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ABSTRACT Many important enzyme activities are regu-
lated by Ca21-dependent interactions with calmodulin (CaM).
Some of the most important targets for CaM action are in the
nucleus, and Ca21-dependent CaM translocation into this
organelle has been reported. Hormone-evoked cytosolic Ca21

signals occur physiologically as oscillations, but, so far,
oscillations in CaM concentration have not been described.
We loaded fluorescent-labeled CaM into pancreatic acinar
cells and monitored the f luorescence in various regions by
confocal microscopy. Sustained high concentrations of the
hormone cholecystokinin or the neurotransmitter acetylcho-
line evoked a transient movement of cytosolic CaM from the
basal nonnuclear area into the secretory granule region and,
thereafter, a more substantial and prolonged translocation of
CaM into the nucleoplasm. About 50% of the CaM that bound
Ca21 translocated. At a lower hormone concentration, evoking
Ca21 oscillations, regular spikes of increased CaM concen-
tration were seen in the secretory granule region with mirror
image spikes of decreased CaM concentration in the basal
nonnuclear region. The nucleus was able to integrate the Ca21

spike-evoked pulses of CaM translocation into a sustained
elevation of the nucleoplasmic concentration of this protein.

Calmodulin (CaM) is a ubiquitous and abundant Ca21-binding
protein that is involved in the control of many cellular pro-
cesses, and many important enzymes are regulated directly by
Ca21-dependent interactions with CaM (1–5). Ca21 binding to
CaM results in a conformational change, exposing hydropho-
bic sites that can interact with binding partners (6–8). There
has been particular interest in Ca21-dependent regulation of
gene expression via CaM kinase-triggered phosphorylation of
the transcription factor cyclic AMP response element-binding
protein (CREB) (9–15). CaM may act both as a mobile Ca21

buffer and Ca21 sensor. Translocation of CaM determines
availability of the protein for binding to targets at specific
cellular locations, and translocation of CaM into the nucleus
can occur under different conditions (16–18). Recently, Ca21-
mediated movement of CaM into the nucleus has been dem-
onstrated in several systems (19, 20).

The pancreatic acinar cell is a particularly interesting system
in which to investigate Ca21-induced CaM translocation. This
cell is structurally polarized with an apical part dominated by
secretory (zymogen) granules (SG) and a basal part containing
the nucleus surrounded by endoplasmic reticulum (ER). Se-
cretion (exocytosis) occurs exclusively across the apical mem-
brane (21). Agonist-evoked cytosolic Ca21 signals are initiated
in the apical pole, and, depending on stimulus strength and

duration, they can be oscillating (low-agonist concentration) or
sustained (high-agonist concentration) and can be concen-
trated in the apical pole (local signals) or spread throughout
the cell including the nucleus (global signals) (22). The Ca21

signals primarily are due to release from the ER. The ER
functions as a unit specialized for Ca21 uptake via Ca21

ATPase pumps in the basal part and release via inositol
1,4,5-trisphosphate or cyclic ADP ribose receptors in the fine
terminals invading the granule-rich apical pole. The ER acts as
a tunnel, absorbing Ca21 entering the basal pole through
store-operated Ca21 channels and releasing Ca21 in the apical
pole from where the signal, depending on agonist concentra-
tion and duration of stimulation, can or cannot spread to the
rest of the cell (22–25).

Isolated pancreatic acinar cells remain polarized (24). We
have taken advantage of this by monitoring the movement of
fluorescent-labeled CaM loaded into acinar cells via a patch
clamp pipette (whole-cell configuration). Stimulation with the
neurotransmitter acetylcholine (ACh), the circulating hor-
mone cholecystokinin (CCK), or a Ca21 ionophore (ionomy-
cin) evoked translocation of CaM into the apical pole and the
nucleus. Translocation into the apical granule-rich area oc-
curred relatively quickly, but as soon as the cytosolic Ca21

