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ABSTRACT: The nucleus also contains the inositol 1,4,5-trisphosphate receptor (IP3R)/Ca2+ channels in
the nucleoplasm proper independent of the nuclear envelope or the cytoplasm. The nuclear IP3R/Ca2+

channels were shown to be present in small IP3-dependent nucleoplasmic Ca2+ store vesicles, yet no
information is available regarding the IP3 sensitivity of nuclear IP3R/Ca2+ channels. Here, we show that
nuclear IP3R/Ca2+ channels are 3-4-fold more sensitive to IP3 than cytoplasmic ones in both neuroendocrine
PC12 cells and nonneuroendocrine NIH3T3 cells. Given the presence of phosphoinositides and
phospholipase C and the importance of IP3-mediated Ca2+ signaling in the nucleus, the high IP3 sensitivity
of nuclear IP3R/Ca2+ channels seemed to reflect the physiological needs of the nucleus to finely control
the IP3-dependent Ca2+ concentrations. It was further shown that the IP3R/Ca2+ channels of secretory
cells are 7-8-fold more sensitive to IP3 than those of nonsecretory cells. This difference appeared to
result from the presence of secretory cell marker protein chromogranins (thus secretory granules) in secretory
cells; expression of chromogranins in NIH3T3 cells increased the IP3 sensitivity of both nuclear and
cytoplasmic IP3R/Ca2+ channels by∼4-6-fold. In contrast, suppression of chromogranin A expression
in PC12 cells changed the EC50 of IP3 sensitivity for cytoplasmic IP3R/Ca2+ channels from 17 to 47 nM,
whereas suppression of chromogranin B expression changed the EC50 of cytoplasmic IP3R/Ca2+ channels
from 17 to 102 nM and the nuclear ones from 4.3 to 35 nM. Given that secretion is the major function
of secretory cells and is under a tight control of intracellular Ca2+ concentrations, the high IP3 sensitivity
appears to reflect the physiological roles of secretory cells.

Calcium ions play critical roles in controlling nuclear
functions including chromosome replication and transcription
control (1), and the IP3-mediated Ca2+ release through the
inositol 1,4,5-trisphosphate receptor (IP3R)/Ca2+ channels is
known to be essential in the assembly of nuclear envelope
during cell division (2). The IP3Rs1 have been shown to be
widely present in the nucleoplasm, localizing both in the
heterochromatin and euchromatin regions (3, 4). Furthermore,
the nucleus of bovine chromaffin cell was recently shown
to contain numerous small IP3-dependent vesicular nucleo-
plasmic Ca2+ stores that consist of the IP3R/Ca2+ channels
and Ca2+ storage protein chromogranin B (3, 5). These
vesicular nucleoplasmic Ca2+ stores rapidly released Ca2+

in response specifically to inositol 1,4,5-trisphosphate, and
other inositol phosphates such as inositol 1,3,4-trisphosphate,
inositol 1,4-bisphosphate, or inositol 1,3,4,5-tetrakisphosphate
were of no effect (6), highlighting the inositol 1,4,5-
trisphosphate-dependent nature of the Ca2+ stores.

The fact that the IP3-dependent Ca2+ release inside the
nucleus is independent of the IP3-induced Ca2+ release from
either the nuclear envelope (NE) or the cytoplasm has been
previously demonstrated by the results that microinjection
of IP3 into the nucleus of NIH3T3 cells induced Ca2+ releases
from the nucleoplasm ahead of the NE and the cytoplasm
(7). On the other hand, when IP3 was microinjected into the
cytoplasm of NIH3T3 cells, the IP3-induced Ca2+ release
appeared in the cytoplasm first, which then spread to the
NE and the nucleus sequentially. These results and the recent
finding of the existence of IP3-dependent nucleoplasmic Ca2+

store vesicles demonstrated the release of Ca2+ from the
nucleoplasmic Ca2+ stores through the IP3R/Ca2+ channels.
Although some of the IP3R/Ca2+ channel-containing NE
membranes have been reported to penetrate into the nucleo-
plasm, thus appearing as thin channel- or reticulum-like
structures (8, 9), the highly rare presence of NE extensions
in the nucleoplasm would have contributed very little, if any,
to the IP3-dependent Ca2+ mobilization in the nucleus and
is clearly distinguished from the IP3-sensitive nucleoplasmic
Ca2+ store vesicles (5, 6).

The cytoplasm also contains IP3-sensitive Ca2+ stores such
as the endoplasmic reticulum (ER) (10, 11) and secretory
granules (12-14) that release Ca2+ through their IP3R/Ca2+

channels. Since IP3 is produced from PIP2 and the amount
of PIP2 available in the cytoplasm and the nucleus is likely
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to be different (15-17), the amount of IP3 produced in the
cytoplasm and the nucleus will in all likelihood be different.
In light of the importance of IP3-induced Ca2+ mobilization
in the control of many critical cytoplasmic and nuclear
activities (1, 18), the ability of the cytoplasmic and nucleo-
plasmic IP3R/Ca2+ channels to open in response to different
concentrations of IP3 will play pivotal roles in determining
Ca2+ release from each source. In view of the presence of
IP3R/Ca2+ channels in the NE (19-21) and the possibility
that the IP3-dependent nuclear Ca2+ mobilization will differ
from that of the cytoplasm, past research has centered on
the type of IP3R expressed and on the IP3 sensitivity of the
IP3R/Ca2+ channels localized in the NE and ER using planar
lipid bilayer methods (22-24). However, due to the intrinsic
limitation of not being able to look into the IP3R/Ca2+

channels that are located in the nucleoplasm proper (4) no
information is yet available regarding the sensitivity of the
nucleoplasmic IP3R/Ca2+ channels to IP3.

