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Abstract Stimulation of (1-3)-b-glucan receptors results in Ca21 influx through receptor-operated channels in
alveolar macrophages (AMs), but the mechanism(s) regulating Ca21 influx is still undefined. In this study we
investigated the role of protein kinase C (PKC) regulation of Ca21 influx in the NR8383 AM cell line using the
particulate (1-3)-b-glucan receptor agonist zymosan. PKC inhibition with calphostin C (CC) or bisindolymaleimide I
(BSM) significantly reduced zymosan-induced Ca21 influx, whereas activation of PKC with phorbol-12-myristate
13-acetate (PMA) or 1,2-dioctanoyl-sn-glycerol (DOG) mimicked zymosan, inducing a concentration-dependent Ca21

influx. This influx was dependent on extracellular Ca21 and inhibited by the receptor-operated Ca21 channel blocker
SK&F96365, indicating that zymosan and PKC activate Ca21 influx through a similar pathway. NR8383 AMs expressed
one new PKC isoform (d) and two atypical PKC isoforms (i and l), but conventional PKC isoforms were not present.
Stimulation with zymosan resulted in a translocation of PKC-d from the cytosol to the membrane fraction. Furthermore,
inhibition of protein tyrosine kinases (PTKs) with genistein prevented zymosan-stimulated Ca21 influx and PKC-d
translocation. These results suggest that PKC-d plays a critical role in regulating (1-3)-b-glucan receptor activated Ca21

influx in NR8383 AMs and PKC-d translocation is possibly dependent on PTK activity. J. Cell. Biochem. 78:131–140,
2000. © 2000 Wiley-Liss, Inc.
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AMs are the primary resident phagocytes in
the lung and play a critical role in the elimina-

tion of pathogens from the respiratory tract
through phagocytosis and secretion of oxygen
metabolites, lysosomal enzymes, and cyto-
kines. One important mechanism activating
these processes is through stimulation of the
(1-3)-b-glucan receptor on macrophage mem-
brane [Goldman, 1988; Abel and Czop, 1992;
Daum and Rohrbach, 1992; Engstad and Rob-
ertsen, 1994; Szab́o et al., 1995]. Two mem-
brane proteins of 160 and 180 kDa have been
isolated and identified as (1-3)-b-glucan recep-
tors in human monocytes and U937 cells [Czop
and Kay, 1991]. Both proteins contain a 20 kDa
polypeptide that may act as the functional crit-
ical structure of this receptor [Szab́o et al.,
1995]. At present, the intracellular signal
transduction mechanism coupled with the (1-
3)-b-glucan receptor in macrophages is still not
clearly defined.

Mobilization of cytosolic Ca21 is a critical sig-
naling system associated with the ability of mac-
rophages to respond to environmental challenges
and infections by regulating the release of in-
flammatory mediators [Vecchiarelli et al., 1993;
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Bates et al., 1995; Hoyal et al., 1996; Xie et al.,
1997; Lehmann and Berg, 1998]. We have previ-
ously demonstrated that exposure to particulate
(1-3)-b-glucan agonists such as zymosan, induces
an increase in [Ca21]i in NR8383 AMs [Zhang et
al., 1997; Mörk et al., 1998a; Sun et al., 1999].
The (1-3)-b-glucan receptor mediated increase in
[Ca21]i was due to Ca21 influx via receptor-
operated channels since the increase was abol-
ished by the removal of extracellular Ca21 or by
SK&F96365, a specific inhibitor of receptor-
operated Ca21 channels [Zhang et al., 1997;
M̈ork et al., 1998a; Sun et al., 1999]. Currently,
little information exists on the intracellular sig-
naling pathway regulating the receptor-operated
Ca21 influx in AMs.

