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Abstract. Platelet-activating factor (PAF) is synthe-
sized and secreted by macrophages in response to
inflammatory stimuli. When exogenously applied to
human monocyte derived macrophages (HMDMs),
PAF induces a rapid rise in cytosolic free calcium
(Ca;) believed to be an early triggering event in mac-
rophage activation. We investigated PAF-induced
Ca?* signaling in HMDM:s using the calcium indica-
tor Fura-2, combining single cell ratio fluorimetry
and digital video imaging with whole-cell recording
techniques. Application of PAF (20 ng/ml) to adher-
ent macrophages induced transient increases in Ca,
that were biphasic, consisting of an initial phase
that could be observed in Ca*"-free solutions and a
second phase that was critically dependent upon
Ca?* entry. When Mn?" was applied to cells in the
presence and absence of Ca**, PAF increased the
rate of Mn?* entry rate only when Ca’>" was absent.
PAF increased the rate of Ba?* entry even when
measured in the presence of external Ca’*. Ca’*
entry was reversibly inhibited in the presence of
external La?* (1 mM). Data obtained from simultane-
ous voltage-clamp/microfluorimetry experiments
demonstrated the activation of a nonselective cation
current which closely paralleled the rising phase of
the Ca, transient. We investigated whether the non-
selective cation conductance provided for the bulk
of the agonist-induced Ca?" influx. Changes in Ca;
following removal of extracellular Ca?* (Ca,) during
the agonist-induced Ca, response were not associ-
ated with changes in whole-cell current. The inabil-
ity to detect whole-cell current changes correlated
with a decrease in Ca, suggests that the bulk of
the Ca?* influx was not through the nonselective
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conductance and either does not occur through a
conductance pathway or occurs via a parallel path-
way consisting of channels which are both low con-
ductance and highly Ca?* selective.
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Fura-2 — Ion channels

Introduction

Macrophages enter an activated state following the
interaction of soluble substances, macroscopic par-
ticles, or tumor cells with corresponding receptors
at the cell surface. Receptor occupancy initiates a
complex signal transduction cascade, ultimately re-
sulting in the initiation of a respiratory burst with
the concomitant secretion of reactive oxygen inter-
mediates as well as a variety of factors capable of
regulating the proliferation and function of other
cells. The mechanisms by which ligation of macro-
phage surface receptors are transduced into intracel-
lular messages appear to involve changes in Ca; lev-
els, cCAMP elevation, protein phosphorylation, and
ion channel activation.

Platelet activating factor (PAF) is an alkyl ether-
containing phospholipid synthesized and secreted
by macrophages in response to inflammatory stimuli
(Braquet et al., 1987). PAF can act as an activation
stimulus in an autocrine manner when exogenously
applied to macrophages. In peritoneal macrophages,
PAF stimulates chemotaxis and the accumulation of
inositol phosphates and sn-1,2-diacylglycerol (DAG)
from sources not solely attributable to phosphotidyl-
inositol metabolism via a mechanism which is subse-
quent to the activation of protein kinase C (Prpic et
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al., 1988; Uhing et al., 1989). PAF binding to specific
surface receptors elicits an increase in Ca; which
is generated in part through release of Ca’>" from
intracellular stores and in part from the influx of
Ca’* from the extracellular solution (Conrad & Rink,
1986; Prpic et al., 1988; Randriamampita & Traut-
mann, 1989). The PAF-receptor from guinea-pig
lung has recently been cloned and functionally ex-
pressed in Xenopus oocytes (Honda et al., 1991).
The hydropathy profile of the cloned receptor with
seven putative membrane-spanning domains is simi-
lar to other cloned G-protein-linked receptors of the
rhodopsin superfamily (Dixon et al., 1986). Thus,
elucidation of the signal transduction events accom-
panying PAF-receptor ligation may lead to an under-
standing of signaling through other related
G-protein-linked chemotactic and eicosanoid recep-
tors, e.g., the thromboxane A, and C5a receptors
which have been recently cloned (Gerard & Gerard,
1991; Hirata et al., 1991) and are expressed on the
macrophage plasma membrane.

We have investigated PAF-induced Ca’* signal-
ing in HMDMs using Fura-2 based microfluorimetry
and digital imaging, as well as simultaneous whole-
cell voltage-clamp/Fura-2 microfluorimetry. The
purpose of this study was to examine conductance
changes associated with the receptor-mediated
Ca’*entry elicited by PAF. In the absence of con-
taminating outward K* current activation, PAF acti-
vated a membrane current which was temporally
correlated with changes in Ca;. The agonist-associ-
ated current was nonselective and permeant to
N-methyl-p-glucamine (NMDG) used as an imper-
meant cation substitute. Although nonselective cur-
rent activation showed tight temporal correlation
with the onset of the PAF-induced Ca; transient,
reversible decreases in Ca; following repeated re-
moval of Ca, during the Ca, transient were not corre-
lated with changes in whole-cell current. The inabil-
ity to detect whole-cell current changes correlated
with a decrease in Ca, suggests that the bulk of
the agonist-induced Ca?* entry is not through the
nonselective cation conductance and either does not
occur through a conductance pathway or occurs via
a parallel pathway consisting of channels which are
both low conductance and highly Ca?* selective.

