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The role of nitric oxide (NO) in regulating neutrophil
migration has been investigated. Human neutrophil
migration to interleukin (IL)-8 (1 nmol/L) was mea-
sured after a 1-hour incubation using a 96-well che-
motaxis plate assay. The NO synthase inhibitor NG-
nitro-L-arginine methyl ester (L-NAME) significantly
(P < 0.001) enhanced IL-8-induced migration by up to
45%. Anti-CD18 significantly (P < 0.001) inhibited
both IL-8-induced and L-NAME enhanced migration.
Antibodies to L-selectin or PSGL-1 had no effect on
IL-8-induced migration but prevented the increased
migration to IL-8 induced by L-NAME. L-NAME induced
generation of neutrophil-derived microparticles that
was significantly (P < 0.01) greater than untreated
neutrophils or D-NAME. This microparticle formation
was dependent on calpain activity and superoxide
production. Only microparticles from L-NAME and
not untreated or D-NAME-treated neutrophils induced
a significant (P < 0.01) increase in IL-8-induced mi-
gration and transendothelial migration. Pretreatment
of microparticles with antibodies to L-selectin (DREG-
200) or PSGL-1 (PL-1) significantly (P < 0.001) inhib-
ited this effect. The ability of L-NAME-induced micro-
particles to enhance migration was found to be
dependent on the number of microparticles produced
and not an increase in microparticle surface L-selec-
tin or PSGL-1 expression. These data show that NO
can modulate neutrophil migration by regulating mi-
croparticle formation. (Am J Pathol 2008, 172:265–273;
DOI: 10.2353/ajpath.2008.070069)

Accumulation and activation of inflammatory cells is vital
to host defense but can also cause pathology. Neutro-
phils, for example, are critical for clearance of various
pathogens but also cause injury and death of host tissue
if their activity is misdirected or exaggerated.1 Induction

of inflammation is associated with increased expression
or altered avidity of adhesion molecules on endothelial
cells and leukocytes, which increases the likelihood of
interaction between these cell types.2,3 Initial attachment
and rolling of neutrophils on endothelium is principally
mediated by the selectin family of adhesion molecules,
whereas stable adhesion and transmigration out of ves-
sels is controlled by agents such as chemoattractants,
integrins, members of the immunoglobulin superfamily,
and junctional adhesion molecules.4–8

Nitric oxide (NO), a short-lived small molecule pro-
duced by most cell types, has a variety of well defined
physiological and pathophysiological roles. A strong
case for anti-inflammatory effects of NO is provided by
studies showing that pharmacological inhibition of NO or
genetic deletion of its synthases elevates leukocyte-en-
dothelial cell interaction in diverse organs and tissues.9,10

This case is supported by studies showing that NO-
releasing compounds inhibit neutrophil migration.11,12

Early investigations using human umbilical vein endothe-
lial cells suggested that NO regulates leukocyte recruit-
ment by modulating adhesion molecule expression on
endothelial cells,13,14 although more recent studies refute
this showing only minimal effects on microvascular endo-
thelial cell adhesion molecule expression in vitro15 and in
vivo.10 This suggests that regulation of adhesion by NO
may involve direct effects on leukocytes.

Regulation of neutrophil function by NO is not straight-
forward however. In apparent conflict to the above, the
NO synthase (NOS) inhibitor NG-monomethyl-L-arginine
(L-NMMA) and the NO scavenger carboxy-PTIO attenu-
ate neutrophil chemotaxis in vitro,16 and exogenously
generated NO has been reported to both induce17 and
inhibit16 neutrophil chemotaxis, supporting both pro- and
anti-inflammatory activities of this mediator. The complex-
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ities of the effects of NO on inflammatory responses were
highlighted in a recent investigation using inducible
(i)NOS-deficient mice.18 Neutrophil sequestration in the
pulmonary microvasculature in response to cecal ligation
and puncture was reduced in iNOS�/� mice compared
with wild types. In contrast, accumulation of neutrophils
in bronchoalveolar lavage fluid was enhanced in the
iNOS�/� animals, suggesting that NO can have differen-
tial effects on different stages of leukocyte recruitment.

Human neutrophils are reported to contain all three
NOS enzymes.19–23 However, it is generally accepted
that only endothelial (e)NOS is constitutively expressed in
unstimulated peripheral blood neutrophils. Depending on
levels produced, NO may be released to influence
nearby cells or may act as an intracellular messenger
regulating the activity of the cell responsible for its gen-
eration. Inside cells, NO stimulates guanylyl cyclase to
increase cGMP formation and may influence a number of
factors including chemotaxis,24 superoxide anion re-
lease,16 integrin expression,25 and F-actin polymeriza-
tion.26 These and other functional responses of neutro-
phils are highly polarized suggesting that the messenger
systems supporting them are restricted to localized intra-
cellular compartments. Discrepancies between experi-
ments dealing with inhibition of endogenous NOS versus
exogenous application of NO-generating compounds
may be partially explained by localized versus wide-
spread activity of NO.

