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Abstract

Rationale: Microembolization during PCl for acute myocardial infarction can cause microvascular
obstruction (MVO). MVO severely limits the success of reperfusion therapies, is associated with
additional myonecrosis, and is linked to worse prognosis, including death. We have shown, both in
in vitro and in vivo models, that ultrasound (US) and microbubble (MB) therapy (termed
“sonoreperfusion” or “SRP”) is a theranostic approach that relieves MVO and restores perfusion,
but the underlying mechanisms remain to be established.

Obijective: In this study, we investigated the role of nitric oxide (NO) during SRP.

Methods and results: We first demonstrated in plated cells that US-stimulated MB oscillations
induced a 6-fold increase in endothelial nitric oxide synthase (eNOS) phosphorylation in vitro. We
then monitored the kinetics of intramuscular NO and perfusion flow rate responses following
2-min of SRP therapy in the rat hindlimb muscle, with and without blockade of eNOS with LNAME.
Following SRP, we found that starting at 6 minutes, intramuscular NO increased significantly over
30 min and was higher than baseline after 13 min. Concomitant contrast enhanced burst
reperfusion imaging confirmed that there was a marked increase in perfusion flow rate at 6 and 10
min post SRP compared to baseline (>2.5 fold). The increases in intramuscular NO and perfusion
rate were blunted with LNAME. Finally, we tested the hypothesis that NO plays a role in SRP by
assessing reperfusion efficacy in a previously described rat hindlimb model of MVO during
blockade of eNOS. After US treatment I, microvascular blood volume was restored to baseline in
the MB+US group, but remained low in the LNAME group. Perfusion rates increased in the
MB+US group after US treatment 2 but not in the MB+US+LNAME group.

Conclusions: These data strongly support that MB oscillations can activate the eNOS pathway
leading to increased blood perfusion and that NO plays a significant role in SRP efficacy.
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Introduction

Cardiovascular disease accounts for 30% of
deaths globally, and of these, nearly one-half are due
to coronary heart disease (CHD) [1] with acute
myocardial infarction (AMI) occurring every 44
seconds [1] in the United States. Current therapy for
AMI hinges on immediately restoring epicardial
coronary artery patency with percutaneous coronary
intervention (PCI), such as with primary stenting.

However, even after recanalization of the epicardial
artery, there is a failure of microvascular perfusion in
many patients due to microvascular obstruction
(MVO)[2]. Even in patients with angiographically
restored epicardial coronary artery flow, MVO
incidence varies between 17% [3] to over 80% [4].
MVO severely limits the success of reperfusion
therapies [5-9], is associated with additional
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myonecrosis, and is linked to worse prognosis,
including death [2, 10, 11]. Mechanical obstruction by
embolized and in situ microvascular thrombi [12] is a
major component of MVO; other observations include
microvascular spasm, myocardial edema, platelet
aggregation, and leukocyte plugging. PCI itself causes
microembolization of atherothrombotic material from
the stented site of plaque rupture into the
microcirculation of the infarct bed [13], accounting for
a significant portion of MVO after PCI [14], conferring
adverse prognosis [12], and thus suggesting the need
for therapies directed against MVO.

We have previously reported successful
reperfusion of MVO by insonifying lipid
microbubbles (MB)  within the obstructed

microvascular bed using long tone burst ultrasound
(US) (termed sonoreperfusion, or “SRP”) in a rat
hindlimb model of MVO [15]. This theranostic
approach, by which MVO can be treated and
perfusion characterized using the same acoustic
modality, has been shown to successfully restore
microvascular flow in vitro [16] and in vivo [15] but the
mechanisms remain largely unknown. Although there
is evidence that the physical effects of microbubbles
(MB) oscillations can mechanically disrupt thrombus
in SRP therapy [17], we wondered if MB oscillations
may have other bioeffects, notably on the vascular
endothelium.

We hypothesized that ultrasound-induced MB
oscillations in the microcirculation impart shear stress
on the surrounding medium [18], causing endothelial
mechanotransduction and Nitric Oxide (NO) release.
Indeed, the important role of endothelial NO in
modulating vasomotor tone is well established and
has been studied extensively since the seminal work
of Furchgott et al in 1980 [19]. NO is not only a potent
vasodilator, but also reverses numerous additional
pathologic components of MVO [20] to augment
microvascular perfusion, such as platelet aggregation,
increased adhesion of inflammatory cells, and edema,
potentially  lending  multifactorial therapeutic
mechanisms to the US-MB interaction. The effect of
using long tone bursts US-induced MB oscillations at
1 MHz occurring with our SRP therapy for MVO on
endothelial NO release is unknown.

