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Calcium puffs are generic InsP  3-activated elementary
calcium signals and are downregulated by prolonged
hormonal stimulation to inhibit cellular calcium
responses
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SUMMARY

Elementary Ca2* signals, such as ‘C& puffs’, which arise
from the activation of inositol 1,4,5-trisphosphate
receptors, are building blocks for local and global C#&
signalling. We characterized C&* puffs in six cell types that

several hours downregulated inositol 1,4,5-trisphosphate
expression and concomitantly altered the properties of the
Ca?* puffs. The amplitude and duration of C&* puffs were
substantially reduced. In addition, the number of C&* puff

expressed differing ratios of the three inositol 1,4,5-
trisphosphate receptor isoforms. The amplitudes, spatial
spreads and kinetics of the events were similar in each of
the cell types. The resemblance of CGapuffs in these cell
types suggests that they are a generic elementary €a

sites active during the onset of a G4 wave declined. The
consequence of the changes in €gpuff properties was that
cells displayed a lower propensity to trigger regenerative
Ca?* waves. Therefore, C&* puffs underlie inositol 1,4,5-
trisphosphate signalling in diverse cell types and are focal

signal and, furthermore, that the different inositol 1,4,5-
trisphosphate isoforms are functionally redundant at the
level of subcellular C&* signalling. Hormonal stimulation

of SH-SY5Y neuroblastoma cells and HelLa cells for

points for regulation of cellular responses.
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INTRODUCTION of C&* signalling (Taylor, 1998; Taylor et al., 1999; Patel et
al., 1999).

Stimulation of cells with hormones that activate the enzyme InsPRs are acutely regulated by many factors, including
phospholipase C (PLC) often evokes spatially and temporallghosphorylation, ATP, pH, accessory proteins, lumendt Ca
complex intracellular G4 signals (Berridge, 1993; Petersen etand cytosolic C# (Taylor, 1998; Taylor et al., 1999; Patel et
al.,, 1994; Berridge et al., 1998). The link between PLC andl., 1999). In addition to acute regulation of I[sRB,
Ca* signalling is the intracellular messenger inositol 1,4,5-modulation of C&" signalling is brought about by changes in
trisphosphate (Ingfp, which diffuses from its site of production InsPR expression during long-term hormonal stimulation
into the cytosol and binds to specific2Gaeleasing channels (Wojcikiewicz et al., 1994a) and cellular development and
(InsPs receptors; InsgRs) (Berridge, 1993; Berridge et al., differentiation (Parrington et al., 1998; Brind et al., 2000;
2000). Jellerette et al., 2000).

Three isoforms of IngfRs have been defined, each encoded It has been demonstrated that persistent activation of cell
by a different gene. Most, if not all, individual cells expresssurface hormone receptors coupled to PLC leads to a decrease
multiple isoforms, which can combine in either homo- orof InsPR content. This phenomenon has been observed with
heterotetramers (De Smedt et al., 1994; Wojcikiewicz, 1995ll three InsBR isoforms in a range of cell types (Wojcikiewicz
Taylor et al., 1999). Characterization of purified receptorset al., 1994a; Wojcikiewicz, 1995; Sipma et al., 1998; Young
recombinant receptors or cell types expressing various levedt al., 1999). The reduction of Ing®s is a specific process
of each InsgR isoform have suggested that, although there ibecause the expression of other proteins involved it Ca
considerable functional redundancy between the sRsP signalling (apart from agonist receptors themselves) is not
isoforms, there might also be some isotype-specific regulatiosimultaneously modulated. Such downregulation of JRsP
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results from a profound acceleration of IgRPprotein  C&* puffs, with the consequence that cells show a lower

degradation (Wojcikiewicz et al., 1994a) initiated by KsP propensity to trigger regenerative globaPCsignals.

