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Abstract. Multivalent antigen that is capable of bind- 
ing to and crosslinking the IgE receptors on rat baso- 
philic leukemia (RBL) cells, induces a rapid and sus- 
tained rise in the content of filamentous actin. This 
reorganization of the actin may be responsible for 
changes in cellular morphology during the degranula- 
tion process. The antigen-stimulated polymerization of 
actin can be blocked in a dose-dependent manner by 
protein kinase inhibitors which also block degranula- 
tion. Conversely, reagents such as PMA, 1,2-dioc- 
tanoyl-sn-glycerol (diCS), and 1-oleoyl-2-acetyl-glyc- 
erol (OAG) which stimulate protein kinase C (PKC) 
also activate the rise in F-actin, although they have no 
effect on degranulation by themselves. The actin re- 
sponse which can be stimulated by the PKC activators 
can also be blocked by protein kinase inhibitors indi- 

cating that the PMA- and OAG-induced response is 
probably through activation of a protein kinase. Deple- 
tion of PKC activity through long term (20 h) expo- 
sure of RBL ceils to PMA, also inhibited the F-actin 
response when the cells were stimulated with either 
multivalent antigen or OAG. External Ca ++, which is 
an absolute requirement for degranulation, is not 
necessary for the rise in F-actin, but may modulate 
the response. Furthermore, ionomycin, which induces 
a large Ca++ influx, does not stimulate the F-actin in- 
crease even at doses that cause degranulation. These 
results suggest that activation of a protein kinase, such 
as PKC, may be responsible for signaling the polymer- 
ization of actin in RBL cells and that a rise in intra- 
cellular Ca ++ is neither necessary nor sufficient for this 
response. 

LERGIC reactions such as immediate hypersensitivity 
are triggered through the IgE receptor of mast cells 
and basophils. It has been shown using rat basophilic 

leukemia (RBL) 1 cells, a model system for studying mu- 
cosal mast cells, that crosslinking of the IgE receptor on the 
surface of  these cells is the critical event leading to the acti- 
vation of the cells and the subsequent degranulation and re- 
lease of histamine, serotonin, and other mediators (30). 
Crosslinking of the IgE receptor complexes leads to immo- 
bility of the complexes in the plane of the membrane (29) and 
transmembrane signaling possibly through a G protein (32, 
48). In either case, there is increased metabolism of phos- 
phatidylinositol (2) and arachidonic acid (8) through the ac- 
tivation of phospholipase C and phospholipase A2. In addi- 
tion, there is activation of protein kinase C (PKC) (47), a rise 
in cytoplasmic Ca ++ (3), an influx of Ca ++ through an ion 
channel (13) or possibly an Na+/Ca ++ antiporter (44), and 
depolarization of the cell (24, 37). Morphologically there 
are changes in cell shape and topography, increased fluid 
pinocytosis, capping and internalization of the aggregated 
receptor complexes, and ultimately degranulation (30). 

1. Abbreviations used in this paper: diC8, 1,2-dioctanoyl-sn-glycerol; 3H- 
5HT, 5-(l,2-3H)-hydroxytryptamine; NBD-phallacidin, N-(7-nitrabenz- 
2-oxa-l,3-diazol-4-yl)-phallacidin; OAG, l-oleoyl-2-acetyl-glycerol; PKC, 
protein kinase C; RBL, rat basophilic leukemia. 

Many of the events that take place during the degranula- 
tion process are believed to be controlled in part by micro- 
filaments. It has been shown in RBL cells (34) as well as lym- 
phocytes (35), platelets (7, 23), and neutrophils (36) that 
activation of the cells is accompanied by a reorganization of 
the cellular actin. This is generally seen as an increase in the 
amount of filamentous (F) actin associated with the cell. Ac- 
tin is a cytoplasmic protein that exists in a dynamic equilib- 
rium between the monomeric (G) state and a polymerized 
state. Activation of the cells results in polymerization of the 
actin and a shift from the G-actin pool to the F-actin pool. 

