Noninvasive Imaging of Inflammation by Ultrasound
Detection of Phagocytosed Microbubbles
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Background—We have previously shown that microbubbles adhere to leukocytes in regions of inflammation. V
hypothesized that these microbubbles are phagocytosed by neutrophils and monocytes and remain acoustically :
permitting their detection in inflamed tissue.

Methods and Results-In vitro studies were performed in which activated leukocytes were incubated with albumin or lipi
microbubbles and observed under microscopy. Microbubbles attached to the surface of activated neutrophils
monocytes, were phagocytosed, and remained intact for up to 30 minutes. The rate of destruction of the phagocy
microbubbles on exposure to ultrasound was 1€5s0.05) than that of free microbubbles at all acoustic pressures
applied. Intravital microscopy and simultaneous ultrasound imaging of the cremaster muscle was performed in 6 1
to determine whether phagocytosed microbubbles could be detected in vivo. Fifteen minutes after intravenous inje
of fluorescein-labeled microbubbles, when the blood-pool concentration was negligible, the number of phagocyto
attached microbubbles within venules was 7-fold greater in tumor necrosis ta¢ioWf-«)—treated animals than in
control animals P<<0.01). This increase in retained microbubbles resulted in a 5- to 6-fold-gr&até.{1) degree of
ultrasound contrast enhancement than in controls.

Conclusions—After attaching to activated neutrophils and monocytes, microbubbles are phagocytosed intact. Des
viscoelastic damping, phagocytosed microbubbles remain responsive to ultrasound and can be detected by ultra
in vivo after clearance of freely circulating microbubbles from the blood pool. Thus, contrast ultrasound has poter
for imaging sites of inflammationCirculation. 2000;102:531-538.)
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e have recently demonstrated that microbubbles attachthereby permitting their detection at sites of inflammation. To
to activated leukocytes that are adherent to the endo- investigate these hypotheses, in vitro studies were performed
thelium of postcapillary venules after ischemia-reperfusion to determine the leukocyte cell types involved and to assess
and during tumor necrosis factar{ TNF-a)—induced inflam- the responses of phagocytosed microbubbles to ultrasounc
mation! The extent of microbubble attachment correlates (US). The feasibility of imaging these microbubbles in vivo
with the degree of inflammatioh.This phenomenon is  was assessed by means of simultaneous intravital microscopy
probably responsible for the prolonged myocardial opacifica- and US imaging of inflamed cremaster muscle in mice.
tion seen after the administration of microbubbles after
myocardial ischemia and reperfusidn. Methods
We have shown that microbubble binding to leukocytes is . .
influenced by the composition of the microbubble shell. Microbubbles and Isolation of Leukocytes
Microbubbles composed of albumin adhere primarily through Perfluorocarbon gas—filled microbubbles with shells composed of

. . either albumin or lipid (Optison or MP1950, Mallinckrodt Medical)
the leukocyteB-integrin Mac-1 (CD11b/CD18), whereas were used. Lipid microbubbles contained phosphatidylcholine, a

lipid microbubbles adhere through opsonization by serum syrfactant, and a fluorescein derivative of phosphatidylethanolamine
complement. The cell types responsible for leukocyte- ina molar ratio of~75:15:1. The microbubble size ranged from 2.8
microbubble interaction and the fate of microbubbles after to 4.1um. Approximately 210" microbubbles were used for each
their attachment to activated leukocytes is unknown. in vitro experiment

In thi tud h thesized that microbubbl Leukocytes were isolated from whole blood collected from
n this study, we hypothesize at microbubbles are healthy volunteers. A portion of this blood was used to obtain serum

phagocytosed by activated leukocytes that express Mac-1 antand the remainder was anticoagulated with heparin (10 U/mL).
other complement receptors and remain acoustically active, Neutrophil and monocyte/lymphocyte fractions were isolated with
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Figure 1. Examples of green fluorescence histograms obtained by flow cytometry of (A) leukocytes or microbubbles alone or (B) after
incubation of lipid microbubbles with neutrophils (nonactivated and PMA-activated). See text for details.

