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Resident tissue macrophages participate in innate immunity
by mediating non-opsonic phagocytosis of invading microorganisms via pattern-recognition receptors (1, 2). Zymosan, a Saccharomyces cerevisiae cell wall particle, has served as a model
for recognition of microbes by the innate immune system. Zymosan is composed primarily of the carbohydrate polymers
mannan, which binds the mannose receptor, and ␤-glucan,
which binds the recently identified receptor dectin-1 and can
also directly bind the complement receptor CR3 (3–7). The
␤-glucan receptor dectin-1 mediates internalization of zymosan
and acts together with Toll-like receptors 2 and 6, which are
recruited to the phagosome during zymosan uptake and provide the signals for NF-B activation and the production of
proinflammatory cytokines (8 –10).

Zymosan ingestion also promotes inflammation by inducing
arachidonic acid release and production of eicosanoids from the
cyclooxygenase (COX)1 and 5-lipooxygenase pathways in
macrophages (11, 12). Group IVA, cytosolic PLA2␣ (cPLA2␣)
mediates zymosan-induced release of arachidonic acid and eicosanoid production in mouse peritoneal macrophages because
these responses are attenuated in macrophages isolated from
cPLA2␣⫺/⫺ mice and by the cPLA2␣ inhibitor pyrrolidine (13,
14). cPLA2␣ is regulated post-translationally by phosphorylation and calcium (15, 16). Several functionally important phosphorylation sites in the catalytic domain of cPLA2␣ have been
identified (17–20). Calcium regulates cPLA2␣ by binding the
N-terminal C2 domain and inducing translocation from the
cytoplasm to Golgi, endoplasmic reticulum (ER), and nuclear
membrane (NM) (21–24). Other enzymes in the eicosanoid
cascade, COX1, COX2, and 5-lipoxygenase, also localize to ER
and NM (25–27). Calcium-dependent translocation of cPLA2␣
to the plasma membrane has not been observed in most cells.
However, cPLA2␣ localizes to cell-cell junctions in confluent
endothelial cells and is transiently recruited to the plasma
membrane by NADPH oxidase in granulocytes (28, 29).
Phagocytosis of non-opsonized zymosan transiently increases intracellular calcium [Ca2⫹]i, which acts synergistically with activation of p42/p44 mitogen-activated protein kinases and phosphorylation of Ser505 for full activation of
cPLA2␣ in macrophages (30). However, the membranes targeted by cPLA2␣ during zymosan phagocytosis have not been
identified. It has recently been shown that phagosome formation in macrophages involves the fusion of ER with the plasma
membrane (31, 32). Considering that cPLA2␣ exhibits calciumdependent targeting to the ER, the site of COX localization, we
investigated the possibility that cPLA2␣ and COX may localize
to the forming phagosome, thus providing a source of arachidonic acid for PGE2 synthesis at the early stages of microbial
ingestion. Using time-lapse microscopy, translocation of GFPcPLA2␣ was monitored in macrophages during active phagocytosis of non-opsonized zymosan. We also quantitated changes
in [Ca2⫹]i during phagocytosis and investigated its role in
phagosome formation and cPLA2␣ translocation.
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intracellular calcium concentration; ER, endoplasmic reticulum; PGE2,
prostaglandin E2; GFP, green fluorescent protein; HBSS, Hanks’ balanced salt solution; PBS, phosphate-buffered saline; EGFP, enhanced
green fluorescent protein; AdGFP, adenovirus green fluorescent
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Resident tissue macrophages mediate early innate immune responses to microbial infection. Cytosolic phospholipase A2␣ (cPLA2␣) is activated in macrophages
during phagocytosis of non-opsonized yeast (zymosan)
triggering arachidonic acid release and eicosanoid production. cPLA2␣ translocates from cytosol to membrane
in response to intracellular calcium concentration
([Ca2ⴙ]i) increases. Enhanced green fluorescent protein
(EGFP)-cPLA2␣ translocated to forming phagosomes,
surrounding the zymosan particle by 5 min and completely overlapping with early endosome (Rab5) and
plasma membrane (F4/80) markers but only partially
overlapping with resident endoplasmic reticulum proteins (GRP78 and cyclooxygenase 2). EGFP-cPLA2␣ also
localized to membrane ruffles during phagocytosis. Zymosan induced an initial high amplitude calcium transient that preceded particle uptake followed by a low
amplitude sustained calcium increase. Both phases
were required for optimal phagocytosis. Extracellular
calcium chelation prevented only the sustained phase
but allowed a limited number of phagocytic events,
which were accompanied by translocation of cPLA2␣ to
the phagosome although [Ca2ⴙ]i remained at resting levels. The results demonstrate that cPLA2␣ targets the
phagosome membrane, which may serve as a source of
arachidonic acid for eicosanoid production.
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EXPERIMENTAL PROCEDURES