Given the complexity surrounding regulation of inflam-
mation by NO, we used an in vitro transmigration assay to
investigate direct effects of NO inhibition on human neu-
trophils. We find that the broad-spectrum NOS inhibitor
NG-nitro-L-arginine methyl ester (L-NAME) enhances neu-
trophil migration in response to the chemokine interleukin
(IL)-8 via a mechanism that is dependent on adhesion
between L-selectin and P-selectin glycoprotein ligand-1
(PSGL-1). We have also identified a mechanism for this
enhancement, finding that L-NAME-treated neutrophils
generate L-selectin- and PSGL-1-expressing micropar-
ticles and that these coat the surface of artificial migration
chambers or endothelial cells to support enhanced mi-
gration of subsequently added neutrophils.

Materials and Methods

Antibodies

Anti-human CD18 (6.5E) was a gift from M. Robinson,
SLH Celltech Group, Slough, UK. Anti-human PSGL-1
(blocking PL-1 and nonblocking PL-2) were gifts from
Professor R. McEver, University of Oklahoma, Norman,
OK. Purified and phycoerythrin-conjugated anti-human
L-selectin (DREG-200) and isotype control (MOPC-21)
were purchased from Becton Dickinson (Oxford, UK).

Neutrophil Isolation

Venous blood was drawn from healthy adult volunteers
and immediately transferred to tubes containing EDTA
(1.6 mg/ml; Sarstedt Ltd., Beaumount Leys, Leicester,

UK). Neutrophils were isolated from whole blood using a
two-step density gradient. Briefly, 2.5 ml of high-density
histopaque (1.119 g/ml; Sigma, Dorset, UK) was placed
in a round-bottom 10-ml tube, and 2.5 ml of low-density
histopaque (1.077 g/ml, Sigma) was carefully layered on
top. Whole blood (5 ml) was then layered above the
histopaque gradient and centrifuged for 30 minutes
(700 � g at 20°C) to allow separation of the blood into its
components. The granulocyte layer was harvested, re-
suspended in buffer [phosphate-buffered saline (PBS)
containing 1 mmol/L Ca2�, 0.5 mmol/L Mg2, and supple-
mented with 0.1% low-endotoxin bovine serum albumin
(BSA); Sigma], washed by centrifugation (350 � g for 6
minutes) and red blood cells lysed. Neutrophils were
washed, counted using a hemocytometer, and centri-
fuged (350 � g for 6 minutes). Finally, neutrophils were
diluted to the required concentration in RPMI (Invitrogen
Ltd., Paisley, UK) supplemented with 0.1% BSA. Differ-
ential counts showed that preparations were consistently
�97% neutrophils, which were �95% viable (as mea-
sured by Trypan blue dye exclusion).

Neutrophil Transmigration Assay

Neutrophil chemotaxis was measured in a 96-well che-
motaxis chamber (Neuroprobe, Inc., Gaithersburg, MD)
using a modification of the method described by Frevert
and colleagues.27 Wells were filled with 25 �l of human
IL-8 (PeproTech, Rocky Hill, NJ), RPMI, or neutrophils
(5 � 104) resuspended in RPMI. A filter membrane was
positioned over the loaded wells, and 25 �l of neutrophils
(2 � 106/ml) were placed directly onto 3.0-�m filter sites.
The chamber was incubated for 1 hour (37°C in 5% CO2),
and any nonmigrated neutrophils were removed from the
upper surface of the filter by wiping and washing with
25-�l aliquots of RPMI. Both neutrophils that had mi-
grated to the underside of the filter and those that had
migrated into the lower wells were counted. To dislodge
any migrated cells adherent to the underside of the filter
membrane, the plate with the filter attached was centri-
fuged (350 � g for 10 minutes). The filter was removed,
and neutrophils in the wells of the chemotaxis plate were
resuspended and counted using a hemocytometer. To
correct for chemokinesis, equal concentrations of che-
moattractant were placed above and below the filter in
control wells. To assess the role of adhesion molecules,
neutrophils were resuspended in saturating doses of an-
tibodies: anti-CD18 (6.5E, 6 �g/106), anti-L-selectin
(DREG-200, 15 �g/106), anti-PSGL-1 (PL-1, 10 �g/106),
or the appropriate control antibody. Aliquots (25 �l) were
then deposited directly onto the filter membranes, and
the transmigration assay performed as above.

