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Abstract—Clinical diagnostic ultrasound has been known as
one of the safest imaging modalities available, yet very little is
known about the cellular response to such acoustic conditions.
With the increased interest in therapeutic ultrasound it is
becoming ever more important to understand the effects of
ultrasound on cells.

In our work here we investigate the effect of clinical
diagnostic ultrasound on several cell signalling proteins (p38
p-Thyr180/p-Thyr182, ERK 1/2 p-Thyr202/p-Thyr204 and p53
ac-Lys382) on leukaemia cells (MOLM-13) and monocytes.

Our results show that leukaemia cells and monocytes react
differently to ultrasound and microbubbles. A relatively small
increase in p38 signalling was seen in the leukimic cells, and
only at higher intensities in combination with microbubbles. In
contrast the monocytes showed an increase in p38 signalling at
all acoustic intensities with microbubbles and at the high acoustic
intensity without microbubbles.

Furthermore, the leukaemic cells showed an overall increase in
ERK 1/2 p-Thyr202/p-Thyr204 signalling whereas the monocytes
showed a decrease. These results indicate that the leukaemia
cells are less sensitive to stress induced by ultrasound and
microbubbles when compared to normal monocytes.

In conclusion, our results show that clinical diagnostic
ultrasound does have a measurable effect on intracellular
signalling but may differ drastically between different cell
types. This may affect the conditions necessary for therapeutic
ultrasound.

I. INTRODUCTION

Diagnostic ultrasound is widely used in the clinic and is
considered a safe imaging modality with little to no side
effects. Currently, the only guidelines for the use of ultrasound
are based on the thermal and cavitation effects of ultrasound
with or without an ultrasound contrast agent (UCA) [1].
Current state-of-the-art research is looking into the bio-effects

possible due to ultrasound and microbubbles. In the past years,
it has been made clear that at higher acoustic intensities
microbubbles may form pores in cell membranes, aiding in
drug delivery, or even resulting in DNA double-strand breaks
[2], [3]. Furthermore, it has been speculated that the cells
themselves may be acoustically active, resulting in cell stress
due to sonication. Primarily, ultrasound-microbubble research
has been done on adherent cells, and focussed on increasing
drug uptake, but little to no research has focussed on floating
cells and blood cancer (leukaemia) cells.

In our work here we evaluate the effect of ultrasound and
ultrasound and microbubbles on three specific stress activated
intracellular signalling proteins: p38, ERK 1/2 and acetylated
p53. The signalling pathway p38 is known to respond to stress
and inflammation, and regulate proliferation, differentiation
and survival [4]. ERK 1/2 is linked to the regulation of cell
growth and differentiation [5]. The p53 protein acts as a
tumour suppressor and transcription factor activated by DNA
damage and other cellular stress signals leading to cell-cycle
arrest, apoptosis, and DNA repair [6].

II. MATERIALS AND METHODS
A. Cell types

The acute myeloid leukemia cell line, MOLM-13 (DSMZ,
Braunschweig, Germany) and peripheral blood mononuclear
cells (PBMCs) collected from healthy volunteers were used.
PBMCs consist of multiple cell types where approximately
20% are monocytes and 80% are T cells; cells that play a
critical role to the immune system [7].

The MOLM-13 cells were cultured as previously described
[8]. The PBMCs were prepared using density gradient
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TABLE I
ACOUSTIC CONDITIONS GENERATED FROM M 12L DIAGNOSTIC
ULTRASOUND PROBE USED TO SONICATE CELLS.

Elevating mount

Fig. 1. Graphical rendering depicting ultrasound treatment method. An M12L
clinical ultrasound probe is clamped in the water bath treating the cells placed
in the cuvette. A polycarbonate plate, positioned athe back of the tank at 45°
to reduce reflections.

separation (Ficoll-Hypaque, Nycomed, Oslo, Norway). Cells
were re-suspended in RPMI-1640 + 10% FBS, diluted to a
concentration of 1 x 10° cells/ml, medium and incubated for
1 hour at 37°C.

Flow cytometric labelling with CD163 was used to
distinguish monocytes from T-cells (c.f,, Table II).

B. Ultrasound & microbubble treatment

A custom made setup incorporating a clinical diagnostic
ultrasound scanner and disposable cuvette was used to sonicate
MOLM-13 and PBMC cells (Fig.1). An M12L ultrasound
probe was used as the ultrasound source and driven by
an unmodified Logiq 9 clinical ultrasound scanner (GE
Healthcare, Buckinghamshire, United Kingdom). A standard
abdominal imaging mode was used, and the focal depth
was adjusted to vary the acoustic intensity. The sound field
was calibrated in-situ using a 0.2-mm PVDF hydrophone
connected to a 3-axis, manual, micrometer stage. The acoustic
conditions used are shown in Table I.

