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Abstract
Objectives—To define the role of protein kinase C δ (PKC δ) in acinar cell responses to the hormone
cholecystokinin-8 (CCK) using isoform-specific inhibitors and a previously unreported genetic
deletion model.

Methods—Pancreatic acinar cells were isolated from 1) rat, and pre-treated with a PKC-δ-specific
inhibitor or 2) PKC δ deficient and wild type mice. Isolated cells were stimulated with CCK
(0.001-100 nM) and cell responses measured.

Results—The PKC δ inhibitor did not affect stimulated amylase secretion from rat pancreatic acinar
cells. CCK stimulation induced a typical biphasic dose response curve for amylase secretion in acinar
cells isolated from both PKC δ -/- and wild type mice, with maximal stimulation at 10 pM CCK.
CCK (100 nM) induced zymogen and NFkB activation in both PKC δ -/- and wild type mice, although
it was up to 50% less in PKC δ -/-.

Conclusions—In contrast to previous studies, this study has used specific and complimentary
approaches to examine PKC δ mediated acinar cell responses. We could not confirm that it mediates
amylase release, but corroborated its role in the early stages of acute pancreatitis.

Introduction
In recent years, several studies have extensively characterized the roles played by the protein
kinase C (PKC) family in both physiological and pathophysiological responses in the exocrine
pancreas [1-4]. There are 10-12 isoforms of PKC divided into three classes: conventional
(Ca2+ and 1,2 diacylglycerol (DAG)- dependent); novel (Ca2+ independent, DAG- dependent);
and atypical (Ca2+ and DAG- independent; activated by phosphatidylinositol-3-kinase (PI3K)
and phosphorylation events). In the pancreatic acinar cell conventional PKC α, novel PKC δ
and ε, and atypical PKC ζ isoforms have been identified [5,6].

Many studies characterizing the diverse roles of PKC in the acinar cell have used
pharmacological inhibitors which may lack specificity. For example, one study which
examined inhibition of PKC δ with rottlerin demonstrated an inhibition of cholecystokinin
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(CCK)-stimulated amylase secretion at physiological concentrations of CCK (0.1nM) [7].
Subsequent studies, however, have suggested that rottlerin may affect non-PKC-δ-dependent
mechanisms [8].

Under conditions that induce experimental pancreatitis, such as stimulation of acinar cells with
high doses of CCK (100 nM) or its orthologue caerulein, novel PKC isoforms have been shown
to mediate both activation of digestive zymogens and the transcription factor NFκB [2-4]. The
isoform-specific inhibitors used in these studies prevent PKC δ and ε from translocating to
their cellular targets. The specificity of these inhibitors has been extensively characterized
although issues of specificity may remain. Li et al. addressed issues of inhibitor specificity by
complementing their study with over expression of both PKC δ and a dominant negative form
[7]. Over expression of PKC δ increased amylase secretion whereas over expression of the
dominant-negative form decreased secretion; the latter finding validating their inhibitor
studies. While the over expression approach provides a convincing alternative to
pharmacological inhibition, non-specific, off-target effects from protein over expression
cannot be ruled out. A feasible means to addressing some of these questions of specificity is
to complement studies with a genetic deletion approach. Thus far, the effects of genetic deletion
of PKC isoforms in pancreatic acinar cell responses to CCK have not been addressed.

In this study we further characterize the role of PKC δ in the pancreatic acinar cell using 1)
PKC δ-isoform-specific translocation inhibitor in isolated acinar cells from rats and 2) PKC
δ knockout mice. In both cases we measure the effects of PKC δ inhibition or deletion on
stimulated amylase secretion. Further, we assessed the role of PKC δ deletion on zymogen and
NFκB activation.

Materials and Methods
Animals

Male Sprague-Dawley rats (50–150 g) were obtained from Charles River Laboratories
(Wilmington, MA) and housed at facilities at the Veterans Affairs Connecticut Health Care
System, West Haven, CT. Male protein kinase Cδ deficient mice (-/-) and littermate wild type
mice (+/+; C57BL/6 background) were bred in pathogen-free facilities at the Veterans Affairs
Greater Los Angeles Health Care System (VAGLAHS), Los Angeles, CA. PKCδ deficient
mice were generated by Miyamoto et al [9] by replacement of the first and second exons of
the PKC gene with a neomycin-resistance cassette as described elsewhere [9]. PKCδ deficient
mice were healthy, fertile, and were viable beyond 12 months of age with no signs of cancer
or other diseases. Compared to wild type mice, PKCδ deficient mice showed similar levels of
other PKC isoforms in pancreas (Figure 3) and other organs such as brain and inflammatory
cells [9]. Animal use protocols were approved by the Institutional Animal Care and Use
Committees of Yale University and the Veterans Administration in West Haven, CT, and
VAGLAHS and the University of California in Los Angeles.

