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Real-time Imaging Reveals That P2Y, and P2Y,, Receptor
Agonists Are Not Chemoattractants and Macrophage
Chemotaxis to Complement C5a Is Phosphatidylinositol
3-Kinase (PI3K)- and p38 Mitogen-activated Protein Kinase

(MAPK)-independent™”
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Background: ATP, PI3K, and p38 MAPK signaling is implicated in the recruitment of immune cells.

Results: Macrophages did not migrate toward ATPvyS (ATP analog) but migrated to C5a independent of PI3K and p38 MAPK.
Conclusion: ATP does not recruit macrophages but locally induces lamellipodial membrane extensions.

Significance: ATP can promote chemotaxis and phagocytosis via autocrine/paracrine signaling but itself is not a

chemoattractant.

Adenosine 5'-triphosphate (ATP) has been implicated in the
recruitment of professional phagocytes (neutrophils and
macrophages) to sites of infection and tissue injury in two dis-
tinct ways. First, ATP itself is thought to be a chemotactic “find
me” signal released by dying cells, and second, autocrine ATP
signaling is implicated as an amplifier mechanism for chemot-
actic navigation to end-target chemoattractants, such as com-
plement C5a. Here we show using real-time chemotaxis assays
that mouse peritoneal macrophages do not directionally
migrate to stable analogs of ATP (adenosine-5'-(y-thio)-
triphosphate (ATP%S)) or its hydrolysis product ADP (adeno-
sine-5'-(B-thio)-diphosphate (ADPS)). HPLC revealed that
these synthetic P2Y, (ATPyS) and P2Y,, (ADPBS) receptor
ligands were in fact slowly degraded. We also found that ATP%S,
but not ADPfS, promoted chemokinesis (increased random
migration). Furthermore, we found that photorelease of ATP or
ADP induced lamellipodial membrane extensions. At the cell
signaling level, C5a, but not ATPvS, activated Akt, whereas both
ligands induced p38 MAPK activation. p38 MAPK and Akt acti-
vation are strongly implicated in neutrophil chemotaxis. How-
ever, we found that inhibitors of phosphatidylinositol 3-kinase
(PI3K; upstream of Akt) and p38 MAPK (or conditional deletion
of p38a MAPK) did not impair macrophage chemotactic effi-
ciency or migration velocity. Our results suggest that PI3K and
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p38 MAPK are redundant for macrophage chemotaxis and that
purinergic P2Y, and P2Y,, receptor ligands are not chemotac-
tic. We propose that ATP signaling is strictly autocrine or para-
crine and that ATP and ADP may act as short-range “touch me”
(rather than long-range find me) signals to promote phagocytic
clearance via cell spreading.

Both inside and outside of cells, ATP is a highly multifunc-
tional molecule (1, 2). For example, inside innate immune cells,
ATP is indispensable for the signal transduction cascades, myo-
sin-dependent contractions, and F-actin polymerizations driv-
ing phagocytosis and cell motility. Outside of cells, ATP is an
important extracellular signal molecule. How ATP gets out of
cells is not well understood, and the various mechanisms of
ATP release have recently been reviewed (1, 3). Most, if not all,
cells express surface purinergic receptors, which are divided
into G protein-coupled P2Y receptors and ATP-gated P2X ion
channels (P2X; -). In mouse, members of the P2Y receptor
family are selectively activated by ATP and UTP (P2Y, and
P2Y,), ADP (P2Y,, P2Y,, and P2Y,,), UDP (P2Y,), or UDP-
glucose (P2Y,,). In addition to P2 receptors, there is a P1 family
of G protein-coupled adenosine (Al, A2a, A2b and A3)
receptors.

ATP released from damaged and dying cells is thought to act
as a “tissue damage” (4), “danger” (5, 6), or “find me” (7) signal.
As a find me signal, ATP released from apoptotic cells has been
proposed to create an ATP gradient that attracts phagocytes
(neutrophils and macrophages) via the P2Y, receptor (7). How-
ever, outside of cells, ATP is rapidly degraded by a family of
ectonucleotidases (8, 9), which catalyze the following hydroly-
sis steps: ATP — ADP — AMP — adenosine. This would limit
the reach of ATP as a potential chemoattractant. Indeed, the
half-life of extracellularly released ATP is measured in seconds
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(10,11). Aside from its putative find me role (7), the P2Y, recep-
tor has also been implicated in autocrine purinergic signaling
and gradient sensing by neutrophils and macrophages. Specif-
ically, ATP release induced by chemoattractants and autocrine
feedback via P2Y, or other P2 receptor subtypes were shown to
be involved in chemotactic navigation (12, 13).

Although ATP itself is thought to be a chemoattractant, the
picture is not clear if one takes a closer look at the literature.
Local tissue injury or high concentrations of ATP (or ATP%S)?
in a patch pipette have been clearly shown in vivo to induce the
convergence of processes from microglia (brain-resident
macrophages), although without translocation of the cell body
(14, 15). Cultured microglia were also found to migrate toward
ATP in a 0-50 uMm gradient in a Dunn chamber (16). The effect
was absentin P2Y,, /" microglia, which is unexpected because
P2Y,, is an ADP-selective receptor. Degradation of ATP to
ADP could explain the apparent P2Y,, dependence of ATP-
induced chemotaxis. In any case, it is difficult to draw definite
conclusions on gradient sensing and directed migration
because the cells only moved 1-2 cell widths during the short
(30-min) analysis period and P2Y,, /™ microglia did not move
at all. In Transwell assays, THP-1 monocytes and mast cells
were found to migrate toward ATP and other nucleotides (17).
However, classical Boyden-like Transwell assays do not allow
clear distinction between chemokinesis and chemotaxis (18).
For example, Chen et al. (12) found that ATP+yS promoted tran-
swell migration of HL-60 cells regardless of whether it added to
the upper or lower well, implying that it induces chemokinesis
but not chemotaxis. Similarly, using the same approach, ATP
was deduced to induce human monocyte chemokinesis rather
than chemotaxis (4). In both examples, it was assumed that the
nucleotide increased random migration, but cell velocity could
not be quantified because the readout of such assays is limited
to the quantification of the number of cells that have crawled
across the pores in a thin membrane during a defined time
period.

