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Background—Albumin microbubbles that are used for contrast echocardiography persist within the myocardial
microcirculation after ischemia/reperfusion (I-R). The mechanism responsible for this phenomenon is unknown.
Methods and Results—Intravital microscopy of the microcirculation of exteriorized cremaster muscle was performed in
12 wild-type mice during intravenous injections of fluorescein-labeled microbubbles composed of albumin, anionic
lipids, or cationic lipids. Injections were performed at baseline and after 30 to 90 minutes of I-R in 8 mice and 2 hours
after intrascrotal tumor necrosis factor-␣ (TNF-␣) in 4 mice. Microbubble adherence at baseline was uncommon (⬍2/50
high-power fields). After I-R, adherence increased (P⬍0.05) to 9⫾5 and 5⫾4 per 50 high-power fields for albumin and
anionic lipid microbubbles, respectively, due to their attachment to leukocytes adherent to the venular endothelium.
TNF-␣ produced even greater microbubble binding, regardless of the microbubble shell composition. The degree of
microbubble attachment correlated (r⫽0.84 to 0.91) with the number of adhered leukocytes. Flow cytometry revealed
that microbubbles preferentially attached to activated leukocytes. Albumin microbubble attachment was inhibited by
blocking the leukocyte ␤2-integrin Mac-1, whereas lipid microbubble binding was inhibited when incubations were
performed in complement-depleted or heat-inactivated serum rather than control serum.
Conclusions—Microvascular attachment of albumin and lipid microbubbles in the setting of I-R and TNF-␣–induced
inflammation is due to their ␤2-integrin– and complement-mediated binding to activated leukocytes adherent to the
venular wall. Thus, microbubble persistence on contrast ultrasonography may be useful for the detection and monitoring
of leukocyte adhesion in inflammatory diseases. (Circulation. 2000;101:668-675.)
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release, expression of leukocyte adhesion molecules on the
endothelial surface, and activation of leukocyte integrins.6,7
Integrins, which are responsible for the firm adhesion of
leukocytes on the endothelium of postcapillary venules, also
mediate leukocyte interactions with denatured proteins,8,9
including albumin, which forms the shell of several microbubble contrast agents.10 Serum complement proteins are also
important in the immune response after I-R.11 Among other
functions, complement proteins promote the phagocytosis of
foreign or abnormal particles by attaching to their surface and
then binding to complement receptors on leukocytes. This
process of opsonization is at least in part responsible for
interactions between leukocytes and liposomal membranes,12,13 the shells of which are similar to those of lipid
microbubble agents.10
In the present study, we hypothesized that activated leukocytes adherent to the venular endothelial surface bind micro-

lthough the microvascular rheology of sonicated albumin microbubbles is similar to that of red blood cells
(RBCs) in normal myocardium,1,2 their microcirculatory transit is abnormally prolonged in myocardial regions undergoing
ischemia followed by reperfusion (I-R).3 The exact mechanism for the persistence of albumin microbubbles in injured
tissue is not known. Based on experimental observations,
proposed putative mechanisms include charge-specific interactions with the endothelium in regions where the glycocalyx
is compromised3 and direct adherence to exposed subendothelial extracellular matrix.4
Many different processes contribute to the structural and
functional abnormalities of the microcirculation after I-R.
Oxygen-derived free radicals play a role in early inflammatory responses after reperfusion and promote leukocyte adhesion.5 This response is characterized by local chemokine
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bubbles and contribute to their prolonged transit after I-R.
Intravital microscopy was used to investigate the interactions
between microbubbles and activated leukocytes in vivo. The
hypothesis that leukocyte integrins, serum complement, or
both are responsible for these interactions was tested in vitro
with the use of flow cytometry.