concentration ([Ca21]i) declined, CaM left the apical pole to
move back into the basal pole. Translocation into the nucleus,
on the other hand, usually occurred after a delay of more than
30 s, but CaM that had entered the nucleoplasm was able to
leave the nucleus only very slowly. The result of these different
characteristics of CaM movement is that short-lasting stimuli
favor CaM translocation to the apical pole, whereas prolonged
stimulation allows substantial CaM accumulation in the nu-
cleus. At a CCK concentration evoking regular [Ca21]i oscil-
lations, there were regular CaM oscillations in the apical pole
with mirror-like oscillations in the basal nonnuclear region,
whereas the nucleus was able to integrate the pulsatile CaM
movements into the nucleoplasm into a sustained rise in its
CaM concentration. Our results indicate that only oscillating
Ca21 signals can evoke a sustained rise in the nuclear CaM
concentration.

MATERIALS AND METHODS

Cell Isolation and Solutions. Isolated pancreatic acinar cells
and small clusters of pancreatic acinar cells (two or three cells)
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were obtained from isolated mouse pancreata by collagenase
treatment as described previously (22, 26). The extracellular
solution used in our experiments contained 140 mM NaCly4.7
mM KCly1.13 mM MgCl2y1 mM CaCl2y10 mM glucosey10
mM Hepes, pH 7.2. Secretagogues (ACh or CCK) or iono-
mycin was added to this solution to achieve the concentrations
stated for particular series of experiments. The ‘‘intracellular’’
patch pipette solution contained 140 mM KCly1.13 mM
MgCl2y10 mM glucosey0.1 mM EGTAy1 mM ATPy10 mM
Hepes, pH 7.2. All experiments were performed at room
temperature. 2-Chloro-(«-amino-Lys75)-(6-(4-N,N-diethyl-
amino-phenyl)-1,3,5-triazin-4-yl)-CaM (TA-CaM) and 5-(4,6-
dichlorotriazinyl)-amino-f luorescein-CaM (DTAF-CaM)
were produced by K.T. (27, 28).

Cell Loading with Fluorescent Calmodulin. TA-CaM or
DTAF-CaM was loaded into the cells by using a patch clamp
pipette. TA-CaM and DTAF-CaM were dissolved in ‘‘intra-
cellular’’ solution to achieve concentrations of 100 mM and 50
or 100 mM, respectively. DTAF-CaM or TA-CaM was loaded
into the tip of a glass pipette, which then was backfilled with
the normal ‘‘intracellular’’ solution. The pipette was positioned
on the basal part of the cell, a gigaseal was obtained, and the
membrane under the pipette was destroyed by suction to
achieve the patch clamp whole-cell recording configuration.
The pipette was left in place for 3–5 min to allow diffusion of
the chosen substance into the cytosol. To avoid continuous flux
of labeled CaM into the cell (which could mask the redistri-
bution process), the pipette was withdrawn before the start of
confocal measurements in each experiment. The concentra-
tion of DTAF-CaM inside the cell was estimated by comparing
the intensity of fluorescence recorded from the cells with the
intensity of fluorescence recorded from small droplets of
‘‘intracellular’’ solution with a calibrated concentration of
DTAF-CaM (50 mM). The estimated intracellular concentra-
tions were in the range of 20–30 mM, which is of the same order
of magnitude as the estimated normal CaM concentration in
rat pancreas (29). Correction for bleaching was done by using
parts of traces obtained before agonist application. The spec-
ificity of CaM translocation was tested in experiments with
fluorescein-labeled dextrans (Mr 10,000). Cells were loaded
with fluorescent dextrans via a patch pipette and stimulated
with 1 nM CCK. In eight experiments of this type we found no
indications of translocation.

Confocal Microscopy and Video Imaging. Fluorescent im-
ages were obtained by using a laser-scanning confocal micro-
scope, ODYSSEY (Noran Instruments, Middleton, WI), with
objective 340, n.a. 1.3 oil (Nikon). For DTAF-CaM, the
excitation and emission wavelengths were 488 nm and above
515 nm, respectively, whereas for TA-CaM they were 364 nm
and above 400 nm, respectively. A linear color scale was used
to color code the intensity of fluorescence of different cellular
compartments.