Although many of the signaling mechanisms utilized dur- 
ing the activation of RBL cells are known, the mechanism 
responsible for the polymerization of actin is not. Pfeiffer et 
al. (34) have shown that many of the morphological changes 
that occur can be mimicked by the addition of phorbol esters 
which are believed to exert their effects through the activa- 
tion of PKC. The purpose of this study was to determine the 
role of PKC and the Ca ++ influx on the antigen triggered 
polymerization of aetin in RBL cells. It was found that pro- 
tein kinase inhibitors could block the increase in F-actin 
while PKC activators had the opposite effect. Furthermore, 
it was shown that while an influx of extracellular Ca ++ may 
modulate the actin response, it is not sufficient to trigger this 
response. 
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Materials and Methods 

Cells 

RBL-2H3 cells were grown in T75 flasks containing RPMI 1640 (M.A. Bit- 
products, Walkersville, MD) supplemented with 5 % FCS, 5 % newborn calf 
serum, 2 mM glutamine, 10 mM Hepes, 1 mM sodium pyruvate, and 
penicillin-streptomycin in a humidified, 5 % CO2 incubator at 37°C. Cells 
were passaged every 3--4 d. They were removed from the flasks by incubat- 
ing the cells in PBS containing 5 mM EDTA for 10 rain at 37°C. 

Reagents 
The mouse monoclonal IgE antibody that is specific for DNP was a gener- 
ous gift from Dr. Fu-Tong Liu from the Medical Biology Institute (La Jolla, 
CA) (28). Ionomycin, 1 oteoyl-2-acetyl-glycerol (tAG), R29022, stauro- 
sporine, and K252a were purchased from Calbiocbem-Behring Corp. (San 
Diego, CA), while sphingosine and PMA were from Sigma Chemical Co. 
(St. Louis, MO). 5-(1,2-3H)-hydroxytryptamine binoxalate (3H-5HT) was 
obtained from DuPont Co. (Wilmington, DE), while N-(7-nitrobenz-2-oxa- 
1,3-diazol-4-yl)-phallacidin (NBD-phallacidin) and 1,2-dioctanoyl-sn-glyc- 
erol (die8) were from Molecular Probes Inc. (Junction City, OR). lono- o~ 
mycin, PMA, OAG, diCS, sphingosine, stanrosporine, and K252a were all o ~ 
solubilized in DMSO as concentrated stock solutions. R29022 was prepared 
as a stock solution in ethanol. In all experiments, control samples were ex- 
posed to the same concentration of solvent as experimental samples, and 
in no case did the concentration of solvent ever exceed 0.05%. 

~H-SHT Assay 

RBL cells were removed from their plates and resuspended in complete me- 
dia at a concentration of 3 × 106 cells/ml. The cells were incubated with 
1 #g of IgE and 3 #Ci of 3H-5HT per ml for 2 h at 37°C on a rotator. After 
the 2-h incubation, the cells were washed three times and resuspended in 
HBSS containing 0.1% BSA at a concentration of 3.3 × 106 cells/ml. 300 
t~l of cells (1 x 106 cells total) were added to 16-mm wells and allowed to 
adhere for 1 h. The supernatant was then removed and 700 t~l of I-IBSS con- 
talning 0.1% BSA and the appropriate stimulant was added. After 45 min 
at 37°C, the supernetants were removed from the plates and centrifuged to 
pellet any cells that may have become detached during the assay. 500-t~I ali- 
quots were added to 2 ml of Scintiverse II (Fisher Scientific Co., Pittsburgh, 
PA) and 3H-5HT content was determined using a Mic .romedic liquid scin- 
tillation counter. The results are expressed as percent 3H-5HT released 
-t-SEM. 