Materials and Methods

CeLL CULTURE

Mononuclear cells isolated from peripheral blood samples col-
lected from healthy human volunteers were separated from neu-
trophils and erythrocytes by Ficoll-Hypaque density gradient
centrifugation as previously described (Nelson, Jow & Jow,
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1990). Cells were maintained in suspension culture and plated on
glass-bottom culture dishes approximately 4-8 hr prior to re-
cording. Dishes, which served as recording chambers, were con-
structed as follows: an 18 mm diameter hole was punched into
the bottom of a 35 mm plastic culture dish. A 22 x 22 mm, acid-
cleaned coverslip was fixed to the dish outside surface covering
the hole, using Sylgard 184 silicone elastomer (Dow-Corning,
Midland, MI). Dishes were placed in a drying oven at 55°C for
1 hr to allow for sufficient Sylgard curing and sterilized with 70%
ethanol immediately prior to use. A drop of the mononuclear cell
suspension (0.5 ml) was placed in the center of the exposed
coverslip and incubated for 1 hr at 37°C in a humidified 5%
C0,:95% O, environment. Following incubation and initial cell
attachment, 1.5 ml of RPMI growth medium supplemented with
antibiotics was added to the dish and the cells were incubated
for at least an additional hour.

CeLL LoADING WITH FLUORESCENT PROBES

Unattached cells were removed prior to loading with Fura-2 acet-
oxy methyl ester (5 uMm) for 1.5 hr at room temperature in RPMI.
This loading solution also contained 0.2% pluronic acid to obtain
maximum dye dispersion and 0.5% bovine serum albumin (BSA)
to prevent nonspecific dye binding. Following the loading proce-
dure, cells were washed and incubated for 30 min with extracellu-
lar solution (mMm: 140 NaCl, 5.4 KCl, 2 CaCl,, 2 MgCl,, 10
HEPES, pH 7.4) to allow time for maximal dye deesterification.
Cells were washed again prior to use. All experiments were per-
formed within 2 hr after completion of Fura-2 loading. Using
this optimized loading protocol, we obtained homogenous dye
distribution, as visualized using video-imaging techniques, with
minimal punctate cytoplasmic accumulations such as have been
described by others for the murine peritoneal macrophage and
the macrophage-like cell lines J774 and HL-60 (Malgaroli et al.,
1987; Steinberg, Newman & Swanson, 1987; Di Virgilio et al.,
1988).

MICROFLUORIMETRY

Experiments were performed on a Leitz microscope equipped
with UV transparent optics. Dye excitation illumination was pro-
vided by a Photon Technology International (PTI) D-101 dual
wavelength illumination system. The D-101 consisted of a 75 W
Xenon arc lamp, a variable speed reflective optical chopper and
two monochromators both under computer control. The illumina-
tion system was coupled to the microscope via a fiber optic cable
that mixes and randomizes the output of the two monochromators
over the field of view. Excitation light was deflected with a 450
nm dichroic mirror through either a 40X phase (Nikon Fluor,
N.A. 0.85) or 40X oil-immersion (Nikon Fluor, N.N. 1.3) objec-
tive. Emitted fluorescence filtered at 510 nm was collected by a
Hammamatsu R928 photomultiplier tube and photon-counting
photometer through a variable rectangular aperture roughly equal
to the area of the single cell. Photomultiplier output was sampled
at 20 Hz and processed using a PTI interface on a NEC 386/
20 personal computer. The monochromator slit widths were set
at 12 nm.

Cells chosen for experiments were loaded to levels which
were at least 10 times that measured for a cell-free area of the
coverslip using the masking iris set to the size of the cell. Cells
in which resting 340/380 ratios were high (presumably due to
plasma membrane damage) were excluded from study.



C. Katnik and D.J. Nelson: PAF-Induced Ca?*Signaling in HMDMs

FLUORESCENCE RATIO IMAGING

Cells were illuminated using the dual-monochromator, Xenon-
light source as described above. In the imaging experiments, a
20x (Nikon Fluor, N.A. 0.75) objective was used to gather fluo-
rescence data from a number of cells in the field of view. Fluores-
cence emission was collected with a Hammamatsu ¢2400 SIT
video camera connected to a PTI image processor. Individual
frames were summed (number of frames summed depended on
loading intensity) and averaged. Frame averages acquired at each
wavelength were collected at predetermined intervals and stored
on hard disk for off-line analysis. Frame averages at each wave-
length were divided pixel by pixel to yield ratio images.

DYE CALIBRATION

For the majority of the experiments, changes in Ca; were ex-
pressed only as the ratio (R) of dye fluorescence at 340 and 380
nm. In those experiments which necessitated an estimate of Ca;,
values for R were converted to Ca?* concentration according to
the equation:

[Ca] = KD(R - Rmin)/Rmax - R)(Sf2/Sb2) (1)

where K, = 327 nM, Sp/syy = 8.42, Ryi= 0.333, and R, = 7.41
and where A\; = 340 nm and A, = 380 nm were determined from
standard solutions of known Ca*" concentration (Grynkiewicz,
Poenie & Tsien, 1985).