During treatment 2.5ml cells, ie, 2.5 X 105 cells were
placed in the cuvette for treatment. SonoVue> ultrasound
contrast agent was prepared according to manufacturers
recommendation. A total of 40-ul. was mixed into the
2.5ml cell containing cuvette and continuously homogenized
using a magnetic stirrer. The total treatment time for each
sample was 10min. Following treatment the cells were
placed in an incubator for 0 — 24 hours. After the required
incubation time the reactions were stopped by fixation in
1.5% paraformaldehyde for 20 min at room temperature and
subsequently stored at -80°C until further analysis by flow
cytometry. The control sample consisted of cells of the same
culture that had not been treated with neither ultrasound or
microbubbles.

C. Flow cytometry

Flow cytomtery is a well-established technique that allows
single cell analysis and characterisation. Cell samples were
labelled with different concentrations of succinimidyl esters
of Pacific Blue (Invitrogen, Carlsbad, Ca, USA) and Pacific
Orange (Invitrogen, Carlsbad, Ca, USA) in which each sample

Frequency Focal MI Intensity Peak-Negative
(MHz) Depth (mW/cm?)  Pressure (MPa)
(cm)
Low 6.80 2.22 0.16 0.35 0.419
Medium 6.40 444 0.59 1.17 1416
High 5.80 3.89 0.72 1.61 1.813
TABLE 11

LIST OF MODIFICATION SPECIFIC ANTIBODIES USED TO ASSESS
INTRACELLULAR SIGNALING.

Antigen Epitope Clone Conjugate
p38 p-Thr180 / 36/p38 Alexa Fluor® 488
p-Tyr182
ERK 1/2 p-Thr202 / 20A Alexa Fluor® 647 or
p-Tyr204 Per-CP-Cy5.5
pS3 p-Ser37 J159-641.79 Alexa Fluor® 647
p53 p-Serl5 16G8 Alexa Fluor® 488
p53 ac-Lys382 L82-51 Alexa Fluor® 647
NFxB  p-Ser529 K10-895.12.50 PE or Alexa Fluor® 488
CD3 CD3 SK7 PE-Cy7
CDS5 CD5 L17F12 PE-Cy7
CD20  CD20 HI1(FB1) PerCP-Cy5.5
CD163 CD163 Mac2-158 PE

can be identified by the specific barcode of fluorescence
intensity and emission wavelength. Barcoded cell samples
were permeabilized with ice cold methanol, washed and
treated with human IgG (Octagam, Octapharma AG, Lachen
, Switzerland). Barcoding allows high throughput analysis,
reduces antibody consumption — and importantly, reduces
analytical variation [9].

Following treatment, approximately 0.5 x 10° cells were
stained with a combination of fluorochrome-conjugated
antibodies. These anti-bodies stain the cells when a specific
cell signalling pathway has been activated. The flow cytometer
measured the mean fluorescence intensity (MFI) of specific
wavelengths correlating to the signalling pathway. Increased
intensity indicates a more active pathway, e.g., a five-fold
increase in MFI indicates the path was substantially more
active compared to the control sample.

The intracellular signalling was evaluated at multiple time
points ranging from O minutes to 24 hours after ultrasound
exposure. This allowed us to evaluate the time-dependant
change in intracellular signalling in due to ultrasound and
ultrasound and microbubbles. Results are presented as a heat
map, allowing for faster comparison in large datasets and a
linear graph.

D. Cell death and proliferation assays

To investigate if the acoustic conditions had any direct
affect on cell death, live/dead cells were discriminated by
Tryphan blue staining. Trypan blue (Invitrogen, Carlsbad, CA,)
is used as a dead/alive discriminator; 10 ul of Trypan blue
were added to 10 pl of cell suspension. The dead and alive
cells were counted using optical microscopy and a Biirker
haemocytometer. Apoptosis was evaluated using DNA specific
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Fig. 2. Heatmaps showing modulation of the p38 signalling over time

following ultrasound stimulation for leukemic cancer cells (MOLM-13) and
normal monocytic (monocytes) cells. In both cell lines an increase in
signalling can be seen with the addition of microbubbles.

staining with Hoechst 33342 (10 pg/ml) (Invitrogen) followed
by optical counting of normal and fragmented/condensed cell
nuclei using an inverted fluorescence microscope (Leica IRB,
Leica Miceosystems GmbH, Wetzlar, Germany). To evaluate if
the ultrasound had an effect on the proliferation, immediately
after ultrasound exposure, 2 x 10% cells were re-suspended
in 100 ul cell medium and mixed with 400 ul MethoCult
GF H4434 (StemCell Technologies,Vancouver, BC, Canada)
and cultured for 5 days. The number of colonies formed
in cell culture were counted in a bright field microscope
(10x/0.30 objective, Nikon Eclipse Ti, Nikon Corporation,
Tokyo, Japan).

III. RESULTS AND DISCUSSION
A. Cell signalling

Our results showed that both the monocytic leukemia cells,
and the monocytes had a reaction to ultrasound, in terms
of phosphorylation of cells. Depending on the pathway and
cell type, a different response was elicited at the various
stimulation conditions.