PKC has been demonstrated to be involved in
Ca21 mobilization and the functional regulation
of phagocytosis in leukocytes [Zheleznyak and
Brown, 1992; Huwiler and Pfeilschifter, 1993;
Schondorf et al., 1993; Tuominen et al., 1994;
Tapper and Sundler, 1995; Zhu et al., 1995]. PKC
activation attenuated intracellular Ca21 release,
thereby reducing Ca21 influx and enhancing
Ca21 efflux in neutrophils and the murine mac-
rophages cell line PU5-1.8 [McCarthy et al.,
1989; Kong et al., 1993]. Furthermore, PKC stim-
ulates Ca21 pump activity altering cytosolic free
Ca21 levels in Jurkat T cells [Balasubramanyam
and Gardner, 1995]. Activation of the (1-3)-
b-glucan receptor and Ca21 influx in NR8383
AMs are not coupled to phospholipase C or the
formation of IP3 and DAG [Zhang et al., 1997].
Since PKC is coupled to the phosphoinositide
signaling pathway, it is unknown if PKC is acti-
vated by stimulation of (1-3)-b-glucan receptors.
Therefore, the purpose of this study was to inves-
tigate (1) if stimulation of the (1-3)-b-glucan re-
ceptor activates PKC, (2) which PKC isoforms
are activated, and (3) whether PKC plays a role
in regulating (1-3)-b-glucan-stimulated Ca21 in-
flux in NR8383 AMs.

MATERIALS AND METHODS

Materials

ATP, BSA (type V), digitonin, DMSO, EGTA,
HEPES, and ionomycin were purchased from
Sigma (St. Louis, MO). Fura-2/AM was from
Molecular Probes (Eugene, OR). BSM, CC,
ChC, DOG, genistein, and PMA were obtained
from Calbiochem (La Jolla, CA). PKC isoform
antibodies and proteins (positive controls) were
purchased from Transduction Laboratories

(Lexington, KY). All other chemicals used were
of the highest grade available.

Solutions

PSS used for incubation consisted of (in mM):
110 NaCl, 25 NaHCO3, 20 HEPES (pH 7.4), 10
glucose, 5.4 KCl, 1.2 CaCl2, 0.8 MgSO4, 0.4
KH2PO4 and 0.33 NaH2PO4. Ca21-free PSS
contained the same component as PSS, except
that CaCl2 was omitted.

Cell Culture

The NR8383 AM cell line was established in
this laboratory [Helmke et al., 1987, 1989].
These cells were routinely grown in plastic tis-
sue culture flasks in Ham’s F12 medium con-
taining 15% fetal bovine serum, 100 mg/ml pen-
icillin and 100 U/ml streptomycin sulfate at
37°C in an atmosphere of 5% CO2 in air. The
medium was changed twice weekly. These cells
typically persist as 50% floating and 50% ad-
herent populations. Floating cells were used in
the present study. The viability of the AMs was
routinely tested by trypan blue exclusion and
was consistently greater than 98% (.94% after
loading with fura-2/AM for 2 h).

Measurement of [Ca21]i

[Ca21]i was measured using the Ca21 sensi-
tive fluorescent probe fura-2 as previously de-
scribed [Zhang et al., 1997; Mörk et al., 1998a;
Sun et al., 1999]. NR8383 AMs were loaded
with fura-2 by incubation with 2 mM fura-2/AM
for 20 min at 37°C. Fura-2-loaded AMs were
rinsed twice with PSS containing 0.01% BSA
and resuspended in the same medium (1.75
3106 cells/ml). A 2-ml aliquot of fura-2-loaded
AMs was centrifuged at 50g for 2 min, resus-
pended in PSS containing 0.01% BSA, and
placed in a 4-ml cuvette. [Ca21]i was measured
using a PTI Deltascan fluorometer (PTI Inc., S.
Brunswick, NJ). Excitation wavelengths used
were 340 and 380 nm and emission wavelength
was 505 nm. Calibration of [Ca21]i was per-
formed for each measurement trace as previ-
ously described [Zhang et al., 1997; Mörk et al.,
1998a; Sun et al., 1999]. Fluorescence ratios of
the 340/380 nm excitation and 505 nm emis-
sion were converted to [Ca21]i according to
Grynkiewicz et al. [1985] using 224 nM as the
Kd of fura-2 at 37°C for Ca21.

The initial rate of [Ca21]i decline after
ionomycin-induced [Ca21]i peak was used as an
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index of Ca21-pump function [Balasubra-
manyam and Gardner, 1995]. Briefly, AMs
were loaded with fura-2 as described above,
suspended in low-Ca21 medium ([Ca21]o was
approximately 100 nM), and [Ca21]i was mon-
itored. Ionomycin (1 mM) was added to elicit a
rapid increase in [Ca21]i. The initial rate of
[Ca21]i decline from the ionomycin-elicited
peak was calculated using the initial linear
portion (first 30 sec) of the decline curve and
expressed in nM/min.

