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Membrane Capacitance Changes Associated with Particle Uptake during
Phagocytosis in Macrophages

Kathleen O. Holevinsky and Deborah J. Nelson
Department of Pharmacological and Physiological Sciences, The University of Chicago, Chicago, lllinois 60637 USA

ABSTRACT We report the use of capacitance measurements to monitor particle uptake after cellular exposure to phago-
cytic stimuli. In these studies, human monocyte-derived macrophages (HMDMs) and cells from the murine macrophage-like
cell line J774.1 were exposed to immune complexes or sized latex particles (0.8 or 3.2 um in diameter). An average decrease
in cell capacitance of 8 pF was seen after exposure of the cells to immune complexes. Cells in which particle uptake was
inhibited by cytochalasin B treatment before exposure to immune complexes showed an average increase of 0.5 pF. The
decrease in membrane capacitance after exposure of cells to particulate stimuli was absent with the soluble stimulus,
platelet-activating factor, further confirming that decreases in membrane capacitance were due to particle uptake. Exposure
of cells to sized latex particles resulted in a graded, stepwise decrease in membrane capacitance. The average step size for
0.8-um particles was 250 fF, and the average step change for the larger 3.2-um particles was 480 fF, as calculated from
Gaussian fits to the step size amplitude histograms. The predicted step size for the individual particles based upon the
minimum amount of membrane required to enclose a particle and a specific capacitance of 10 fF/um? was 20 and 320 fF,
respectively. The step size for the smaller particles deviates significantly from the predicted size distribution, indicating either
a possible lower limit to the size of the phagocytic vacuole or multiple particles taken up within a single phagosome. Dynamic
interaction between phagocytosis and exocytosis was observed in a number of cells as a biphasic response consisting of an
initial rapid increase in capacitance, consistent with cellular exocytosis, followed by stepwise decreases in capacitance.

INTRODUCTION

Phagocytosis of particulate stimuli by monocytes results in
the release of preformed granule contents into either the
phagosome, a process termed degranulation, or discharge of
granular contents outside of the cell, termed exocytosis or
secretion (Henson et al., 1988). We have previously shown
that human monocyte-derived macrophages (HMDMs)
phagocytize immune complexes under voltage-clamp con-
ditions after whole-cell formation (Holevinsky and Nelson,
1995). In those experiments, the release of free radicals
within the phagocytic vacuole, which is the end point of
particle uptake, was visualized through the use of fluoro-
phores covalently linked to the immune complex. The time
course for particle binding and uptake, however, could not
be resolved. Because the cellular response to particle uptake
is complex, we now report the use of time-resolved mea-
surements of membrane capacitance to determine the se-
quence of individual events that occur.

The measurement of membrane capacitance has become
an important technique for studying exocytosis, endocyto-
sis, and stimulus-secretion coupling mechanisms in a vari-
ety of cells (Neher and Marty, 1982; Zimmerberg et al.,
1987; Breckenridge and Almers, 1987a,b; Neher, 1988;
Schweizer et al., 1989; Thomas et al., 1990; Horrigan and
Bookman, 1994; Lindau and Fernandez, 1986; Parsons et
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al., 1994; Artalejo et al., 1994). Membrane capacitance is
proportional to cell surface area. Therefore, changes in
membrane capacitance provide a direct and quantitative
record of the time course of cytoplasmic granule insertion
into the plasma membrane during exocytosis. Alternatively,
particle uptake or plasma membrane retrieval during mem-
brane recycling can also be monitored directly by capaci-
tance measurements. Although the technique has been used
to study membrane retrieval after episodes of secretion
(Thomas et al., 1990; Parsons et al., 1994), there have been
no studies to date using the technique to follow particle
uptake during phagocytosis.

The phagocytic event is initiated by the binding of a
microorganism to specific surface receptors on phagocytes,
e.g., monocytes, macrophages, and neutrophils. Receptors
involved in this interaction include those recognizing the
C3b/C3b’ fragments of complement (Wright and Silver-
stein, 1982) and those that interact with the Fc domain of
immunoglobulin G (Odin et al., 1990; Odin et al., 1991;
Suzuki, 1991). The receptor-ligand interaction triggers a
series of cellular and molecular events involving phospho-
inositol turnover. Inositol phosphate and diacylglycerol for-
mation lead to a rise in intracellular calcium (Ca;), calcium-
induced actin polymerization, and the formation and
internalization of a phagocytic vacuole. The contents of
cytoplasmic granules are secreted, and oxygen metabolites
are generated through the activation of membrane-bound
NADPH oxidase.