Generation of Neutrophil-Derived Microparticles

Human neutrophils (5 � 106/ml for each treatment, unless
otherwise stated) were incubated with L-NAME (30
�mol/L; Tocris Cookson, Bristol, UK), its inactive enantio-
mer D-NAME (30 �mol/L, Sigma), N-formyl-Met-Leu-Phe
(fMLP, 10 �mol/L; Sigma), or RPMI for 1 hour (37°C in 5%
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CO2) to stimulate microparticle formation. After incuba-
tion, microparticle-containing suspensions were cleared
of large cellular fragments by centrifugation (350 � g for
6 minutes) and supernatants transferred to microcentri-
fuge tubes. After ultracentrifugation (100,000 � g for 2
hours),28 the microparticle pellets were resuspended in
100 �l of RPMI and 0.1% BSA.

To investigate the effects of microparticles on neutro-
phil migration, neutrophils were incubated with L-NAME
and the resulting microparticles isolated by centrifuga-
tion. This was followed by dialysis to remove any remain-
ing L-NAME. Dialyzed microparticles (5-�l aliquots) were
deposited onto the filter membranes of chemotaxis
chambers and incubated for 30 minutes (37°C, 5% CO2)
before addition of neutrophils and chemoattractants.

Flow Cytometric Investigation of Microparticles

Neutrophils were labeled with the membrane-intercalat-
ing red fluorescent dye PKH26 using a cell linker kit
according to the manufacturer’s instructions (Sigma). Mi-
croparticle formation was stimulated as above, and neu-
trophil suspensions, microparticle-containing superna-
tants, and filtered (0.2 �m) supernatants were compared
using a FACScan flow cytometer (Becton Dickinson).
Microparticles were defined as positive for red fluores-
cence and were identified and analytically separated
from whole cells by their smaller forward and side scatter
parameters and lower fluorescent intensities. A gate was
positioned around the microparticle population and
events analyzed for phosphatidylserine externalization
using fluorescein isothiocyanate (FITC)-conjugated An-
nexin V (5 �l of Annexin 5 per 1 � 105 neutrophils; Becton
Dickinson), which binds with high affinity to negatively
charged phospholipids in the presence of calcium ions.
The role of calpain and superoxide dismutase in micro-
particle generation was determined by adding the selec-
tive calpain inhibitor PD150606 or negative control
PD145305 (1 to 3 �mol/L; Merck, Nottingham, UK)29 or
superoxide dismutase (10 to 30 �g, Sigma) to isolated
neutrophils together with the stimulus for microparticle
formation. The number of microparticles formed was an-
alyzed using flow cytometry as above.

To determine adhesion molecule expression on the
surface of microparticles, neutrophils were labeled with
PKH26 as above and incubated with D-NAME (30
�mol/L) or L-NAME (30 �mol/L) for 1 hour (37°C, 5%
CO2). The resulting microparticles were incubated for 30
minutes at 4°C with saturating concentrations of FITC-
conjugated antibodies directed against L-selectin
(DREG-200) and PSGL-1 (PL-1), with isotype control
(mouse IgG1), or with binding nonblocking anti-PSGL-1
(PL-2).

Measurement of Neutrophil Shape Change
Using the Gated Autofluorescence/Forward
Scatter Assay

The effects of stimuli on neutrophil shape change were
assessed using a method based on that described by

Sabroe and colleagues.30 Rested isolated human neutro-
phils (5 � 105) were placed in 1.2-ml polypropylene
cluster tubes and incubated with 100 �l of PBS, PMA
(10�9 mol/L), fMLP (10�5 mol/L), D-NAME (3 � 10�5

mol/L), or L-NAME (3 � 10�5 mol/L) for 6 minutes in a
shaking water bath set at 37°C. Tubes were then re-
moved and 250 �l of ice-cold optimized fixative added to
terminate the reaction. Effects on neutrophil shape
change were analyzed immediately using flow cytometry
as described by Sabroe and colleagues.30

Measurement of Intracellular Calcium
Mobilization Using Flow Cytometry

Fluo 3-acetoxymethyl ester (Fluo 3-AM) was used to mea-
sure intracellular calcium mobilization in response to
stimuli according to the technique described by Storey
and colleagues.31 Briefly, isolated neutrophils (5 � 106/
ml) were resuspended in HEPES/Tyrode’s buffer (10
mmol/L HEPES, 137 mmol/L NaCl, 2.68 mmol/L KCl, 0.42
mmol/L Na2PO4, 11.9 mmol/L NaHCO3, 5 mmol/L glu-
cose without CaCl2 and MgCl2), pH 7.4. To prevent leak-
age, probenecid (2.5 mmol/L) was added to all buffers.32

Neutrophils were incubated for 30 minutes (37°C, 5%
CO2) with Fluo 3-AM (5 �mol/L, Invitrogen) and washed
twice in buffer. Neutrophils were transferred to 1.2-ml
polypropylene cluster tubes and CaCl2 (1 mmol/L) or
EGTA (100 �mol/L) added. Baseline fluorescence was
measured using flow cytometry. In selected samples,
RPMI, D-NAME (30 �mol/L), L-NAME (30 �mol/L), or the
calcium ionophore A23187 (10 �mol/L) was added, and
fluorescence was immediately measured. The median
fluorescence value (F test) was recorded every 15 sec-
onds after stimulation for 2 minutes. Median fluorescence
was also measured in an unlabeled sample (F min) and a
sample containing A23187 (F max). Intracellular calcium
concentration was calculated according to Storey and
colleagues.31