Preparation of isolated pancreatic acini
Acini were isolated from rat or mouse pancreas as previously described [4]. Briefly, animals
were euthanized by CO2. Acinar media was prepared as follows (in mM): 10 HEPES (pH 7.4),
95 NaCl, 4.7 KCl, 0.6 MgCl2, 1 NaH2PO4, 10 glucose, 2 glutamine, plus 0.1% BSA, 1× MEM-
amino acids (GIBCO-BRL, San Jose, CA) and 1.3mM CaCl2. The pancreas was collected in
15ml of calcium-free acinar media. The pancreas was then minced in a minimal volume of
calcium free medium for 5 min, washed 3 times with calcium free medium. The minced tissue
was then placed into a 50-ml flask with 12 ml of acinar medium containing 50 U/ml of type-4
collagenase (Worthington, Freehold, NJ) for 60 min at 37°C with shaking (120 rpm). The digest
was filtered through a 300-400-μm mesh (Sefar American, Depew, NY) and washed with acinar
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medium. Isolated acini (groups of 20-100 acinar cells) were distributed among the 24 wells
(0.5 ml suspension/well) of a 24-well Falcon tissue culture plate (Becton Dickinson, Franklin
Lakes, NJ). All reagents were purchased from Sigma, St. Louis, MO, unless otherwise noted.

Acinar experimental protocol
Acini were recovered for 120 min at 37°C under constant O2 with shaking (90 rpm). Medium
was changed at 60 min. At 120 min acini were treated without changing medium. Acini were
treated with CCK (0.001-100 nM) or carbachol (0.01-100 μM) for 30 min (unless otherwise
noted). Samples were collected, placed in 1.5-ml centrifuge tubes (USA Scientific, Waltham,
MA) and centrifuged for 1 min at 30 g. 50μl of the resulting cell-free supernatant was removed
to a 0.5-ml microcentrifuge tube to assay for secreted amylase. The remaining 450μl of cells
+ media was retained for zymogen activation assays and determination of total amylase. All
samples were stored at -80°C.

PKC Inhibitors
Rat acinar cells were treated with 10 μM of each of the following: GF109203X; rottlerin;
isoform-specific PKC δ translocation inhibitor (δV1-1: S-F-N-S-Y-E-L-G-S-L); and a control
scrambled peptide (L-S-E-T-K-P-A-V) for 120min prior to CCK stimulation. Each of these
peptides was synthesized as an amino terminal extension to a Drosophila antennapedia peptide
(R-QI-K-I-W-F-Q-N-R-R-M-K-W-K-K) to make it cell permeable [4].

Enzymatic activity assays
Enzyme activities were carried out as described [4]. Briefly, samples were thawed,
homogenized and centrifuged. To each well of a 24-well plate (Greiner Bio-one Cellstar TC-
Plate) the following was added: 100 μl of post-nuclear supernatant, 350 μl of trypsin assay
buffer [50 mM Tris (pH 8.1), 150 mM NaCl, 1 mM CaCl2, 0.01% BSA]. The assay was initiated
by adding 50 μl of 400 μM enzyme substrate (fluorometric trypsin substrate; Peptides
International, Louisville, KY) diluted in trypsin assay buffer (40 μM final). The plate was read
using a fluorometric microtiter plate reader (model HTS 7000; Perkin-Elmer Analytical
Instruments, Shelton, CT. 380-nm excitation; 440-nm emission; 20 reads /10 min.)

Amylase assay
Amylase activity was determined by using a commercial kit (Phaebadas kit; Pharmacia
Diagnostic, Rochester, NY). Amylase release was expressed as % total release [medium/
(medium + cells)].

Immunoblot analysis
Western blot analysis was performed to detect PKC isoforms. Briefly, samples were separated
on 10% SDS-PAGE gels (Bio- Rad, Hercules, CA) and transferred to Immobilon-P membranes
(Millipore, Billerica, MA). Membranes were blocked for 60 min at room temperature with
Blotto (TBS, 5% nonfat dry milk, 0.05% Tween-20). Membranes were then probed with
primary antibody (rabbit anti-PKC α, δ, ε or ζ, 1:200; Santa Cruz Biotechnology, CA; amylase,
Sigma-Aldrich, St. Louis, MO; trypsinogen, Millipore, Temecula, CA) in Blotto for 120 min
at room temperature, washed and incubated with horseradish peroxidase-conjugated goat anti-
rabbit IgG (Sigma-Adrich, St. Louis, MO) for 60 min at room temperature. Membranes were
washed in TBS, and signal was captured on film using a SuperSignal West Pico
chemiluminescence kit (Pierce, Rockford, IL).
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NFκB activation
Pancreatic acinar cells were isolated from PKC δ -/- and PKC δ +/+ and incubated for 30 min
with CCK at a supra-physiologic dose of 100 nM. NF-κB activation was measured using the
electromobility shift assay (EMSA) as described [2,3].

