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We measured and visualized cytosolic free calcium ([Ca21]i) in individual human peripheral blood monocytes
during phagocytosis by using the fluorescent indicator fura-2. Monocytes exhibit a rapid rise in [Ca2J11 from
a basal level of 75 11 nM to a peak level of 676 78 nM (means + standard errors of the means; P < 0.001)
by 34 + 5 s after contact with opsonized zymosan particles, and a thin rim of high [Ca2+]1 was observed
surrounding the ingested particle.

In neutrophils, cytosolic free calcium ([Ca2"]i) has been
proposed as an important regulator for the activation of
phagocytosis (3, 20, 21), degranulation, and the oxidative
burst (10, 17, 19). We (16, 18) and Marks and Maxfield (13)
have observed generalized [Ca2+]i increases during phago-
cytosis in neutrophils and transient localized increases in
[Ca2+]i in the paraphagosomal region of phagocytosing neu-

trophils.
Studies of transient [Ca2+]i increases in large numbers of

monocytes during phagocytosis report conflicting results;
two indicate an increase (4, 23), and one shows no change
(14). In a single cell study, transient oscillations in the
[Ca2+]i were observed in macrophages during frustrated
phagocytosis, and possible differences between neutrophil
and macrophage signaling mechanisms or effector mecha-
nisms were suggested (11). A previous study with single cells
from our laboratory (7) indicated that there are transient
[Ca21]i increases in monocytes during phagocytosis. We
now extend these earlier studies by examining the kinetics
and regional patterns of [Ca2+]i by using the intracellular
fluorescent calcium probe fura-2 to visualize [Ca2+]i fluxes
during phagocytosis of opsonized zymosan by single human
peripheral blood monocytes.

Peripheral blood mononuclear cells were obtained from
whole blood of healthy human volunteers by Ficoll-Hypaque
(Flow Laboratories, McLean, Va.) density gradient centrif-
ugation by the method of Boyum (2) as modified by Ferrante
and Thong (5). The cell concentration was adjusted to 1 x
106 to 2 x 106/ml in Hanks balanced salt solution (HBSS; M.
A. Bioproducts, Walkersville, Md.) supplemented with 5%
autologous human serum containing 1.3 mM Ca2+ (Ca2+-
containing incubation medium). A sample (100 [ul) of cell
suspension was placed onto a coverslip and incubated at
37'C for 30 min in a 5% CO2 incubator. Nonadherent cells
were removed by three washes with 37°C HBSS. Serum-
treated zymosan (STZ; Sigma Chemical Co., St. Louis, Mo.)
particles were prepared as previously described (16).
Monocytes that adhered to coverslips were incubated with

5 ,uM fura-2 acetoxy methyl ester {1-[2-(5-carboxyoxazol-
2-yl)-6-aminobenzofuran-5-oxy]-2-(2'-amino-5'-methylphen-
oxy)-ethane-N,N,N',N'-tetraacetic acid pentaacetoxymeth-
yl ester; Calbiochem-Behring, La Jolla, Calif.} in HBSS at

* Corresponding author.

37°C for 30 min. After incubation, the cells were rinsed with
HBSS (37°C) and held at room temperature for 30 min,
allowing ester hydrolysis to occur. The coverslips with
attached fura-2-loaded cells (1 x 105 to 2 x 105) were
inverted onto glass slides over a suspension of STZ particles
(1 x 106 to 2 x 106), and the edges of the coverslips were
secured with a melted paraffin-petroleum jelly mixture for
examination with a microscope. For experiments in the
absence of extracellular Ca2 , fura-2-loaded cells were in-
cubated in Ca2+-free HBSS containing 5 mM ethylene
glycol-bis(P-aminoethyl ether)-N,NN',N'-tetraacetic acid
(EGTA; Sigma) and 0.8 mM MgSO4 at 37°C for 1 min just
before microscopy. Particles were also washed and resus-
pended with Ca"k-free HBSS containing 5 mM EGTA and
0.8 mM MgSO4.