Identification of PKC Isoforms
by Western Blot Analysis

PKC isoforms were identified as previously
described [Chakravarthy et al., 1992; Terzian
and Rubin, 1993; Sugita et al., 1999]. In brief,
NR8383 AMs were lysed in 50 ml of ice-cold
lysis medium containing 150 mM NaCl, 50
mM Tris-HCl (pH 7.5), 1 mM NaVO4, 1%
Triton X-100, 10 mg/ml antipain, and 10
mg/ml leupeptin. The lysed cells were rapidly
centrifuged at 4,000 rpm and the superna-
tants were collected and mixed with 50 ml of
sample buffer (23) containing 0.125 mM
Tris-HCl (pH 6.8), 20% glycerol, 10%
2-mercaptoethanol, 4% SDS, and 0.0012%
bromphenol blue. The samples and positive
controls from rat brain (a, b, d, g, e, i, and l),
or Jurkat cells (u and m) (Transduction Lab-
oratories, Lexington, KY) were subjected to
SDS-polyacrylamide gel electrophoresis
(SDS-PAGE). The stacking and separating
gels contained 4 and 10% acrylamide, respec-
tively. The proteins were then transferred
electrophoretically onto BA S-83 nitrocellu-
lose membranes (45 mm pore size). The mem-
branes were air dried and blocked with 150
mM NaCl, 10 mM Tris (pH 7.5) and 5% non-
fat milk at 4°C overnight, and then washed
with 20 mM Tris (pH 7.5), 0.9% NaCl and
0.3% Tween (TBS-T). Membranes were incu-
bated with primary antibodies (Transduction
Laboratories, Lexington, KY) to PKC-a (1:
1000), b (1:250), d (1:500), g (1:5000), e (1:
1000), i (1: 250), u (1: 250), m (1: 250), and l
(1: 250) in 2 ml of 10 mM Tris (pH 7.5), 150
mM NaCl, and 1% BSA for 2 h at 22°C. After
washing, the membranes were incubated
with 0.5 mg/ml of anti-rabbit horseradish per-
oxidase for 1 h and washed 3 times with
TBS-T. The signals were detected by chemi-
luminescence (DuPont NEN, Boston, MA).

Isolation of Cytosolic and Membrane Fractions
and Determination of PKC Translocation

Activation of PKC isoforms was examined by
determining their translocation according to
previously described methods [Terzian and Ru-
bin, 1993]. Cells were stimulated with 200
mg/ml of zymosan for 1 or 5 min, and rapidly
centrifuged at 10,000 rpm for 5 sec, and resus-
pended in 2 ml of ice-cold extraction buffer
containing 20 mM Tris-HCl (pH 7.5), 2 mM
EDTA, 5 mM EGTA, 1 mM phenylmethylsul-
fonyl fluoride (PMSF), 25 mg/ml of leupeptin,
and 25 mg/ml of soybean trypsin inhibitor. The
cell suspensions were homogenized and centri-
fuged for 10 min at 800g at 4°C. The superna-
tants were collected and centrifuged at
100,000g for 60 min at 4°C. The resulting su-
pernatants (cytosol fraction) were stored on ice
and the pellets were resuspended and mixed in
2 ml of extraction buffer containing 1% triton
X-100, placed on ice for 60 min, and centrifuged
at 100,000g for 160 min at 4°C. The superna-
tants (membrane fraction) were collected. Cy-
tosol and membrane fractions were diluted 4:1
(v/v) with 5 3 sample buffer (1 3 buffer con-
taining 2% SDS, 10% glycerol, 0.0025% brom-
phenol blue, 62.5 mM Tris-HCl, pH 6.8). Pro-
tein concentrations of these samples were
measured as described by Smith et al. [1985]
using bovine serum albumin as standards.
Samples were heated at 90°C for 5 min and 30
mg proteins each from membrane and cytosol
fractions were separated on 9% SDS-PAGE
and analyzed by Western blotting.

Statistics and Data Presentation

All results are presented as means 6 S.E. of
at least 5 separate experiments using different
cell preparations. Comparisons were made us-
ing the unpaired Student’s t-test or the analy-
sis of variance. P values , 0.05 were consid-
ered significant.