Materials
Ad5 cytomegalovirus-GFP control adenovirus was purchased from
Qbiogene (Carlsbad, CA). Zymosan and probenecid were from Sigma.
Ionomycin was purchased from Calbiochem (San Diego, CA). Fura
Red-AM, 20% Pluronic F-127/Me2SO, zymosan-Texas Red, GSII lectinAlexa fluor 594, Lyso-Tracker Red DND-99 were from Molecular Probes
(Eugene, OR). Hanks’ balanced salt solution (HBSS) was purchased
from Invitrogen. The cPLA2␣ inhibitor pyrrolidine was obtained from
M. H. Gelb (University of Washington). Before use, zymosan was boiled
in PBS as described previously (33). Both labeled and unlabeled zymosan preparations were sonicated and washed in HBSS containing 25
mM Hepes, pH 7.4 (HHBSS), prior to use. cPLA2␣ rabbit polyclonal
antiserum was generated as previously described (34). Rabbit polyclonal antibodies against GRP78, COX2, and Rab5 were from Affinity
Bioreagents (Golden, CO), Cayman Chemical (Ann Arbor, MI), and
Stressgen (Victoria, British Columbia, Canada), respectively. Rat antimouse F4/80 monoclonal antibody was from Serotec (Oxford, United
Kingdom). Rabbit, rat, or mouse Texas Red-conjugated secondary antibodies were from Jackson Laboratories (Bar Harbor, ME). Prior to use
for immunofluorescence, cPLA2␣, COX-2, Rab5, F4/80 antibodies, and
rabbit preimmune antiserum were cleared of yeast cross-reacting antibodies by incubation with zymosan particles in PBS at 4 °C overnight.
Control experiments showed no appreciable staining of zymosan particles above background levels with these cleared antibodies.

Methods
Cell Culture and Adenoviral Infection—Generation of AdGFPcPLA2␣ and its characterization were previously described (35). Resident mouse peritoneal macrophages were isolated from ICR mice as
reported elsewhere (33). For microscopy, cells (2.5 ⫻ 105) were plated
onto the glass well of Plastek dishes (MatTek Co., Ashland, MA) in
Dulbecco’s modified Eagle’s medium containing 10% fetal bovine serum,
100 g/ml streptomycin sulfate, 100 units/ml penicillin G, and 0.29
mg/ml glutamine (incubation medium). After incubation for 2 h, cells
were washed 3 times in incubation medium and once in Dulbecco’s
modified Eagle’s medium containing 0.1% human serum albumin, then
incubated at 37 °C for 2 h in 150 l of the same medium containing
AdGFP-cPLA2␣ at a multiplicity of infection of ⬃250. Incubation medium (1.5 ml) was then added and the cells were incubated at 37 °C in
7.5% CO2 for 24 –26 h. Under these conditions GFP-cPLA2␣ was expressed at levels comparable with endogenous cPLA2␣ as determined
by Western blotting. Macrophages were infected with Ad5 cytomegalovirus-GFP control using the same procedure.
Dual Imaging Digital Microscopy of Live Cells—Macrophages infected with AdGFP-cPLA2␣ were washed 3 times in HHBSS. Sonicated
zymosan, either unlabeled or Texas Red-conjugated, was added at 10
particles/cell. Cells were imaged in HHBSS at room temperature using
an Olympus inverted microscope with a ⫻60, 1.25 NA oil immersion
objective, EGFP and Texas Red emission filters (Chroma) in a Sutter
filter wheel, a triple band fluorescein isothiocyanate/Cy3/Cy5 dichroic
mirror and a TILL Imago CCD camera (TILL Photonics). Excitation
light for EGFP (488 nm) and Texas Red (555 nm) was provided by a
Polychrome IV monochromator (TILL Photonics). TILLvisION software
was used for acquisition and analysis. Calculations of bleach rates for
EGFP and of changes in fluorescence of a region of interest at the site
of phagocytosis and in the cytoplasm over time were determined as
described previously (36).
Phagocytosis Assay and Phagocytic Index—The percent of cells undergoing phagocytosis was calculated by counting the number of cells
displaying at least one event of complete zymosan phagocytosis 20 min
after addition of the particles and dividing it by the total number of cells
per field (typically 20 –30 cells). The phagocytic index was calculated by
dividing the number of phagosomes by the total number of cells in a
field, multiplied by the percent of phagocytosing cells (37).
Synchronized Phagocytosis and Immunofluorescence Microscopy—
The protocol for synchronized phagocytosis was adapted from Larsen et
al. (38). Briefly, macrophages plated in Plastek dishes and either infected or not with AdGFP-cPLA2␣ were washed in cold HHBSS and
cooled on ice for 5 min prior to addition of zymosan. After incubation on
ice for 15 min, cells were washed once with incubation medium at 37 °C
and incubated at 37 °C for the indicated times. Cells were rapidly
washed in PBS and fixed in PBS containing 3% paraformaldehyde and
3% sucrose for 15 min. After rinsing in PBS, cells were permeabilized in
0.2% Triton X-100 for 15 min, and incubated in PBS containing 10%
fetal bovine serum (block solution) for 1 h. Cells were incubated for 2 h
in primary antibody diluted 1:100 in block solution, washed in PBS, and