Ficoll-Hypaque density gradient centrifugation (Mono-Poly, ICN containing 2% osmium tetroxide for 30 minutes. They were centri-
Pharmaceutical$)washed twice, and resuspended in PBS. Leuko- fuged, washed in PBS, fixed in 2% glutaraldehyde/paraformalde-
cyte concentrations were determined with hemocytometer measure-hyde, dehydrated in a graded series of acetone, and embedded i
ments of Kimura-stained samples. For each in vivo experiment, epoxy resin. Thin sections were stained with saturated uranyl acetate
2x10 leukocytes were combined with 0.2 mL of serum and 0.2 ML and lead citrate. Observations were made at final magpnification of
of PBS containing 2 mmol/L MgGland CaCl. Leukocytes were X 6600 with a transmission electron microscope (100CX, Jeol).
activated by 10 nmol/L phorbol myristate acetate (PMA) 15 minutes

before use. Microbubble Responses to US

A . To evaluate the acoustic activity of phagocytosed microbubbles, we
Determmatlon of Cell Types Re.SponSIble for first performed in vitro studies by using a system that allowed
Leukocyte-Microbubble Interactlo.ns ) simultaneous US exposure and light microscopy. A syringe contain-
Flow cytometry was performed to determine the cell types involved jhg microbubble-leukocyte suspensions was connected to a 4- to
in leukocyte-microbubble interactions. Activated or nonactivated 6-cm segment of cellulose tubing with an internal diameter of
leukocytes were combined with fluorescein-labeled albumin or lipid 5qq wm. This tubing was immersed in a water bath secured to the
microbubbles and incubated during gentle agitation for 3 minutes at stage of a light microscope (IV500L, Mikron Instruments) and
37°C. Red blood cells were hypotonically lysed, and samples were positioned in the focal planes of a water immersion objective (SW

analyzed with a flow cytometer (FACScan, Becton Dickinson). - .

Separate analysis was performed for neutrophils, monocytes, andtloolld'3 num\%lggl leiperturez _and a_2.2§>—2/IHz, spk&grlclall); focusrt]edtﬁs

lymphocytes by gating according to their characteristic side and ransducer ( » Faname rics) oriented perpendicular to each other
The transducer was interfaced to a square-wave pulse generato

forward light-scatter patterrfsGating also permitted exclusion of )
free microbubbles from analysisExperiments were performed in ~ (SP-801A, Ritec) to produce broad-band pulsesafS cycles at the

duplicate, and the data were displayed as histograms of greencenter frequency. Acoustic pressure m_easuren_wents were made at th
fluorescence in a gated population. focal plane before each experiment with a calibrated needle hydro-
phone (PZT 2422-0200, Specialty Engineering Associates).
Activated leukocyte and microbubble suspensions were placed in
a microinjector (IM-5B, Narishige) that allowed positioning of a
single cell or microbubble in the optical field. Free and phagocytosed
microbubbles were repeatedly exposed to single pulses of US with
e peak negative acoustic pressures-0400, —940, or —1600 kPa.
Recordings were made with a video camera (Motioncorder 1000,

Temporal Characterization of
Microbubble-Leukocyte Interactions
Microscopy was performed to determine the fate of microbubbles
after their attachment to activated leukocytes. Sampleg.(5Qvere
removed 3, 15, and 30 minutes after activated leukocytes wer
incubated with microbubbles, placed on a slide, and observed with an . ‘ -
inverted microscope (Axiovert, Carl Zeiss) with an oil-immersion Kodak) interfaced with an S-VHS recorder (AG-1980, Panasonic).
objective (<100/1.3 numerical aperture). A minimum of 50 cells Mlcrobubple diameters were measured off-line Wlt_h video call_-
were identified under transillumination and classified according to Pers, and microbubble volume was calculated assuming a spherical
whether they interacted (by attachment or phagocytosis) with geometry. The rate of reduction in microbubble size during US
microbubbles. pulsing was determined by fitting a monoexponential function,
For transmission electron microscopy (TEM), samples (L&) y=e #+C, to the relation between pulse number and microbubble
from the leukocyte-microbubble suspensions were placed in an volume, wherey is normalized microbubble volumg, is the time
equivalent volume of 0.1 mol/L sodium cacodylate buffer (pH 7.5) constant of the decay, and C is a constant.
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Albumin

Figure 2. Images obtained on light
microscopy illustrating microbubble
attachment to surface of activated neu-
trophils at 3 minutes and phagocytosis of
microbubbles by 15 minutes. At 30 min-
utes, only lipid microbubbles remained
intact. Scale bars=2.5 pm.

