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Abstract. Although the actin cytoskeleton has been 
implicated in vesicle trafficking, docking and fusion, 
its site of action and relation to the Ca2÷-mediated ac- 
tivation of the docking and fusion machinery have 
not been elucidated. In this study, we examined the 
role of actin filaments in regulated exocytosis by in- 
troducing highly specific actin monomer-binding 
proteins, the ~-thymosins or a gelsolin fragment, into 
streptolysin O-permeabilized pancreatic acinar cells. 
These proteins had stimulatory and inhibitory ef- 
fects. Low concentrations elicited rapid and robust 
exocytosis with a profile comparable to the initial 
phase of regulated exocytosis, but without raising 
[Ca2+], and even when [Ca 2÷] was clamped at low lev- 
els by EGTA. No additional cofactors were required. 

Direct visualization and quantitation of actin filaments 
showed that B-thymosin, like agonists, induced actin 
depolymerization at the apical membrane where exo- 
cytosis occurs. Blocking actin depolymerization by 
phalloidin or neutralizing fl-thymosin by complexing 
with exogenous actin prevented exocytosis. These 
findings show that the cortical actin network acts as a 
dominant negative clamp which blocks constitutive 
exocytosis. In addition, actin filaments also have a 
positive role. High concentrations of the actin depoly- 
merizing proteins inhibited all phases of exocytosis. 
The inhibition overrides stimulation by agonists and all 
downstream effectors tested, suggesting that exocytosis 
cannot occur without a minimal actin cytoskeletal 
structure. 

T 
hE final steps of regulated exocytosis involve vesicle 
docking, triggering, and membrane fusion. There is 
now increasing evidence that regulated exocytosis em- 

ploys a constitutively operating fusion machinery shared by 
many vesicular trafficking processes and specialized clamps 
to prevent fusion until the appropriate signals are received 
(4, 40, 41). The actin network under the plasma membrane 
has long been proposed as a physical barrier to granule dock- 
ing because it transiently depolymerizes during exocytosis 
(3, 30, 42, 43). The cortical actin can therefore be considered 
as a part of the clamping apparatus. However, in many cell 
types, drugs which depolymerize actin do not elicit exocyto- 
sis but can potentiate agonist-evoked responses (23, 25, 38). 
On the basis of such evidence, it was suggested that dissolu- 
tion of the actin cytoskeleton is a necessary but not sufficient 
part of regulated exocytosis. Nevertheless, the exact role of 
actin in exocytosis remains unclear, since contradictory 
results were obtained in other cells (1) and between intact and 
permeabilized cells (19). Furthermore, some cells have 
cytochalasin-insensitive pools of actin filaments (8). A large 
part of the uncertainty is due to the nonspecific nature of 
some of the drugs, which precludes unequivocal conclu- 
sions. 
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In the present study, we used a different approach to exam- 
ine the relation between actin depolymerization and exocyto- 
sis. We introduced two highly specific and structurally un- 
related actin monomer-binding proteins, fl-thymosins (Tf110 
and Tfl4) and gelsolin S1 fragment, into streptolysin O 
(SLO)Lpermeabilized pancreatic acinar cells to induce ac- 
tin depolymerization. The fl-thymosins are functionally 
similar 5 kD proteins (29, 50, 52) which were recently shown 
to be the predominant actin monomer-binding proteins in 
many cells (9, 29, 46). Gelsolin is an actin filament capping 
and severing protein which has a sixfold repeat structure 
(22). Its first repeat (segment S1) is 15 kD and it binds actin 
monomers (21, 45, 53). B-Thymosins and gelsolin S1 depoly- 
merize actin by sequestering actin monomers to shift the ac- 
tin monomer/polymer equilibrium towards depolymeriza- 
tion. These specific probes were used to explore the role of 
actin depolymerization in regulated exocytosis under close 
to physiological conditions, made possible by an SLO per° 
meabilization protocol which maintained the structural and 
functional polarity of cells within the acinus and preserved 
their agonists-responsiveness. 

Our results show that the actin cytoskeleton has direct in- 
hibitory and facilatory roles in regulated exocytosis. Limited 

Abbreviations used in this paper: CCK, cholecystokinin; II>3, inositol 
1,4,5-triphosphate; SLO, streptolysin O; TG, Thapsigargin; TPA, phorbol 
12-myristate/~ acetate. 
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actin depolymerization by the actin monomer binding pro- 
teins triggers rapid exocytosis without requiring additional 
cofactors, and is the basis for agonist-elicited exocytosis. 
Blocking actin depolymerization prevented exocytosis. There- 
fore, actin filaments act as a clamp to prevent constitutive 
exocytosis. On the other hand, extensive actin depolymeriza- 
tion by the monomer-binding proteins inhibits exocytosis. 
This inhibition overrides stimulation by agonists and all 
downstream effectors tested, suggesting that although exocy- 
tosis requires actin depolymerization, it cannot occur with- 
out a minimal actin structure. 

Materials and Methods 

Preparation of Acini and Cell Permeabilization 
Rat pancreatic acini were prepared by a minimal collagenase digestion pro- 
tocol (35) and resuspended in a solution containing 140 mM NaCI, 5 mM 
KC1, 1 mM MgC12, 1 raM CaC12, 10 mM Hepes (pH 7.4 with NaOH), 10 
mM glucose, 10 mM pyruvate, 0.02% soybean trypsin inhibitor and 0.1% 
bovine serum albumin. The acini were kept on ice until use. Before each 
permeabilization experiment, ,'~100 mg (wet weight) of acini were washed 
twice in a Cbelex 100-treated solution containing 140 mM KC1 and 10 mM 
Hepes (pH 7.4), resuspended in 0.5 mi of the same buffer at 37"C containing 
3 mM ATE 5 mM MgC12, 10 mM creatinine phosphate, 5 U/ml creatinine 
phosphokinase, 10 ttM antimycin A, 10 p,M oligomycin, and 0.4 U/ml SLO 
(permeabilization medium). Within 1 rain incubation at 370C, more than 
95 % of the acini were permeabilized to beparin sulfate (4-6 kD). 