ELECTROPHYSIOLOGY

Simultaneous microfluorometric measurements of Ca; and mem-
brane current were correlated in single cells. Standard whole-
cell recordings of membrane current were carried out using meth-
odology previously described (Nelson, Jow & Jow, 1990).

PAF was applied locally to the voltage-clamped cell using
a puffer pipette. In some of the studies, a single puffer pipette
was used and solutions were changed by accessing different reser-
voirs. Although this technique had the advantage of localizing
solution changes to a single cell, it was impossible to obtain fast
exchanges between solutions. Therefore, an alternative superfu-
sion system was developed whereby adjacent puffer pipettes were
mounted side by side and positioned near the voltage-clamped
cell. Using this modification, changes between solutions were
rapidly brought about by starting and stopping flow in a particular
pipette. This was especially important when rapid solution ex-
changes were used to determine the reversibility of current inhibi-
tion during a transient Ca; response. Whole bath exchanges were
accomplished using a gravity-fed solution input and a vacuum-
aspirated output.

Summary data are expressed as means * SEM with the
number of experiments in parentheses.

SOLUTIONS

The standard internal (pipette) solution with 38 nM free Ca®’
contained (in mM): 140 KCl, 2 MgCl,, 2 CaCl,, 11 ethylene glycol-
bis(8-aminoethyl ether)-N,N,N’,N'-tetraacetic acid (EGTA)-
KOH, and 10 N-2-hydroxy-ethylpiperazine-N’-2-ethanesulfonic
acid (HEPES); pH 7.2. When Cs*was used in the internal solu-
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tion, K* was replaced with an isosmolar amount of the Cs* salt.
The bath solution contained (in mM): 140 NaCl, 5.4 KCl, 2 Ca(Cl,,
1 MgCl,, and 10 HEPES; pH 7.4. In those experiments where
both K* and Na* in the external and internal solutions were
replaced with the cation N-methyl-D-glucamine (NMDG), the
external solution contained (in mMm): 140 NMDG-CI, 2 CaCl,, 2
MgCl,, and 10 HEPES buffered to pH 7.4. The pipette solution
contained 40 NMDG-CI, 100 NMDG-glutamate, 1.0 EGTA, 0.2
Ca(l,, 2 MgCl, and 10 HEPES; pH 7.2. Agar bridges were used
for electrical connections to both bath and pipette electrodes to
minimize junction potential artifacts in NMDG-glutamate con-
taining solutions. ATP (0.3 mm), GTP (0.3 mM) and GTPyS (0.1
mM) were added to pipette solutions containing 0.1 mM pentapo-
tassium Fura-2 in experiments in which cells were loaded with
the dye via the pipette. Solution osmolarities were monitored
using a vapor pressure osmometer (Model 5500, Wescor, Lo-
gan, UT).

Results

BirHASIC NATURE OF THE PAF-INDUCED
Ca; TRANSIENT AND DEPENDENCE
uPoN EXTERNAL Ca?*

PAF application to HMDMs elicited a transient, bi-
phasic increase in Ca; (Fig. 14 and B). Subsequent
applications of PAF failed to induce a second Ca,
transient following washing even after a period of
2 hr. Exogenous application of the autocoid pro-
duced a rapid increase in Ca;, which reached peak
levels 5-10 times that measured at rest followed by
a slower, sustained elevation in Ca;, which returned
to basal levels with a variable time course over a
period of minutes. Changes in Ca; were measured
as an increase in the 340/380 fluorescence intensity
ratio (Rysg0)- Mean initial, peak, and steady-state
Ra40n8 values observed in 41 cells prior to and fol-
lowing PAF stimulation were 0.63 = 0.04 (Ca, = 50
oM), 1.60 £ 0.15 (Ca, = 415 nMm), and 0.90 = 0.11
(Ca; = 109 nM), respectively. Steady-state Rz
mesurements were taken at 1,000 sec following the
peak response. The first phase, the rapid increase
in Ca;, was not dependent on the presence of extra-
cellular Ca** (Ca,) (Fig. 1C) and was, therefore,
taken to result from internal store release. A sus-
tained increase in Ca; was obtained upon readdition
of Ca’" to the bathing solution following the decay
of the PAF-induced Ca, transient. Prolonged expo-
sure of the cell to EGTA-buffered, Ca’*-free solu-
tions (5—10 min) during which depletion of intracellu-
lar Ca?* stores would be expected to occur, resulted
in loss of the PAF-induced Ca’' transient in the
absence of Ca, (Fig. 1D). A large increase in Ca,
was observed upon re-exposure of PAF-stimulated,
Ca**-depleted cells to Ca’"-containing solutions.
The large increase in Ca>* upon re-exposure of Ca*-
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Fig. 1. Dependence of PAF-induced increase in Ca; in HMDMs on external calcium. (A) The change in Fura-2 dye emission at 510
nm following dye excitation at 340 and 380 nm prior to and following exposure of a single cell to PAF (20 ng/ml). Background levels
were less than 10,000 cts/sec. (B) Calculated changes in Ca,; from the experiment in A obtained using Eq. (1). (C) Change in Ca; in
response to PAF stimulation in a Ca?"-free solution buffered with 1 mm EGTA. Rapid exchange of a 2 mM Ca?*-containing external
solution for a Ca?*-free solution was made approximately 10 sec prior to PAF stimulation. The transient increase in Ca; is presumably
due to Ca?* released from internal stores. Upon readdition of Ca’*-containing external solution, Ca, increased without delay. (D)
Equilibration of cells with Cal*-free external solution for approximately 7 min was used to deplete cells of Ca;. Stimulation of Ca,-
depleted cells in Ca?*-free solutions eliminated the increase in Ca;. As seen in C, Ca; increased immediately upon readdition of Ca’*-