Macrophages are capable of ingesting particles varying in
size, from bacteria to latex particles 1-14 wm in diameter,
as well as a variety of mammalian and avian erythrocytes
(Griffin et al., 1975; Voronov et al., 1998). Earlier light
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microscopic studies carried out on peritoneal macrophages
and a monocytic tumor cell line, J774.1, illustrated the
striking phagocytic capacity of the inflammatory cells (Sny-
derman et al., 1977). Snyderman and colleagues demon-
strated that single cells were capable of internalizing more
than 200 latex particles per cell after a 45-min incubation
period (see Fig. 1 (Snyderman et al., 1977)). In studies by
Griffin, macrophages ingested an average of 7-16 immu-
noglobulin G (IgG)-coated erythrocytes per cell (Griffin et
al., 1975). J774.1 cells have been shown to internalize
particles through attachment to C3 and Fc receptors in a
manner resembling that of activated macrophages (Kaplan
and Morland, 1978). The phagocytic activity of J774.1 cells
is approximately two- to fourfold greater than that of un-
stimulated macrophages (Snyderman et al., 1977). We com-
pared the phagocytosis of immune complexes, which were
able to bind and cross-link Fc receptors, to that of nonde-
gradable latex beads. The average decrease in membrane
capacitance appeared to be critically dependent upon both
the size and composition of the particle to which the cell
was exposed. Changes in membrane capacitance in re-
sponse to immune complexes occurred rapidly, with step
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size rarely resolvable. The cellular response to latex parti-
cles occurred more slowly and was associated with smaller,
more discrete changes in capacitance.

The phagocytic event was frequently coupled to exocy-
tosis in the stimulated phagocytes. Capacitance increases of
3.0—-8.4 pF, approximately three times the initial capaci-
tance of the cell, have been shown in human neutrophils
when secretory granules fuse with the plasma membrane
(Nuesse and Lindau, 1988). In capacitance experiments
carried out on cultured neutrophils, Nuesse and Lindau
calculated that ~5900 secretory granules fused with the
membrane during neutrophil degranulation (Nuesse and
Lindau, 1988). In similar experiments, Fernandez calculated
that a mast cell ~11 wm in diameter would contain 1020
secretory granules ~0.77 wm in diameter and reported an
increase in mast cell capacitance from 5.2 pF at rest to ~13
pF after degranulation (Fernandez et al., 1984).

Macrophages and J774.1 cells, like neutrophils and mast
cells, release lysosomal enzymes outside the cells in varying
amounts under both unstimulated and endotoxin-stimulated
conditions (Morland and Kaplan, 1978). Voronov et al.
showed that macrophages release increased amounts of in-
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Changes in membrane capacitance in four different J774.1 cells after immune complex stimulation. Immune complex uptake at 37°C was

compared to that obtained under conditions in which phagocytosis is inhibited, e.g., in the presence of actin cytoskeleton disruption with cytochalasin B
and low temperature. After whole cell formation, cells were allowed to reach a steady state for 10 min before stimulus additions. Therefore, time 0 in all
recordings is following a 10-min period of whole cell recording and equilibration at the indicated temperature. Cells were incubated for 2 h in 200 ng/ml
pertussis toxin before stimulation with immune complex (IC), as indicated by the arrow in each recording, to prevent NADPH oxidase activation and free
radical conductance activation. Capacitance measurements were made as described in the Materials and Methods section in a bath K*-free solution
containing 1 mM La>*, 100 mM 4,4’-diisothiocyanatostilben-2,2’-disulfonic acid, and 5 mM tetraethylammonium to block current activation. A K*-free
bath solution was used to prevent activation of the inwardly rectifying K™ conductance (IRK 1), which is expressed at high levels in both the HMDMs and
J774.1 cells, from which it was first cloned (Kubo et al., 1993). The pipette solution contained (in mM) 140 KCl, 1 EGTA, 0.2 CaCl,, 2 MgCl,, and 10
HEPES buffered to pH 7.2. Each panel consists of capacitance (upper), conductance (middle), and whole-cell current trace (lower) at —40 mV. (4) Control
recording of a 24 pF cell, at 37°C, in which no immune complex was added. (B) Recording of a 16-pF cell at 37°C, after exposure of a cell to immune
complex (IC), as indicated by the arrow. (C) Recording of a 16-pF cell after incubation of a cell with 5 uM cytochalasin B to inhibit the phagocytic response;
the temperature was maintained at 37°C. Immune complex was added to the bath solution at the arrow. (D) Recording made in a 25-pF cell at room
temperature (22°) in which lowering experimental temperature inhibited the phagocytic response. Note that resistance dithers seen as periodic deflections
on the conductance traces do not project onto the capacitance trace, thereby indicating proper phase angle determination allowing separation of the series
conductance and membrane capacitance, respectively (see Materials and Methods).