F-Actin Assay 
A modification of the assay developed by Howard and Oresajo (19) was used 
to measure the amount of filamentous or F-actin associated with the 
detergent-insoluble shells of RBL cells. Cells were sensitized with IgE as 
stated above, washed three times, and 200-~1 aliquots containing 1 × 10 ~ 
cells were placed into 12 × 75-ram tubes. 200 t~l of the appropriate stimu- 
lant was then added and the cells were incubated at 37"C for the indicated 
time. The reaction was stopped by the addition of 2.5 rrd of ice-cold 
solubilizing buffer (50 n ~ l  NaC1, 2.5 mM MgCI2, 300 mM sucrose, 1 mM 
PMSF, 0.5% Triton X-100, 10 mM Hepes, pH 7.2). After 15 rain at 4"C, 
the Triton shells were pelleted by centrifuging at 2,000 rpm for 10 rain. The 
supernatant was removed and 100 $1 of NDB-phallacidin (3.3 × 10 -7 M) 
was added for 1 h at 4"C. The Triton shells were then washed with 3 mi 
of ice cold Dulbecco's-PBS. The bound NBD-phallacidin was extracted with 
2 ml of methanol for 1 h at room temperature in the dark. The relative 
fluorescence was measured in a speetrottuorometer (Perkin-Elmer Corp., 
Norwalk, CT) using an excitation wavelength of 465 am and an emission 
wavelength of 535 am. Tubes that went through the entire process but con- 
talned no cells were used to determine the background fluorescence. The 
no cell background was then subtracted from each reading. The results are 
expressed as the ratio of F-actin content of stirnulated cells to unstimulated 
cells. 

Results 

Antigen-induced crosslinking of the IgE receptor activates 
phospholipase C which leads to the formation of inositol 
phosphates and diacylglycerol. These metabolites lead to an 
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Figure 1. Inhibition of degran- 
ulation and the F-actin re- 
sponse by protein kinase in- 
hibitors. Sensitized RBL cells 
were preincubated with the 
appropriate concentration of 
sphingosine, staurosporine, or 
K252a for 10 min before the 
addition of 25 ng/ml DNP- 
BSA. RBL cells were tested 
for their  F-actin response (m) 
or  degranulation (o)  and the 
results are expressed as per-  
cent  of  control  :t:SEM. The 
control F-actin ratios (stimu- 
lated/unstimulated in the ab- 
sence of  inhibitors) for the 
sphingosine, staurosporine, and 
K252a experiments were 2.01, 
1.71, and 1.81, respectively. 
The control degranulation re- 
sponses were 20.8, 26.7, and 
21.7%, respectively. Each ex- 
per iment  was performed at 
least three times. 

influx of Ca ++ and activation of PKC. To determine whether 
these events are involved in signaling for the polymerization 
of actin, RBL cells were stimulated with DNP-BSA in the 
presence of several protein kinase inhibitors. Fig. 1 shows 
that sphingosine, staurosporine, and K252a all inhibit the in- 
crease in F-actin with ICs0 values of 11 ~,M, 60 nM, and 
200 nM, respectively. No effect on background levels of 
F-actin was detected. These protein kinase inhibitors also in- 
hibit degranulation with very similar concentration depen- 
dencies. 

The fact that the protein kinase inhibitors blocked the in- 
crease in F-actin formation indicated that protein kinases 
might be important in the signaling for F-actin. However, the 
use of inhibitors includes the potential problem of their 
specificity of action. Therefore, activators of PKC were 
tested to see if they could stimulate an increase in F-actin 
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Figure 2. Stimulation of F-actin increase by PMA. RBL cells were 
activated with different concentrations of PMA for 30 min for the 
F-actin assay and 45 min for the degranulation assay. 
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Figure 3. Stimulation of F-actin increase by OAG and diC8. Various 
concentrations of OAG (o) and diC8 (m) were added to RBL cells. 
The reactions were allowed to proceed for 5 min for the F-actin as- 
says (solid lines) and for 45 min for the 3H-5HT assays (dashed 
lines). 

content. In Fig. 2, cells were activated with varying concen- 
trations of PMA and the F-actin response and degranulation 
were monitored. PMA on its own does not cause the secre- 
tion of SH-5HT at any of the concentrations tested. How- 
ever, PMA does cause an increase in the F-actin content as- 
sociated with the Triton shells. Low concentrations of PMA 
(3-5 nM) give the best stimulation and cause an F-actin in- 
crease similar to that which is seen with antigen. Higher 
doses of PMA also cause an increase in F-actin, but it is not 
nearly as large. 