[Ca21]i measurements were made in separate experiments
by using video imaging (QuantiCell; Applied Imaging, Sun-
derland, U.K.) and Fura-2 as a calcium indicator, as described
previously (24).

Calculation of Ca21-Calmodulin Binding. The proportion of
CaM that binds Ca21 as a result of agonist application was
estimated by using the following formula:

R 5 ~DFyF0!y~k 2 1!,

where R is the ratio of the concentration of TA-CaM that binds
Ca21 as a result of stimulation and the total concentration of
TA-CaM in the cell. DF represents the change in intensity of
the whole-cell f luorescence as a result of agonist application,
and Fo denotes the initial intensity of fluorescence. k repre-
sents the ratio of the maximal intensity of fluorescence of
TA-CaM (Ca21 bound form) to the minimal intensity of
fluorescence (Ca21 free-form). For our experiments the value

of k was 2.3. The spectra of TA-CaM (both Ca21 free and Ca21

bound) are quite broad, but there is a slight shift of the
maximal excitation wavelength for TA-CaM upon Ca21 bind-
ing (27). The effect of this spectral shift on the amplitude of
the signal is, however, quite small at an excitation wavelength
of 364 nm. We estimate that at 364 nm the spectral shift could
account for a 4.7% change in the amplitude of the fluorescence
intensity. As a result, the proportion of Ta-CaM that binds
Ca21 could be overestimated by approximately 1%.

Cellular Localization of the Nucleus. At the end of the
experiments, nuclear staining with Hoechst 33342 was used to
verify the position of nuclei. The fluorescence of Hoechst
33342 was excited by using the laser line at 364 nm; emission
was recorded at wavelengths above 400 nm. Nuclear staining
was performed by short (2- to 3-min) incubation of cells with
Hoechst 33342. The Hoechst 33342 concentration in the
extracellular solution was 50 mM. Hoechst 33342 and ionomy-
cin were purchased from Molecular Probes, collagenase was
purchased from Worthington, and other reagents were ob-
tained from Sigma.

Detection of Endogenous Calmodulin by Immunocytochem-
istry. Cells in suspension were aliquoted onto poly-L-lysine-
coated glass coverslips in a multiwell plate and were immersed
in the standard extracellular solution without or with 1 nM
CCK for 150 s. These solutions then were replaced with cold
(4°C) fixative [4% paraformaldehyde (Sigma) dissolved in 0.1
M PBS (0.1 M phosphate buffer containing 0.9% NaCl [wty
vol], pH 7.4) for 5 min]. After 2 3 10-min washes in PBS, cells
were permeabilized with 0.1% Triton X-100 (octyl phenoxy
polyethoxyethanol dissolved in PBS; Sigma) for 5 min. After
washing in PBS, coverslips then were pretreated with PBS
containing 2% BSA and 10% normal goat serum to prevent
nonspecific binding of antibodies. Mouse monoclonal antical-
modulin (clone 6D4; Sigma), used alone or in combination
with a second monoclonal anticalmodulin (TCS Biologicals,
Buckingham, U.K.), was diluted with PBS containing 2% BSA
and 0.25% sodium azide (final dilution, 1:40). Stimulated and
unstimulated cells were incubated in the antibody solution
overnight at 4°C; control cells were incubated in diluting
medium only. Finally, all cells were incubated in a solution
containing a secondary antibody, Cy3-conjugated donkey anti-
mouse IgG (1:50 dilution, Jackson ImmunoResearch), for 1 hr
at room temperature and then rinsed in distilled water before
being placed on slides in a droplet of Vectashield mounting
medium (Vector Laboratories). Cells were examined and
photographed on a fluorescent microscope (Leitz Dialux 20,
Orthomat camera; Leitz), by using Kodak Ektachrome 35-mm
color film. Positives were scanned into Adobe PHOTOSHOP to
obtain measurements of relative fluorescence intensity in the
nuclear area compared with that in the whole cell. Only cells
with sharp boundaries and a well defined nucleus in the
transmitted light image were considered.