Holevinsky and Nelson

flammatory cytokines and lysosomal enzymes in response
to stimulation with polyethylene particles (Voronov et al.,
1998). In the experiments that we describe in our studies,
absolute separation of endocytosis from exocytosis was
difficult in the case of particulate stimuli, as has been
observed for chromaffin cells (Smith and Betz, 1996). We
therefore undertook studies that allowed for comparison of
capacitance changes after exposure of the cells to soluble
versus particulate stimuli. We used platelet-activating factor
as the soluble stimulus, which we have shown to elicit a
rapid increase in Ca; and transmembrane current in cultured
HMDMs (Katnik and Nelson, 1993). We compared the
response to the inflammatory cytokine to that observed after
exposure to the particulate stimulus heat-aggregated IgG
that binds to and cross-links macrophage surface Fc recep-
tors (Nelson et al., 1985). Both stimuli elicited a rapid
increase in membrane capacitance, presumably due to exo-
cytois. A secondary decrease in capacitance, sometimes to
well below prestimulus levels, was observed after stimula-
tion of cells with polymeric IgG complexes. This secondary
decrease in capacitance was absent in cells stimulated with
the soluble stimulus platelet activating factor (PAF) and was
therefore attributed to particle uptake during phagosome
formation.

MATERIALS AND METHODS
Cell culture

Human monocyte-derived macrophages (HMDMs) isolated from periph-
eral blood were cultured in Teflon vials for up to 2 weeks as previously
described (Nelson et al., 1990). J774.1 cells were obtained from ATCC and
were cultured in RPMI 1640 supplemented with 5% fetal bovine serum and
1% penicillin/streptomycin. Cells were plated on 35-mm plastic tissue
culture dishes for up to a week before the electrophysiological experiments.

Electrophysiology

Whole-cell recordings from both HMDMSs and J774.1 cells were obtained
by the techniques of Hamill et al. (1981). The capacitance measuring
system used to monitor particle uptake was based on the phase tracking
technique developed by Fernandez et al. (Fidler and Fernandez, 1989;
Fidler-Lim et al., 1990; Joshi and Fernandez, 1988). Capacitance data,
including measurement of cell size, were generated on a Macintosh Centris
650 running IGOR Pro (WaveMetrics) in combination with the Pulse
Control XOPs (external operations) written by Dr. Richard Bookman at the
University of Miami as previously described (Horrigan and Bookman,
1994). Data were acquired using an ITC-16 analog-to-digital converter
interface from Instrutech Corp. To measure changes in cell capacitance, a
500-Hz, 30-mV RMS sine wave was added to the stimulus input of the
patch-clamp amplifier (EPC-7; List Electronics, Darmstadt, Germany). The
resulting current was analyzed at two orthogonal phase angles from the
stimulus, ¢ and ¢ — 90, using a software-based phase-sensitive detector
(PSD) (Joshi and Fernandez, 1988) with a temporal resolution of 16 ms per
point. The phase detector was aligned so that one output reflected the real
part of the changes in cell admittance (Re [AY]), and the second output
reflected the imaginary part (Im [AY]). These outputs are proportional (not
equal) to the series conductance and membrane capacitance, respectively.
These approximations are valid when the cell membrane resistance is very
large, in the absence of ion channel activity, and when the cell can be
modeled as a simple, single time constant electrical equivalent circuit. The
phase tracking technique allowed the determination of the correct phase
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angle for the PSD through periodic adjustments (Fidler and Fernandez,
1989). Conductance and capacitance values were continuously generated
by the software. The DC current was also recorded throughout the deter-
mination of membrane capacitance and series conductance. A 500-k{}
resistor in series with the cell input impedance and ground was switched in
and out during sinusoidal stimulation, and the deflections produced in the
conductance served as a 500-k() calibration for series resistance. Correct
alignment of the PSD was achieved when these series resistance changes
did not project into the capacitance plot. The whole-cell capacitance was
compensated completely with the slow capacitance compensation before
exposure of the cells to the phagocytic stimulus. A calibration signal for the
capacitance trace was obtained by unbalancing the C-slow potentiometer of
the compensation circuitry of the patch-clamp amplifier by 1 pF.

Solutions

Experiments were carried out using a pipette solution that contained (in
mM) 140 KCI, 1 EGTA, 0.2 CaCl,, 2 MgCl,, 10 HEPES buffered to pH
7.2. The bath solution contained 130 NaCl, 1 CaCl,, and 10 HEPES, pH
7.4. Solution osmolarities were monitored with a vapor pressure osmom-
eter (model 5500; Wesco, Logan, UT) and measured to be 290 mOs. In
some experiments, cells were incubated with pertussis toxin (200 ng/ml) at
37°C in a humidified, 5% CO, environment for 2 h before the electro-
physiological investigations.

Materials

Immune complexes were obtained as Fc-Oxyburst from Molecular Probes
(Eugene, OR). These bovine serum albumin (BSA)-anti-BSA immuno-
globulin immune complexes were coupled to the reduced fluorochrome
2',7'-dichlorodihydrofluorescein (DCFH) and have been used in previ-
ously published studies from our laboratory to monitor superoxide release
in phagocytes after particle uptake (Holevinsky and Nelson, 1995).