Given that the difference in the IP3 sensitivity of these
IP3R/Ca2+ channels will dictate the temporal and spatial IP3-
dependent Ca2+ concentrations in both the cytoplasm and
nucleus, it is of pivotal importance to know the difference
in the IP3 sensitivity of cytoplasmic and nuclear IP3R/Ca2+

channels in order to understand the Ca2+ control mechanisms
both in and out of the nucleus. We have therefore determined
the IP3 sensitivity of nuclear and cytoplasmic IP3R/Ca2+

channels using both nonneuroendocrine NIH3T3 cells and
neuroendocrine PC12 cells. It was thereby shown that the
nuclear IP3R/Ca2+ channels were severalfold more sensitive
than those of the cytoplasm in both neuroendocrine and
nonneuroendocrine cells. Moreover, the IP3R/Ca2+ channels
of neuroendocrine cells were significantly more sensitive than
those of nonneuroendocrine cells, and this difference ap-
peared to be due to presence of chromogranins (thus secretory
granules) in secretory cells. Being the marker proteins of
secretory cells (neurons, neuroendocrine cells, exocrine/
endocrine cells), chromogranins are absent in nonsecretory
cells, probably leading to the lower IP3 sensitivity of the IP3R/
Ca2+ channels of nonsecretory cells. In the present study,
the significance of high IP3 sensitivity of nuclear IP3R/Ca2+

channels and the potential roles of chromogranins in IP3-
dependent Ca2+ mobilization mechanisms of secretory cells
are also discussed.

EXPERIMENTAL PROCEDURES

Construction of Expression Vectors.The expression vec-
tors for chromogranin A (CGA) and chromogranin B (CGB)
were prepared by polymerase chain reaction (PCR) using
bovine cDNA as a template, and the PCR products containing
full coding sequences were subcloned into the EcoRI/XbaI
site of pCI-neo mammalian expression vector (Promega). The
expression vectors for CGA- and CGB-ECFP were prepared
by subcloning the PCR products into the NheI/SalI site of
pd2ECFP-N1 (Clontech) to produce pd2CGA-ECFP and
pd2CGB-ECFP, respectively. Circular plasmid cDNAs for
transfection were prepared using a Qiagen maxi-preparation
kit.

NIH3T3 Cell Culture and Transient Transfection.All
culture reagents were purchased from GibcoBRL, and
NIH3T3 cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal

bovine serum. Transient transfection was performed with
70-80% confluent cultures, and the cells were transfected
with circular plasmid DNAs using LipofecTAMINE-plus
transfection reagent (GibcoBRL). Briefly, cells were plated
at a density of 5× 105 cells per well (100 mm in diameter)
and were cultured for additional 24 h. Four micrograms of
plasmid DNA in 20µL of LipofecTAMINE plus reagent
was mixed with 750µL of OPTI-MEM I medium and
incubated for 15 min at room temperature. In addition, 30
µL of LipofecTAMINE reagent was mixed with 750µL of
OPTI-MEM I and incubated for 15 min. The mixture was
then added into a culture plate containing 5 mL of OPTI-
MEM I medium.

For real time Ca2+ release studies,∼5 × 104 NIH3T3 cells
were plated on a glass coverslip in a well containing 800
µL of OPTI-MEM I, and two DNA transfection reagents,
reagents 1 and 2, were prepared. Reagent 1 contained 0.1
µg of plasmid DNA in 6µL of LipofecTAMINE plus reagent
and 100µL of OPTI-MEM I medium, whereas reagent 2
contained 4µL of LipofecTAMINE plus reagent and 100
µL of OPTI-MEM I medium. Both reagents were incubated
for 15 min at room temperature, followed by mixing of the
two reagents and an additional 15 min of incubation. The
mixture was then added to the well containing the cells on
a coverslip, and the transfection was performed for 3 h at
37 °C. After transfection, the medium was replaced with
fresh prewarmed culture medium and was further incubated
for 72 h. In our culture condition, about 70-80% of NIH3T3
cells were transfected. The pCI-neo vector or pd2ECFP-N1

was used as an empty vector. The transfection of CGA- or
CGB-ECFP fusion protein was identified on the basis of the
cyan fluorescence emission using 425-445 nm excitation
and 460-510 nm emission filters, respectively, and micro-
injection, Ca2+ measurements, and the electron microscope
experiments were performed using the successfully trans-
fected cells 48 h after transfection.

PC12 Cell Culture and Transient Transfection of CGA-
and CGB-siRNAs.PC12 cells were maintained in RPMI 1640
(Gibco BRL) medium supplemented with 10% fetal bovine
serum. Transient siRNA transfection was performed with
70-80% confluent cultures. The CGA-siRNA duplex sense
and antisense sequences are 5′-CAACAACAACACAG-
CAGCUdTdT-3′ and 3′-dTdTGUUGUUGUUGUGUCGUC
GA-5′, respectively, and the CGB-siRNA duplex sense and
antisense sequences are 5′- AUGCCCUAUCCAAGU-
CCAGdTdT-3′ and 3′-dTdTUACGGGAUAGGUUCAGG
UC-5′, respectively. The 2-nucleotide 3′ overhang of 2′-
deoxythymidine is indicated as dTdT. The cells were
transfected with the siRNAs using SilencerTM siRNA
transfection kit (Ambion). Briefly, approximately 1-2 × 106

PC12 cells were plated on collagen type IV (BD Biosciences)
coated culture dish (100 mm in diameter) in RPMI 1640
medium supplemented with 10% FBS and were cultured for
48 h before transfection. For dose-response experiments of
siRNA transfection, 0.25-2 µg of appropriate siRNA and
10 µL of siPORT Amine were used per 5× 105 cells. But
for the EM study, 1µg of appropriate siRNA and 10µL of
siPORT Amine were used per 5× 105 cells. Addition of
more siRNA did not reduce the number of secretory granules
further. The transfection was performed for 6 h at 37°C.
After transfection, the medium was replaced with fresh
prewarmed RPMI 1640 medium and was further incubated
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for 48 h. The transfection was monitored using a Silencer
CyTM3 siRNA labeling kit, and the electron microscope
experiments using the transfected PC12 cells were performed
48 h after transfection. With the use of these procedures,
the expression of CGA and CGB in the PC12 cells was
shown to decrease by∼75-90%, respectively (25).