RESULTS
Effect of PKC Inhibitors on Zymosan-induced

Ca21 Influx

In previous studies we demonstrated that
stimulation of (1-3)-b-glucan receptors with
particulate (1-3)-b-glucans such as zymosan in-
duces a Ca21 influx through receptor-operated
channels in NR8383 AMs [Zhang et al., 1997;
M̈ork et al., 1998a]. However, the mechanism
regulating this Ca21 influx is still unclear. In
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several cell types, PKC is involved in the reg-
ulation of Ca21 influx activated by depletion of
intracellular stores [Petersen and Berridge,
1994; Mörk et al., 1998b]. In the present study,
the possibility that PKC may participate in the
regulation of the zymosan-activated Ca21 in-
flux was examined. As shown in Figure 1, stim-
ulation of AMs with 200 mg/ml of zymosan re-
sulted in a 119 6 8 nM net increase in [Ca21]i
at 5 min (n 5 10). This increase was abolished
by removal of extracellular Ca21 (not shown),
indicating the [Ca21]i increase is produced by
Ca21 influx. Consistent with previous studies,
Ca21 influx was also blocked by the receptor-
operated Ca21 channel inhibitor SK&F96365.
To test whether PKC plays a role in the

zymosan-stimulated Ca21 influx, AMs were
pre-incubated with PKC inhibitors, CC (500
nM) or BSM (100 nM) for 30 min [Kobayashi et
al., 1989; Toullec et al., 1991]. Both treatments
significantly reduced zymosan-induced [Ca21]i
increase. The net increase was 61 6 26 nM
(n 5 5; P , 0.002) and 54 6 4 nM (n 5 5; P ,
0.001) at 5 min in BSM- and CC-treated cells,
respectively (Fig.1). These results suggest
that PKC plays a critical role in regulating
zymosan-induced Ca21 influx.

Since activation of PKC stimulates Ca21

pump in Jurkat cells [Balasubramanyam and
Gardner, 1995], the effect of BSM on Ca21

pump function was measured in NR8383 AMs
by determining the initial rate of [Ca21]i de-
cline after ionomycin-induced Ca21 peak. The
initial rate was 104 6 14 nM/min (n 5 5) in
control (DMSO-treated) AMs and 106 6 14 nM/
min (n 5 5) in AMs pretreated with 100 nM
BSM for 30 min. These results indicate that
inhibition of PKC does not alter Ca21 removal
from the cytosol of NR8383 AMs and the de-
creased zymosan-induced Ca21 influx by PKC
inhibitors is independent of Ca21 pump func-
tion.

Stimulation of Ca21 Influx by PKC Activators

To confirm the role of PKC in mediating
Ca21 influx, PKC was directly activated by two
potent membrane-permeable activators, PMA,
a phorbol ester and DOG, an analog of DAG
[Davis et al., 1985]. Both activators induced a
concentration-dependent increase in [Ca21]i,
which was similar to zymosan-induced [Ca21]i
increase. The net increases were 45 6 5 nM,
66 6 6 nM, and 134 6 17 nM at 5 min when the
cells were, respectively, exposed to 100, 200,
and 500 nM PMA (all n 5 5) (Fig. 2A). This
response was abolished when the experiments
were conducted in Ca21-free medium (Fig. 2B),
indicating that the increase in [Ca21]i was due
to Ca21 influx. Exposure of the cells to 10 mM
SK&F96365 for 0.5 min significantly reduced the
[Ca21]i increase induced by 500 nM PMA (59 6 3
nM at 5 min, n 5 5, P , 0.005) (Fig. 2B).

Exposure of AMs to DOG activated a similar
increase in [Ca21]i. The net [Ca21]i increases
were 43 6 7 nM, 106 6 12 nM, and 152 6 12
nM at 5 min when the cells were respectively
exposed to 10, 20, and 50 mM DOG (all n 5 5)
(Fig. 3A). This response was abolished by re-
moval of extracellular Ca21 (Fig. 3B). Pre-
treatment of the cells with 10 mM SK&F96365

Fig. 1. Effects of PKC inhibitors on zymosan-induced [Ca21 ]i
Increase. NR8383 AMs were loaded with fura-2, resuspended
in PSS (containing 1.2 mM Ca21 ), and [Ca21 ]i was measured.
A: Effect of BSM. AMs were exposed to 100 nM BSM (1BSM) or
the same volume of DMSO (CTL) for 30 min and stimulated
with 200 mg/ml zymosan (Zym). B: Effects of CC. AMs were
exposed to 500 nM CC (1CC) or the same volume of DMSO
(CTL) for 30 min, then 200 mg/ml zymosan was added. Each
trace is a representative response from separate experiments (A:
CTL, n 5 10; 1BSM, n 5 5. B: CTL, n 5 10; 1CC, n 5 5).
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significantly reduced the net [Ca21]i increase
induced by 50 mM DOG (68 6 5 nM at 5 min ,
n 5 6; P , 0.001) (Fig. 3B).

