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Microdomains of high Ca#+ concentration ([Ca#+]) may be critical

to the control of intracellular processes such as secretion and

metabolism without compromising other cell functions. To

explore changes in [Ca#+] in the outer mantle (! 30 nm deep)

that surrounds the surface of dense-core secretory granules, we

have designed a recombinant chimaera between the granule

protein phogrin and aequorin. When expressed in populations of

insulin-secreting MIN6 or phaeochromocytoma PC12 cells, the

chimaera was targeted to secretory granules as expected. The

recombinant protein reported a similar [Ca#+] at the granule

surface to that in the bulk cytosol, measured with untargeted

aequorin. This was the case both at rest ([Ca#+]¯ 80–120 nM)

and after stimulation with agents that provoke Ca#+ entry or

INTRODUCTION
High local concentrations of Ca#+ in the vicinity of dense-core

secretory granules are implicated in the stimulation of exocytosis

in neuroendocrine and other cells displaying regulated secretion

[1]. For example, those granules that are part of or close to a

docking complex are likely to experience high local [Ca#+] beneath

the plasma membrane [2] resulting from influx of external Ca#+.

The resulting elevated Ca#+ concentrations may be essential to

activate key regulatory proteins of the secretory machinery and

to trigger the fusion event [3].

It has also been suggested that granules deeper within the cell

may also experience Ca#+ levels exceeding those in the bulk

cytosol. For example, in acinar cells, Ca#+ may be mobilized

from the granule itself by the second messengers inositol 1,4,5-

trisphosphate (IP
$
) or cyclic ADP-ribose [4]. Given the slow

diffusion characteristics of Ca#+ in the cell cytosol [5], it may be

predicted that release of Ca#+ from granule stores may produce

a domain of high Ca#+ around each granule. This could contribute

to the fusion of docked granules, and possibly to the transmission

of Ca#+ waves across the cell by Ca#+-induced Ca#+ release.

In order to measure [Ca#+] in the vicinity of the external face

of secretory granules ([Ca#+]
dg

) we have fused cDNA encoding

the Ca#+-sensitive photoprotein, aequorin, in-frame at the cyto-

solic C-terminus of a membrane-spanning granule protein,

phogrin [6]. Phogrin (112 kDa; 1004 amino acids) was identified

in a systematic search for genes encoding proteins localized

exclusively on the membrane of secretory granules [6]. Fusion of

the protein with aequorin should therefore allow [Ca#+] to be

measured specifically in a mantle 10–30 nm from the surface of

the granule membrane, i.e. in a domain that would be inaccessible

Abbreviations used: IP3, inositol 1,4,5-trisphosphate ; [Ca2+]c and [Ca2+]gd, the concentrations of free ionized Ca2+ in the bulk cytosol and the vicinity
of the granule membrane, respectively ; HA, haemagglutinin ; PTP, phosphotyrosine protein phosphatase ; KRB, Krebs–Ringer bicarbonate.
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Ca#+ mobilization from intracellular pools, and during activated

secretion. Thus depolarization of MIN6 cell populations with

high K+ increased [Ca#+] both in the bulk cytosol and close to the

granules to approx. 4 µM, with near-identical kinetics of increase

and recovery. Similarly, stimulation of PC12 cells with ATP

provoked an increase in [Ca#+] in either domain to 1±3 µM. These

data argue that, in MIN6 and PC12 neuroendocrine cells (i)

significant mobilization of Ca#+ from most secretory granules

probably does not occur during activated Ca#+ influx or mobil-

ization of internal Ca#+ stores, and (ii) agonist-stimulated Ca#+-

dependent secretion can occur without development of a large

gradient of [Ca#+] between the surface of most secretory vesicles

and the rest of the cytosol.

by light microscopy. Using a similar strategy, Marsault et al. [2]

have already observed persistently elevated levels of Ca#+ beneath

the plasma membrane of a smooth-muscle cell line (A7r5).