Accordingly, in the present study, we
investigated the contribution of NO to SRP in a series
of experiments to determine if: (1) SRP can cause
endothelial NO phosphorylation in cultured
endothelial cells; (2) SRP can increase intramuscular
NO in an intact hindlimb and cause changes in
microvascular perfusion kinetics; (3) NO is implicated
in SRP efficacy by blocking endothelial NO with
N-Nitro-L-Arginine Methyl Ester (LNAME) prior to
SRP therapy in a rat model of MVO.

Methods

Ultrasound contrast agents

For therapy, phospholipid-encapsulated MB
containing perfluorocarbon gas (Perfluorobutane,
Fluoromed, Round Rock, TX) were prepared in house
and measured by electrozone sensing using a 50 pm
aperture (Multisizer 3, Beckham Coulter, Brea, CA)
[21]. In brief, 1,2-distearoyl-sn-glycero-3-
phosphocholine (Avanti Polar Lipids Inc., Alabaster,
AL), polyoxyethylene(40)stearate (Sigma Aldrich, St
Louis, MO) and 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy(polyethylene
glycol)-2000] (Avanti Polar Lipids) were mixed in
chloroform in 88:11:1 molar ratios, dried under a
stream of argon gas and stored under vacuum
overnight. The film was rehydrated in 4 mL saline in a
glass vial filled with an overhead of PFC. The lipids
and PFC were sonicated for 75 s (XL2020, Qsonica
LLC, Newtown, CT) and the resulting MB were
washed 3 times in saline, yielding therapy
microbubbles with a diameter of 3.5+1.1 pm in
diameter (Multisizer 3, Beckman Coulter) and were
stored in sealed glass vials filled with PFC until usage
(within 2 weeks of fabrication). Definity microbubbles
(Lantheus Medical Imaging, North Billerica, MA)
were used for contrast perfusion imaging. These MBs
have a mean size of 1.1-3.3 pm and concentration of
1.2 x 100 MB/mL and were administered via jugular
access at a flow rate of 2 mL/h.

In vitro eNOS phosphorylation

Human umbilical vein endothelial cells (HUVEC
#C2519A, passage <10, Lonza, Basel, Switzerland)
were cultured in EGM media (Lonza) to 100%
confluence (~500,000 cells) in petri dishes (Pall
corporation, Port Washington, NY), pre-coated with
fibronectin (1.6 pg/mL, Sigma Aldrich) (Figure 1).

HUVECSs plated in
inverted petri dish

h

Water tank
at 37°C

Microbubbles
floating to cell layer

Figure 1

Figure 1: Cell culture experimental setup for in vitro exposure of HUVECs to
microbubbles and ultrasound.
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Cells were then incubated for 10 min (37°, 5%
CO») in the presence of phosphatase inhibitor (Halt,
Thermo Fisher Scientific) before filling up the plate
with media (M199, Lonza) supplemented with 2%
fetal bovine serum (Atlanta Biologicals, Flowery
Branch, GA) containing therapeutic microbubbles
(3x107 MB/plate). The plates were then covered,
inverted and incubated upside down for 10 min to
allow MB to float to the cell layer. The plate was then
transferred upside down into a water bath and
sonicated for 2 min (1 MHz, 5,000 cycles, PRF 100 Hz,
100 kPa). In some wells, a calcium ionophore
(Ionomycin 2 pM, Sigma) was added to induce eNOS
phosphorylation for positive control. All cells were
collected 7 min after treatment and processed for
Western blotting analysis. Proteins were run on 8%
SDS-page gel and transferred onto polyvinylidene
difluoride membranes (EMD Millipore, Billerica,
MA). Purified mouse anti-human-eNOS (pS1177,
#612392, BD Transduction Laboratories) was used for
the detection of phosphorylated eNOS (p-eNOS).
Purified mouse anti-human-eNOS/NOS type III
(#610296, BD Transduction Laboratories) was used for
the detection of total eNOS (t-eNOS). For
immunostaining, cells were fixed in 4%
paraformaldehyde and incubated with purified
mouse anti-human-eNOS (pS1177, #612392, BD
Transduction Laboratories), and visualized using
AlexaFluor 488 goat anti-mouse IgG (Invitrogen) after
counterstained with Hoechst 33342 (Thermo Fisher).

Cell viability assay

Following MB+US exposure, culture plates
(n=3/group) were analyzed for cell viability. Because
MB+US can cause cell detachment, cells in the
supernatant were spun down and collected. Plated
cells were trypsinized and collected. Cells were then
exposed to 0.2% Trypan blue and counted on a
hemocytometer. Three samples were analyzed per
group and each sample was counted in triplicates.

Cell metabolic activity

Following MB+US exposure, the media was
replaced with EGM and incubated for 24 h to allow
cell recovery. The next day, cells were exposed to
Alamar Blue (ThermoFisher) for 1 h and the
supernatant fluorescence at (535/595 nm) was
measured using a plate reader (Beckman Coulter).
Background absorbance from plates without cells was
subtracted from the measurement and normalized to
the absorbance from the ‘No treatment’ group.