Methods
Materials and Antibodies
Fluorescein-labeled perfluorocarbon-filled microbubbles with shells
composed of albumin (Optison; Mallinckrodt Medical, Inc) or lipids
containing either anionic or cationic components (MP1950⫺ and
MP1950⫹, respectively; Mallinckrodt Medical, Inc) were used. The
mean sizes for these microbubbles ranged from 3.9 to 5.4 m, and
their mean concentrations, measured before each experiment with
the use of an hemocytometer (Fisher Scientific), ranged from 1.8 to
4.0⫻108/mL.
Murine anti-human monoclonal antibodies (MAbs) were used for
the in vitro experiments to block leukocyte integrins Mac-1 (␣m␤2)
and VLA-4 (␣4␤1); these included 2LPM19c (DAKO), an IgG1
against the human CD11b (␣m) component of Mac-1, and P4G9
(DAKO), an IgG3 against the human CD49d (␣4) component of
VLA-4. Murine IgG1 antibody (Biodesign International) with no
known cross-reactivity with human cells was used as a nonbinding
control, and BL-E/G3 (Biodesign International), a murine IgG1
against human CD43, was used as a leukocyte-binding control MAb.
Flow cytometry performed after indirect immunostaining with FITCconjugated goat anti-mouse IgG F(ab⬘)2 (Biodesign International)
confirmed that 2LPM19c bound mostly to neutrophils and monocytes, that P4G9 bound mostly to lymphocytes, and that BL-E/G3
bound to all leukocytes.
Control serum was obtained from healthy adult volunteers, and a
portion was placed in a 57°C water bath for 30 minutes to inactivate
the complement. Complement-depleted human serum (Quidell Corp)
treated with methylamine and containing 2 mmol/L CaCl2 and MgCl2
was used to evaluate the importance of the C3 component in
microbubble attachment.

Animal Preparation
The study protocol was approved by the Animal Research Committee at the University of Virginia. Twelve male wild-type C57BL/6
mice weighing between 22 and 31 g were anesthetized with an
intraperitoneal injection (12.5 L/g) of a solution containing 10
mg/mL ketamine hydrochloride, 1 mg/mL xylazine, and 0.02 mg/mL
atropine. Body temperature was maintained at 37°C with a heating
pad. Both jugular veins were cannulated for the administration of
microbubbles and drugs. Anesthesia was maintained with the intravenous administration of 0.1 mg pentobarbital every ⬇45 minutes as
needed.
Either the right or the left cremaster muscle was prepared for
intravital microscopy as previously described.14 The muscle was
exteriorized through a scrotal incision and secured to a translucent
pedestal. A longitudinal incision was made in the muscle, the edges
were secured to the pedestal, and the epididymis and testicle were
gently pinned to the side. The preparation was superfused continuously with isothermic bicarbonate-buffered saline.

Intravital Microscopy
Microscopic observations were made with an intravital microscope
(Axioskop FS; Carl Zeiss, Inc) with a saline immersion objective
(SW 40/0.75 numerical aperture). Epifluorescence was performed
with an excitation filter for fluorescein (450 to 490 nm) with a light
source interfaced to a strobe (model 11360; Chadwick-Helmuth) that
flashed at 30 Hz. Video recordings were made with a high-resolution
camera (VE-1000CD; Dage-MTI) connected to an S-VHS recorder
(Panasonic; Matsushita Electric Co). Centerline venular RBC velocities were measured with a dual photodiode15 and converted to mean
blood flow velocities through multiplication by an empirical factor of
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0.625.16 Shear rates (␥w) were determined with the following
equation:

␥ W⫽2.12(8Vb)/d
where Vb is the mean blood velocity, d is the vessel diameter, and
2.12 is a correction factor for the shape of the velocity profile.17
Venular diameters were measured off-line with the use of video
calipers. Freeze-frame advancing allowed the tracking of individual
rolling leukocytes over a distance of 30 to 100 m. The total distance
traveled was divided by the elapsed time to derive the mean rolling
velocity. The number of rolling leukocytes was determined by
counting leukocytes crossing a line perpendicular to the vessel for 1
minute. Leukocyte rolling flux fraction (F), which reflects the
percentage of leukocytes passing through a venule that are rolling,
was calculated with the following equation:
F⫽rn/(0.25d2䡠Vb䡠60䡠CL)
where rn is the number of rolling leukocytes in 1 minute, d is the
vessel diameter, Vb is the centerline blood velocity, and CL is the
systemic blood leukocyte concentration.18 Adherent leukocytes,
which are defined as those not moving for ⱖ30 seconds, were
counted and expressed per venular surface area, calculated from the
diameter and length measured with the use of video calipers (with the
assumption of cylindrical geometry).

