800 KHz’s commoditized therapeutic ultrasound
(China Dongjian Company), the manual probe area is
2.8 cm2. Ultrasonic parameter selection: pulse mode, pulse
repetition frequency 50Hz, ultrasound intensity: 2.56 W/
cm2, the duty ratio: 1:1, duration time: 5 min.
The ultrasonic coupling agent was applied at the top
of the cranium, and the probe was pointed at the junction
between the two ears of the rat and the binocular line, and
the ultrasonic continuity pathway was established.
The small dose group was given 10 mg/kg, large
dose was given 150 mg/kg, followed by a 0.01 ml/100g
dose. Injection Sonovue® within 30 seconds after injection
of Cytarabine, ultrasonic parameter selection: pulse mode,
pulse repetition frequency 50 Hz, ultrasound intensity:
2.56 W/cm2, the duty ratio: 1:1, time: 5 min. The left
atrium perfusion fixation: cut open thoracic, visible actual
beating heart, the left cardiac apex and insert needle with
hemostatic forceps firmly, cut right atrium, with 50 ml/
min speed drops into the 100–200 ml, 0.9% saline water
injected another 300–350 ml of 4% paraformaldehyde
fixed liquid. The brain tissues were taken and HE stained
for routine microscopic evaluation.

Sonovue® (White freeze-dried powder, Bracco,
Italy)
Sulfur hexafluoride microbubbles for injection, with
a bottle containing sulfur hexafluoride gas: 59 mg, freezedried powder: 25 mg. When used with 5 ml saline, form
microbubbles mixed suspension after shaking, Sonovue®
concentration is 16.8 mg/ml, the average particle size is
2.5 um, microbubble concentration is 1–5 × 108/ml. Room
temperature preservation of six hours.

Cytarabine preparation
Cytarabine (for Injection, Pharmacia Italia S.P.A),
mix with 5 ml diluents (include 45 mg benzyl alcohol),
compound the mother liquor with final concentration of
20 mg/ml and save in –20° C refrigerator.

Ultrasound exposure
The operating frequency of ultrasonic instrument
(Beijing Dongjian Company) is 800 KHz, ultrasonic probe
area is 2.8 cm2. The ultrasound wave was generated in the
pulse mode with the pulse repetition frequency of 50 Hz.
Other adjustable parameters include sound intensity, duty
ratio and time. Duty ratio refers to the pulse signal of the
current time and the ratio of the current cycle: In a series
of pulse cycle sequence, the pulse duration and pulse
cycle ratio. Orthogonal experimental design and extreme
difference analysis were used to choose the optimal
experimental parameters.

HPLC/MS was used to measure the
concentration of Cytarabine in the brain

The k562 cells were collected with PBS liquid and
washed twice, took about 5 × 105 in the concentration of cell
suspension, centrifuge at 2000 RPM 5 min, to join 500 ml
Binding Buffer cells suspended: add 5 ul Annexin V-FITC
blender, add 5 ul PI (propidium lodide), gently blending; at
room temperature, avoid light, react 5 to 15 min. Use flow
cytometry for testing within 1 hour. At the same time use
k562 cells without Annexin V-FITC/PI cells for debugging.
This experiment was repeated three times.

Weigh and record the brain tissue of each group.
Add 1 ml physiological saline per gram tissue. Measuring
cerebral tissue homogenizes 0.1 ml, followed by adding 7%
perchloric acid 0.2 ml, and oscillated and mixed 2 minutes
to precipitate the protein, centrifuge at 10,000 r/min for
5 minutes. Take 20 ul clear liquid from the bottom of the glass
tube tip, into the automatic sampler of the high performance
liquid chromatography-mass spectrometer (HPLC-MS,
Agilent 1100 HPLC system coupled with a LC-MSD Trap
SL MS detector, Agilent MA USA) operated at SRM mode
(m/z:244.0 → 112.1). The mobile phase was a mixture
of methanol and 1% formic acid solution (70:30, v:v),
a Zorbax SB C18 column was utilized at a flow rate of 0.8
ml/min, and a 0.2 ml/min portion of the elute was delivered
to the ESI ion source. Use 20 ul sample and then figure out,
record the chromatogram and peak area. In addition, the
standard samples of Cytarabine were also recorded, and the
chromatogram and peak area were recorded.

