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For polymorphonuclear neutrophils (PMNs) to orient migration to
chemotactic gradients, weak external asymmetries must be ampli-
fied into larger internal signaling gradients. Lipid mediators, asso-
ciated with the plasma membrane and within the cell, participate in
generating these gradients. This study examined the role in PMN
chemotaxis of neutral sphingomyelinase (N-SMase), a plasma mem-
brane-associated enzyme that converts sphingomyelin to ceramide.
A noncompetitive N-SMase inhibitor, GW4869 (5 mM, 5 minutes),
did not inhibit PMN motility (as percentage of motile cells, or mean
cell velocity), but it abrogated any orientation of movement toward
the source of the chemotaxin, formylmethionylleucylphenylanaline
(FMLP) (net displacement along the gradient axis in micrometers, or
as percentage of total migration distance). This defect could be
completely reversed by treatment with lignoceric ceramide (5 pg/mi,
15 minutes). Immunolocalization studies demonstrated that N-SMase
(1) distributes preferentially toward the leading edge of some
elongated cells, (2) is associated with the plasma membrane, (3) is
more than 99.5% localized to the cytofacial aspect of the plasma
membrane, (4) is excluded from pseudopodial extensions, and (5)
increases rapidly in response to FMLP. Morphologically, the in-
hibition of N-SMase limited cellular spreading and the extension of
sheet-like pseudopods. Elongated PMNs demonstrated a polarized
distribution of GTPases, with Rac 1/2 accumulated at, and RhoA
excluded from, the front of the cell. This polarity was negated by N-
SMase inhibition and restored by lignoceric ceramide. We conclude
that N-SMase at the cytofacial plasma membrane is an essential
element for the proper orientation of PMNs in FMLP gradients, at
least in part by polarizing the distribution of Rac 1/2 and RhoA
GTPases.
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Polymorphonuclear neutrophils (PMNs) accumulate at inflam-
matory foci because they are capable of recognizing and
migrating toward chemotactic signals. For PMNs to polarize
their morphology and orient their movement to chemotactic
gradients, complex spatial redistributions of membrane constit-
uents, downstream signaling molecules, and cytoskeletal struc-
tures must occur (1-4). Although the distribution of surface
receptors and intracellular signaling proteins has been the
primary focus of attention, recent evidence highlighted the
importance of highly compartmentalized membrane lipids and
lipid-signaling molecules (1, 3, 4). In part, this compartmentaliza-
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CLINICAL RELEVANCE

We describe a novel mechanism for the regulation of
neutrophil chemotaxis. The identification of new therapeu-
tic targets for regulating acute inflammation would have
broad implications for the management of inflammatory
lung diseases, including pneumonia, sepsis syndrome, and
acute respiratory distress syndrome.

tion may be achieved by a polarized distribution of sphingolipid-
enriched microdomains within the plasma membrane (1, 5, 6).
Although the diffusion of mobile lipids and the reorganization
of stable sphingolipid-enriched microdomains could contribute
to a structural and functional polarization of the plasma mem-
brane, we hypothesized that lipid-modifying enzymes could also
regulate lipid-mediated signaling. Here, we focused on the
function of neutral sphingomyelinase, which hydrolyzes sphin-
gomyelin in the plasma membrane to ceramide. Ceramide, the
core structure of complex sphingolipids, is composed of varying
fatty acids (predominately 16-24 carbon atoms), linked to a
sphingoid base (7). It has drawn particular interest as an in-
tracellular signaling molecule because it regulates multiple path-
ways, including those of protein phosphatases PP1 and PP2A,
protein kinase C{, phospholipase D, Ca?* influx, mitogen-
activated protein kinase, and c-jun N-terminal kinase (8, 9).
Ceramide can also activate mononuclear phagocytes by binding
to CD14, resulting in downstream signaling events that overlap
with those triggered by lipopolysaccharide (10, 11). It exerts
both excitatory and inhibitory effects on a wide array of
complex effector functions, including phagocytosis, degranula-
tion, oxidant generation, integrin-mediated adhesion, and apo-
ptosis (8, 12-16). Although ceramide clearly acts at some
intracellular sites, other signaling properties likely relate to its
function in the plasma membrane. Its structure favors extensive
hydrogen bonding between head groups, facilitating homotypic
aggregation into ceramide-rich patches (7). These patches have
the potential to induce regional heterogeneities in signaling
events, membrane rigidity, physical curvature, lipid packing,
conformation of membrane-associated proteins, and solute
efflux (7, 9, 17). Further, ceramide appears to be necessary for
capping (and the capping-induced signaling) of certain recep-
tors, including L-selectin and Fas (7). Ceramide generation,
a common response to many external stresses, can occur slowly
by de novo synthesis in the endoplasmic reticulum/Golgi com-
plex, or rapidly by hydrolysis of sphingomyelin, a normal con-
stituent of PMN plasma membranes (9). Sphingomyelinases,
expressed in all cell types, are generally categorized as acidic
(lysosomal) versus membrane-associated, Mg?*-dependent neu-
tral sphingomyelinase (N-SMase; optimal pH, 7.4). Ninety-nine
percent of human PMN SMase activity is attributed to N-SMase
(in the N-SMase2 isoform), and is largely associated with the
plasma membrane (16, 18). N-SMase was implicated in many
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PMN functions, including phagocytosis, oxidant generation, and
apoptosis (16, 19). Membrane-associated N-SMase activity dou-
bles with formylmethionylleucylphenylalanine (FMLP) stimula-
tion, but its involvement in PMN chemotaxis has not been
investigated (16). Here, we demonstrate that N-SMase activity
associated with the plasma membrane is critical for PMN to
orient migration to a chemotactic gradient of FMLP.