containing bath solution.
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Fig. 2. Contribution of Na-Ca exchange in setting basal Ca, levels
and in determining the decay of the PAF-induced Ca; transient.
(A) Changes in Ca, (expressed as changes in the Riyg5) following
removal of extracellular Ca’", replacement of extracellular Na*
with NMDG™ in the absence of Cal*, and replenishment of extra-
cellular Ca" in the absence of extracellular Na*. (B) Changes in
Ca, following isotonic substitution of extracellular Na® by
NMDG? prior to and following PAF stimulation.

depleted cells to Ca?* was dependent upon the pres-
ence of agonist binding. In two experiments in which
Ca’*-depleted cells were not pre-treated with PAF,
re-exposure to Ca, did not produce an increase in
Ca, until PAF was applied.

PAF-INDUCED Ca; TRANSIENTS IN THE ABSENCE
oF Na-Ca EXCHANGE

Although Na-Ca exchange appears to be important
in the maintenance of basal Ca; levels in HMDMs
(Fig. 2A), modulation of its activity did not appear
to play a role in the PAF-induced increase in Ca;
(Fig. 2B). Removal of Ca’" from the external solu-
tion led to only a slight decrease in the basal Ca,
level, in the presence or absence of external Na™ as
can be seen in Fig. 2A. However, addition of Ca®*
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to a solution in which external Na® (Na,) was isos-
motically replaced with the impermeant cation
N-methyl-p-glucamine (NMDG) resulted in an in-
crease in the 340/380 ratio (Rj4s50), Which decayed
back to a sustained level that varied from cell to
cell but which could be significantly elevated over
baseline levels, as seen in Fig. 2A. In the absence
of Na,, Na-Ca exchanger activity would be expected
to be inhibited or reversed depending upon Na; lev-
els. It should be noted that the magnitude of the
increase in Ca, resulting from the inhibition of Na-Ca
exchange was highly variable and was not dependent
upon pre-exposure of cells to Ca**-free solutions.
Peak changes in the Ri ;e measured in 38 cells
following removal of Na, ranged from 0 to 5.2. Fol-
lowing maximal reversal and/or inhibition of Na-Ca
exchange, PAF stimulation produced a normal Ca,
transient (Fig. 2B). Mean initial, peak, and steady-
state Rjy50 values observed prior to and following
PAF stimulation in the absence of Na, were 0.69 *
0.02 (Ca; = 62 nM), 1.38 = 0.20 (Ca; =~ 282 nM), and
1.04 = 0.13 (Ca, = 149 nm), respectively. The mean
initial, peak, and steady-state Rjss5 values ob-
served for the PAF-induced Ca; transients in the
presence and absence of Na, were not significantly
different. These results indicate that PAF-induced
increases in Ca; were not due primarily to inhibition
of Na-Ca exchange. Additionally, these results dem-
onstrate that the decay of the PAF-induced Ca, tran-
sient was not due to an enhancement of Na-Ca ex-
change activity although Na-Ca exchange no doubt
plays a role in macrophage calcium homeostasis
prior to and during a PAF-induced Ca; transient.

INHIBITION OF THE SUSTAINED Ca; PHASE
OF THE PAF-INDUCED Ca; TRANSIENT
BY POLYVALENT CATIONS

The sustained phase of the PAF-induced Ca, tran-
sient was examined in a total of 196 cells in nine
separate preparations using fluorescence ratio im-
aging. The inhibition of receptor-operated Ca’* in-
flux was determined for the polyvalent cation La’*.
La** produced a reversible decrease in Ca; when
added during the initial phase of the PAF-induced
Ca, transient. In one experiment, of the 74 cells
which responded to PAF, 63 displayed a reversible
La**-induced decrease in Ca, (data not shown).

