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Abstract: Delayed cerebral vasospasm following subarachnoid hemorrhage causes severe
ischemic neurologic deficits leading to permanent neurologic dysfunction or death. Reduced
intravascular and perivascular nitric oxide (NO) availability is a primary pathophysiology of
cerebral vasospasm. In this study, we evaluated NO-loaded echogenic liposomes (NO-ELIP)
for ultrasound-facilitated NO delivery to produce vasodilation for treatment of vasospasm fol-
lowing subarachnoid hemorrhage. We investigated the vasodilative effects of NO released from
NO-ELIP both ex vivo and in vivo. Liposomes containing phospholipids and cholesterol were
prepared, and NO was encapsulated. The encapsulation and release of NO from NO-ELIP were
determined by the syringe/vacuum method and ultrasound imaging. The ex vivo vasodilative
effect of NO-ELIP was investigated using rabbit carotid arteries. Arterial vasodilation was clearly
observed with NO-ELIP exposed to Doppler ultrasound whereas there was little vasodilative
effect without exposure to Doppler ultrasound in the presence of red blood cells. Penetration of
NO into the arterial wall was determined by fluorescent microscopy. The vasodilative effects of
intravenously administered NO-ELIP in vivo were determined in a rat subarachnoid hemorrhage
model. NO-ELIP with ultrasound activation over the carotid artery demonstrated effective arte-
rial vasodilation in vivo resulting in improved neurologic function. This novel methodology for
ultrasound-controlled delivery of NO has the potential for therapeutic treatment of vasospasm
following subarachnoid hemorrhage. This ultrasound-controlled release strategy provides a new
avenue for targeted bioactive gas and therapeutic delivery for improved stroke treatment.
Keywords: vasospasm, vasodilation, subarachnoid hemorrhage, nitric oxide, liposomes,
ultrasound

Introduction

A number of bioactive gases such as nitric oxide (NO),! hydrogen sulfide,?? carbon
monoxide,*® and xenon” have potent therapeutic effects. A typical method for delivery
of therapeutic gases is inhalation. The US Food and Drug Administration approved
inhaled NO for treatment of patients with persistent pulmonary hypertension.® However,
efficient delivery of a sufficient amount of NO to target tissues by inhalation is chal-
lenging due to the presence of endogenous NO scavengers such as hemoglobin in the
circulation.’ Therefore, a more effective delivery strategy is required for local delivery
of therapeutic gases.

NO plays a primary role in the regulation of vascular tone.'” Cerebral vasospasm
following subarachnoid hemorrhage causes severe ischemic neurologic deficits lead-
ing to permanent neurologic dysfunction or death.!' Reduced availability of NO in
blood and cerebrospinal fluid is one of the important mechanisms underlying cerebral
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vasospasm, a complication of subarachnoid hemorrhage.''-'3
Hemoglobin released following aneurysmal rupture inhib-
its NO production of endothelial nitric oxide synthase and
decreases NO availability for smooth muscle cells, leading
to vasoconstriction.!"* Successful delivery of NO to the
cerebral arteries may help prevent the genesis of cerebral
vasospasm and provide cerebral vascular relaxation in
patients with subarachnoid hemorrhage.'

Ultrasound contrast agents usually contain a perfluor-
carbon gas stabilized by a shell of biocompatible material
such as protein,' lipid,'*" or polymer.?’ We have recently
developed a novel methodology to encapsulate bioactive
gases replacing air into our liposomal nanovehicles.?%
Coencapsulation of NO with argon enabled us to adjust the
amount of encapsulated NO. A total of 10 uL of gas was
encapsulated into 1 mg of liposomes. The release profile
of NO from NO-loaded echogenic liposomes (NO-ELIP)
demonstrated an initial rapid release followed by a slower
release up to 8 hours. Sixty-eight percent of the vascular
smooth muscle cells remained viable when incubated with
80 pg/mL of NO/argon (1/9)-ELIP for 4 hours. NO delivery
to vascular smooth muscle cells by the use of NO/argon-ELIP
was 7-fold greater than unencapsulated NO. We have found
that NO/argon at a ratio of 1:9 in ELIP is an effective agent
for delivering NO to vascular smooth muscle cells even in
the presence of hemoglobin, an NO scavenger. We have
demonstrated that both pulsed diagnostic ultrasound and
continuous ultrasound can be utilized to enhance therapeutic
release from ELIP>?7

In this study, we evaluated NO-ELIP for ultrasound-
facilitated site-specific NO delivery to produce vasodilation
affecting vasospasm following subarachnoid hemorrhage.
We investigated the vasodilative effects of NO released from
NO-ELIP following ultrasound exposure in in vitro, ex vivo,
and in vivo models.