However, PMA is a very potent tumor promotor and it 
may have other effects on the cell and it may be activating 
systems other than PKC. For that reason, the diacylglycerol 
analogues, OAG and diC8, were also tested. These synthetic 
diacylglycerols are known to rapidly cross the plasma mem- 
brane and stimulate PKC in the same fashion as en- 
dogenously generated diacylglycerol. Fig. 3 shows that nei- 
ther OAG nor diC8 had any effect on degranulation but did 
cause a substantial increase in the F-actin content. The maxi- 
mum response was seen at a concentration of •10-15 #M 
for both reagents. The peak F-actin response was also of 
similar magnitude to that induced by antigen. These results 
further support the idea that PKC may be regulating the 
antigen-induced polymerization of actin in RBL cells. 

The kinetic responses to antigen, PMA, OAG, and diC8 
were also measured (Fig. 4). DNP-BSA causes a rapid rise 
in the F-actin content with a half maximal response in 30- 
60 s. Peak values are reached within 5 min and remain 
elevated with very little decrease over the duration of the ex- 
periment. In fact, F-actin levels do not decrease significantly 
even after 1 h (data not shown). The response to PMA is also 
very rapid in that an increase is seen at the earliest time 
point. This is followed by a reproducible dip and then a slow 
steady increase in the F-actin content. The reason for the dip 
is unknown although it also occasionally occurs when using 
antigen. This dip has also been reported by Pfeiffer et al. (34) 
using DNP-BSA. Both OAG and diC8 cause a very rapid re- 
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Figure 4. Kinetic analysis of the F-actin increase. Sensitized RBL 
cells were stimulated with 25 ng/ml DNP-BSA, 5 nM PMA, 12.5 
#M OAG, or 10 #M diC8 for various lengths of time. The reactions 
were terminated at the appropriate times by the addition of ice-cold 
solubilizing buffer containing 0.5 % TX-100. 

sponse. The OAG peak is reached in 2 min while the diC8 
peak response is in 5 min. In both cases, the peak is followed 
by a sharp decline, and by 30 min, the response is back down 
to baseline values. These profiles are consistent with the fact 
that both OAG and diC8 are rapidly metabolized by the cell 
and the signal is presumably turned off. 

To determine whether the decline in the OAG- and diC8- 
stimulated responses was due to metabolism of the activating 
reagent, RBL cells were stimulated with OAG, the response 
allowed to peak and decline, and then the cells were restimu- 
lated with OAG. As can be seen in Fig. 5 A, readdition of 
OAG causes an immediate increase in the level of F-actin 
back to peak levels within a few minutes. The F-actin re- 
sponse then decreases back towards baseline values. The 
cells can then be restimulated with the addition of more 
OAG. In addition, more frequent additions of OAG lead to 
a more uniformly sustained peak response (data not shown). 

The primary route of metabolism for diacylglycerol is to 
be phosphorylated by diacylglycerol kinase, eventually lead- 
ing to the resynthesis of phosphatidylinositol. Therefore, a 
second method for determining whether OAG and diC8 are 
being metabolized is to incubate the cells with R29022, a di- 
acylglycerol kinase inhibitor (10). Fig. 5 B shows that the ad- 
dition of R29022 leads to a more sustained F-actin response, 
presumably by inhibiting the enzyme responsible for diacyl- 
glycerol metabolism. The results of these two experiments 
are consistent with the hypothesis that OAG and diC8 are be- 
ing rapidly metabolized which in turn leads to a decline in 
the response. 

To confirm that PMA and OAG were causing a rise in 
F-actin due to activation of a protein kinase, RBL cells were 
stimulated with these two activators in the presence of the 
protein kinase inhibitors. The PMA- and OAG-induced in- 
creases in filamentous actin content were inhibited by sphin- 
gosine, staurosporine, and K252a (Fig. 6). The same results 
were seen when cells were stimulated with diC8 (data not 
shown). In all cases, the ICs0 values are very similar for in- 
hibiting the response due to antigen and PMA. In general, 
the OAG-induced response was more susceptible to the in- 
hibitors than DNP-BSA or PMA. 

