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Cholecystokinin (CCK) and other pancreatic secreta-
gogues have recently been shown to activate signaling
kinase cascades in pancreatic acinar cells, leading to the
activation of extracellular signal-regulated kinases and
Jun N-terminal kinases. We now show the presence of a
third kinase cascade activating p38 mitogen-activated
protein (MAP) kinase in isolated rat pancreatic acini.
CCK and osmotic stress induced by sorbitol activated
P38 MAP kinase within minutes; their effects were dose-
dependent, with maximal activation of 2.8- and 4.4-fold,
respectively. The effects of carbachol and bombesin on
P38 MAP kinase activity were similar to those of CCK,
whereas phorbol ester, epidermal growth factor, and
vasoactive intestinal polypeptide stimulated p38 MAP
kinase by 2-fold or less. Both CCK and sorbitol also
increased the tyrosyl phosphorylation of p38 MAP Kki-
nase. Using the specific inhibitor of p38 MAP kinase, SB
203580, we found that p38 MAP kinase activity was re-
quired for MAP kinase-activated protein kinase-2 acti-
vation in pancreatic acini. SB 203580 reduced the level
of basal phosphorylation and blocked the increased
phosphorylation of Hsp 27 after stimulation with either
CCK or sorbitol. CCK treatment induced an initial rapid
decrease in total F-actin content of acini, followed by an
increase after 40 min. Preincubation with SB 203580
significantly inhibited these changes in F-actin content.
Staining of the actin cytoskeleton with rhodamine-con-
jugated phalloidin and analysis by confocal fluores-
cence microscopy showed disruption of the actin cy-
toskeleton after 10 and 40 min of CCK stimulation.
Pretreatment with SB 203580 reduced these changes.
These findings demonstrate that the activation of p38
MAP kinase is involved not only in response to stress,
but also in physiological signaling by gastrointestinal
hormones such as CCK, where activation of G -coupled
receptors stimulates a cascade in which p38 MAP kinase
activates MAP kinase-activated protein kinase-2, result-
ing in Hsp 27 phosphorylation. Activation of p38 MAP
kinase, most likely through phosphorylation of Hsp 27,
plays a role in the organization of the actin cytoskeleton
in pancreatic acini.
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CCK! regulates a variety of pancreatic functions, including
secretion of pancreatic enzymes (1), stimulation of pancreatic
growth (2, 3), and synthesis of digestive enzymes (4). It is
thought that some of these nonsecretory effects are a result of
the ability of CCK to regulate expression of transcriptional
factors such as e-Mye, c-Jun, and c¢-Fos (5). In previous studies
with isolated rat pancreatic acini, we found that CCK activates
ERKs and JNKs, as well as other upstream components of the
mitogen-activated protein kinase signaling cascades such as
MEK and Ras. CCK also stimulates downstream components
such as MAPKAP kinase-1 (6—8).

The mitogen-activated protein kinase signaling pathways
are ubiquitous cascades that regulate cellular growth, differ-
entiation, and responses to environmental stress (9-11). In
mammalian cells, at least three parallel pathways are differ-
entially regulated by a number of extracellular signals that act
via different cell-surface receptor types. Central to these sig-
naling pathways are the MAP kinases themselves: ERKs,
JNKs, and p38 MAP kinase. The p38 MAP kinases (p38/CSBP/
RK) are mammalian homologues of the HOG-1 MAP kinase of
Saccharomyces cerevisiae (12-14). p38 MAP kinase is activated
by physical and chemical stresses including UV irradiation,
heat, and osmotic stress, as well as by bacterial lipopolysaccha-
ride and the pro-inflammatory cytokines tumor necrosis fac-
tor-a and interleukin-1 (12, 13, 15, 16). More recently, it was
also reported that hematopoietic growth factors such as gran-
ulocyte/macrophage colony-stimulating factor, steel locus fac-
tor, interleukin-3, and colony-stimulating factor-1, but not in-
terleukin-4, activate the p38 MAP kinase pathway (17).
Another study reported that p38 MAP kinase was activated by
the chemotactic peptide N-formyl-Met-Leu-Phe and that this
process involved phosphatidylinositol 3-kinase, protein kinase
C, and calcium (18). Experiments with dominant-negative or
active mutant proteins have demonstrated that p38 MAP ki-
nase lies downstream of Rac, Cdc42 (19-21), and three kinases,
MKK3, MKK4, and MKK6 (22-27). Activation of p38 MAP
kinase involves phosphorylation on threonine and tyrosine res-
idues present in a TGY amino acid motif (15, 28), resulting in
increased enzyme activity.

p38 MAP kinase has been demonstrated to play a role in the
phosphorylation and activation of transcription factors includ-
ing CHOP, Elk-1, and ATF-2 (29-31). In addition, p38 MAP
kinase was shown to phosphorylate and activate two protein

kinases, MAPKAP kinase-2 and MAPKAP kinase-3, which

! The abbreviations used are: CCK, cholecystokinin; ERK, extracel-
lular signal-regulated kinase; JNK, Jun N-terminal kinase; MAP, mi-
togen-activated protein; MAPKAP, MAP kinase-activated protein; Hsp,
heat shock protein; EGF, epidermal growth factor; GST, glutathione
S-transferase; PBS, phosphate-buffered saline.
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share ~75% amino acid sequence identity (13, 32). Further
experiments indicate that the small heat shock protein (Hsp)
25/27 is a physiological substrate for MAPKAP kinase-2/MAP-
KAP kinase-3 (13, 16, 32). The phosphorylation of Hsp 27
appears to enhance the polymerization of actin (33) and is
proposed to play a role in repairing the actin microfilament
network, which becomes disrupted during cellular stress (34).
In contrast to effects of hematopoietic growth factors, little is
known about activation of p38 MAP kinase via G,-coupled
receptors. Here we demonstrate that CCK and other pancreatic
secretagogues that activate secretion via the G-coupled
CCK-A receptor can induce tyrosyl phosphorylation and acti-
vate p38 MAP kinase at physiological concentrations in rat
pancreatic acinar cells. Furthermore, this activation leads to
the phosphorylation of Hsp 27. We also present data showing
that CCK affects the actin cytoskeleton due to an activation of
the p38 MAP kinase/Hsp 27 pathway.