Materials and methods
Preparation of NO-ELIP

For the in vitro and ex vivo studies, liposomes were com-
posed of 1,2-dipalmitoyl-sn-glycero-3-ethylphosphocholine
(Genzyme Corporation, Cambridge, MA, USA), 1,2-dioleoyl-
sn-glycero-3-phosphocholine (DOPC, Avanti Polar Lipids,
Alabaster, AL, USA), and cholesterol (Avanti Polar Lipids)
at a molar ratio of 60:30:10.

For the in vivo study, liposomes were composed of 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine (Avanti Polar
Lipids), 1,2-dioleoyl-sn-glycero-3-phosphocholine, and
cholesterol at a molar ratio of 60:30:10 with the addition

of 6% (molar ratio) carbonyl-methoxypolyethyleneglycol-
2000-2-dipalmitoyl-sn-glycero-3-phosphoethanolamine
(PEG2000-DPPE) for prolonged circulating time. Addition
of PEG-phosphoethanolamine improves circulation time.
In a previous study, we have shown intravenous injection
of this ELIP formulation with ultrasound release over the
carotid artery resulted in an enhanced effect using another
bioactive gas encapsulated ELIP.2

Lipids (5 mg) were mixed in chloroform and vaporized
with argon in a 50°C water bath to form a thin film on a glass
vial wall. The lipid film was placed under high vacuum (<100
Torr) for 4-6 hours to remove the solvent completely. The
dried lipid film was hydrated with 0.32 M deoxygenated man-
nitol and sonicated for 5 minutes. The sonicated liposomes
were transferred to a 2 mL glass vial capped with a Teflon
rubber septum. A mixture (10 mL) of NO (Specialty Gases
of America Inc, Toledo, OH, USA) and argon (Matheson
Tri-Gas, Houston, TX, USA) at a ratio of 1:9 was purified
by bubbling through deoxygenated 5 M NaOH.? The gas-
eous mixture of NO and argon was injected into the glass
vial through a Teflon rubber septum using a 12 mL syringe
attached to a 27G X 0.5 inch needle. The pressurized lipo-
somal dispersion was frozen at —70°C for 30 minutes.

In order to quantitate the amount of NO encapsulated
in NO-ELIP, the vial cap was removed, the pressure in the
vial released, and the liposomal dispersion allowed to thaw.
Passive release profiles of NO gas from the NO-ELIP were
determined in vitro by measuring the remaining amount of
gas in the NO-ELIP at room temperature under atmospheric
pressure.

In vitro ultrasound-triggered NO

release from NO-ELIP

Encapsulation and release of NO from NO-ELIP was
determined using a previously developed syringe/vacuum
method," and confirmed by measuring the echogenicity of the
liposomes using transvascular ultrasound imaging. NO-ELIP
(380 uL) was added into 19 mL of phosphate-buffered saline
(PBS) (Gibco™, Invitrogen Co, Carlsbad, CA, USA) to
obtain a 50 x dilution factor. Diluted NO-ELIP (4 mL) was
injected into a 5 cm long latex tubing (1/4 inch ID, 3/8 inch
OD, 1/16 inch TH, McMaster-Carr, Atlanta, GA, USA)
submerged in degassed water above an acoustic absorber pad
(Precision Acoustics LTD, Dorchester, Dorset, UK) at room
temperature under atmospheric pressure. A transvascular
ultrasound transducer (Vivid i, GE Healthcare, Milwaukee,
WI, USA) was placed 5 mm above the tubing, and 5.7 MHz
color Doppler ultrasound (mechanical index 0.15, pulse
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repetition frequency 8 kHz) was applied for 60 seconds for
ultrasound-triggered gas release. The amount of remaining
gas in the NO-ELIP was measured at 0, 10, 20, 30, 40, and
60 seconds after exposure to Doppler ultrasound. The amount
of NO released (V) from the NO-ELIP was determined
by subtracting the remaining NO amount (Vpost) from the ini-
tial NO amount (V. at time 0) in the NO-ELIP at each time
point. Ultrasound-triggered NO release data at 60 seconds
was compared with the passive release (ie, without exposure
to Doppler ultrasound). The enhanced NO release by Doppler
ultrasound activation was confirmed by measuring the change
of NO-ELIP echogenicity in B-mode ultrasound image data
collected while applying Doppler ultrasound. Echogenicity
of NO-ELIP inside the latex tubing (20 mm X 3 mm) was
determined using Image-Pro Plus software (Media Cybernet-
ics Inc, Bethesda, MD, USA).