Statistical analysis
Data represent means ± SEM of at least 3 individual experiments unless otherwise noted, with
each experiment being performed in at least duplicate. A Student's t-test analysis was used to
determine statistical significance and P values of < 0.05 were assigned significance.

Results
Rottlerin but not GF109203X affect CCK-induced amylase release

CCK-induced amylase release from rat acini was first assayed in the presence of two PKC
inhibitors, GF 109203X and rottlerin (Fig. 1). In contrast to an earlier study using CCK [7],
GF109203X did not reduce amylase secretion. However, as shown previously [7], amylase
secretion stimulated by both physiologic and supraphysiologic CCK was reduced in the
presence of 10 μM rottlerin. Amylase secretion was reduced by approximately 30% with
rottlerin compared to that seen with 0.1nM CCK alone. At a higher concentration of CCK (100
nM), rottlerin reduced amylase secretion by approximately 40%.

Isoform-specific PKC δ translocation inhibitor does not affect CCK-induced amylase release
CCK-induced amylase release from acini was next measured in acini in the presence of 10
μM isoform-specific PKC δ translocation inhibitor. We previously demonstrated that this
concentration effectively blocks the translocation of PKC δ required for activation without
affecting other PKC isoforms (25). As shown in Figure 2a, there was no significant difference
in amylase secretion over a concentration range of CCK (0.001-100 nM) in the presence of
PKC δ inhibitor. Identical experiments using a scrambled peptide control yielded similar results
(data not shown). An earlier study suggested that the effects of PKC δ are time dependent
[7]; we observed amylase release over time at a fixed CCK concentration (100 nM) (Figure
2b). Again, no significant difference was observed in the presence of PKC δ inhibitor.
Collectively, these findings suggest that PKC δ translocation is not required for CCK-induced
amylase secretion in rat acinar cells.

CCK-induced amylase release is not reduced in pancreatic acinar cells isolated from PKCδ
-/- mice in comparison with wild type

To address issues regarding PKC inhibitor specificity, we next examined responses using mice
with genetic deletion of PKC δ -/-. We used two-month old male PKCδ (-/-) and their littermate
wild type mice (+/+). Two-month old PKCδ deficient mice had similar body weight compared
to littermate wild type mice and displayed normal pancreas morphology (not shown). As
illustrated in Figure 3, pancreatic levels of PKC α, ε, and ζ, and amylase and trypsinogen were
similar in the PKC δ −/− mice as compared to the wild type (+/+) mice. These results indicate
that, at least in physiological conditions, genetic disruption of the PKC δ gene did not affect
the expression of other PKC isoforms or the production of digestive enzymes.

Using isolated acini from PKCδ -/- and wild type (PKCδ +/+) mice we measured CCK-
stimulated amylase release over a concentration range of CCK (0.001-100 nM) (Fig. 4a). In
wild type mice, amylase release peaked at 0.01 nM CCK and subsequently decreased. There
was no significant difference between amylase release when comparing PKCδ -/- and wild
type (PKC δ +/+) mice although there was a tendency for the wild type to secrete less amylase
than the knockout. In addition, acini from PKCδ -/- and wild type (PKCδ +/+) mice were
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stimulated with the muscarinic agonist carbachol, another activator of PKC, over a
concentration range (0.01-100 μM) (Fig 4b). Carbachol-induced amylase release peaked at
1μM, subsequently decreasing. As with CCK-stimulated release, no significant difference was
seen in amylase secretion between the two sets of mice. Regardless of how PKC δ is activated,
(e.g. CCK vs. carbachol) these results indicate that it does not play a role in stimulated amylase
secretion.

CCK-induced trypsinogen activation is reduced in PKCδ -/- mice versus wild type
Acinar cells isolated from PKCδ -/- and wild type (PKC δ +/+) mice were stimulated with 100
nM CCK for 30 minutes and then assayed for trypsin activity. CCK-induced trypsinogen
activation, as measured by trypsin activity, in the PKCδ -/- was reduced 45% compared to wild
type (Fig. 5).