We recently described a robust microscope-based real-time
chemotaxis assay for mouse-resident peritoneal macrophages
that allows quantification of migration velocity and chemotaxis
(19). Using this chemotaxis assay, we investigated whether the
hydrolysis-resistant ATP (ATPvyS) and ADP (ADPfS) analogs
were chemotactic ligands. We have previously shown which
purinergic receptor subtypes are functionally expressed in
these cells (20), and we confirmed P2Y, , receptor expression by
Western blot. Chemotactic assays were supported by confocal
fluorescence imaging of gradient kinetics and real-time HPLC
measurements. We also used ultraviolet (UV) light-induced
photolysis of caged ATP and caged ADP to explore the effects of
ATP and ADP on cytoskeletal dynamics independent of flow
effects. In addition, we compared the effects of ATPvS and a
potent end-target chemoattractant (complement C5a) on Akt
and p38 MAPK signaling, both pathways of which have been
strongly implicated in chemotaxis signaling (21-24).

2The abbreviations used are: ATPyS, adenosine-5'-(y-thio)-triphosphate;
ADPSS, adenosine-5'-(B-thio)-diphosphate; NPE, (P3-(1-(2-nitrophenyl)-
ethyl)-ester); EGFP, enhanced green fluorescent protein; FT-MS, Fourier
transform mass spectrometry; DMSO, dimethyl sulfoxide.

DECEMBER 30, 2011 +VOLUME 286+NUMBER 52

EXPERIMENTAL PROCEDURES

Materials—Hydrolysis-resistant ATP (ATP+S, lithium salt;
> 90% purity) and ADP (ADPgS, lithium salt; > 85% purity)
were obtained from Jena Bioscience (Jena, Germany). The
lyophilized solids were dissolved in Dulbecco’s phosphate
buffer solution (pH 7.4), and aliquots (10 mm) were stored at
—20 °C. Alexa Fluor 488-conjugated cadaverine (sodium salt)
and fluo-3/AM were obtained from Molecular Probes (Invitro-
gen). Recombinant mouse complement C5a (R&D Systems;
endotoxin level <0.1 ng/1 ug of protein) was dissolved in Dul-
becco’s phosphate buffer solution (pH 7.4) containing 0.1%
fatty acid free bovine albumin (Sigma), and aliquots were stored
at —80 °C. Patent Blue V (Chroma Gesellschaft) was dissolved
in water at 10 mg/ml, and aliquots were stored at —20 °C. Stock
solutions of the phosphatidylinositol 3-kinase (PI3-kinase)
inhibitors LY294002 (50 mMm in DMSO) and wortmannin (1 mMm
in DMSO) were obtained from Cell Signaling Technology via
New England Biolabs (Frankfurt am Main, Germany) and
stored at —20 °C. The p38 MAPK inhibitor SB203580 (Tocris
Bioscience) was dissolved in DMSO to 10 mm.

Stock solutions (10 mMm, pH 7.5) of P3-(1-(2-nitrophenyl)-
ethyl)-ester (NPE)-caged ATP and NPE-caged ADP, both
>95% purity, were obtained from Jena Bioscience. Rabbit anti-
mouse P2Y, receptor antibodies (55043A) were obtained from
AnaSpec (San Jose, CA). Rabbit monoclonal anti-mouse phos-
pho-Akt (Ser-473) antibodies (193H12) and pan Akt antibodies
(C67E7), as well as rabbit monoclonal anti-phospho-p38
MAPK (Thr-180/Tyr-182) antibodies (12F8) and polyclonal
anti-p38 MAPK (pan p38 MAPK) antibodies (9212), were
obtained from Cell Signaling Technology. p-Luciferin, recom-
binant firefly luciferase, and myokinase were obtained from
Sigma. N-(2-Mercaptopropionyl)glycine (Sigma) was dissolved
in water, and 1 M aliquots were stored at —20 °C.

Knock-out Mice—P2Y, '~ mice (C57BL/6 strain) were sup-
plied by Jens Leipziger (Aarhus, Denmark). Conditional p38«a
MAPK knock-out mice were generated by crossing mice with
loxP-flanked (floxed) p38« alleles with LysMCre mice (25, 26),
which express Cre recombinase (Cre) under the control of the
myeloid-specific M lysozyme promotor. Transgenic Lifeact-
EGFP mice, recently described by Riedl et al. (27), were sup-
plied by Michael Sixt (Klosterneuburg, Austria).