Ex vivo ultrasound-controlled NO-ELIP

delivery for vasodilation

All animal experiments were approved by the animal welfare
committee at The University of Texas Health Science Center
at Houston. New Zealand White rabbits (n = 5) weighing
3.0-4.5 kg were anesthetized with ketamine 35 mg/kg, xyla-
zine 5 mg/kg, and 1%-3% isoflurane. Rabbit erythrocytes
were obtained prior to sacrifice of the animals and kept at
0°C. Erythrocytes were diluted to 10% using PBS and the
diluted red blood cell solution was utilized for the ex vivo
experiments. Carotid arteries were harvested after sacrifice.
The arteries were kept fresh in PBS at —4°C and cut into
15 segments within 2 hours following excision.

Due to the ultrasound reflectivity in the currently avail-
able perfusion myograph systems, we designed a water
bath with an acoustic absorber on the bottom to minimize
ultrasound reflection. A one-way flow system was utilized to
allow the rabbit carotid arteries to be perfused and exposed
to 5.7 MHz color Doppler ultrasound (mechanical index
0.15, pulse repetition frequency 8 kHz) at room tempera-
ture (Figure 1A). A 500 mL stock reservoir of PBS with or
without 10% of rabbit erythrocytes was placed 106.68 cm
above the level where the artery was located to create pres-
sure on the artery mimicking physiologic blood pressure.
Latex tubing was used to connect the reservoir to the artery.
The artery was immersed in the flow chamber filled with
PBS. An acoustic absorber was placed beneath the artery
to minimize ultrasonic reflection from the tank bottom. A
transvascular ultrasound transducer (Vivid i) was placed
0.5 cm above the artery for ultrasound exposure. B-mode
ultrasound imaging was used to measure changes in the

vessel diameter and color Doppler mode was used to trigger
the release of NO from NO-ELIP.

Four treatment groups were tested: NO-ELIP treatment
without ultrasound exposure in the absence of erythrocytes,
NO-ELIP treatment with ultrasound exposure in the absence
of erythrocytes, NO-ELIP treatment without ultrasound expo-
sure in the presence of erythrocytes, and NO-ELIP treatment
with ultrasound exposure in the presence of erythrocytes.
B-mode ultrasound imaging of the arterial segment was
performed prior to NO-ELIP injection in the flow system
at baseline. Using the same transvascular ultrasound trans-
ducer, color Doppler mode was activated over the arterial
segment for 30 seconds for the ultrasound exposure groups.
B-mode ultrasound images were recorded again 2 minutes
following NO-ELIP injection to measure changes in arterial
diameter.

Ultrasound images of the arterial segment along the axial
direction were recorded in digital format using the transvascu-
lar ultrasound system, and transferred to a personal computer
to quantitate the arterial diameters. Figure 1B demonstrates
a representative B-mode ultrasound image of a rabbit arte-
rial segment. Both edges of the near-wall and far-wall of the
artery can be clearly distinguished. The luminal diameter
of each artery before and 2 minutes following NO-ELIP
injection was measured using Image-Pro Plus software. The
arterial diameter was measured at three locations (Figure 1B)
across the arterial segment and averaged.

Specific uptake of NO by vascular smooth muscle cells in
the arterial wall was determined by the 4,5-diaminofluorescein
diacetate (DAF-2DA) fluorometric detection system
(Calbiochem, San Diego, CA, USA). DAF-2DA is a non-
fluorescent agent that can readily diffuse into cells and be
converted into DAF-2 by cytosolic esterase inside living
cells.?® When NO is delivered into vascular smooth muscle
cells, NO reacts with DAF-2, a non-fluorescent dye, to gener-
ate DAF-2T, a fluorescent triazole derivative.

Following ultrasound image data acquisition, the arteries
were sliced at 4 mm intervals, immersed in optimal cut-
ting temperature compound, frozen on dry ice, and stored
at —80°C. Frozen sections from the NO-ELIP treatment
groups were cut into 10 um thickness using a cryostat and
mounted on glass slides. DAF-2DA working solution (10 uL,
1:500 diluted in PBS) was added to each slide as a NO-
fluorescent agent.? The uptake of NO by vascular smooth
muscle cells was assessed by fluorescence microscopy at
40 x and 100 x magnifications. Distribution and penetra-
tion of NO across the arterial wall with or without Doppler
ultrasound exposure were determined.
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Figure | (A) Schematic of the ex vivo experimental setup with a rabbit carotid artery to investigate the vasodilative effects of NO-ELIP with and without ultrasound
application. (B) Representative B-mode ultrasound image of a rabbit carotid arterial segment. Both edges of the near wall and far wall of the artery can be clearly distinguished.
(C) Schematic of the in vivo experimental setup to determine vasodilative effects of ultrasound-controlled NO-ELIP delivery. The ultrasound probe was placed over the
carotid artery to trigger NO release from the intravenously administered NO-ELIP.