In Vivo Protocols
Eight wild-type mice were used to assess microbubble behavior after
I-R. Before ischemia, 3 cremaster venules with diameters of 25 to
40 m were recorded under transillumination for 1 minute each,
followed by the measurement of centerline blood velocity. Approximately 4.0⫻107 microbubbles of each type (volume range 100 to
220 L) were injected in random order separated by periods of 8 to
10 minutes. At 2 minutes after each injection, 50 random high-power
fields, encompassing arterioles, venules, and capillaries, were
scanned for ⬇2 minutes with the use of fluorescent epi-illumination.
Brief transillumination was used to confirm the presence of normal
flow in a vessel when adherent microbubbles were identified. Blood
flow was then interrupted for 30 to 90 minutes with the use of a
ligature placed around the cremasteric artery just proximal to the
muscle and, if present, around the major feeding artery connecting
the cremaster to the epididymis. The microcirculation was monitored
to ensure cessation of flow over the entire ischemic period. After 20
minutes of reflow, microbubble administration was again performed
as described. The 3 venular segments recorded before ischemia were
identified, and postreperfusion video recordings and velocity measurements were made.
Four wild-type mice were studied to assess microbubble behavior
during tumor necrosis factor-␣ (TNF-␣)–induced inflammation.
Intrascrotal injections of 0.5 g murine recombinant TNF-␣ (Genzyme Corp) in 0.2 mL saline were performed 2 hours before
dissection of the cremaster muscle. Video recordings and velocity
measurements of 3 venules and microbubble injections were performed in a manner similar to the I-R protocol.

Flow Cytometry
Blood was obtained from healthy adult volunteers and anticoagulated
with heparin (10 U/mL). The cellular fraction was separated through
centrifugation and washed twice. Leukocytes were labeled with
1 mol/L rhodamine-6G (Molecular Probes) for 30 minutes. Cells
were then washed, resuspended in PBS, and analyzed for leukocyte
concentration through the use of hemocytometric measurements of
Kimura-stained samples. A portion of the cells were activated by 10
nmol/L phorbol-12-myristate-13-acetate (PMA) (Sigma Chemical
Co) for 15 minutes at 37°C before use.
Approximately 2⫻106 activated or nonactivated leukocytes were
placed in 0.2 mL of PBS containing 2 mmol/L MgCl2 and combined
with 2⫻107 albumin or MP1950⫺ microbubbles. Total volume was
brought to 0.5 mL by the addition of serum, heat-inactivated serum,
or C3-depleted serum. Additional samples containing serum were
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Venular Hemodynamic Parameters and Leukocyte Rolling and Adhesion Data
I-R
Baseline

Reperfusion

TNF-␣

24

18

12

Venules, n
Venular diameter, m

34.6⫾6.4

35.8⫾6.2

36.8⫾4.6

Blood velocity, m/s

1152⫾321

1449⫾311*

1021⫾388

Wall shear rate, s⫺1

962⫾234

1198⫾427*

775⫾344

Leukocyte flux fraction

0.19⫾0.06

0.14⫾0.09

0.11⫾0.10

Leukocyte rolling velocity, m/s⫺1

36.7⫾19.3

28.8⫾18.0†

12.2⫾14.5‡

Leukocyte adherence, mm⫺2

365⫾117

603⫾136†

1206⫾81‡

*P⬍0.05 compared with TNF-␣ data.
†P⬍0.05 compared with baseline data.
‡P⬍0.01 compared with both baseline and reperfusion data.

prepared that contained 10 g of binding or nonbinding control
antibody, 2LPM19c, or P4G9. All samples were gently agitated
during 3-minute incubations at 37°C. RBCs present in the samples
were hypotonically lysed with NH4Cl (150 mmol/L). Suspensions
were analyzed with a flow cytometer (FACScan; Becton Dickinson),
and the results of 3 separate studies were averaged. Differences
between leukocyte and microbubble side and forward light scatter
permitted the exclusion (through gating) of free microbubbles from
analysis. Data are displayed as green (fluorescein)-versus-red (rhodamine) fluorescence and as histograms of green fluorescence in a
gated population.

Statistical Analysis
Data are expressed as mean⫾SD. Comparisons of behavior of
different microbubbles were made with repeated measures ANOVA.
Correlations between leukocyte rolling or adherence and microbubble attachment were made with multiple regression analysis.
Differences were considered significant at P⬍0.05 (2-sided).