MATERIALS AND METHODS

PMN Purification

PMNs were isolated from peripheral blood obtained from healthy
volunteers in compliance with the Institutional Review Board for
Human Subject Research at the University of Michigan. Briefly,
citrate-anticoagulated blood was sedimented with 6% dextran/0.9%
NaCl. Erythrocytes were removed by hypotonic lysis, and PMNs were
isolated to more than 95% purity by density gradient centrifugation on
10% Ficoll-Hypaque.

Analysis of Chemotaxis by Single-Cell Tracking

PMNs were adhered to coverslips and pretreated with GW4869,
a noncompetitive N-SMase inhibitor (5 wM, 5 minutes; Calbiochem,
San Diego, CA), or Hanks’ balanced salt solution (HBSS). The
coverslips were then applied to Dunn chemotaxis chambers (Hawksley,
Lancing, Sussex, UK). The outer rings of the chambers were loaded
with FMLP (5 X 10~7 M in HBSS; Sigma, St. Louis, MO) to establish
chemotactic gradients. Serial images of a field of cells maintained at
37°C were then collected at 30-second intervals for 30 minutes. Cell
coordinates were plotted manually at each frame, and the image stacks
were processed with Metamorph 7.1.2.0 software (Molecular Devices,
Downingtown, PA) and Microsoft Excel (Microsoft, Redmond, WA)
to analyze the movements of individual cells. A pixel-to-micrometer
conversion was established by imaging a calibration slide under
identical conditions. A PMN was considered motile if it moved at least
30 pm from its original coordinates at any point during the observation
period, proportionate to a threshold used previously for shorter viewing
periods (20). Among motile cells, the mean cell velocity (wm/minute)
was calculated from the total distance traveled over 30 minutes. To assess
the directional bias of movement, the net displacement along the axis of
the gradient over 30 minutes was measured (in micrometers), and also
expressed as a chemotactic index, calculated as the displacement along
the gradient as a percentage of the total path distance (21). For pooled
data, each data point represents the mean values obtained from at least
60 cell tracks in each experiment, and n represents the number of
independent experiments, each with a unique donor.

To examine the effects of exogenous sphingolipids, PMNs were
pretreated for 15 minutes at 37°C with (1) lignoceric (Cy4,9) ceramide
(5 ng/ml; Cayman Chemicals, Ann Arbor, MI) diluted in 0.5% DMSO/
HBSS, or (2) sphingomyelin (5 pg/ml; Enzo Life Sciences, Plymouth
Meeting, PA) in 0.5% DMSO/HBSS for 15 minutes. When ceramide
was used to rescue the effects of GW4869, the two pretreatments were
performed successively, with GW4869 followed by ceramide.