EXPERIMENTAL PROCEDURES

Materials—CCK octapeptide (CCK-8) was a gift from Squibb Re-
search Institute (Princeton, NJ) or was purchased from Research Plus,
Inc. (Bayonne, N.J). Natural mouse EGF was purchased from Collabo-
rative Biomedical Products (Bedford, MA); 12-O-tetradecanoylphorbol-
13-acetate was from LC Laboratories (Woburn, MA); and chromato-
graphically purified collagenase was from Worthington. Bacteria
transformed with the expression plasmid for GST-ATF-2-(1-109) were
a gift from Dr. J. Han (Scripps Research Institute, La Jolla, CA).
Aprotinin and leupeptin were from Boehringer Mannheim Co. (Mann-
heim, Germany); prestained molecular mass standards were from Bio-
Rad; and nitrocellulose membranes were from Schleicher & Schuell.
[v-**P]ATP (3000 Ci/mmol) was from NEN Life Science Products. The
enhanced chemiluminescence (ECL) detection system, horseradish per-
oxidase-conjugated protein A, and x-ray film were from Amersham
Pharmacia Biotech. Protein A-agarose was from Pierce. Rhodamine-
conjugated phalloidin was from Molecular Probes, Inc. (Eugene, OR).
SB 203580 was a gift from Dr. John Lee (SmithKline Beecham). Rabbit
polyclonal p38 (C-20) antibody and anti-p907**? (C-21) antibody were
from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-phospho-specific
p38 MAP kinase antibody raised against a peptide corresponding to
residues 171-186 of human p38 MAP kinase, which detects p38 MAP
kinase only when activated by phosphorylation at Tyr-182, was from
New England Biolabs Inc. (Beverly, MA). Antibodies to p70 S6 kinase
(catalog No. 06-321), MAPKAP kinase-2 (catalog No. 06534), and the
MAPKAP kinase-2 peptide substrate (amino acid sequence KKLN-
RTLSVA) were from Upstate Biotechnology, Inc. (Lake Placid, NY).

The monoclonal anti-mouse Hsp 27 antibody was a gift from Dr.
Michael Welsh (University of Michigan). All other reagents were ob-
tained from Sigma.

Preparation of Pancreatic Acini and Cell-free Extract—The prepara-
tion of pancreatic acini from Sprague-Dawley rats by means of colla-
genase digestion was according to Williams and co-workers (7, 8, 35).
Acini were preincubated at 37 °C for 180 min, followed by stimulation
with different agonists for the indicated times. When used, SB 203580
was included for the last 60 min of preincubation and in the incubation
solution. Following stimulation, acini were pelleted; washed once with
1 ml of ice-cold PBS containing 1 mM Na;VO, (pH 7.4); and sonicated for
5 s 1n 0.5 ml of ice-cold lysis buffer containing 50 mM Tris (pH 7.4), 150
mM NaCl, 1% Triton X-100, 0.5% deoxycholate, 0.1% SDS, 5 mM EDTA,
1 mM dithiothreitol, 0.2 mM Na,VO,, 25 mM NaF, 10 mM sodium pyro-
phosphate, 25 mM B-glycerophosphate, 10 pg/ml leupeptin, 10 pg/ml
aprotinin, and 1 mM phenylmethylsulfonyl fluoride. The lysates were
then centrifuged in a microcentrifuge at 4 °C for 15 min, and the
amount of protein in the cell extracts was assayed with the Bio-Rad
protein assay reagent.

Immunoprecipitation and Western Blotting—Immunoprecipitation
and Western blotting were carried out as described earlier (7, 8). For
Western blotting, immunoprecipitates were boiled for 5 min in SDS
sample buffer and subjected to SDS-polyacrylamide gel electrophoresis,
followed by Western blot analysis with the indicated antibody using the
ECL detection system.