Resident Peritoneal Macrophages—Mice were killed by an
overdose of isoflurane in air, and the peritoneal cavity was lavaged
via a 24-gauge plastic catheter (B. Braun, Melsungen, Germany)
using 2 X 4 ml of ice-cold Hanks’ balanced salt solution without
Ca®" or Mg®" (PAA Laboratories, Pasching, Austria). After cen-
trifugation (360 X g for 5 min), cells were resuspended in RPMI
1640 medium containing 2 g/liter bicarbonate (Biochrom AG,
Berlin, Germany) and supplemented with 10% heat-inactivated
fetal calf serum (FCS), 100 units/ml penicillin, and 100 wg/ml
streptomycin (pH 7.4). The cells were seeded into fibronectin-
coated p-slide I chambers or w-slide chemotaxis chambers (Ibidi,
Martinsried, Germany) and placed in a humidified incubator
(37°C, 5% CO,). Experiments were performed on the stage of an
inverted microscope (AxioVision) equipped with a temperature-
controlled incubator (incubator XL S, Zeiss) using the same com-
plete medium as above, except that bicarbonate buffer was
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FIGURE 1. P2Y receptor signaling in mouse macrophages. A, recently proposed model of autocrine purinergic signaling involved in the chemotaxis of
macrophages to the chemoattractant C5a. B, simple controversial model implicating endogenous (ATP and ADP) and hydrolysis-resistant synthetic (ATP-yS and
ADPSS) purinergic receptor agonists as chemoattractants. C, Ca®" oscillations in a single macrophage induced by the application of ATPyS in Ca®*-free
medium. D, lack of Ca* response in a single P2Y,-deficient (P2Y, /") macrophage challenged with the P2Y, receptor agonist UTP (250 um). Application of ATP
(250 um) induced a small transient Ca®* signal (attributable to P2X receptor activation). E, lack of Ca®>" response in a single P2Y,/~ macrophage challenged
with 100 um ATP9S in Ca?*-free medium. F, [ATP+S]-peak Ca>* response relations for wild-type (WT) and P2Y, /™ macrophages. To establish the concentra-
tion-response relation, ATPS was applied in Ca®" -free medium to obviate Ca®" influx via P2X receptors or Ca®" release-activated Ca®* channels.

replaced by 20 mm Hepes (pH 7.4). Using the limulus amebocyte
lysate test, endotoxin could not be detected in the bicarbonate- or
Hepes-buffered RPMI 1640 media containing FCS and antibiotics.
All procedures and protocols met the guidelines for animal care
and experiments in accordance with national and European (86/
609/EEC) legislation.

Two-dimensional Chemotaxis Assays—Cells obtained by
peritoneal lavage of a single mouse were resuspended in 200 —
250 ul of medium, and 8 ul of the suspension was seeded into
the narrow (1000 X 2000 X 70-um) channel of an uncoated
(IbiTreat) u-slide chemotaxis chamber (Ibidi). The narrow
channel (observation area) connects two 40- ul reservoirs. After
3 h, the chemotaxis chamber was filled with RPMI 1640 (bicar-
bonate) medium containing 10% FCS and antibiotics.

Prior to performing assays, the chemotaxis chamber was
slowly washed with bicarbonate-free medium. Next, 15 ul of
medium containing 0.003% Patent Blue V (blue dye) was drawn
into one of the reservoirs either without (control) or with a test
substance (C5a, ATPvS, or ADPfS). The final concentration of
C5a was 20 nM, whereas various concentrations of ATPyS or
ADPSS were tested (0.1, 1, 10, and 100 uMm). The observation
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area was imaged by phase-contrast microscopy via a 10X/0.3
objective. The blue dye served as a visual indicator of gradient
formation, and we have previously confirmed that it does not
affect cell migration (13). Images were captured every 2 min for
14 h, and cell migration tracks between 4 and 12 h (C5a) or
between 1 and 9 h (ATPvyS and ADPSS) were analyzed with
Image] (National Institutes of Health) using a manual tracking
plugin and the chemotaxis and migration tool from Ibidi.
Twenty-five randomly selected cells were manually tracked in
each chemotaxis experiment.

Gradient Kinetics—To simulate the kinetics of ATPYyS (M,
523, free acid) and ADPBS (M, 443, free acid) gradient forma-
tion in the chemotaxis chamber, the nucleotides were replaced
by Alexa Fluor 488-conjugated cadaverine (M, 640), and fluo-
rescence gradients were detected by time-lapse confocal imag-
ing using an inverted Olympus FluoView 300 confocal
microscope.

Three-dimensional Chemotaxis Assays—The following steps
were performed at ~4 °C. Hanks’ balanced salt solution (con-
centrated 10X) was diluted with H,O to a 2X concentrated
solution, to which 50 mm Hepes and ~0.02 M NaOH were
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FIGURE 2. The P2Y, receptor agonist ATP+S is not a chemoattractant. A, chemotaxis assays were performed using the Ibidi chemotaxis u-slide, which
consists of two 40-ul reservoirs connected by a narrow (1000 X 2000 X 70-um) channel. To measure gradient kinetics, Alexa Fluor 488-conjugated cadaverine
(AF488-cadaverine) was added to one of the reservoirs, and serial confocal images of the narrow channel were obtained. B, gradient kinetics measured using an
end-target Alexa Fluor 488-conjugated cadaverine concentration of 1 um. C, gradient kinetics measured using an end-target Alexa Fluor 488-conjugated
cadaverine concentration of 10 um. D-F, migration plots of macrophages in ATP+yS or C5a gradients. G and H, summary plots of chemotactic efficiency
(chemotaxis index) and mean velocity (n = 4-5 independent experiments for the ATPyS groups; 125-225 cells). The control group (n = 5 independent
experiments; 175 cells) represents experiments performed in the absence of a chemical gradient, and C5a was used as a positive control (n = 12 independent

experiments; 350 cells). *, p < 0.05 (Kruskal-Wallis test and Dunn’s multiple comparison test).

added. This “pH-neutralizing” solution was mixed 1:1 with rat
tail collagen (type I) solution (354249; BD Biosciences) contain-
ing 9.33 mg/ml collagen in 0.02 M acetic acid. This mixture was
then added 1:2 to a cell (macrophage) suspension in RPMI 1640
(Hepes) medium and mixed by once strongly flicking the bot-
tom of the 0.5-ml Eppendorf tube in which the mixture was
contained. The final collagen concentration was 1.2 mg/ml (pH
was 7.2-7.4). A small volume (10 wl) of the collagen-cell mix-
ture was drawn into the narrow channel of a prefilled p-slide
chemotaxis chamber within minutes of adding C5a or ATPvyS
(together with Patent Blue V) to one of the reservoirs.