Microthrombi Preparation

Microthrombi were created by recalcification of
citrated porcine blood and mechanical disruption by

forcing through needles of decreasing diameters,
followed by filtration through a 200 pm pore mesh.
Details and characterization can be found in
supplemental methods (Figure S1).

Animal preparation

All animal studies were approved by the
Institutional Animal Care and Use Committee at the
University of Pittsburgh. We used our previously
developed rodent hindlimb model [15], to induce
microvascular  occlusion of  the  hindlimb
gastrocnemius muscle. In rats weighing 262 + 35 g, we
induced anesthesia by inhalation of isoflurane (2.5%)
and inserted an arterial cannula (PE-10, Becton
Dickinson) via contralateral femoral access and
advanced it to the abdominal aorta for the direct
injection of microthrombi and therapeutic MB into the
left hindlimb (Figure 2A) in order to achieve first pass
MB delivery. An angiocatheter (24G, % inch long) was
placed in the right internal jugular vein for infusion of
Definity microbubbles (Lantheus Medical Imaging)
for contrast imaging. The jugular venous catheter was
also used for administration of LNAME (10 mg/kg,
Sigma-Aldrich).

Ultrasound Therapy and Perfusion Imaging

A 1 MHz single element transducer (A303S, 72
inch, Olympus NDT, Waltham, MA) was used for
therapeutic US delivery, positioned vertically above
the hindlimb, and coupled to the shaved skin using
acoustic gel. The alignment was verified by
visualization of the destruction of microbubbles in the
central area of the image by the therapeutic pulse. The
therapeutic transducer was previously calibrated in a
degassed water tank using a lipstick hydrophone
(HGL-0200, Onda Corporation, Sunnyvale, CA). The
therapeutic pulse comprised US tone bursts 5,000
cycles in duration delivered every 3 seconds at a peak
negative pressure of 1.5 MPa. Perfusion imaging was
performed with a clinical scanner (Siemens, Sequoia,
15L8 probe) during continuous infusion (via right
internal jugular vein) of Definity microbubbles
(2 mL/h). The syringe containing the MB was rotated
continuously to avoid MB floatation. The imaging
probe was positioned horizontally with respect to the
hindlimb and in a plane perpendicular to the therapy
transducer beam to view the hindlimb in the
longitudinal plane, such that the femoral bone was
located in the upper right side of the image and the
major feeding vessels could be observed, with blood
flow traversing from right to left. The US therapeutic
beam pattern and positioning respective to the
imaging plane is shown in supplemental Figure S2.
Imaging was performed in contrast pulse sequence
mode (CPS) at 7 MHz, at an imaging mechanical
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index (MI) of 0.2 and a framerate of 5 Hz. The imaging
probe was used to deliver a burst pulse (5 frames at an
MI of 1.9), which cleared the MB from the field of
view. Perfusion kinetics was then tracked as the MB
replenished the vascular network, and the cine loops
were stored for offline processing. The dynamic range
(60 dB), digital gain (0 dB), scanner compression curve
(linear), along with other image processing
parameters were fixed.

Image Analysis

Image analysis was performed offline on the cine
loops obtained in CPS mode using custom Matlab
software using an approach previously described [22]
and are summarized in supplemental methods.

Experimental protocol for intramuscular NO
and perfusion kinetics following SRP

A catheter probe (amiNO-1IV, Innovative
Instruments Inc, Tampa, FL) was calibrated following
the  manufacturer instructions and  placed

Injection port in jugular vein:
*  Definity (2 mL/h)
«  LNAME (10 mg/kg)

\ Imaging US
probe

A

VA

intramuscularly in the hindlimb in the area to be
treated with therapeutic US in 4 animals. The probe
was then left to equilibrate for 30 min to 1 h until the
signal stabilized. Therapeutic US (5,000 cycles every 3
s at 1 MHz, 15 MPa) was delivered during
simultaneous infusion of our custom lipid MB into the
femoral artery catheter via syringe pump at a flow
rate of 3 mL/h. Therapeutic SRP was given for 2 min.
Intramuscular NO  levels were  monitored
continuously and microvascular tissue perfusion
kinetics were monitored by contrast ultrasound at
baseline, post US, and at 3, 6, 10 and 30 min post US.
L-NAME (10 mg/kg iv) was then administered to
block endothelial nitric oxide production. Five
minutes post LNAME, SRP therapy was repeated for
2 min in the same animal without moving the
instrumentation. NO measurements were normalized
to pre-SRP values. Burst replenishment imaging was
performed again at baseline, post US and at 3, 6, 10
and 30 min post US (Figure 2B).