Lipid

3 min 15 min 30 min

In Vivo Detection of Phagocytosed Microbubbles Cent_erline ve_nular rgd blood cell velocitie_s were measured with a
The study protocol was approved by the animal research committee dual-slit pho_t_odlodé (Clrc_uSth Instrumentation) and converted to
at the University of Virginia. Six male wild-type C57BL/6 mice (22 dmean yelc()jcgles by mulftlptl1y|ng by.0.622’5132h%e\1/r /rglteshy(,v) were

to 30 g) were anesthetized with an intraperitoneal injection of a tr:atermlnebl ydmealms_to ggfﬁuatlwpl d ( l;) » where \g'sﬁ i
solution containing ketamine hydrochloride, xylazine, and atropine. "¢ Méan biood velocity, d IS the vessel diameter measured oti-line
Body temperature was maintained at 37°C with a heating pad. Both wnt;lwgeo-ﬁahperf, aknd 2121is ? correctlﬁn factor for Fhe velocity
jugular veins were cannulated for administration of microbubbles gtre?:cl)r?dsAdwgrr:n(t:oiL;nggytaesa d:xln;i:: dt Osre Cg;;?;wglﬁgge are:
and drugs. Anesthesia was maintained with intravenous administra- ! P P ‘

8 . - calculated from offline diameter and length measurements.
tion of 0.1 mg pentobarbital every 45 minutes as needed. A cremaster US was performed with a Sonos 5500 system (Agilent Technol-
muscle was prepared for intravital microscépyhe muscle was

o e ogies) with harmonic imaging at transmit and receive frequencies of
exteriorized through a scrotal incision and secured to a translucent g 44 3.6 MHz, respectively. The US transducer was placed in a
pedestal. A longitudinal incision was made in the muscle, and the h4ih containing isothermic bicarbonate-buffered saline surrounding
edges were secured to the pedestal. The preparation was superfuseghe pedestal and positioned perpendicular to the microscope objec-
Microscopic observations were made with an intravital micro- ysed. Gain was optimized at the beginning of each experiment and
scope (Axioskop 2 FS, Carl Zeiss, Inc) with a saline immersion was held constant. The US pulsing interval (P1) was controlled with
objective (SW 40/0.8 numerical aperture). Epifluorescent imaging an internal timer. Video recordings were made with an S-VHS
was performed with an excitation filter for fluorescein (460 to 500 recorder (MD-830, Panasonic).
nm). Video recordings were made with a high-resolution CCD Inflammation of the cremaster was produced in 3 mice by
camera (C2400, Hamamatsu Photonics) connected to an S-VHSintrascrotal injection of 0.5ug of murine recombinant TNie-
recorder (S9500, JVC). (Sigma) in 0.2 mL saline 2 hours before dissection, and 3 mice

Albumin

Figure 3. Images obtained by TEM con-
firming phagocytosis of microbubbles by
activated neutrophils. Separation of albu-
min shell from surrounding cytoplasm in
image at 15 minutes was due to partial
deflation of microbubble during fixation.
At 30 minutes, lipid microbubbles
remained intact, whereas albumin micro-
bubbles were degraded into shell frag-
ments and intracellular gas. Scale
bars=2 um.
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Figure 4. Images obtained on light
microscopy illustrating effect of single
pulses of US (P through P,) at peak neg-
ative acoustic pressures of —400, —940,
and —1600 kPa on phagocytosed albu-
min microbubbles. Examples of neutrophil
cell membrane disruption and distortion
at —1600 kPa are shown. See text for
details. BL indicates baseline.