Preparation of Actin-binding Proteins and Actin 
Tfl4, T/310, and gelsolin S1, expressed in E. coli, were isolated as described 
(52, 53). The final products were >99% pure, based on Coomassie blue 
staining of protein bands in sodium dodecyl sulfate polyacrylamide gels. 
T/34 and T/310 concentrations were determined by amino acid analysis, and 
gelsolin $1 concentration was determined by the method of Bradford (5). 
Rabbit skeletal muscle Ca2+-actin was converted to Mg2+-actin by adding 
0.2 mM EGTA and 0.4 mM MgCl2 (39) polymerized, recovered by high 
speed centrifugation, and depolymerized by dialyzing extensively against 
G-aetin buffer with 2 mM Tris-HCl, pH 7.8, 0.05 mM MgCI2, 0.5 mM 
ATP, 0.1 mM dithiothreitol. T~ 10:actin complexes were formed by incubat- 
ing 4 p,l 100/~M T/310 with 3/zl 667/zM G-actin at 4°C (T/310:actin molar 
ratio of 1:5) for >1 h before addition to 200-p,l cells. 

Measurement of Ca z+ Release 
The acini were permeabilized in fluorimeter cuvettes in the presence of 1 
p,M Fluo 3 and agonists were added with continuous stirring. Fluo 3 fluores- 
cence was determined at excitation and emission wavelengths of 480 and 
530 nm, respectively. [Ca z+] was calibrated by the addition of 1 mM 
CaCI2, and then 10 mM EGTA (pH 8.5) to obtain Fmax and Fmin, respec- 
tively, and assuming a I~Ca 2+ of 370 nM as described previously (27). 

Exocytosis 
Exocytosis was quantitated by measuring amylase release. Permeabilized 
acini (1 min SLO treatment at 37°C) were placed in an ice-cold water bath 
for an additional 8 rain and aliquoted into 200-500-t~1 samples. The acini 
were wanned to 37°C for 2 min (defined as time 0) before stimulation with 
agonists or other compounds. In the case of stimulation with Ca 2+ (Fig. 3), 
the permeabilized ceils were diluted 1:1 into permeabilization medium con- 
taining 4 mM EGTA and different concentrations of CaCI2 to give the indi- 
cated free [Ca2+]. Final Ca 2+ concentrations were calculated and/or mea- 
sured as described (55). For time course measurements, duplicate or 
triplicate 50-t~l samples were removed and centrifuged for 5 s at 3,000 g. 
Amylase content in the supernatants was determined (35) and expressed as 
percent of total before stimulation. Data shown were mean + SEM. The 
cold incubation step was included to allow preincubation of cells with test 
substances. The SLO-induced pores did not close substantially on cooling, 
based on the finding that actin continued to leak out of the cells on ice. The 
2-rain rewarming was required to reduce [Ca 2+] to levels found in resting 
cells (by uptake into intracellular stores). 

PhaUoidin Staining of Actin Filaments in Cells 
Intact or SLO-permeabilized acini were stimulated for 5 min at 37°C, fixed 
in 4% paraformaldehyde in PHEM buffer (60 mM Pipes, 25 mM Hepes, 
10 mM EGTA, 4 mM MgCl2, pH 7.7) for 30 rain and centrifuged onto 
poly-L-lysine-coated coverslips. Adherent cells were treated with a graded 
series of ice cold acetone (50/100/50% for 2, 5, and 2 rain, respectively), 
blocked with 1% BSA in PHEM for 10 min and labeled with 0.7 #M TRITC- 
phalloidin (from a 70-#M stock in methanol) for 1 h at room temperature. 
After washing with PHEM buffer, samples were mounted in Moviol and ex- 
amined with a laser scanning confocal microscope (MRC-600, BioRad 
Labs., Hercules, CA) with a 40×, 1.3 numerical aperture Nikon oil immer- 
sion lens. Phalloidin-stained cells were illuminated with the 488-nm line 
of an argon laser. Optical sections were collected and stored for later analy- 
sis. Images on the computer monitor were photographed with Kodak 
TMAX 100 film. 

In some cases, permeabilized ceils were pretreated with 5-10 /~M 
TRITC-phalloidin before stimulation. To avoid adding large volumes of~car- 
rier solvent, stock phalloidin in methanol was evaporated under a stream 
of N2, and dissolved in buffer immediately before addition to cells. 

Quantitation of Actin Filament Content 
Actin filament content was determined by binding to TRITC-phalloidin, 
which interacts with actin filaments but not actin monomers. Two methods 
were used for quantitation: (1) measurement of actin filament content in the 
apical plasmalemmal area by fluorescence microscopy. Confocal images of 
TRITC-phalloidin stained resting and stimulated pancreatic acini, collected 
under identical optical conditions (constant gain and background correc- 
tion) were analyzed by the COMOS microscope operating system. In most 
cases, neutral density filter no. 1 (10% incident light) was used. In cells 
pretreated with high concentrations of TRITC-phalloidin, neutral density 
filter no. 2 (3% incident light intensity) was used to compensate for the 
brighter fluorescence. Control experiments showed that the fluorescence in- 
tensity of the samples were within the linear range. Images of acinar clusters 
(3-8 clusters per condition) were randomized and analyzed in a double 
blind fashion. Each image projected on the screen encompassed 768 × 512 
pixels (working image magnified to 77 t~m wide). An area spanning the mid- 
dle of the apical membrane and covering approximately half of the length 
of the apical membrane of each cell and a small amount of the adjoining 
cortical cytoplasm was delineated ("~7 × 80 pixels) and the mean fluores- 
cence intensity determined. 13-49 cells from multiple acini and several ex- 
periments were analyzed per condition. Cells were excluded from analysis 
if their apical membrane was not entirely in the same plane of focus or over- 
lapped with other cells', (2) buik actin filament measurements, SLO- 
permeabilized cells were fixed with 4% paraformaldehyde in PBS contain- 
ing 2 mM MgCI: and 3 mM EGTA, washed and incubated with 50 mM 
NH4CI in PBS for 10 min. They were permeabilized with 0.1% Triton 
X-100 and labeled with 0.7 pM TRITC-phaUoidin (Sigma Chem. Co., St. 
Louis, MO) for 1 h at room temperature. Bound phalloidin was extracted 
with methanol. Fluorescence was measured at excitation/emission wave- 
lengths of 540/570 nm (15). Nonspecific binding was determined by adding 
10-fold excess unlabeled phalloidin and was less than 5 % of total binding. 
The assay was within the linear range of the binding curve, determined by 
varying the concentration of cells used. Experiments were performed in 
duplicate. 