In the normal blood monocytes, phosphorylation of p38 (c.f:
Fig. 2) was only increased when the cells were exposed to high
intensity ultrasound with no microbubbles, and at all intensities
when combining with microbubbles with ultrasound. The
monocytic leukemic cell line, MOLM-13, showed a smaller
fold increase in terms of p38 pathway activity when compared
to the monocytes, yet a similar trend was seen. In both cell

ERK 1% (p-Thr202/p-Tyr204)

+ microbubbles
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Fig. 3. Heatmaps showing modulation of the ERK1/2 signalling over
time following ultrasound stimulation for leukemic cancer cells (MOLM-13)
and normal monocytic (monocytes) cells. In both cell lines an increase in
signalling can be seen with the addition of microbubbles.

types the addition of microbubble contrast agent resulted in an
increase of p38 stress signalling at medium and low ultrasound
intensities. The minor differences were that in the leukemic
cell line, ultrasound alone reduced the signalling significantly
more when compared to the monocytes. These results indicate
that the monocytes were more susceptible to external stresses
than the leukemic cell line.

ERK 1/2 signalling (c.f. Fig.3) showed a similar response
to that seen in the p38 pathway. In the monocytes we see
a decrease in signalling at the same conditions we saw an
increase in p38 signalling. This may be explained by the
fact that increased activity in the p38 pathway can cause
inactivation of the ERK 1/2 pathway in normal cells [4].

This effect is not observed in the leukemic cell line. In the
leukemic cells ERK 1/2 phosphorylation is slightly increased
after 6 hours, and a further increase is seen at 18-24 hours;
both with and without microbubbles. ERK 1/2 activation may
contribute to cell cycle arrest or apoptosis in response to
different levels of DNA damage [11], which would be a
wanted effect in cancer cells. In the current experiment no
significant change proliferation and cell viability was observed
(c.f, Fig.5), and further studies are needed to determine the
downstream effects of ultrasound and microbubble induced
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Fig. 4. Heatmaps showing modulation of p53 acetylation over time following
ultrasound stimulation for leukemic cancer cells (MOLM-13) and normal
monocytic (monocytes) cells. In both cell lines an increase in signalling can
be seen with the addition of microbubbles.

ERK 1/2 signalling.

Figure 4 shows the effect of ultrasound, and ultrasound and
microbubbles on Lys384 acetylation of the tumor suppressor
p53. Ultrasound alone, showed an increases in both monocytes
and MOLM-13 cells. In contrast, when adding microbubbles
p53 signalling was reduced. However, the effects were not very
pronounced. Acetylation has been found to be important for
activation of p53 and regulating downstream processes [12].

Negligible change was seen in phosphorylation of p53
(Ser15 and Ser37) (Data not shown) also implying no DNA
damage occurred at any acoustic conditions [13]. This was in
agreement with the results shown in Fig. 5.

It is currently not known exactly how ultrasound and
microbubble ultrasound contrast agents modulate signal
transduction in the cells. Cells respond to their surrounding
environment though receptors on the cell surface which initiate
responses in within the cells. Different kinds of receptors may
for instance be implicated in activating the ERK pathway, in
response to either ultrasound or fluid shear stress [14], [15],
[16]. In addition to the large intracellular signaling proteins,
small intracellular signaling molecules like Ca2™ bind to and
alter the behavior of signaling proteins or target proteins.
In a study by Kumon et al ultrasound and microbubble
induced sonoporation was shown to cause transient changes
in Ca2* concentration in cells [17], and this may further
modulate intracellular signaling. Studies have shown Ca2™ to
be involved in activation of both p38 and ERK 1/2 proteins
[18], [19].
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Fig. 5. Results of colony-forming assay used to asses proliferation in

MOLM-13 cells. The number of colonies was measured in sample cultured for
5 days after sonication. No statistical difference was seen between all samples
other than a greater variance at higher MI. Error bars indicate standard error
of mean.

B. Cell viability and clonogenicity

Cell viability and nuclear morphology remained unaltered
after sonication with and without microbubbles. Figure5
shows the results of the colony forming assay for the
MOLM-13 assay under the various conditions. Whilst a larger
standard deviation was seen at the higher acoustic intensities,
no statistical significant difference was seen between any of
the samples.

IV. CONCLUSION

Our results indicate that both the cancer cell line and normal
blood cells responded 2 to 6 hours after ultrasound exposure
with changed phosphorylation of p38 (p-Thr180/p-Tyr182)
and ERK 1/2 (p-Thr202/p-Tyr204). Activation was ultrasound
contrast agent and acoustic pressure dependent. These
signalling proteins are shear stress activated indicating that
higher acoustic pressures result in higher shear stresses.
Both leukemic and normal cells showed a decrease in p53
(ac-Lys382) activation at the higher acoustic pressures or when
microbubbles were added. In all experimental conditions, the
cell viability remained unaltered, consistent with the safety
regulations for clinical diagnostic ultrasound.
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