CCK-induced NFκB activation is reduced in PKCδ -/- mice versus wild type
After 30 minutes incubation with a supraphysiologic dose of CCK (100 nM), NF-κB activity
in isolated acinar cells was measured by EMSA. A representative EMSA is shown in Fig 6A.
CCK stimulated NFκB activity was significantly less in PKC δ -/- acinar cells than in +/+ acinar
cells by 50.9%, SEM 16.5% (Fig 6B; p< 0.050; PKC δ +/+ n = 5, PKC δ -/- n = 5).

Discussion
PKC δ is the most widely-studied isoform of the PKC family and has a large distribution in a
variety of tissues [10,11]. PKC δ participates in many cellular processes including cell growth
inhibition and differentiation [12-14], apoptosis [15-19], tumor suppression [20] and motility
[21,22]. In the rat pancreatic acinar cell it mediates premature zymogen activation and
activation of the transcription factor NFκB during experimental pancreatitis [2,4] as well as
mediating the effects of the neuropeptide substance P [23]. In the acinar cell, PKC δ has also
been shown to activate a number of cellular targets including the focal adhesion tyrosine kinase
PYK2/CAKβ and protein kinase D [24,25]. Lastly, PKC δ has been previously implicated as
the key PKC isoform in stimulated secretion from the acinar cell [7].

The role of PKC δ has largely been determined by studies using pharmacological inhibitors
believed to be specific for PKC δ [7,10,26-28]. One such inhibitor, the polyphenol rottlerin,
was shown to inhibit PKC δ with greater specificity than that seen for other PKC isoforms
[29]. However, subsequent studies have shown that this compound also inhibits other PKC
isoforms and additional classes of protein kinase [8,30-33]. In a previous publication, amylase
secretion induced by physiologic concentrations of CCK in the rat was significantly reduced
by rottlerin and the broad spectrum PKC inhibitor GF109203X [7]. The present study has
overcome the limitations of past studies by using both a new and specific PKC δ inhibitor and
a previously undescribed PKC δ knockout mouse to examine the physiologic and pathologic
effects of this enzyme.

In this study, PKC δ functions have been examined in both rat and mouse pancreatic acinar
cells. Similar to a previous report, we found that pre-incubation with rottlerin significantly
reduced amylase secretion stimulated by physiologic or supraphysiologic CCK. Premature
zymogen activation, initiated by supraphysiologic CCK, did not decrease significantly with
rottlerin pre-treatment (data not shown). Thus, data obtained using rottlerin as a PKC δ inhibitor
is consistent with a role for PKC δ in stimulated amylase secretion, but not zymogen activation.
However, in contrast to earlier studies, we observed no effect of broad spectrum PKC inhibitor
GF109203X on CCK-stimulated amylase secretion at both physiologic and supraphysiologic
concentrations (Fig. 1). Further, in earlier studies we have shown a significant reduction in
CCK-induced activation of zymogens and NFκB after pre-treatment with the broad spectrum
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PKC inhibitor, GF [2,4]. Hence, data obtained from GF studies contradicts studies with rottlerin
and suggests that PKC δ does not affect secretion, but can mediate activation of zymogens and
NFκB.

To reconcile these conflicting findings, we employed an isoform-specific peptide inhibitor and
a genetic deletion approach. We demonstrated that CCK-stimulated amylase secretion from
rat pancreatic acinar cells, over a range of concentrations and time points, was unaffected by
PKC δ inhibition using the isoform-specific inhibitor (Fig 2). Further, we demonstrated that
genetic deletion of PKC δ in mice did not affect CCK- or carbachol-stimulated pancreatic
amylase secretion over a range of concentrations (Fig 4). However, trypsinogen activation and
NFkB activation were reduced in PKC δ -/- mice. This result is consistent with previous studies
in rats during which PKC δ was inhibited using the isoform-specific translocation inhibitor
(Fig 5 and 6) [2,4]. The data obtained from this approach would indicate that PKC δ does not
play a major role in amylase secretion, but does participate in the early stages of acute
pancreatitis.