Detection of Nuclear and Cytosolic Ca2+ Signals with
Confocal Microscopy.Approximately 5× 104 NIH3T3 cells
or ∼1 × 105 PC12 cells that had grown on a glass coverslip
were stabilized with OPTI-MEM I medium for 30 min before
incubation with the fluorescent Ca2+ indicator. Then the cells
were treated with a cell permeant fluorescent Ca2+ indicator
fluo-4/AM (4 µM) in OPTI-MEM I for 40 min at 37°C,
5% CO2, after which the cells were washed three times with
OPTI-MEM I and then stabilized with the same medium for
30 min at room temperature. The coverslip containing the
fluo-4 incubated cells was mounted to a custom-made
perfusion chamber on the stage of an inverted microscope
(IX71, Olympus). Confocal images of intracellular nuclear
and cytosolic Ca2+ signals of NIH3T3 and PC12 cells were
recorded near the middle of the nucleus using a Perkin-Elmer
UltraView LCI confocal imaging system with 60×, 1.4 NA
objective lens. In the case of NIH3T3 cells transfected with
CGA- or CGB-ECFP, only the cells that emitted ECFP
fluorescence were chosen for Ca2+ measurement. To detect
the confocal fluorescence images of the calcium signals,
fluo-4 was excited at 488 nm using an argon laser and a
488/10 nm excitation filter (Chroma Technology Corp. VT),
and the emission fluorescence signals were collected through
a HQ525/50 nm band-pass filter (Chroma). Images were
acquired every 100 ms after microinjection of 10 nM IP3

(see below), which were analyzed using the region-of-interest
(ROI) function of the UltraView LCI Imaging Suite software
5.0 (Perkin-Elmer, Boston, MA). The Ca2+ release in the
cytoplasm and nucleus of microinjected cells was measured
using the UltraView LCI confocal imaging system with a
100× objective (NA ) 1.35) from the opticalZ-section
transverse of the middle region of the nucleus of the cell. In
these experiments, only the cells uniformly loaded with
fluo-4 fluorescence both in the nucleus and the cytosol were
used.

Microinjection of IP3. Microinjection of IP3 was carried
out with an Eppendorf system (Injectman NI2 5181, Femtojet
5247; Eppendorf-Netheler-Hinz, Hamburg, Germany) using
pipettes (∼100 nm i.d.) pulled from quartz glass (o.d., 1.0
mm; i.d., 0.7 mm, Sutter Instrument) using a P-2000
micropipette puller (Sutter Instrument, Novato, CA). The IP3

to be microinjected were diluted to their final concentration
in a buffer (20 mM HEPES, pH 7.2, 110 mM KCl, 2 mM
MgCl2, 5 mM KH2PO4, 10 mM NaCl) and filtered with a
0.2 µm filter before filling into the microinjection pipet.
Injections were made using the semiautomatic mode of the
Eppendorf system at a pipet angle of 45° under the following
instrument settings: injection pressure 80 hPa, compensatory
pressure 60 hPa, injection time 0.5 s, and velocity of the
pipet 2000µm/s (26). Under such conditions using Femtotips
II (∼500 nm i.d.) as pipettes, the injection volume had
previously been estimated to be 1-1.5% of the cell volume
in the case of Jurkat T-lymphocytes (26). Hence, in light of
the similarity in size between Jurkat T-lymphocytes and
PC12 cells, and much larger NIH3T3 cells that have an
average diameter∼3 times larger than that of PC12 cells,

our injection volume was also expected to be∼1% of the
PC12 cell volume or less than 0.05% of the NIH3T3 cell
volume. Selective microinjection to the nucleus and cytosol
was confirmed by microinjection of 4′,6′-diamidino-2-
phenylindole (DAPI) and ER-Tracker Blue-White DPX
(Molecular Probes, Eugene, OR), respectively. The changes
in the fluorescence Ca2+ images were acquired every 100
ms.

Ca2+ Release as a Function of Time.Fluorescence Ca2+

signal (F) of the cells was measured over the ROIs drawn
in the nucleus, NE, and cytoplasm. The baseline fluorescence
(Fo) of each ROI was calculated as the average fluo-4
fluorescence intensity of 100 frames before IP3 injection. The
onset of the Ca2+ signal was determined as the time point at
which F - Fo began to rise above 5% of the difference
betweenFmax - Fo for the first time.

RESULTS

In view of the presence of independent IP3-sensitive Ca2+

stores in the nucleus and cytoplasm and given that different
concentrations of IP3 induce different amounts of Ca2+

release, it became of importance to determine the respective
IP3 sensitivity of the IP3R/Ca2+ channels of the nucleus and
cytoplasm. Hence, to determine the EC50 values of IP3

concentration for the nuclear and cytoplasmic IP3R/Ca2+

channels of both secretory and nonsecretory cells, we first
measured the IP3-dependent Ca2+ releases as a function of
microinjected IP3 concentration in the nucleus and cytoplasm
of nonneuroendocrine NIH3T3 cells (Figure 1). The maxi-
mum Ca2+ release was set at 100%, and the extent of Ca2+

release at a given IP3 concentration was plotted as a

FIGURE 1: IP3-induced Ca2+ releases in the nucleus and cytoplasm
as a function of IP3 concentration in NIH3T3 cells. IP3-induced
Ca2+ releases in the nucleus and cytoplasm of NIH3T3 cells were
expressed as a function of varying concentrations of microinjected
IP3 into the nucleus and cytoplasm, respectively. The maximum
Ca2+ release was set at 100%, and Ca2+ releases at different IP3
concentrations were expressed as percentages of the maximum.
Each data point shown is mean( SD of 5-7 independent
measurements at the shown IP3 concentration.
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percentage of the maximum Ca2+ release. As shown in Figure
1, injection of 10 nM IP3 into the nucleus of NIH3T3 cells
was sufficient to elicit nuclear Ca2+ release, and the amount
of Ca2+ released continued to increase until∼1-2 µM IP3