Quantitative Western Blotting 
Pancreatic acinar cell extracts were prepared by adding hot 3% SDS, 150 
mM NaCI, 5 mM EDTA, 5 mM EGTA and 20 mM Tris, pH 7.6, to cells. 
Samples were boiled and disrupted by passing through 25-gauge needles. 
Aliquots were used for protein determination by the bichinoic acid proce- 
dure (Pierce Chemical Co., Rockford, IL) and electrophoresis in SDS- 
polyacrylamide gets. Western blotting was performed with monospeeific 
antibodies as described in references 50 and 52. Purified recombinant TB4, 
muscle skeletal actin, and bovine spleen profilin were used as standards. 
Immunoreactive bands were visualized with the Enhanced Chemilumines- 
cence (ECL) detection system (Amersham Corp., Arlington Heights, IL) 
and scanned with a 300A computing densitometer (Molecular Dynamics, 
Sunnyvale, CA). Values within the linear range of the protein standard 
curves were used to estimate the concentration of each protein in the cell 
lysates. 

Polyclonal antibodies to/3-thymosins were produced by immunizing rab- 
bits with T/34. This antibody recognized T/34 and TB10, and probably most 
other B-thymosin isoforms because of their high sequence homology. 
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Monoclonal anti-actin (C4) was purchased from Boehringer Mannheim 
Corp. (Indianapolis, IN), and polyclonal anti-profilin was made in this labo- 
ratory. 

The concentration of unpolymerized actin was estimated using the equa- 
tion [PA]=([Pt]ICc])/(ICc]+Kd) (12), where [PAl is the concentration of 
binding protein:monomer complex, [Pt] is the total monomer-binding pro- 
tein concentration, Kd is the equilibrium constant for monomeric actin, 
and Cc is the critical concentration for actin polymerization. Using Kd 
values of 0.6 g,M (46) and 1 #M (14) for binding of #-thymosins and profilin 
to cytoplasmic actin, respectively, and Cc of 0.5 #M (barbed ends capped), 
the unpolymerized actin pool under resting conditions is 0.83 #M (Cc = 
0.5 /zM; fl-thymosin:actin = 0.14/xM; profilin:actin = 0.19 #M). 

Results 

Agonist-Responsiveness of  the SLO-Permeabilized 
Cell System 

SLO, a bacterial toxin, has been used by several investigators 
to study exocytosis in pancreatic acinar cells (see for exam- 
ple [34]). In all previous reports exocytosis was triggered by 
clamping Ca 2÷ at high concentrations or by adding various 
cofactors (16, 18), and not with agonists such as carbachol 
or cholecystokinin (CCK). In this study, we optimized the 
SLO permeabilization protocol to preserve agonist signaling 
competence and its coupling to the exocytotic machinery. 

The agonist and cofactor responsiveness of the SLO- 
permeabilized cell system was demonstrated by their effects 
on Ca 2÷ release from internal stores and exocytosis. When 
SLO-permeabilized cells were allowed to control ambient 
[Ca ~+] by Ca 2+ uptake into internal stores, they responded 
to carbachol or the octapeptide CCK8 by releasing stored 
Ca 2÷. This increased [Ca 2÷] to '~400 nM (n > 70) (Fig. 1, 
a and b), a level comparable to that observed in intact cells 
(28). The permeabilized cells also responded to the mem- 
brane impermeant GTP-yS (c) which activates the G-protein 
signaling pathways, and to inositol 1,4,5-trisphosphate (IP3) 
(e) which directly activates the Ca 2÷ release channels. 
Thapsigargin (TG), an inhibitor of intracellular store Ca =÷ 
pumps, induced a slower, sustained rise in [Ca 2÷] (d). 

Cells permeabilized in the absence of actin depolymeriz- 
ing proteins retained an intact exocytotic apparatus. Exocy- 
tosis was quantitated by measuring amylase secretion after 
fusion of zymogen granules with the plasma membrane. 
Basal release was low, indicating that there was minimal 
granule lysis by SLO. CCK8 induced a biphasic exocytotic 
response (Fig. 2 A) with a short, rapid phase and a sustained, 
slower phase. The robust responses to several downstream 
effectors were entirely consistent with the pattern in intact 
cells (35). Thus, GTP'yS stimulated the highest level of 
secretion (Fig. 2 A), probably due to the combined activation 
of multiple G-proteins, including those in the PLC pathway 
used by CCK8 or carbachol, and the cAMP-dependent path- 
way. IP3 and TG stimulated release mostly during the initial 
5 min, while phorbol 12-myristate 13 acetate (TPA) elicited 
secretion at a prolonged phase (Fig. 2 B). 

