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An increase in cytosolic free calcium
concentration is used as a key signaling
messenger in virtually every cell throughout
the phylogenetic tree. Calcium regulates a
host of kinetically distinct processes ranging
from neurotransmitter release and skeletal
muscle contraction (which operate on a
submillisecond time frame) to gene tran-
scription and cell proliferation (which oper-
ate over a time course of hours to days). This
impressive array of vital functions con-
trolled by calcium nevertheless poses a fun-
damental problem in cell signaling: How can
the same messenger selectively activate only
one (or a handful) of calcium-dependent
responses to best fit the requirements of the
cell at that particular instant? Put another
way, how does a cell decode the calcium
signal? The calcium signaling system has
obviously evolved specificity; however, it is
not foolproof, and when calcium signaling
goes awry, the consequences can be devas-
tating. A particular striking example is de-
scribed in this issue of PNAS by Raraty et al.
(1). In an elegant series of experiments,
Raraty et al. have now unraveled the link
between calcium signaling and trypsin acti-
vation within acinar cells. Premature activa-
tion of trypsin within the granules is often
fatal, because it results in autodigestion of
the pancreas. It had been suspected for
some time that aberrant calcium signaling
plays a major role in the etiology of acute
pancreatitis, and now that suspicion has
been confirmed.

Before the work of Raraty et al. (1), an
important clue as to how cytosolic free
calcium discriminates between a wide array
of specific responses was provided by tech-
nical advances that enabled intracellular cal-
cium levels to be observed dynamically in
single living cells. Rather than increasing in
a gradual manner after stimulation, it
turned out that activation of cell-surface
receptors that hydrolyzed the minor mem-
brane phospholipid phosphatidyl inositol
4.5,-bisphosphate (PIP,) generated rhyth-
mic oscillations in cytosolic free calcium
concentration (2-4). Strikingly, different
PIP,-hydrolyzing receptors evoked distinct
patterns of oscillation in the same cell (5).
With a few notable exceptions, most cells
can generate at least some calcium oscilla-

tions even when external calcium has been
removed. This indicates that the underlying
mechanism involves rhythmic calcium re-
lease from, and reuptake into, intracellular
calcium storage compartments (mainly the
sarcoplasmic/endoplasmic reticulum; ref.
6). The first messenger found to release
calcium from these stores was calcium itself,
through the regenerative process of calci-
um-induced calcium release that is particu-
larly important in muscle (7). Since then, it
has been established that one of the hydro-
lysis products of PIP,, inositol 1,4,5-
trisphosphate (InsP3), is a ubiquitous
calcium-releasing messenger (8). Other
messengers include nicotinic acid adenine
dinucleotide phosphate (NAADP) and cy-
clic adenosine 5’-diphosphate-ribose
(cADPR) (9). These are particularly impor-
tant in pancreatic acinar cells, although their
roles in other mammalian cells are unclear
at present.

Why would evolution select a complex
oscillatory mechanism? This probably arises
from the fact that chronic elevations of
intracellular calcium are toxic to cells. By
evoking only transient high-amplitude
spikes, calcium is not sustained long enough
for its undesirable effects to be manifested.
Moreover, different proteins seem to re-
spond to different features of the calcium
transients (amplitude and frequency) and
then translate these into specific responses.
For example, the multisubunit enzyme
calcium-calmodulin kinase apparently
counts the calcium spikes (10) and then
activates different calcium-dependent pro-
cesses according to the number of spikes
(frequency). Calcium oscillations have been
found to control several physiological pro-
cesses, including exocytosis, mitochondrial
ATP production, and gene transcription
(11-14).

The key step in acute pancreatitis is
the premature intracellular activation of
the broad protease trypsin (15, 16). Nor-
mally, as Raraty et al. show (1), trypsin is
stored within the zymogen granules in
the apical pole of the acinar cell in an
inactive form (protrypsin). On stimulation
(with the secretagogue cholecystokinin),
the granules are exocytosed in a calcium-
dependent manner, thereby releasing the
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proenzyme into the pancreatic ducts
where it is subsequently carried into the
gut by the secreted fluids. In the gut,
protrypsin is cleaved to form active tryp-
sin, which then helps digest foodstuffs into
peptides and amino acids. These are then
reabsorbed by the epithelial cells lining
the gut wall. The results, in this issue of
PNAS (1), are exciting on three counts.
First, compelling evidence linking intra-
cellular calcium to abnormal trypsin acti-
vation has been presented for the first
time. Second, a novel target has been
identified for the design of therapeutic
agents aimed at combating this killer dis-
ease. Third, new insight is provided into
the molecular mechanisms involved in cal-
cium signaling in acinar cells, which may
have far-reaching implications.