Abbreviations: NO, nitric oxide; NO-ELIP, NO-loaded echogenic liposomes; PBS, phosphate-buffered saline; w/, with; w/o, without; SAH, subarachnoid hemorrhage; MCA,

middle cerebral artery.

In vivo ultrasound-controlled NO-ELIP

delivery for cerebral vasodilation

A total of 20 Sprague Dawley male rats (260280 g; Harlan Lab-
oratories Inc., Indianapolis, IN, USA) were utilized to determine
the vasodilative effect of NO delivered by NO-ELIP following
subarachnoid hemorrhage in vivo (Figure 1C). Anesthesia was
induced by intraperitoneal injection of a cocktail solution of
ketamine 25 mg/mL, diazepam 2 mg/mL, and atropine 0.1 mg/mL
at a dose of 2.5 mL/kg prior to surgery. Bupivacaine 0.25%
(Hospira, Inc, Lake Forest, IL, USA) 2.0 mg/kg was injected
subcutaneously to provide topical analgesia at the surgical site.
During the operation, a temperature-controlled heating pad was
used to maintain the rectal temperature at 37.5°C.

Six groups were evaluated, comprising sham control,
subarachnoid hemorrhage control, NO-ELIP treatment
following subarachnoid hemorrhage, NO-ELIP with
ultrasound exposure following subarachnoid hemorrhage,
exposure to ELIP without NO loading following subarach-
noid hemorrhage, and NO solution following subarachnoid
hemorrhage. The internal carotid artery was exposed through
a midline neck incision using an operating microscope.
Subarachnoid hemorrhage was induced by endovascular
perforation of the right middle cerebral artery using a sharp
tip 3—0 nylon monofilament.** Regional blood flow in the
middle cerebral artery was monitored during the surgery
using a laser Doppler flow meter to ensure the proper puncture
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on the artery. An immediate decrease in cerebral blood flow
in the middle cerebral artery supplying area was considered
as a sign of subarachnoid hemorrhage induction. Rats without
a cerebral blood flow decrease were excluded.

For the treatment groups, NO-ELIP (500 pg, 1 mg/mL)
was infused via the right femoral vein at 30 minutes after
subarachnoid hemorrhage onset for a period of 45 minutes.
For the ultrasound exposure group, a 1 MHz ultrasound
probe (Sonitron 2000, Rich-Mar Corporation, Inola, OK,
USA) was placed over the internal carotid artery to trigger
NO release from NO-ELIP during NO-ELIP infusion. Ultra-
sound gel was used to fill the interface between the internal
carotid artery and the ultrasound probe to ensure adequate
acoustic coupling. Continuous wave ultrasound was set with
a peak-to-peak pressure amplitude of 0.30 MPa (1 W/cm?,
50% duty cycle).?!

Neurologic assessment was performed 24 hours after
subarachnoid hemorrhage using three different behavioral
tests.?*3? All behavioral tests were conducted in a quiet and
low-lit room by an observer blinded with respect to the treat-
ment groups. Each animal was tested for motor function and
neurologic outcomes by recording their ability to perform
limb placing, beam walking, and grid walking on the day
following subarachnoid hemorrhage.?

Following the behavioral tests, a second dose of NO-
ELIP (confirmation of vasodilation) was administered for
10 minutes via the tail vein. Ultrasound was again used for
additive NO release in group 4 (NO-ELIP with ultrasound
exposure). Since we can only histologically measure the
luminal dimension after NO-ELIP injection, in order to
observe the immediate vasodilative effect of NO delivered by
NO-ELIP, the rat was perfused with 300 mL of PBS solution
and reperfused with a mixture of 4% paraformaldehyde and
2.5% glutaraldehyde by means of transthoracic cannulation
of the left ventricle immediately after NO-ELIP injection.
The brains were immediately harvested and placed in the
fixative solution for 24 hours. Coronal sections were cut
every 500 um over the area affected by subarachnoid hemor-
rhage (15 sections per animal) and stained with hematoxylin
and eosin. The degree of vasospasm was determined by
measuring luminal areas of the posterior communicating
artery. The ratio of luminal area to total arterial area was
calculated by image analysis.