Effects of  Actin Monomer-binding Proteins 
on Exocytosis 

Unexpectedly, 1 #M T~10 stimulated amylase release in the 
absence of agonists (Fig. 2 A). Its effect on the initial phase 
of release was particularly striking; amylase was secreted 
more rapidly than after stimulation with optimal concentra- 
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Figure 1. Ca 2+ signaling in SLO-permeabilized pancreatic acini. 
[Ca 2+] was estimated by Fluo 3 fluorescence. The acini reduced 
medium [Ca z÷] to '~50 nM by uptake into internal stores. Stimuli 
at the final concentrations shown in the figure were added at time 
0 as indicated by arrows. 

tions of CCK8 or its downstream effectors. In four separate 
experiments, the initial rates of amylase release in response 
to CCK8 or 1 /xM T/310 were 1.37 -t- 0.11% and 1.91 + 
0.18 % of total amylase/min, respectively. The rapid time 
course and robust response suggested that the T/310 directly 
triggered an important final step in amylase release and its 
effects were not secondary to the inadvertent generation of 
second messengers. [Ca 2+] measurements showed that 1 
#M T/310 did not release Ca 2÷ from internal stores (Fig. 1 
f ) ,  indicating that it did not elicit exocytosis by raising 
[Ca 2÷] (also see below). The small initial Ca 2+ spike at 10 
#M T~10 (Fig. 1 f )  was due to a slight Ca 2÷ contamination 

"5 
I -  
"5 

o 

A 
• Control 
O CCK8 0.25}JM 

25 - & GTP(yS) 40pM 
O Tplo IHM 
• TI~lo 10pM 

20' / 4  

/¢ /  / .  
,o 

5 10 20 0 

B C 
• Control 

/ o GTP(~tS ) + O 
• Control L- TI31O lpM / 
ZX IP3 5pM i t` IP3+ / 
&TG 5pM | TplollJM o /  
IITPA 2pM | o  CCK+ / 

| T{~lo 10uM / 
I l l  TPA + / 
r Tl31° IOpo~/ 

10 20 0 10 20 
Time (rain) 

Figure 2. Exocytosis by SLO-permeabilized acini. Acini were per- 
meabilized and exocytosis was measured as described in Materials 
and Methods (A-C). Time course of exocytosis. Control was with- 
out added stimulus. T/310 was added 1 rain after exposure to SLO 
at 37°C. Cells were incubated for 8 rain at 4°C and warmed for 2 
min before addition of agonists/effectors (defined as time 0 in 
graph). Data shown are averages of triplicates and are representa- 
tive of 3-5 different experiments. 

Muallem et al. Exocytosis/Actin Depolymerization/13-Thymosins/Gelsolin 591 



in the T/310 sample which was rapidly sequestered into the 
intracellular stores. TB10 did not stimulate amylase release 
from nonpermeabilized cells (data not shown), demonstrat- 
ing that its site of action was inside the cell. 

To evaluate if TB10 stimulated exocytosis by the same 
mechanism as agonists, permeabilized cells treated with 1 #M 
T~10 were challenged with agonists or downstream effec- 
tors. 5/zM IP3 did not enhance secretion above the level ob- 
served with T~10 alone (Fig. 2 A). A similar lack of additiv- 
ity was observed with TG (data not shown). Therefore, 
T/310, IP3 and TG appeared to elicit the rapid exocytosis of 
a pool of secretory granules by a common mechanism. Like- 
wise, GTP-yS (Fig. 2 C), CCK8, or TPA (not shown) did not 
stimulate the initial phase of exocytosis beyond that observed 
with T/310 alone. GTP3,S however potentiated the T~10 
effect during prolonged stimulation periods (Fig. 2 C), sug- 
gesting that they have nonoverlapping actions at some steps 
in the cascade. 

Due to the prominent role of Ca 2÷ in exocytosis, we 
tested the effect of T1310 while clamping [Ca 2÷] with EGTA 
during cell stimulation. Fig. 3 shows that increasing medium 
[Ca 2÷] was sufficient to trigger exocytosis. The apparent 
affinity for Ca 2÷ was ,o4.7 + 0.8 #M (n = 3), which is 
within the range reported previously under similar condi- 
tions (16, 17). In the presence of 2 nM Ca 2÷ (2 mM EGTA 
and no added CaCI2), 1 #M T/~10 increased the rate of exo- 
cytosis by more than 50%. Between 0.1 and 1 #M Ca 2÷, the 
T~310 elicited exocytosis had a shallow and minimal depen- 
dence on [Ca2÷]. The reduced effectiveness of T~10 at high 
EGTA and no added Ca 2÷ probably was due to non-specific 
perturbations by EGTA, since all forms of stimulated secre- 
tion were similarly affected. Hence, it appears that Ti~10- 
elicitated exocytosis is predominantly Ca2+-independent. 
This is expected from the fact that actin depolarization by 
T/310 is independent of Ca 2+ and indicates that T~10 acts at 
a step coincidental or distal to that affected by Ca 2÷. 

Since the only known intracellular function of T/~10 is to 
sequester actin monomers, the most straightforward in- 
terpretation of our result is that T/~10 stimulated exocytosis 
by depolymerizing actin filaments. It therefore follows that 
other actin depolymerizing proteins which are small enough 
to penetrate the SLO-permeabilized membrane pores should 
also induce secretion. This was indeed the case. T/$4, a func- 
tionally identical thymosin isoform (50, 52), had similar 
effects as T/310 (data not shown). Gelsolin S1, which binds 
actin monomer but is structurally distinct from the/~-thy- 
mosins, stimulated exocytosis at a low concentration (Fig. 
4 B). The common action of the structurally unrelated 
classes of actin depolymerizing proteins provided strong evi- 
dence for their action through actin depolymerization. It 
should also be pointed out that neither 13-thymosin nor gelso- 
lin has amphipathic structures which may act as fusogens to 
promote membrane fusion (26, 54). 