Results from the previous experiments, utilizing both acti- 
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Figure 5. Extended stimulation of the F-actin response either by 
repeated application of OAG or by the diacylglycerol kinase inhibi- 
tor, R29022. (A) RBL cells were stimulated with 12.5/zM of OAG 
at time 0 and were restimulated with OAG at 12 and 24 min. The 
F-actin response in cells that were not restimulated is indicated by 
dashed lines. (B) Ceils were preincubated with either solvent (o) 
or 10/zM R29022 (,,) for 5 min before the addition of 12.5/zM 
OAG. The reaction was allowed to proceed for various lengths of 
time and was stopped by the addition of ice-cold solubilizing buffer. 
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Figure 6. Inhibition of the 
PMA- and OAG-induced F-ac- 
tin response. RBL cells were 
preincubated with the appro- 
priate inhibitor for 10 min be- 
fore the addition of the stimu- 
lant. Cells were activated with 
either 5 nM PMA (,,) or 12.5 
/zM OAG (o). The F-actin 
content for each point was de- 
termined and the results are 
expressed as percent of the no 
inhibitor control. The actual 
F-actin ratios for the 100% 
PMA control values were 1.70, 
1.49, and 1.50, respectively. 
The control ratios for the OAG- 
induced responses were 1.89, 
1.33, and 1.31, respectively. 

sumably because of the loss of PKC activity. These cells can- 
not be activated to increase their F-actin levels either by anti- 
gen or by OAG. Thus, loss of  PKC activity, even in the 
presence of  other signaling mechanisms, leads to the inhibi- 
tion of the F-actin response. 

In addition to activation of  PKC, antigen-induced stimula- 
tion of  RBL cells leads to an increase in intracellular Ca**. 
Although the role of intracellularly released stores of  Ca ++ 
is somewhat controversial in the degranulation process, it is 
well known that there is an absolute requirement for the 
opening of  an ion channel and the influx of extracellular 
Ca ++ into the cell (30). The effect of extracellular Ca++ on 
the F-actin increase was tested using ionomycin which is a 
Ca ++ ionophore. The influx of extracellular Ca +* due to 
ionomycin is concentration dependent and although all con- 
centrations of ionomycin cause a rise in intracellular Ca ++ 
(data not shown), release of 3H-5HT is not seen until the 
ionomycin concentration is above 200 nM (Fig. 7). Progres- 
sively higher concentrations of  ionomycin cause higher lev- 
els of  degranulation. However, at all of  the concentrations 
tested, there was never a detectable rise in the level of F-actin 
associated with the Triton shells. These results indicate that 

vators and inhibitors, indicate that stimulation of PKC is in- 
volved in the F-actin response. An alternate approach to test- 
ing this hypothesis is to culture RBL cells for relatively long 
periods of  time in the presence of  PMA. This leads to the 
loss of  PKC activity while having no effect on other signaling 
routes such as phosphatidylinositol metabolism or Ca ~ in- 
flux (9). Growing RBL cells in 40 nM PMA for 20 h leads 
to an 85 % decrease in the F-actin response generated by anti- 
gen, and a complete inhibition of the response triggered by 
OAG (Table I). In addition, the level of  F-actin in unstimu- 
lated cells is the same for both control and PMA-treated 
cells. PMA itself will cause a rise in F-actin in untreated cells 
over a relatively short period of time. However, prolonged 
exposure leads to a return to baseline levels of F-actin, pre- 