was injected into the nucleus of NIH3T3 cells at which
concentrations the amount of Ca2+ released no longer
increased. On the other hand, the IP3-induced Ca2+ release
in the cytoplasm of NIH3T3 cells required higher concentra-
tions of IP3 than those required in the nucleus and reached
its maximum at∼10 µM IP3 (Figure 1). The EC50 value of
IP3 concentration for the nuclear IP3R/Ca2+ channels of
NIH3T3 cells was 33( 11 nM (mean( SD,n ) 5), whereas
that for the cytoplasmic ones was 110( 35 nM (Figure 1
and Table 1), demonstrating that the nuclear IP3R/Ca2+

channels are∼3-4-fold more sensitive to IP3 than the
cytoplasmic ones.

To determine the EC50 values of IP3 concentration for
the nuclear and cytoplasmic IP3R/Ca2+ channels of neuroen-
docrine PC12 cells, we measured the IP3-dependent Ca2+

releases as a function of microinjected IP3 concentration in
both the nucleus and cytoplasm (Figure 2) as described for
NIH3T3 cells. As shown in Figure 2, injection of 1 nM IP3

into the nucleus of PC12 cells began to elicit nuclear Ca2+

releases, and the amount of Ca2+ released continued to
increase until∼0.1 µM IP3 was injected into the nucleus of
PC12 cells at which concentration the amount of Ca2+

released no longer increased. On the other hand, the IP3-
induced Ca2+ release in the cytoplasm of PC12 cells required
higher concentrations of IP3 than those required in the
nucleus and reached its maximum at∼2 µM IP3 (Figure 2).
The EC50 values for the nuclear and cytoplasmic IP3R/Ca2+

channels were 4.3( 1.4 nM (mean( SD,n ) 5) and 17(
5 nM, respectively (Figure 2 and Table 1), indicating that
the nuclear IP3R/Ca2+ channels of PC12 cells are∼4-fold
more sensitive to IP3 than the cytoplasmic ones. This result
with PC12 cells is consistent with the one shown with
NIH3T3 cells and confirms the higher sensitivity of nuclear
IP3R/Ca2+ channels. Independent presence and function of
the IP3R/Ca2+ channels in the nucleus and cytoplasm are also
clearly shown in calcium imaging experiments (Figure 3).
Figure 3 shows that in response to 10 nM microinjected IP3

the initial IP3-mediated Ca2+ release originates in the nucleus
when IP3 is injected into the nucleus (Figure 3A) but in the
cytoplasm when IP3 is injected into the cytoplasm (Figure
3B).

Comparison of the EC50 values of IP3 concentration not
only shows that the nuclear IP3R/Ca2+ channels are∼4-fold
more sensitive to IP3 than the cytoplasmic ones in both
neuroendocrine and nonneuroendocrine cells but also indi-
cates that the IP3R/Ca2+ channels in neuroendocrine PC12

cells are∼7-8-fold more sensitive to IP3 than the corre-
sponding IP3R/Ca2+ channels in nonneuroendocrine NIH3T3
cells. In light of the fact that neuroendocrine cells contain
chromogranins, which are the major secretory granule
proteins and serve as the granulogenic factors that induce
secretory granule formation in the cells they are expressed
(25, 27, 28), and that the presence of chromogranins increases
the magnitude of IP3-dependent Ca2+ releases markedly (29),
the higher IP3 sensitivity of the IP3R/Ca2+ channels in PC12
cells appeared to be due to the presence of chromogranins
in PC12 cells.

To determine whether the presence of chromogranins
change the IP3 sensitivity of the IP3R/Ca2+ channels of the
cells in which chromogranins are expressed, we expressed
CGA and CGB in NIH3T3 cells and tested the IP3 sensitivity
of the IP3R/Ca2+ channels of the chromogranin-expressing
NIH3T3 cells (Figures 4 and 7). Determination of the EC50
values of IP3 concentration for IP3-induced Ca2+ release in
the nucleus and cytoplasm of chromogranin-expressing
NIH3T3 cells indicated marked differences in the EC50

Table 1: IP3 Concentration at Which the IP3-Induced Ca2+ Release through the IP3R/Ca2+ Channels Was 50% of the Maximum (EC50 in nM)

NIH3T3 cell PC12 cell

normal CGA-ECFP CGB-ECFP normal siCGA siCGB

nuclear
injection

33 ( 11a 30 ( 5 6 ( 2 4.3( 1.4 4.6( 1.4 35( 10

cytoplasmic
injection

110( 35 27( 5 20( 6 17( 5 47( 12 102( 25

a Statistical analyses were performed using one-way analysis of variance, and the EC50 values shown are mean( SD (n ) 5). Comparison of
the EC50 values between those of nuclear and cytoplasmic IP3R/Ca2+ channels in NIH3T3 and PC12 cells showedp < 0.001 by pairedt test in
all subgroups except the CGA-expressing NIH3T3 cells (CGA-ECFP) in which the difference was not significant.