CATION SPECIFICITY OF THE PAF-ACTIVATED
CaLciuM INFLUX PATHWAY

Receptor-operated Ca?* influx pathways permeable
to Mn** have been demonstrated in a number of
cell types (Hallam & Rink, 1985; Hallam, Jacob &
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Merritt, 1988; Merritt, Jacob & Hallam, 1989; Kass
et al., 1990). It appears that in many cells, Mn?* can
enter the cytoplasmic compartment via the same
permeation pathway as Ca®* (Jacob, 1990). Since
Mn?** binding to Fura-2 quenches the dye’s fluores-
cence, independent of excitation wavelength, the
rate of quenching at a Ca’>* independent wavelength
can be used to measure Mn?" influx while changes
in R can be used to measure changes in Ca;. This
provides an estimate of the relative time course of
entry pathway activation with respect to the release
of Ca’>" from stores following agonist stimulation.
We monitored Fura-2 fluorescence at the isosbestic
point for Ca?* (357 nm) as well as the Ca?*-sensitive
wavelength (340 nm). The 340 nm signal allowed us
to monitor Ca, changes and correlate them to the
onset of Mn?* entry. Data from a representative set
of experiments are given in Fig. 3. Resting cells
displayed minimal Mn?*-induced dye quenching

(1.2 = 0.2 percent/min decrease in fluorescence in-
tensity, n = 10). With solutions containing
Mn?*(2 mm) and Ca?™ (2 mM) we were unable to
observe an enhancement of Mn?*-induced dye
quenching following PAF-stimulation (Fig. 34). Ex-
periments carried out in Ca?*-free solutions con-
taining Mn?*(2 mm) showed a perceptible increase
in the dye quench rate following agonist stimulation
(5.2 £ 1.2 percent/min, n= 10). The Mn?* influx
(determined as a rate of change in intensity for the
357 nm signal) lagged the Ca,; increase by 9.7 = 3.5
sec (n= 7). Data in these experiments demonstrate
that (i) the influx pathway is impermeable to Mn**in
the presence of stoichiometric Ca?" concentrations,
and (ii) there is a temporal delay between the release
of Ca?*from internal stores and the opening of the
divalent entry pathway.

In light of the limited Mn®* permeability of the
PAF-stimulated influx pathway, further studies in-
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Fig. 4. Temporal correlation between rapid increase in Ca; and
activation of the Ca?" influx pathway as monitored by increases
in Ba’*-induced fluorescence following PAF stimulation. The rate
of Ba?* entry following PAF stimulation was determined by moni-
toring the Fura-2 isosbestic point for Ca?* (357 nm). PAF stimula-
tion increased the rate of Ba?™ entry, seen as an increase in the
fluorescence intensity at 357 nm, almost simultaneously with the
PAF-induced increase in Ca; as monitored by a decrease in the
fluorescence intensity on the Ba?*-independent Ca?*-dependent
wavelength (370 nm). Note: the Ca’*-dependent wavelength (370
nm) signal which indicates changes in Ca; is inverted in order to
emphasize temporal correlation between the two signals.

vestigating the Ba’"permeability of the entry path-
way were performed. Similar experiments have been
carried out on receptor-activated Ca**-influx chan-
nels in other preparations (Murray & Kotlikoff,
1991). We examined the Ba?* permeability of the
PAF-activated influx pathway by monitoring fluo-
rescence at the Ca?*-dependent wavelength (370 nm,
Ba" isosbestic point) and the Ba>*-dependent wave-
length (357 nm, Ca®* isosbestic point). An increase
in the 357 nm signal would therefore indicate an
increase in the rate of Ba?* entry, while a decrease
in the 370 nm signal (which decreases in intensity
upon Ca’*binding to the dye) would indicate an in-
crease in Ca,. Representative results from these ex-
periments can be seen in Fig. 4. In the presence of
external Ba’" at a concentration ninefold greater
than external Ca’*, we obtained an increase in Ba?*
entry following PAF-stimulation. Because the sensi-
tivity of Fura-2 to changes in Ba’* decreases in the
presence of Ca** (we found the apparent K, of
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Fura-2 for Ba?" increased by 50% as the free Ca®*
concentration increased from 0 to 50 nM yielding
values similar to those reported by Kwan and Putney
[1990] and Ozaki, Yatomi and Kung [1992]), we were
unable to quantitatively assess the magnitude of the
Ba?" influx in the presence of changing Ca; levels.
Nonetheless, cells bathed in solutions containing 18
mM Ba’*and 2 mm Ca?*showed a 13.3 = 2.6% in-
crease in fluorescence at 357 nm (n = 6) following
PAF stimulation. The Ba?" influx lagged the Ca; in-
crease by 11.2 = 2.8 sec, a value not significantly
different from the delay in the opening of the divalent
pathway measured in the Mn?* quench experiments
(9.7 sec, vide supra). When the concentration of
both Ba** and Ca?* was 2 mM, there was an 8.0 *
3.5% increase in fluorescence at 357 nm; however,
the rate of change of fluorescence intensity at 357
nm was much more difficult to detect.