Table L Effect of Long Term PMA Treatment 
on the F-Actin Response* 

Stimulant 

DNP-BSA OAG 

Control 100 100 
PMA treatment* 15 0 

* The results are expressed as percent of  control. The unstimulated F-actin lev- 
el in control cells and PMA-treated cells was the same, indicating that the PMA 
was no longer stimulating an increase on its own. The actual increase in F-acZin 
was 1.58 for  DNP-BSA and 1.51 for OAG stimulated cells. In all cases, the 
standard error  was <5 %. 
~: RBL cells were grown overnight in complete RPMI media containing 40 nM 
PMA. In all subsequent steps of the experiment, 40 nM PMA was present. 
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Table II. Effect of Ca++-free Buffer on Degranulation 
and the F-Actin Response* 

F-actin~ 3H-5HT§ 

DNP-BSA PMA OAG DNP-BSA 

HBSS 100 100 100 100 

Ca++-free HBSS 67 105 95 3 

* The results are expressed as percent of control with the value obtained using 
HBSS as the 100% value. The actual increase in F-actin was 1.48 using DNP: 
BSA, 1.38 using PMA, and 1.39 using OAG as the stimulant. Specific de- 
granulation using HBSS as the buffer system was 33.5%. 

The F-actin ratio was measured after activating RIlL cells with 25 ng/ml 
DNP-BSA for 30 rain, 5 nM PMA for 30 rain, or 5/~g/nd OAG for 3 rain. 
§ The cells were activated with 25 ng/ml DNP-BSA and 3H-5HT release was 
measured as described in Materials and Methods. 

IONOMYCIN  C O N C E N T R A T I O N  (nM) 

Figure 7. Effect of ionomycin on degranuiation and the F-actin re- 
sponse. RBL cells were incubated with various concentrations of 
ionomycin for 20 min for the F-actin response and 45 rain for the 
degranulation assay. 

the antigen-triggered influx of extracellular Ca ++ is not 
sufficient to induce the rise in F-actin. 

Although an influx of extracellular Ca ++ does not appear 
to trigger the increase in F-actin, it might be necessary for 
the response. IgE-sensitized RBL cells were therefore acti- 
vated with DNP-BSA in Ca++-free media. As can be seen in 
Table H, the absence of extracellular Ca ++ causes a 97 % in- 
hibition in the level of 3H-5HT release. However, the pres- 
ence or absence of extracellular Ca ++ has relatively little 
effect on the rise in F-actin induced by DNP-BSA, PMA, or 
OAG. The slight decrease which is seen using DNP-BSA is 
very reproducible indicating that extracellular Ca ++ is not 
required for actin polymerization but may have a modulating 
effect. PMA and OAG, which activate PKC directly, are es- 
sentially not affected at all within the limits of experimental 
e r r o r .  

Discussion 

One of the responses induced by crosslinking of the IgE 
receptor on the surface of RBL cells is a rapid increase in 
the amount of F-actin in the cell. The fact that the cells are 
solubilized in Triton before the addition of NBD-phallacidin 
may further restrict the analysis to F-actin associated with 
the plasma membrane. Generally, there is a 1.5-1.8-fold in- 
crease in the level of F-actin. This DNP-BSA-induced in- 
crease can be blocked in a dose-dependent fashion by protein 
kinase inhibitors such as sphingosine, K252a, and stauro- 
sporine. Sphingosine is reported to be specific for PKC (16), 
while K252a and staurosporine are capable of inhibiting sev- 
eral different kinases (18, 25). In addition to inhibiting the 
F-actin response, it was also found that the protein kinase in- 
hibitors had a profound effect on the extent of degranulation. 
For each inhibitor, the inhibition curves for F-actin and 
3H-5HT were similar. This indicates that either activation 
of PKC is necessary for degranulation or that the inhibitors 
are blocking indirectly by affecting other signaling pathways. 