We have expressed the recombinant phogrin–aequorin chi-

maera in insulin-secreting MIN6 and adrenal phaechromo-

cytoma PC12 cells and analysed [Ca#+] near the granule mem-

brane and in the bulk cytosol at rest and during activated

secretion. When analysed in MIN6 cell populations, stimulation

of Ca#+ influx after plasma-membrane depolarization by high K+

provoked increases in [Ca#+] in the domain of the secretory

granule, which were closely similar in amplitude and kinetics of

onset and relaxation to those of cytosolic Ca#+ ([Ca#+]
c
). However,

more sustained increases in [Ca#+]
gd

were observed in a small

subpopulation of single MIN6 cells analysed by photon-counting

digital imaging [7]. Stimulation of PC12 cells with ATP provoked

changes in [Ca#+]
c

and [Ca#+]
gd

that were very similar. These

data imply that the generation of locally high [Ca#+] as a result

of Ca#+ release from granules, if it occurs at all, plays a very

limited role in the activation of secretion in neuroendocrine cells.

MATERIALS AND METHODS

Materials

Fura 2 acetoxymethyl ester, FM1-43 and coelenterazine were

obtained from Molecular Probes (Eugene, OR, U.S.A.), and

Transfectam4 and Tfx-504 from Promega. All other reagents

were obtained from Sigma (Poole, Dorset, U.K.) or BDH (Poole,

Dorset, U.K.). Tissue culture reagents were obtained from Gibco

(Paisley, Scotland).



1400 A. E. Pouli and others

Figure 1 Construction of pCMV.phog.Aq and predicted structure of
translated product

cDNA encoding phogrin in plasmic pcDNA3 was fused with an HA–tag–aequorin cDNA

generated by PCR, as described in the Materials and methods section. The predicted structure

of the translated product is shown, including potential dibasic cleavage site (KK), the dileucine

(LL) motif and the phosphoprotein tyrosine phosphatase (PTP) homology domain.

Plasmid construction

cDNA encoding a fusion between the haemagglutinin (HA)

epitope tag and apoaequorin [8] was amplified by PCR from

vector pCDNA1 using the following primers : primer 1, 5«-TTTT-

GATATCTATGATGTTCCTGATTAT-3« (EcoRV site under-

lined) primer 2, 5«-TTTTTCTAGATTAGGGGACAGCTCCA-

CCGTA (XbaI site underlined). To avoid cleavage of the internal

EcoRV site within the aequorin gene-coding region [9], the 618

bp EcoRV–XbaI fragment was subcloned into the intermediate

vector pGEM-T (Promega) and released by partial digestion

with XbaI and EcoRV. cDNA encoding the entire coding region

of phogrin within the eukaryotic expression vector pcDNA3

(Invitrogen) was cleaved with EcoRV and XbaI, and the HA–

aequorin fragment inserted to generate plasmid pCMV.phog.Aq

(Figure 1). cDNA encoding non-targeted (cytosolic) aequorin

[8], subcloned in vector VR1012 (Vical, San Diego, CA, U.S.A. ;

plasmid pCMV*Aq
c
), was kindly provided by Dr. R. Rizzuto

(University of Padova, Padova, Italy). Plasmid DNA was purified

on CsCl gradients before transfection [10].

Cell culture and transfection

MIN6 cells were cultured in Dulbecco’s modified Eagle’s medium

(Gibco) supplemented with 15% (v}v) foetal bovine serum, 2

mM -glutamine, 100 U}ml penicillin and 100 µg}ml strep-

tomycin at 37 °C at 5% CO
#
. PC12 cells were cultured in

Dulbecco’s modified Eagle’s medium supplemented with 10%

(v}v) foetal bovine serum, 5% horse serum, 100 U}ml penicillin

and 100 µg}ml streptomycin. Cell lines at 50–60% confluency on

glass coverslips were transfected with plasmids (2±5 µg per 22

mm-diameter coverslip, 0±6 µg for 13 mm coverslip), using Tfx-

50 (3:1 with respect to DNA) for MIN6 cells or Transfectam4
(2 :1 with respect to DNA) for PC12 cells. All transfections were

carried out with serum-free medium as described by the manu-

facturer. Cells were cultured for 48 h at 37 °C and 5% CO
#

before [Ca#+] measurement and imaging.