CURRENT ACTIVATION ASSOCIATED
WITH THE RISING PHASE
oF THE PAF-INDUCED Ca?* TRANSIENT

In an attempt to determine the calcium permeability
of the inward current associated with the early phase
of the PAF-induced Ca, transient, whole-cell voltage
clamp experiments were performed using pipette
and bath solutions containing the large cation substi-
tute NMDG as a Na* and K* replacement, where
Ca’" and Cl~ were the major permeant species. Ex-
periments were performed in asymmetrical Cl~ solu-
tions (Nernst potential for Cl~ in these studies was
—30mV), thereby allowing us to identify an increase
in the divalent conductance as a depolarizing shift
in the zero current potential. Membrane currents
were measured in response to 300 msec voltage
ramps from —150 to 90 mV applied every 3 sec from
a holding potential of —30 mV. Membrane current-
voltage (I-V) relationships were recorded through-
out the PAF-induced Ca; increase. A prominent
inward current was observed at the equilibrium
potential for C1~ following PAF stimulation, consis-
tent with the activation of a cation-selective path-
way (Fig. 5A). The voltage dependence of the
PAF-activated current can be seen in Fig. 5B.
Current amplitude at a number of hyperpolarized
and depolarized potentials prior to and following
PAF stimulation was derived from the current
recorded during the voltage ramps and plotted as
a function of time (Fig. 5B). The dependence of
the PAF-activated current on Ca, was examined
throughout the response. The Ca?*-containing bath-
ing solution was exchanged repetitively for EGTA-
buffered Ca’*-free solutions and the effect on both
Ca; and current examined. Although wide oscilla-



220

>

-
%

= = -
S -

RandI (normalized)
&

o
oY)

C. Katnik and D.J. Nelson: PAF-Induced Ca’*Signaling in HMDMs

Fig. 5. Calcium permeability of the PAF-
activated conductance. Whole-cell currents
and Ca, transient recorded on a cell dialyzed
with a pipette solution containing
pentapotassium Fura-2 (100 um). NMDG*
isosmotically replaced Na* and K* in the bath
and pipette solution; glutamate and Cl~ were
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I Changes in membrane current at five different
-5001 potentials obtained from voltage ramps
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800 used as the internal anions. The external bath
solution contained (mMm) 140 NMDG-CI and 2
CaCl, with 10 TEA to block residual outward
current. The theoretical equilibrinum potential
for C1I~ was —30 mV. Holding potential in this
experiment was —30 mV; membrane potential
was varied from —150 to 90 mV over a 300
msec period every 3 sec as the membrane
current was recorded. The bathing solution
was periodically exchanged for a Ca**-free
solution buffered with 1 mm EGTA. (A)
Normalized changes in Ca; and current at —30
mV (normalized with respect to initial levels,
Raygngo = 0.8, I_3 = —48.1 pA; current trace
is inverted) following PAF stimulation and
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tions in Ca; were observed in response to removal
of Ca,, membrane current throughout the potential
range showed no obvious dependence upon Ca,.
Current reversal potential at the peak of the PAF-
induced Ca, transient in the presence of Ca>* in
the experiment illustrated was —6 mV suggesting
that the PAF-activated current was predominantly
nonselective. Similar results were obtained in three
other cells.

For 21 cells which responded with a transient
increase in Ca; upon PAF stimulation and in which
membrane current and Fura-2 microfluorimetry
were measured simultaneously in NMDG-CI bath
and pipette solutions, 13 cells responded with an
average increase in inward current at —30 mV of
433 = 93 pA that was associated with the Ca; tran-
sient. Eight cells either failed to respond with current
increase or gave a small decrease in current magni-
tude upon PAF stimulation (average change in cur-

800

rent for the nonresponding cells was a decrease in
current amplitude of —6.1 = 3.6). The R;4;5 in the
21 cells examined increased from a basal level of
0.60 = 0.03 (Ca, = 48 nm) to 1.82 = .23 (Ca, =~ 584
nM) at the peak of the response.

I-V relationships of the PAF-activated current
recorded from three representative cells bathed in
solutions containing NMDG™ as a Na* and K™ re-
placement and varying concentrations of Ca, are
illustrated in Fig. 6. Each I-V relationship represents
the current recorded during a voltage ramp at the
peak of the current response minus the current re-
corded during aramp prior to PAF stimulation. Even
in the presence of elevated Ca, (20 mMm), the PAF-
induced current reversal potential indicated the pre-
dominant activation of a nonselective conductance
through which even a large cation, NMDG™" used as
an impermeant cation substitute, is significantly per-
meant.
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Fig. 6. I-V relationship for the PAF-activated current at the peak
of the Ca; transient as a function of external Ca?". Membrane
current was recorded during whole-cell recording, voltage stimuli
were delivered and current recorded as in Fig. 5. I-V relationship
at the peak of a PAF-induced Ca®" transient is shown for three
different cells stimulated with PAF in the presence of varying
concentrations of Ca,. Pipette and bath solutions as in Fig. 5;
bath solutions contained either 0 Ca’* and 1 mMm EGTA (filled
diamond), 2 mm Ca’" (open square), or 20 mm Ca>" (filled circle).
I-V relationships are for PAF-activated current (current at the
peak of the Ca; transient minus current recorded prior to PAF
stimulation) normalized to cell capacitance.