Raraty et al. (1) also developed a neat
method that enabled them to measure
simultaneously intracellular calcium levels
and the activity of trypsin in single cells.
After stimulation with physiological con-
centrations of cholecystokinin (10 pM),
repetitive calcium transients were evoked.
These oscillations, which drive exocytosis,
consistently failed to activate trypsin
stored within the granules. Raising the
cholecytsokinin to 10 nM resulted in a
sustained elevation of intracellular cal-
cium. This prolonged component arises
from calcium entry into the cell through
specialized calcium channels in the plasma
membrane. These channels are activated
by the process of emptying the intracellu-
lar calcium stores (called store-operated
or capacitative calcium entry; refs. 17, 18).
After calcium influx for several minutes,
trypsin was activated prematurely within
the granules, and detailed electron micro-
graph analysis revealed the abundant
presence of vacuoles in the apical region.
These vacuoles represent trypsin-digested
zymogen granules. Maneuvers to prevent
either calcium entry or the subsequent
increase in intracellular calcium sup-
pressed the formation of the vacuoles.
Hence it is the rise in calcium itself that

See companion article on page 13126.
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engenders trypsin activation, and the
rogue calcium enters through store-
operated calcium channels. Strikingly, the
oscillatory calcium signal had a much big-
ger amplitude than the sustained entry
component, yet only the latter triggered
trypsin activation. It would appear that
high calcium is not dangerous in the apical
pole of the pancreas, provided it is brief.
What seems more important is the dura-
tion of the calcium signal. This is a beau-
tiful illustration of the importance of an
oscillatory signaling mechanism.

Little is known about the molecular prop-
erties of the store-operated calcium chan-
nels, and electrophysiological experiments
indicate there may be a family of such
channels with distinct biophysical features
(18). Store-operated calcium entry has been
linked to several disorders, including pri-
mary immunodeficiency (19) and possibly
Alzheimer’s disease (20). Acute pancreatitis
can now be added to this burgeoning list.
The results of Raraty et al. (1) imply that
drugs aimed at interfering with store-
operated calcium influx will be a very ef-
fective way to treat pancreatitis. Hopefully,
selective inhibitors will be developed soon.

More fundamentally, why do low doses
of cholecystokinin evoke calcium oscilla-
tions, whereas higher concentrations lead
to calcium entry and hence a sustained
cytosolic calcium plateau? The possibility
that two distinct cholecystokinin receptors
are simultaneously expressed in the
plasma membrane of acinar cells, one with
high sensitivity to cholecystokinin and di-
recting an oscillatory response and the
other with lower sensitivity and promoting
calcium entry, is unlikely because only one
type of cholecystokinin receptor (the A-
subtype; ref. 21) is found in the mouse
cells used by Raraty er al. (1). A key
finding is that low concentrations of cho-
lecystokinin evoke calcium oscillations,
not through increases in the levels of
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Fig. 1.

Model for calcium signaling after activation of cholecystokinin receptors. Low (physiological) levels

of cholecystokinin utilize mainly the NAADP/cADPR pathway. Calcium release by cADPR acting on an open
ryanodine-sensitive receptor exerts positive feedback on the receptor as well as adjacent ones, resulting in
regenerative calcium-induced calcium release and thus oscillations in intracellular free calcium concentration.
This pathway is shown in red. Calcium release by cADPR can also interact synergistically with InsPs to facilitate
further calcium release via open InsP3 receptors. However, physiological levels of cholecystokinin do not
increase the levels of InsP3. Higher concentrations of cholecystokinin trigger a robust increase in InsP3, and this
results in calcium mobilization from InsPs-sensitive calcium stores. The fall in calcium concentration within the
stores activates store-operated calcium entry that underlies the sustained phase of the calcium signal under
these conditions. This pathway is shown in blue. The calcium entry and not the oscillatory response results in
the premature activation of trypsin within the zymogen granules.

InsP;, but by utilizing the NAADP/
cADPR system instead (22). Under these
conditions, InsP3 in fact plays a minor role.
On the other hand, higher concentrations
of cholecystokinin evoke calcium signals
that depend mainly on InsPs. This means
that the same receptor can link to two
distinct calcium-mobilizing transduction
pathways depending on the level of recep-
tor occupancy and thereby evoke quite
different spatial and temporal calcium sig-
nals (Fig. 1). This endows cholecystokinin
with the ability to accommodate a range of
processes having quite distinct calcium
requirements. Processes that respond rap-
idly to calcium increases or that sense the
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rate of change of calcium or that are
positioned close to calcium release sites
may be preferentially activated by the
oscillatory signals evoked by low levels of
receptor occupancy. Calcium-dependent
processes that respond slowly or that are
located close to the plasma membrane
(where the store-operated calcium chan-
nels are) may be more efficiently stimu-
lated by higher concentrations of the same
agonist. The findings of Raraty er al.
therefore provide a new perspective to the
old problem of how specific responses can
be obtained by using a promiscuous sig-
naling messenger.
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