Immunocytochemistry and immunoelectron microscopy

For immunocytochemistry, transfected cells were fixed with 3%

paraformaldehyde and probed with the anti-HA monoclonal

12CA6 (Boehringer-Mannheim, Mannheim, Germany) and re-

vealed with FITC-conjugated anti-mouse IgG secondary anti-

body. Fluorescence was examined by laser-scanning confocal

microscopy using a Leica DMIRBI microscope fitted with a

63¬1±4 NA, PL FLUOTAR oil immersion objective. Immuno-

electron microscopy of ultrathin sections was performed as

described previously [11].

Detection of aequorin luminescence and calculation of [Ca2+]

Cell populations

Transfected cells cultured on 13 mm glass coverslips were washed

twice in serum-free medium, and were incubated for a further 90

min in serum-free medium plus 7±5 µM coelenterazine, the

prosthetic group of aequorin. This allowed reconstitution of the

active aequorin–coelenterazine holoenzyme. Measurements were

performed at 37 °C in modified Krebs–Ringer bicarbonate com-

prising 130 mM NaCl, 3±6 mM KCl, 0±5 mM NaH
#
PO

%
, 0±5 mM

MgSO
%
, 10 mM NaHepes, 2±0 mM NaHCO

$
, 1±5 mM CaCl

#
,

and 5±5 mM glucose, equilibrated with O
#
}CO

#
(95:5, v}v)

(KRB), in a photomultiplier detection system as described [12].

Calibration of [Ca#+] was performed as described previously [12].

Single-cell photon-counting imaging

This was performed at 37 °C essentially as described [7] but using

an intensified charge-coupled device camera comprising a low-

noise S-20 multi-alkali photocathode and three in-series micro-

channel plates (Photek ICCD216; Photek Ltd., East Sussex, St.

Leonards-on-Sea, Sussex, U.K.). The camera intensifier was

maintained at 4 °C and attached to the lower port of an Olympus

IX-70 microscope with a UPlanApo 10¬0±4 NA air objective.

Single-photon events were captured at video rate as a data

stream, and held in the buffer of an on-board video card (‘Time-

resolved imaging’). Images were generated off-line from this

stored matrix with the desired integration interval. Other details

are given in the Figure legends.

Simultaneous measurement of FM1-43 and fura 2 fluorescence

PC12 cells cultured as described above were loaded sequentially

at 25 °C in KRB (see above) with 2 µM fura 2 acetoxymethyl

ester (40 min followed by 10 min in the absence of dye to allow

ester cleavage) and then 2 µM FM1-43 [(N-(3-trimethyl-

ammoniopropyl)-4-(p-dibutylaminostyryl)pyridinium dibro-

mide; 10 min]. Cells were perifused with KRB supplemented

with 2 µM FM1-43 on the thermostatically controlled (37 °C)

stage of a Nikon Diaphot inverted microscope, fitted with a

40¬1±3 NA for Fluor oil immersion objective. Imaging was

performed with a system capable of exciting and detecting four

wavelength pairs simultaneously (within 2 s; Improvision,

Coventry, U.K.). For fura 2 imaging, cells were excited at 340

and 380 nm. Emitted light was filtered at 455 nm with a dichroic

mirror and collected by a single microchannel plate intensified

charge-coupled device camera (Photonic Science, Robertsbridge,

Sussex, U.K.). For FM1-43 imaging, the excitatory wavelength

was 510 nm, and emitted light was again filtered with the dichroic

mirror at 455 nm. Video signals were digitized and stored with

image-processing software hosted by a Macintosh 8100}100
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computer. Background images at each wavelength were acquired

from a field lacking cells and subtracted before the calculation of

ratio images (fura 2). No autofluorescence was observed at the

camera gains used. The 340}380 ratio of fura 2 fluorescence is

presented as a semiquantitative estimate of intracellular free

[Ca#+].