Discussion

Data in this study examine the simultaneous mea-
surement of Ca, and membrane current under volt-
age clamp in single HMDMs stimulated with PAF.
We have confirmed ecarlier observations made in
other macrophage preparations as well as in macro-
phage cell lines that exogenous PAF produces a tran-
sient, biphasic increase in Ca, composed of an initial
rapid increase that declines to a plateau phase which
is maintained over a period of minutes. The response
is due in part to release of Ca?* from internal stores
as well as to influx of Ca** from surface membranes
(Conrad & Rink, 1986; Maudsley & Morris, 1987;
Prpic et al., 1988; Ng & Wong, 1989; Randriamam-
pita & Trautmann, 1989, 1990; Randriamampita,
Bismuth & Trautmann, 1991; Wood et al., 1991).
Electrophysiological characterization of the influx
pathway and its temporal correlation with the Ca,
signal has yet to be described in macrophages. Sec-
ond-messenger-activated nonselective cation cur-
rent modulated by levels of internal Ca?" has been
previously reported in the murine macrophage cell
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line P388D, (Lipton, 1986). Randriamampita and col-
leagues (1991) demonstrated IP;-induced activation
of Ca’-activated K* channels as a direct result of
PAF-induced Ca, rise in murine peritoneal macro-
phages similar to that induced by «;-adenoreceptor
activation in the same preparation (Hara et al.,
1991). Our goal in these studies was to determine
(i) the mechanisms behind the transient nature of
the PAF-induced Ca, transient, (ii) the contribution
of Ca*" influx during the early phase of the response,
and (iii) the temporal relationship between the re-
lease of Ca®* from intracellular stores and the open-
ing of the Ca’* influx pathway. Our data are consis-
tent with the conclusion that Ca?* influx is activated
with a delay following the initial phase of Ca?* mobi-
lization and that the decay of the response is not due
to an enhancement of Na-Ca?* exchange activity.
Based on the Mn?>" and Ba?"-influx data, the PAF-
activated Ca’* influx pathway opens approximately
10-15 sec after the release of Ca’* from intracellular
stores. Activation of voltage-independent, nonselec-
tive currents was associated with the initial phase of
the PAF-induced Ca, response. However, we were
unable to detect changes in whole-cell currents asso-
ciated with changes in Ca, observed following repeti-
tive removal of Ca, during the PAF-induced re-
sponse, suggesting that the bulk of the influx of Ca?*
is either (i) not through a conductance pathway, (ii)
a negligible fraction of the total current through a
large conductance, nonselective pathway, or (iii) oc-
curs via channels which are both low conductance
and highly Ca?* selective.

DEPENDENCE OF PAF-INDUCED Ca; TRANSIENT
ON EXTERNAL CALCIUM

In the absence of extracellular Ca’*, cells treated
with PAF generated a Ca,; transient as a result of
internal release. This response was abrogated in cal-
cium-depleted cells exposed for prolonged periods
to EGTA. Inboth cases, a nondecaying Ca, response
was generated upon restoration of extracellular Ca?*
to the cells at a time after which the PAF-induced
transient would have been expected to have fully
decayed. These results would suggest that the open-
ing of plasma membrane channels activated as a
result of PAF receptor activation is independent of
extracellular Ca?*, and further, that channels
opened in response to PAF remain open until such
time that Ca®* is restored. Alternatively, this path-
way could represent a separate Ca>* entry pathway
related to store depletion similar to that described
by Hoth and Penner (1992) in mast cells. However,
restoration of Ca’* to the external solution in Ca2*-
depleted cells in the absence of PAF stimulation
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did not result in the generation of a Ca; transient,
indicating that channel opening is coupled to recep-
tor ligation.

DEPENDENCE OF PAF-INDUCED Ca; TRANSIENT
ON Sop1uM-CALCIUM EXCHANGE

Data reported in this study provide direct evidence
for the importance of Na-Ca exchanger activity in
the regulation of Ca;. The observation that basal
Ca, in HMDMs was approximately doubled after
removal of extracellular Na* indicates the presence
of the antiporter in unstimulated cells and the
involvement of Na-Ca exchange in the maintenance
of Ca;even at rest. Although removal of extracellular
Na* increased basal Ca,, it did not alter the magni-
tude or time course of the decay of the PAF-induced
Ca’* transient, which argues that PAF is not acting
through the modulation of Na-Ca antiporter ex-
change. Similar results were obtained by Randria-
mampita and Trautmann (1990) in murine peritoneal
macrophages. This suggests the existence of alter-
nate high capacity Ca’>* buffering processes in the
HMDM, whose activity may be enhanced following
PAF stimulation. These include the Ca’>"-ATPase,
cytoplasmic Ca** binding proteins, and intracellular
organelles. Changes in the activity of the plasma
membrane Ca’*-ATPase have been shown to ac-
count for the rapid buffering of agonist-evoked Ca,
transients in pancreatic acinar cells (Tepikin et
al., 1992).