Contralateral femoral access

Lipid encapsulated MB
(1x10%mL, 3 mL/h)

* Microclots injection (<200 pm)

; Therapeutic US
S CPS, o
7?‘;1:'?&102 MI Positioned orthogonally to the
i imaging plane
1 MHz, 1.5 MPa
5000 cycles every 3 s
NO probe
B US perfusion US perfusion
Imaging LNAME Imaging
\ injection ,
]
y 'lf 'l' 'l' wl« \L [J] \ l J‘ l wlf \
| Baseline [Us+MB|  Monitoring 2] LNamE [ Us+mB|  Monitoring
2min 30min ;;’ S5min 2min 30min
]
C US perfusion US perfusion US perfusion US perfusion
imaging imaging imaging imaging
10min | 10min | 10min |
| Baseline MVO Treatment 1 Treatment 2 >

Figure 2: (A) In vivo hindlimb model for SRP therapy. Intramuscular NO was measured using a needle probe, microvascular perfusion was assessed using an imaging
transducer and therapeutic US was delivered with a therapeutic transducer positioned perpendicularly to the imaging probe (more details on the probes orientations
can be found in supplemental Figure S2; (B) The kinetics of NO and perfusion rate following SRP were assessed for 30 min after 2 min of SRP therapy with and without
LNAME; (C) MVO was created by injecting microclots (See supplemental Figure S1). Two successive 10 min SRP therapy sessions were performed with and without
LNAME.

http://www.thno.org



Theranostics 2017, Vol. 7, Issue 14

3531

A B : . C
15
%)
p-eNOS (S1177) ump v~ +m om - - P Q 8
9 o 10 ;'.’
@B s
TotaleNOS g o o em am == g° o
=z 5. =
? ?
[ j=%
s &H o a0
§ S & EF 0 ==
SFIEEFS & & F
g & g & o@‘\ & &
eo %o \00 O«‘o
~
D E F No Treatment MB+US
Trypan blue . Metabolic Activity @ 24h
E
2.0%105 W Allcells & 160 B No Treatment
T Attached and alive ﬂ MB-NoUS
1.5%10°% T I B Detzched andirdead i o . — TR
s i)
8 1.0x10° g
e E 50
5.0%105 g
5
0.0 3 o
s »© ¥ R S
S & & & ¥
<& ~ <8 AN
¥ ¥

Figure 3: In vitro eNOS phosphorylation: (A) Western blot of phospho-eNOS (S1177) and total-eNOS for lonomycin (+ control), No Treatment (- control) and
MB+US therapy; p-eNOS/t-eNOS ratio increased following MB+US therapy (n=3); (B,C) p-eNOS/t-eNOS ratio without MB did not induce eNOS phosphorylation
(n=3); (D) Trypan blue exclusion assay from supernatant and trypsinized cells and (E) metabolic activity measured by Alamar Blue fluorescence at 24 h, both showing
that cells tolerated MB+US therapy; (F) immunostaining for p-eNOS (green) with Hoechst (blue) nuclear counter stain (* p<0.05)

Experimental protocol for microvascular
obstruction model

Hindlimb ischemia from MVO (Figure 2C) was
induced by injection of microthrombi into the femoral
artery catheter until there was an estimated 75%
decrease in peak video-intensity in the hindlimb, as
monitored by simultaneous diagnostic US contrast
perfusion imaging. The obstruction was maintained
for 10 minutes prior to proceeding with US therapy. If

spontaneous reperfusion occurred (brightness
increased above the 25% threshold of peak
videointensity), additional microthrombi were

administered as needed to maintain 10 min of stable
hypoperfusion. In 9 rats, L-NAME (10 mg/kg iv) was
administered prior to microembolization to block
endogenous endothelial NO production. Eight control
rats did not receive L-NAME prior to
microembolization. After 10 minutes of stable
hypoperfusion, therapeutic US (5,000 cycles every 3 s
at 1 MHz, 15 MPa) was delivered during
simultaneous infusion of custom lipid MB into the
femoral artery catheter via syringe pump at a flow
rate of 3mL/h. Two successive therapeutic SRP
sessions of 10 minutes each were performed. Burst
replenishment  imaging  during  continuous
intravenous infusion of Definity as described above
was performed at baseline, after MVO, and after each
of the 10 min SRP therapy sessions. Heart rate,
respiration and O saturation were continuously

monitored. At the end of the experiment, animals
were euthanized by isoflurane overdose and heart
excision.

Statistics

All data were expressed as mean * standard
deviation. Comparisons were made using 2-way
repeated measure ANOVA to compare the effects of
treatment time and presence of LNAME. Multiple
comparisons analysis to discern differences between
groups was performed using Sidak’s post-hoc testing.
All tests were performed using Prism 6.0 (Graphpad
software, LaJolla, CA). A p-value < 0.05 was
considered statistically significant.