Statistical analysis

SigmaStat (version 3.5, Systat Software Inc, Point Richmond,
CA, USA) was utilized for data analysis. The Wilcoxon
rank sum test was utilized for comparison of two groups.

For comparisons of multiple groups, the Kruskal-Wallis
analysis of variance of ranks and median test were used to
assess differences between the treatment groups. A value of
P < 0.05 was considered to be statistically significant. All
data are presented as the mean with the standard error.

Results

Encapsulation and release of NO
Encapsulation and release of NO from NO-ELIP was
determined. The average volume of encapsulated NO/argon
mixture in the NO-ELIP was 45 uL £ 13 pL. This volume
remained stable (41 UL + 15 pL) at room temperature under
atmospheric pressure over 60 seconds without exposure to
ultrasound, ie, under passive release (Figure 2A). Upon expo-
sure to Doppler ultrasound, 21% and 50% of the encapsulated
gas was released at 10 and 30 seconds, respectively. Release
of'the entrapped gas was almost complete at 60 seconds under
exposure to Doppler ultrasound.

The mean grayscale values (0, black; 255, white) of the
region of interest filled with NO-ELIP inside the latex tubing
were measured (Figure 2B and C). The initial mean grayscale
value prior to Doppler ultrasound application was 106 + 33.
This decreased by approximately 55% at 30 seconds under
exposure to Doppler ultrasound, and reached 25 + 10 (76%
decrease) at 60 seconds. The decreased echogenicity over
time corresponded to the NO release profile from NO-ELIP
(Figure 2A).

Ex vivo vasodilation by ultrasound-

controlled NO delivery
Vasodilative effects caused by NO-ELIP treatment in the
rabbit carotid artery were investigated in the ex vivo model
with respect to ultrasound exposure in the presence of red
blood cells (Figure 3). In the absence of erythrocytes (ie,
only PBS), NO-ELIP exposed to Doppler ultrasound induced
greater arterial dilation (6.6% + 3.6%) than without exposure
to Doppler ultrasound (2.9% =+ 2.6%). In the presence of
erythrocytes, NO-ELIP demonstrated vasodilative effects
only with Doppler ultrasound activation (2.9% + 1.8%). There
was no vasodilation without Doppler ultrasound, presumably
due to the scavenging effect of the erythrocytes.
Penetration of NO released from NO-ELIP into the
arterial wall is demonstrated in Figure 4. Distribution of NO
across the arterial wall is colored green using DAF-2DA
fluorometry. Without exposure to Doppler ultrasound, the
media appeared pale green presumably due to interference
from the cytosol of the arterial cells, and NO penetration was
displayed primarily in the vicinity of the intima. Deeper and
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Figure 2 (A) Percentage changes of the released gas amount from NO-ELIP with
and without Doppler ultrasound application. (B) Changes in echogenicity of NO-
ELIP under Doppler ultrasound exposure. Echogenicity of NO-ELIP decreased as the
encapsulated NO was released. (C) Representative B-mode ultrasound images of
NO-ELIP under flow inside the latex tubing before and 60 seconds after ultrasound
activation demonstrating the change of echogenicity.

Abbreviations: NO, nitric oxide; NO-ELIP, NO-loaded echogenic liposomes;
SEM, standard error of the mean; vs, versus; ROI, region of interest; MGSV, mean
grayscale value.

greater penetration of NO into the intima, media, and adven-
titia was clearly observed when NO-ELIP were exposed to
Doppler ultrasound. The nuclei of the cells appear blue in
the fluorescent images.

In vivo ultrasound-controlled NO-ELIP

delivery for cerebral vasodilation

The in vivo vasodilative effect of intravenously adminis-
tered NO-ELIP in combination with ultrasound application
was determined by histologic analysis and behavioral tests.
The ratio of luminal area to total arterial area in the sham
model was 0.48 + 0.02 (Figure 5). Following subarachnoid
hemorrhage, the ratio of luminal area to total arterial area
decreased to 0.35 £ 0.04 (P < 0.05 versus sham). NO-ELIP
inhibited subarachnoid hemorrhage-induced vasospasm and

the average ratio of luminal area to total arterial area was
0.46£0.04 (P < 0.05 versus subarachnoid hemorrhage). Both
ELIP only and NO solution treatments revealed little effect
on the ratio of luminal area to total arterial area (0.33 £ 0.03
and 0.34 £0.03, respectively). Although ultrasound activation
with NO-ELIP administration further increased the inhibition
of vasospasm resulting in the ratio of luminal area to total
arterial area of 0.48 £ 0.02 (P < 0.05 versus subarachnoid
hemorrhage, P =0.74 versus subarachnoid hemorrhage +NO-
ELIP), there was no difference in the ratio of luminal area
to total arterial area between the NO-ELIP and NO-ELIP/
ultrasound treatment groups. This may be due to giving the
NO-ELIP or NO ELIP/US treatment on day 2 of subarachnoid
hemorrhage (this experiment was used to confirm vasodila-
tion; not for quantifying the degree of vasodilation).