Kinase Assays—To measure p38 MAP kinase activity, immunopre-
cipitated p38 MAP kinase was used to phosphorylate 5 pg of GST-ATF-
2-(1-109) in 20 pl of kinase buffer (18 mm HEPES (pH 7.4), 10 mM
magnesium acetate, 50 uM ATP, and 2.5 pCi/sample [y-**P]JATP). The
reaction mixture was incubated at 30 °C for 30 min with shaking.
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Reactions were terminated by addition of 4X SDS sample buffer, and
samples were then subjected to SDS gel electrophoresis. Labeled phos-
phoprotein was visualized by autoradiography and quantitated using a
phosphoimager system (Bio-Rad GS-250). Two major GST-ATF-2 puri-
fication products were observed by autoradiography after *P incorpo-
ration and SDS gel electrophoresis, likely full-length GST-ATF-2 and a
shorter degradation product. For quantitation of kinase assays, the
upper band was used. In control experiments, GST alone was not
phosphorylated by immunoprecipitated p38 MAP kinase. To measure
MAPKAP kinase-2 activity, immunoprecipitated MAPKAP kinase-2
was used to phosphorylate a peptide from Hsp 27 (250 puM) (36) in 20 pl
of kinase buffer (50 mM S-glycerophosphate (pH 7.0), 0.1 mM EDTA, 10
mM magnesium acetate, 50 uM ATP, and 5 uCi/sample [y-*2P]ATP). The
reaction mixture was incubated at 30 °C for 30 min with shaking and
terminated by transferring 25 ul of reaction products onto Whatman
P-81 paper. The P-81 paper was then washed three times with 0.75%
phosphoric acid and once with acetone. Radioactivity was determined
by liquid scintillation counting. MAPKAP kinase-1 and p70 S6 kinase
assays were performed as described previously (8, 37).

Measurement of F-actin Content—Changes in F-actin content after
hormone stimulation were measured by the method of Condeelis and
Hall (38), as modified by Ding et al. (39). Acini were fixed for 15 min
with 3.7% formaldehyde in PIPES buffer (40 mM KPO,, 10 mM PIPES,
5 mM EGTA, and 2 mM MgSO, (pH 6.8)) and centrifuged for 1 min at
12,000 X g. The supernatants were discarded, and pellets were resus-
pended in PIPES buffer containing 0.1% saponin and incubated with
0.7 puM rhodamine-conjugated phalloidin for 60 min in darkness on a
rotator. This concentration of rhodamine-conjugated phalloidin satu-
rated the F-actin in the acini as determined by using concentrations of
rhodamine-conjugated phalloidin in a range from 0.2 to 1 uM. Stained
pellets were washed three times with 0.5 ml of saponin buffer. Rho-
damine-conjugated phalloidin was extracted from cell pellets with
methanol, and protein was measured in each sample with the Bio-Rad
protein assay. The fluorescence of extracts was measured using excita-
tion at 541 nm and emission at 565 nm. The relative F-actin content
was calculated as the ratio of the fluorescence emission per microgram
of protein of the hormone-stimulated sample divided by the fluores-
cence emission per microgram of protein of the control sample. The
contribution of endogenous fluorescence to the fluorescence of the meth-
anol extract at these wavelengths was negligible (<1%), as determined
with extracts from unlabeled tissues. The extent of nonspecific binding
of rhodamine-conjugated phalloidin was determined by the simulta-
neous addition of excess unlabeled phalloidin. At 100-fold excess of
unlabeled phalloidin, nonspecific binding was 3% for both control and
treated samples.

Immunocytochemistry and Confocal Fluorescence Microscopy—Pan-
creatic acini were incubated as indicated above for fluorometric deter-
mination of rhodamine-conjugated phalloidin binding to actin. At the
time points indicated, 100-ul aliquots were transferred to slides previ-
ously coated with polylysine (17-30 kDa). The acini were allowed to
attach spontaneously to the polylysine substrate during a 1-min incu-
bation. Subsequently, acini were fixed for 30 min at room temperature
with 4% formaldehyde, prepared from paraformaldehyde. After rinsing
in PBS, fixed acini were incubated sequentially with 1 mg/ml sodium
borohydride in PBS for 10 min, with PBS containing 0.2% Triton X-100
and 5% normal goat serum for 30 min, and then with 5 pg/ml rhodam-
ine-conjugated phalloidin in PBS containing 0.2% Triton X-100 and 2%
normal goat serum for 60 min. Acini were rinsed thoroughly with PBS
and covered with a drop of mounting medium (3:1 mixture of glycerol
and PBS containing 4 mg/ml p-phenylenediamine) and a glass cover-
slip. Actin staining was analyzed by conventional epifluorescence mi-
croscopy and by confocal fluorescence microscopy (Noran OZ). With the
confocal microscope, the distribution of actin was examined in a series
of digitized optical sections (1-pm increments in the Z plane) that
encompassed the thickness of the acinus being viewed. A contiguous
series of three to four optical sections was sufficient to capture most of
the actin staining associated with the luminal region of the acinus. For
presentation of the data, this series of individual sections, for each
incubation condition, was projected as a stack using Noran Intervision
software and was processed using Adobe Photoshop 4.0.

RESULTS

Activation of p38 MAP Kinase by Cholecystokinin—The pres-
ence of p38 MAP kinase in rat pancreatic acini was demonstrated
by Western blotting with a specific antibody that revealed a
strong signal from a single protein band at an apparent molecu-
lar mass of 38—40 kDa (Fig. 1). This protein could be quantita-
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Fic. 1. Identification of p38 MAP kinase in rat pancreatic aci-
nar cells. Acinar lysates (40 pg), immunoprecipitates (IP) of p38 MAP
kinase from 200 pg of protein lysate of untreated cells and cells treated
with 0.3 M sorbitol before lysis, and 40 pg of supernatant after immu-
noprecipitation were subjected to SDS-polyacrylamide gel electrophore-
sis and Western-blotted with the anti-p38 antibody. Bars on the right
indicate the positions of prestained, low range molecular mass markers.
The arrowhead indicates p38 MAP kinase. The arrow marks the heavy
chain (HC) of the antibody (Ad). ly, cell lysate; s, supernatant.

tively immunoprecipitated from both control and stimulated aci-
nar cell lysates, as shown by its absence in the supernatant after
immunoprecipitation (Fig. 1). The immunoprecipitates contained
kinase activity for the p38 substrate GST-ATF-2-(1-109) (Fig.
2A). When acini were stimulated with CCK for varying times, the
immunoprecipitated p38 MAP kinase activity was increased by 1
min and reached a maximum after 10 min, when a 2.8 = 0.1-fold
increase was observed (Fig. 24). The p38 MAP kinase activity
remained elevated for at least 30 min. After incubation for 10
min with different doses of CCK, the minimal response of p38
MAP kinase to CCK stimulation was observed at a 10 pM
concentration of the hormone, whereas maximal responses
were observed between 300 pM and 1 nm (Fig. 2B). Higher
concentrations led to a decrease in p38 MAP kinase activity.