Cytochalasin B, pertussis toxin, and the latex particles were all obtained
from Sigma (St. Louis, MO). Diphenylene iodonium (DPI) was obtained
from Toronto Research Chemicals (Ontario, Canada). Human IgG was
obtained from Accurate Chemical (Westbury, NY). Heat-aggregated IgG
was prepared as previously described (Nelson et al., 1985).

Data analysis

Summary data are expressed as means * standard error of the mean, with
the number of experiments in parentheses unless otherwise indicated.

RESULTS

Changes in membrane capacitance were measured after
exposure of HMDMs and cells from the murine macrophage
cell line, J774.1, to a number of phagocytic stimuli. Exper-
iments were carried out on individual cells, using the whole-
cell configuration of the patch-clamp technique, under con-
ditions designed to inhibit ion channel activity. Bath
solutions were K*-free to eliminate inward K" currents.
Inhibitors of NADPH oxidase activity were used to mini-
mize free-radical-induced current activation after phago-
some formation (see Holevinsky and Nelson, 1995). Volt-
age-clamped cells were held at the appropriate experimental
temperature for 10 min to allow for cellular stabilization
before the addition of a stimulus. Immune complexes and
sized latex particles were used as phagocytic stimuli.
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Immune complex uptake

Fig. 1 compares changes in membrane capacitance in a
voltage-clamped cell under control conditions with three
other J774.1 cells after immune complex exposure. All cells
were pretreated with pertussis toxin (200 ng/ml) 2 h before
whole-cell voltage clamping to inhibit NADPH oxidase
activation and, therefore, large changes in conductance that
accompany free radical release during the phagocytic re-
sponse (Holevinsky and Nelson, 1995). The DC component
of the membrane current (Fig. 1, lower panel) and the series
conductance changes (Fig. 1, middle panel) are shown in
addition to the capacitance changes (Fig. 1, upper panel) to
demonstrate that changes in capacitance during phagocyto-
sis occur independently, without changes in conductance
and whole-cell current, and are not an artifact of those
changes. We often observed spontaneous exocytosis, indi-
cated by a stepwise increase in capacitance, immediately
after the establishment of the whole-cell clamp configura-
tion, when cells were maintained at 37°C. This response
was allowed to proceed to a steady state before capacitance
recording. Fig. 1 4 is representative of a cell under control
conditions, at 37°C in the absence of a phagocytic stimulus.
In cells exposed to immune complex, a significant decrease
in capacitance, which was not necessarily stepwise, was
observed, as in Fig. 1 B. Under conditions in which phago-
cytosis was inhibited, large decreases in capacitance after
exposure to immune complex were not observed. Phagocy-
tosis was inhibited either by pretreating cells with cytocha-
lasin B (5 uM) for 10 min before electrophysiological
recording (Fig. 1 C), or by maintaining the cells at room
temperature during treatment with immune complex (Fig. 1
D). Previous reports have shown that immune complex
uptake is inhibited by >80% at 20°C as compared with
uptake determined at 37°C (Odin et al., 1991). Cytochalasin
B has been shown not only to inhibit particle uptake (Ryan
et al., 1990), but also to inhibit free radical release after

TABLE 1
stimulation with immune complex
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exposure of cells to phagocytic stimuli (Holevinsky and
Nelson, 1995), presumably because of an inhibition of par-
ticle uptake. The slow increase in capacitance that was
periodically seen under conditions in which phagocytosis
was inhibited, in the presence or absence of immune com-
plex, could indicate an imbalance in the ongoing membrane
fusion and retrieval process that favors vesicle fusion under
the conditions of whole-cell voltage clamp. Alternatively, it
could indicate a secretory response to pipette attachment,
which is normally offset with particle uptake in cells un-
dergoing phagocytosis. And finally, it could represent an
increase in exocytotic fusion events due to a change in
intracellular hydrostatic pressure via the patch pipette, as
has been observed recently for mast cells (Solsona et al.,
1998). These results are summarized in Table 1.

Latex particle uptake

Membrane capacitance changes were monitored in J774.1
cells, as well as HMDMs, after exposure to sized latex
beads as the phagocytic stimulus. The cellular response to
latex particles was less reactive and, therefore, did not
require pretreatment with pertussis toxin to inhibit conduc-
tance activation due to free radical release. After some
delay, exposure of the voltage-clamped cells to 0.8 um
beads resulted in the staircase-like decrease in capacitance
as a result of retrieval of phagocytic vacuoles, as can be seen
in Fig. 2. The average decrease in capacitance for nine cells
exposed to 0.8-um beads was 3.2 *= 1.3 pF. When cells
were exposed to larger particles, 3.2 uwm in diameter, step
decreases in capacitance were, on average, larger in ampli-
tude, as seen in the records in Fig. 3, and were often
followed by a rapid but smaller increase in capacitance (see
Fig. 3 A). Exposure of cells to the larger particles often
elicited a sustained secretory response, as seen in the four
cells in Fig. 3, upon which the large endocytotic events were