HPLC and Mass Spectrometry—Samples were analyzed using
an Agilent 1200 series HPLC system (Agilent Technologies),
which included an autosampler coupled to a quaternary pump
and a photodiode array detector. HPLC analysis was performed
ona2.0 X 125-mm C18 analytical column (NUCLEODUR C18,
3 wm, MACHEREY-NAGEL). After equilibration of the col-
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umn with 3% acetonitrile in 10 mMm potassium phosphate (pH
5.0) and injection of the sample, nucleotides were eluted in a
50-min gradient to 50% acetonitrile in 10 mm potassium phos-
phate (pH 7.5). Detection was carried out at 259.8 nm. Addi-
tionally, UV spectra (200 —400 nm) were obtained.

Fourier transform mass spectrometry (FT-MS) analyses
were carried out using a Thermo LTQ Orbitrap XL mass spec-
trometer (Thermo Fisher Scientific, Bremen, Germany) in neg-
ative electrospray ionization mode. Adjustments of FT-MS
parameters were as follows: capillary temperature, 225 °C; cap-
illary voltage, —21.95 V; tube lens voltage, —103.85 V; multi-
pole 00 offset, 4.6 V; lens 0 voltage, 4.08 V; multipole 0 offset,
4.99 V; lens 1 voltage, 9.06 V; gate lens voltage, 40.16 V; multi-
pole 1 offset, 6.04 V; front lens, 5.01 V. Product ion spectra with
higher energy collision-induced dissociation were recorded at
an energy level of 30 or 40%. Data analysis was performed using
Xcalibur 2.0.7 SP1 (Thermo Fisher Scientific).
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Time-lapse Video Microscopy and Photorelease of Caged
Nucleotides—Macrophages (seeded into a fibronectin-coated
w-slide I chamber) were incubated in RPMI 1640 (Hepes)
medium containing a reactive oxygen species scavenger (1 mm
N-(2-mercaptopropionyl)glycine) and either 300 um NPE-
caged ATP or 300 um NPE-caged ADP. Photolysis was induced
by a UV light pulse via a shutter-controlled 100-watt mercury
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FIGURE 3. HPLC and FT-MS analyses. A, detection of ATP+yS by HPLC. mAU,
milliabsorbance units. B, identification of ATP-yS by mass spectrometry (ion-
ized parent molecule has an m/z (mass-to-charge) ratio of 523.7731). C, deg-
radation of ATPyS (measured by HPLC over 13 h) under five different condi-
tions: (i) PBS at 20 °C, (ii) PBS at 37 °C, (iii) RPMI 1640 medium plus FCS, (iv)
mouse peritoneal cellsin RPMI 1640 medium (without FCS), or (v) cellsin RPMI
1640 medium plus FCS. D, image (100 X 100 um) of cell density in a u-slide |
chamber, to which 100 um ATPvS was added.

short-arc lamp (HBO 103 W/2, Osram). Differential interfer-
ence contrast images were obtained via a 63X/1.40 oil immer-
sion objective lens and charge-coupled device camera
(AxioCam MRm, Zeiss) controlled by AxioVision software
(Zeiss). Images were captured every 15 s.

Detection of Photoreleased ATP and ADP—The reaction
mixture was pipetted into a p-slide I chamber (Ibidi) and con-
tained 500 uM D-luciferin, 2 mg/ml recombinant firefly lucifer-
ase, and either 300 um NPE-caged ATP or 300 um NPE-caged
ADP (together with 500 units/ml myokinase, which catalyzes
the reaction: ADP + ADP — ATP + AMP). Photolysis was
induced by a UV light pulse, and chemiluminescence was
detected by a D104 microscope photometer coupled to the
microscope and interfaced with FeliX32 software (Photon
Technology International, Seefeld, Germany). Using this sys-
tem at a high sampling rate (500 Hz), we found that the UV light
pulse had a duration of 299.8 = 0.5 ms (n = 7).

Western Blot—Macrophages were lysed in buffer containing
100 mm NaCl, 2 mm MgCl,, 1 mm dithiothreitol, 1% Nonidet
P-40, 10% glycerol, 5 mm NaF, 1 mm NazVO, (sodium
orthovanadate), the protease inhibitors leupeptin, aprotinin,
and Pefabloc (each at 10 ug/ml), and 50 mm Tris-HCI (pH 7.4).
Proteins were separated by 6-15% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and trans-
ferred onto polyvinylidene difluoride membranes (Roche
Applied Science, Mannheim, Germany). Membranes were
blocked for 1 h at room temperature in TBS containing 5%
nonfat dry milk and 0.05% Tween 20 followed by overnight
incubation (4 °C) with primary antibodies, diluted 1:250 (Akt
and p38 MAPK signaling) or 1:1000 (P2Y,,). For detection,
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FIGURE 4. Three-dimensional chemotaxis assays. A, in the case of three-dimensional chemotaxis assays, the cells (in collagen type |) were added after the
Ibidi chemotaxis u-slide had already been filled with medium and ATPvS or C5a had been added to one of the reservoirs. Confocal reflection microscopy was
used to obtain images of the type | collagen matrix. Image is 100 X 100 um. B and C, migration plots of collagen matrix-embedded macrophages in an ATP7yS
gradient or a C5a gradient. D and E, summary plots of three-dimensional chemotactic efficiency (chemotaxis index) and mean velocity (n = 2-3 independent
experiments; total of 75 cells/group). *, p < 0.05 (Kruskal-Wallis test and Dunn'’s multiple comparison test).
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FIGURE 5. ADPfS is not a chemoattractant for P2Y,, receptor expressing macrophages. A, P2Y,, receptors could be detected in human (h) platelets and
mouse peritoneal macrophages by Western blot. The upper bands correspond to the glycosylated form of the protein. B, detection of ADPS by HPLC. mAU,
milliabsorbance units. C, identification of ADP3S by mass spectrometry (ionized parent molecule has an m/z (mass-to-charge) ratio of 441.9988). D, degrada-
tion of ADPBS (measured by HPLC over 13 h) under five different conditions: (i) PBS at 20 °C, (i) PBS at 37 °C, (iii)) RPMI 1640 medium plus FCS, (iv) mouse
peritoneal cells in RPMI 1640 medium (without FCS), or (v) cells in RPMI 1640 medium plus FCS. E and F, migration plots of macrophages in ADPSS gradients.
G and H, summary plots of chemotactic efficiency (chemotaxis index) and mean velocity (n = 3-7 independent experiments; 75-350 cells/group). The pooled
C5a and control groups are the same as in Fig. 2. *, p < 0.05 (Kruskal-Wallis test and Dunn’s multiple comparison test).