Effect of Hyperosmolarity on p38 MAP Kinase Activity—Ad-
dition of 0.3 M sorbitol to the incubation medium to increase
osmolarity induced a rapid activation of p38 MAP kinase that
was significant at 2.5 min and maximal at 10 min and that
remained elevated for at least 20 min (Fig. 3A). The activation
of p38 MAP kinase in pancreatic acini was dependent on the
concentration of sorbitol (Fig. 3B). Addition of 0.1 M sorbitol led
to an —2.2-fold increase in p38 MAP kinase, whereas maximal
activation (4.4 = 0.4-fold) was observed with addition of 0.3 M
sorbitol. Higher concentrations of sorbitol led to decreased ac-
tivation. To distinguish whether activation of p38 MAP kinase
was specific for sorbitol or whether hyperosmolarity was the
cause of the activation, we also stimulated the acini by addition
of either mannitol or sucrose. The 4-5-fold activation of p38
MAP kinase observed for each agent was of the same magni-
tude as that obtained after sorbitol stimulation (data not
shown). These data indicate that hyperosmotic stress can acti-
vate p38 MAP kinase in isolated rat pancreatic acini.

Effect of Different Stimuli on p38 MAP Kinase Activity—
Stimulation of pancreatic acini with 1 nm CCK, 100 um carba-
chol, or 100 nM bombesin for 10 min led to a 2.5-3-fold increase
in p38 MAP kinase activity (Fig. 4). 1 um 12-O-tetradecanoyl-
phorbol-13-acetate, a potent stimulator of protein kinase C,
activated p38 MAP kinase by ~2-fold. The Ca?"-ATPase inhib-
itor cyclopiazonic acid (30 um), EGF (0.1 uM), and vasoactive
intestinal polypeptide (1 uM) induced only a minimal increase,
whereas anisomycin (50 pg/ml) activated p38 MAP kinase —2-
fold. Incubation of acini with a combination of cyclopiazonic
acid and 12-O-tetradecanoylphorbol-13-acetate resulted in ad-
ditive effects on p38 MAP kinase activity. The strongest p38
MAP kinase activation (—~4.4-fold increase) was observed with
hyperosmolarity induced by addition of 0.3 M sorbitol (Fig. 4).
The combination of sorbitol and CCK or sorbitol and carbachol
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FiG. 2. Time course and concentration-dependent effect of
CCK-induced activation of p38 MAP kinase in rat pancreatic
acini. Acini were incubated with or without 1 nM CCK for the indicated
times (A) or with CCK at various concentrations for 10 min and then
lysed (B). Samples were immunoprecipitated overnight with p38 MAP
kinase antibody, and the recovered protein was used in a kinase reac-
tion with GST-ATF-2 as substrate. A representative experiment for each
condition is shown at the top of the graphs. The intensity of phosphoryl-
ation was measured by a phosphoimager and is expressed as a -fold
increase of the value at time 0. Each point represents the mean + S.E. of
three to five independent experiments, each performed in duplicate.

showed no additive effect (data not shown).

Tyrosyl Phosphorylation of p38 MAP Kinase—Using an an-
tibody that recognizes only the activated form of p38 MAP
kinase by detecting its phosphorylation at tyrosine 182, we
were able to measure the tyrosyl phosphorylation of p38 MAP
kinase as an alternative way of assessing activation (Fig. 54).
Densitometric analysis of phosphorylated p38 MAP kinase fol-
lowing Western blotting showed a 2-3-fold increase in tyrosyl
phosphorylation after CCK and sorbitol stimulation (Fig. 5B).

Activation of MAPKAP Kinase-2 by CCK and Sorbitol In-
volves p38 MAP Kinase—MAPKAP kinase-2 has been reported
to be a substrate of p38 MAP kinase (15, 16) and to be activated
in cells stimulated with granulocyte/macrophage colony-stim-
ulating factor, interleukin-3 (40), or hematopoietic growth fac-
tors (17). To determine whether the activation of MAPKAP
kinase-2 by CCK was due to activation of p38 MAP kinase, we
immunoprecipitated MAPKAP kinase-2 from isolated acini
that had been stimulated with 1 nm CCK or 0.3 M sorbitol and
assessed its activity using a peptide from Hsp 27 as substrate.
Stimulation with CCK led to an ~2-fold increase in MAPKAP
kinase-2 activity (Fig. 64), which correlated with the ability of
the hormone to activate p38 MAP kinase. Stimulation with
sorbitol produced a 3-4-fold increase in MAPKAP kinase-2
activity, similar to the activation of p38 MAP kinase.