Biphasic Effects of Actin Monomer-binding Proteins 
Titration of T/$10 and gelsolin S1 showed that they had 
biphasic effects on exocytosis. T/~10 concentrations of up to 
2 #M stimulated, whereas higher concentrations inhibited 
exocytosis (Fig. 2 A and 4 A). Gelsolin S1 likewise had 
stimulatory and inhibitory effects (Fig. 4 B). In the re- 
mainder of the paper, we will present additional data using 
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Figure 3. Simulation of exocytosis at defined [Ca2+]. Acini were 
permeabilized and diluted into media with defined [Ca 2+] as de- 
scribed in Materials and Methods. TIS10 was added during the cold 
incubation and also included iit the EGTA-containing dilution me- 
dia. 5 rain after dilution to start the experiments, samples were re- 
moved to measure amylase. [Ca 2+1 at the far left of the x-axis is 2 
nM. Data show the mean + SEM of three experiments performed 
in duplicates. 

T/310 because of its small size, simple interaction with actin, 
insensitivity to second messengers and lack of known post- 
translational modifications (29, 52). 

TI310 was not only self-inhibitory, it also inhibited release 
in response to CCK8, TPA (Fig. 2 C), carbachol (Fig. 4 A), 
IP3, and TG (data not shown). Since some of these stimuli 
act at distinct steps in converging signaling cascades, the 
universal inhibitory effect of TI310 was consistent with the 
disruption of a critical downstream event required for exocy- 
tosis. T/310 inhibition was not due to nonspecific cell dam- 
age; the cells were able to generate Ca 2+ transients in re- 
sponse to agonists and IP3 (data not shown). 
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Figure 4. Biphasic effects of T/310 and gelsolin S1 on exocytosis. 
Acinar cells were permeabilized and treated with T/310 or gelsolin 
S1 as described in Materials and Methods. Amylase release in the 
supernatant was measured 10 min after the start of incubation at 
37°C. Values shown were average + SEM (n = 3). A, TI310, with 
and without 2 × 10 -3 M carbachol. B, gelsolin S1. 
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Effects of  Agonists or T[310 on the Actin Cytoskeleton 

Tetramethyl rhodamine isothiocyanate (TRITC)-phalloidin 
was used to visualize actin filament organization in cells. In- 
tact cells had a thick actin rim at the apical and upper lateral 
surfaces and faint staining at the basal membrane. Some 
diffuse staining was observed in the cytoplasm (Fig. 5 A). 
Cells treated with 10 -9 M CCK8 (which stimulated exocy- 
tosis) for 5 min had significant actin filament loss which was 
particularly striking at the apical and lateral membranes 
(Fig. 5 B). Since pancreatic acinar cell secrete exclusively 
from their apical surface, these images demonstrated a loss 
of actin filament structures at the site of exocytosis. There 
was a marked increase in the width of the lumens which may 
be attributed to vectorial secretion and accumulation of 
fluid, electrolytes, and secretory products after exocytosis. 

Unstimulated SLO-permeabilized cells had a similar actin- 
staining pattern as intact cells, except that the basal subplas- 
malemmal actin staining was fainter (Fig. 6 A). Agonist at 
a concentration which elicited exocytosis again reduced api- 
cal and lateral staining (Fig. 6 B). Remarkably there was 
also considerable expansion of the luminal spaces, suggest- 
ing that the tight junctions and apical membranes were 
sufficiently intact to allow vectorial exocytosis and fluid 
secretion even after SLO treatment. Higher magnification 
images show that the apical actin rim had decreased staining 
intensity and appeared to be wavy, compared with control 
cells (Fig. 6, B' and A', respectively). 

2 #M T/~10, which stimulated exocytosis, likewise de- 
creased actin staining and promoted luminal expansion (Fig. 
6, C and C'). Therefore, limited actin depolymerization by 
T~10 caused the same structural changes as agonist stimula- 
tion, including membrane expansion and generation of lumi- 
nal spaces, which are indicative of robust exocytosis. 

20 #M TBIO, which inhibited exocytosis, further reduced 
actin staining (data not shown). The apical spaces were not 
expanded, as would be consistent with the absence of exocy- 
tosis. Although actin staining was significantly reduced with 
an inhibitory concentration of TB 10, the pattern of actin loss 
was not qualitatively different from that obtained with a 
stimulatory concentration. Therefore, it was not possible to 
determine at this resolution whether the same or different 
populations of actin filaments were involved. 

Effects on Actin Filament Content 

A decrease in actin filament content during agonist or T/310- 

induced exocytosis was substantiated by direct quantitation 
of TRITC-phaUoidin staining of the apical plasma mem- 
brane and bulk actin filaments. The intensity of phalloidin 
staining of the apical membrane is summarized in Table I. 
Intact cells stimulated with CCK8 had reduced actin fila- 
ment intensity (70.9% of control). SLO-permeabilized cells 
treated with CCK8 or 2 #M T/~10 which stimulated exocyto- 
sis had a comparable reduction in actin filament intensity 
(61.6% and 66.5% of control, respectively). 20 #M T/~10 
which inhibited exocytosis reduced actin staining further to 
36.2% (data not shown). These results demonstrated that 
T/~10 depolymerized actin filaments at the site of exocytosis 
in a dose-dependent manner, and T/310 stimulated exocytosis 
is accompanied by depolymerization to an extent compara- 
ble to that observed after agonist stimulation. Depolymer- 
ization of actin by T/~10 was consistent with its ability to se- 
quester actin monomers in vitro and in vivo (37, 50). 

A decrease in filament content was also demonstrated by 
a bulk fluorimetric phalloidin-binding assay. Agonist stimu- 
lation reduced total actin filament content in permeabilized 
cells to 84.5 + 2.7% (n = 4) of control, while 2 #M T~10 
reduced actn to 83.6 + 4.1% (n = 5) of control. These esti- 
mates were 18-22% less than those based on apical actin 
staining, raising the possibility that there may be some 
preferential loss of apical actin filaments. 