Summary of changes in membrane capacitance evoked in single voltage-clamped HMDMs and J774.1 cells after

Temp. Initial capacitance Capacitance change
Stimulus N (°O) (in pF) mean = SD (in pF) mean = SD p value*
Control 8 37 385 £31.5 8.0+ 12 0.005
Immune complex 8 37 29.9 = 16.8 —-72%x49 —
Immune complex 5 22 47.0 £17.3 —1.0*3.6 0.003
Immune complex and cytochalasin B 7 37 32.6 = 16.7 0.5*3.1 0.025

Capacitance was determined as described in Materials and Methods. After whole-cell formation, cells were allowed to reach a steady state for 10 min before
stimulus additions. Cells maintained at 37°C were incubated with pertussis toxin (200 ng/ml) 2 h before electrophysiological investigations. In some
experiments, cells were incubated with cytochalasin B (5 uM) ~10 min before electrophysiological experiments. Capacitance change was measured as the
difference between cell size at the addition of immune complex and the final cell size ~5 min later. A total of 28 cells were examined in the experiments
summarized here, of which 18 were HMDMs with an average initial membrane capacitance of 44.6 = 23.0 pF and 10 were J774.1 cells with an average
initial membrane capacitance of 20.7 £ 4.7 pF (mean * SD). The numbers of the different cell types under each experimental condition were as follows:
five HMDMs and three J774 cells under control conditions at 37°C, five HMDMs and three J774 cells at 37°C after immune complex stimulation, four
HMDMs and one J774.1 cell at room temperature after immune complex stimulation, and four HMDMs and three J774.1 cells treated with cytochalasin
B after immune complex stimulation.

*The significance of the difference between means was determined using a two-tailed Student’s ¢ test. Levels of significance were determined between
changes in capacitance after immune complex stimulation and all other conditions. Note that the decrease in the level of significance between the means
at 37°C and 22°C in the presence of immune complex reflects the fact that phagocytosis was not completely inhibited at 22°C.
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FIGURE 2 Stepwise changes in the capacitance of an HMDM (70 pF)
undergoing endocytosis of 0.8-um latex beads at 37°C, at a holding
potential of —60 mV. (4) The individual traces show components of the
current measured at each of the phase angles, 6 (conductance) and 6 — 90°
(capacitance). Arrow | marks the 1-pF calibration signal for the capaci-
tance trace obtained by unbalancing the C-slow potentiometer of the
compensation circuitry of the patch-clamp amplifier, and arrow 2 repre-
sents 500-k{) calibration for series resistance. (B) Recording of the cell
membrane capacitance as a function of time in the HMDMs after exposure
to 0.8-um latex particles. Steps represent the phagocytosis of either one
bead or a number of beads. Membrane capacitance decreases from 71 to 65
pF. Note that the scale bars are enlarged for the inset. The predicted
decrease in capacitance for a single bead is 20 fF. (C) Change in membrane
conductance during the endocytic process shown in B. The pipette solution
contained (in mM) 140 KCl, 1 EGTA, 0.2 CaCl,, 2 MgCl,, 10 HEPES
buffered to pH 7.2. The bath solution contained 130 NaCl, 1 CaCl,, and 10
HEPES, pH 7.4.

infrequently observed. Histograms of step changes in mem-
brane capacitance after exposure to the sized particles are
given in Fig. 4. Gaussian fits to the amplitude histograms
yielded a mean step size of 250 fF for the smaller particles
and 480 fF for the larger particles. Calculations using 10
fF/um? as the specific membrane capacitance predicted a
step size of 20 and 320 fF for the 0.8-um and 3.2-um
particles, respectively, based upon the minimum amount of
membrane required to enclose an individual particle.

Exocytosis

The incorporation of vesicle membranes into the plasma
membrane can be directly assayed as an increase in mem-
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FIGURE 3 Stepwise changes in the capacitance of four cells undergoing
endocytosis of 3.2-um latex beads. Traces were taken from records ac-
quired 2—5 min after addition of 3.2-um latex beads to the voltage-clamped
cells. Experiments were conducted at 37°C at a holding potential of —60
mV. Sharp decreases in capacitance presumed to be due to particle uptake
are indicated by the arrows. Exposure of cells to the larger latex particles
elicited an increase in capacitance or exocytotic response, upon which the
larger decreases were infrequently observed. (4) Recording from a HMDM
with an initial capacitance of 53 pF. (B) J774.1 cell with an initial
capacitance of 59 pF. (C) J774.1 cell with an initial capacitance of 29 pF.
(D) J774.1 cell with an initial capacitance of 30 pF. Note that calibration
bars vary for each record.