24176

>

p38-activity
{fold increase over basal)
B

10 15 20 25 30
Time (min)

(=2
o

(v)

p38-activity
-y o

(fold increase over basal)
w

~n
PR

-

T T T T T T
02 03 04 05 06 07
Sorbitol [M]

T
0 01

Fic. 3. Time course and concentration-dependent effect of sor-
bitol on p38 MAP kinase activity in rat pancreatic acini. Acini
were incubated in HEPES-Ringer solution with or without 0.3 M sorbi-
tol for the indicated times (A) or with various concentrations of sorbitol
for 10 min (B). p38 MAP kinase activation was determined by immu-
noprecipitation and kinase assay. The data are expressed as a -fold
increase of control. Each point represents the mean = S.E. of three to
five independent experiments, each performed in duplicate.
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Fic. 4. Effects of various agonists on p38 MAP kinase activity
in isolated rat pancreatic acini. Acini were stimulated for 10 min
with the concentrations of the indicated agonists. The results are ex-
pressed as a -fold increase of control values for acini incubated without
any stimulator. The data presented are the means += S.E. of 3 to 11
independent experiments, each performed in duplicate. VIP, vasoactive
intestinal peptide; TPA, 12-O-tetradecanoylphorbol-13-acetate; CPA,
cyclopiazonic acid.

MAPKAP kinase-2 has also been reported to be activated by
the ERK MAP kinase family (41). To investigate which of these
kinases was responsible for the activation of MAPKAP kinase-2
by CCK or sorbitol, we used SB 203580, a pyridinyl imidazole
derivative that is a highly specific inhibitor of p38 MAP kinase
activity (42). SB 203580 inhibits p38 MAP kinase activity com-
petitively by binding to the ATP-binding domain of the kinase
(43). Therefore, to assess the inhibitory effect of SB 203580 on
the activity of p38 MAP kinase in the acinar cell, we measured
the activity of a downstream target, MAPKAP kinase-2, after
incubation of the acini with the inhibitor for 60 min. The p38
MAP kinase inhibitor SB 203580 (20 uM) lowered the basal
MAPKAP kinase-2 activity by 50% and blocked the CCK- and
sorbitol-induced MAPKAP kinase-2 activity completely (Fig. 6A).
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FiG. 5. Tyrosyl phosphorylation of p38 MAP kinase in rat pan-
creatic acinar cells. Acinar cells were treated with 1 nM CCK or 0.3 M
sorbitol for 10 min or left untreated and then sonicated in lysis buffer,
subjected to SDS-polyacrylamide gel electrophoresis, and Western-blot-
ted (WB) with the anti-phospho-p38 MAP kinase antibody. The blots
were stripped and reprobed with the anti-p38 MAP kinase antibody (A).
A densitometric analysis of three independent experiments, each per-
formed in duplicate, after Western blotting with the anti-phospho-p38
MAP kinase antibody is shown (B).

To confirm that SB 203580 did not affect the activity of the
ERK MAP kinases, we investigated the effects of the compound
on the activation of MAPKAP kinase-1, known to be down-
stream of the ERKs (37). Pretreatment of the cells with 20 um
SB 203580 alone or in combination with CCK did not affect the
activation of MAPKAP kinase-1 (Fig. 6B), implying that the
ERK pathway was not affected by SB 203580 and that p38
MAP kinase did not activate MAPKAP kinase-1. A similar lack
of effect was observed when we evaluated CCK stimulation of
p70 S6 kinase activity after pretreatment of the cells with 20
M SB 203580 (data not shown).

Hsp 27 Phosphorylation and Its Inhibition through SB
203580—Recently, we demonstrated, by use of immunoblotting
after two-dimensional gel electrophoresis, that Hsp 27 exists in
three isoforms in rat pancreatic acini, one nonphosphorylated
and two phosphorylated, and that Hsp 27 phosphorylation is
stimulated by cholecystokinin, both in vive and in vitro (44).
Isoelectric focusing electrophoresis followed by Western blot-
ting also demonstrated that Hsp 27 exists in three isoforms (1,
2, and 3) that represent nonphosphorylated, monophosphory-
lated, and diphosphorylated isoforms (Fig. 7A). In untreated
acini, all three isoforms were found in nearly equal amounts,
indicating a high basal level of phosphorylation. Nevertheless,
treating the acini with 1 nM CCK or 0.3 M sorbitol for 10 min led
to an acidic shift, indicating an increase in the more phospho-
rylated isoforms (Fig. 7, A and B). Pretreatment of the acini
with 20 um SB 203580 for 60 min reduced the high basal level
of Hsp 27 phosphorylation by eliciting a 54% increase in the
amount of the nonphosphorylated isoform and a 24% decrease in
the amount of the diphosphorylated isoform (Fig. 7, A and B, bar
graphs). The p38 MAP kinase inhibitor was also able to block the
Hsp 27 phosphorylation induced by CCK and sorbitol. The inhib-
itor decreased the amount of the diphosphorylated form by 36%
for both CCK- and sorbitol-stimulated acini. These data indicate
that p38 MAP kinase and MAPKAP kinase-2 are directly in-
volved in phosphorylation of Hsp 27 in rat pancreatic acini.