FIGURE 2: IP3-induced Ca2+ releases in the nucleus and cytoplasm
as a function of IP3 concentration in PC12 cells. IP3-induced Ca2+

releases in the nucleus and cytoplasm of PC12 cells were expressed
as a function of varying concentrations of microinjected IP3 into
the nucleus and the cytoplasm, respectively. The maximum Ca2+

release was set at 100%, and Ca2+ releases at different IP3
concentrations were expressed as percentages of the maximum.
Each data point shown is mean( SD of 5-7 independent
measurements at the shown IP3 concentration.
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values between the chromogranin-expressing and nonex-
pressing NIH3T3 cells (Figures 4 and 7). The EC50 values
of IP3 concentration in the nucleus and cytoplasm of CGB-
expressing NIH3T3 cells were 6( 2 nM (mean( SD,n )
5) and 20( 6 nM, respectively (Figure 4, Table 1). These
values are not much different from the corresponding EC50
values, 4.3( 1.4 nM and 17( 5 nM, shown for PC12 cells
(Table 1), which appears to reflect the neuroendocrine cell-
like nature of the CGB-expressing NIH3T3 cells that contain
newly formed secretory granules in the cytoplasm and CGB
in the nucleus (25).

Calcium imaging results demonstrated clear spatial resolu-
tion of the IP3-induced Ca2+ release in the CGB-expressing
NIH3T3 cells (Figures 5A and 6A); microinjection of 10
nM IP3 into the nucleus of CGB-expressing NIH3T3 cells
elicited release of Ca2+ in the nucleus first, which then spread
to the NE and the cytoplasm (Figure 5A). Temporal
resolution of the IP3-induced Ca2+ release also confirmed
the IP3-dependent release of Ca2+ in the nucleus first (Figure
5, parts B and C). On the other hand, microinjection of 10
nM IP3 into the cytoplasm of CGB-expressing NIH3T3 cells
elicited release of Ca2+ in the cytoplasm first, which then
spread to the NE and the nucleus (Figure 6A). Temporal
resolution of the IP3-induced Ca2+ release also showed the

IP3-dependent release of Ca2+ in the cytoplasm first (Figure
6, parts B and C). Comparison of the Ca2+ signal slopes of
the IP3-dependent release of Ca2+ in the nucleus (Figure 5,
parts B and C) and in the cytoplasm (Figure 6, parts B and
C) indicates that the diffusion rate of Ca2+ signal from the
nucleus to the cytoplasm or from the cytoplasm to the nucleus
is similar, both Ca2+ signals taking∼0.4 s. But the speed of
IP3-dependent Ca2+ release in the cytoplasm and nucleus is
significantly different; the IP3-induced Ca2+ release in the
cytoplasm was fast, reaching the peak level in∼0.2 s,
whereas that in the nucleus was relatively slow, continuously
releasing Ca2+ over an extended period of time after which
the released Ca2+ began to be sequestered. These results
suggest that the cytoplasmic Ca2+ concentration can increase
very rapidly upon IP3 introduction, which then is followed
by sequestration, while the IP3-dependent nuclear Ca2+

release is a bit slower than that in the cytoplasm but continues
for a longer period of time in the nucleus. The apparent
difference in the IP3-dependent Ca2+ release pattern of the
nucleus and cytoplasm may prove to be essential in carrying
out different physiological functions in the respective sub-
cellular location. The same results were also obtained in
experiments that had been carried out with the CGA-
expressing NIH3T3 cells (not shown). These results further

FIGURE 3: Imaging of IP3-induced Ca2+ mobilization in the nucleus and cytoplasm of PC12 cells. An amount of 10 nM IP3 was microinjected
into the nucleus (A) and cytoplasm (B) (the exact location of microinjection is indicated by an arrow within and outside of the demarked
nucleus) of PC12 cells at the time indicated by an upward arrow (between 14.6 and 14.7 s). The resulting Ca2+ release images are shown
as a function of time in pseudocolors. Note that the initial IP3-dependent Ca2+ release is limited to the nucleus (A) and cytoplasm (B),
respectively.
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demonstrated the presence of separate IP3-dependent Ca2+

stores in both the nucleus and cytoplasm that release Ca2+

through the IP3R/Ca2+ channels regardless of the expression
of chromogranin A or B.

Slightly differing from the CGB-expressing NIH3T3 cells
(Figure 4), the EC50 values of IP3 concentration in the
nucleus and cytoplasm of CGA-expressing NIH3T3 cells
were 30( 5 nM (mean( SD, n ) 5) and 27( 5 nM,
respectively (Figure 7, Table 1). Although the EC50 value
in the cytoplasm decreased from 110( 35 nM in normal
NIH3T3 cells to 27( 5 nM in CGA-expressing NIH3T3
cells (Figure 7), a 4-fold increase in the sensitivity of the
cytosolic IP3R/Ca2+ channels to IP3, the EC50 value in the
nucleus remained virtually the same, 33( 11 nM in the
normal cells and 30( 5 nM in the CGA-expressing cells
(Figure 7), reflecting the lack of CGA expression in the
nucleus (25, 30).

Further, in contrast to the expression of chromogranins in
normally chromogranin-deficient NIH3T3 cells we have
suppressed the expression of intrinsic chromogranins in
secretory PC12 cells with siRNA and determined the effect
of suppressed chromogranin expression on the IP3 sensitivity
of the IP3R/Ca2+ channels of PC12 cells (Figure 8). In our
hands, the siCGA or siCGB treatment resulted in the 75-
90% reduction of respective chromogranin expression (25),
allowing us to determine the chromogranin effect. When the
CGA expression was suppressed by siCGA-RNA, the EC50
values of IP3 concentration for the nuclear and cytoplasmic
IP3R/Ca2+ channels of PC12 cells were 4.6( 1.4 nM (mean
( SD, n ) 5) and 47( 12 nM, respectively (Figure 8A).
The EC50 value of the nuclear IP3R/Ca2+ channels was
virtually unchanged, compared to 4.3( 1.4 nM of normal

PC12 cells. However, the EC50 value of the cytoplasmic
IP3R/Ca2+ channels was significantly changed from 17( 5
nM (mean( SD,n ) 5) to 47( 12 nM,∼3-fold difference.
In accordance with the lack of CGA expression in the
nucleus, suppression of CGA expression did not affect the
EC50 value of the nuclear IP3R/Ca2+ channels of PC12 cells
but decreased the IP3 sensitivity of the cytoplasmic IP3R/
Ca2+ channels by∼3-fold (Table 1).