Electron Microscopy

Microparticle formation was induced as described
above. Microparticle-containing pellets were fixed using
3% glutaraldehyde (Sigma) in 0.1 mol/L phosphate
buffer. Secondary fixation was performed using 2% os-
mium tetroxide (Sigma). The samples were embedded in
Araldite resin for 48 to 72 hours at 60°C. Ultra-thin sec-
tions (70 to 90 nm) were cut using a Reichert Ultracut E
ultramicrotome (Reichert, Depew, NY). The sections were
stained using 3% uranyl acetate in 50% ethanol (Sigma)
followed by staining with Reynolds lead citrate for 25
minutes (Polysciences Inc., Eppelheim, Germany). The
sections were analyzed under transmission electron mi-
croscopy (Philips CM10; Philips, Eindhoven, Holland),
and micrographs were recorded on Kodak electron mi-
croscope film (Sigma, Dorset, UK).
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Neutrophil Transendothelial Migration

The methods used to investigate transendothelial migra-
tion were based on those described by Dunzendorfer
and colleagues.33 Briefly, gelatin-coated Transwell filter
inserts (Corning, Surrey, UK) were seeded with 1 � 105

human umbilical vein endothelial cells (HUVECs) and
cultured in complete growth media in 24-well plates.
Media were replaced every 2 days until a confluent
monolayer was established (�4 to 6 days after seeding).
Monolayer permeability was checked using FITC-BSA
(Sigma) leakage for 10, 30, 60, and 120 minutes. The
monolayers were found to retain �93% FITC-BSA in the
upper chamber of the plate. Once a confluent monolayer
was established, neutrophil-derived microparticles were
produced as described above. Media from the upper
chamber was removed, the cells washed twice with PBS,
and 20 �l of microparticles (derived from 5 � 106 neu-
trophils) were added to the filter. The plates were incu-
bated for 30 minutes (37°C, 5% CO2) to allow the micro-
particles to coat the HUVECs. The Transwell filters were
then moved to new plates and 600 �l of RPMI or IL-8 10�9

mol/L added to the lower wells. Neutrophils (5 � 105 in
100 �l of RPMI) were then added to the upper chamber
and the plates incubated for 1 hour (37°C, 5% CO2) to
allow migration to occur. The upper chambers were then
carefully washed twice with fresh RPMI to remove any
remaining neutrophils. To dislodge any migrated cells
adherent to the underside of the filter membrane, the
plate with the filter attached was centrifuged (350 � g for
10 minutes). The filter was removed and neutrophils in the
wells of the chemotaxis plate were resuspended and
counted using a hemocytometer. One set of wells was
used to correct for chemokinesis by placing IL-8 (10�9

mol/L) in both the upper chambers and lower wells.

Statistical Analyses

Results are presented as mean � SEM. Statistical anal-
yses were performed using GraphPad Instat version 3.01
(GraphPad Software, San Diego, CA). One-way analysis
of variance followed by Bonferroni’s or Dunnett’s test for
multiple comparisons were performed on appropriate
data sets. P values less than 0.05 were considered
significant.

Results

Effect of L-NAME on Neutrophil Migration
to IL-8

IL-8 caused dose-dependent neutrophil migration that
was maximal at 10�8 mol/L (Figure 1A). Vehicle (RPMI)
did not induce significant neutrophil chemotaxis in this
and subsequent experiments (chemokinesis control �
4.1 � 0.8%, n � 3; RPMI � 7.4 � 0.5%, n � 3). A
submaximal concentration of 10�9 mol/L was chosen for
subsequent experiments so that increases or decreases
in IL-8-induced migration might be investigated. L-NAME
(30 �mol/L) significantly enhanced IL-8-induced neutro-

phil migration, whereas the inactive enantiomer,
D-NAME, did not (Figure 1B). Higher concentrations of
L-NAME (100 �mol/L and 300 �mol/L) and D-NAME sig-
nificantly reduced neutrophil viability (data not shown).
The effect of L-NAME (30 �mol/L) on IL-8-induced migra-
tion was reversed by L-Arginine (10 mmol/L) but not the
nonmetabolized enantiomer, D-Arginine (10 mmol/L, Fig-
ure 1B). These data suggest that enhanced neutrophil
migration to IL-8 in the presence of L-NAME was a direct
consequence of reduced NO production.