Cholecystokinin Activates p38 MAP Kinase

Effect of CCK on Relative F-actin Content in Pancreatic Aci-
nar Cells—Since Hsp 27 phosphorylation has been shown to
affect F-actin polymerization (33), and CCK is known to alter
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Fic. 6. Effect of SB 203580 on MAPKAP kinase-2 and MAPKAP
kinase-1 activity in pancreatic acini. Acinar cells were incubated at
37 °C with or without 20 uM SB 203580 for 60 min prior to stimulation.
The cells were then left untreated or were stimulated with 1 nm CCK or
0.3 M sorbitol for 10 min. MAPKAP kinase-2 (A) or MAPKAP kinase-1
(B) was immunoprecipitated from aliquots of cell lysates, and their
activities were assessed in immune complex kinase assays using a
peptide from Hsp 27 or S6 phosphate acceptor peptide in the presence
of [y-*P]ATP as described under “Experimental Procedures.” Mixtures
were then spotted on Whatman P-81 paper, and peptide-bound radio-
activity was determined. Data are expressed as a percentage of the
value at time 0. Results are the means = S.E. of three to four independ-
ent experiments, each performed in duplicate.
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the acinar cell cytoskeleton (45, 46), we quantitated changes in
F-actin content after CCK stimulation using a rhodamine-con-
jugated phalloidin binding assay. CCK (1 nM) induced a rapid
decrease in total F-actin content, which was maximal by 1 min
(Fig. 8). After 5 min, total F-actin increased, and by 10 min,
returned to prestimulation levels. After 40 min, a significant
increase in total F-actin content was detected. To determine
whether p38 MAP kinase/Hsp 27 phosphorylation plays a role
in these changes, acini were pretreated with SB 203580. Incu-
bation with SB 203580 alone showed no effects on F-actin
content. After pretreatment with SB 203580 and stimulation
with CCK (1 nm) for different times, the changes in total F-
actin content were considerably reduced, indicating that acti-
vation of p38 MAP kinase/Hsp 27 phosphorylation most likely
plays a role in actin dynamics after CCK treatment.

Effect of CCK on the Actin Cytoskeleton—After we found
changes in total F-actin content with a biochemical assay (Fig.
8), we investigated the cellular localization of actin microfila-
ments in acini in response to CCK. Untreated acini incubated
with and without SB 203580 and cells treated for different
times with 0.3 M sorbitel or 1 nM CCK, alone or in combination
with 20 um SB 203580, were fixed, stained for F-actin with
rhodamine-conjugated phalloidin, and examined by confocal
fluorescence microscopy. In control cells, actin was primarily
localized as an intense fluorescent band just beneath the lumi-
nal membrane. Weak staining was associated with the baso-
lateral plasmalemma, and the cytoplasm was largely unlabeled
(Figs. 9A and 10A). After a 1-min treatment with 1 nm CCK, the
intensity of subapical membrane staining was reduced and
appeared more diffuse (Fig. 9B). After 10 min of CCK treat-
ment, the intensity of luminal actin staining was greatly re-
duced (Fig. 9C) and, in some acini, difficult to resolve. An
increase in diffuse cytoplasmic fluorescence was often apparent
in these acini. Punctate staining not seen in control acini was
also resolved to a varying extent at or near the basolateral
membrane when these surfaces were viewed en face at points of
contact with the glass slide (Fig. 9D). These effects seen at 10
min were more severe after 40 min of CCK treatment (Fig. 9E).
In contrast, treatment with 0.3 M sorbitol for 1 or 10 min
showed no effects on the actin cytoskeleton. Treatment for 40
min revealed minor changes in the actin cytoskeleton in some
acini, with slightly increased cytoplasmic and basolateral
membrane staining (Fig. 9F). Overall, however, effects of sor-
bitol were minor compared with those of CCK. We then inves-
tigated the effects of SB 203580 on the actin cytoskeleton.

B

Fic. 7. SB 203580 inhibits Hsp 27
phosphorylation in pancreatic aci- 3
nar cells, Acinar cells were incubated at
37 °C without (A) or with (B) 20 um SB
203580 for 60 min prior to stimulation.
The cells were then left untreated or were
stimulated with 1 nm CCK or 0.3 M sorbi-
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antibody. Hsp 27 was quantitated by ex-
pressing the intensity of each isoform of
the protein as a percentage of the total
intensity of all three isoforms. Isoform 1,
nonphosphorylated; isoform 2, monophos-
phorylated; isoform 3, diphosphorylated.
The bar graphs show the means = S.E. of
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formed in duplicate, with a single repre-
sentative Western blot above each graph.
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Treatment with SB 203580 alone showed no effect (Fig. 10,
B-D). Preincubation with SB 203580, however, reduced the
extent of loss of subapical actin membrane staining, particu-
larly after 10 and 40 min of CCK treatment (Fig. 10, F-H; data
for 40 min not shown). SB 203580 also partially inhibited the
increased cytoplasmic and punctate basolateral membrane
staining observed with treatment with CCK alone. The extent
of this effect was variable between acini. These results suggest
that the actin reorganization and the disassembly of the apical
membrane structure triggered by CCK are mediated in part by
activation of the p38 MAP kinase/Hsp 27 pathway.