then incubated with the appropriate secondary antibody conjugated to
Texas Red in block solution for 1 h. EGFP or Texas Red fluorescence
were detected on an Olympus microscope and a TILL Photonic system
as described above. For the GS-II lectin double immunofluorescence
experiments, cells expressing GFP-cPLA2␣ were fixed and permeabilized as described above, and GSII-Alexa 594-conjugated lectin was
used at a dilution of 1:800 in HHBSS. Cells were washed extensively in
PBS and imaged with an EGFP and a Texas Red (for GSII lectin)
filter set.
Calcium Imaging—Macrophages expressing GFP-cPLA2␣ were
washed in HHBSS containing 2 mM probenecid (complete calcium
buffer, CCB), incubated in the dark in CCB containing 5 M Fura
Red-AM, 0.02% Pluronic, and 0.001% Me2SO for 30 min at room temperature, and then washed 3 times and incubated in CCB for 30 min.
Imaging was performed on an Olympus microscope using a ⫻40, 1.35
NA oil immersion objective and a Fura Red long pass dichroic mirror
and emission filter set (Chroma) for the calcium indicator. Fura Red
image pairs illuminated at 425 and 470 nm (to detect the calcium-bound
and calcium-free form of the indicator, respectively) and EGFP images
illuminated at 488 nm to reveal EGFP-cPLA2␣ translocation, were
taken at 5-s intervals over a period of 30 min. Ratiometric analysis of
the 425 nm/470 nm signals was performed using TILLvisION software.
To chelate intracellular calcium, macrophages were incubated simultaneously with 5 M Fura Red-AM and 10 M BAPTA-AM for 30 min,
washed, and incubated in CCB for 30 min prior to imaging. To chelate
extracellular calcium, cells loaded with Fura Red-AM were incubated in
CCB containing 20 mM EGTA 10 min before imaging. To deplete intracellular stores, 200 nM thapsigargin was added to Fura Red-AM-loaded
cells in CCB during imaging either before or after zymosan addition.
[Ca2⫹]i was determined according to Grynkiewicz et al. (39) following in
situ calibration at the end of each experiment to determine the Rmin and
Rmax using a value of 140 nM for the Fura Red-AM KD (Molecular
Probes).
Measurement of Arachidonic Acid Release and PGE2 Production—
Arachidonic acid release was measured as described (13). Briefly,
macrophages were plated (1 ⫻ 106 cells/well) in 24-well plates and
incubated overnight in Dulbecco’s modified Eagle’s medium containing
10% fetal bovine serum and 0.2 Ci of [3H]arachidonic acid/well. After
washing, cells were incubated in serum-free Dulbecco’s modified Eagle’s
medium containing 0.1% human serum albumin and stimulated with
zymosan. The medium was removed at the times indicated, centrifuged
at 500 ⫻ g for 5 min, and the amount of radioactivity in the supernatant
was determined. Cells were scraped in 0.5 ml of 0.1% Triton X-100 to
determine the total cellular radioactivity. PGE2 levels in the culture
medium of unlabeled macrophages were determined by enzyme-linked
immunosorbent assay (Cayman Chemical, Ann Arbor, MI).
Online Supplemental Materials—Video 1 shows a resident peritoneal
macrophage expressing GFP-cPLA2␣ during phagocytosis of non-opsonized zymosan. Video 2 shows transient localization of GFP-cPLA2␣
(green) to ruffles in a macrophage during phagocytosis of Texas Red
zymosan (red). Video 3 shows a macrophage expressing GFP during
phagocytosis of non-opsonized zymosan. Further comments on the data
can be found in the online legends.
RESULTS

Ionomycin Induces GFP-cPLA2␣ Translocation to Golgi, ER,
and NM in Macrophages—We previously reported that stimulus-induced arachidonic acid release can be reconstituted in
cPLA2␣⫺/⫺ mouse lung fibroblasts by overexpression of GFPcPLA2␣ using recombinant adenovirus (AdGFP-cPLA2␣) (35).
GFP-cPLA2␣ also rescued zymosan-stimulated arachidonic
acid release in peritoneal macrophages isolated from
cPLA2␣⫺/⫺ mice (data not shown). We first determined the
localization of GFP-cPLA2␣ in macrophages stimulated with
ionomycin. GFP-cPLA2␣ rapidly translocated from a predominantly cytoplasmic location to a juxtanuclear region (Fig. 1A),
which co-stained with GS-II lectin, a Golgi marker (Fig. 1B).
GFP-cPLA2␣ fluorescence was also observed in a perinuclear
location consistent with ER and NM (Fig. 1B, GFP-cPLA2␣),
similar to previous findings that GFP-cPLA2␣ translocates to
Golgi, ER, and NM in response to long duration calcium transients (24). These data confirm that GFP-cPLA2␣ is functional
and can be employed to investigate translocation in
living macrophages.

cPLA2␣ Translocation to Phagosomes

FIG. 1. Effect of ionomycin on GFP-cPLA2␣ localization in
macrophages. Macrophages expressing GFP-cPLA2␣ were (A) imaged
using time-lapse microscopy at the moment of ionomycin (500 nM)
addition (0s), and at 5 and 30 s thereafter, or (B) treated with 500 nM
ionomycin for 5 min, fixed in paraformaldehyde prior to labeling with
GSII-Alexa Fluor 594 lectin, and then imaged using an EGFP filter and
Texas Red filter (for GSII-Alexa Fluor 594 fluorescence). Scale bar ⫽
10 m.