Other methods

Kinetic analysis was performed using FigP (BioSoft, Cambridge,

U.K.). Images were processed where necessary using Adobe

Photoshop4 3±0 (Adobe Systems Inc.) and Freelance-for-

Windows4 (Lotus). Statistical analysis was performed using

Excel4 (Microsoft), and data are given as means³S.E.M.

RESULTS

Construction of phogrin–aequorin

The phogrin–aequorin construct used in these studies in shown

schematically in Figure 1. The construct encodes the complete

phogrin sequence, in which 42 amino acids at the C-terminus

have been replaced with an HA epitope tag, plus aequorin. This

truncation interrupts the PTP domain, but leaves likely local-

ization sites including a dileucine motif (residues 912 and 913)

intact. Transient expression of the construct produced the

punctate extranuclear pattern characteristic of granules in both

MIN6 and PC12 cells (Figures 2a and 2b). Exclusive granule

localization was confirmed in MIN6 cells by immunoelectron

microscopy, using a monoclonal antibody against the HA epitope

tag of the phogrin–aequorin chimaera (12CA6) and anti-insulin

serum (Figure 2c).

Comparison of granule-domain and cytosolic [Ca2+] in MIN6 cell
populations

MIN6 cells, a highly differentiated model of parental islet β-cells,

possess abundant secretory granules [13] (and see Figure 2c).

Further, these cells possessed a pool of Ca#+ within an acidic

compartment which could be mobilized by treatment with

ionomycin and monensin (results not shown). This is likely to

represent a store of Ca#+ within secretory granules. We examined

changes in [Ca#+]
c
and [Ca#+]

gd
in populations of MIN6 stimulated

with either ATP (a Ca#+-mobilizing agonist in this cell type;

results not shown) or high K+ (to depolarize the plasma mem-

brane and allow Ca#+ influx through voltage-gated Ca#+ chan-

nels). Both of these manoeuvres provoke cytosolic [Ca#+] in-

creases sufficient to stimulate insulin secretion from the β-cell

type [14]. Comparison of the aequorin luminescence signals

obtained under these conditions revealed the following (Figure

3) : (i) similar or identical basal levels of [Ca#+]
gd

and [Ca#+]
c

(80–120 nM) before stimulation; (ii) a similar rate of increase in

[Ca#+] in both domains after stimulation with either ATP or K+ ;

(iii) similar or identical peak [Ca#+] after K+ depolarization; (iv)

near-identical rates of recovery of [Ca#+]
c

and [Ca#+]
gd

after K+

depolarization (apparent first-order rate constants, k
−"

¯
0±0445³0±0006 and 0±0456³0±0007 s−" for [Ca#+]

c
and [Ca#+]

gd

respectively).

Imaging [Ca2+]c and [Ca2+]gd in single MIN6 cells

We next aimed to confirm that the similar behaviour observed

for [Ca#+] in the bulk cytosol and in the granule domain,

apparent in cell populations, was also apparent at the level of

single cells. This was considered important given the strong

dependence of aequorin luminescence on [Ca#+], which can mean

that abnormally high [Ca#+] in one or a few cells could heavily

(a)

(b)

(c)

Figure 2 Localization of the phogrin–aequorin chimaera to secretory
granules

Single MIN6 (a) or PC12 (b) cells were transfected with pCMV.phog.Aq, fixed and

permeabilized and probed with anti-HA–tag antibody, as described in the Materials and

methods section. Note the characteristic punctate fluorescence pattern of secretory granules.

(c) Immunoelectron microscopy image of an MIN6 cell transfected with pCMV.phog.Aq and

probed with antibodies to insulin (10 nm immunogold particles) and HA–tag (5 nm particles).