%*

1.4

1.2

Relative F-Actin Content

0 5 10 15 20 25 30 35 40

Time (min)

Fic. 8. Effect of CCK, sorbitol, and SB 203580 on relative F-
actin content of pancreatic acinar cells. Acinar cells were incu-
bated at 37 °C with (O) or without (@) 20 uM SB 203580 for 60 min prior
to stimulation with 1 nM CCK. A, effects of 0.3 M sorbitol. Each exper-
imental point represents the mean = S.E. of four to five paired deter-
minations. Asterisks indicate significant reduction or increase com-
pared with paired control (p < 0.05).

control
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DISCUSSION

We recently reported that treatment of isolated rat pancre-
atic acini with CCK activates ERKs and JNKs, as well as other
upstream components of the MAP kinase signaling cascade,
including Ras and MEK1T/MEK2 (6, 7, 47, 48). In the present
study, we have demonstrated that CCK activates p38 MAP
kinase and that this activation leads to activation of MAPKAP
kinase-2, resulting in an increase in Hsp 27 phosphorylation.
In response to CCK, p38 MAP kinase was rapidly activated in
pancreatic acini, with maximal activation occurring after 5-10
min. These results demonstrate that p38 MAP kinase activa-
tion by CCK more closely resembles that of ERKs (p42 MAP
kinase and p44 MAP kinase), whose activation is maximal 5-10
min following treatment (6, 47), as compared with CCK-in-
duced activation of JNKs (p46/* and p55™*), whose activity
was maximal after 30 min (47). Furthermore, the activities of
p38 MAP kinase and ERKs show a similar dependence on CCK
concentration, which is distinct from that of JNKs. The minimal
CCK concentration that activated p38 MAP kinase or ERKs was
in the picomolar range, whereas maximal activation was ob-
served at 300 pM and 1 nM, respectively (6, 47). In contrast, the
CCK concentration necessary to induce the maximal response of
JNKs in pancreatic acini was 100 times greater (47).

Since JNKs and ERKs are known to be activated by distinct
signaling cascades in acini, it was of interest to compare the
activation of these kinases and p38 by different secretagogues
and intracellular messengers. In acini, CCK, carbachol, and
bombesin receptors are all known to interact with heterotri-

CCK 1min CCK 10min

’

20 um

FiG. 9. Effect of CCK and sorbitol on the distribution of filamentous actin in isolated rat pancreatic acini. Acini were left untreated
(A) or were incubated with 1 nM CCK or 0.3 M sorbitol for various times (B—F), fixed in 4% paraformaldehyde as described under “Experimental
Procedures,” and stained with rhodamine-conjugated phalloidin. Each micrograph is derived from stacking three to four adjacent optical sections
(1-pm increments) as described under “Experimental Procedures,” taken through the center of the acinus, except for D, which is presented as a
single confocal image of the region of the acinar basolateral membrane where it is in contact with the glass slide. Arrows indicate the actin
distribution in the subapical region; arrowheads point to the basolateral membrane; and the asterisk marks the punctate staining of the basolateral
region. Images are representative of at least three to four experiments, in each of which multiple acini were examined.
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SB 203580

SB 203580 D

SB+CCK 10min

Fic. 10. Effect of SB 203580 on CCK-induced changes in the actin cytoskeleton. A representative image of untreated acini after a 45-min
preincubation is shown in A, whereas in B-D, acini were preincubated for 45 min with SB 203580. When the effects of CCK were investigated, CCK
in the absence (E) and presence (F-H) of SB 203580 was added for and additional 10 min. Arrows indicate the actin distribution in the subapical
region, and arrowheads point to the basolateral membrane. Images are representative of three to five experiments.

meric G proteins and thereby activate a phospholipase C that
hydrolyzes phosphatidylinositol bisphosphate, generating ino-
sitol 1,4,5-triphosphate and diacylglycerol. These messengers,
in turn, mobilize intracellular Ca®" and activate protein kinase
C, respectively (49). CCK, carbachol, and bombesin all in-
creased p38 MAP kinase activity ~2.6—-3.1-fold, compared with
an —3.5-4.5-fold increase in p42 ERK activity. CCK also in-
duced a —~4-fold increase in p55™*, whereas bombesin and
carbachol caused lesser activation, ~1.8- and 2.0-fold, respec-
tively. Comparison of the effects of CCK and EGF on the
activation of the ERK pathway indicates that the major mech-
anism of ERK activation by CCK involves protein kinase C-
mediated activation of multiple forms of Raf. This is distinct
from the action of EGF, which activates Ras and is protein
kinase C-independent (48). Activation of protein kinase C with
active phorbol ester, which is known to stimulate ERK activity in
acini (6), also activates p38 MAP kinase. However, stimulation
with EGF showed a minimal effect on p38 MAP kinase, similar to
the effects on JNKs (47). Increasing intracellular Ca?" with
cyclopiazonic acid induced only a small increase in p38 MAP
kinase activity, but the combination of 12-O-tetradecanoylphor-
bol-13-acetate and cyclopiazonic acid mimicked the effects of
CCK on p38 MAP kinase activity. Although cAMP is stimulated
by high concentrations of CCK, this second messenger does not
appear to be important in activating p38 MAP kinase because
vasoactive intestinal polypeptide, which dramatically increases
cAMP, had no effect. Even if the upstream regulators of p38 MAP
kinase in pancreatic acini are not known, these results suggest
that protein kinase C and Ca®" play roles in p38 MAP kinase
activation and that the pathway leading to p38 MAP kinase
activation is different from that leading to ERK activation.
Interestingly, the strongest activation of p38 MAP kinase
was observed when acinar cells were stressed with hyperosmo-
larity induced by addition of sorbitol, mannitol, or sucrose. The
kinetics for p38 MAP kinase activation after stimulation with
sorbitol are slower compared with CCK stimulation. Hyperos-
molarity, however, is not a specific activator of p38 MAP kinase
as addition of sorbitol also activates ERKs. Anisomyecin, known
as a JNK activator, also increased p38 MAP kinase activity
~2.3-fold. Although the specific biological role of p38 MAP