GFP-cPLA2␣ Translocates to the Phagosome during Zymosan
Phagocytosis—The kinetics of GFP-cPLA2␣ translocation to
membranes was investigated in macrophages during phagocytosis of non-opsonized zymosan by time lapse digital microscopy. As shown in Fig. 2A (see also video 1 in Supplementary
Materials), GFP-cPLA2␣ translocated to the site of phagocytosis very early on during phagosome formation and preceded
phago-lysosome fusion (Fig. 2B). Moreover, GFP-cPLA2␣ remained localized to the phagosome for an extended time
(40 – 60 min) after particle internalization (Fig. 2A). On average, the time taken between the first frame where a particle in
proximity of a cell was found not to move (considered an indication of binding to the cell surface) and the first frame where
cPLA2␣ was observed surrounding about 50% of the zymosan
particle was 3– 6 min. In addition, GFP-cPLA2␣ localized to a
juxtanuclear region that was reminiscent of Golgi (Fig. 2A).
The localization of GFP-cPLA2␣ was also detected in ruffles
near the site of particle engulfment and on ruffles in areas not
directly engaged in zymosan uptake (Fig. 2, C and D; see also
videos 1 and 2 in Supplementary Materials).
The increase in fluorescence intensity at the phagosome correlated with a decrease in cytoplasm fluorescence of GFPcPLA2␣ (Fig. 3A). In macrophages infected with AdGFP control
virus, fluorescence surrounding the phagosome was not observed nor was there a decrease in cytoplasm fluorescence (Fig.
3B; see also video 3 in Supplementary Materials. The bright
dots in these images are due to autofluorescence of zymosan
particles.) No localization to phagosomes, Golgi, or ruffles was
detected in control cells expressing GFP alone. This type of
analysis has been used to discriminate between true and pseudo-localization in cells expressing a GFP-tagged protein versus
cells expressing GFP alone (40). Because fluorescence decreased in the cytoplasm as GFP-cPLA2␣ fluorescence increased around zymosan particles, it suggests that GFPcPLA2␣ undergoes a true translocation to phagosomes during
early phagocytosis.
Arachidonic acid release was measured as an indicator of
endogenous cPLA2␣ activity under the conditions of the microscopy. Zymosan stimulated arachidonic acid release from macrophages incubated either at 37 °C or room temperature, albeit
the amount of arachidonic acid released was about 50% less at
room temperature (not shown). This confirmed that, under our
experimental conditions for microscopy (room temperature),
macrophages responded to zymosan with increased cPLA2␣
activation and arachidonic acid release. We have previously
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reported that the cPLA2␣ inhibitor pyrrolidine blocks zymosaninduced arachidonic acid release in macrophages. The effect of
pyrrolidine on phagocytosis of zymosan was investigated. The
percentage of phagocytic cells and the phagocytic index of
macrophages treated with 1 M pyrrolidine (74.5%; 204, respectively) was similar to untreated macrophages (73.5%; 210).
Immunocytochemistry on fixed macrophages not infected
with AdGFP-cPLA2␣ was also carried out to confirm that endogenous cPLA2␣ exhibited similar localization as GFPcPLA2␣. As shown in Fig. 4, endogenous cPLA2␣ localized to
forming phagosomes 5 min after the start of phagocytosis of
zymosan (A and C) and was in close proximity 60 min later (G).
No fluorescence was evident around the phagosome when nonimmune rabbit serum was used (E and I). Thus, the GFPconjugated construct mimicked the endogenous enzyme.
Dual Label Immunofluorescence of cPLA2␣ with Plasma
Membrane, Endosomal, and ER Markers—F4/80, a cell surface
macrophage protein highly expressed on resident peritoneal
macrophages, was used as a marker to monitor plasma membrane internalization during uptake of zymosan (41, 42). F4/80
fluorescence was found around the zymosan particle and on
extensions of the plasma membrane adjacent to the forming
phagosome 5 min after initiation of phagocytosis, and its localization overlapped entirely with GFP-cPLA2␣ (Fig. 5, D, E, and
F). Interestingly, while in unstimulated cells F4/80 was distributed along the cell surface (Fig. 5B), in phagocytic cells F4/80
fluorescence was concentrated around the phagosomes with
little evidence of plasma membrane stain (Fig. 5E, see also
Supplementary Materials Fig. 1), suggesting that F4/80 may
also be recruited to phagosomes. The specificity of phagosome
localization was confirmed in control experiments that showed
the lack of labeling of isolated zymosan particles with the F4/80
monoclonal antibody and with secondary antibody alone (data
not shown).
During their formation, phagosomes interact with and sequentially acquire markers of early endosomes, late endosomes, and lysosomes (43, 44). Rab5 is an early endosome
marker that associates with phagosomes within the first 10
min of phagocytosis (45, 46). Immunostaining of GFP-cPLA2␣expressing macrophages fixed 5 min after initiation of zymosan
phagocytosis revealed a co-localization of Rab5 and GFPcPLA2␣ on nascent phagosomes (Fig. 5, J, K, and L).
To determine whether cPLA2␣ translocation to the forming
phagosome coincided with ER-phagosome fusion, we performed
immunocytochemistry on fixed GFP-cPLA2␣-expressing
macrophages 5 min after the start of synchronized zymosan
phagocytosis, counterstaining with an antibody against the ER
resident protein GRP78. As shown in Fig. 6, the ER marker
was found in the vicinity of phagocytic cups 5 min after particle
addition (C, G, and J). In contrast, cPLA2␣ was found to encircle completely the newly engulfed particle (B, F, and I) and
overlapped with the ER marker only in the region of the phagocytic cup. Note that images F–H show a basal plane of the cell;
I–K show an apical plane of the same cell.
Zymosan-induced Production of PGE2 and Localization of
COX2—Stimulation of mouse peritoneal macrophages with zymosan triggers cPLA2-dependent production of PGE2 (13). As
shown in Fig. 7, PGE2 production was greater than control
levels 5 min after adding zymosan (inset), and accumulated at
a constant rate up to 30 min after zymosan addition. PGE2
levels were attenuated by the COX2 inhibitor NS-398. The
presence of COX2 in the mouse peritoneal macrophages was
confirmed by Western blotting (data not shown). The localization of COX2, a resident ER protein, was determined by immunofluorescence 5 min after zymosan addition in fixed macrophages expressing GFP-cPLA2␣ (Fig. 8, A–H). Similar to our
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FIG. 2. GFP-cPLA2␣ translocates to
the phagosome. A, GFP-cPLA2␣ localization was monitored during zymosan
phagocytosis using time-lapse microscopy
and an EGFP filter; images are shown at
the time of zymosan addition (0m), or indicated times thereafter. A Nomarski image at 66 min (N) shows the position of
the internalized zymosan particles (see
also video 1 under Supplementary Materials). B, following incubation of GFPcPLA2␣-expressing macrophages with 50
nM Lyso-tracker Red for 1 h at 37 °C, zymosan phagocytosis was monitored by
time-lapse microscopy using a EGFP filter (GFP-cPLA2␣, green) or a Texas Red
filter (Lyso-tracker, red); images are
shown at the time of zymosan addition
(0m) or the indicated times thereafter. C
and D, on several occasions, GFP-cPLA2␣
fluorescence was transiently detected in
areas close to the site of phagocytosis
reminiscent of plasma membrane ruffles
(indicated by the arrow, C and D are cells
from separate experiments; see also video
2 under Supplementary Materials). Scale
bar ⫽ 10 m.