Results

Microbubble and ultrasound therapy causes
phosphorylation of eNOS in plated endothelial
cells

HUVECs exposed to MB+US had a marked
increase in eNOS phosphorylation at serine 1177
(S1177) (Figure 3A) but total eNOS did not change, as
expected. The ratio of p-eNOS/t-eNOS increased by
6-fold compared to the ‘No Treatment” group (Figure
3B). eNOS phosphorylation did not occur upon US
exposure without MB (Figure 3C), demonstrating that
under the current US regime, MB oscillations are
needed to induce eNOS phosphorylation. Trypan blue
exclusion assay (Figure 3D) and Alamar Blue staining
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(Figure 3E) at 24 h both supported that MB+US did
not alter cell viability. We observed a decrease in
cellular metabolic activity (Alamar Blue assay)
immediately after exposure to MB+US (data not
shown) but the cells fully recovered within 24 h.
Immunostaining (Figure 3F) showed an increase in
cytosolic fluorescence following MB+US exposure,
consistent with eNOS translocation from the plasma
membrane to the cytosol upon phosphorylation [23].

Hindlimb intramuscular NO

Next, we tested whether SRP could cause NO
release in vivo in skeletal muscle using a needle NO
probe. We first tested the effect of the LNAME
injection on the intramuscular NO signal. We found
that LNAME caused a sustained decrease in NO for >
55 min (Figure 4A), indicating sufficient eNOS
inhibition for the duration of the experiment. To
minimize variations in the NO signals caused by
probe positioning (the probe position relative to
feeding blood vessels or NO producing endothelial
cells), the experiments with intact eNOS and impaired
eNOS (LNAME) were performed sequentially in the
same animals. We found that following 2 min of SRP
treatment, intramuscular NO initially decreased
below baseline at 3 and 5 min (p<0.05) before steadily
increasing over the next 30 min, reaching a level
above baseline 13 min after US (Figure 4B). This
increase was completely blunted in the presence of
LNAME and NO levels remained under baseline
levels. The difference with and without LNAME
became significantly different at t >13 min post SRP.

Typical frames from the burst reperfusion
cineloops, taken 2 s after the burst frames, are shown
in Figure 5A. The area highlighted in yellow marks
the region receiving therapeutic ultrasound. It can be

A Intramuscular NO B
LNAME

-4000 T T 1
0 20 40 60

Time (min)

seen that within this region, videointensity initially
decreased after ultrasound exposure, was partially
restored at 3 min and increased above baseline at 6
min. To quantify these observations, regions of
interest (ROI) were drawn encompassing the
microcirculation, by excluding the feeding arteries,
and ROI videointensity was measured throughout the
cineloop burst replenishment sequence to measure
microvascular blood volume (MBV) (Figure 5B) and
perfusion rate (Figure 5C). While MBV was not
significantly different following SRP, the flow rate
increased significantly above baseline at 6 min and 10
min post SRP (p<0.05). At 30 min post SRP, there was
a trend (p=0.07) toward increased perfusion rate
compared to baseline. The increase in flow rate was
abolished in the presence of LNAME. Typical
cineloops at 10 min post SRP with and without
LNAME can be found in supplemental videos 2 and 3.
This increase in perfusion was found to be present for
at least up to 4 h after MB+US therapy (See
supplemental Figure S3).

Effect of LNAME on SRP

Physiologic Parameters

In the MVO experiment (Figure 2C), the rats
received an average of 1.0 + 0.4 mL of clot solution.
Heart rate, respiration rate and O, saturation
remained stable and within normal limits during the
entire procedure. Following administration of
microthrombi, the left rear paw became cyanotic,
indicative of impaired perfusion. During reperfusion,
the cyanosis resolved and the paw returned its
baseline pink color in the SRP group but not in the
group receiving LNAME (Figure 6).

Intramuscular NO

SRP p<0.05 vs MB+US

ok KK KK
* %

* p<0.05vsBL
-a |NAME+MB+US (n=4)

- MB+US (n=4)

Time (min)

Figure 4: (A) Intramuscular NO after LNAME injection (No US): Intramuscular NO level decreased steadily following i.v. LNAME injection at t=0 s in two rats, as
expected; (B) Intramuscular NO following SRP in 4 rats with and without LNAME. After a transient initial decrease, NO rose steadily following 2 min of SRP therapy
and was significantly higher than at baseline starting 13 min after treatment. This increase was completely blunted with LNAME (Sidak’s multiple comparison).
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Figure 5: (A) Hindlimb contrast ultrasound imaging, in the MB+US group and without microthrombi, taken 2 s into the burst reperfusion imaging video sequence at
baseline, post SRP (t=2 min) and at t=3, 6, 10 and 30 min. Note the transient decrease in echo contrast in the treated area (circle) after SRP followed by recovery at
t=3 min and improved perfusion above baseline after 6 min; (B) Blood volume and (C) microvascular flow rate during and following 2 min of SRP therapy in rats
receiving MB+US and LNAME+MB+US. Typical video sequences can be found in supplemental video data.