RESULTS

Calmodulin Translocation Evoked by Cholecystokinin.
Acutely isolated pancreatic acinar cells retain their polarity,
and in nonconfocal transmitted light images the secretory
granule region can be seen (Fig. 1) (24, 30). The position of the
nucleus can be verified by using the membrane-permeable
nuclear stain Hoechst 33342 (30). Fig. 1 shows the effect of a
supramaximal CCK concentration on the movement of fluo-
rescent DTAF-CaM, which does not change its f luorescence
when Ca21 binds (31), introduced into one of the cells of a
doublet via a patch pipette (patch clamp whole-cell configu-
ration). DTAF-CaM fluorescence was monitored in the basal
nonnuclear region (Fig. 1, green trace), in the nucleus (Fig. 1,
blue trace), and in the apical SG region (Fig. 1, red trace). CCK
evoked a steep rise in the fluorescence from the SG region
followed by a more substantial but slower increase in the
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nucleus (n 5 14). The DTAF-CaM concentration in the basal
nonnuclear region decreased. In all experiments, the total
averaged cellular fluorescence (when corrected for bleaching)
remained unchanged, indicating that the local changes are
caused by redistribution. The CCK-induced increase of nuclear
fluorescence was 11.0 6 1.5% (SE; n 5 14), and the increase
in the SG region was 8.4 6 1.1% (n 5 14). The CCK-evoked
decrease of fluorescence in the basal nonnuclear region was
12.3 6 1.9% (n 5 14). CCK evokes a movement of CaM from
the cytosol in the basal nonnuclear region to mainly the
nucleus but, also and more transiently, to the cytosol in the SG
region. The peak of the fluorescence intensity in the SG region
occurred after 44 6 12 s (n 5 14), whereas the nuclear
maximum was reached 168 6 24 s (n 5 14) after start of CCK
stimulation. In 9 of 14 cells stimulated with CCK, the nuclear
response was delayed as compared with the change in the SG
region. Before the stimulation and at the end of the recovery
process, the fluorescence of DTAF-CaM in the nucleus usually
was somewhat higher (20–40%) than in other parts of the cell.
This has been observed previously for the distribution of other
fluorescent probes (30) and probably results from the absence
of organelles in the nucleoplasm. In contrast, the basal non-

nuclear region is densely packed with ER (which effectively
decreases the ‘‘free cytosol’’ in this region).

We also tried to resolve the relatively slow nuclear translo-
cation of CaM by using immunostaining. In all cells stained
with antibodies against CaM, the protein was present through-
out the cytosol and was particularly concentrated in the apical
region. In the majority of unstimulated cells the degree of CaM
labeling of the nuclear region was close to that of the neigh-
boring basal regions of the cytosol (Fig. 2A). The brightness of
the nuclear region divided by the averaged brightness of the
whole cell was 0.98 6 0.03 (n 5 52). Stimulation with CCK (1
nM) resulted in a considerable increase in nuclear CaM
staining (Fig. 2B). In this situation the ratio of nuclear to
whole-cell brightness was 1.9 6 0.2 (n 5 27). Control cells that
were incubated with a secondary antibody, but not anti-CaM
antibodies, showed only a vague hint of uniform background
staining because of the Cy3 marker (see Materials and Meth-
ods). These results confirm that CCK can evoke a marked
translocation of CaM from the cytosol to the nucleus.