FIG. 3. Analysis of GFP-cPLA2␣ translocation from the cytoplasm. Kinetic analyses of GFP fluorescence of an area of interest in
the cytoplasm of a representative cell undergoing phagocytosis and
either expressing GFP-cPLA2␣ (A) or GFP alone (B) are shown (see
also video 3 under Supplementary Materials). The values of fluorescence intensity were background- and bleach-corrected. Data are
representative of 5 analyses from three independent experiments. In
B (inset) high intensity fluorescent dots represent zymosan
autofluorescence.

findings with GRP78, COX2 localized in the region of the phagocytic cup, whereas GFP-cPLA2␣ completely surrounded the
zymosan particle (as shown in two different cells, A–D and
E–H). At 15 min after internalization (Fig. 8, J–L), COX2 was
distributed more uniformly around the phagosome where it
extensively overlapped with GFP-cPLA2␣ fluorescence
(Fig. 8L).
Calcium Transients during Zymosan Phagocytosis—Previous work established the role of the C2 domain and intracellular calcium requirements for cPLA2␣ translocation to ER, NM,
and Golgi membranes (21, 24). We investigated the effect of
zymosan on changes in [Ca2⫹]i in relationship to the kinetics of
GFP-cPLA2␣ translocation to phagosomes. The use of intracellular calcium indicators excitable by near UV wavelengths
(such as Fura-2) was not possible, as macrophages displayed a
marked sensitivity to prolonged illumination at these wavelengths. This imposed the use of a red-shifted calcium indicator
(Fura Red), which allowed concomitant acquisition of green
fluorescence but prevented the use of Texas Red-labeled zymosan particles. For this reason we were not able to precisely
differentiate between the moment of particle binding and initiation of phagocytosis in these studies. However, phagocytosis
and complete internalization of particles was easily detected by
inspecting the zymosan autofluorescence signals in overexposed images of the cells.
Addition of zymosan particles induced a biphasic pattern of
calcium mobilization in macrophages incubated in CCB (1.3
mM Ca2⫹) (Fig. 9A). An initial, high amplitude calcium transient was followed by a lower amplitude, sustained phase of
[Ca2⫹]i increase, which displayed random oscillatory behavior.
The initial transient occurred on average 14 s after addition of
zymosan and lasted 45 s (n ⫽ 41, five independent experiments). GFP-cPLA2␣ translocation to phagosomes occurred
on average 3– 6 min after zymosan addition (see Fig. 2A). The
rapid calcium response following particle addition was not
due to a soluble component of the zymosan preparation because the particles were washed and resuspended in HHBSS
immediately before use, and addition of the supernatant from
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FIG. 4. Endogenous cPLA2␣ translocates to the phagosome. Synchronized
phagocytosis of zymosan was performed
as described under “Experimental Procedures.” Following zymosan internalization for 5 (A–F) or 60 min (G–J), cells were
fixed and immunolabeled with an antiserum against cPLA2␣ (A, C, and G) or
with rabbit non-immune serum (E and I).
B, D, F, H, and J are the Nomarski images corresponding, respectively, to the
fluorescent images A, C, E, G, and I, to
highlight the position of zymosan particles.