horseradish peroxidase-conjugated secondary antibodies
(Dianova, Hamburg, Germany) were used in combination with
SuperSignal West Pico chemiluminescence substrate (Perbio,
Bonn, Germany).

Single-cell Cytosolic [Ca®"] Measurements—Macrophages
were seeded onto a Perspex bath (volume, 100 ul), the bottom
of which was a glass coverslip. Cells were imaged via a 40X/
1.40 oil objective lens and superfused at 1 ml/min. To mon-
itor intracellular [Ca®*], the cells were incubated for 15-20
min with 10 uM fluo-3/AM. To minimize fluo-3 loss, the
medium contained 1 mMm probenecid, and recordings were
made at room temperature (20-23 °C). In each experiment,
a single macrophage (selected with a bilateral iris) was
excited at 488 nm, whereas fluorescence was detected at
530 = 15 nm using a microscope-based spectrofluorometer
system (Photon Technology International). Fluorescence
signals were normalized with respect to the resting fluores-
cence intensity (F,) and expressed as F/F,. Solutions were
rapidly changed using miniature three-way valves (The Lee
Company, Westbrook, CT).
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Statistical Analysis—Normality and homoscedasticity were
tested using the Shapiro-Wilk and Levene tests, respectively. A
one-way analysis of variance was used to test for statistical
differences at the 0.05 level of significance. When the
assumed conditions of normality and homogeneity of vari-
ance were not fulfilled, we used the non-parametric Kruskal-
Wallis one-way analysis of variance on ranks (at the 0.05
level of significance). Post hoc multiple comparisons were
made using Dunn’s method. In the case of paired experi-
ments, a ¢ test was used to test for statistical significance.
Statistical analyses were performed using SigmaStat soft-
ware (Systat Software, Erkrath, Germany), and data are pre-
sented as means = S.E.

RESULTS

Roles of Purinergic Receptors in Chemotaxis—We have
recently shown that autocrine purinergic signaling provides
feedback loops, which are critical for the chemotactic naviga-
tion of macrophages in a C5a gradient (Fig. 14) (13). In addition
to autocrine signaling, ATP and ADP themselves have been
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FIGURE 6. Signal transduction and redundancy of PI3K and p38 MAPK pathways in macrophage chemotaxis. A, Western blot analysis of Akt signaling in
mouse peritoneal macrophages. C5a, but not ATP+S, induced phosphorylation of Akt (p-Akt) at Ser-473 (blots are representative of 3 independent experi-
ments). Akt is activated by phosphorylation. B, Western blot analysis of p38 MAPK signaling in mouse peritoneal macrophages. Both C5a and ATPyS induced
dual phosphorylation of p38 MAPK at Thr-180 and Tyr-182 (blots are representative of 3 independent experiments). p38 MAPK is activated by phosphorylation
atThr-180and Tyr-182. Cand D, the PI3Kinhibitors LY294002 (10 um) and wortmannin (100 nm) did not impair macrophage chemotaxis to C5a. E, the p38 MAPK
inhibitor SB203580 (10 um) did not impair macrophage chemotaxis to C5a. F, conditional deletion of p38a MAPK in macrophages did not impair macrophage
chemotaxis to C5a. G and H, summary plots of chemotactic efficiency (chemotaxis index) and mean velocity (n = 3-6 independent experiments; 75-150

cells/group). Note that the pooled C5a group is not the same as in Fig. 2 (and Fig. 5). *, p < 0.05 (Kruskal-Wallis test and Dunn’s multiple comparison test). Wort,

wortmannin.

implicated as chemotactic ligands (see Introduction and Fig.
1B). However, it is difficult to test the chemotactic activity of
ATP and ADP because these adenine nucleotides are rapidly
degraded (2, 8, 10, 11). Therefore, we substituted ATP and ADP
for the stable analogs ATP+yS and ADPSS, respectively. ADPSS
has been reported to stimulate G;-coupled P2Y,, receptors (28,
29), as well as P2Y,, receptors (30). Using single-cell Ca*"
imaging, we could show that ATPvS is a potent agonist of
mouse G,;-coupled P2Y, receptors (Fig. 1C). ATPyS was
applied in Ca®"-free medium to circumvent Ca®>* influx via
P2X ion channels (20). In macrophages lacking P2Y, receptors
(P2Y, /"), the application of the P2Y,, (and P2Y,,) receptor ago-
nist uridine 5’'-triphosphate did not increase intracellular
[Ca®"], whereas ATP induced a small transient Ca>* signal
(Fig. 1D), consistent with P2X receptor activation (20). Under
Ca**-free conditions, ATPyS did not induce internal Ca>"
release in P2Y, /" macrophages (Fig. 1, E and F).

Gradient Kinetics—To measure gradient formation in the
p-slide chemotaxis chamber, we substituted ATPyS (M,
523) and ADPBS (M, 443) for Alexa Fluor 488-conjugated
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cadaverine (M, 640) (Fig. 2A). Confocal fluorescence images
of the observation area connecting the two reservoirs of the che-
motaxis chamber were captured every 1 h over 13 h. An increas-
ingly steep gradient could be detected (Fig. 2, B and C).