Calmodulin Translocation Evoked by Acetylcholine. Stim-
ulation with ACh (1 mM) resulted in the same pattern of
DTAF-CaM redistribution (Fig. 3) (n 5 7) as evoked by CCK.
The rise and fall of the CaM concentration in the SG region
were considerably faster than in the nucleus (Fig. 3). On the
time scale relevant to our experiments (Fig. 3), [Ca21]i appears
to rise simultaneously in all three regions of interest, although
it is well documented that the response starts in the SG region
and then spreads within 0.5–1 s toward the base (32, 33). The
[Ca21]i rise peaked in all three regions within a few seconds,
but the CaM concentration rise in the SG region peaked 33 6
5 s (n 5 7) after the start of the [Ca21]i response. The nuclear
CaM rise began only after a delay of 37 6 7 s (n 5 7) and
continued to rise while the CaM concentration was declining
in the SG region and remained at a reduced level in the basal
nonnuclear area. The peak was reached 165 6 18 s (n 5 7) after
the Ca21 signal initiation, and then the CaM concentration in
the nucleus declined slowly while the CaM concentration
returned to the resting level in the basal nonnuclear area. The
[Ca21]i response to sustained supramaximal ACh stimulation
is composed of a major initial transient followed by a smaller,
sustained elevation (Fig. 3). The fall in the CaM concentration

FIG. 1. CaM undergoes intracellular redistribution after applica-
tion of CCK. The presence of CCK in the extracellular solution is
indicated by the bar. (A) Relative changes in fluorescence in several
regions of interest. The CCK-evoked rapid transient increase in the
fluorescence signal from the SG region (red trace) is followed by a
delayed, but stronger, signal from the nucleus (blue trace). These
effects are accompanied by a corresponding decrease in the fluores-
cence intensity from the basal nonnuclear area (green trace). The
traces were corrected for bleaching. Arrowheads at the top of the
graph show the time points at which the five confocal images (b– f ) in
B were taken. (B, a) Nonconfocal-transmitted light picture of the
pancreatic acinar doublet selected. DTAF-CaM was loaded into the
cell on the left via a patch clamp pipette. The boxes over the nucleus
(blue), SG region (red), and basal nonnuclear area (green) show where
the fluorescence intensity changes were measured. (Bar 5 10 mm.) (B,
b– f ) Color-coded images of fluorescence intensity (linear scale). (b)
Before application of CCK. Note that the injected cell is stained
brightly with DTAF-CaM, whereas the neighbor contains no fluores-
cent dye. DTAF-CaM is present throughout the cytosol, but is more
concentrated in the area corresponding to the nucleus. (c– f ) Series of
images revealing the intracellular redistribution of DTAF-CaM
evoked by CCK. (c) Before the peak response to CCK, DTAF-CaM
appears to be accumulating initially in the SG region (increased
intensity of yellow and red in this area as compared with b). (d) At the
peak of the response the nuclear area is bright red, indicating a
substantial accumulation of DTAF-CaM in this region. Note that the
nonnuclear basal region is blue rather than green, indicating a low
CaM concentration. (e) The fluorescence signal from the SG region is
now reduced significantly (compared with d). ( f) The distribution of
fluorescence is similar to what was observed before stimulation (b).
The overall intensity is somewhat lower than in b because of bleaching.

FIG. 2. Immunocytochemical staining of endogenous calmodulin
in isolated pancreatic acinar cell. (Bar 5 20 mm.) (A) Two unstimu-
lated cells stained for calmodulin by using antibody clone 6D4 from
Sigma, followed by a secondary antibody labeled with a Cy3 fluores-
cent marker. In both cells, calmodulin labeling can be seen throughout
the cytosol and SG region. (B) An example of two cells that have been
stimulated with 1 nM CCK for 150 s and then incubated in antical-
modulin antibody; the nuclei in both cells are labeled strongly for
calmodulin.
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in the SG region after the peak level followed a time course
very similar to the declining phase of the initial [Ca21]i

transient, whereas the nuclear CaM concentration declined
much more slowly.