Adhesion Mechanisms Involved in IL-8-Induced
Migration in the Presence of L-NAME

Neutrophil migration toward IL-8 was significantly re-
duced by anti-CD18 (6.5E) antibody whether L-NAME
was present or not (Figure 2A). The results demonstrate
that CD18 is required for neutrophil migration toward IL-8,
but do not identify the mechanism for enhanced migra-
tion induced by NO inhibition. Neutrophil-neutrophil and
neutrophil-microparticle interactions, which may explain
enhanced migration in the presence of L-NAME, may be
L-selectin- and PSGL-1-dependent.34–36 We therefore in-
vestigated the role of L-selectin and PSGL-1 in enhanced
IL-8-induced neutrophil migration in the presence of L-
NAME (Figure 2, B and C). Interestingly, antibodies to
L-selectin (DREG-200) or PSGL-1 (PL-1) had no effect on
migration of untreated neutrophils to IL-8 but prevented
the increased migration to IL-8 induced by L-NAME.

Figure 1. Effect of L-NAME on neutrophil migration to IL-8. A: The number
of neutrophils that migrated for 1 hour to RPMI or IL-8 (0.1 to 100 nmol/L)
was counted and results expressed as a percentage of the total number of
neutrophils added to filter membranes of chemotaxis chambers. B: Isolated
human neutrophils were resuspended in vehicle (RPMI, open bar), D-NAME,
L-NAME, L-NAME with D-arginine (10 mmol/L), or L-NAME with L-arginine
(10 mmol/L) and migration to IL-8 (1 nmol/L) assessed after 1 hour. Results
are corrected for spontaneous migration by subtracting the percentage of
neutrophils migrating to the chemokinesis control. Results are presented as
mean � SEM (n � 3 to 4) and analyzed for statistical significance using
one-way analysis of variance followed by Dunnett’s t-test (A) or Bonferroni’s
test (B) for multiple comparisons. *P � 0.05, **P � 0.01, and ***P � 0.001
compared to vehicle. ��P � 0.01 compared to the IL-8 response of L-NAME-
treated neutrophils.
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Regulation of Microparticle Formation by NO

Neutrophils incubated with L-NAME (Figure 3B) gener-
ated more microparticles than resting neutrophils (Figure
3A). The microparticles were analytically separated from
intact neutrophils by their smaller forward (size) and side
(granularity) scatter parameters and were positive for the
membrane-binding dye PKH26GL. These microparticles
were still present in large numbers after removal of intact
neutrophils by centrifugation at 350 � g for 6 minutes
(Figure 3C) but were removed by passage through a
0.2-�m filter (Figure 3D). The number of microparticles
(as assessed by the number of events/minute counted in
the microparticle gate) formed in response to L-NAME
(3816 � 370, n � 8) was comparable to that seen with the
positive control, fMLP (3799 � 288, n � 13), and was
significantly (P � 0.05) different from vehicle-treated
(2495 � 210, n � 13) and D-NAME-treated (2510 � 242,
n � 8) cells.

Chemotactic factors such as C5a and IL-8 are known
to induce changes in the shape of human neutrophils.30

To investigate whether L-NAME induced a similar re-
sponse, a gated autofluorescence/forward scatter assay
was performed. PMA and fMLP induced a significant
change in shape compared to unstimulated neutrophils
whereas D-NAME and L-NAME did not (Figure 3E). How-
ever, using a calcium probe (fluo-3), it was found that
L-NAME induced a rapid increase in intracellular calcium
concentration that peaked 10 seconds after stimulation
(Figure 3F). This was followed by a rapid decline and a
sustained phase. The response was very similar to that
seen after fMLP stimulation, but D-NAME was unable to
elicit a pronounced increase in intracellular calcium.

Increased levels of intracellular calcium are known to
activate the enzyme calpain, which in turn degrades
membrane proteins.37 The selective calpain inhibitor
PD150606 was used to investigate the effects of calpain
inhibition on L-NAME-induced microparticle formation.
PD150606 significantly (P � 0.001) inhibited micropar-
ticle formation and reduced the numbers produced down
to those of unstimulated/resting cells. In the same exper-
iment, the superoxide (O2

�) scavenger superoxide dis-
mutase was co-administered with L-NAME. Again the
levels of microparticles derived from these neutrophils

were significantly (P � 0.001) reduced to those of un-
stimulated cells.

Previous studies have shown that ectosomes released
from human neutrophils in response to fMLP or PMA
stimulation bind Annexin V.38 We therefore investigated
binding of Annexin V by microparticles released from
neutrophils treated with L-NAME. Microparticles were
identified as Annexin V and PKH26GL-positive (Figure
3H, top right quadrant). Most of this binding was calcium-
dependent as shown by the reduced number of events in
the upper right quadrant in the presence of EDTA (Figure
3I). Formation of microparticles in response to L-NAME
was also analyzed by electron microscopy (Figure 4).
Neutrophil membrane blebs and microparticles are evi-
dent on those neutrophils stimulated with fMLP or
L-NAME.