Effects of  Blocking Actin Depolymerization 

To strengthen the link between actin depolymerization and 
exocytosis, we tested the effect of blocking actin depolymer- 
ization by high concentrations of phalloidin (7). Pretreat- 
ment of permeabilized cells with 10/zM phalloidin inhibited 
CCK-induced and T/~10-induced amylase release to 13% 
and 28% of control, respectively (Table II), even though 
phalloidin up to 25 #M had no apparent effect on CCK- 
induced Ca2÷-transients (data not shown). Inhibition of ac- 
tin depolymerization and exocytosis was confirmed morpho- 
logically. Control cells which were permeabilized in the 
presence of 10 #M TRITC-phalloidin had bright actin stain- 
ing (Fig. 6 D). CCK8 or T/~10 had much less effect on actin 
depolymerizing and exocytosis on phalloidin-stabilized 
cells, as evidenced by the persistence of bright actin staining 
and narrow lumens (Fig. 6, E and F). Direct quantitation of 
apical actin intensity showed that less than 10 % of apical ac- 
tin was depolymerized compared with 30-40% for cells not 
stabilized with phalloidin (Table I). The extent of inhibition 

Figure 5. Actin filament distri- 
bution in intact acinar cells. 
Intact acini were incubated 
with buffer or 10 -9 M CCK8 
for 5 min, fixed, and stained 
with 0.7 #M TRITC- 
phalloidin. Samples were ex: 
amined with a 40x oil immer- 
sion objective under a laser 
scanning confocal microscope 
(BioRad Labs.). A, buffer 
control; B, 10 .-9 M CCK8. 
Arrowheads indicate lumen 
(L). Bar, 25 #m. 
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Figure 6. Actin filament distribution in SLO-permeabilized acini stimulated with CCK8 or T/~10. The experimental conditions were identi- 
cal to those described in Table I. (A-C) Incubated with buffer, 10 -7 M CCK8, or 2 #M T~10; (A'-C') conditions same as A-C, at higher 
magnifications; (D-F), cells pretreated with 10 ttM TRITC-phalloidin, and stimulated with buffer, CCK8, or T/310, respectively. (G-l) 
10 #M G-actin added at time 0, in the presence of buffer CCK8, or T/310. Arrows, expanded lumens. Bars: (A-l) 25 #m, (A'-C') 10 #m. 

of actin depolymerization was comparable to the inhibition 
of exocytosis (compare Tables I and II). 

To further evaluate this relation, we tested the effect of in- 
activating T/S10 with actin monomers before addition to 
cells. Since T~10 depolymerizes actin by binding actin 
monomers, T/310 bound to exogenous actin should be less 
effective in depolymerizing endogenous actin. This was in- 
deed the case. T~10 preincubated with actin monomers did 
not cause exocytosis (Table II), actin depolymerization, and 
luminal expansion (Fig. 6, G and I, Table I). In contrast, 5 
#M actin reduced the inhibitory effect of 10 #M T~10, 
resulting in an increase in exocytosis. We interpret this to 

mean that actin bound a fraction of T/310, reducing its effec- 
tive concentration to produce a leftward shift in the T/$10 
dose response curve (similar to that shown in Fig. 4 A). The 
ability of exogenous actin to reduce/enhance T/310 effects is 
consistent with the biphasic effects of T/310, and confirmed 
that both actions are specifically related to its ability to 
depolymerize actin. In contrast, exogenous actin alone had 
little effect on CCKS-induced actin depolymerization (Fig. 
6 H)  and exocytosis (Table II). It is not clear at present why 
exogenous actin had no effect. The simplest explanation is 
that in the absence of T/310, exogenous actin polymerizes im- 
mediately when added to the cell medium, and the filaments 
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Table L Quantitation of Apical Actin Filaments 

Stimuli* 

Buffer CCK8 Ti l l0  

Treatments Intensity¢ Intensity Intensity 

% % % 

Intact  cel ls :  

Buffer  152.5 + 5.3 100 108.2 + 4 .4  70 .9  - - 

(n = 30) (n = 25) 

P e r m e a b i l i z e d  cel ls :  
Buffer  173.6 + 5 .0  100 106.9 + 4 .0  61 .6  115.5 ___ 3 .6  66.5 

(n = 16) (n = 17) (n = 17) 

Phal loidin§ 168.1 + 2 .6  100 155.6 + 2 .7  92 .6  151.9 + 2 .6  90 .4  
(n = 49) (n = 41) (n = 42) 

Actinll 198.2 + 8.2 100 - - 199.5 + 2.8** 100.8 
(n = 13) (n = 18) 

* Intact cells were stimulated with 10 -9 M CCK8 for 5 min at 37°C. Semi-intact cells (permeabilized with SLO for 1 min at 37°C, incubated for 8 min at 4°C 
and rewarmed for 2 min) were treated with 10 -7 M CCK8 or 2/~M T/~10 for 5 min at 37°C (higher CCK8 concentration was required to elicit maximal exocyto- 
sis in permeabilized than in intact cells). Cells were fixed with paraformaldehyde, centrifuged onto coverslips, treated with acetone, and stained with 0.7 #M 
TRITC-phalloidin. 
~t Apical actin filaments were quantitated by measuring fluorescence intensity in microscopic images. Cells subjected to buffer or actin treatments, and cells 
pretreated with phalloidin were imaged with neutral density filters no. 1 and no. 2 (to reduce incident light to 10% and 3%, respectively), at constant gain and 
background corrections. Data shown were mean light intensity ± SEM. n, number of cells analyzed. The differences between stimulated and unstimulated (buffer 
control) cells within each treatment condition were statistically significant (p < 0.001, based on Student's t test) in all cases except one (indicated by **). 
§ TRITC-phalloidin was added to cells to a final concentration of 10/zM at 0.5 min after SLO addition. After stimulation, cells were fixed with paraformaldehyde 
and acetone, and stained additionally with 0.7 #M TRITC-phalloidin as above. The second staining after acetone extraction was not essential, but was included 
in case phalloidin was not able to label certain actin populations in the semi-intact cells. 
I[ Actin (10 #M in G-actin buffer) or 10 ttM actin/2/zM T/~I0 was added to cells at time 0. G-actin buffer accounted for 1.5% of the final volume and had no 
effect by itself. 

are too big to enter the SLO-generated membrane pores. We 
did not investigate this and other possibilities further. The 
overall results in Tables I and II establish that T/310 elicited 
exocytosis by acting as an actin monomer-binding protein 
and ruled out other actions via unidentified contaminating 
effectors. 