The effect of PMA and DOG treatment on
Ca21 pump function was examined by measur-
ing the initial rate of Ca21 decline. Incubation
with 100 nM PMA for 5 min did not affect the
initial rate of [Ca21]i decline (115 6 11 nM/
min, n 5 5; control, 104 6 14 nM/min, n 5 5).
Similarly, treatment with DOG for 5 min did
not alter the initial rate of Ca21 decline (105 6
6 nM/min, n 5 5). Taken together, these results
indicate that the Ca21 influx pathway is acti-
vated by induction of PKC in NR8383 AMs.

Effect of PKC Inhibitors on PMA- and
DOG-activated Ca21 Influx

To examine whether PMA- and DOG-
stimulated Ca21 influx is also blocked by PKC
inhibitors, NR8383 AMs were pre-incubated
with 100 nM BSM for 30 min and the PMA- and
DOG-induced Ca21 influx was measured. The
Ca21 influx stimulated by PMA (500 nM) or DOG
(50 mM) in control cells treated with vehicle
(DMSO) for 30 min was 127 6 15 nM (n 5 5) and
138 6 12 nM (n 5 5) at 5 min, respectively (Fig.
4). Pretreatment with BSM significantly reduced
PMA-induced [Ca21]i increase (49 6 9 nM at 5
min, n 5 6, P ,0.002) (Fig. 4A). Similarly, the

Fig. 2. [Ca21]i Changes Induced by PMA. A: Fura-2-loaded
NR8383 AMs were suspended in PSS and [Ca21]i was mea-
sured. AMs were exposed to 100, 200, or 500 nM PMA at the
time indicated by the arrow. B: Fura-2-loaded AMs were sus-
pended in PSS and exposed to either DMSO (1Ca21) or 10 mM
SK&F96365 (1Ca211SKF) at the time indicated by the first
arrow and followed by 500 nM PMA at the time indicated by
the second arrow. Control cells (-Ca21) in Ca21-free PSS were
stimulated with 500 nM PMA at the time indicated. Each trace
is representative of separate experiments (A: 100, 200 and 500
nM PMA, n 5 5 each; B: 1Ca21 , n 5 5; -Ca21 , n 5 5; 1Ca21

1SKF, n 5 6).

Fig. 3. [Ca21]i Changes Induced by DOG. A: Fura-2-loaded
NR8383 AMs were suspended in PSS and [Ca21]i was mea-
sured. AMs were exposed to 10, 20, or 50 mM DOG at the time
indicated by the arrow. B: Fura-2-loaded AMs were suspended
in PSS and exposed to either DMSO (1Ca21) or 10 mM
SK&F96365 (1Ca211SKF) at the time indicated by the first
arrow and followed by 50 mM DOG at the time indicated by
the second arrow. Control cells (-Ca21) in Ca21-free PSS were
stimulated with 50 mM DOG at the time indicated. Each trace
is representative of separate experiments (A: 10, 20, and 50 mM
DOG, n 5 5 each; B: 1Ca21 , n 5 5; -Ca21 , n 5 5; 1Ca21

1SKF, n 5 6).
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DOG-induced [Ca21]i increase was significantly
decreased by BSM (43 6 8 nM at 5 min, n 5 6;
P , 0.001) (Fig. 4A).

This effect was confirmed using another spe-
cific PKC inhibitor ChC [Herbert et al., 1990].
Pretreatment with 10 mM ChC for 30 min sig-
nificantly attenuated the [Ca21]i increase acti-
vated by PMA and DOG. The net [Ca21]i in-
crease in response to PMA and DOG was 78 6
3 nM (n 5 5, P , 0.01) and 57 6 7 nM (n 5 5,
P , 0.001) at 5 min, respectively (Fig. 4B).

Expression of PKC Isoforms in NR8383 AMs

The expression of PKC isoforms in NR8383
AMs has not been previously studied. We
identified the PKC isoforms in this cell line

by Western blotting using specific antibodies.
As shown in Figure 5, one new PKC isoform
(d) and two atypical PKC isoforms (l and i)
were present in these cells. On the other
hand, no conventional PKC isoforms were ex-
pressed. This conclusion was based on the
fact that positive controls were clearly shown
for each corresponding PKC isoforms in each
experiment, but no band was detectable in
the samples (Fig. 5).