Microparticles Enhance Neutrophil Migration

Having shown by flow cytometry that inhibition of endog-
enous NO production by L-NAME induced the formation
of microparticles from the membrane of human neutro-
phils, the contribution of microparticles to the elevated
migratory response toward IL-8 induced by L-NAME was
investigated. Microparticles from untreated, D-NAME-
and L-NAME-treated neutrophils were dispensed onto
the filter of the chemotaxis plate and incubated for 30
minutes. Only microparticles derived from L-NAME-
treated neutrophils enhanced migration to IL-8 (Figure
5A). Pretreating the microparticles with antibodies
against either L-selectin or PSGL-1 reduced migration
(Figure 5B). Levels of L-selectin and PSGL-1 expression
per microparticle were not altered by different treatments
(Figure 5C), suggesting that enhanced migration occurs
in response to a higher number of microparticles rather
than a change in their function. This was confirmed by
adding microparticles derived from different numbers of
neutrophils. At least 0.5 � 106 neutrophils were required
to produce enough microparticles to significantly en-
hance migration (Figure 5D). To determine whether the
effects of L-NAME-induced neutrophil-derived micropar-
ticles on neutrophil migration to IL-8 were altered in the
presence of endothelial cells, transendothelial migration

Figure 2. The effect of adhesion molecule inhibition on L-NAME-induced enhanced migration to IL-8. Neutrophils were resuspended in RPMI, isotype control
antibodies, anti-CD18 (6.5E) (A), anti-L-selectin (DREG-200) (B), or blocking and nonblocking anti-PSGL-1 (PL-1, PL-2), with or without L-NAME (C), and added
to the filter membrane. Migration to IL-8 was assessed after 1 hour. Data are presented as mean � SEM (n � 3 to 4) and analyzed for statistical significance using
one-way analysis of variance followed by Bonferroni’s test for multiple comparisons. *P � 0.05, **P � 0.01, ***P � 0.001 compared to the IL-8 response of
neutrophils treated with isotype control antibody. �P � 0.05, ���P � 0.001 compared to the IL-8 response of neutrophils co-incubated with L-NAME and isotype
control.
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experiments were performed (Figure 5E). As in Figure 5A,
coating HUVECs with microparticles derived from
L-NAME-treated neutrophils enhanced neutrophil migra-
tion toward IL-8. Neutrophils did not migrate in the ab-
sence of IL-8.

Figure 3. Analysis of L-NAME-induced microparticle formation. Neutrophils
were labeled with PKH26 lipid-intercalating dye (4 �mol/L). Representative
flow cytometry density plots showing PKH26-positive events from resting
neutrophils (A), neutrophils incubated with L-NAME for 1 hour (B), cell-free
supernatant from neutrophils incubated with L-NAME (C), and filtered (0.2
�m) supernatants (D) are shown. Microparticles were identified (square
gate) by their smaller forward and side scatter parameters, and events
counted for 60 seconds are shown. Density plots are representative of 8 to 13
experiments. E: Gated autofluorescence/forward scatter analysis is shown as
mean � SEM percent change, n � 4. Data were analyzed using one-way
analysis of variance followed by Dunnett’s t-test. **P � 0.01, ***P � 0.001
compared to buffer control. F: Flow cytometry analysis of D-NAME, L-NAME,
and fMLP effects on intracellular calcium in fluo-3 AM-labeled neutrophils for
2 minutes. Histogram is representative of four experiments. G: Events
counted in the microparticle gate for 60 seconds were recorded and the
percent inhibition calculated. Results are shown as mean � SEM, n � 3. Data
were analyzed using one-way analysis of variance followed by Dunnett’s
t-test. ***P � 0.001 compared to L-NAME-stimulated control. H: Events in the
microparticle gate were analyzed for phosphatidylserine externalization by
labeling with FITC-conjugated Annexin-V in a calcium-containing buffer. I:
As a negative control Annexin-V was added in the presence of EDTA.
Microparticles were identified as Annexin V (FL-1)- and PKH26 (FL-2)-
positive events located in the top right quadrant on the density plots (percent
events shown). The data shown is representative of three experiments.

Figure 4. Electron micrographs showing the formation of microparticles
from human neutrophil membranes. Isolated neutrophils were resuspended
in RPMI (A), fMLP (B), or L-NAME (C) and incubated for 1 hour. Neutrophils
were then fixed in 3% glutaraldehyde-containing buffer and analyzed for
microparticle formation.