the washing step (storage medium) failed to induce any calcium change. Therefore, the results indicate that the initial
transient is the result of the first particle binding to the
cells.
At the peak of the first transient [Ca2⫹]i was 500 –750 nM
above the resting levels (30 –50 nM). In the oscillatory phase,
[Ca2⫹]i was considerably reduced but was always above prestimulation levels. In GFP-cPLA2␣ expressing macrophages
the difference between post-zymosan and pre-zymosan [Ca2⫹]i
levels (⌬[Ca2⫹]i) in the sustained phase was on average 130 ⫾
40 nM (n ⫽ 13, three independent experiments). These values
were very similar to those observed in zymosan-stimulated,
uninfected macrophages (average ⌬[Ca2⫹]i ⫽ 104 ⫾ 56 nM, five
determinations). The number of peaks in the oscillatory phase
did not consistently coincide with uptake of zymosan particles.
Moreover, some cells undergoing phagocytosis did not display
clear oscillations in this phase, at least at the temporal resolution of our experiments, but they did show elevated [Ca2⫹]i
after the initial calcium transient.
Chelation of intracellular calcium with BAPTA-AM abolished both phases of calcium increase (Fig. 9B). Chelation of
extracellular calcium with EGTA did not affect the timing,
duration, and amplitude of the first transient but it abolished
the sustained [Ca2⫹]i increase and the oscillations (Fig. 9C).
This indicates that the secondary phase of [Ca2⫹]i increase, but
not the first transient, depends on influx of extracellular calcium. Addition of the SERCA pump inhibitor thapsigargin to
macrophages during the low amplitude, sustained calcium increase after zymosan addition resulted in complete elimination

of the oscillatory trends in all cells analyzed (Fig. 9D), but did
not affect the elevated [Ca2⫹]i in the sustained phase. This
indicates that the oscillations require functional intracellular
calcium stores. Addition of thapsigargin to macrophages before
addition of zymosan prevented the first transient elicited by
zymosan (Fig. 9E), indicating that it is the result of release of
calcium from intracellular stores. This is consistent with the
data showing that the initial calcium transient in response to
zymosan occurs in the absence of extracellular calcium
(Fig. 9C).
The effects of chelating agents and thapsigargin on phagocytosis of non-opsonized zymosan were evaluated by determining the percentage of cells undergoing phagocytosis and the
phagocytic index (Fig. 9F). BAPTA-AM pretreatment markedly
reduced the number of cells undergoing phagocytosis and the
phagocytic index (13 and 1% of control levels, respectively;
controls were macrophages undergoing phagocytosis in CCB).
In cells incubated in medium containing both BAPTA-AM and
EGTA, to chelate intracellular and extracellular calcium, the
percent of phagocytic cells and the phagocytic index were further decreased to 5 and 0.2%, respectively. In the presence of
EGTA the number of phagocytic cells was reduced to 53% and
the phagocytic index to 12% of control levels, indicating that
abolishing the sustained phase impaired phagocytosis. However, limited phagocytosis of one or two particles was still
observed in some cells after the initial calcium transient had
returned to basal levels. Under conditions of extracellular calcium chelation, [Ca2⫹]i remained at basal levels in cells undergoing 1 event of phagocytosis (Fig. 9C, red line). In all cases of
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FIG. 5. Localization of GFP-cPLA2␣, F4/80, and Rab5 in macrophages during zymosan phagocytosis. GFP-cPLA2␣ expressing
macrophages either unstimulated (A, B, G, and H) or undergoing synchronized zymosan phagocytosis for 5 min (C–F and I–L) were fixed and
labeled with antibodies to F4/80 (A–F) or Rab5 (G–L), followed by a Texas Red-conjugated secondary antibody. GFP-cPLA2␣ green fluorescence (A,
D, G, and J) was detected with an EGFP filter, and a Texas Red filter was used to detect F4/80 (B and E) or Rab5 red fluorescence (H and K). The
Nomarski images show the positions of internalized zymosan particles (C and I). Magnifications of the phagosome areas from the merged image
are shown (F and L). Scale bars ⫽ 10 m.

FIG. 6. Localization of GFP-cPLA2␣
and GRP78 during zymosan phagocytosis. Following synchronized zymosan
phagocytosis for 5 min, GFP-cPLA2␣ expressing macrophages were fixed and
stained with antibodies to GRP78, followed by a Texas Red-conjugated secondary antibody. A–D and E–K are images of
representative cells from different experiments. GFP-cPLA2␣ green fluorescence
(B, F, and I) was detected with an EGFP
filter, and GRP78 red fluorescence (C, G,
and J) was captured with a Texas Red
filter. A magnified portion of the phagosome area of the merged image is shown
(D, H, and K). Images E–K show a magnification of the phagosomal area of the
cell taken either at a basal plane (F–H) or
at an apical plane (I–K) of the cell. The
Nomarski images (A and E) show the position of the internalized zymosan particle. Scale bars ⫽ 10 m.

phagocytosis examined under these conditions, GFP-cPLA2␣
translocated to the phagosome (Fig. 9C, inset; the image was
taken at the time indicated by the downward arrow). In cells
pretreated with thapsigargin, the number of phagocytic cells
and the phagocytic index were reduced, respectively, to 45 and
9% of control levels; however, as in the case of cells incubated
in extracellular EGTA, when limited phagocytosis was detected
in cells treated with thapsigargin, cPLA2␣ translocated to the
forming phagosome.