Immunolabeling

Mouse anti-Rac1/2 (clone 23A8; Upstate Biotech/Millipore, Billerica,
MA) and mouse anti-RhoA (Cytoskeleton, Inc., Denver, CO) were
conjugated with Alexa Fluor 555 (Invitrogen, Carlsbad, CA). Goat
anti-human N-SMase2 antibody (Ab) (Santa Cruz Biotechnology,
Santa Cruz, CA) was conjugated to Alexa Fluor 546 (Invitrogen). All
conjugation steps were performed with a FluoReporter Protein Label-
ing Kit (Invitrogen). PMNs were adhered to MatTek dishes (MatTek
Corp., Ashland, MA) and stimulated with FMLP (5 X 10~7M in HBSS)
for 30 minutes at 37°C in 5% CO,. Cells were then fixed with 25%
glutaraldehyde in HBSS for 20 minutes, washed with HBSS, permea-
bilized with 0.01% saponin for 10 minutes, blocked with 10% serum,
incubated with labeled Ab for 30 minutes at room temperature, and
washed with HBSS/1% BSA. Nuclei were counterstained with Hoechst
33342 (Invitrogen). Cells were imaged immediately after immunostain-
ing, using a Nikon Eclipse TE-2000U microscope (Nikon Instruments,
Melville, NY). For confocal microscopy, images were taken using an
Olympus IX-71 inverted microscope, (Olympus, Center Valley, PA)

using laser excitation at 488 nm and 543 nm, and fitted with Olympus
FluoView 500 laser scanning confocal accessories.

Scanning Electron Microscopy

PMNs were treated as indicated and fixed with 2.5% glutaraldehyde in
Sorenson’s buffer, pH 7.4, followed by 1.0% OSO,, freeze-fractured in
liquid N,, and dehydrated with stepwise immersion in 30% to 100%
ethanol. Cells were then immersed in hexamethyldisilazane, mounted
in colloidal graphite and Duco cement, and sputter-coated with gold.
Scanning electron microscopy was performed by the University of
Michigan Microscopy Image Analysis Laboratory with an AMRAY
1910 Field Emission Scanning Electron Microscope KLA-Tencor
(Milpitas, CA), and digital image acquisition using a SEMICAPS Inc.
(Dallas, TX) digital interface.

Flow Cytometry

Goat anti-human N-SMase Ab (Santa Cruz Biotechnology) was
labeled with Oregon Green 488 (Invitrogen), using a FluoReporter
Protein Labeling Kit. After pretreatments as indicated, PMNs were
blocked with 1% goat serum for 5 minutes on ice, incubated with 1 ng/ml
labeled Ab for 20 minutes, and washed to measure N-SMase on the cell
exterior. Then aliquots of cells were treated with anti-Oregon Green
goat IgG (Invitrogen) on ice for 20 minutes, to quench any anti-N-SMase
Ab bound to the cell exterior. Cells were fixed with iced 4% formalin in
HBSS, pH 7.4, for 15 minutes, pelleted, and resuspended in HBSS, so
that the quenched anti-N-SMase Ab was fixed on the cell exterior. To
measure intracellular N-SMase, fixed cells were permeabilized with
0.01% saponin for 10 minutes, blocked with 1% goat serum for 20
minutes, relabeled with 1 ng/ml Oregon Green 488/anti N-SMase Ab for
20 minutes, and washed. Mean fluorescence intensities (linear scale)
were determined from at least 10,000 cells as a measure of relative
antigen expression, using an EPICS Elite ESP flow cytometer (Coulter,
Miami FL) at the University of Michigan Flow Cytometry Core Facility.

Statistical Analyses

Group means were compared with the Student ¢ test, and multiple
comparisons were performed using one-way ANOVA. We used x?
analyses for contingency tables. All analyses were performed with
GraphPad Prism, version 5.00 for Windows (GraphPad Software,
San Diego, CA).