served as controls. Observations were made in venules with diame-tion of microbubbles (adhered, phagocytosed, and freely circulating);

ters between 25 and 40m. To assess venular hemodynamics and

that of the next frame should reflect microbubbles that have either

the degree of leukocyte adhesion, 3 venules were recorded undemot been destroyed or that have reentered the region from the

transillumination followed by measurement of centerline blood
velocity. Immediately after intravenous injection ok20 fluores

circulating blood pool! If the microbubble blood pool concentration
is low, and if nearly all microbubbles are destroyed by the first US

cein-labeled microbubbles, 20 separate high-power fields encom- pulse, then the VI should be much lower in the second than in first
passing the venules were observed over a period of 2 minutes with pulse. Accordingly, on resumption of US imaging, a first set of 5
fluorescent epi-illumination. These observations were repeated 15 images was obtained at a Pl of 0.5 seconds followed by a second se
minutes after injection of microbubbles. Because of the potential of of 3 images at a Pl of 30 seconds. The second set of images was

US to destroy microbubblesio US examination was not performed
at either of these 2 stages.

US imaging was initiated 17 minutes after microbubble injection,
when the blood pool concentration of freely circulating microbubbles
should be negligible. The video intensity (VI) in the first frame on

obtained to assess the signal from freely circulating microbubbles,
because microbubble replenishment into tissue should be complete
30 seconds after a US pulse.

US images were analyzed offline as previously descriBed.
Several precontrast frames (obtained before microbubble injection)

resumption of US imaging should reflect the total tissue concentra- were averaged to create a baseline image. This image was ther

Albumin
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TABLE 1. Venular Hemodynamic Parameters and Leukocyte activated leukocytes, ranging from 1 to 6 microbubbles per
Adhesion Data in Control and TNF-a-treated Mice leukocyte. Most of these microbubbles were phagocytosed
Control TNF-ot intact py 15 minutes. By 30 minutes, h.owever, intracellular
T S S albumin m|crobubblgs were degraded into .shellland bubble
’ fragments, whereas lipid microbubbles remained intact. At all
Venular diameter, jum 34.6+36 306+438 time points, the percentage of cells interacting with either
Blood velocity, um - s~ 17782431 1906378 microbubble type was lesP€0.05) for the lymphocyte-
Wall shear rate, s~ 804+270 979x222 monocyte fraction than for neutrophils<{0% compared
Leukocyte adherence, mm—2 201101 1546+=210* with >50% of cells).
*P<0.0001 compared with TNF-a data. Confirmation of the intracellular location of microbubbles

was made with TEM (Figure 3), since microbubbles attached
subtracted from each of the images from the first set as well as a t0 leukocytes might assume a polar orientation on the cell

similarly averaged image from the second set. surface as the result of buoyancy and therefore appear to be
o ] intracellular on light microscopy. At 30 minutes, albumin
Statistical Analysis microbubble shells were significantly degraded with adjacent

Eat'a:.arr]e ‘?Xpressfot' a? ”F‘zeﬁD-tNé’mi”a' Compzﬂsg\r}z were mad(?t organelle paucity, consistent with intracellular retention of
y Fisher's exact test. Repeated-measures was used to . . -,
compare flow cytometry data and to determine differences in rate the perfluorocarbon gas (Figure 3). In comparison, lipid

constants of microbubble decay in vivo. Comparisons of in vivo data Microbubbles remained intact at this time point.
were made by means of a Studentstest. Differences were

considered significant &<0.05 (2-sided). Response of Phagocytosed Microbubbles to US
In the in vitro studies, the mean microbubble diameters before
Results US exposure were not significantly different for free versus
Cell Types Involved in phagocytosed albumin (3.#®.64 versus 2.940.62 um) or
Leukocyte-Microbubble Interactions lipid (3.42+1.06 versus 3.080.82 um) microbubbles. Fig-