Figure 5. Microparticles enhance migration to IL-8. Microparticles derived
from neutrophils (5 � 106) incubated for 1 hour with RPMI, D-NAME, or
L-NAME were resuspended in RPMI (A) or isotype control, nonblocking
anti-PSGL-1, anti-L-selectin, or blocking anti-PSGL-1 (B), and migration to
IL-8 assessed after 1 hour. C: Microparticle adhesion molecule expression
was assessed using PKH26-labeled neutrophils incubated with D-NAME
(top) or L-NAME (bottom) for 1 hour. Microparticles were labeled with
FITC-anti-L-selectin, FITC-anti-PSGL-1 (shown by the superimposable dark
and light gray lines, respectively), or FITC-isotype control (solid area) for 30
minutes at 4°C and analyzed by flow cytometry. Histograms are representa-
tive of three experiments. D: The influence of microparticle density was
determined by using 0.05 to 1.25 � 106 neutrophils stimulated with L-NAME
as a source of microparticles. Migration to IL-8 was measured after 1 hour.
Results are presented as mean � SEM (n � 4). Data were analyzed for
statistical significance using one-way analysis of variance followed by Dun-
nett’s t-test. *P � 0.05, **P � 0.01 compared to the response in the absence
of added microparticles, ���P � 0.001 compared to isotype control. E:
Migration experiments in A were repeated in the presence of HUVEC mono-
layer cultured on filter inserts. Results are shown as mean � SEM from two
experiments using two separate blood donors and two separate HUVEC
preparations. Each experiment contained four replicates of each treatment.
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Discussion

The current paradigm for the involvement of NO in inflam-
mation is that low levels of NO produced by constitutive
NOS enzymes are anti-inflammatory, whereas higher,
sustained levels produced by inducible NOS are proin-
flammatory. The evidence from this study further sup-
ports a role of NOS in regulating inflammation through
modulation of neutrophil migration. We found that incu-
bation of unstimulated human peripheral blood neutro-
phils with the nonspecific NOS inhibitor, L-NAME, signif-
icantly increased the percentage of neutrophils migrating
toward IL-8. L-Arginine reversed this effect, showing the
dependence on inhibition of NO production. Studies us-
ing neutrophils isolated from iNOS-deficient mice showed
significant reduction in the enhanced migration to KC
(murine equivalent of IL-8) induced by L-NAME (see sup-
plementary Figure S1 at http://ajp.amjpathol.org). How-
ever, this inhibition was not total, suggesting involvement
of another NOS isoform.

The migration of neutrophils in response to IL-8, re-
gardless of the presence of L-NAME, occurred via a
predominantly integrin-dependent pathway because sat-
urating concentrations of anti-CD18 function-blocking an-
tibody almost completely abolished migration. These re-
sults supported previous findings that chemoattractant-
induced human neutrophil migration on artificial surfaces
occurs through an integrin-dependent mechanism39,40

but did not identify the mechanism by which L-NAME
increases migration.

Inhibition of L-selectin and PSGL-1 attenuated the en-
hanced migration to IL-8 induced by L-NAME. These
same antibodies, however, had no effect on neutrophil
migration to IL-8 in the absence of L-NAME. This finding
and data published in previous studies showing the de-
pendence of neutrophil-neutrophil and neutrophil-micro-
particle interactions on L-selectin and PSGL-134–36,41,42

led us to investigate the role of neutrophil microparticles
in the response to L-NAME. Microparticles are formed
from the membrane of activated cells (eg, leukocytes,
platelets, endothelial cells) and express adhesion mole-
cules that enable them to influence cell-cell interactions43

and cell recruitment.44 Data presented here demonstrate
that inhibition of endogenous NO production by treatment
with the nonselective NOS inhibitor L-NAME is a sufficient
stimulus for the formation of microparticles from
neutrophils.

Flow cytometric analysis of the microparticles pro-
duced by neutrophils stimulated with L-NAME showed
the presence of L-selectin and PSGL-1 on their surface.
Gasser and colleagues38 have also reported that L-se-
lectin is expressed on neutrophil-derived microparticles
after stimulation with fMLP (1 �mol/L) or PMA (10 nmol/L).
However, the levels of adhesion molecules expressed by
neutrophil-derived microparticles were the same irre-
spective of the stimulus. We determined that the signifi-
cantly increased number of microparticles derived from
neutrophils in the presence of L-NAME was the major
contributing factor to the enhanced migration to IL-8 ob-
served. Initial experiments showed that the smaller num-

bers of microparticles produced in response to D-NAME
had no significant effect on migration whereas the larger
quantities of microparticles formed in response to
L-NAME treatment significantly enhanced the migratory
response toward IL-8. To reinforce this hypothesis, in-
creasing numbers of neutrophils were stimulated with
L-NAME to prepare increasing numbers of micropar-
ticles. It was found that the amount of migration was
directly proportional to the number of neutrophils from
which microparticles were derived. Therefore it was the
number rather than an alteration in the adhesive proper-
ties of microparticles generated in response to L-NAME
stimulation that enhanced neutrophil migration.

Although we have shown that small numbers of micro-
particles are present even in the absence of L-NAME, we
only observed significant effects of L-selectin and
PSGL-1 inhibition when L-NAME was present. These find-
ings, together with the findings described above, sug-
gest a threshold in the number of microparticles must be
reached for migration to be enhanced by their presence.
Therefore, migration was only enhanced when the num-
ber of microparticles present on the filter was significantly
greater than those generated from unstimulated neutro-
phils, and this enhancement was dependent on L-selec-
tin and PSGL-1.