ATPyS Is Not a Chemotactic Ligand—Migration plots of
macrophages in ATPvS gradients are shown in Fig. 2, D and E.
There is no clear preferential direction of migration in ATPvS
gradients when compared with cells in a chemotactic C5a gra-
dient (Fig. 2F and supplemental Videos 1 and 2). The mean
chemotaxis (y-forward migration) index was ~0.5 for macro-
phages in a C5a gradient, whereas no chemotaxis to ATP+yS was
detected using a range of end-target concentrations (0.1, 1, 10,
and 100 uM) (Fig. 2G). When compared with control conditions
(absence of chemical gradients), the mean velocity of migration
was increased in the 1 and 10 um ATP+vS groups and decreased
in the 100 um ATPYS group. Thus, the P2Y, receptor agonist
ATPyS can induce chemokinesis (increased random migra-
tion), but high concentrations are inhibitory. The combination
of 10 um ATPvS and C5a did not augment either chemotactic
efficiency or cell velocity (Fig. 2, G and H).
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FIGURE 7. Flow- versus ATPyS-induced lamellipodial membrane protrusions. A, superfusion of macrophages induces ruffling and weak membrane
protrusive activity. Subsequent superfusion of the same cells with medium containing 100 um ATP+S induces more pronounced membrane protrusions. The
differential interference contrast images are 80 X 80 um. B, summary of effects of flow and flow plus ATPvS on cell two-dimensional area. Area was measured
before and 1 min after superfusion with either medium alone or medium plus ATP+S (n = 3 independent experiments; 15 cells). C, application of 50 um ATP~yS
to Lifeact-EGFP macrophages (lower green fluorescentimages show F-actin labeling). Images are 70 X 70 wm. The upper rightimage (labeled +ATPyS) was taken
45 s after application of ATPvS. D, kinetics of cell spreading (the traces correspond to the two complete cells shown in C). E, summary of relative cell area before
(Control) and 45 s after application of ATPyS or ADPS. ¥, p < 0.05 (paired t tests).

Stability of ATPyS—Although ATPvS is much more resis-
tant to hydrolysis than ATP, degradation could, in principle,
explain its lack of chemotactic activity during in vitro che-
motaxis assays. Using HPLC, we could detect a dominant peak
corresponding to ATPvS (Fig. 34), which was confirmed by
mass spectrometry (Fig. 3B8). When stored in Dulbecco’s phos-
phate buffer saline (PBS) at room temperature for 13 h, ATPvyS
was remarkably stable (Fig. 3C). However, spontaneous hydrol-
ysis was evident during incubation at 37 °C. Furthermore, the
presence of FCS or cells, plated at a high density in a u-slide I
chamber (height, 400 um), increased the rate of hydrolysis (Fig.
3, C and D). The combination of both cells and medium con-
taining FCS had additive effects (Fig. 3C). Chemotaxis was ana-
lyzed between 1 and 9 h, and thus, we would expect that about
50% of the high-end concentration is still present during the
analysis period (Fig. 3C).

Three-dimensional Chemotaxis—W e found that it was pos-
sible to do three-dimensional chemotaxis experiments with the
w-slide (two-dimensional) chemotaxis chamber from Ibidi.

ACEEY
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However, it was necessary to prefill the chamber with medium
and add C5a (or ATP+S) before introducing the cell-collagen
mixture. Confocal reflection microscopy was used to image the
collagen fiber network formed in the w-slide chemotaxis cham-
ber (Fig. 44). As in the case of two-dimensional chemotaxis
assays, macrophages did not migrate toward ATP~S (Fig. 4B),
whereas chemotaxis to C5a was observed (Fig. 4C). Data are
summarized in Fig. 4, D and E.

ADPS Is Not a Chemotactic Ligand—P2Y ,, receptors have
previously been reported to be selectively expressed in micro-
glia (brain macrophages) and not in peripheral macrophages
(16, 31). However, we have previously shown that mouse peri-
toneal macrophages express mRNA for the ADP (and ADPSS)-
activated P2Y,, receptor (13). We confirmed that peritoneal
F4/80" cells (macrophages), purified by cell sorting, express
P2Y,, at the mRNA level (not shown), and we could detect
P2Y,, via Western blot (Fig. 5A); the higher of the two bands is
the glycosylated form (32). ADPfS, detected by HPLC and con-
firmed by MS, was remarkably stable, even in the presence of
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FIGURE 8. HPLC and mass spectrometry analysis of NPE-caged compounds.
A, detection of NPE-caged ATP by HPLC and molecular identity by mass spec-
trometry (ionized parent molecule has an m/z (mass-to-charge) ratio of
655.0355). The preparation was not contaminated by ATP or ADP. mAU, milliab-
sorbance units. B, detection of NPE-caged ADP by HPLC and molecular identity
by mass spectrometry (ionized parent molecule has an m/z (mass-to-charge)
ratio of 575.0698). The preparation was not contaminated by ATP or ADP.

fetal calf serum and cells (Fig. 5, B-D). As in the case of ATPYS,
there was no chemotaxis of cells to ADPSS, tested at a range of
end-target concentrations (0.1, 1, 10, and 100 um) (Fig. 5, E-G).
However, in contrast to ATPyS, ADPS did not induce chemo-
kinesis (Fig. 5H).