DISCUSSION

Resident tissue macrophages are a first line of defense in
innate immunity against microbial infection. Professional
phagocytes engulf and kill microorganisms and present antigen
for triggering adaptive immune responses (47– 49). During
phagocytosis macrophages secrete preformed granule constituents and newly synthesized products that play diverse roles in
inflammation and tissue repair. Zymosan is a potent inducer of
acute inflammation in animal models initiated in part by acti-
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FIG. 7. Time course of PGE2 production. PGE2 production was measured at
the indicated times during internalization of zymosan (squares) and compared
with unstimulated cells (diamonds), and
to cells preincubated with NS-398 and exposed to zymosan for 60 min (triangle).
The inset is a scale-up of PGE2 production
at 5 min. Data are the averages ⫾ S.E. of
three independent experiments performed in duplicate.

FIG. 8. Localization of GFP-cPLA2␣
and COX2 during zymosan phagocytosis. Following synchronized zymosan
phagocytosis for 5 (A–H) or 15 min (I–L),
GFP-cPLA2␣ expressing macrophages
were fixed and immunolabeled with antibodies to COX2, followed by a Texas Redconjugated secondary antibody. GFPcPLA2␣ green fluorescence (B, F, and J)
and COX2 red fluorescence (C, G, and K)
were detected with EGFP and Texas Red
filters, respectively. A magnified portion
of the phagosome area from the merged
image is shown in D. An overlay of the
GFP-cPLA2␣ and COX2 fluorescence of
another cell is shown in H. Nomarski images (A, E, and I) show the positions of
internalized zymosan particles. Scale
bars ⫽ 10 m.

vation of macrophages and production of eicosanoids (50, 51).
Resident mouse peritoneal macrophages have been used extensively as a model to study the regulation of arachidonic acid
release and eicosanoid production induced by zymosan (13, 30,
33, 52–55). They contain a high content of esterified arachidonic acid, which is specifically released in response to zymosan, and converted to PGE2 and leukotriene C4 (12, 56). Eicosanoids mediate acute inflammatory responses such as
increased vascular permeability and recruitment of leukocytes
to the site of infection (57).
The production of eicosanoids by zymosan-treated macrophages is initiated by activation of cPLA2␣, which must be
recruited to intracellular membranes for release of arachidonic
acid from phospholipid (13). In macrophages treated with ionomycin, cPLA2␣ translocates to Golgi, ER, and NM as observed
in other cell types. However, during phagocytosis of zymosan,
cPLA2␣ rapidly translocates to the forming phagosome and to
ruffle-like regions of the plasma membrane. Macrophages are
capable of ingesting numerous, large particles such as yeast,
which requires more membrane than can be provided by
plasma membrane for phagosome formation (32, 45, 58, 59).
cPLA2␣ rapidly surrounded the zymosan particle and overlapped completely with the early endosome marker Rab5 and

the plasma membrane cell surface macrophage marker, F4/80.
Rab5 is recruited to the forming phagosome during phagocytosis of opsonized and non-opsonized particles and is required for
fusion events leading to formation of the phagolysosome (60).
Our results demonstrate that translocation of cPLA2␣ to the
phagosome is an early event that occurs with similar kinetics
as acquisition of early endosome markers and that precedes
phagolysosome formation.
The recruitment of ER membrane to the forming phagosome
during zymosan phagocytosis was shown using antibodies to
COX2 and GRP78, resident ER proteins. It has previously been
reported that ER proteins are observed on the 15-min phagocytic cup/phagosome in macrophages ingesting latex beads and
microorganisms (31). We observed that GRP78 and COX2 localized to the region of the phagocytic cup 5 min after zymosan
internalization and surrounded the particle by 15 min. Localization of cPLA2␣ to the forming phagosome appeared to precede fusion with the ER, and cPLA2␣ was present on extensive
regions of the phagosome that were devoid of ER markers. The
results indicate that the localization of cPLA2␣ to the phagosome is not because of targeting to ER. The localization of
cPLA2␣ followed by COX2 to the phagosome correlated with
the time course of PGE2 production suggesting that the phago-
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FIG. 9. Calcium transients during
phagocytosis of non-opsonized zymosan. GFP-cPLA2␣ expressing macrophages were loaded with Fura Red-AM
and calcium changes were monitored in
single cells by time-lapse microscopy, and
expressed as ratios of the calcium-bound
form (425 nm) and calcium-free form (470
nm) of the indicator after background correction. Calcium changes during phagocytosis of zymosan were monitored in CCB
(A, D, and E), or in CCB containing either
BAPTA-AM (B) or EGTA (C). The time of
zymosan (z) addition is indicated by an
arrow. Thapsigargin (TG) is added 10 min
after (D) or 3 min before (E) zymosan addition. The inset in C shows a cell undergoing limited phagocytosis in the presence of EGTA and captured at the time
indicated by the downward arrow; the
calcium trace for this cell is colored in red.
In A the trace of a representative cell is
shown, and in B–E the traces of 4 cells are
shown. The data are representative of
40 – 60 determinations from three to six
independent experiments. For the conditions shown in A–C and E, the number of
phagocytic cells (dark blue bars) and the
phagocytic index (light blue bars) were
determined (F) and expressed as percent
of control values.