Microparticles produced by different cell types in re-
sponse to different stimuli have diverse properties includ-
ing size, phospholipid content, and functional roles.45

However, previous studies have shown that placing
platelet-derived microparticles on membrane filters en-
hances monocyte chemotaxis.46 Adhesion molecules ex-
pressed by neutrophil-derived microparticles may con-
tribute to their adhesive properties and potentially
enhance the migratory response toward IL-8 by promot-
ing neutrophil-microparticle interactions. It is hypothe-
sized that neutrophils suspended in L-NAME and dis-
pensed onto the filter sites of the chemotaxis chamber
release microparticles that coat the filter membrane. Neu-
trophil-derived microparticles express PSGL-1 and L-se-
lectin and may capture and recruit intact neutrophils to
the filter membrane through interactions between PSGL-1
on the microparticle and L-selectin on the neutrophil or
vice versa. In the absence of P-selectin, leukocyte-ex-
pressed PSGL-1 can mediate L-selectin-dependent leu-
kocyte rolling in vivo.36 Function-blocking antibodies that
recognize PSGL-1 and L-selectin on the microparticles
significantly attenuated neutrophil migration toward the
chemoattractant in vitro. Once recruited to the mem-
brane, exposure to the chemoattractant (IL-8) initiates the
process of neutrophil migration.

In this study L-NAME has been shown to mediate
neutrophil migration by inducing microparticle formation.
The NO donor, sodium nitroprusside (SNP), has been
shown to inhibit the catalytic activity of the calcium-de-
pendent proteinase calpain47,48 that is normally respon-
sible for the degradation of talin, an essential structural
component of the neutrophil cytoskeleton and the shed-
ding of membrane-derived vesicles.49 Using a calcium
probe (fluo-3), we have found that L-NAME induces a
rapid increase in intracellular calcium concentration in
neutrophils that peaked 10 seconds after stimulation,
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similar to that seen after fMLP stimulation. This response
was not evident in L-NAME-stimulated neutrophils in the
presence of the calcium chelator EGTA. Also, the selec-
tive calpain inhibitor PD150606 significantly inhibited mi-
croparticle formation, suggesting that L-NAME increases
activity of calpain leading to increased degradation of
membrane proteins and an increase in microparticle
generation.

It is known that there is a balance between NO and
superoxide (O2

�), and by reducing the levels of NO with
L-NAME, the levels of O2

� are increased.50,51 It is pos-
sible, therefore, that the effects of L-NAME on micropar-
ticle formation seen in this study may be attributable to
O2

�. Isolated neutrophils co-incubated with L-NAME and
the O2

� scavenger superoxide dismutase produced sig-
nificantly fewer microparticles than cells treated with L-
NAME alone. Because both calpain inhibition and O2

�

scavenging reduced microparticle numbers to those of
unstimulated cells, it appears that L-NAME increases
intracellular calcium and initiates a sequence of events
within the cell involving O2

� and calpain resulting in
microparticle formation.

This study has focused on in vitro effects of L-NAME on
neutrophils. The effects of release of neutrophil-derived
microparticles in vivo, however, may be more far reach-
ing. Neutrophil-derived microparticles have been shown
to contain inflammatory mediators such as platelet-acti-
vating factor,52 CD11a, CD11b, and L-selectin38 and ac-
tivate endothelial cells causing the release of the proin-
flammatory cytokines IL-6 and IL-8.53 It has also been
found that severely injured patients have significantly
higher levels of circulating neutrophil-derived micropar-
ticles �2 to 5 days after trauma.54 The absence of endo-
thelial cells, and consequently endothelial-derived NO, in
the in vitro system used in this study may make our
findings more relevant to tissue migration of neutrophils.
Hickey and colleagues55 demonstrated a role for L-se-
lectin in neutrophil emigration and extravascular locomo-
tion in the cremaster muscle of mice and showed that
L-selectin expression is crucial for leukocytes to respond
effectively to chemotactic stimuli. It is possible, therefore,
that L-selectin expressed on microparticles derived from
migrating neutrophils facilitates the subsequent migration
of neutrophils not only in the vessel but also across the
tissue.

We have identified a novel mechanism for regulation of
neutrophil migration by NO. In our simplified in vitro sys-
tem, enhancement of neutrophil migration is dependent
on the concentration of L-NAME to which neutrophils are
exposed and on a sufficient number of neutrophils being
available to make microparticles. Apparently conflicting
results proposing pro- and anti-inflammatory effects of
NO in other studies may, therefore, be attributable to the
differences in either of these factors. This study reiterates
the need for highly selective iNOS inhibitors for use as
anti-inflammatory therapies; inhibition of constitutive NO
production may lead to increased neutrophil migration
through microparticle formation and, therefore, propaga-
tion of the inflammatory response.
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