On flow cytometry, fluorescein-labeled microbubbles alone Ure 4 depicts the effect of repetitive single pulses of US on the
were intensely fluorescent, whereas leukocytes had little Siz€ of single phagocytosed albumin microbubbles viewed
fluorescence (Figure 1A). Figure 1B shows examples of under light microscopy. At a low acoustic pressure400
histograms obtained after lipid microbubbles were combined KPa), €ach US pulse resulted in minimal change in micro-
with neutrophils and free microbubbles were excluded from Pubble size compared with baseline. At a moderate acoustic
analysis by gating to light-scatter pattern. Microbubble at- Pressure €940 kPa), individual pulses of US resulted in
tachment to neutrophils was indicated by the appearance of aSequential reductions in microbubble size until destruction

fluorescent peak associated with these cells, which wasWas complete. At a high acoustic pressurelg00 kPa),
greater when cells were activated by PMA. After activation, &/oumin microbubbles were destroyed by a single US pulse.

the proportion of neutrophils interacting with microbubbles Microbubble destruction at this pressure frequently caused

increased from 0.150.03 to 0.47-0.05 P<0.05) for lipid either distortion of the cell membrane within seconds of
microbubbles and from 0.190.04 to 0.85-0.07 for albumin microbubble destruction or immediate rupture of the neutro-

microbubbles P<0.05). The proportion of monocytes inter- PNl cell membrane, indicated by collapse of the cell and
acting similarly increased from 0.38.04 to 0.60:0.05 efflux of its cytoplasmic granules into the surrounding me-
(P<0.05) and from 0.060.01 to 0.12-0.02 (P<0.05) for dium. These effects were also observed with lipid micro-

albumin and lipid microbubbles, respectively. bubple destr_uction at 1600 kPa. L .
Figure 5 illustrates the rates of decline in microbubble

Temporal Characterization of volume with repetitive pulses of US at various peak negative
Leukocyte-Microbubble Interactions a_lcoustic pressures. Peak neggtive pressurestod kPa had _
The sequence of microbubble-leukocyte interactions over little effect on phagocytosed microbubbles, regardless of their
time is illustrated in Figure 2. Early (3 minutes after their COMPOsition, but produced a gradual decline in volume of

combination), microbubbles attached to the cell surface of frée microbubbles. Ata peak negative pressure 840 kPa,
sequential US pulses resulted in incremental reductions in

microbubble volumes of both free and phagocytosed micro-
B Ao : . bubbles. At—1600 kPa, a single US pulse caused destruction
[ Liia . of all albumin microbubbles, whereas lipid microbubble
destruction required several pulses. Overall, increasing the
acoustic pressure resulted in a greatBx(.05) rate of
decline in microbubble size, irrespective of shell composition
or location (free versus intracellular). The rate of decay in
size at each pressure was lower for the intracellular micro-

@
k=)
1

N
P=3
I

%3
=3
I

Microbubble-Leukocyte Interactions

=
T

2 aa7min O2miy 117 min bubbles. The only exception was lipid microbubbles exposed
Figure 6. Mean (=SD) number of microbubble-leukocyte inter- to —1600 kPa, m. which the dlﬁe.rence in the decay rates. for
actions per 20 optical fields in control and TNF-a-treated mice. the free and intracellular microbubbles was marginal

*P<0.01 vs corresponding data for control animals. (P=0.05). The time constants of decay at this pressure were
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Figure 7. Images of cremaster muscle
from a TNF-a-treated mouse during tran-
sillumination (top) and fluorescent epi-
illumination (bottom) of venular segments
early (0 to 2 minutes) and late (15 to 17
minutes) after intravenous injections of
fluorescein-labeled albumin microbubbles.
Arrowheads indicate adhered leukocytes
on transillumination that were observed to
bind and phagocytose albumin micro-
bubbles in corresponding fluorescent
images.

Early (0-2 min)

not calculated for albumin microbubbles because of their  Figure 8 illustrates examples of US images of the cremas-
complete destruction with the first US pulse. ter muscles in a control and a TNE-treated mouse. In the
In the in vivo experiments, the mean venular diameter, control animal, the VI increased minimally 17 minutes after
blood flow velocity, and shear rate were similar in control and |ipid microbubble injection compared with baseline (precon-
TNF-a-treated mice (Table). The mean number of adherent trast) from the few freely circulating microbubbles passing
leukocytes was-7-fold higher after TNFe treatment thanin  tnrough the tissue. In comparison, intense contrast enhance
controls (Table), indicating an intense inflammatory aont was seen at this time in the TNEtreated mouse,
response. , _ , , _ which mostly represented signal from the phagocytosed/
In control mice, microbubble interactions with the feyv attached microbubbles retained at the site of inflammation.
3\2?3;2 d(IaeLkl)Z?ﬁy(t;Srlyw(%r?o uzn(;)ml?::g) :ﬁ;?atgbﬁfgvg'igsAll microbubbles were destroyed by the initial pulse of US so
that the VI in the next frame, obtained 0.5 second later, was