binding to its receptor (Zhu et al., 1999), and involves the

ubiquitin-proteasome pathway (Oberdorf et al., 1999; Zhu

and Woijcikiewicz, 2000). Although biochemical aspects of\JATERIALS AND METHODS

downregulation are well documented, the functional

consequences of the decrease in cellularsRg®ntent on the Cell culture

characteristics and generation of intracellulat*Gagnals have  ajl cells, except HUVECs, were cultured in Eagle’s minimum

not been extensively characterized. essential medium supplemented with glutamine (2 mM), penicillin
Hormone-evoked 4 signals are commonly observed as (55 units mtl), streptomycin (55 mg ml), and serum (5% of a 1:1

Ca&* waves in which an initial G4 increase in a subcellular foetal:newborn bovine mixture). Cells were incubated in a humidified

region triggers a regenerative propagation of thé Gnal atmosphere (5% £95% CQ; 37°C), with the culture media replaced

throughout the cell; a ‘global’ response (Bootman ancVery other day, and cells passaged when they reached ~80%

Berridge, 1995; Berridge et al., 1998). Suct‘Gaaves can confluence. In preparation for experiments, cells were plated onto
occur rebetitivély giving rise to a se}ies of2Capikes or glass coverslips and returned to the incubator for 24-48 hours to

- ) . ensure adequate adhesion. Some of the cell lines were obtained from
oscillations (Jacob et al., 1988; Thomas et al., 1991; Thomqﬁe American Typed Culture Collection (HeLa cells, CCL-2; SH-

et al., 1996; Berridge, 1997). o _ SY5Y, CRL2266; NIH-3T3, CRL1658; RBL-2H3, CRL2256). The
We have previously found that the initiation and propagationsHBE14¢- cells were a kind gift of Dieter C. Gruenert (University
of global C&* signals in HeLa cells relies on the of Vermont, Colchester, USA). The primary HUVECS were obtained
spatiotemporal recruitment of ‘elementaryCeelease events from Clonetics (BioWhittaker, Walkersville, MD, USA) and were
(Bootman et al., 1997a; Bootman et al., 1997b). Parker argiown, as specified, in the vendor’s Endothelial Cell Growth Medium.
colleagues denoted these localized gRsBependent events as lcium imaai
‘Ca2* puffs’ (Parker and Yao, 1991; Yao et al., 1995). The nona/cium imaging _ _
stereotypical nature of @apuffs indicates that they arise from Prior to imaging the culture medium was replaced with an

; i : . extracellular medium (EM) containing: NaCl, 121 mM; KCI, 5.4 mM;
sites containing variable numbers of IgRB (Sun et al., 1998; MgCly, 0.8 mM: CaGJ, 1.8 mM: NaHCGQ, 6 mM: glucose, 5.5 mM:

Thomas et al., .199.8)' . . HEPES, 25 mM; pH 7.3. Cells were loaded with fluo-3 by incubation
When a cell is stimulated with a €amobilizing hormone, ity 2 UM fluo-3 acetoxymethyl ester (Molecular Probes) for 30
there is usually a period of several seconds (‘latency’) beforginutes, followed by a 30 minute de-esterification period. All
a global C&* wave is observed. The recruitment ofCpuffs  incubations and experiments were carried out at room temperature
occurs during this latency, and the cumulative activity df"Ca (20-22°C). Confocal cell imaging was performed as described
puffs provides the pacemaker®aise necessary to trigger an elsewhere (Bootman et al., 1997b). Briefly, a single glass coverslip
ensuing regenerative response via the process?fidiuced  was mounted on the stage of a Nikon Diaphot inverted microscope
C&* release (CICR) (Bootman et al., 1997b; Bobanovic et al2ttached to a Noran Oz laser-scanning confocal microscope, equipped
1999; Marchant et al., 1999). Once triggered, thé" Gmve Wlt_h a standard argon-ion laser for |IIu_m|nat|0n. Fluo-3 was excited
spreads throughout the cell in a saltatory manner, reflecting ﬂi ing the 488 nm laser line and the emitted fluorescence was collected

. 2 2 . wavelengths >505 nm. Images were acquired using the confocal
sequential activation of elementary“Caelease sites spaced icroscopes in image mode at 7.5 Hz. Off-line analysis of the

~1-6um apart (Bootman et al., 1997a; Callamaras et al., 1998}gnfocal data was performed using a modified version of NIH Image.