LNAME +
MB + US

Pink left paw

MB + US

Pink left paw

| Dark left paw

Baseline MVO

* Pink left paw

Treatment 1

: Left paw
still occluded

is reperfused

Treatment 2

Figure 6: Photographs of rear paws taken at baseline, after MVO, and after two sessions of SRP therapy. In the LNAME+MB+US animal, the left paw, originally pink,
becomes cyanotic after injection of microthrombi. It remains cyanotic after two sessions of SRP therapy. In the second row, in the MB+US group (intact NO), the paw
returns to pink in color after the first SRP treatment and remains pink after treatment 2. The right paw, which becomes ischemic after placement of the catheter in

the femoral artery and remains ischemic throughout, is shown for comparison.

Quantification of microvascular blood volume

In Figure 7, still frame contrast images of peak
plateau video intensity, obtained 20 s after the burst
are represented at baseline, after microvascular
obstruction, after treatment 1, and after treatment 2
for the MB+US (intact eNOS) and L-NAME+MB+US
(eNOS blockade) groups.

Video intensity, reflecting MB concentration in
the imaged tissue (intramuscular microvascular cross
sectional area or MBV), was significantly decreased
during microvascular obstruction and restored
toward baseline after 2 sessions of SRP therapy.

However, in the animals that received L-NAME to
block NO production, reperfusion was significantly
impaired (reduced MBV) compared to controls (intact
NO).

To quantify these observations, we created
regions of interest (ROI) encompassing the
microcirculation, by excluding the feeding arteries
and measured ROI videointensity throughout the cine
loop burst replenishment sequence to measure MBV
and perfusion rate. Administration of microthrombi
had a significant effect on MBV (p<0.001 vs baseline),
reducing MBV by more than 85% in both groups
(Figure 8).
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Baseline MVO

Treatment 1 Treatment 2

Sequoia, CPS 7, 0.2 MI, Burst mode at 1.9 Ml for 5 frames

Figure 7: Contrast enhanced ultrasound images, taken 20 s after burst, for baseline, MVO and SRP treatments | and 2 for a rat in the LNAME + MB + US and MB
+ US groups. Reperfusion is near complete after SRP therapy in the MB + US rat, but not in the rat with NO blockade by LNAME.
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Figure 8: Blood volume and flow rate calculated using contrast enhanced burst replenishment ultrasound imaging at different stages of sonoreperfusion therapy using

MB+US with LNAME (n=9) and without LNAME (n=9).

After US treatment 1, MBV was restored to
baseline in the MB+US control group (12.8 £7.2 dB,
p<0.05 vs MVO stage). However, during blockade of
endothelial NO production with LNAME, MBV
remained low (1.5+2.1 dB), indicating persistent
hypoperfusion. After US treatment 2, MBV remained
at baseline levels (16.9 £ 3.3 dB) in the MB+US control
group. However, in the MB+US+LNAME rats, MBV
remained statistically unchanged from the MVO
stage. LNAME did not have an effect on the perfusion
rate (AxB) (p=n.s., data not shown). The flow rate was
significantly impaired in both groups following
microthrombi injection. In the MB+US group, there
was a numerical increase in flow rate compared to
MVO stage after treatment 1, that became statistically
significantly greater compared to MVO stage after

treatment 2 (2.0 + 1.9 dB), whereas, in the LNAME
animals, the flow rate remained blunted after both
treatment sessions.

Discussion
We have previously demonstrated that
sonoreperfusion (SRP) therapy can restore

microvascular perfusion in both in vitro and in vivo
models of microvascular obstruction (MVO) [15, 16].
In the present study, we build upon this work by
exploring a potentially important biological response
of SRP therapy, and tested the hypothesis that nitric
oxide (NO) plays a significant role in SRP efficacy,
owing to the wunique interactions between
microbubbles and ultrasound, and the consequent
effect on endothelium. Although there has been
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primary focus on the direct mechanical consequences
of MB cavitation on thrombi during SRP [17], the
independent biological effects of MB vibrations on the
shear-sensitive vascular endothelium bear
consideration.

During rat hindlimb tourniquet ischemia [24] or
LAD occlusion in canines [25], 27 kHz US (no MBs)
was shown to improve perfusion through generation
of NO. Similarly, it was found that exposure to 9 min
of continuous wave ultrasound over several days
could activate the PI3K-Akt-eNOS in mice [26, 27].
These studies were conducted without MBs and using
high duty cycle US (30-100% duty cycle), in contrast to
our work, in which MB oscillations in response to
1MHz US were induced intravascularly in the
microcirculation using pulsed ultrasound with low
duty cycle (<0.16% duty cycle) and thus excluding
any thermal effects. Oscillating MBs impart shear
stress on the surrounding medium, the effects of
which could be more pronounced in the
microcirculation, where the MB to vessel diameter
ratio is large, and which could include endothelial
mechanotransduction and NO release. We first tested
this hypothesis in vitro by exposing HUVEC cell
cultures and found that SRP could induce eNOS
phosphorylation at serine S1177, which is known to be
a major pathway for endothelial NO production. The
magnitude of shear required to generate endothelial
NO is 3-9 Pa [28], well within the range of shear
generated by acoustic microstreaming [29]. Changing
shear force on the vascular endothelium stimulates
endothelial cell NO release through eNOS within
seconds [20]. NO is not only a potent vasodilator but
also affects other components of MVO [20]: platelet
aggregation, increased adhesion of inflammatory cells
and vasoconstriction are all attenuated by NO,
potentially  lending  multifactorial therapeutic
mechanisms to the MB+US efficacy.