Fluorescence microscopy and video image analysis were
performed as previously described (16). Images of a single
cell were recorded at 5- to 15-s intervals for at least 5 min
during phagocytosis. To minimize photobleaching and pho-

TABLE 1. [Ca2+]i changes in monocytes during phagocytosis
of opsonized zymosana

Time (s) to:

Medium (n) Fraction [Can P Be(nM) Peak Baseline
level levelb

With Ca2- (17) Whole cell 676 ± 78 34 ± 5 115 ± 15
Paraphagosomal 720 ± 103 35 ± 5
Cell body 665 ± 83 35 6

Without Ca2+ (16) Whole cell 162 ± 42 22 + 3 83 ± 14
Paraphagosomal 230 ± 63 22 ± 4
Cell body 146 ± 42 22 ± 3

Data are expressed as the means ± SEM of 17 and 16 cells, each from a
different donor. [Ca2+]i increased significantly from the basal level to peak
level in both Ca2+-containing and Ca2+-free medium (P s 0.001). The peak
[Ca2+]is are slightly higher in the paraphagosomal regions in both Ca2+-
containing and Ca2+-free medium, but the differences are not significant (P >
0.5 and P > 0.1, respectively). The basal [Ca2+]J decreased and the peak
[Ca2+1i was blunted in Ca2+-free medium (P < 0.01 and P < 0.001, respec-
tively). The time until the peak and time until the level returned to near the
baseline level were not significantly shorter in Ca2+-free medium than in
Ca2+-containing medium (P : 0.2).

b Time to a stable level slightly above the basal levels, which were 75 ± 11
and 32 ± 9 nM in media with and without Ca2+, respectively.
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totoxicity, the illumination time during the measurement of
fluorescence at each wavelength was limited to 0.5 to 1.0 s.
Paired images were separated in time by less than 0.5 s. To
measure the [Ca2+]i, each raw fluorescence image was
digitized to 640 by 480 by 8 bits with gray scale intensity
values ranging from 0 to 255, and eight consecutive digitized
frames were averaged with background subtraction. Re-
gional intensity readings were taken to examine localized
changes in [Ca2 Ji at the corresponding pixels at 340- and
380-nm fluorescence images. Three to five reading blocks (1
to 9 ,um2 per block) for localized density readings were
appropriately chosen in the cell body and in the paraphago-
somal region (which was defined as the cytoplasmic area
within 3 ,um of the edge of the attached or ingested particle
[16]). The ratio of fluorescence intensity at 340 nm to that at
380 nm was calculated as previously described (6). Calibra-
tion of [Ca2+]i was done by using Ca2+-depleted and Ca2+-
saturated cells prepared as previously described (8, 16). This
ratio measurement method largely cancels out the effects of
cell thickness, variations in intracellular free fura-2 concen-
tration, and instrumental efficiency; these uncertainties can
jeopardize measurements at single wavelengths (22).

Transient and regional [Ca2+]i changes were determined in
single peripheral blood monocytes during phagocytosis of
STZ. The data were obtained from cells that ingested only
one opsonized particle. Within 5 s of contact with STZ, the
generalized [Ca2"]j began to increase from a basal level of 75
+ 11 nM and reached a peak of 676 + 78 nM (mean +

standard error of the mean [SEM]; P < 0.001) within 2 min
(34 + 5 s; mean + SEM). After the maximum value, the
[Ca2+]i decreased with minor fluctuations to a level slightly
above the basal level within 3 min (115 ± 15 s; mean + SEM)
and then recovered to the basal level over a 5- to 15-min
period (Table 1; Fig. 1A and 1C).
Monocytes are relatively slow-moving cells compared

with neutrophils. There was less movement of monocytes in
Ca2+-free medium than in medium containing Ca2+. There
was less active ruffling and pseudopod extension in the
absence of Ca2+; however, once the cell contacted an
opsonized zymosan particle, the rate of ingestion seemed to
be little affected by the absence of extracellular calcium.
Monocytes incubated in the absence of Ca2+ ([Ca2+]0 < 10
nM) showed transient [Ca2+]i increases during phagocytosis
that were similar to those of cells in Ca2+-containing me-
dium, but the values were lower (Table 1).
Monocytes consistently showed a thin rim of increased