Translocation of PKC Isoforms

The activation of PKC requires PKC protein
translocation from the cytosol to membrane.
Therefore, we tested the effects of zymosan on
the translocation of the PKC isoforms d, i, and
l. Following zymosan stimulation, PKC iso-
forms l and i were not demonstrated in the
membrane fraction of NR8383 AMs. In con-
trast, the amount of PKC-d in the membrane
fraction was increased in a time-dependent
manner following zymosan stimulation (Fig. 6).
These results indicate that stimulation of the
(1-3)-b-glucan receptor activates translocation
of PKC-d isoform and the PKC-dependent Ca21

influx is likely regulated through this PKC iso-
form.

Effect of Genistein on PKC-d Translocation

To elucidate the mechanism of PKC activation,
we tested the possibility that PTKs activate
PKC. As shown in Figure 7, pretreatment of
NR8383 AMs for 30 min with 20 mM genistein, a
specific inhibitor of PTKs [Akiyama et al., 1987],
significantly reduced the zymosan-induced PKC-d
translocation from cytosol to membrane fraction,
suggesting that inhibition of PTKs blocks (1-3)-
b-glucan-dependent PKC activation.

Similarly, genistein treatment also inhibited
Ca21 influx stimulated by zymosan. Zymosan-
stimulated Ca21 influx was 118 6 20 nM at 5
min in control AMs incubated with vehicle
(DMSO) for 30 min (n 5 6) and 12 6 4 nM at 5
min in AMs pretreated with 20 mM genistein
for 30 min (n 5 5, P , 0.001).

DISCUSSION

The present study demonstrates that in
NR8383 AMs, Ca21 influx activated by (1-3)-
b-glucan receptor stimulation is regulated by
PKC. We have previously demonstrated that
this Ca21 influx is not affected by inhibitors of
voltage-gated Ca21 channels including L-, N-,

Fig. 4. Effects of PKC Inhibitors on PMA- and DOG-induced
[Ca21 ]i Increase. NR8383 AMs were loaded with fura-2, pre-
incubated with 100 nM BSM (1BSM) (A) or 10 mM ChC
(1ChC) (B) for 30 min, then exposed to 500 nM PMA or 50 mM
DOG for 5 min. Control cells were pre-incubated with the same
volume of vehicle (DMSO). The values are means 6 S.E. of
separate experiments (PMA: control, n 5 6; 1BSM, n 5 6; 1
ChC, n 5 5; DOG: control, n 5 5; 1BSM, n 5 6; 1ChC, n 5
5).
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P-, and T-type voltage-dependent channels
[Zhang et al., 1997], but is inhibited by the
blocker of receptor-operated Ca21 channels,
SK&F96365 [Zhang et al., 1997; Mörk et al.,
1998a]. The regulation by PKC is demon-
strated by three sets of experiments. First,
PKC inhibitors, BSM and CC, significantly in-
hibited Ca21 influx activated by the (1-3)-
b-glucan receptor agonist zymosan. Second,
the Ca21 influx induced by PKC activators,
PMA and DOG, was comparable to zymosan-
induced Ca21 influx. Furthermore, PKC inhi-
bition or Ca21 channel blocker SK&F96365 also
inhibited the PMA- and DOG-induced Ca21 in-
flux. Therefore, PKC regulation of Ca21 influx
occurs through similar receptor-operated chan-
nels and is not mediated by the store-operated
Ca21 entry (SOCE) pathway since Ca21 stores
were not depleted under these conditions.

Previous studies reported that PKC activa-
tion reduced Ca21 influx and enhanced Ca21