We then investigated if endothelial NO could be
released by SRP in vivo in an intact hindlimb with
normal endothelium (No MVO). We used our
previously described rat hindlimb model, and
measured intramuscular NO in an intact skeletal
muscle treated with 2 min of SRP therapy. It was
found that following a transient delay, intramuscular
NO rose continuously starting 5 min post treatment
and was maintained up to 30 min post treatment. This
increase in NO was associated with an increase in
microvascular blood flow rate above baseline level at
6 and 10 min post treatment, which was consistent
with NO mediated vasodilation. The increases of both
intramuscular NO and flow rate following SRP were
blunted with endothelial eNOS blockade using
LNAME, demonstrating that SRP causes sustained
NO-mediated improvements in microvascular

perfusion that can last at least 30 min following
therapeutic US. To our knowledge, this is the first
report quantifying the time course of improved
microcirculatory perfusion following SRP therapy
and the first demonstration of a sustained
improvement in NO release and perfusion indices
occurring after cessation of SRP therapy.

Finally, in this study, we tested the contribution
of NO to SRP by administering LNAME prior to SRP
therapy in our rat hindlimb model of MVO. This
intact skeletal muscle model of MVO provides an
excellent opportunity to explore both the mechanical
and biological mechanisms of SRP, in contrast to our
previous in vitro study in which we explored the
isolated mechanical effects of SRP and demonstrated
its reperfusion efficacy [16]. Using US contrast
perfusion imaging, our aggregated results indicate
that two sessions of SRP therapy improved blood
volume and mean flow rate in the microcirculation
(Figures 7 and 8). These findings were corroborated
by the reversal of visually observable limb cyanosis in
the treated rats (Figure 6). In all cases, the reperfusion
efficacy was reduced in the presence of
eNOS-blockade with LNAME. For instance, blood
volume was restored to baseline level after two
successive rounds of SRP therapy in the MB+US
group but not in the LNAME+MB+US group, in
which blood volume remained significantly reduced
from baseline (Figure 8). However, blood volumes
continued to increase in both groups after treatment 2,
consistently with additive therapeutic efficacy of
longer treatment times, but the blunting effect of
LNAME on blood volume restoration was still
significant after treatment 2 (p<0.05). The flow rate
also increased in the MB+US group after Treatment 2,
whereas the flow rate remained blunted after both
treatment sessions during blockade of eNOS with
LNAME. Overall, during blockade of endothelial NO
production with LNAME, we found that restoration
of microvascular blood volume during SRP therapy
was incomplete, thus confirming our hypothesis that
NO plays a significant role in the SRP efficacy.
Importantly, NO blockade did not completely
abrogate the effects of SRP, and restored partial
reperfusion in the LNAME-treated rats, suggesting
that SRP efficacy is not solely NO dependent, and that
other biological or mechanical mechanisms are likely
involved. Our data suggest that the interaction of the
MB and the endothelium during application of US
results in NO release, consistent with previous in vitro
and non-ischemic in vivo models [24, 25, 30, 31]. Belcik
et al. [32], recently reported that MB+US increased
hindlimb perfusion rate in mice after 10 min of pulsed
MB+US therapy and that the effect was attenuated
during blockade of eNOS with LNAME. This group
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also described an increase in flow rate in a model of
chronic ischemia three days after MB+US therapy.
Recently, it was shown that MB and ultrasound
induced increase in blood flow was mediated by
adenosine triphosphate (ATP) and purinergic
signaling [33], which can stimulate the eNOS and/or
adenosine and prostanoid pathways. Consistent with
our findings, this study also found that LNAME
blunted the blood flow increase observed after
MB+US treatment. However, our work is distinct in
that we specifically applied SRP therapy using a
model of microvascular obstruction, where we
created microthrombi to mechanically obstruct the
microvasculature, versus the use of simple tourniquet
ischemia. Our work is also unique in the sense that we
use MB+US using long tone bursts (5,000 cycles) in
our hindlimb model, and demonstrated the role of
NO in the efficacy for treating MVO, as occurs
clinically during acute myocardial infarction, stroke
and peripheral vascular intervention. Our study
demonstrates that long tone burst ultrasound with
MB are efficacious for restoring flow during MVO and
uncovers the important role of NO in mediating this
effect. However, at this stage, it is difficult to fully
assess the importance of NO-mediated effects against
mechanical thrombus dissolution in SRP efficacy
because both mechanisms may not be independent. If
one assumes (1) that LNAME completely blocked NO
and (2) that NO was the only biologically relevant
(non mechanical) contributor to SRP, the data from
Figure 8 would indicate that 12% and 49% of the
increase in blood volume was caused by mechanical
dissolution respectively following Tx1 and Tx2. By
subtracting microvascular blood volume for the
LNAME animals from the control animals, the NO
pathway could then be attributed a major role (>50%)
in the observed SRP efficacy. These assumptions and
calculations are evidently simplistic in nature and do
not account for interaction between the two
pathways. The overarching conclusion from these
data should be that both NO and mechanical
dissolution both play a role in the observed SRP
efficacy. Our findings are in line with the findings of a
recent clinical trial [34], which showed that adjunct
MB+US therapy prior to and following PCI in patients
presenting with a first STEMI, not only improved
angiographic recanalization prior to PCI, but also
decreased the proportion of obstructed microvascular
segments and improved ejection fraction at 1 month.
This study demonstrated the clinical potential of short
pulse high mechanical index MB+US as an adjunct
therapy for patients presenting with STEML
Moreover, in this study, the authors suggest that
bioeffects other than mechanical thrombus dissolution
may be responsible for the observed therapeutic