RESULTS
Effects of N-SMase Inhibition on PMN Chemotaxis

In the first series of experiments, PMNs were pretreated with
GW4869 (5 pM, for 5 minutes, at 37°C), a highly specific
noncompetitive inhibitor of N-SMase (22), and loaded into
Dunn chemotaxis chambers charged with FMLP (5 X 1077 M).
Compared with diluent-pretreated controls, GW4869 had no
effect on the percentage of motile cells, whereas mean cell
velocity increased slightly (P < 0.05), indicating that N-SMase
inhibition was neither toxic to the cells nor able to impede cell
locomotion (Figures 1A and 1B). By contrast, GW4869 com-
pletely negated the directional bias of migration toward the
FMLP source, as determined by the mean net displacement
along the gradient axis and the chemotactic index (both P <
0.0001; Figures 1C and 1D; n = 12, = 60 tracks per experiment).
In fact, the mean displacement of GW4869-treated cells was
directed significantly away from the FMLP source (P < 0.05).
To highlight the behavior of individual cells, a compilation of
displacements along the axis of the chemotactic gradient (D,y;s)
data is shown as a scatterplot, including almost 1,000 tracks
from the 12 donors, along with corresponding histograms
(Figures 1E and F). The D,y of both control samples and
GW4869-treated cells distributed broadly, with most cells in
both groups achieving little net movement along the gradient.
Nonetheless, a Kruskal-Wallis test applied to a one-way
ANOVA demonstrated that the net displacements under the
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Figure 1. Effects of inhibiting neutral sphingomyelinase (N-SMase) on formylmethionylleucylphenylalanine (FMLP) induced PMN chemotaxis.
PMNs pretreated with buffer (NT) or GW4869 (5 mM) were loaded onto Dunn chambers charged with FMLP (5 X 10~7M), and cell tracks were
assembled from serial images over 30 minutes. GW4869 did not significantly affect the percentage of motile cells (A), and it slightly increased mean
cell velocity (B). (C) However, the net displacement along the axis of the chemotactic gradient was negated, with net movement directed away
from the FMLP source (P < 0.05). (D) Accordingly, the chemotactic index (displacement along the gradient axis as percentage of total path length)
was reduced to near-zero (mean *= SEM, n = 12, = 60 cell tracks per experiment). The effects of N-SMase inhibition on the net displacement of
individual PMNs migrating in FMLP gradients are shown in scatterplots (E) (three off-scale tracks in each group are not shown) and histograms (F),
using the same pool of cells as in A-D. GW4869 negated the group progress toward the FMLP source (Kruskal-Wallis post hoc test applied to one-
way ANOVA, P < 0.0001). (G) A frequency analysis (x2) of the number of cell tracks displaced at least 60 um toward or away from the FMLP source
(data are shown as percentages of total cell tracks).

two conditions were significantly different (P < 0.0001). To be excluded. To address these issues, PMNs were successively
focus on cells with the greatest directional migration, the D,y;s treated with GW4869 and lignoceric ceramide (5 pg/ml, for 15
was at least 60 pm in 154/969 cells (15.9%) of the control minutes at 37°C) or diluent control. As shown in Figure 2,
samples, versus 74/962 (7.7%) of GW4689-treated cells (Figure exogenous ceramide completely rescued directionally biased
1G; P < 0.0001, x? analysis). By contrast, 94/962 (9.8%) of the migration toward the FMLP source, while leaving both the
GW4869-treated cells moved at least 60 pm in the opposite percentage of motile cells and mean cell velocity unaffected. To
direction from the FMLP source, versus only 25/969 (2.6%) of determine whether ceramide alone affects chemotaxis or else

control cells (P < 0.0001). specifically rescues the defect created by GW4869, PMNs were

Because N-SMase converts sphingomyelin to ceramide, the pretreated with ceramide or diluent control without GW4869,
two most immediate effects to account for the loss of directional and then exposed to the FMLP gradient. As shown in Figures
migration would involve the loss of a critical pool of ceramide, 3A—3D, ceramide alone had no effect on chemotaxis, further

or an accumulation of sphingomyelin. However, a nonspecific reinforcing the specificity of GW4869 as an inhibitor of N-
effect of GW4869, unrelated to N-SMase inhibition, could not SMase. To address the possibility that an accumulation of
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Figure 2. Exogenous ceramide (CER) reverses the effects of N-SMase inhibition on FMLP-induced PMN chemotaxis. PMNs were pretreated with
buffer, GW4869 (5 mM), or GW4869 with lignoceric ceramide (5 pg/ml), as described in MateriaLs AND MEeTHODS. PMNs were then loaded onto Dunn
chambers charged with FMLP (5 X 1077 M). Data are expressed as in Figure 1. Exogenous ceramide completely restored the mean displacement
along the FMLP gradient (C) and the chemotactic index (D) to levels equivalent to control cells, reversing the inhibitory effects of GW4869. P values
refer to the results of Bonferroni post hoc tests applied to one-way ANOVA. Values are given as mean = SEM (n = 5, = 60 cell tracks per experiment).
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Figure 3. Effects of exogenous ceramide and sphingomyelin (SM) on
FMLP-induced chemotaxis. (A-D) Exogenous ceramide (5 pg/ml) had
no effects on motility, displacement along the gradient, or chemotactic
index, relative to untreated control samples. Exogenous sphingomyelin
(5 ng/ml) did not affect the percentage of motile cells (E) or cell
velocity (F), but partly suppressed displacement along the axis of the
FMLP gradient (D.xis) (G) (P < 0.02) and the chemotactic index (H)
(P < 0.01) (n = 4). Data are expressed as in Figure 1 (n = 6, = 60 cell
tracks per experiment).