Results
Hemodynamics and Leukocyte Adhesion After I-R
and TNF-␣
Ischemia was followed by successful reperfusion of the
cremaster muscle in 6 of 8 mice. The duration of ischemia
was 30, 60, or 90 minutes (2 mice each). In mice undergoing
I-R, venular mean blood flow velocity and shear rate were
slightly higher after reperfusion compared with baseline,
probably as a result of hyperemia (Table 1). Leukocyte
rolling was observed in postcapillary venules even before
ischemia (Table 1). The mean rolling velocity (36.9⫾
19.3 m/s) and flux fraction (0.19⫾0.06) were consistent
with those previously reported early after exteriorization of
the cremaster muscle.14 Under these conditions, rolling is
mediated by rapid mobilization of P-selectin on the endothelial surface after surgical trauma.14 After I-R, the mean
leukocyte flux fraction decreased slightly, and the mean
rolling velocity decreased significantly by 22%. The mean
number of adherent leukocytes nearly doubled after I-R.
There was no relation between the duration of ischemia and
either rolling flux fraction or the number of adherent
leukocytes.
Compared with I-R, TNF-␣ resulted in a more pronounced
reduction in mean leukocyte rolling velocity and greater
adherence (Table 1). The low calculated leukocyte flux
fraction is characteristic of TNF-␣–induced inflammation19

and most likely results from the rapid arrest of leukocytes
after rolling for a limited distance.20

Microbubble Behavior After I-R and TNF-␣
At baseline, almost all microbubbles passed unimpeded
through the microcirculation, whereas after I-R and TNF-␣
activation, many attached to the surface of leukocytes adherent to the endothelial surface of postcapillary venules. Figure
1 illustrates venules from 2 different mice after I-R (Figure
1A) and TNF-␣ activation (Figure 1B). Images obtained
through transillumination demonstrated a greater degree of
leukocyte adherence after TNF- ␣ . Fluorescent epiillumination of the same venular segments revealed the
attachment of fluorescein-labeled albumin microbubbles to
individual leukocytes (Figure 1A) or to clusters of leukocytes
(Figure 1B) adherent to the venular surface. Occasionally,
adherent leukocytes coupled with microbubbles were seen to
detach and either roll for a short distance and adhere in a new
location or to join streamline flow, conveying the microbubbles with them.
The mean numbers of microbubbles that attached to
adherent leukocytes are depicted in Figure 2. At baseline,
microbubble attachment was uncommon (⬍2 per 50 highpower fields) and increased after I-R for the albumin and
MP1950⫺ but not the MP1950⫹ microbubbles. In comparison,
TNF-␣ resulted in much greater attachment for all 3 microbubble agents. Microbubble rolling along the endothelial
surface was uncommon (6% of all interacting microbubbles)
and was due to attachment to slowly (⬍10 m/s) rolling
leukocytes. Significant correlations (r⫽0.84 to 0.91) were
noted between the attachment of microbubbles and the degree
of leukocyte adhesion (Figure 3). There was no correlation
between microbubble attachment and leukocyte rolling flux
fraction.

Flow Cytometry
Potential mechanisms of interactions between leukocytes and
microbubbles were evaluated with the use of flow cytometry.
Leukocytes were gated according to their characteristic forward and side scatter (Figure 4A), which excluded events
attributable to free microbubbles. Activated leukocytes labeled with rhodamine-6G had high red fluorescent activity
with little overlap into the green spectrum (Figure 4B).
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Figure 1. Images obtained during transillumination (left) and fluorescent epi-illumination (right) of venular segments after I-R (A) and
TNF-␣ (B) after intravenous injections of fluorescein-labeled albumin microbubbles. A, 25% of leukocytes visible in venule were adherent, and remainder were rolling. B, 70% of leukocytes were adherent, and remainder were rolling. Arrows denote leukocytes adherent
to the venule to which microbubbles attached. See text for details.

Interactions between leukocytes and fluorescein-labeled microbubbles were indicated by the appearance of events in the
upper right quadrant (combined red and green fluorescence)
when cells were combined with albumin or MP1950⫺ microbubbles (Figure 4B). Wide variability in the extent of green
fluorescence likely represented variation in microbubble size
and the number of microbubbles attached to each leukocyte.
The percentage of leukocytes binding albumin or MP1950⫺
microbubbles was 51⫾8% and 46⫾8%, respectively.
In the green fluorescence histograms, activated leukocytes
exhibited little activity, whereas albumin microbubbles were

Figure 2. Mean⫾SEM number of microbubbles persisting within
microcirculation at baseline, after I-R, and after TNF-␣. HPF
indicates high-power field. *P⬍0.05 compared with baseline.
†P⬍0.01 compared with baseline and I-R.