minutes) after their intravenous injection (Figure 6). In S
comparison, treatment with TN&-resulted in a far greater reduced and.r(.asembled that of the baseline image. The VI
increased minimally when the PI was prolonged to 30

number of microbubble interactions with the abundant adher- . > .

ent leukocytes at both time points. Microbubbles attached to S€conds, which allowed complete replenishment of the tissue
the leukocyte surface early after injection, and most appearedfom circulating microbubbles. The VI in this frame was
to be phagocytosed by 15 to 17 minutes (Figure 7), at which much less than that seen in the first frame obtained after
time freely circulating microbubbles were only occasionally Microbubble injection in the TNk—treated animal, indicat-
observed €1 microbubble transiting the venules every 10 ing that the signal from the few freely circulating micro-
seconds). Unlike in the in vitro setting, no obvious disruption bubbles was very low.

of the leukocyte membrane was observed when phagocytosed The mean background-subtracted VI from the cremaster
microbubbles were insonified. muscles of all mice is shown in Figure 9. In control mice, the

Figure 8. US images of cremaster muscle
(arrow) mounted on circular pedestal from
control and TNF-a-treated mouse

obtained before (baseline) and 17 minutes
after lipid microbubble injection. Late
images include initial frame obtained on
resumption of imaging, next frame 0.5
second later, and frame subsequently
obtained at Pl of 30 seconds.

Control

Baseline  Initial Frame PI0.5s PI 30 s
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40 we found that the cells involved were primarily neutrophils
®  Albumin and monocytes, both of which express active Mac-1 and other
301 o Lipid complement receptors on cell activatitis
X Although we have observed attachment of microbubbles in

vivo to leukocytes adherent to inflamed venular endotheli-
uml the consequent fate of these microbubbles was not

Video Intensity
[
e

=)
I

defined. In this study, we found that these microbubbles were
E % phagocytosed intact within minutes by activated leukocytes.
Initial P05 PI30 Initial PIO.5 PL30 This finding is consistent with the specific role of Mac-1 and
Control TNF-a complement receptors in immunoglobulin-independent
Figure 9. Mean (=SD) background-subtracted VI from cremas- phagocytosis?
ter muscles of control and TNF-a-treated mice from initial
frames obtained on resumption of US imaging (Initial), frames .
obtained 0.5 second later (Pl 0.5), and frames subsequently Response of Phag_ocytos_ed Mlcrobu_bb_les to US
acquired at Pl of 30 seconds. *P<0.01 vs data obtained at PI of Currently, the detection of microbubbles in tissue depends on
0.5 and 30 seconds. their nonlinear behavior in a US field as well as microbubble

_ _ destruction that occurs when acoustic pressure is sufficiently
VI was low in the initial frame obtained on resumption of hjgho.10 As illustrated in this and previous studiedree

imaging 17 minutes after injection of albumin or lipid microbubble destruction can occur with a single US pulse
microbubbles. Because of US-induced microbubble destruc- delivered at a high negative acoustic pressure. At more
tion, the VI decreased slightly on the next frame obtained 0.5 moderate acoustic pressures, the destruction is gradual, witt
second later. The mean VI from subsequent images obtainedprogressive deflation of the microbubbles with each subse-
at a Pl of 30 seconds, which represented signal from freely quent US pulse. Microbubble oscillation at moderate US
circulating microbubbles, was not significantly different from  pressures most likely results in less severe shell defects with
the initial frame. The mean background-subtracted VI on the partial release of gas into the surrounding medium or simply
initial frame on resumption of imaging 17 minutes after in augmented outward movement of gas during the compres-
microbubble injection was 5- to 6-fold greatd?<(0.01) in sive phasé.