Animals

Statistical analysis

Male Sprague-Dawley (SD) rats weighing from
280 to 300 g were used in this study. Before ultrasound
exposure, each animal was anesthetized in the prone
position by inhalation of 2% isoflurane in 2 l/min oxygen,
and the body temperature was maintained at 37° C using
a heating pad. The top of the rat cranium was shaved for
ultrasound exposure.

All values are shown as means + SEM. Statistical
analysis was performed using an unpaired Student t test.
The level of statistical significance was set at P < 0.05.

Annexin V - FITC/PI flow cytometry double
marking method to test cell apoptosis rate

www.impactjournals.com/oncotarget

CONFLICTS OF INTEREST
The authors declare no conflicts of interest.
5432

Oncotarget

FUNDING

11. Meijering BD, Juffermans LJ, van Wamel A, Henning RH,
Zuhorn IS, Emmer M, Versteilen AM, Paulus WJ, van Gilst
WH, Kooiman K, de Jong N, Musters RJ, Deelman LE,
et al. Ultrasound and microbubble-targeted delivery of
macromolecules is regulated by induction of endocytosis
and pore formation. Circ Res. 2009; 104:679–687.

This study was supported by grants from the Shaanxi
province science and technology research projects:
Based on ultrasound microbubble loaded microRNA155
stimulate brain dendritic cells to prevention and control
CNSL (2016SF-122).

12. Timbie KF, Mead BP, Price RJ. Drug and gene delivery
across the blood–brain barrier with focused ultrasound. J
Control Rel. 2015; 219:61–75.

REFERENCES

13. Murphy SB, Bowman WP, Abromowitch M, Mirro J, Ochs
J, Rivera G, Pui CH, Fairclough D, Berard CW. Results of
treatment of advanced-stage Burkitt’s lymphoma and B
cell (SIg+) acute lymphoblastic leukemia with high-dose
fractionated cyclophosphamide and coordinated highdose methotrexate and Cytarabine. J Clin Oncol. 1986;
4:1732–1739.

1. Lange BJ, Bostrom BC, Cherlow JM, Sensel MG, La
MK, Rackoff W, Heerema NA, Wimmer RS, Trigg ME,
Sather HN; Children’s Cancer Group. Double-delayed
intensification improves event-free survival for children
with intermediate-risk acute lymphoblastic leukemia: A
report from the Children’s Cancer Group. Blood. 2002;
99:825–833.

14. Puhalla S, Elmquist W, Freyer D, Kleinberg L, Adkins C,
Lockman P, McGregor J, Muldoon L, Nesbit G, Peereboom D,
Smith Q, Walker S, Neuwelt E. Unsanctifying the sanctuary:
challenges and opportunities with brain metastases. Neuro
Oncol. 2015; 17:639–651.

2. Fielding AK, Richards SM, Chopra R, Lazarus HM, Litzow
MR, Buck G, Durrant IJ, Luger SM, Marks DI, Franklin
IM, McMillan AK, Tallman MS, Rowe JM, et al. Outcome
of 609 adults after relapse of acute lymphoblastic leukemia
(ALL); an MRC UKALL12/ECOG 2993 study. Blood.
2007; 109:944–950.

15. Lyons TW, Cruz AT, Freedman SB, Arms JL, Aronson PL,
Fleming AH, Kulik DM, Mahajan P, Mistry RD, Pruitt
CM, Thompson AD, Nigrovic LE; Herpes Simplex
Virus Study Group of the Pediatric Emergency Medicine
Collaborative Research Committee (PEM CRC). Correction
of Cerebrospinal Fluid Protein in Infants with Traumatic
Lumbar Punctures. Ped Infect Dis J. 2017.