Endogenous Concentrations of 
Interactive Components 

The marked effects observed with low concentrations of 
/~-thymosins were initially surprising since the endogenous 
/3-thymosin level may be high (9) and/~-thymosins depoly- 
merize actin stoichiometrically. To understand why ~-thy- 
mosin was so effective in the permeabilized cell system, 
we estimated the concentration of actin monomer-binding 
proteins and actin. Fig. 7 shows Western blots of acinar ex- 

Table H. Effect of Phalloidin and Exogenous Actin on 
Stimulated Exocytosis 

Stimuli 

Treatments* CCK8 TOI0 (1 ttM) T/310 (10/zM) 

% % % 

-- 100 100 19 + 5 
Pha l lo id in  13 + 6 28 + 9 - 
Ac t in  108 + 11 7 + 6 44  + 7 

* Phalloidin (10 #M) or actin (5 #M in G-actin buffer) was added 30 s after 
permeabilization with SLO. After a cold incubation and rewarming, the cells 
were stimulated with 10 -9 M CCK8 or T/~I0 for 5 min and amylase released 
to the incubation medium was determined. Values obtained with CCKg or with 
1 /zM T/~I0 without additional treatments were defined as 100%; other values 
were expressed relative to them (mean ± SEM, n = 3-5 experiments). 

tracts and purified protein standards with anti-/~-thymosins 
(A) and anti-actin (B). The anti-/3-thymosin recognized a 
single band in the cell lysate which comigrated with purified 
T/34. Densitometry scanning of these and other blots showed 
that the permeabilized cell extracts contained 0.32 + 0.01 
/zM (n = 4)/3-thymosins, 1.36 + 0.08/zM (n = 4) actin, 
and 0.58 + 0.03/zM (n = 5) profilin. Assuming that/3-thy- 
mosins and profilin are the predominant actin monomer 
buffering proteins and the filaments are capped, the un- 
polymerized actin pool under resting conditions is 0.83/zM 
(calculated as described in Materials and Methods). This es- 
timate is consistent with an approximation based on the 
amount of triton X soluble actin (0.76/~M, data not shown). 
Exogenous /3-thymosin would shfit the monomer:polymer 
equilibrium towards depolymerization. Since the initial actin 
filament concentration was low, a small amount of exogenous 
/3-thymosin causes extensive actin depolymerization in a sys- 
tem poised towards depolymerization. 

Discussion 

The pancreatic acinus is a classical model for regulated exo- 
cytosis by nonexcitable cells (13, 48). Two phases of exocy- 
tosis are proposed: an initial phase, which is completed 
within 5 min of cell stimulation, and a second phase which 
is sustained for the duration of agonist stimulation. Ample 
evidence showed that the first phase is mediated by an in- 
crease in [Ca2+]~, whereas the second phase is associated 
with stimulation of protein kinase C (35, 48). In analogy to 
neurotransmission, it is postulated that the first phase 
represents fusion of primed granules which are in the vicin- 
ity of the plasma membrane, while the second phase is due 
to release from a reserve pool. 
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Figure 7. Quantitation of/3-thy- 
mosin and actin content. (A). 
Immunoblotting with anti- 
/%thymosin. (Lanes 1-5) Puri- 
fied recombinant Tt34 at 10, 
20, 40, 50, and 75 rig. (Lanes 
6--8) Acinar cell extracts at 
60, 84, and 120 ttg. In the ex- 
periment shown,/3-thymosin, 
estimated by calibration against 
the linear portion of the T/34 
standard curve, accounted for 
0.02% of total protein (equiv- 
alent to 0.4 #M in a SLO-per- 

meabilized cell extract). (B) Immunoblotting with anti-actin. 
(Lanes 1-3) 12, 24, and 45 ng purified rabbit skeletal muscle actin. 
(Lanes 4-7) 5, 10, 20, and 40 #g extracts. Actin accounted for 0.6% 
of total protein (equivalent to 1.4 #M in a permeabilized cell 
extract). 

The SLO-permeabilized cell system used in the present 
studies retained the major features of this exocytotic ma- 
chinery and its regulation. Accordingly, agonist stimulation 
and GTP~/S triggered exocytosis over long periods of time, 
IP3 and TG elicited Ca 2÷ increase to activate a short lasting 
phase, and TPA affected exocytosis after a lag and at con- 
stant, low [Ca2+]. Because of the preservation of these uni- 
versal and well-characterized stimulus-secretion coupling 
responses, the SLO-permeabilized acinar system permitted 
a careful dissection of the role of the actin cytoskeleton under 
close to physiological conditions. 

Our results show that actin filaments have direct inhibitory 
and facilitory roles in regulated exocytosis; limited depoly- 
merization of actin filaments is a sufficient final trigger for 
regulated exocytosis, and further actin depolymerization 
blocks exocytosis. 

Triggering Exocytosis by Actin 
Filament Depolymerization 
The actin network under the plasma membrane has been pro- 
posed as a physical barrier to granule docking because it 
transiently depolymerizes before exocytosis in a variety of 
cells (3, 42, 43). However, O'Kinski and Pandol (32, 33) 
reported that a CCK analog did not cause actin depolymer- 
ization at concentrations which stimulated exocytosis, but 
CCK8 caused actin depolymerization at supramaximal con- 
centrations which inhibited exocytosis. Our results using in- 
tact and permeabilized cells clearly showed that actin de- 
polymerization was associated with CCK8 stimulation of 
exocytosis. This relation was further supported by the ability 
of low concentrations of T/310 to elicit exocytosis. 