Behavioral tests demonstrated improved neurologic
function for both the NO-ELIP and NO-ELIP/US treatment
groups (Figure 6). Animals without treatment following
subarachnoid hemorrhage showed substantial deficits in
locomotor performance. NO-ELIP treatment improved
locomotor performance in all behavioral tests. Animals with
NO-ELIP treatment combined with ultrasound exposure
demonstrated further improved neurologic functions overall
in all behavioral tests.

Discussion

The present study demonstrates the feasibility of NO-loaded
liposomes for acute vasodilation. The use of ELIP as a gas
delivery vehicle can protect NO gas from scavenging by cir-
culating hemoglobin. Ultrasound exposure has the potential
to release the gaseous payload to target tissues for enhanced
therapeutic effect. This strategy can provide efficient NO
delivery to generate sufficient local NO concentration for
vasodilative and neuroprotective effects.

In addition to protecting NO in the circulation and
facilitating ultrasound-controlled release, ELIP have many
other advantages as bioactive gas delivery agents. First, the
gas concentration encapsulated in ELIP can be adjusted by
changing the ratio of NO and argon gases or by changing the
magnitude of pressure in the preparation procedure. In this
study, a mixture of NO and argon at a ratio of 1:9 encapsulated
under 9 atm pressure was utilized to produce a total volume of
45 uL £ 13 uL encapsulated into 5 mg of lipids.** Second, the
average size of our ELIP is 800 nm. They can be conjugated
with antibodies for targeted delivery.?>** Other investigators
have employed similar strategies using immunoliposomes
targeted to inflammation in myocardial infarction. Third, ELIP
can have both hydrophobic and hydrophilic cores due to its
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Figure 3 Arterial vasodilation induced by NO-ELIP with and without exposure to pulsed Doppler ultrasound in the absence and presence of erythrocytes.
Abbreviations: NO, nitric oxide; NO-ELIP, NO-loaded echogenic liposomes; SEM, standard error of the mean; US, ultrasound.

bilayered lipid structure. Gas bodies are considered hydropho-
bic and are likely encapsulated in the liposomal hydrophobic
core or within the lipid monolayer inside the liposomes. This
provides gas-loaded liposomes with the capability of coen-
capsulating a hydrophilic drug such as sildenafil, a potent and
selective inhibitor of cGMP-specific phosphodiesterase type 5,
into the liposomal hydrophilic core, potentially enabling con-
trolled release of both a gas and a drug from these ELIP.
Acoustic cavitation is the process of formation and col-
lapse of gas bubbles in a liquid due to acoustic pressure.
Cavitation can be divided into two types, ie, noninertial
(or stable) cavitation and inertial (or transient) cavitation.
Noninertial cavitation is defined as cavitation bubbles
expanding and contracting upon acoustic rarefaction and
compression, without growing to critical collapse size.

Without
ultrasound

With
ultrasound

Figure 4 Penetration of NO released from NO-ELIP into a rabbit carotid arterial
wall with and without pulsed Doppler ultrasound application in an ex vivo setting.
Abbreviations: NO, nitric oxide; NO-ELIP, NO-loaded echogenic liposomes.

Inertial cavitation is characterized by the rapid collapse of
microbubbles, leading to fragmentation.*

We examined two different types of ultrasound, pulsed
Doppler and continuous (mechanical) ultrasound, to inves-
tigate the vasodilative effects of ultrasound-triggered NO
release from NO-ELIP. Arterial vasodilation was clearly
observed with NO-ELIP exposed to pulsed Doppler ex vivo
compared to little vasodilative effect without exposure to
Doppler in the presence of red blood cells (Figure 3). We have
previously demonstrated that pulsed Doppler ultrasound with
a center frequency of 6.0 MHz and mechanical index value
between 0.1 and 0.5 induces acoustically driven gas diffusion
with air-containing ELIP3¢ This finding has practical impor-
tance because low acoustic pressures without inertial cavita-
tion can potentially produce less or no damage to biological
tissues. NO-ELIP with continuous mechanical ultrasound
activation over the carotid artery also demonstrated effective
arterial vasodilation in vivo, resulting in improved neurologic
function (Figure 5). Further studies will more accurately
determine the relationship between the types of ultrasound,
ultrasound parameters, and rate and amount of gas release
under various blood flow rates for in vivo applications.