Surprisingly, in most Hela C_e”& 0D|y one or a few apsolute values for G4 were calculated according to the equation:
‘pacemaker’ C& puff sites are active during the latency, and 24 = A
the activity of these few individual sites determined whether a [Ca™] = Ka ((F = fmin) / (fmax 1))
global C&* wave or an abortive response was evokedf is the fluorescence intensity of fluo-3 recorded during the
Repetitive stimulation of a cell consistently recruited the samexperimentfmin andfmax are the minimal and maximal fluorescence
pacemaker C4 puff site (Bootman et al., 1997b). The intensities of fluo-3, reflecting the calcium-free and calcium-saturated
consistent recruitment of pacemaker puff sites by repetitivéms OL'tlhe' '”d'ﬁator' ﬁesP‘?ﬁ“fz%TSa;quaﬁwere determlnfeclioby "
stimulation is in accordance with earlier video imaging studie§¢rmeabilizing the cells with in the presence of 10 m
of C&* signals in several cell types, which indicated thatgnsP EC 1A OF 10 mM CaGirespectively. Thiq of fluo-3 for C&" inside

d dent G4 I ise f d cellul cells was determined empirically to be 810 nM (Thomas et al.,
ependen waves usually arise from a conserved cellular, 2000b). The cells were typically monitored for 1-5 minutes, during

region (Rooney et al., 1990; Bootman and Berridge, 199€;nich time a sufficient number of elementary events could be
Simpson et al., 1997). recorded without serious bleaching of the indicator. For video imaging
In the present study, we examined the characteristics?¢f Causing Fura2, a coverslip bearing Fura2-loaded adherent cells was
puffs in various cell types that expressed different levels of thmounted on the stage of a Nikon Diaphot, inverted epifluorescence
three InsBR isoforms. Our data indicate that the characteristicgsnicroscope. Fluorescent images were obtained by alternate excitation
of the C&* puffs did not significantly differ between the cell at 340 nm and 380 nm (40 milliseconds at each wavelength) using

types, consistent with such signals being a generic elementdin xenon arc lamps (Spex Industries, Edison, NJ, USA). The
building block for C&" signals in non-excitable cells. €Mission signal at 510 nm was collected by a charge-coupled device

Although there were no discernable differences in th'ntensifying camera (Photonics Science, Robertsbridge, UK), and the

| i Cot si Is th | I ied i igitized signals were stored and processed using an Imagine image
elementary signais themseives, Some ce typ_e_s varie 'rbrocessing system (Synoptics, Cambridge, UK) as described
the ways in which they recrwted_@‘apuffs. In addition, we  previously (Bootman et al., 1992).

examined the dynamic regulation of %apuffs during

prolonged cell stimulation. These data suggest that reductiofiestern blotting and immunohistochemistry

of InsPR expression has a profound effect on the activity offhe methods used were similar to those described previously (Tovey



et al., 1997). Briefly, cellular membranes were preg
from approximately four large (150 émflasks o
confluent cells. For this, cells were resuspended x
volume of 0.32 M sucrose, 5 mM Hepes at pH
containing a protease inhibitor cocktail (0.1 mM PN
0.1 mM benzamidine, 1QuM leupeptin, 10 uM
pepstatin A). The cells were homogenized (8-10 stt
of a Dounce homogenizer) and then centrifuged a
g for 10 minutes. The resultant supernatant was
centrifuged at 100,00@¢ for 1 hour to pellet th
microsomal fraction. The pellets were then resuspe
in Hepes/sucrose buffer to a volume of ~5-10 mgt
(BioRad protein assay reagent) and snap frozen in |
nitrogen.