brane capacitance or area. When cells were maintained at
37°C, membrane capacitance frequently increased slowly,
either under control conditions (as seen in Fig. 1 4) or under
conditions in which the phagocytic response was inhibited
(as in Fig. 1 C). Increases in membrane capacitance were
observed after exposure and uptake of latex particles, as
seen in Fig. 5. Of note in Fig. 5 is the large of degree of
heterogeneity in exocytotic step size in a single cell as well
as from cell to cell. The observed heterogeneity 1) may be
due to a heterogeneity in the distribution of secretory gran-
ule size or 2) may represent heterogeneity in the granule
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FIGURE 4 Size distribution of step decreases in capacitance after expo-
sure of J774.1 cells and HMDM cells to latex particles at 37°C. Measure-
ments were collected after exposure of cells to latex particles in experi-
ments similar to those of Fig. 2. (4) Step size distribution histogram for 12
cells exposed to 0.8-wm latex particles. Of the 12 cells, four were HMDMs
and eight were J774.1. (B) Step size distribution histogram for nine cells
(three HMDMs and six J774.1) stimulated with 3.2-um latex particles.
Each cell was exposed to only one particle size. The theoretically predicted
step size for a 0.8-um particle is 20 fF, and that for a 3.2-um particle is 320
fF. A conversion factor of 10 fF/um? for the cell membrane was used to
estimate the cell capacitance from the surface area. Steps were scored by
visual inspection of the capacitance traces and thresholded at 50 fF. The
average step size for the smaller particles as determined by Gaussian fits to
the distribution was 250 fF for the smaller particles (number of events =
77) and 480 fF for the larger particles (number of events = 101). The size
distribution for the latex particles was 0.8 = 0.04 um and 3.2 = 0.2 um
(mean = SD). The initial membrane capacitance values were 56.6 = 20.8
pF for the HMDMs used in these studies and 24.5 = 12.6 pF for the J774.1
cells (mean = SD).
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fusion/secretion cycle. Some cells demonstrated “capaci-
tance flicker” as in Fig. 5 4. Similar capacitance “flicker”
associated with the secretory response has been described
for the degranulating mast cell (Fernandez et al., 1984).

Capacitance changes after stimulation with
soluble versus particulate stimuli

Cellular responses to particulate and soluble stimuli were
compared in J774.1 cells, as seen in Fig. 6. Our goal for the
experiments depicted in Fig. 6 was to compare the response
to stimuli that both elicited a respiratory burst and a secre-
tory response but differed only in their ability to elicit
phagosome formation. If decreases in membrane capaci-
tance were due to membrane retrieval or rapid endocytosis
plus phagosome formation after a secretory response, then
one should be able to observe the retrieval phase in isolation
with a soluble stimulus applied under conditions in which
phagocytosis was inhibited, i.e., low temperature. Mem-
brane retrieval after a maximum secretory response has
been observed previously at room temperature in chromaf-
fin cells (Artalejo et al., 1995, 1996). When J774.1 cells
were stimulated with 100 pg/ml heat-aggregated IgG
(HAIGG), capacitance changes were biphasic in nature,
consisting of a rapid secretory phase that rose to a peak
within 36.4 = 13.8 s (n = 6). All cells stimulated with
HAIGG underwent a secretory phase. The exocytotic burst
was followed by a rapid reuptake phase as seen in Fig. 6 A.
The decrease in membrane capacitance took place over a
time course of 285 = 35 s (n = 6), with step decreases in
capacitance often discernible (see inset to Fig. 6 A). The
decrease in membrane capacitance after cellular degranula-
tion could represent retrieval of excess membrane, as has
been observed for mast cells (Fernandez et al., 1984), ad-
renal chromaffin cells (Artalejo et al., 1995), and synaptic
terminals (von Gersdorff and Matthews, 1994), phagosome
formation, or some combination of both endocytotic events.
To separate the process of membrane retrieval from recep-
tor-mediated phagocytosis, the cellular response to HAIGG,
a particulate stimulus, was compared with that after stimu-
lation of the cells with the soluble inflammatory cytokine,
platelet-activating factor (PAF). The cellular capacitance
changes in response to PAF (20 ng/ml) can be seen in Fig.
6 B. Unlike the biphasic response observed for HAIGG, the
response to PAF, consisting only of a secretory phase,
reached a maximum after 213 * 60 s (» = 5). The magni-
tude of the capacitance changes after the secretory phase for
each stimulus is summarized in Fig. 6 C.

DISCUSSION

To begin the process of understanding the mechanisms
underlying FcR-mediated phagocytosis, we examined time-
resolved changes in membrane capacitance in single cells
after stimulus binding and eventual phagosome formation.
The temperature-dependent process appears to require the
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A

Latex added

FIGURE 5 Exocytosis in two J774.1 cells, voltage
clamped at —60 mV, as monitored by changes in mem-
brane capacitance. Upper and lower traces in 4 and B
show cell capacitance and series conductance, respec-
tively. Cells were exposed to 3.2-um beads in 4 and
0.8-um beads in B. The upper traces show stepwise
increases in capacitance occurring in the phagocytic
cells after stimulation with latex particles at 37°C. Ca-
pacitance “flicker” as seen in 4, or transient decreases in
capacitance of relatively short duration, were absent
from the exocytotic records as seen in B. Initial capac-
itances for cells in 4 and B were 22 and 8 pF, respectively.

actin cytoskeleton. Particle uptake is critically dependent
upon the nature and size of the particle that is phagocytozed.