sphingomyelin could duplicate the effects of GW4869, PMNs
were pretreated with sphingomyelin (5 pg/ml, for 15 minutes at
37°C) or diluent, and exposed to FMLP gradients in a fashion
identical to that in the previous experiments. As shown in
Figures 3E—3H, exogenous sphingomyelin had no effect on
percent motility or velocity, but decreased the D,y and
chemotactic index. As a control, PMNs were instead treated
with C,4.9 phosphatidylcholine (5 pg/ml, for 15 minutes at 37°C;
Avanti Polar Lipids, Inc., Alabaster AL), which had no effect at
all on motility or directional migration (data not shown). Thus,
the accumulation of sphingomyelin could have contributed to
the effects of GW4869, although it was not nearly as effective.
Further, the ability of ceramide to reverse the effects of
GW4869 completely suggests that a loss of ceramide production
is the dominant mechanism by which N-SMase inhibition
negates directionally biased migration. Neither ceramide nor
sphingomyelin affected spontaneous migration in the absence of
an FMLP gradient (not shown).

Figure 4. Subcellular localization of N-SMase. PMNs were stimulated
with FMLP (5 X 10~7 M), fixed, permeabilized, and immunolabeled, as
described in MaTteriaLs AND MEeTHODS. Images of N-SMase immunofluo-
rescence were merged with differential interference contrast micros-
copy images to highlight cell outlines. (A) N-SMase was distributed
uniformly in round PMNs. Some elongated PMNs (B) demonstrated no
front-to-back asymmetry in the distribution of N-SMase, whereas
others (C) demonstrated preferential expression toward the front of
the cell, and little at the tail. Confocal images in each row (far right)
demonstrate that immunostaining was associated with the plasma
membrane, with virtually no immunostaining in the cell interior. (D) N-
SMase was virtually excluded from any pseudopodial extensions (arrows)
anywhere on the cells.

Immunolocalization of N-SMase

PMNs were treated with a uniform concentration of FMLP (5 X
1077 M, 15 minutes), fixed, permeabilized, stained with Alexa
Fluor 456-labeled anti-N-SMase Ab, and imaged by fluores-
cence microscopy and differential interference contrast micros-
copy. As shown in Figure 4, the distribution of N-SMase is
relatively uniform throughout the bodies of round PMNs. The
N-SMase on some elongated PMNs was uniformly distributed,
whereas in others, a notable accumulation occurred toward the
front of the cell, with relatively weak expression at the tail.
Confocal images indicate that N-SMase is associated with the
plasma membrane, rather than being distributed diffusely in the
cytoplasm. Further, the merged images indicate that pseudopo-
dial extensions at the leading edges and elsewhere are virtually
devoid of N-SMase immunoreactivity. Lastly, flow cytometry
was used to determine the extent to which N-SMase distributes
asymmetrically to the exofacial versus cytofacial aspect of the
plasma membrane. N-SMase was virtually undetectable on the
cell exterior (0.4% of total immunoreactivity; Figure SA). Com-
bined with the confocal images, these findings indicate that the
great preponderance of N-SMase activity is associated with the
cytofacial leaflet of the plasma membrane, as described pre-
viously (23). The distribution of N-SMase in unstimulated cells
was indistinguishable in unstimulated versus FMLP-stimulated
cells (not shown). However, flow cytometry demonstrated that
the total N-SMase in permeabilized cells increased significantly
within 15 minutes of FMLP stimulation (Figure 5B). The rapidity
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Figure 5. N-SMase expression according to flow cytometry. (A) Flow
cytometry was performed on fixed/permeabilized PMNs labeled with
Oregon Green-conjugated anti-SMase antibody (Ab). Compared with
untreated control samples, FMLP (5 X 1077 M for 15 minutes)
significantly increased N-SMase immunoreactivity, whereas GW4869
had no effect, either on untreated or FMLP-treated cells. Data are
expressed as mean fluorescence intensity (MFI) of at least 10,000 cells
per experiment (mean * SEM, n = 4). (B) Flow cytometry was per-
formed on PMN's that were labeled to measure external immunoreactiv-
ity. Aliquots of these cells were then treated with anti-Oregon Green 488
Ab to quench external labeling, followed by fixation/permeabilization
and relabeling with anti-N-SMase Ab to measure internal N-SMase
immunoreactivity, as described in Marterials anD MeTHops. Data  are
expressed as MFI of at least 10,000 cells per experiment (mean * SEM,
n = 4). External MFl was 0.4% of internal MFI; *P < 0.05.