kinase in cell signaling is not known, evidence exists that
activation of the p38 MAP kinase pathway plays a key role in
cell eycle regulation, apoptosis, and cytogkeletal dynamics (50—
52). Since CCK, carbachol, and bombesin all activate hetero-
trimeric G proteins, it seems likely that activation of the p38
MAP kinase cascade involves G proteins and diverges at that
level from pathways activating enzyme secretion. This is also
consistent with recently published data showing that GBy me-
diates the signal from m2 muscarinic and B-adrenergic recep-
tors to p38 MAP kinase, whereas the signal from the m1 mus-
carinic receptor is mediated by both GBy and Ga;; (53). The
specific G protein subtype that is involved in the activation of
p38 MAP kinase in pancreatic acini remains to be determined.
To investigate whether p38 MAP kinase was involved in the
phosphorylation of Hsp 27, we looked at the effects of CCK on
MAPKAP kinase-2 and its substrate, Hsp 27. The data ob-
tained from the MAPKAP kinase-2 assays showed similar -fold
activation of MAPKAP kinase-2 compared with the activation
of p38 MAP kinase after stimulation with CCK. This is consist-
ent with our hypothesis that MAPKAP kinase-2 is a physiolog-
ical substrate for p38 MAP kinase in pancreatic acini. To ex-
amine this hypothesis further, we used the specific p38 MAP
kinase inhibitor SB 203580. The specificity of SB 203580 has
been characterized by its failure to inhibit 12 other protein
kinases in vitro and by its lack of effect on the activation of
kinases upstream of p38 MAP kinase and other MAP kinase
cascades in vivo (42). We demonstrated the specificity of this
inhibitor in our system by examining the activity of MAPKAP
kinase-1, known to be downstream of the ERKs, and p70 S6
kinase. SB 203580 inhibited the CCK-induced activation of
MAPKAP kinase-2, but not MAPKAP kinase-1 or p70 S6 ki-
nase, indicating that MAPKAP kinase-2 is a physiological sub-
strate for p38 MAP kinase in pancreatic acini. It is known that
activation of MAPKAP kinase-2 and MAPKAP kinase-3 leads
to the phosphorylation of Hsp 27 (13, 16, 29). Recently, we also
reported that CCK stimulates Hsp 27 phosphorylation in rat
pancreas, both in vive and in vitro, using Western analysis
after two-dimensional electrophoresis (44). Other groups have
shown that Hsp 27 in vitro exerts a phosphorylation-modulated
inhibitory function on F-actin polymerization and influences
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actin dynamics in response to stress and growth factors (52,
54). We therefore focused on the regulation of Hsp 27 in rat
pancreatic acini and showed that activation of p38 MAP kinase
by CCK or hyperosmotic stress is responsible for Hsp 27 phos-
phorylation since this phosphorylation can be blocked by inhib-
iting p38 MAP kinase with SB 203580. Changes in the apical
cytoskeleton of intact and permeabilized pancreatic acinar cells
after treatment with CCK have been reported earlier (45, 46,
55). Our data are consistent with these findings. Furthermore,
we demonstrated that CCK-mediated effects on the actin cy-
toskeleton occurred within 1 min; increased actin associated
with the basolateral membrane was also observed after 10 min.
When compared with the biochemical assay, the loss of total
F-actin after 1 min corresponds temporally to the loss of sub-
apical staining and changes in the subapical area as seen by
confocal microscopy. After pretreatment with SB 203580, it
was difficult to determine if the cytoskeletal changes induced
by 1 nM CCK for 1 min were reduced in the majority of exam-
ined cells. The secondary increase in total F-actin to prestimu-
lation levels after 10 min and to levels higher than control after
40 min of CCK treatment may correspond, at least in part, to
increased staining in the basolateral area. Some of the increase
in total F-actin content could be also due a loss of secretory
proteins. However, if we estimate that 10% of acinar protein is
secretory protein and that 25-30% of this is secreted, it is
unlikely that this loss of 2-3% of cell protein is responsible for
the changes in total F-actin content seen after CCK stimulation.

The minor changes in the actin cytoskeleton seen after 40
min of treatment with sorbitol are also consistent with data
obtained from the actin binding assay. Only after 40 min of
treatment with 0.3 M sorbitol did we observe slightly enhanced
F-actin levels (data not shown). Other reports have shown that
pl25 focal adhesion kinase (p1257E) and paxillin are also
involved in cytoskeletal changes (56, 57), and activation of
p125F2 by CCK has recently been reported in pancreatic acini
(58). These observations, together with our data that activation
of p38 MAP kinase by sorbitol is greater than that by CCK,
whereas the effects on the actin cytoskeleton are less, indicate
that more than one pathway is involved in actin cytoskeletal
changes. Because there is some evidence that the cytoskeleton
is involved in secretion, we looked for effects on amylase secre-
tion. Inhibition of p38 MAP kinase/Hsp 27 phosphorylation by
SB 203580, however, did not affect amylase secretion after
stimulation with CCK for 5 and 30 min (data not shown).

In summary, this study demonstrates that activation of the
p38 MAP kinase/Hsp 27 pathway is involved not only in response
to stress, but also in physiological signaling by gastrointestinal
hormones via Gg-coupled receptors. Using two different ap-
proaches, confocal microscopy and a biochemical actin binding
assay, we were able to demonstrate a role for p38 MAP kinase
activation and Hsp 27 phosphorylation in regulating the amount
and cellular localization of F-actin in pancreatic acini.
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