THE RELATIONSHIP BETWEEN CALCIUM INFLUX
AND MOBILIZATION FROM INTERNAL STORES

The relative timing of the agonist-stimulated release
of Ca?" from internal stores and influx has been
reported to vary according to cell type and agonist.
In ADP-stimulated platelets loaded with Fura-2,
Mn?* or Ca?* influx has been shown to precede the
release of Ca’" from internal stores (Sage et al.,
1989). Studies on Fura-2 loaded neutrophils stimu-
lated with f-met-leu-phe, PAF, or leukotriene B,
{(Meritt et al., 1989) have suggested that the release
of internal Ca?" and influx of Mn?* occur simultane-
ously, although time course information in the ago-
nist-evoked influx studies in neutrophils may be dif-
ficult to resolve in populations of cells monitored by
spectrofluorimetry due to the heterogeneity in the
time course of the Ca, responses. In similar experi-
ments on human glioblastoma cells stimulated by
platelet-derived growth factor (PDGF), Mn**-in-
duced quenching of Indo-1 fluorescence (Szollosi et
al., 1991) demonstrated that receptor-operated Ca?*
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channel opening occurred 55 sec after the initial in-
crease in Ca;. In our studies the opening of the
plasma membrane pathway in PAF-stimulated
HMDMs, as monitored Ba?*-enhanced Fura-2 fluo-
rescence, occurred approximately 10-15 sec after
the initial increase in Ca,.

The lag time between intracellular Ca’" release
and influx pathway activation may represent the
time during which mediators of channel activation
e.g., inositol 1,3,4,5-tetrakisphosphate (InsP,) are
generated. Recent studies in endothelial cells have
shown that InsP, activates a Ca’*-channel which is
Mn?* permeable (Liickhoff & Clapham, 1992). The
channel described in the endothelial cells appears
to mediate receptor-operated Ca’* entry in that it is
activated by receptors coupled to endothelial inosi-
tol phosphate turnover and subsequent Ca?* influx
in intact cells. Ca?* released during the mobilization
phase and InsP, may interact cooperatively, as sug-
gested from the studies of Liickhoff and Clapham
(1992), to activate the receptor-operated calcium
channel. This cooperative interaction may also con-
tribute to the observed time delay in channel
opening.

PAF-stimulation activated a current in
HMDMs through which divalent cations could per-
meate. However, large changes in current ampli-
tude were not detected upon removal of Ca?* from
the extracellular solution. This suggests that only
a small amount of the PAF-activated current may
be carried by Ca?* ions. This observation is similar
to that made by Matthews, Neher and Penner
(19894) for the rat peritoneal mast cell. Agonist
stimulation in the mast cell activated a large con-
ductance cation channel which allowed permeation
of divalent cations. The agonist-stimulated cation
channel activated with a delay, as did the PAF-
activated nonselective current in our studies. Mat-
thews et al. (1989a) also noted the activation of
an InsP;-induced Ca’* influx in the same studies
on the mast cell. The InsP;-activated current was
associated with whole-cell currents of 1-2 pA or
less, which they suggested might be due to the
activation of small conductance channels that are
highly calcium selective, or that the influx may
not be through a conductive pathway. Matthews et
al. (1989a) observed that the nonselective pathway
contributed to the agonist-induced influx but that
it was not the primary source. Instead, their data
was consistent with the hypothesis that the InsP;-
mediated Ca®*-selective conductance accounted for
the bulk of the agonist-induced Ca’?* influx. It is
possible that most of the divalent current in the
PAF-stimulated macrophage is through a highly
selective divalent pathway similar to that described
in the agonist-stimulated mast cell. This possibility
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would be consistent with our inability to detect
significant whole-cell current changes in PAF-stim-
ulated cells expected to correlate with changes
observed in Ca; upon removal of Ca,.

Calcium influx into endothelial cells has been
shown to be hyperpolarization-driven. Ca?*, mobi-
lized during the initial rise in Ca; in response to
agonist-receptor binding, activates K* channels
thereby inducing hyperpolarization which provides
the driving force for transmembrane Ca?" influx
(Lickhoff & Busse, 1990). Activation of a CI”
current following mast cell stimulation hyperpolar-
izes the membrane potential and provides a driving
force for the entry of Ca?* through agonist-acti-
vated pathways (Matthews, Neher & Penner,
1989b).

In summary, we observed a PAF-induced in-
crease in Ca; in HMDMs which was associated
with an increase in inward current. Inward current
activation was closely linked to the initial phase
of the transient Ca,; increase and was voltage inde-
pendent. In the absence of Na* and K*, the
agonist-stimulated current appeared to be permeant
to large cation substitutes and was not decreased
upon removal of Ca,, indicating that the bulk of
the Ca*" influx which contributed to the Ca, tran-
sient was not through the nonselective conductance
and that it occurs either through a parallel pathway
of low conductance channels that are highly Ca*
selective or possibly not via ion channels. In that
IP; receptors have been localized to the plasma
membrane of cells in the immune system and
appear to be responsible for Ca?* entry associated
with the proliferative response in lymphocytes
(Khan et al., 1992) it is likely that they might also
be associated with the Ca’>" entry step in agonist-
stimulated HMDMs and may indeed be an IP;-
gated highly selective Ca’?* conductance associated
with the sustained phase of the integrated PAF-
induced Ca, transient in the macrophage.
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