Because the agonist-evoked rise in CaM concentration
initially is much steeper in the SG region than in the nucleus,
shorter pulses of stimulation should favor CaM translocation
into the SG region. Therefore, we tested the effect of short
pulses of ACh (1 mM) stimulation (Fig. 4). There was a brief,
but clearly resolved transient rise in the CaM concentration in
the SG region (n 5 11). In 5 of these 11 experiments a small
nuclear rise (always smaller than the SG response) was seen.

Calmodulin Translocation Evoked by Calcium Ionophore.
To bypass plasma membrane receptor activation, we also
investigated the effect of the Ca21 ionophore, ionomycin. At
the submaximal concentration (2 mM) used in this study,
ionomycin evoked a transient cytosolic Ca21 signal (n 5 4)
similar to the ACh or CCK response. The CaM redistribution
response to ionomycin was very similar to that described for
CCK and ACh (Fig. 5). Initially, ionomycin evoked a rise in the
CaM concentration in the SG region followed by a much larger
and more prolonged rise in the nucleus (n 5 4). The CaM
concentration in the basal nonnuclear region declined and
returned slowly to the prestimulation level during the phase
when the CaM concentration decreased in the nucleus. The
response in the SG region reached its peak in 22 6 8 s (n 5
4). As with CCK and ACh stimulation, the nuclear rise was
much slower and attained its maximum only after 260 6 45 s
(n 5 4). In two of the four experiments with ionomycin, there
was a clear delay (13 and 38 s, respectively) in the beginning
of the nuclear fluorescence rise as compared with the rise in
the SG region.

Oscillations of Intracellular Calmodulin Concentrations.
Using a CCK concentration, which evokes repetitive [Ca21]i
spikes, it was possible to resolve oscillations of CaM concen-
tration with different patterns in the nucleus, the SG region,
and the basal nonnuclear area. At 50 pM, CCK evokes a simple
pattern of repetitive global [Ca21]i spikes rising from the basal
level, with each transient lasting about 20–50 s (34). Typically,
the first spike is two to four times longer than each of the
following spikes (34). Fig. 6 shows the effect of 50 pM CCK on
[Ca21]i and on the CaM concentrations in different regions of
the cell. The [Ca21]i and CaM concentration changes were
monitored in separate cells. The repetitive [Ca21]i and CaM
spikes in the SG region (Fig. 6) are similar in shape. In contrast,
there was a sustained elevation of the nuclear CaM concen-
tration with superimposed oscillations, which were delayed
and incomplete compared with those in the SG region. This
pattern was clearly different from the pattern of Ca21 oscil-
lations in the nucleus (Fig. 6). The CaM concentration in the
basal nonnuclear region also oscillated, and the pattern that
eventually established itself was a mirror image of the oscil-
lations in the SG region (Fig. 6) (n 5 7). In the basal part of
the cell, spikes of increasing Ca21 concentration induced
spikes of decreasing CaM concentration. The total cellular
fluorescence from DTAF-CaM remained unchanged when
corrected for bleaching in all the experiments, indicating that
the local oscillations are due to redistribution of a constant
amount of the protein.

Monitoring the Calcium–CaM Reaction. To observe the
Ca21-CaM reaction, we employed another form of fluores-
cently labeled CaM, TA-CaM, a compound that increases its
f luorescence upon Ca21 binding (27, 28). Using supramaximal
agonist stimulation [1 mM ACh (n 5 6) and 1 nM CCK (n 5
11)], the fluorescence of TA-CaM increased. We estimated the

FIG. 3. A rapid, global [Ca21]i rise triggers CaM redistribution.
The ACh stimulation periods are indicated by the bars. (A) Typical
[Ca21]i signal in response to 1 mM ACh (measured by using Fura-2)
in three regions of interest: nucleus (blue trace), SG region (red), and
basal nonnuclear area (green). (B) ACh-evoked changes of DTAF-
CaM fluorescence in the nucleus (blue), SG region (red), and basal
nonnuclear area (green). A and B were recorded in separate experi-
ments.