However, suppression of CGB expression by siCGB-RNA
changed the EC50 values of both nuclear and cytoplasmic
IP3R/Ca2+ channels of PC12 cells, showing the EC50 value
of 35 ( 10 nM (mean( SD, n ) 5) for the nuclear IP3R/
Ca2+ channels and 102( 25 nM for the cytoplasmic ones
(Figure 8B). In accordance with the expression of CGB in
both the cytoplasm and nucleus, suppression of CGB
expression decreased the IP3 sensitivity of nuclear IP3R/Ca2+

channels by∼8-fold and that of cytoplasmic ones by∼6-
fold (Table 1), thereby clearly demonstrating the effect of
chromogranins on the IP3 sensitivity of both cytoplasmic and
nuclear IP3R/Ca2+ channels of PC12 cells.

DISCUSSION

The IP3R/Ca2+ channels that play major roles in intrac-
ellular Ca2+ signaling have recently been shown to exist
inside the nucleus in addition to their cytoplasmic location
in the ER and secretory granules. In accordance with the
previous results, the present results demonstrate not only the
existence of nuclear IP3-dependent Ca2+ stores in both the
neuroendocrine PC12 cells and nonneuroendocrine NIH3T3
cells, independent of the NE or the cytoplasm, but also the
difference in IP3 sensitivity between nuclear and cytoplasmic
IP3R/Ca2+ channels. In view of the importance of cytoplasmic
and nuclear IP3R/Ca2+ channels to understanding the IP3-
dependent Ca2+ control mechanisms of both the cytoplasm
and nucleus, and in the absence of information regarding
the IP3 sensitivity of cytoplasmic and nuclear IP3R/Ca2+

channels, the present results provide critical information on
the IP3 sensitivity of IP3R/Ca2+ channels of secretory as well
as nonsecretory cells.

As shown in Figures 1 and 2, the nuclear IP3R/Ca2+

channels showed∼3-4-fold higher IP3 sensitivity than the
cytoplasmic ones in both NIH3T3 cells and PC12 cells. The
EC50 values of IP3 concentration for nuclear and cytoplasmic
IP3R/Ca2+ channels of NIH3T3 cells were 33 nM and 110
nM, respectively, whereas the EC50 values of IP3 concentra-
tion of PC12 cells for nuclear and cytoplasmic IP3R/Ca2+

channels were 4.3 and 17 nM, respectively. Interestingly,
these values are not much different from the IP3-binding
affinities of either the IP3-binding amino-terminal 604
residues of three mouse IP3R isoforms, which showed
dissociation constants of 49.5, 14.0, and 163.0 nM (31), or
the whole three IP3R isoforms, which showed dissociation
constants of 28, 5.8, and 290 nM (32), and appear to directly
reflect the IP3-mediated Ca2+ releases upon binding of IP3

to the nuclear and cytoplasmic IP3R/Ca2+ channels.
Given the presence of all three IP3R isoforms in the

cytoplasm and nucleoplasm of NIH3T3 and PC12 cells (4,
29), the higher IP3 sensitivity of nuclear IP3R/Ca2+ channels
is not likely due to predominant localization of any single
IP3R isoform in the nucleus or cytoplasm. Moreover,
considering that the resting Ca2+ concentrations in the

FIGURE 4: IP3-induced Ca2+ releases in the nucleus and cytoplasm
as a function of IP3 concentration in CGB-expressing NIH3T3 cells.
IP3-induced Ca2+ releases in the nucleus and cytoplasm of CGB-
expressing NIH3T3 cells were expressed as a function of varying
concentrations of microinjected IP3 into the nucleus and the
cytoplasm, respectively. The Ca2+ releases at different IP3 concen-
trations were expressed as percentages of the maximum. Each data
point shown is mean( SD of 5-7 independent measurements at
the shown IP3 concentration.
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nucleoplasm and cytoplasm may not differ greatly, the higher
sensitivity of nuclear IP3R/Ca2+ channels is not likely due
to activating or inhibitory effect of the Ca2+ concentration
(33-36) in the nucleus or cytoplasm (reviewed in37). ATP
has also been shown to potentiate the IP3R/Ca2+ channel
opening (37, 38). In light of the fact that ATP concentration
in the cytoplasm is∼5-10 mM, ∼10% of it being in free
form, it appears that the lower IP3 sensitivity of cytoplasmic

IP3R/Ca2+ channels is not due to lower ATP concentration
in the cytoplasm. The present results further indicate that
regardless of the cell types the nucleus contains the IP3-
sensitive Ca2+ stores that are markedly more sensitive to IP3

than the cytoplasmic ones. Considering that each cell needs
to control a vast array of nuclear activities such as NE
formation, transcription, and chromosome replication (1, 2,
18) that are all controlled by nuclear Ca2+ concentrations,