Signal Transduction—We began to address the question of
why C5a, but not ATPvS or ADPfS, are chemotactic. PI3K and
p38 MAPK signaling have been strongly implicated in chemo-
tactic navigation (21-24). We found that the agonist C5a
induced phosphorylation (activation) of both Akt (downstream
of PI3K) and p38 MAPK, whereas ATP+vS only activated p38
MAPK (Fig. 6, A and B). Next, we tested whether PI3K and p38
MAPK are actually required for macrophage chemotaxis.
Macrophage chemotaxis to C5a was not impaired by inhibitors
of PI3K (LY294002 and wortmannin) (Fig. 6, C and D). Simi-
larly, chemotaxis to C5a was not impaired by the p38 MAPK
inhibitor SB203580 (Fig. 6E) or by conditional knock-out of
p38a MAPK in macrophages (Fig. 6F); p38« and p383 MAPK
are the two dominant isoforms of p38 MAPK, and we could not
detect p383 MAPK in p38a-deficient macrophages. Further-
more, macrophage chemotaxis to C5a was also not impaired by
a combination of PI3K and p38 MAPK inhibitors, as shown in
the summary data (Fig. 6, G and H). Interestingly, we observed
that macrophages migrating directionally in the presence of
LY294002 or wortmannin frequently had a spindle-shaped
morphology, suggestive of impaired cell polarization.

Flow- and ATPyS-induced Membrane Protrusive Activity—
Our data obtained with the synthetic P2Y, receptor agonist
ATP+S indicate that ATP is not a chemotactic ligand. Thus,
ATP released from dying cells does not act as a long-range find
me signal to attract professional phagocytes (macrophages).
However, we speculate that ATP released from dying cells may
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act as local touch me signals by inducing macrophage spread-
ing. We have previously reported that macrophages superfused
with P2Y, and P2Y,, receptor agonists generate lamellipodial
membrane protrusions (13). However, superfusion (flow) itself
can induce robust membrane ruffling and some lamellipodial
membrane extensions (Fig. 7A). The subsequent application of
ATP+vS produces much more prominent membrane protru-
sions (Fig. 7, A and B). Membrane protrusions are driven by
actin polymerization. To visualize F-actin, we isolated macro-
phages from Lifeact-EGFP mice, which ubiquitously express
the F-actin-binding protein Lifeact fused to EGFP (27). Appli-
cation of 50 um ATPyS to macrophages (which had not been
acutely subjected to superfusion) generated robust F-actin-
driven lamellipodial extensions. The kinetics of spreading is
shown in Fig. 7D. Typically, cells rapidly spread and reach a
peak two-dimensional cell area within 45— 60 s and then grad-
ually retract the lamellipodia. Summary data of the peak area
after application of 50 um ATP+yS or ADPS are shown in Fig.
7E. We speculated that the actin dynamics of resting macro-
phages may be stimulated by autocrine ATP signaling. How-
ever, we found that the presence of apyrase (40 units/ml) did
not inhibit the membrane dynamics of resting cells (supple-
mental Videos 3 and 4).

Lamellipodial Membrane Protrusions Induced by Photore-
lease of ATP and ADP—To confirm that ATP and ADP induce
membrane protrusive activity independent of flow, we
increased extracellular nucleotide concentrations by photolysis
of NPE-caged ATP or NPE-caged ADP. Using HPLC, we con-
firmed that the NPE-caged nucleotides contained no detectable
free nucleotides (Fig. 8, A and B), which could potentially
desensitize P2Y receptors; the composition and mass of the
molecules were confirmed by FT-MS (Fig. 8, A and B). In the
presence of b-luciferin and firefly luciferase, a flash of UV light
induced light emission, confirming that ATP was released from
its NPE-caged form (Fig. 9A4). Initially, photorelease of ATP
caused macrophages to “freeze,” characterized by a lack of
spontaneous membrane dynamics followed by cell death. This
effect was not due to the UV flash. Instead, we deduced that it
was caused by the generation of reactive oxygen species because
it could be abrogated by a reactive oxygen species scavenger
(N-(2-mercaptopropionyl)glycine). When experiments were
repeated using medium containing N-(2-mercaptopropionyl)gly-
cine, photorelease of ATP induced lamellipodial membrane
protrusions (Fig. 9B).

We could indirectly detect ADP release from NPE-caged
ADP by coupling the luciferase-based reaction to myokinase
(Fig. 9C). Photorelease of ADP weakly induced lamellipodial
membrane protrusions (Fig. 9D). A summary of UV photolysis
experiments is shown in Fig. 9, E and F. Note that UV photore-
lease of ATP did not induce membrane protrusions in P2Y,-
deficient macrophages, indicating that ATP-induced spreading
is mediated by P2Y, receptors, rather than P2X receptors.

DISCUSSION

In the past decade, it has become clear that inflammation,
especially the recruitment and activity of macrophages, is
closely linked to chronic diseases (33). The central question
addressed in this study is whether the purinergic receptor ago-
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FIGURE 9. Photorelease of ATP and ADP from NPE-caged compounds induces macrophage membrane protrusions. A, confirmation that a UV light flash
(300 ms) induces release of ATP from NPE-caged ATP. An Ibidi u-slide | chamber containing 300 um NPE-caged ATP, as well as p-luciferin and luciferase, was
placed on the stage of an inverted microscope, which was coupled to a photomultiplier tube. Following the UV flash, a transient (green) light signal was
detected, consistent with photorelease of ATP. B, lamellipodial membrane protrusions induced by photorelease of ATP. Image is 80 X 80 um. C, confirmation
that a UV flash (300 ms) induces release of ADP from NPE-caged ADP. The luciferase-catalyzed reaction was coupled to myokinase to generate ATP from ADP.
D, lamellipodial membrane protrusions induced by photorelease of ADP. Image is 80 X 80 um. E and F, summary of effects of photorelease of ATP and ADP on
the cell two-dimensional area. Photorelease of ATP did not increase the cell area in P2Y ,-deficient (P2Y,/~) macrophages.