FIG. 4. Short applications of ACh (indicated by bars) trigger
transient rises in CaM concentration in the SG region. In A the
corresponding fall in the fluorescence from the basal nonnuclear
region is barely resolved, whereas in B there is a clear decrease in the
basal nonnuclear CaM concentration during the rise in the SG region.
Relative changes of DTAF-CaM fluorescence in the nucleus (blue),
SG region (red), and basal nonnuclear area (green) are shown.

FIG. 5. The calcium ionophore ionomycin (applied during period
indicated by the bar) induces redistribution of CaM. Relative changes
of DTAF-CaM fluorescence in nucleus (blue), SG region (red), and
basal nonnuclear region (green) are shown.
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proportion of CaM that binds Ca21 as a result of agonist
stimulation by comparing the TA-CaM fluorescence response
to the agonist with the change of TA-CaM fluorescence
induced by saturating the probe with Ca21 (see Materials and
Methods). We estimate that 24 6 3% (n 5 11) of TA-CaM
binds Ca21 as a result of supramaximal agonist stimulation. If
one corrects for the slight spectral shift (see Materials and
Methods), this value decreases to 23%. By comparing this result
with the results of the DTAF-CaM experiments, we estimate
that approximately 50% of the CaM that binds Ca21 translo-
cates. About 0.01 fmol of CaM per cell, corresponding to a
total cellular concentration of 2–3 mM, can be redistributed
inside a cell as a result of a maximal agonist-evoked Ca21

signal. We also tried to estimate the extent of CaM translo-
cation after hormonal stimulation by using antibodies against
CaM (Fig. 2). The antibody approach indicates a relatively
more substantial redistribution, but in the experiments with
fluorescent CaM, we inevitably are increasing the total CaM
concentration in the cytosol, and the translocation mechanism
may not be capable of moving all the additional CaM.

DISCUSSION

Fig. 7 summarizes our main findings. A global [Ca21]i rise
induces movement of CaM from the nonnuclear basal area into
the SG region and more slowly into the nucleus (nucleoplasm).
Because of the slow exit of CaM from the nucleoplasm, the
nucleus can integrate Ca21 spike-driven pulses of CaM entry,
allowing a steady, incremental build-up of its CaM concen-

tration. In contrast, the exit of CaM from the SG region is
relatively fast and the CaM concentration in this part of the
cytosol therefore will oscillate in synchrony with the global
Ca21 spikes. The duration of the individual pulses of [Ca21]i
elevation and their frequency will determine the relative
magnitudes of CaM movements into the SG granule region
and the nucleus. Short pulses favor CaM movements into the
SG zone, whereas longer pulses enhance nuclear CaM accu-
mulation.

The relatively slow rise of the nuclear CaM concentration
evoked by agonists and Ca21 ionophore (Figs. 1–5) probably
reflects transfer through the nuclear pore complexes (NPC).
Supramaximal agonist stimulation depletes the ER-nuclear
envelope store of Ca21 to about the same extent as total
inhibition of the ER Ca21 ATPase by thapsigargin (25, 35).
Inositol 1,4,5-trisphosphate and cyclic ADP ribose release
Ca21 from the nuclear envelope store (36, 37). Such depletion
of internal stores inhibits transport of many macromolecules
through the NPCs and changes the conformation of these
pores (38). Our results indicate that Ca21 depletion of the
ER-nuclear envelope store does not inhibit CaM transfer
through the NPC. There are at least two types of macromol-
ecule movements through the NPC: the well characterized,
GTP-dependent mode and a GTP-independent, but Ca21-
CaM-dependent, transport. The GTP-dependent transport is
inhibited by Ca21 store depletion, whereas the Ca21-CaM-
dependent transport is activated under such conditions (39).
CaM itself may be imported into the nucleoplasm by this
Ca21-CaM-dependent pathway.