Note the presence of anti-HA immunoreactivity exclusively on the membrane of secretory

granules, consistent with the localization of the phogrin–aequorin climaera to this site.

bias the mean calibrated value [7]. Using photon-counting digital

imaging [7] and an integration period of 10 s, we detected

transient changes in [Ca#+]
c

after K+ stimulation [15] in three

single MIN6 cells expressing untargeted (cytosolic) aequorin and

eight single cells expressing granule-targeted (phogrin) aequorin.

Calibration of the peak [Ca#+] values was performed [7] in the

cells giving either the greatest or smallest apparent [Ca#+] change

from each group. Values of 7 and 21 µM were obtained for two

individual cells expressing cytosolic aequorin, and 9±5 and 22 µM

for cells expressing phogrin–aequorin. Although somewhat

higher than the values predicted from the population traces,

probably as a result of threshold phenomena [7], these single-cell

values lend strong support to the conclusion that there were no

large differences between cytosolic and granule-domain [Ca#+]

during plasma-membrane depolarization with K+.
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Figure 3 Effect of ATP and high K+ on [Ca2+]c and [Ca2+]gd in MIN6 cell
populations

Cell populations were transfected with plasmid pCMV*.Aqc or pCMV.phog.Aq to measure

changes in [Ca2+] in either the granule domain (open symbols) or the bulk cytosol (closed

symbols). Cells were perifused at 1±0 ml/min with KRB buffer (see the Materials and methods

section), and the perifusion medium switched to one containing ATP (100 µM) or KCl (30 mM)

as indicated [Ca2+] values were calculated as described in the Materials and methods section.

Changes in [Ca2+]gd after sequential stimulation with ATP and KCl are shown in (A) ; identical
experiments were performed with untargeted (cytosolic) aequorin to provide a comparison of

changes in [Ca2+]gd and [Ca2+]c after stimulation of cells with ATP (B) or with KCl (C).

Comparison of granule-domain and cytosolic [Ca2+] in PC12 cell
populations

To determine whether there may be differences in [Ca#+]
gd

and

[Ca#+]
c

during activated exocytosis in another neuroendocrine

cell type, we examined these parameters in phaeochromocytoma

PC12 cells [16]. These cells are known to give brisk secretory

responses (releasing catecholamines and ATP) on increases in

intracellular [Ca#+] [17]. These secretory responses are generally

greater than seen with the insulin-secreting MIN6 cells and

suggested that single-cell measurements using the lipophilic

fluorescent dye FM1-43 [18] may be possible with this cell type;

such measurements were not successful with MIN6 cells (results

not shown). We first defined conditions providing robust Ca#+

dependent secretion in single PC12 cells using FM1-43 and

simultaneous imaging of [Ca#+]
c

and secretion [18]. FM1-43 is

non-fluorescent in aqueous solutions but becomes fluorescent

when incorporated into the plasma membrane. Increases in the

plasma-membrane area during secretion therefore produce en-

Figure 4 Effects of UTP and ATP on [Ca2+] and exocytotic activity

Fura 2- and FM1-43-loaded PC12 cells were exposed to 100 µM UTP and 100 µM ATP as

shown, either in complete KRB medium (Materials and methods section) (A) or medium lacking

added CaCl2 and supplemented with 1 mM EGTA (B). Intracellular [Ca2+] was estimated using

the fura 2 fluorescence ratio as shown, and the increase in the total surface area of the plasma

membrane estimated by changes in total cellular FM1-43 fluorescence, as described in the

Materials and methods section. The data are means³S.E.M. of changes observed in eight (A)
or six (B) single cells.

hanced fluorescence from this fluorophore. Changes in cytosolic

[Ca#+]
c
, measured with fura 2, and in FM1-43 fluorescence were

monitored simultaneously in groups of single PC12 cells (Figure

4). These cells responded to challenge with either UTP or ATP

with an increase in [Ca#+]
c
, which was more sustained after ATP

stimulation (Figure 4A). However, only ATP provoked a marked

and time-dependent increase in FM1-43 fluorescence, compatible

with the activation of exocytosis as a result of Ca#+ influx (Figure

4A). To confirm that the ATP-stimulated increase in FM1-43

fluorescence reported Ca#+-influx-dependent exocytosis, we stim-

ulated cells with ATP in the absence of extracellular Ca#+ (Figure

4B). Whereas intracellular [Ca#+] increases were still observed

under these conditions, the apparent secretory response to ATP

was completely abolished in the absence of external Ca#+ ions.