nists ATP and ADP are chemotactic signals for professional
mouse phagocytes (macrophages). ATP has been implicated in
macrophage recruitment to sites of inflammation or tissue inju-
ry; however, there are conflicting reports regarding whether
natural and synthetic purinergic receptor agonists (i) induce
chemotaxis (7, 16, 17, 34—36) and/or (ii) induce chemokinesis
(4, 12, 35) or (iii) even inhibit the migration of immune cells
(37). A major limitation of many of these studies is the use of
Transwell (Boyden) chambers for chemotaxis assays. These
end-point assays do not allow (i) measurement of cell velocity,
(ii) determination of chemotaxis efficiency (chemotaxis index),
or (iii) reliable discrimination between chemokinetic and che-
motactic responses (18). To overcome these problems, we
recently established a macrophage chemotaxis assay using the
Ibidi p-slide chemotaxis slide, which enables real-time (micro-
scope-based) imaging of the motility of single cells in a chemot-
actic gradient (19). Using this system, we found that synthetic
agonists of P2Y, (ATP+S) and P2Y,, (ADPS) receptors were
not chemoattractants, although ATPyS, but not ADPSS,
induced chemokinesis at intermediary concentrations.

asEve
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It could be argued that ATPyS and ADPSS were degraded
under our experimental conditions, thereby preventing chem-
ical gradient formation. Indeed, using HPLC, we found that
ATP~vS, more so than ADPfS, was degraded. However, we used
a broad range of end-target concentrations in both two-dimen-
sional and three-dimensional (in the case of ATPvS) assays,
which should have revealed chemotaxis if ATPyS or ADPBS
were chemotactic ligands. Thus, our data indicate that ATP is
not the find me signal studied by the Elliott ez al. (7), at least in
the case of macrophages. The inhibitory effects of apyrase and
P2Y, receptor deficiency on phagocyte recruitment (7) induced
by dying cells could be explained by interference with autocrine
ATP signaling, which may act as a signal amplifier for a range of
find me chemoattractants (12, 13). Extracellular ATP is proba-
bly restricted to autocrine and paracrine signaling, and its short
half-life in the extracellular space (2, 8, 12) makes it an unsuit-
able long-range chemotactic find me signal. However, in line
with a role of nucleotides in phagocytosis (7, 34), we found that
photorelease of ATP or ADP induced macrophage lamellipo-
dial extensions. Thus, ATP or ADP leaking from a dying cell
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could act as local (short-range) touch me signals by inducing
macrophage spreading.

Stimulation of macrophages with ATPyS or the chemoat-
tractant C5a induces a number of responses in common, such
as the release of Ca>" from internal stores and lamellipodial
membrane protrusions (13, 20). However, only C5a acts as a
chemoattractant. We found that both C5a and ATPyS acti-
vated p38 MAPK, whereas only C5a activated Akt, indexed as
phosphorylation at Ser-473. Further work will be required to
determine whether the lack of phosphorylation of Akt at Ser-
473 accounts in part for the lack of chemotactic activity of
ATPvS. Although mammalian target of rapamycin complex
2 (mTORC2) mediates the phosphorylation of Akt at Ser-
473, the phosphorylation at this site is a good readout for
PI3K activity (38). In future studies, comparison of the sig-
naling triggered by C5a and ATP+yS may provide a means to
identify signal components and pathways essential for che-
motactic signaling. For example, it would be interesting to
test whether ATPvS induces ATP release (inside-out signal
amplification) and to screen for differences in protein phos-
phorylation (kinase target screening).

A hierarchy of chemoattractants and signaling pathways has
been implicated in neutrophil chemotaxis, such that in the face
of opposing gradients, cells preferentially migrate toward end-
target (strong) rather than intermediary (weak) chemoattrac-
tants (21-24). The weaker intermediary chemoattractants
(namely, chemokines) are thought to be dependent on PI3K
signaling, whereas the end-target chemoattractants, such as
complement or bacterial components, are largely PI3K-inde-
pendent but require intact p38 MAPK signaling. Consistent
with a redundant role for PI3K in chemotactic signaling
induced by end-target chemoattractants, we found that macro-
phage chemotaxis to C5a was not impaired by inhibitors of
PI3K (LY294002 and wortmannin). Surprisingly, however, che-
motaxis to C5a was not impaired by the p38 MAPK inhibitor
SB203580 or by conditional knock-out of p38a MAPK in
macrophages. Furthermore, macrophage chemotaxis to C5a
was not impaired by a combination of PI3K and p38 MAPK
inhibitors, ruling out potential compensatory effects of the two
pathways. Thus, PI3K and p38 MAPK signaling pathways are
essentially redundant for macrophage chemotaxis.

In summary, autocrine and paracrine ATP signaling regu-
lates the function of virtually every cell (1, 2), and recently,
chemoattractant-induced release of ATP and autocrine feed-
back have been shown to be important for chemotaxis (12, 13).
ATP itself is thought to be a chemoattractant, but it is rapidly
degraded in the extracellular space, which would limit its reach.
Using real-time chemotaxis assays, we show that hydrolysis-
resistant analogs of ATP (ATPvS) and ADP (ADPS) have no
chemotactic activity, whereas intermediary concentrations of
ATPS induce chemokinesis. We also show that both C5a and
ATP+S activate p38 MAPK, whereas only C5a activates Akt.
However, inhibition of PI3K and p38 MAPK pathways, strongly
implicated in neutrophil chemotaxis (21-24), did not impair
chemotaxis, indicating that these pathways are redundant for
macrophage chemotaxis. Finally, we show that photorelease of
ATP or ADP induces lamellipodial membrane protrusive activ-
ity. We speculate that this membrane protrusive activity may
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play arole in autocrine feedback during chemotaxis (12, 13) and
phagocytosis, such that ATP and ADP leaking from dying cells
may act as local touch me signals.
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