this effect precludes the possibility of N-SMase neosynthesis,
suggesting instead that FMLP induces changes in the confor-
mation or microenvironment of N-SMase that enhance the
intensity of its immunolabeling. In keeping with this observa-
tion, previous work demonstrated that FMLP stimulation
doubles the N-SMase activity associated with plasma membrane
fractions in vitro (16). GW4869 had no effect on the amount of
N-SMase antigen detected in either unstimulated or FMLP-
stimulated cells (Figure 5).

Effects of N-SMase Inhibition and Ceramide on
PMN Morphology

Scanning electron microscopy was performed to determine if
manipulating N-SMase activity exerted effects on PMN mor-
phology that paralleled its effects on chemotaxis. PMNs were
stimulated with uniform concentrations of FMLP (1077 M) *
GW4869 and lignoceric ceramide, as described for the cell-
tracking experiments, and were then processed for scanning
electron microscopy. Representative images are provided in
Figure 6. Compared with cells treated with FMLP alone,
GW4869 caused elongated PMNs to desist from spreading,
partially detach from the surface, and limit pseudopodial
extensions to a few narrow spikes. Just as lignoceric ceramide
rescued directionally biased migration, it restored the spread-
ing, adhesion, and formation of extended, sheet-like pseudopo-
dia to FMLP/GW4869-treated cells. However, ceramide alone
did not affect the morphology of elongated FMLP-stimulated
cells. Treatment with sphingomyelin caused partial detachment,
and limited pseudopod formation in a fashion similar to that of
GW4869, consistent with the similar effects of sphingomyelin on
directional migration. The effects on morphology were limited
to elongated cells, because GW4869 did not affect the appear-
ance of PMNs that retained a rounded shape in the presence of
FMLP (not shown).

Effects of N-SMase on Rac 1/2 and RhoA Distribution

Because N-SMase inhibition selectively inhibits the orientation
of PMNs along a chemotactic gradient, we sought to determine

Figure 6. Effects of N-SMase inhibition and ceramide reconstitution on
PMN morphology. Scanning electron microscopy was performed on
PMNs treated with buffer, GW4869 (5 mM), or GW4869 with
lignoceric ceramide (5 wg/ml), as described in MATERIALS AND METHODS,
followed by FMLP (5 X 107 M). Compared with cells treated with
FMLP alone (NT), N-SMase inhibition with GW4869 caused elongated
PMNs to limit their spreading, partially detach from the surface, and
limit pseudopodial extensions to a few narrow spikes. Lignoceric
ceramide restored spreading, adhesion, and the formation of ex-
tended, sheet-like pseudopodia to FMLP/GW4869-treated cells.

if this inhibition could be caused by a loss of internal asymmetry
of the internal signaling molecules known to be integrated in
the PMN “compass” system, such as Rac 1/2 and RhoA
GTPases. As shown in Figure 7, Rac 1/2 localizes toward the
front of the cell, and is weakly expressed toward the tail,
whereas N-SMase inhibition leads to a uniform distribution.
Treatment with lignoceric ceramide restored localization at the
leading edge, just as it restores orientation along a chemotactic
gradient. By contrast, RhoA was excluded from the leading
edges of elongated cells, but was relatively uniform elsewhere,
as described previously (24). N-SMase inhibition with GW4869
caused RhoA to appear at the leading edge, and this was also
reversed with lignoceric ceramide. Thus, one function of the
ceramide generated by N-SMase is apparently to maintain the
proper orientation of these internal signaling gradients.