Phagocytosis of latex particles by HMDMSs has previ-
ously been shown to be associated with increases in ion
channel activity (Ince et al., 1988). Ince and co-workers,
using the cell-attached mode of the patch clamp, were able
to show, by video microscopy and the onset of enhanced ion
channel activity, that phagocytosis of IgG-coated latex par-
ticles differed from phagocytosis of uncoated or albumin-
coated particles by a shorter lag time between particle
attachment and uptake (Ince et al., 1988). The whole-cell
studies of Holevinsky and Nelson (1995) provided the first
demonstration of the relationship between free radical re-
lease and the signaling events that are linked to particle
engulfment in HMDMs. These studies demonstrated that
whole-cell formation did not disrupt the cellular phagocytic
machinery and, furthermore, that membrane depolarization
and the generation of a calcium-dependent nonselective
current followed an increase in superoxide production and
phagocytic vacuole formation. Inasmuch as ion channel
activation or changes in ionic conductance would produce
artifactual changes in the capacitance measurements in the
current studies, we used either pertussis toxin or the specific
inhibitor of NADPH oxidase activation diphenylene iodo-
nium (DPI), which was used previously (Holevinsky and
Nelson, 1995), to block current activation. The onset of free
radical release after particle uptake in our earlier studies
(Holevinsky and Nelson, 1995) occurred with a lag time of
~140 s for 6-day-old HMDMs. Although we were unable to
completely block the overlapping secretory response in the
current studies, which would then allow us to accurately
determine the onset of phagocytosis, the major decrement in
membrane capacitance was seen well within the 140 s
required to detect free radical release within the phagosome
in our earlier studies.
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Data in Fig. 2, in which capacitance changes would
indicate that the cell ingested more than 300 latex beads 0.8
pm in size (assuming that individual particles were associ-
ated with the theoretically predicted value of 20 fF per
particle), are consistent with the light microscope data in the
Snyderman studies (Snyderman et al., 1977), in which sin-
gle cells were capable of ingesting more than 200 latex
particles. In Karrer’s early studies of the phagocytic process
in the lung (Karrer, 1960), which focused on the ultrastruc-
ture of the phagocytic vacuole, alveolar macrophages ex-
posed to India ink were shown to be filled with vacuoles
containing groups of particles. Micrographs demonstrated
that large “flaps” or “ruffles” appeared to “trap large vol-
umes of extracelluar material as the ‘ruffles’ backfold(ed)
upon the cell.” Therefore, assuming a membrane folding
factor of 2.5, which is a conservative estimate from the
studies of Karrer (1960), for each 0.8-um latex particle one
would expect a step size decrease in membrane capacitance
of 50 fF. If each cell were to take up an average of 50
particles per cell, also a conservative estimate from the
studies of Snyderman et al. (1977), this would predict a total
average decrease of 2.5 pF per cell. This is very close to the
average decrease in capacitance of 3.2 = 1.3 pF for cells
exposed to 0.8-um beads.

From previous investigations it appears that phagocytic
vacuole size varies in proportion to the size of the particle to
be ingested, with no apparent threshold to the particle size
necessary to initiate a phagocytic response (Griffin et al.,
1975). The zipper model of phagocytosis first proposed by
Griffin and colleagues (see review by Swanson and Baer,
1995) modeled the phagosome as conforming to the shape
of the particle as a “close-fitting sleeve of plasma mem-
brane.” The complex was stabilized by particle interactions
with surface receptors linked to the particle surface.
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FIGURE 6 Comparison of changes in membrane capacitance after ex-
posure of J774.1 cells to particulate and soluble stimuli. In these experi-
ments, DPI (5 uM), a specific inhibitor of NADPH oxidase, was added to
the bath solution 10 min before the exposure of the cells to either heat-
aggregated human IgG (HAIGG) or PAF. Cells were voltage-clamped at 0
mV to minimize ion channel activity due to free-radical-generated current.
Each panel consists of capacitance (upper), conductance (middle), and
whole-cell (lower) current. (4) Continuous recording of membrane capac-
itance after exposure of a cell (28 pF) to 100 ug/ml IgG (indicated at the
arrow) at 37°C. Note the biphasic nature of the response, consisting of a
rapid secretory phase followed by a rapid reuptake phase that shows
stepwise decreases that may correspond to the formation of individual
phagocytic vesicles. (B) Recording of membrane capacitance changes after
stimulation of a cell (25 pF) with PAF (20 ng/ml) added to the bath solution
(indicated at the arrow). The experiment was performed at room temper-
ature to inhibit phagocytosis. Note that unlike the response to particulate
stimuli, PAF induced a monotonic increase in membrane capacitance that
was not followed by rapid membrane reuptake. (C) Decrease in cell size
after the peak secretory response, after the addition of either PAF or
heat-aggregated IgG. Note that the peak of the exocytotic phase induced by
HAIGG is an underestimate of the magnitude of the change, because it is
likely that exocytosis and phagocytosis occur simultaneously.