efflux in neutrophils and the murine macro-
phage cell line PU5-1.8 [McCarthy et al., 1989;
Kong et al., 1993]. In contrast, the present
study demonstrates that activation of PKC is a
requisite for the opening of (1-3)-b-glucan-
operated Ca21 channels. This discrepancy may
be due to different Ca21 channels being inves-
tigated in these studies. The Ca21 influx ob-
served by McCarthy et al. [1989] and Kong et
al. [1993] was SOCE, activated by depletion of
intracellular Ca21 pools [Putney, 1990; Parekh
and Penner, 1997]. A regulatory action by PKC
on SOCE has been demonstrated in a number
of cells [Gaur et al., 1996; Sakai and Ambud-
kar, 1997; Sugita et al., 1999] through phos-
phorylation of the SOCE proteins, Drosophila
transient receptor potential (Trp) proteins [Hu-
ber et al., 1998]. PKC also regulates other
types of Ca21 channels in a variety of cells.
L-type voltage-dependent Ca21 channels are
inhibited by activation of PKC in adrenal chro-
maffin cells [Sena et al., 1999] and PKC-d me-
diates ethanol-induced up-regulation of L-type
Ca21 channels in PC12 cells [Gerstin et al.,
1998]. Maintenance of Ca21 current through
N-type voltage-dependent Ca21 channels in rat
dorsal root ganglion neurons also requires en-
dogenous PKC [King et al., 1999]. Therefore,
the regulation of Ca21 channels by PKC is cell
type- and channel type-dependent.

Expression of PKC isoforms in NR8383 AMs
has not been studied previously. Our data pro-
vide the first evidence that NR8383 AMs ex-

Fig. 5. PKC Isoforms Expressed in NR8383 AMs. NR8383
AMs were lysed and extracted as described in Materials and
Methods. The samples were subjected to PAGE-immunoblot
analysis using specific antibodies against PKCa, b, g, d, e, u, m,
i, and l, separately. Positive controls were from rat brain (a, b,
d, g, e, u, and l) or Jurket cells (u and m) (Transduction Labo-
ratories, Lexington, KY).
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press three PKC isoforms and only PKC-d is
activated by stimulation of (1-3)-b-glucan re-
ceptors with zymosan. A translocation of
PKC-d isoform from the cytosol to the mem-
brane fraction occurred after zymosan stimula-
tion, whereas the other two isoforms, PKC-i
and l were not activated. These results
strongly suggest that PKC-d isoform is func-
tionally associated with (1-3)-b-glucan recep-
tors and this isoform regulates Ca21 influx.
Since the other two isoforms (i and l) present
in NR8383 AMs are classified as atypical
PKCs, their function and activation mecha-
nism are still unknown. However, the expres-
sion of these atypical PKC isoforms appears
not to be Ca21 or DAG-dependent.

The activation of PKC in the NR8383 AM cell
line is still not clear. We have shown that
PKC-d translocation is inhibited by genistein
(Fig.7), indicating that PKC activation is PTK-
dependent. The zymosan-activated Ca21 influx
was also significantly reduced by inhibition of
PTKs. These results indicate that PTKs are
upstream elements in the signal transduction
pathway. It has been reported that zymosan
stimulation induces tyrosine phosphorylation

of endogenous proteins from 28 to 120-kDa,
which is reduced by PTK inhibition in human
monocytes [Sanguedolce et al., 1993]. Zymosan
also activates PKC through activation of PTKs-
dependent phospholipase C in murine macro-
phages [Goldman et al., 1994]. Since zymosan
does not activate phospholipase C in NR8383
AMs [Zhang et al., 1997], PKC is probably not
activated by DAG produced through the classi-
cal phosphoinositide cascade. Two classes of
PTKs exist, receptor and non-receptor PTKs.
The former is plasma membrane associated
and activated by ligation of specific receptors
such as growth factor receptors. The latter is
comprised of cytosolic enzymes whose activa-
tion is still undefined. Obviously, elucidation of
the (1-3)-b-glucan-activated PTK forms is of
significant importance.

In summary, the present study demon-
strates that stimulation of (1-3)-b-glucan re-
ceptors on NR8383 AMs activates PKC-
dependent Ca21 influx and translocation of the
PKC-d isoform. Ca21 influx and PKC-d trans-
location were also found to be PTK-dependent.
Although the underlying mechanisms activat-
ing PKC and the characteristics of PTKs asso-

Fig. 6. Zymosan-stimulated Transloca-
tion of PKC Isoforms. NR8383 AMs were
stimulated with 200 mg/ml of zymosan for
1 and 5 min. Control cells were treated
with the same volume of PSS. Cytosol (C)
and membrane (M) fractions were iso-
lated and proteins were separated by
PAGE. The distribution of PKC isoforms
expressed in these cells (d, i and l) in the
cytosol and membrane fractions was an-
alyzed by immunoblotting using specific
antibodies.
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ciated with (1-3)-b-glucan receptors need fur-
ther investigation, PKC activation is a critical
element in the signal transduction pathway
regulating Ca21 influx.
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