NO has numerous and diverse biological activities, but
as a gas it is too labile for vascular delivery in vivo. The
half-life of NO in the circulation is only 1.8 milliseconds.
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Figure 5 (A) Representative cerebral arterial segments stained with hematoxylin and eosin. (B) Normalized luminal area with respect to total arterial area demonstrating
vasodilative effects of NO-ELIP on subarachnoid hemorrhage-induced vasospasm in a rat subarachnoid hemorrhage model.
Abbreviations: NO, nitric oxide; NO-ELIP, NO-loaded echogenic liposomes; SAH, subarachnoid hemorrhage; US, ultrasound; SEM, standard error of the mean.
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Figure 6 Behavioral assessment 24 hours after subarachnoid hemorrhage. (A) Limb placement, (B) beam walking, and (C) grid walking. All behavioral tests demonstrated
improved neurologic function with NO-ELIP treatment in a rat subarachnoid hemorrhage model.
Abbreviations: NO, nitric oxide; NO-ELIP, NO-loaded echogenic liposomes; SEM, standard error of the mean; SAH, subarachnoid hemorrhage; US, ultrasound.
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Encapsulation of NO into ELIP can protect NO from
scavenging by hemoglobin. To evaluate NO release from
NO-ELIP, the encapsulation and release of NO from NO-
ELIP were determined by measuring NO release in ELIP
using a previously developed syringe/vacuum method."
This method helps overcome drawbacks of chemical meth-
ods on detection/detectability of NO when NO scavengers
are present. In order to evaluate the biologic effects of
the NO released from NO-ELIP, vasodilation was studied
in an open-circuit perfusion system with erythrocytes in
perfusion solution. Our results demonstrated that encap-
sulation of NO into ELIP can protect NO from scavenging
by hemoglobin.

Although encapsulation of NO into ELIP can protect
NO from scavenging by erythrocytes, NO released locally
from NO-ELIP can still be under the effect of erythrocytes if
released too far from the arterial wall. This can be overcome
by using positively charged NO-ELIP or antibody-conjugated
NO-ELIP that can attach to the vascular endothelium prior
to ultrasound application. In this study, we used positively
charged liposomes that can attach to the vascular endothelium
and successfully demonstrated vasodilation with ultrasound
application. The development of site-specific targeted NO-
ELIP will boost delivery efficiency. The bioactive gas deliv-
ery methodology described in this study can be utilized for
protection and release of other therapeutic gases that have
short survival time, lack of donors, or unpleasant inhala-
tion odors.

Ultrasound not only triggers local NO release from
NO-ELIP but also enhances NO penetration into the arterial
wall. Although many therapeutic agents have demonstrated
efficient pharmacologic effects in vascular diseases in vitro
and with animal models, they often fail to achieve the same
effects in humans. One of the most important contributing
factors to this phenomenon is insufficient local penetra-
tion into the vascular wall. Even after reaching a sufficient
local concentration, the transport of therapeutic agents
from blood into the vascular wall through the endothe-
lium often remains problematic. Uptake of therapeutic
agents by the arterial wall is dependent on diffusion and
transendothelial permeability as well as the molecular
weight, hydrophobic/hydrophilic balance, and electrostatic
charge of the therapeutic.’” Gases can be considered small
molecules that can readily cross the endothelial barrier.?®
A further advantage of ultrasound-controlled local release is
the radiation force effects that can enhance the recruitment
of liposomes into the arterial wall.?* Doppler ultrasound
exposure for 60 seconds releases about 40 UL of NO from

NO-ELIP, while less than 5 uL of NO is released without
triggering by ultrasound (Figure 2).

To visualize NO uptake into the arterial wall, DAF-2DA
staining was performed on frozen tissue sections. A limita-
tion of the DAF-2DA method for NO detection is autofluo-
rescence from the artery. However, the most important goal
using this approach was to visualize NO distribution. Our
data demonstrated efficient NO diffusion into the intima but
not in the media without exposure to ultrasound (Figure 4).
With ultrasound activation, enhanced NO distribution was
clearly observed across the entire arterial wall. This indi-
cates that ultrasound effectively enhances the total amount
of NO penetrating the arterial wall in an appropriately short
time period. Histologic imaging confirmed close colocation
of green fluorescence with cell nuclei (blue, diamidino-
2-phenylindole staining) in the media. This confirms NO
distribution into the smooth muscle cells with resultant
vasodilation. Further experiments using an autofluorescence
quench method and precise quantitation of NO distribution
in an arterial wall will further help us to understand the exact
mechanisms of NO delivery.