TNF-a—treated compared with control animals. The Vionthe ~ The magnitude of US-mediated microbubble oscillations
next frame 0.5 second later was much lower as a result of will depend on several factors, including the composition of
microbubble destruction and increased only marginally at a the gas and shell as well as the degree of viscous and therma
Pl of 30 seconds from tissue replenishment by freely circu- damping617 It is probable that oscillations of the phagocy-
lating microbubbles. These results indicate that the intensetosed microbubbles in this study were damped by the vis-
signal noted on resumption of imaging 17 minutes after coelastic properties of the surrounding cellular milieu, result-
microbubble injection was due to phagocytosed or attacheding in smaller fluctuations in size and less shell damage
microbubbles retained within the inflamed tissue rather than compared with free microbubbles. As a result, a lower rate of

those freely circulating in the blood pool. decline in size was found for phagocytosed compared with
_ _ free microbubbles at moderate peak negative pressures
Discussion (—400 and—940 kPa).

We have recently reported that microbubbles attach to acti- Because of differences in the material properties of their
vated leukocytes adherent to the venular endothelium after shells, albumin and lipid microbubbles behaved somewnhat
ischemia-reperfusion and TNd—induced inflammation. differently at the highest acoustic pressure applied in our
The new information obtained from this study is that (1) experiments {1600 kPa). At this pressure, albumin micro-
neutrophils and monocytes are responsible for leukocyte- bubbles were more susceptible to destruction than lipid
microbubble interactions; (2) after attachment, microbubbles microbubbles. Destruction of either occasionally caused dis-
are phagocytosed intact; and (3) despite viscoelastic damping,ruption of the neutrophil cell membrane, probably caused by
phagocytosed microbubbles remain acoustically active, the large amplitude of microbubble oscillations at this pres-
thereby permitting their detection by US imaging of inflamed sure. Other potential mechanisms for this effect include local
tissue. These results indicate that with microbubbles, it may shock or thermal effects or membrane damage caused by
be possible to noninvasively image inflammation in organ outward shell fragmentatichThese detrimental effects on
systems accessible to US and also conceivably administerthe leukocyte noted in vitro were not reproduced in vivo at

drugs to these sites. acoustic pressures generated by US systems used clinically.
The change in microbubble size on US exposure in vitro

Characterization of indicated that despite viscoelastic damping, phagocytosed

Microbubble-Leukocyte Interactions microbubbles were acoustically active. To determine whether

We have previously shown that microbubble-leukocyte inter- phagocytosed microbubble signals could be detected in vivo,
actions are influenced by the microbubble shell composition. we imaged the cremaster muscle of mice in the presence of
Albumin microbubbles attach to leukocytes through the TNF-a—induced inflammation. The numbers of both the
B-integrin Mac-1 on the surface of the activated leukocytes, adherent leukocytes and the microbubbles interacting with
whereas lipid microbubbles attach to activated leukocytes them increased by=7-fold in TNF-a—treated animals. US
through opsonization by serum complemém. this study, imaging initiated>15 minutes after microbubble injection
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(which allowed microbubble concentration in the blood pool
to become negligible) revealed bright opacification of the

cremaster on the initial frame only in the setting of inflam-

mation. The assumption that this opacification resulted from
microbubbles associated with adherent leukocytes was sup-
ported by the abundant phagocytosed microbubbles seen by 4.

intravital microscopy performed just before initiation of US.

Only a few freely circulating microbubbles were seen and 5.
were responsible for a minimal change in VI at a Pl of 30

seconds compared with baseline.

In conclusion, we have demonstrated that microbubbles are 7.
rapidly phagocytosed intact by activated neutrophils and
monocytes and can persist intracellularly for almost half an
hour before they are degraded. In this period, microbubbles
remain acoustically active despite viscoelastic damping
caused by the cellular milieu, thereby allowing their detection
on US imaging. These findings indicate that contrast-
enhanced US may provide a useful means for the noninvasive
assessment of inflammation and to follow the response to 10
treatment. Future studies are being directed at optimizing
imaging protocols for detection of phagocytosed micro- 11,
bubbles and development of microbubbles with even greater

avidity for leukocytes.
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