Several observations indicate that TB10 elicited exocytosis 
by acting as an actin monomer-binding protein. They in- 
clude: (a) no effect on intact cells; (b) all actin depolymeriz- 
ing proteins tested stimulate exocytosis in permeabilized 
ceils; (c) stimulatory concentrations of T/310 and agonists 
produced similar patterns of actin depolymerization and exo- 
cytosis; (d) T/310 did not mobilize Ca2÷; (e) T/310 stimu- 
lated exocytosis even when [Ca 2÷] was clamped at low lev- 
els with EGTA; (f) T/310 effects were blocked by exogenous 
actin or phalloidin; (g) feasibility of the actin depolymeriza- 
tion model based on the concentrations of interactive compo- 
nents. The stimulatory effect of T~10 was due to partial 

breakdown of the actin barrier at the site of exocytosis. The 
rate and extent of exocytosis were comparable to the ini- 
tial phase of exocytosis induced by agonists. Furthermore, 
agonists did not potentiate the stimulatory effect of T/310. 
Therefore, selective actin depolymerization has a primary 
role in the agonist-evoked exocytosis. Our conclusion does 
not preclude a role of agonists in regulating other events in 
the secretory pathway; the additivity of T/310 and GTP~/S 
effects after prolonged incubation suggests that further mod- 
ulations are possible, as has been proposed for other secre- 
tory systems (30, 41). 

All conventional mediators of the rapid phase of exocyto- 
sis (agonists, GTPTS, IP3, and TG) increased the [Ca 2+] of 
the incubation medium. In contrast, TB10 triggered rapid 
exocytosis without changing [Ca 2+] and even when [Ca 2+] 
was clamped at low levels. Furthermore, a [Ca 2+] increase 
caused by any one of the Ca2+-mobilizing agents had no 
additive effect on the T/310 induced exocytotic response. 
Hence, actin depolymerization by T/310 bypassed the need 
for a large increase in [Ca2+]. It follows that one of the ma- 
jor consequences of the agonist-induced [Ca2+]~ increase in 
intact acinar cells, may be actin depolymerization at the site 
of exocytosis. This can be mediated by Ca2+-dependent fila- 
ment severing/capping actin regulatory proteins such as gel- 
solin, scinderin and CapG (43, 49, 51), or by other Ca 2+ 
sensors, such as synaptotagmin (11, 36), and p145/CAPS 
(24, 44) which can potentially modulate the actin cytoskele- 
ton indirectly. 

Existence of an Actin Clamp for Exocytosis 
The finding that actin depolymerization per se causes exocy- 
tosis in the acinar cells has profound implications for the un- 
derlying molecular mechanisms of granule docking, fusion, 
and content release. It implies that a substantial portion of 
the granule and plasma membranes are fusion competent, 
provided that the actin barrier is removed. This is consistent 
with the prevailing hypothesis that cells have a constitutive 
fusion machinery which is clamped to prevent fusion, until 
an appropriate activation signal is received (4, 40, 41). In pan- 
creatic acinar cells, the actin network at the site of exocytosis 
acts as a dominant negative clamp for regulated exocytosis. 

The actin clamp is likely to exist in other cell types. How- 
ever, since cytochalasin which also depolymerizes actin fila- 
ments does not trigger exocytosis in neutrophils and neu- 
roendocrine cells (23, 31, 38), other clamps may also be in 
place. Synaptotagmin is a currently favored candidate for 
such a clamp in neuronal cells (36). Nevertheless, the dis- 
covery that synaptotagmin null or loss-of-function mutants 
have a range of phenotypes and are, in most cases, still capa- 
ble of regulated exocytosis (for review see reference 36) is 
consistent with the existence of multiple clamping mecha- 
nisms. In the context of the findings presented here, it would 
appear that even after elimination of the synaptotagmin 
clamp, the actin clamp remains intact and has to be released 
by appropriate stimuli. Since there are suggestions that syn- 
aptotagmin modulates the actin cytoskeleton (11), it will be 
important to determine if the sequential clamps act indepen- 
dently or are coupled and interactive. 

A Minimal Actin Machinery Is Required for Exocytosis 
Although exocytosis requires actin depolymerization, it can- 
not occur without a minimal actin structure. Therefore, actin 
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filaments have a positive, in addition to a negative, role in 
regulated exocytosis. The positive role is demonstrated by 
the ability of high concentrations of TB10, which cause ex- 
tensive actin depolymerization, to inhibit exocytosis and 
prevent stimulation by all effectors. The comprehensive inhi- 
bition of exocytosis suggests that actin filaments are required 
for completion of a step close to or downstream of granule 
docking at the plasma membrane. To the best of our knowl- 
edge, this is the first direct demonstration of inhibition of 
exocytosis by actin depolymerization at a late step of exocy- 
tosis. This can explain the inhibition of pancreatic enzyme 
secretion by high concentrations of cytochalasin B reported 
almost two decades ago (2). Previous studies in pancreatic 
acinar and other cell types have suggested that intact actin 
filaments are required for earlier steps such as granule trans- 
port to the site of exocytosis (2, 6, 10, 20, 47). Inhibition of 
exocytosis by extensive actin depolymerization was also ob- 
served after treatment with supramaximal agonist concentra- 
tions which inhibit exocytosis (32, 33). The remarkably 
similar appearance of the actin cytoskeleton in cells treated 
with inhibitory concentrations of T/310 and agonists suggest 
a common mechanism of inhibition. It is not clear at present 
whether the inhibitory and facilatory actin filaments repre- 
sent different pools which are differentially sensitive to the 
depolymerizing action of the ~8-thymosins and gelsolin. 

The direct relation between actin depolymerization and 
exocytosis found in the acinar cells makes them a particu- 
larly attractive model to study how agonists induce actin de- 
polymerization to elicit exocytosis and why a minimal actin 
structure is required for regulated exocytosis. The use of 
highly specific actin modulatory proteins permits the molec- 
ular dissection of the membrane-cytoskeletal linkages be- 
tween the very early and late events in regulated exocytosis. 
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