DISCUSSION

Lipids, either intracellular or within the plasma membrane,
engage multiple signaling pathways involved in cellular migra-
tion (1, 3, 4). The polarized distribution of membrane sphingo-
lipids is a common characteristic of migrating leukocytes (1, 25).
Previous work showed that disrupting sphingolipid-enriched
microdomains may slow or immobilize PMNs (20, 26) or
selectively interfere with their orientation toward a chemotaxin
(27), but important questions remain unanswered regarding
whether sphingolipids were responsible, and by what mecha-
nisms they may have functioned. Here, we examined the effects
of N-SMase and its proximate product, ceramide, on PMN
chemotaxis. High-throughput analyses of large numbers of cell
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GW4869+CER

Figure 7. Effects of N-SMase inhibition and lignoceric ceramide on the
distribution of Rac 1/2 and RhoA GTPases. Immunofluorescence
microscopy of fixed/permeabilized FMLP-treated PMNs was performed
as described in MaTteriaLs AND MEeTHODs. Two cells representative of each
treatment condition are shown. (A) Rac 1/2 was concentrated at the
leading edge of elongated PMNs, with weak expression at the tail
(arrowheads), whereas GW4869 (5 mM) caused the distribution to be
uniform. Lignoceric ceramide (5 pg/ml) added to GW4869-treated
cells restored the concentration of Rac 1/2 at the leading edge, with
relative exclusion at the tail (arrowheads). (B) RhoA was excluded from
the leading edge in elongated PMN (arrowheads). GW4869 (5 mM)
caused RhoA to redistribute to the leading edge, rendering a uniform
distribution over the cell. Lignoceric ceramide (5 pg/ml) added to
GW4869-treated cells restored the exclusion of RhoA from the leading
edge (arrowheads). Dotted lines indicate cell outlines.

tracks permitted us to discriminate between the effects on
locomotion versus orientation during movement along FMLP
gradients. N-SMase activity was shown to be essential for PMNs
to bias their migration toward a FMLP source, whereas it
played no role in the intrinsic motility of the cells (percentage
of motile cells or mean cell velocity; Figures 1A and 1B). An
accumulation of sphingomyelin also caused significant loss of
directional bias (Figure 3), but the effect was not as complete as
with N-SMase inhibition, and the ability of exogenous ceramide
to restore chemotaxis fully after N-SMase inhibition suggests
that the responsible agents are predominately ceramide and/or
its metabolites. The isolated effect on orientation versus
locomotion strongly suggests that N-SMase activity and ceram-
ide are selectively engaged in generating or maintaining signal-
ing polarity. Notably, ceramide did not have to be applied
focally to PMNs to exert this effect on polarity, although
ceramide may have distributed to specific regions after it was
incorporated into the plasma membrane.

The pluripotency of ceramide suggests that multiple mecha-
nisms may be at play, but we can conclude at least that N-SMase
and ceramide strongly influence the asymmetrical distribution of
Rac 1/2 versus RhoA GTPases (Figure 7), a distribution that was
implicated in the front/back polarity of migrating PMNs (26, 28,
29). The complex mechanisms underlying the orientation of
PMNs toward a chemotaxin involve a spatial strategy whereby
weakly asymmetrical external signals are greatly amplified into
steep internal signaling gradients (3, 26, 28, 30). Many of these
internal signals involve lipids, including phosphatidylinositol
3,4,5-trisphosphate and phosphatidic acid, which may preferen-
tially associate with sphingolipid-enriched microdomains (1, 4, 26,
31). However, previous studies showed that selectively ablating
these pathways does not necessarily disrupt chemotaxis, consis-
tent with the redundant signaling or shared functions of multiple
isoforms within a pathway (3, 30). In this context, the effect of N-
SMase inhibition was strikingly specific and complete, suggesting
that its fundamental role in maintaining function polarity is not
easily circumvented by alternative signaling pathways.

Ceramide has an extensive signaling portfolio relevant to
chemotaxin responsiveness. Ceramide aggregates, capable of
triggering localized Ca?* entry and solute efflux, are necessary
for the aggregation and signaling competency of receptors such
as L-selectin and Fas (7). Other potentially important effects
include the activation of protein phosphatase 2A and calpain,
and the inhibition of paxillin phosphorylation, mitogen-activated
protein (MAP) kinase, and phospholipase D (8, 14, 16, 32-35).
Only limited evidence has implicated ceramide in chemotaxis.
Lactosylceramide, an abundant ceramide metabolite, can be
loaded into differentiated HL-60 cells to induce migration (36).
By contrast, ceramide was shown to modulate many other
effector functions, including the production of cytokines and
reactive oxygen intermediates, phagocytosis, 32 integrin expres-
sion, degranulation, and apoptosis (8, 13, 37-39).