strongly fluorescent (Figure 5). When incubated together,
leukocyte/microbubble complexes were evident on the basis
of the appearance of green fluorescence associated with
leukocytes and occurred to a much greater extent with
activated than with nonactivated leukocytes (311⫾34% increase in proportion of cells binding fluorescent microbubbles). Free microbubbles were excluded from these analyses by their scatter characteristics. A slight rightward shift of
leukocytes without microbubbles was observed reflecting the
nonspecific absorption of free fluorochrome, and greater
fluorescence for complexes compared with microbubbles
alone likely represents the attachment of multiple microbubbles. Interactions between albumin microbubbles and
activated leukocytes were largely blocked (61⫾8% reduction
in proportion of cells binding microbubbles) by the MAb
against the CD11b component of Mac-1 (2LPM19c). No
inhibition occurred with the MAb against VLA-4 (P4G9), the
isotype control, or the binding control MAb against CD43.
There was a small inhibitory effect when activated leukocytes
and albumin microbubbles were incubated in the presence of
heat-inactivated or C3-depleted rather than control serum.
As illustrated by the examples in Figure 6, the extent of
MP1950⫺ microbubble attachment was greater with activated
than with nonactivated leukocytes (232⫾34% increase in
proportion of cells binding microbubbles). Attachment was
not inhibited by MAb against Mac-1, VLA-4, or either of the
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Figure 3. Relation between mean number of adherent leukocytes and number of adhered microbubbles in 50 high-power
fields (HPFs) in mice at baseline (E), after I-R (Œ), and with
TNF-␣ (䡺).

control antibodies. MP1950⫺ attachment was greatly diminished when incubations were performed in heat-inactivated or
C3-depleted serum (73⫾10% and 71⫾12% reduction in
proportion of cells binding microbubbles).

Discussion
The new finding of this study is that albumin and lipid
microbubbles bind to activated leukocytes that have adhered
to postcapillary venules in response to I-R or cytokine-induced inflammation. Interactions between leukocytes and
albumin microbubbles are mediated largely by leukocyte
␤2-integrins, whereas those between leukocytes and lipid
microbubbles are mediated by serum complement. Together,
these findings suggest that microbubble agents traditionally
used to assess perfusion may also have applications for the
noninvasive assessment of inflammation.

Affinity of Microbubbles for
Inflamed Microvessels
One aim of the present study was to define the mechanisms
responsible for the persistent myocardial opacification after
albumin microbubble injections into injured vascular beds.3,21
Previous studies have described normal appearance (wash-in)
rates but delayed decay (wash-out) rates of albumin microbubbles after I-R.3 These results are consistent with the

Figure 4. Flow cytometry data illustrating side vs forward light
scatter gated to leukocyte population (A) and green vs red fluorescent intensity for rhodamine-6G–labeled leukocytes alone
and in combination with binding fluorescein-labeled albumin or
MP1950⫺ microbubbles (B).

microbubble/leukocyte interactions observed in the present
study. We previously postulated that the disruption of the
negatively charged glycocalyx, resulting from oxygenderived free radical formation after I-R,22 could promote
attachment of anionic albumin microbubbles to the endothelial surface.3 More severe endothelial injury may also expose
the subendothelial matrix to which albumin microbubbles
may adhere.4 Although we did not directly study the glycocalyx or endothelial cell integrity in the present study, our
results indicate that activated leukocytes play an even more
important role in microbubble attachment after I-R. The
previous association between microbubble persistence and
glycocalyx injury may be indirect, because disruption of the
glycocalyx may promote the adhesion of leukocytes.23
Our hypothesis that microbubbles adhere preferentially to
activated leukocytes via certain adhesion molecules was
based in part on our observations that microbubbles attached
only to adherent or very slowly rolling leukocytes. Trauma
incurred during exteriorization of the cremaster muscle results in leukocyte rolling in venules, mediated by interactions
between endothelial P-selectin and its glycoprotein ligand on
the leukocyte surface.14,18 This early leukocyte rolling neither
requires nor causes leukocyte activation but rather represents
an initial step of the inflammatory cascade.24 Microbubble
attachment to rolling leukocytes at baseline was not observed.
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Figure 5. Histograms of green fluorescent
intensity from flow cytometry of leukocytes
and albumin microbubbles (Alb) alone and in
combination. Events were gated to exclude
free microbubbles except for panel illustrating
microbubbles alone. Microbubble attachment
to activated leukocytes was inhibited by 61%
by MAb against Mac-1. See text for details.