Although the inhibitors that were used are believed to be 
quite specific for certain protein kinases, the use of inhibi- 

tots always entails the problem that unknown or unwanted 
reactions may take place. For that reason, the rise in F-actin 
was also stimulated by PMA, OAG, and diC8 which activate 
PKC. PMA is a potent tumor promotor with wide ranging 
effects on cellular morphology and the cytoskeleton (33). It 
is believed that its mode of action is by mimicking diacyl- 
glycerol which is the endogenous activator of PKC. OAG and 
diC8 are synthetic diacylglycerols that can activate PKC both 
in vivo and in vitro (11, 14, 15). These two activators pre- 
sumably work in the same fashion as endogenously gener- 
ated diacylglycerol. Although all of these PKC activators 
cause substantial increases in F-actin, there are differences 
in the kinetics of the response. Crosslinking of the IgE recep- 
tor by multivalent antigen induces a rapid and sustained in- 
crease in the level of F-actin. The half-maximal response is 
30-60 s and a plateau is reached by 5 rain. This level is sus- 
tained for at least 30 rain and only a slight decrease can be 
seen after 60 min. There is also a progressive release of 
3H-5HT during this time period. Addition of the monova- 
lent antigen DNP-lysine immediately inhibits further degranu- 
lation (34) and returns the amount of F-actin to background 
levels (1). This indicates that there is positive signaling oc- 
curring throughout this period of time and this may account 
for the sustained peak level of F-actin. PMA causes a slow 
but steady increase in F-actin levels so that by 30 min, the 
increase in F-actin is as great as that seen for antigen. The 
reason for this slow increase is not known although experi- 
ments by Phatak et al. (35) using lymphocytes suggest that 
higher concentrations of PMA may lead to a more rapid re- 
sponse. Stimulation by OAG and diC8 is similar to that of 
antigen in peak levels attained and in that it is very rapid with 
a maximum effect being reached within a few minutes. How- 
ever, the F-actin increases which are stimulated by OAG and 
diC8 return to baseline levels within 15-20 min, reflecting 
the fact that these stimulants are rapidly metabolized by the 
cell. This was further demonstrated by the fact that peak lev- 
els of F-actin could be sustained by repeated stimulation with 
OAG. Furthermore, inhibition of diacylglycerol kinase, the 
major route of diacylglycerol metabolism, leads to a more 
sustained increase in F-actin. 

It has also been shown that the F-actin response induced 
by PMA and OAG can be blocked by protein kinase inhibi- 
tors. This indicates that PMA and OAG are probably exert- 
ing their effects directly through PKC and are not working 
indirectly by activating other pathways. This is further sup- 
ported by the fact that PMA and OAG do not activate degran- 

Apgar PKC Regulation of F-Actin in RBL Cells 1161 



ulation, Ca ++ influx, or phosphatidylinositol metabolism in 
RBL cells (4). The effects of PMA and OAG appear to be 
rather specific in these cells. 

It has been shown that incubation of RBL cells for 20 h 
leads to the total loss of PKC activity (47) as well as the loss 
of the enzyme from the cell (9). Although this causes partial 
inhibition of degranulation, it has relatively little effect on 
phosphatidylinositol metabolism and Ca ++ influx. Thus, 
long term exposure to PMA leads to a loss of PKC activity 
while other signaling mechanisms remain intact. In this pa- 
per, it has been shown that prolonged exposure of RBL cells 
to PMA leads to inhibition of the F-actin response using ei- 
ther antigen or OAG as the stimulating agent. This result fur- 
ther strengthens the conclusion that activation of PKC ap- 
pears to be a step leading to the increase in F-actin. 

The rise in F-actin triggered by DNP-BSA, PMA, and 
OAG was also relatively insensitive to external Ca ++ levels. 
Whereas degranulation is totally dependent on the presence 
of extracellular Ca++, only a small reduction in the F-actin 
increase was seen when cells were activated with antigen. 
The stimulation due to PMA, OAG, and diC8, which activate 
PKC directly, were not affected at all by a lack of extracellu- 
lar Ca ++. Furthermore, although ionomycin caused release 
of 3H-5HT, it did not trigger polymerization of actin. These 
results indicate that the F-actin response is neither activated 
by a Ca++ influx nor dependent on its occurrence. However, 
these experiments were performed using Ca++-free buffers 
in the absence of EGTA, so it is possible that there are 
changes in the distribution of intracellular stores. The fact 
that there was a slight but consistent decrease in the F-actin 
increase using antigen suggests that Ca ++ from either intra- 
cellular or extracellular sites may modulate the response. 