Further work will be necessary to determine the extent to
which our findings apply to PMN chemotaxis under other
conditions. First, the chemotaxin may be an important variable,
because PMN responsiveness was shown to be hierarchical, with
signals engaged by “end target” chemotaxins (e.g., FMLP and
C5a) overriding those generated by “intermediate” chemo-
taxins (e.g., IL-8 and leukotriene B4), and proceeding through
different signaling mechanisms (3, 40, 41). Second, the charac-
teristics of PMN tracks under the conditions used in this study
(frequent directional changes, with a chemotactic index of ~
10%) are most compatible with a “biased random walk” pattern
characteristic of cells in a shallow chemotactic gradient (3).
Therefore, whether N-SMase functions similarly in steep gradi-
ents, where more linear movement along the gradient axis
would be expected, remains to be seen. Lastly, we constructed
a two-dimensional system to favor the movements of loosely
adherent cells. N-SMase could function differently in the pres-
ence of extracellular matrix proteins, or in a three-dimensional
system, because of offsetting effects on adhesion and deform-
ability.

Importantly, ceramide is readily metabolized along several
pathways to products that pertain to this discussion (42).
Ceramidase can convert ceramide to sphingosine, which in turn
is phosphorylated to sphingosine-1-phosphate (S1P) by sphin-
gosine kinase. S1P has an established role in cellular migration,
binding to a family of receptors (Edg) that stimulate migration
in many cell types, including PMNs (43, 44). Sphingosine kinase
was also implicated in PMN priming, Ca?* signaling, and
migration (45). Lastly, ceramide may be glycosylated by gluco-
sylceramide synthase (GCS) as a first step in synthesizing a large
array of glycosphingolipids. Because GCS is usually found in
the Golgi complex, this pathway is not likely to be relevant to
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the present study, because the effects of exogenous ceramide
are too rapid for this processing route (46). Further studies will
need to determine how ceramide metabolites are involved in
the effects of N-SMase on PMN chemotaxis.

N-SMase was associated with the cytofacial aspect of the
plasma membrane (Figures 4 and 5), in agreement with pre-
vious work (16, 23). Sphingomyelin in the exofacial plasma
membrane could still be the substrate for this N-SMase, because
Ca?*-activated scramblase activity or a loss of membrane lipid
symmetry at ceramide aggregates could deliver sphingomyelin
to the cytofacial membrane. Alternately, sphingomyelin mobi-
lized from the Golgi complex is a plausible source (47, 48). The
variable front-back asymmetry of N-SMase localization (Figure
4) suggests that the distribution of N-SMase may be dynamic,
rather than a static feature of cell polarity. Nonetheless,
functional asymmetries are generated downstream, such as the
distributions of Rac 1/2 and RhoA (Figure 7). Another striking
aspect of N-SMase localization is its virtual absence from pseu-
dopodial membranes (Figure 5). This feature was not described
previously, although it is consistent with the observation that
platelet pseudopods are relatively enriched in sphingomyelin
(49). At present, we can only speculate that the absence of
N-SMase in pseudopodial membranes may occur because
N-SMase is constrained by association with membrane proteins
or larger domains that are not incorporated into extending
pseudopods. However, the absence of N-SMase may hold in-
triguing functional implications for extending pseudopods. For
example, ceramide inhibits phospholipase D activity, and thus
the exclusion of N-SMase/ceramide may permit the localized
generation of phosphatidic acid, a lipid mediator recently shown
to be important in the stable localization of Docking protein 2
and leading edge formation (4, 8).

In conclusion, we demonstrate that N-SMase activity asso-
ciated with the plasma membrane is necessary for PMNs to
develop functional polarity in an FMLP gradient, as manifested
by the distribution of Rac 1/2/RhoA GTPases and directionally
biased migration. Thus sphingolipids, and ceramide in particu-
lar, join the growing list of lipid mediators that mediate the
orientation of PMNs under the influence of chemotaxins.
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