[Ca2+]i surrounding the ingested particle during the early
phase of phagocytosis (within 1 min after contact) (Fig. 2B).
However, there were no significant differences in mean
[Ca2+J between the paraphagosomal region and the cell
body in monocytes incubated with or without Ca2+ (Table 1;
Fig. iB).

Phagocytosis in monocytes is accompanied by a general-
ized rise in [Ca2+]i; this mobilization of cytosolic free
calcium occurs in the absence of extracellular Ca2+, albeit at
lower levels. This indicates that the release of Ca2+ from
intracellular pools is responsible for some of the rise in
[Ca2+]i during phagocytosis, even though most of the in-
crease in [Ca2+]j comes from extracellular sources. Regional
transient increases in [Ca2+]j in ingesting monocytes were
characterized by a thin rim of paraphagosomal increases in
[Ca2+1i which were different from the broader paraphagoso-
mal increases in [Ca2+]J observed in ingesting neutrophils
(16, 18). The data suggest that the fine zone of paraphago-
somal increased [Ca2+] is not an artifact caused by changes
in the thickness of the cytoplasm surrounding the phago-
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FIG. 1. Time course of [Ca2"]i changes in monocytes during
ingestion of opsonized zymosan in Ca2"-containing medium. (A)
Whole cell [Ca +i. (B) Paraphagosomal and cell body [Ca2]i during
the first 60 s after phagocytosis. Contact with the particle is at 0 s.
Each point up to 180 s indicates the mean + SEM of at least seven
cells each from a different donor. (C) An example of whole cell
[Ca2+]i changes in a single cell. This cell shows an initial major peak
followed by a minor peak in [Ca2+]i.

some. Our imaging system showed at least 15 arbitrary light
units of fluorescence (at a 380-nm wavelength) over back-
ground fluorescence even in the thinnest parts of the mono-
cytes. Thus, there should be enough cytoplasm for accurate
ratio imaging with fura-2 in this region. Moore et al. (15)
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32 (f), 42 (g), 55 (h), 65 (i), 75 0), 87 (k), and 95 (1) s after attachment to an STZ particle. The oblique arrows in panel B, image f, indicate the
approximate [Ca2+]j in the paraphagosomal region (lower arrow, 900 nM), the intervening zone between the paraphagosomal area and the cell
body (middle arrow, 800 nM), and the cell body (upper arrow, 1100 nM). The scale indicates the approximate nanomolar [Ca2+]j. Horizontal
wedges indicate the location of the ingested particle. Note the thin rim of increased [Ca2+]i around the ingested particle. Bars, 10 pm.
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FIG. 2-Continued.

concluded that the measurement of [Ca2+]i in a small com-
partment within the cytoplasm works best with very thin
cells.

Previous data from our laboratory demonstrated that
localized increases in [Ca2+]i in the paraphagosomal area of
neutrophils during phagocytosis are closely associated with
degranulation and localized activation of the respiratory
burst (16). The thin rim of increased [Ca2+]J in the monocyte
paraphagosomal area may reflect localized activities related
to phagosomal events. The respiratory burst is less dramatic

in monocytes (1), in which there are fewer granules than in
neutrophils. In neutrophils, Fc receptor-mediated phagocy-
tosis is a Ca2"-dependent process (12) and [Ca2+]i elevation
is necessary to trigger subsequent phagosome-lysosome
fusion during phagocytosis (9).

Regional [Ca2+]j responses during phagocytosis differ,
depending on the type of phagocyte (monocyte, macro-
phage, or neutrophil) and the particle. The observed dissim-
ilarities may suggest fundamental differences in the sources
and functions of cytosolic free calcium in the phagocytes.
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