effects. In our work presented herein, we clearly
establish a role for NO using long tone burst
ultrasound. At this point, the benefits and safety of
longer ultrasound pulse length on the therapeutic
efficacy of the approach remain to be established
clinically. Our group and others have been
investigating the use of longer tone burst to achieve
sonothrombolysis, which demonstrated improved
efficacy with longer pulses in preclinical studies [15,
16, 35, 36]. However, a small phase-2 clinical trial [37]
using longer tone burst ultrasound (20 ps) was
aborted prematurely (6 patients were enrolled) after
the angiographic observation of vasoconstriction in
three patients following MB+US therapy. It is
important to note that all patients responded well to
PCI after the transient vasoconstriction incident.
Moreover, multiple confounding factors may
contribute to vasoconstriction during PCI, including
the milieu of acute myocardial infarction itself [38, 39].
In our experiments with long tone burst ultrasound
(5,000 ps), we did observe a several minute delay in
microvascular reperfusion following SRP therapy,
which in the intact hindlimb was restored and
returned to levels above baseline perfusion after 5
min. This transient episode of microvascular
hypoperfusion occurring immediately after US
therapy raises the possibility of microvascular
vasoconstriction as an etiology. But further
confirmatory studies will be required.

Limitations

In this study, we used high MI, long tone burst
US parameters during SRP, as these setting generated
the greatest efficacy in vitro [16], where we solely
tested the mechanical effects of SRP. However, it was
reported in a pig model of acute coronary syndrome
[40] that MB+US using shorter pulses (up to 20 ps)
could restore epicardial patency in up to 53% of cases
and cause microvascular recovery with ST-segment
resolution in up to 80% of animals. This was
accomplished using a clinical scanner, with much
shorter tone bursts, highlighting the fact that the US
parameters required to achieve optimal SRP have yet
to be determined. Further, the US parameters
required to specifically optimize the NO component
of SRP remain unknown, and require further
exploration.

The volume concentration of microthrombi
which we injected to cause microvascular obstruction
was based on a worst-case scenario (i.e. large
thromboembolic burden) causing a large hindlimb
perfusion defect. In the clinical setting, the volume of
microemboli would be more variable and would
include atherosclerotic plaque components as well,
both of which may affect the required US parameters
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to achieve optimal SRP. Nonetheless, our rat model of
microembolization is, to our knowledge, the closest in
vivo replicant of MVO and serves as a useful, if
simple, platform upon which testing fundamental
mechanisms of SRP is possible.

The hemodynamic effect of LNAME causes an
increase in vascular resistance, and we cannot exclude
this as contributing to blunting of US/MB effect.
However, the consequences of eNOS blockade will
always result in hemodynamic changes and it is not
possible to eliminate this effect under normal
physiological conditions. Also, LNAME is not specific
for inhibition of endothelial NO synthase alone.
Therefore we cannot exclude the effects of other forms
of NO synthase (iNOS, nNOS) on modulating NO and
playing a role in SRP efficacy.

Finally, the microbubbles were injected
intra-arterially in the hindlimb feeding vessel in this
study, in contrast to other sonothrombolysis studies
where MB were given intravenously. This maximized
local microbubble delivery and minimized systemic
dosing. For intravenous microbubble delivery, we
would expect similar results but this may require
adjusting MB dose.

Conclusions

These data suggest that SRP is effective in
reestablishing microvascular perfusion in the setting
of MVO and that NO plays a significant mechanistic
role. This new understanding could inform strategies
to tune SRP US regimes for optimal reperfusion of
MVO following acute myocardial infarction.
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