The arrest of leukocytes is mediated in large part by
integrins that, when activated, interact with immunoglobulin
receptors (ICAM-1, VCAM-1) and other ligands on the
endothelial surface.24 In this study, firm leukocyte adherence
at baseline caused by surgical trauma was very limited and
appeared to be responsible for the few microbubbles persisting before ischemia. Venular leukocyte adhesion was much
more pronounced after I-R or TNF-␣ activation. The extent of
microbubble attachment in the microcirculation correlated
with the number of adherent leukocytes. The few instances in
which microbubbles attached to rolling leukocytes occurred
mostly in mice treated with TNF-␣. The rolling velocities of
these leukocyte were very slow, which likely represents
␤2-integrin activation.20 In accordance with these findings,
microbubble attachment to leukocytes measured with flow
cytometry was markedly enhanced when leukocytes were
activated with PMA.

Mediators of Microbubble/Leukocyte Interactions
The finding that albumin microbubble binding to leukocytes
is mediated by the ␤2-integrin Mac-1 is not unexpected.
Mac-1 plays a critical role in neutrophil and monocyte
adhesion to various substrates, including many proteins
normally found in the extracellular matrix and serum, such as

albumin.8,9,25 The binding of isolated human leukocytes and
monocyte-differentiated HL-60 cells to albumin after their
activation with PMA or formyl-methionyl-leucylphenylalanine can be almost entirely inhibited by MAb
blockade of the CD18 subunit of the ␤2-integrins8,9 or the
CD11b subunit specific for Mac-1.7 In the present study, in
vitro interactions between activated leukocytes and albumin
microbubbles were greatly inhibited by an MAb against
Mac-1 that has been shown to inhibit neutrophil binding to
ICAM-1 and fibrinogen by blocking the I domain on the
CD11b subunit.26,27 Neither VLA-4, which has been reported
to bind denatured albumin,28 nor complement was necessary
for binding.
Our finding that lipid microbubbles persist in the microcirculation during injury by means of attachment to activated
leukocytes is new. Earlier investigations have identified
mechanisms responsible for leukocyte interactions with liposomes, which are similar in shell composition to lipid
microbubbles. Both leukocytes and phagocytic cells of the
reticuloendothelial system bind liposomes in a process that is
at least in part complement dependent and influenced by the
membrane lipid composition.12,13,29 Complement-mediated
uptake is greater for charged than for neutral liposomes.13,29
Our results indicate that anionic lipid microbubbles similarly
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Figure 6. Histograms of green fluorescent
intensity from flow cytometry of leukocytes and MP1950⫺ microbubbles alone
and in combination. Events were gated to
exclude free microbubbles except for
panel illustrating microbubbles alone.
Microbubble attachment to activated leukocytes when incubations were performed
with heat-inactivated (HI) or C3-depleted
serum compared with control serum were
inhibited by 81% and 78%, respectively.
See text for details.

attach to activated leukocytes in a complement-dependent
fashion. The enhanced binding of lipid microbubbles when
leukocytes were activated with PMA is consistent with
known inducible surface expression of complement
receptors.30

Study Limitations
In the present study, microbubble behavior was assessed in
the cremaster muscle rather than the myocardium where
initial observations of microbubble persistence were made.
Although intravital microscopy of cardiac tissue is possible,31
the resolution is limited and rapid scanning of multiple fields
is difficult. Whether microbubbles attach to circulating leukocytes could not be determined with the use of intravital
microscopy.
Although both anionic and cationic lipid microbubbles
attached to leukocytes after TNF-␣ activation, only the
anionic microbubbles appeared to bind after I-R.
Complement-dependent clearance of liposomes varies according to charge, with anionic and cationic liposomes
preferentially activating the classic and alternate pathways,

respectively.13 I-R preferentially activates complement via
the classic pathway,11 which is consistent with the observation of preferential binding of anionic microbubbles in this
setting.
Although leukocyte interactions with albumin microbubbles were greatly attenuated with 2LPM19c, they were
not eliminated. The mechanisms responsible for residual
binding were not elucidated in the study, although some of
the most likely mediators were ruled out. Potential mechanisms for complement-independent interactions between lipid
microbubbles and leukocytes remain to be explored and
include direct adsorption or leukocyte scavenger receptors.32

Clinical Implications
The interactions between activated leukocytes and microbubbles described in the present study suggest that the degree
of contrast enhancement may provide a means to diagnose
and quantify inflammation in almost any organ system that is
accessible to ultrasound imaging. This application would
have clinical potential in the management of a wide range of
disorders without recourse to more invasive procedures, such

Lindner et al
as tissue biopsy, or less specific serologic markers of inflammation. Microbubble/leukocyte interactions could be also
used to localize drug- or gene-conjugated microbubbles to
specific sites of inflammation and then to destroy them with
ultrasonography,33 thereby providing high local concentrations of these agents. Further studies are required to define the
clinical potential of our observations.
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