3. Pui CH, Sandlund JT, Pei D, Campana D, Rivera GK,
Ribeiro RC, Rubnitz JE, Razzouk BI, Howard SC, Hudson
MM, Cheng C, Kun LE, Raimondi SC, et al. Improved
outcome for children with acute lymphoblastic leukemia:
Results of Total Therapy Study XIIIB at St Jude Children’s
Research Hospital. Blood. 2004; 104:2690–2696.
4. Del Principe MI, Maurillo L, Buccisano F, Sconocchia
G, Cefalo M, De Santis G, Di Veroli A, Ditto C, Nasso
D, Postorino M, Refrigeri M, Attrotto C, Del Poeta G,
et al. Central nervous system involvement in adult acute
lymphoblastic leukemia: diagnostic tools, prophylaxis
and therapy. Mediterranean Journal of Hematology and
Infectious Diseases. 2014; 6: e2014075–e2014075.
5. Pardridge WM. Blood-brain barrier drug targeting: the
future of brain drug development. Mol Intervent. 2003;
3:90.
6. Ransohoff RM, Brown MA. Innate immunity in the central
nervous system. J Clin Invest. 2012; 122:1164–1171.
7. Ramnaraine MLR, O’Dea RF, Tuchman M. Effects of
Uridine and Thymidine on the Degradation of 5-Fluorouracil,
Uracil, and Thymine by Rat Liver Dihydropyrimidine
Dehydrogenase. Cancer Res. 1985; 45:5553–5556.
8. Ibsen S, Schutt CE, Esener S. Microbubble-mediated
ultrasound therapy: a review of its potential in cancer
treatment. Drug Des Dev Thera. 2013; 2013:375–388.
9. Miller DL, Bao S, Morris JE. Sonoporation of cultured cells
in the rotating tube exposure system. Ultrasound Med Biol.
1999; 25:143–149.
10. Fan Z, Kumon RE, Park J, Deng CX. Intracellular delivery
and calcium transients generated in sonoporation facilitated
by microbubbles. J Control Rel. 2010; 142:31–39.
www.impactjournals.com/oncotarget

16. Miller DB, O’Callaghan JP. New horizons for
focused ultrasound (FUS)–therapeutic applications in
neurodegenerative diseases. Metabolism. 2017; 69:S3–S7.
17. Konofagou EE, Tung YS, Choi J, Deffieux T, Baseri B,
Vlachos F. Ultrasound-induced blood-brain barrier opening.
Curr Pharma Biotechol. 2012; 13:1332–1345.
18. Vykhodtseva NI, Hynynen K, Damianou C. Histologic
effects of high intensity pulsed ultrasound exposure with
subharmonic emission in rabbit brain in vivo. Ultrasound
Med Biol. 1995; 21:969–979.
19. Hynynen K, McDannold N, Vykhodtseva N, Jolesz
FA. Noninvasive MR imaging-guided focal opening
of the blood-brain barrier in rabbits. Radiology. 2001;
220:640–646.
20. Van Wamel A, Kooiman K, Harteveld M, Emmer M, ten
Cate FJ, Versluis M, de Jong N. Vibrating microbubbles
poking individual cells: Drug transfer into cells via
sonoporation. J Control Rel. 2006; 112:149–155.
21. Su WS, Tsai ML, Huang SL, Liu SH, Yang FY. Controllable
permeability of blood-brain barrier and reduced brain
injury through low-intensity pulsed ultrasound stimulation.
Oncotarget. 2015; 6:42290–42299. https://doi.org/10.18632/
oncotarget.5978.
22. Nance E, Timbie K, Miller GW, Song J, Louttit C, Klibanov
AL, Shih TY, Swaminathan G, Tamargo RJ, Woodworth
GF, Hanes J, Price RJ. Non-invasive delivery of stealth,
5433

Oncotarget

brain-penetrating nanoparticles across the blood-brain
barrier using MRI-guided focused ultrasound. J Control
Rel. 2014; 189:123–132.

25. Zhu JC, Si MY, Li YZ, Chen HZ, Fan ZC, Xie QD, Jiao
XY. Circulating tight junction proteins mirror blood-brain
barrier integrity in leukaemia central nervous system
metastasis. Hematol Oncol. 2017; 35:365–373.

23. Feng S, Cen J, Huang Y, Shen H, Yao L, Wang Y, Chen Z.
Correction: Matrix Metalloproteinase-2 and -9 Secreted by
Leukemic Cells Increase the Permeability of Blood-Brain
Barrier by Disrupting Tight Junction Proteins. PLoS One.
2011:6.

26. Li D, Li P, He Z, Meng Z, Luo X, Fang J. Establishment
of NOD/SCID mouse model of central nervous system
leukemia. Oncol Rep. 2014; 32:684–90.
27. Fan CH, Lin CY, Liu HL, Yeh CK. Review article:
Ultrasound targeted CNS gene delivery for Parkinson’s
disease treatment. J Control Rel. 2017; 261:246–262.

24. Hawkins BT, Davis TP. The blood-brain barrier/
neurovascular unit in health and disease. Pharmacol Rev.
2005; 57:173–185.

www.impactjournals.com/oncotarget

5434

Oncotarget