FIGURE 5: Microinjection of IP3 into the nucleus and Ca2+ imaging of CGB-expressing NIH3T3 cells. (A) An amount of 10 nM IP3 was
microinjected into the nucleus (the exact location of microinjection is indicated by an arrow) of CGB-expressing NIH3T3 cells at the time
indicated by an upward arrow (between 14.6 and 14.8 s). The resulting Ca2+ release images are shown as a function of time in pseudocolors.
Note that the initial IP3-dependent Ca2+ release is limited to the nucleus, though it propagated to the cytoplasm later. (B and C) Temporal
resolution of the IP3-induced Ca2+ release shows that Ca2+ was released first in the nucleus (Nu), followed by the nuclear envelope (NE)
and cytoplasm (Cy) of the CGB-expressing NIH3T3 cell. The box shown in (B) is redrawn in (C) in an expanded scale. The subcellular
regions from which the Ca2+ signals were collected are demarked in the normal image. The results shown are typical of cells microinjected
with IP3 in the nucleus.
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the IP3-dependent nuclear Ca2+ control mechanism appears
to be well served by the highly sensitive nuclear IP3R/Ca2+

channels.
Although the cytoplasmic IP3-sensitive Ca2+ stores, the

ER and secretory granules, and the nucleoplasmic Ca2+ store
vesicles all share the common property of releasing Ca2+ in
response to IP3, the physiological role and size of each
organelle in the cell differ significantly. The presumed

primary function of secretory granules is storage of secretory
cargo and delivery to the extracellular space, whereas that
of the ER is modification and folding of proteins, to name
a few. Hence, the fact that secretory granules and the ER
also function as IP3-sensitive Ca2+ stores (14, 39-41) and
control the intracellular Ca2+ concentration (42, 43) is in line
with their roles in the cell. In addition, the ER and secretory
granules are significantly larger than the small nucleoplasmic

FIGURE 6: Microinjection of IP3 into the cytoplasm and Ca2+ imaging of CGB-expressing NIH3T3 cells. (A) An amount of 10 nM IP3 was
microinjected into the cytoplasm (the exact location of microinjection is indicated by an arrow) of CGB-expressing NIH3T3 cells at the
time indicated by an upward arrow (between 14.7 and 14.8 s). The resulting Ca2+ release images are shown as a function of time in
pseudocolors. Note that the initial IP3-dependent Ca2+ release is limited to the cytoplasm, though it propagated to the nucleus later. (B and
C) Temporal resolution of the IP3-induced Ca2+ release shows that Ca2+ was released first in the cytoplasm (Cy), followed by the nuclear
envelope (NE) and nucleus (Nu) of the CGB-expressing NIH3T3 cell. The box shown in (B) is redrawn in (C) in an expanded scale. The
subcellular regions from which the Ca2+ signals were collected are demarked in the normal image. The results shown are typical of cells
microinjected with IP3 in the cytoplasm.
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Ca2+ stores (50 nm diameter in chromaffin cells) and contain
a number of membrane proteins and high concentrations of
intragranular/luminal molecules.

The small size of the nucleoplasmic Ca2+ store vesicles
(50 nm diameter) favors the possibility that these vesicles
are specialized for the exclusive purpose of controlling the
IP3-dependent Ca2+ concentrations in the nucleus. In view
of the fact that the nucleus contains∼11 mM Ca2+ (6) and
the chromosomes contain 20-32 mM Ca2+ depending on
the condensation state (44) and that chromatin and chromo-
some structures are in dynamic motion (45), it would be
critical for the small nucleoplasmic Ca2+ stores to be highly
sensitive to ever-changing IP3 concentrations in the nucleus.
Therefore, the high IP3 sensitivity of the nuclear IP3R/Ca2+

channels, being 3-4-fold higher than the cytoplasmic ones
in both secretory and nonsecretory cells, is in good accord
with the potentially important physiological functions of
nuclear IP3R/Ca2+ channels.

In previous studies, using HepG2 liver cell line and planar
lipid bilayer methods, the EC50 values of IP3 concentration
for the IP3R/Ca2+ channels have been reported to be 64 nM
for the NE membranes and 3.7µM for the ER membranes
(23). The nuclear membrane EC50 value of 64 nM is
relatively close to 33 nM obtained with the nucleoplasmic
IP3R/Ca2+ channels of NIH3T3 cells (Figure 1), but 3.7µM
of the ER membranes of HepG2 cells is markedly different
from 110 nM of the cytoplasmic IP3R/Ca2+ channels of
NIH3T3 cells (Figure 1). The reported EC50 values of the
IP3R/Ca2+ channels of the ER membranes, which are
obtained by planar lipid bilayer methods, range from 58 nM
of type 2 IP3R channels to 194 nM of type 1 IP3R channels
(24) or from 0.5µM of type 1 IP3R channels to 3.2µM of
type 3 IP3R channels (22). In spite of the possibility that the
EC50 values obtained with the planar lipid bilayer methods

may not necessarily indicate the IP3 sensitivities the IP3R/
Ca2+ channels manifest in vivo, the varying results appear
to depend on how the membrane vesicles are prepared before
reconstitution into the lipid bilayer.

The present results also show that the IP3R/Ca2+ channels
of secretory PC12 cells are 7-8-fold more sensitive to IP3
than those of nonsecretory NIH3T3 cells, in both the nucleus
and cytoplasm. The EC50 values obtained with bovine
chromaffin cells were even lower than those of PC12 cells
(not shown), further underscoring the higher IP3 sensitivity

FIGURE 7: IP3-induced Ca2+ releases in the nucleus and cytoplasm
as a function of IP3 concentration in CGA-expressing NIH3T3 cells.
IP3-induced Ca2+ releases in the nucleus and cytoplasm of CGA-
expressing NIH3T3 cells are expressed as a function of varying
concentrations of microinjected IP3 into the nucleus and the
cytoplasm, respectively. Others are the same as Figure 4.