These data are consistent with the behaviour of other PC12

clones [17], and suggest that ATP may provoke exocytosis via the

activation of P
#y

, but not P
#u

, subtypes of purinergic receptor [19]

in these cells.

When changes in granule-domain �ersus bulk cytosolic [Ca#+]

were examined in PC12 under conditions where robust Ca#+-
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Figure 5 Changes in [Ca2+]c and [Ca2+]gd in populations of PC12 cells

Cells were transfected with pCMV*Aqc (A or C, closed symbols) or pCMV.phog.Aq (B or C, open

symbols) and challenged with 100µM ATP as shown. Note the close identity of the basal and

peak [Ca2+] values and the kinetics of changes in the two parameters (bottom panel).

influx-dependent secretion was observed, i.e. stimulation with

ATP in the presence of external Ca#+, there were no detectable

differences between the kinetics of the [Ca#+] response at the

surface of granules and in the bulk cytosol (Figure 5).

We attempted to image changes in [Ca#+]
c
and [Ca#+]

gd
in single

aequorin-expressing PC12 cells during ATP stimulation. How-

ever, no detectable luminescence response to ATP challenge was

apparent, even after hyperexpression of either aequorin construct

after direct intranuclear microinjection of plasmic DNA [7]

(results not shown). However, this observation can be explained

by the fact that the peak [Ca#+] values (! 1±4 µM; see Figure 5)

did not exceed those required for detection at the single-cell level

(see the Discussion and [7]).

DISCUSSION

Measuring [Ca2+] in the granule domain

The fusion of aequorin with a protein uniquely expressed in a

single cellular subdomain provides a convenient means of meas-

uring [Ca#+] in that limited subdomain [20]. Although methods of

targeting fluorescent probes to intracellular membranes are

becoming feasible [21], the ability to use the cell’s own sorting

machinery to target a reporter molecule provides much more

precise targeting to the location desired. From the dimensions of

the exposed extragranular domain of phogrin (434 amino acids

preceding aequorin), we estimate that the three Ca#+-binding

sites of aequorin lie some 5–30 nm from the surface of the

granule’s lipid bilayer. This estimate is based on the crystallo-

graphic dimensions of several proteins, including myosin S1 head

[22] (19 nm long; 95 kDa). This is necessarily an approximate

estimate given (i) that the high-resolution structure of neither the

cytosolic ‘ tail ’ of phogrin nor aequorin have been solved;

however, the PTP domain of phogrin may be predicted to

possess a similar relatively compact structure to that of other

members of this family [23] ; (ii) the possible flexibility of the

chimaeric protein both at its point of exit from the granule

membrane and at the phogrin–aequorin junction. Nevertheless,

it is possible with the phogrin–aequorin chimaera to measure

[Ca#+] in a domain where optical measurements using fluorescent

probes and confocal or evanescence wave microscopy [24]

(resolution no better than 100–200 nm) are inadequate.

Using this technique, we present the first direct analysis of

[Ca#+] in the region of cytosol that surrounds dense-core secretory

vesicles. In this way we have been able to compare [Ca#+]
c

and

[Ca#+]
gd

dynamically in living cells under a variety of circum-

stances (active secretion, Ca#+ mobilization and Ca#+ influx).