Activation of neutrophils by chemotactic peptides is one 
of the most actively studied systems for analyzing F-actin 
regulation. The addition of peptides such as formylme- 
thionyl-leucyl-phenylalanine causes very rapid changes in 
F-actin levels, cell motility, cell shape changes, phagocy- 
tosis, and degranulation. Although very rapid, transient 
changes in the F-actin levels are well documented, the ques- 
tion of which mechanisms are signaling for these changes is 
obviously complex. It has clearly been shown with intact 
cells and pertussis toxin (39) and with permeabilized cells 
and GTP analogues (46) that a G protein is involved in the 
F-actin response. However, the role of second messengers 
such as Ca ++, PKC, phosphoinositides, and intracellular pH 
is much more tenuous. A number of studies have shown that 
Ca ++ changes are neither sufficient nor necessary to trigger 
the F-actin rise although they may modulate the response 
(38, 40). PMA in large doses is capable of stimulating a 
small rise in F-actin but it is generally believed that activa- 
tion of PKC is not the prime signaling mechanism (5, 20). 
Furthermore, although some reports have suggested that 
changes in intracellular pH and phosphoinositides may be 
responsible for actin polymerization, recent studies have 
been able to dissociate the responses (6, 12, 31). 

There are clear differences in the activation of actin in 
RBL cells and neutrophils. Ca ++ does not appear to be cru- 
cial in either system while a protein kinase does appear to 
be important in RBL ceils but not in neutrophils. These 
differences may reflect the fact that there may be several 
different ways of activating polymerization of actin. Alterna- 
tively, it could be that the F-actin has different functions in 

the two cell types and therefore the activation mechanisms 
are different. 

Although the data in this paper indicate that a protein ki- 
nase is important in the signaling for the rise in F-actin, the 
substrate and the mechanism of action are not known. How- 
ever, it has been shown by other investigators that gelsolin 
and profilin bind to actin and prevent polymerization, thus 
helping to regulate the state of actin in the cell (42, 43, 49). 
In vitro studies have also shown that the phosphoinositides, 
phosphatidylinositol 4-phosphate and phosphatidylinositol 
4,5-bisphosphate, can cause dissociation of gelsolin and 
profilin from actin (22, 26, 27). Recent investigations using 
platelets and neutrophils have been able to demonstrate a 
temporal correlation between an increase in cellular F-actin 
and a decrease in gelsolin-actin (21) and profilin-actin com- 
plexes (17, 41). The results from these studies suggest that 
stimulation of neutrophils leads to the activation of several 
enzymes, including phospholipase C, which hydrolyzes the 
phosphoinositides, and the kinases which are responsible for 
phosphorylating phosphatidylinositol and phosphatidylino- 
sitol 4-phosphate. This increased turnover of the phospho- 
inositides causes the dissociation of gelsolin-actin complexes 
thus leading to the polymerization of actin. It is not known 
whether the same mechanisms are involved in the F-actin 
response in RBL ceils, and unfortunately, relatively little 
is known about the phosphoinositide kinases and their regu- 
lation. However, it has been shown that PMA stimulation 
of platelets causes increased phosphorylation of the phos- 
phoinositides leading to an increase in the levels of phospha- 
tidylinositol 4-phosphate and phosphatidylinositol 4,5-bis- 
phosphate (45). Thus, one possibility is that PKC may be an 
earlier step in the signaling pathway, and that it may be regu- 
lating the activity of the phosphoinositide kinases. If this is 
the case, then the results presented in this paper are consis- 
tent with the idea that stimulation of RBL cells leads to phos- 
pholipase C hydrolysis of the phosphoinositides with the pro- 
duction of diacytglycerol and the activation of PKC. PKC in 
turn may activate the phosphoinositide kinases leading to the 
production of phosphatidylinositol 4-phosphate and phos- 
phatidylinositol 4,5-bisphosphate which in turn cause dis- 
sociation of gelsolin and profilin from actin thus allowing 
filament formation and elongation to occur. 
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