A Ca21 rather than CaM integrating action of the nucleus
recently has been described (40). Because of the slow relax-
ation of nucleoplasmic Ca21 transients compared with those in
the cytoplasm, repetitive perinuclear Ca21 puffs can be inte-
grated into a ‘‘staircase’’ of increasing nucleoplasmic Ca21

concentration. These Ca21-integrating events (40) are faster
than those described here for CaM, but also contribute to an
enhanced and prolonged Ca21-CaM reaction. There are many
Ca21-CaM-dependent enzymes in the nucleus (41–43), and
the integration of nuclear CaM accumulation described here
will potentiate the reactions catalyzed by these enzymes and

FIG. 6. CCK (50 pM) (periods of stimulation indicated by bars)
induces uniform [Ca21]i oscillations but different types of oscillations
of CaM concentration in different regions of pancreatic acinar cells.
The point of agonist addition also is shown by the positions of short,
vertical bars on the x axes. The [Ca21]i and CaM concentrations were
monitored in separate cells. (A) Calcium oscillations in three regions
of interest: nucleus (blue), secretory region (red), and basal non-
nuclear region (green). (B) Oscillations of calmodulin concentration
(oscillations of intensity of DTAF-CaM fluorescence) in similarly
selected regions of interest: nucleus (blue), SG region (red), and basal
nonnuclear region (green).

FIG. 7. Different types of Ca21 and CaM oscillations induced by
CCK in various regions of a pancreatic acinar cell; schematic diagram
indicating the hormone-evoked movements of CaM induced by global
[Ca21]i spikes. Application of CCK evokes initially a very long [Ca21]i
transient and, thereafter, repetitive, regular global Ca21 spikes (34).
The first movement of CaM (1) is into the secretory granule region.
CaM leaves this region as soon as [Ca21]i falls (2). There is a delayed
but substantial movement of CaM into the nucleus (3). The exit of
CaM from the nucleus (4) is very slow, allowing integration of the
pulses of CaM influx to give a sustained rise in the nuclear CaM
concentration.
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could have consequences for many important events including
gene expression (20, 43, 44). In the case of CaM kinase II there
is potential for a further level of integration, because isolated
enzyme studies show that the autophosphorylated kinase traps
CaM in the presence of Ca21 for a prolonged period. Each
successive Ca21 spike in a train therefore recruits CaM onto
holoenzymes that still retain bound CaM (43). Oscillations in
the cytosolic-free Ca21 level maximize gene expression for a
given amount of inositol 1,4,5-trisphosphate (45). Dolmetsch et
al. (46) also show the relative importance of Ca21 oscillations
in maximizing gene expression. Integration of Ca21 spike-
driven pulses of CaM influx to the nucleoplasm into a sus-
tained CaM elevation (Fig. 6) may optimize the effect of Ca21

spikes on Ca21-CaM-dependent reactions.
The translocation of Ca21 into the SG region also may have

important consequences. The main result of a [Ca21]i elevation
in the SG region is exocytosis (47). CaM is essential for
Ca21-regulated exocytosis in Paramecium (48), and Ca21y
CaM may signal the completion of docking and trigger a late
step of vacuole fusion (49). In pancreatic acinar cells, the
immunosuppressant cyclosporin A inhibits a Ca21-CaM-
dependent protein phosphatase and exocytotic enzyme secre-
tion (50). A rapid, but transient, translocation of CaM into the
SG region (Figs. 1–6) could provide an initial boost to the
Ca21-dependent secretion of digestive enzymes across the
apical membrane. It may be important that agonist concen-
trations evoking repetitive [Ca21]i spikes induce repetitive
pulses of CaM movement into the SG region (Fig. 6).

After an agonist-induced global [Ca21]i elevation in pan-
creatic acinar cells, there is polarized Ca21 transport across the
plasma membrane with a particularly intense extrusion, me-
diated by the CaM-regulated plasma membrane Ca21-ATPase
(51), from the apical secretory granule-containing region (26,
52). The translocation of CaM into the SG region (Figs. 1–6)
may be an important factor in stimulating Ca21 extrusion
across the apical membrane.
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