In addition to being a potent regulator of cerebral
arterial tone, NO can provide neuroprotection and anti-
microthrombosis, increase cerebral ischemic tolerance, and
promote endothelial cell function.*® Cerebral NO levels
decrease in the first hours following subarachnoid hemor-
rhage and recover at 24 hours.*! In the present study, we
delivered NO at 30 minutes after subarachnoid hemorrhage.
It is clear that NO-ELIP improved neurologic function after
subarachnoid hemorrhage. This occurred with or without
ultrasound exposure. However, when ultrasound was applied,
it further enhanced the effect of NO-ELIP on neurologic
improvement without increasing the vasodilative effect
(Figure 6). This indicates that neurologic improvement
with ultrasound exposure can be related to both direct NO
neuroprotective effects and indirect neuroprotection due to
vasodilation. The second NO-ELIP injection at 24 hours after
subarachnoid hemorrhage was meant to confirm NO-ELIP-
associated vasodilation. It cannot answer the extra effect
of ultrasound for greater NO release as evidenced in the
neurologic behavior test results. We do not as yet know the
optimal therapeutic dose of NO-ELIP. A higher concentra-
tion may be needed for maximal neuroprotection following
subarachnoid hemorrhage. To confirm NO ELIP-induced
vasodilation only, the second NO-ELIP administration was
performed 24 hours after stroke onset.

Although our ultimate goal is to identify an optimal Dop-
pler ultrasound pulse sequence for clinical gas or drug release
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from our ELIP, we used an ultrasound transducer specifically
made for small animal use in our initial in vivo experiments.
No matter which ultrasound instrument is ultimately used,
the acoustic rarefactional pressure and center frequency (or
mechanical index) are the key parameters. We have calibrated
the acoustic output of the ultrasound transducer (Sonitron
2000) to determine accurately the pressure output and beam
characteristics.’! An ultrasound probe (8 mm diameter,
1.0 MHz, 1 W/cm?, 50% duty cycle) with peak-to-peak
acoustic pressure of 0.30 MPa was used over the rat carotid
artery to trigger NO release. For in vitro study, color Doppler
ultrasound (5.7 MHz, mechanical index 0.15, pulse repeti-
tion frequency 8 kHz) with a similar acoustic rarefactional
pressure was employed.

NO was used as a prototype therapeutic gas for ELIP
entrapment. Our ELIP have the ability to encapsulate other
bioactive gases, such as xenon, that can similarly increase
endothelial and adventitial penetration upon release. This
novel therapeutic gas delivery method provides a solid foun-
dation for developing ultrasound-based strategies for targeted
delivery of bioactive gases.

Precise in vivo evaluation of cerebral vasospasm caused
by subarachnoid hemorrhage has remained an unsolved issue
in experimental small animal models. In our studies, in vivo
vasodilation was evaluated ex vivo by histologic methods.
Features of modeling corrugated internal elastic lamina
(Figure 5) and reduced lumen area indicated vasospasm.
Although the endovascular perforation model mimics the
events of human aneurysm rupture, future studies using a
cranial window with an autologous blood injection approach
may allow real-time observation of changes in blood vessel
diameter. However, because the autologous blood injection
approach does not exactly mimic human subarachnoid hem-
orrhage, other models may need to be developed to confirm
NO-ELIP vasodilation further.

In the present study, ultrasound exposure demonstrated a
further beneficial effect with improved neurologic function.
This may be related to additive NO release from NO-ELIP.
We do not as yet know the optimal dose of NO via NO-ELIP
needed for sufficient penetration into neuronal cells for
maximal neuroprotection following subarachnoid hemorrhage.
Using a lower dose of NO-ELIP, ultrasound may have additive
effects. This needs further investigation.

Conclusion
In this study, a novel methodology for ultrasound-controlled
delivery of NO and the potential for therapeutic treatment of

vasospasm following subarachnoid hemorrhage have been
described. This technique provides desirable properties,
including high payload concentration, modulatory gas
release profiles, protection of bioactive gas payloads against
exogenous scavengers, and successful payload delivery to
vascular cells with biological effect. This novel ultrasound-
controlled release strategy has the potential to open new
avenues for targeted bioactive gas and therapeutic delivery
for improved stroke treatment.
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