FIGURE 8: IP3-induced Ca2+ releases in the nucleus and cytoplasm
as a function of IP3 concentration in siCGA- and siCGB-treated
PC12 cells. IP3-induced Ca2+ releases in the nucleus and cytoplasm
of siCGA-treated (A) and siCGB-treated (B) PC12 cells are
expressed as a function of varying concentrations of microinjected
IP3 into the nucleus and the cytoplasm, respectively. The Ca2+

releases at different IP3 concentrations are expressed as percentages
of the maximum.
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of IP3R/Ca2+ channels of secretory cells. The 7-8-fold
difference in the IP3 sensitivity of the IP3R/Ca2+ channels
between secretory and nonsecretory cells is much higher than
the ∼4-fold difference observed between the EC50 values
of the nucleus and cytoplasm and, thus, appears to imply
relatively more stringent control mechanisms of IP3-depend-
ent Ca2+ concentrations in secretory cells compared to
nonsecretory cells. One distinct difference between secretory
and nonsecretory cells is the presence of secretory granules
and the major secretory granule proteins chromogranins A
and B in secretory cells. Given the secretory activity that is
under a tight control of intracellular Ca2+ concentrations in
secretory cells, the 7-8-fold higher sensitivity of the IP3R/
Ca2+ channels in secretory cells is likely to reflect the
specialized function of these cells. Moreover, unlike secretory
cells that need to produce a number of secretory molecules
in large quantities rapidly and often, the nonsecretory cells
would not need a physiological machinery that operates under
an equally sensitive Ca2+ control mechanism, probably
explaining the lower IP3 sensitivity of the IP3R/Ca2+ channels
in nonsecretory cells.

The major proteins of secretory granules chromogranins
A and B (46-48) play multiple roles in the cell. Not only
are chromogranins Ca2+ storage proteins, binding 30-90 mol
of Ca2+/mol with dissociation constants of 2-4 mM (49,
50), they also couple with the IP3Rs and activate the IP3R/
Ca2+ channels (51), increasing the channel open probability
8-16-fold and the mean open time 9-42-fold (52, 53). They
are also known to play granulogenic roles, inducing forma-
tion of secretory granules (25, 27, 28) and targeting the IP3R/
Ca2+ channels to the granule membrane (29). These unique
properties of chromogranins seem to be in perfect harmony
with the specialized function of secretory cells and their need
to control the IP3-dependent intracellular Ca2+ concentrations
tightly and appear to serve as the basis for the high sensitivity
of the IP3R/Ca2+ channels of secretory cells.

In accordance with the expression of chromogranins in
newly formed secretory granules of the chromogranin-
transfected NIH3T3 cells (29), the IP3 sensitivity of the
cytoplasmic IP3R/Ca2+ channels was substantially increased
by expression of either CGA or CGB, increasing 4-6-fold
(Figures 4 and 7). Further, in light of the presence of CGB,
a member of the IP3-sensitive nucleoplasmic Ca2+ store
vesicles (5, 6), in the nucleus and of the coupling of CGB
to the IP3R/Ca2+ channel to activate the channel (53, 54), it
appears that CGB plays essential roles in the IP3-induced
Ca2+ mobilization in the nucleus of secretory cells. Indeed,
the nuclear CGB drastically changed the IP3 sensitivity of
nuclear IP3R/Ca2+ channels as evidenced in the CGB-
expressing NIH3T3 cells, increasing the IP3 sensitivity of
nuclear IP3R/Ca2+ channels of the CGB-expressing NIH3T3
cells ∼6-fold (from the EC50 value of 33 to 6 nM). In
contrast, expression of CGA in NIH3T3 cells was without
effect on the IP3 sensitivity of nuclear IP3R/Ca2+ channels
(Table 1) because CGA is not expressed in the nucleus (29,
30).

The effect of chromogranins on IP3 sensitivity of IP3R/
Ca2+ channels was further confirmed in PC12 cells that
contain intrinsic chromogranins (Figure 8). As shown in
Figure 8A, suppression of CGA in PC12 cells decreased the
IP3 sensitivity of cytoplasmic IP3R/Ca2+ channels by∼3-
fold (from an EC50 value of 17 to 47 nM) though that of

cytoplasmic IP3R/Ca2+ channels remained virtually un-
changed (from an EC50 value of 4.3 to 4.6 nM) in
accordance with the absence of CGA expression in the
nucleus. On the other hand, suppression of CGB expression
decreased the IP3 sensitivity of both cytoplasmic and nuclear
IP3R/Ca2+ channels of PC12 cells, decreasing the IP3

sensitivity of nuclear IP3R/Ca2+ channels∼8-fold (from an
EC50 value of 4.3 to 35 nM) and that of cytoplasmic ones
∼6-fold (from an EC50 value of 17 to 102 nM). These results
clearly demonstrate the profound roles chromogranins
play in controlling the IP3R/Ca2+ channel activities in both
the cytoplasm and nucleus of cells in which they are
expressed.

In view of the regulation of IP3R/Ca2+ channels by Ca2+,
IP3, and ATP (33-36, 38, 55), modulating the channel
opening rate (reviewed in37), the effect of chromogranins
on the IP3 sensitivity of IP3R/Ca2+ channels appears to be
significantly greater than that exerted by Ca2+, IP3, and ATP.
Chromogranin coupling to the IP3Rs in the presence of Ca2+

leads not only to a large conformational change of the
coupled chromogranin-IP3Rs but also to more stable and
ordered structures (56, 57). This conformational change
of the IP3R/Ca2+ channels to more stable and ordered
structures may override any conformational changes caused
by Ca2+, IP3, and ATP available at or near the IP3R/Ca2+

channels and maintain the channels in an “open-ready”
condition that can readily open in response to IP3 binding to
release Ca2+.

In spite of the significantly higher IP3 sensitivity of the
IP3R/Ca2+ channels of secretory cells that express chromog-
ranins, it is nevertheless clear that the presence of CGB in
the nucleus is not universally required for the nuclear IP3R/
Ca2+ channels to be more sensitive to IP3 from the fact that
the nuclear IP3R/Ca2+ channels of nonsecretory NIH3T3 cells
are still∼4-fold more sensitive to IP3 than the counterparts
in the cytoplasm. NIH3T3 cells that do not contain intrinsic
chromogranins also released Ca2+ in response to IP3 in the
nucleus (Figure 1), independent of the NE or the cytoplasm,
demonstrating the presence of IP3-sensitive Ca2+ store in the
nucleus of nonsecretory cells. It is therefore quite likely that
molecules functionally equivalent to CGB of secretory cells
might play similar roles in nonsecretory cells.
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