When combined with photon-counting digital imaging, the

recombinant aequorin probe can also give an estimate of [Ca#+]
gd

within a single cell (although imaging [Ca#+] around a single

granule is not feasible at present). In our previous studies

applying photon-counting digital imaging to monitor [Ca#+] with

recombinant aequorin in small mammalian cells [7], we were

unable to detect changes in the cytosolic compartment, whereas

those within mitochondria were readily measurable. This was

because changes in [Ca#+]
c
fell below the threshold of detection.

In the current studies, the protocol used to depolarize MIN6 cells

with high K+ provoked a sufficiently large rise in [Ca#+]
c
that this

could now be measured at the single-cell level. In this way, we

have been able to compare changes in [Ca#+]
c

with those in

[Ca#+]
gd

within individual cells.

Role of granule Ca2+ mobilization in secretion

Our data indicate that, under almost all conditions, the gradient

of [Ca#+] between the mantle surrounding granules and the rest

of the cytosol is small or non-existent for the bulk of the granule

population. Thus, most secretory granules appear never to

experience the very high Ca#+ concentrations (up to 100 µM)

[2] that may exist immediately beneath the plasma membrane of

stimulated cells. Whether granules docked for exocytosis to

indeed experience these Ca#+ concentrations cannot, however, be

confirmedby the present technique.However, during the recovery

of [Ca#+] to basal levels after stimulation of Ca#+ influx into

MIN6 cells, [Ca#+] in the granule domain may decay slightly less

rapidly than in the bulk cytosol in some individual cells (Figures

3B and 3C). This phenomenon may reflect elevated [Ca#+] sensed

by granules in close apposition to the plasma membrane, and

therefore to elevated [Ca#+] resulting from stimulated Ca#+ influx

through voltage-sensitive (L-type) Ca#+ channels. By contrasts,

[Ca#+]
gd

values observed after stimulation of MIN6 populations

with ATP (Figure 3B) were consistently lower than the cor-

responding [Ca#+]
c

values. This observation perhaps suggests

that, in this cell type, secretory granules are partially ‘shielded’

from the release of Ca#+ from internal stores, existing in a

microdomain in which [Ca#+] values never achieve those of the

bulk cytosol.

The absence of large differences between [Ca#+]
gd

and [Ca#+]
c
in

stimulated MIN6 cells, and in PC12 cells undergoing active
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secretion, appears to indicate that either (i) Ca#+ is not mobilized

from granules under these conditions or (ii) any mobilization

from granules is unable to generate a gradient of [Ca#+] (high

close to the release site). Of these possibilities, option (i) may be

the most reasonable, given the known limited diffusional charac-

teristics of Ca#+ [25] and the ability to detect persistent gradients

of Ca#+ using aequorin targeted to the inner surface of the

plasma membrane with a SNAP25–aequorin fusion protein [2].

Consistent with this view, data in acinar cells pointing to the

presence of IP
$

and cyclic ADP-ribose receptors on dense-core

granules [4] have recently been questioned in studies using

highly purified granule preparations [26]. Similarly, immuno-

cytochemical evidence that implicated the presence of IP
$
recep-

tors on the dense-core granule membrane of insulin-secreting

RINm5F cells [27] has been seriously criticized [28]. Indeed, our

data appear to be more supportive of earlier studies [29,30],

which indicated that Ca#+ could not be mobilized from isolated

secretory granules by IP
$
or other agents. Instead, granule Ca#+

stores may represent an inert pool of these ions [31], rather than

a dynamic one as suggested by early radioisotope exchange

studies [32]. Nevertheless, our current data do not absolutely

exclude the possibility that Ca#+ released from granules is rapidly

cleared by adjacent endoplasmic-reticulum, plasma-membrane

or mitochondrial Ca#+ pump}uptake systems. However, even if

such a specialized ‘channelling’ system between granules and

these other stores does exist, it would seem remarkable that

differences between [Ca#+] in the granule domain and the rest of

the cytosol are not more apparent.
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Research Council (U.K.), the British Diabetic Association, The Royal Society and the
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