Together our data also suggests that the effects we observed with rottlerin are through a PKC
δ-independent mechanism and this reflects a non-specific effect of the inhibitor. Indeed, one
study showed that effects of rottlerin could be mimicked by a classical mitochondrial
uncoupler, FCCP indicating that ATP depletion maybe affecting acinar cell secretion, rather
than direct PKC δ inhibition [8]. Our studies failed to confirm a role for PKC δ in stimulated
secretion as shown by another study [7]. Though their initial assessments included the use of
rottlerin, they substantiated their findings with over expression of PKC δ and a dominant
negative PKC δ in cultured primary acinar cells. Overexpression of PKC δ enhanced CCK-
stimulated amylase release and over expression of dominant negative PKC δ decreased it in
isolated rat pancreatic acinar cells [7]. They further found that over expression of wild type
PKC ε also enhanced amylase release but expression of dominant-negative PKC ε had no
inhibitory effect. The authors suggested that PKC ε, when over expressed, may be substituting
for PKC δ. Although the authors conclude that PKC δ is the dominant isoform in secretion, we
cannot rule out that the over expression of PKC isoforms and their dominant-negative
counterparts are having non-specific, off-target effects, as seen with over expression of PKC
ε. Furthermore, the amylase release properties of cultured acinar cells can change over time.
For example, in overnight cultured mouse and rat acini amylase release is reduced and higher
concentrations of CCK are required to invoke maximal amylase release [7,34]. Although
amylase release was detectable in these studies and effects of genetically manipulating PKC
δ were observed, changes in the secretory behavior of the cultured acini or off target effects of
the genetic manipulations may ultimately account for the findings.

In conclusion, by using recently developed PKC isoform specific inhibitors and a previously
unreported PKC δ genetic deletion approach, this study provides a new perspective on the role
of this enzyme in regulating acinar cell responses. Thus, we have used new approaches and
find that PKC δ does not mediate amylase release, but have confirmed that it does modulate
some of the key early acinar cell responses in acute pancreatitis. These observations might also
have therapeutic implications. Thus, the initiation of acute pancreatitis appears to require both
zymogen activation and the retention of active enzymes in the acinar cell. Together with this
study, this suggests a testable hypothesis: that PKC δ inhibition would reduce zymogen
activation, but not affect secretion in acute pancreatitis and thus might be useful if employed
very early in the course of disease.
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Figure 1. Rottlerin but not GF109203X affect CCK-induced amylase release
Isolated acinar cells were pre-incubated with or without broad-spectrum PKC inhibitors
GF109203X and rottlerin (10 μM) for 2 hours, followed by 30 min CCK treatment (0.1nM and
100nM). Amylase release is expressed as % total release [medium/(medium + cells)]. N=3;
*p<0.05
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Figure 2. Isoform-specific PKC δ translocation inhibitor does not affect CCK-induced amylase
release
Isolated acinar cells were pre-incubated with or without PKC δ translocation inhibitor (10
μM) for 2 hours, followed by a) 30 min CCK treatment over a concentration range (0.001nM
- 100nM); b) 100 nM CCK treatment at set time points (0, 5, 15, 30 min). Amylase release is
expressed as % total release [medium/(medium + cells)]. N=3.
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Figure 3. Genetic deletion of PKC δ does not affect expression levels of other PKC isoforms or
production of digestive enzymes in mouse acinar cells
Pancreata from PKC δ -/- and PKC δ +/+ were removed and protein extracts processed for
Western blot analysis. Blots were probed with antibodies for A) PKC α, δ, ε and ζ isoforms
and B) amylase, trypsinogen and GAPDH; representative blots are shown. These results
confirm the absence of PKC δ in the knockout animals and that genetic deletion of PKC δ did
not affect the expression of other PKC isoforms or the production of digestive enzymes.
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Figure 4. CCK- and carbachol-induced amylase release is not reduced in PKCδ -/- mice versus wild
type (PKCδ +/+)
Pancreatic acinar cells were isolated from PKC δ -/- and +/+ mice and then stimulated for 30
min with a) CCK (0.001-100 nM); b) carbachol (0.01-100 μM). Amylase release is expressed
as % total release [medium/(medium + cells)]. N=5.
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Figure 5. CCK-induced trypsinogen activation is reduced in PKCδ -/- mice versus wild type
(PKCδ +/+)
Pancreatic acinar cells were isolated from PKC δ -/- and +/+ animals and then stimulated for
30 min with 100 nM CCK. Trypsin activity is normalized to amylase content and expressed
as fold vs. control. N=6. A reduction in trypsin activity is seen in the knockout animals
approaching significance.
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Figure 6. CCK-induced NFκB activation is reduced in PKCδ -/- mice versus wild type (PKCδ +/+)
Pancreatic acinar cells were isolated from PKC δ -/- and +/+ animals and then stimulated for
30 min with 100 nM CCK. A) NFκB binding activity was measured in nuclear extracts by
EMSA. B) NFκB band intensities were quantified in the PhosphorImager and normalized on
the band intensity in the corresponding unstimulated control acini. Values are means +/-SEM
(N= 5).
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