some membrane may serve as a site for cPLA2␣-mediated release of arachidonic acid for prostanoid production through the
COX2 pathway.
During zymosan phagocytosis, cPLA2␣ localizes to the forming phagosome and to ruffles but not to other regions of the
plasma membrane suggesting that cPLA2␣ targets components
formed at these sites. Membrane ruffles are involved in cell
migration and their formation involves actin remodeling and
activation of Rac1, which are regulated by phosphatidylinositol
4,5-bisphosphate and phosphatidylinositol 3,4,5-trisphosphate,
respectively (61, 62). Actin remodeling and phosphatidylinositol 3-kinases are also involved in pseudopod extension during
phagocytosis (63). It has recently been shown that arachidonic
acid can promote phagosome actin assembly in an in vitro
assay (64). We have found that zymosan is internalized in
macrophages treated with pyrrolidine, a cPLA2␣ inhibitor that
dramatically reduces arachidonic acid release in response to
zymosan, suggesting that cPLA2␣ action is not required for
phagosome formation (14).
Calcium has been implicated as a regulator of phagocytosis,
however, its role in mediating the sequence of events occurring
during phagocytosis initiated by particle binding to different
phagocytic receptors is not understood. In elicited mouse peritoneal macrophages it was found that both IgG-coated and
un-coated latex beads induced a rapid, transient increase in
[Ca2⫹]i in single cells that preceded phagocytosis. The calcium
increase was required for phagocytosis although the regulation
of the calcium increase and its role in phagocytosis differed

between Fc receptor-mediated and “nonspecific” phagocytosis
(37). These results and other studies suggest that the regulation of calcium mobilization and its role in phagocytosis differs
depending on the receptors involved in mediating particle uptake. We previously reported that zymosan induced a transient
increase in [Ca2⫹]i in macrophages and that chelating extracellular and intracellular calcium significantly decreased zymosan-induced arachidonic acid release (30). We have extended these observations by quantitating changes in [Ca2⫹]i
over time during the course of zymosan uptake in single cells
and determining whether calcium was required for regulating
zymosan ingestion and translocation of cPLA2␣. We found that
zymosan induces a biphasic increase in [Ca2⫹]i, an initial high
amplitude transient increase followed by a low amplitude sustained increase. The initial phase was due to release from
intracellular stores because it was un-affected by chelating
extracellular calcium but was blocked by thapsigargin. It occurred within 15–30 s of particle addition and preceded zymosan internalization. The sustained calcium increase was due to
an influx from extracellular sources since it was blocked by
chelating extracellular calcium. Phagocytosis of zymosan was
prevented by chelating both intracellular and extracellular calcium although particles were observed bound to the cell surface. Binding of zymosan to the ␤-glucan receptor dectin-1,
which mediates uptake of zymosan by macrophages, has been
reported to be calcium-independent (7). The results demonstrate that calcium is required for the internalization
of zymosan.

cPLA2␣ Translocation to Phagosomes
Investigating the role of calcium in mediating cPLA2␣ translocation to phagosomes is complicated because calcium plays a
role in zymosan internalization. However, limited phagocytosis
could be detected under conditions of extracellular calcium
chelation, which prevented the low amplitude sustained increase in calcium. In this case, whenever phagocytosis was
detected, GFP-cPLA2␣ translocated to the phagosome. Since
translocation to the phagosome occurred when [Ca2⫹]i was at
basal levels in macrophages incubated in the presence of
EGTA, it suggests that an increase in [Ca2⫹]i may not be the
immediate effector of cPLA2␣ translocation to phagosomes.
However, this does not preclude a functional role for basal
levels of calcium that may be required for stable binding of
cPLA2␣ to the membrane. This would be consistent with our
previous work showing that basal levels of intracellular calcium and a functional C2 domain are required for cPLA2␣mediated arachidonic acid release in cells treated with agonists
that do not mobilize calcium such as phorbol 12-myristate
13-acetate and okadaic acid (16, 21, 30, 33, 65). The mechanism
involved in targeting cPLA2␣ to membrane without an increase
in [Ca2⫹]i is not known but may involve production of membrane components that increase the affinity of cPLA2␣ for
calcium. One possibility may involve formation of polyphosphoinositides. We have previously reported that phosphatidylinositol 4,5-bisphosphate activates cPLA2␣ and increases its
affinity for calcium (66). Phosphatidylinositol 4,5-bisphosphate
also promotes binding of cPLA2␣ to phospholipid vesicles and a
role for the catalytic domain has been suggested (67, 68). It is
therefore interesting to speculate that formation of polyphosphoinositides at the phagosome membrane and in ruffles may
play a role in localization of cPLA2␣ at these sites.
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