Our data obtained using sized latex particles as the
phagocytic stimulus would indicate that, although the size
of the phagosome that is formed indeed scales with the size
of the particle that is bound, the size of the phagosome is
considerably larger than that which is theoretically pre-
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dicted for a “tight sleeve.” The experimentally observed
event size distribution for each population of particles that
were taken up by the phagocytes demonstrated that 1) there
was a significant shift in the distribution of the step size
with particle diameter and 2) there appeared to be signifi-
cant membrane redundancy in the particle uptake mecha-
nism. The latter observation is particularly evident with the
smaller particles and may indicate that a step represents the
endocytosis of a group of particles or “compound endocy-
tosis.” At small sizes, where the data seem to deviate
significantly from the theoretically predicted mean value,
the distribution may reflect two types of endocytotic pro-
cesses occurring simultaneously, as has been proposed for
the “off” response in nondegranulating mast cells (Fernan-
dez et al., 1984). The “off” response, described by Fernan-
dez and colleagues studying secretory mechanisms in mast
cells, referred to step decreases in capacitance, which they
occasionally observed using pipette solutions lacking GTP-
v-S. They attributed these step decreases to retrieval of
excess membrane after a brief degranulation in response to
whole-cell recording conditions.

The production of reactive oxygen molecules that accom-
panies Fc receptor ligation does not appear to be involved in
phagosome formation. Pretreatment of cells with either per-
tussis toxin or DPI to inhibit NADPH oxidase activation did
not inhibit phagosome formation, as monitored by changes
in membrane capacitance. In previous studies (Holevinsky
and Nelson, 1995), the lack of free-radical-induced current
activation after exposure of the cells to immune complex
provided evidence that toxin pretreatment inhibited the re-
lease of oxygen metabolites, but left open the question of
whether phagosomes were formed in the presence of the
inhibitors.

It has been speculated that both phagocytosis and
NADPH oxidase are regulated at the level of the small
GTP-binding protein Rac activation (Knaus et al., 1991;
Bokoch, 1995). Although important in the signal transduc-
tion cascade, carrying surface binding events to nuclear
transcriptional events, small GTP-binding proteins do not
appear to be important in the process of phagosome forma-
tion. In our experiments, phagocytosis and exocytosis occur
in the absence of exogenous guanine or adenosine nucleo-
tides added to the pipette solution, which dilutes cellular
contents in the whole-cell patch-clamp configuration.

Macrophages stimulated with either soluble or particulate
ligands undergo a secretory phase, the onset of which is
much more rapid in the case of the particulate ligand. The
magnitude of the secretory response, however, does not
appear to depend upon the secretory stimulus. Capacitance
measurements of exocytosis or degranulation in cells of the
immune system have provided unique insight into the signal
transduction mechanisms in excitation-secretion coupling.
Secretion in mast cells and neutrophils, unlike in their
excitable cell counterparts, does not require an influx of
extracellular Ca?* through a plasma membrane conduc-
tance, but rather seems to be coupled to intracellular levels
of guanine nucleotides and Ca’?" released from internal
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stores (Fernandez et al., 1984; Lindau and Fernandez, 1986;
Lindau, 1988; Neher, 1988, 1991; Nuesse and Lindau,
1988; Matthews et al., 1989). The steps leading to granule
fusion in mast cells as well as neutrophils are controlled by
a guanine nucleotide-binding protein. Although changes in
intracellular Ca>* (Ca;) appear to be involved in the regu-
lation or rate of degranulation (Neher, 1988; Nuesse and
Lindau, 1988), elevation of Ca, is not a sufficient stimulus
to promote secretion on its own. Our data from macro-
phages indicate that degranulation is not tightly linked to
levels of guanine nucleotides. Secretion in response to both
stimuli occurs in the absence of the addition of guanine
nucleotides to the pipette solution. Membrane retrieval that
was observed in mast cells after a secretory response (Fer-
nandez et al., 1984) was not observed in response to soluble
stimuli in macrophages. Thus the endocytic response after
Fc receptor ligation with particulate stimuli can be attrib-
uted primarily to phagosomal vacuole formation. Further-
more, rapid membrane retrieval in macrophages does not
appear to be tightly linked to the secretory response per se,
as is the case for synaptic vesicle recycling in synaptic
terminals (von Gersdorff and Matthews, 1994), and may be
more closely coupled to the receptor type that initiates the
secretory response.
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