Proteins were separated wusing 5% S
polyacrylamide gels for ~90 minutes at 20 mA per
10 ug of protein weltl was used for IngfR types 1 an
3 blots, and 2Quig was used for IngR type 2 blots. Th
gels were transferred onto nitrocellulose (Amers
hyperbond) for 3 hours at 500 mA using the Bio
semi-dry blotter. Membranes were pre-soaked in
v/iv MeOH, 0.1% w/v SDS, 380 mM glycine, 50 n
Tris. Protein transfer was verified by staining the
with Coomassie Blue after transfer, and the preser
the proteins on the nitrocellulose was verified with C
w/v Ponceau-S. The blots were blocked for 1 hol
room temperature in 5% dried milk powder in TT
(140 mM NaCl, 25 mM Tris, 0.05% v/v Tween Z
They were incubated with the primary antibody fc
hour at room temperature in the above blocking solt
The InsBR-type-1-specific polyclonal antibody (Pa
et al., 1995) was used at a 1:1000 dilution. TheaRs
type-2-specific KM1083 monoclonal antibody wa
kind gift of K. Mikoshiba and was used atugy mrL.
The InsBR-type-3-specific antibody was obtained fi
Transduction Laboratories (Lexington, KY, USA)
was used at 0.2Bg miL (i.e. the recommended 1:1C
dilution). After incubation with the primary antibodi
the blots were washed three times for 10 minutes
in TTBS, and incubated with secondary antibody (I
Conjugates, 1:3000, Sigma) for 1 hour at r
temperature. The blots were then washed three tim
10 minutes each. The blots were developed 1
Amersham ECL reagents and the intensities of the |
were measured using NIH Image.

The immunostaining was performed using meti
described previously (Lipp et al., 2000). Briefly,
cells were fixed in 4% w/v paraformaldehyde in F
for 30 minutes at room temperature and permeab
with Triton (0.2% v/v in PBS). The cells were tt
blocked for 30 minutes using 3% w/v bovine se
albumin, 0.1% v/v Triton in PBS. The protocol was t
the same as for the western blotting described a
except that PBS was used in place of TTBS, an
cells were incubated overnight at 4°C in the bloc
solution. The primary antibodies were all at the s
concentrations given above and the secor
antibodies were all fluorescein labelled. The coni
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Fig. 1.InsPsR expression and localization. (A) The histograms illustrate the
relative abundances of the three sRFsoforms in the cell types listed. The data
were obtained by analysing the density of the immunoreactive bands at ~260 kDa.
The data show meansts.e.m. of three blots. (B) Typical confocal inradgsti
<1pm) of (left) HeLa cells stained for type 1 In&§®, (middle) HUVEC cells
stained for type 2 IngRs and (right) 16HBE14ocells stained for type 3

InsPsRs. In most of the cell types, a reticular distribution of staining could be
observed but, in 16HBE14aells in particular, the ER seemed to be considerably
fragmented after fixation. (C) Intensity profiles of immunofluorescence from the
nuclear envelope to the plasma membrane. These profiles were obtained by
sampling the immunofluorescence intensity of the majorsR$sbform in each

cell type across a line one pixel wide running from the nuclear envelope to the
plasma membrane.

immunofluorescent images were obtained using an UltraViewNaCl, 154 mM; Tween-20, 0.1%; milk powder 5%; pH 7.5) and

microscope (PerkinElmer Life Sciences, Cambridge, UK).

incubated with the primary antibodies described above in the same

For the InsBR downregulation experiments, western blotting wasbuffer without milk powder for 1 hour. Alkaline-phosphatase-coupled
performed as previously described (Sipma et al., 1998). Brieflyanti-mouse or anti-rabbit antibodies were used as secondary
microsomes from SH-SY5Y and Hela cells were prepared accordingntibodies. The immunoreactivity, visualized as fluorescent light
to Parys et al. (Parys et al., 1995). Microsomal proteins were analysdistra, ECF western blotting kit, USA), was detected and quantified
by SDS-PAGE on a 3-12% linear gradient polyacrylamide gel anavith a Storm 840 Fluorimager and the ImageQuaNT software
transferred to Immobilon-P (Millipore corporation, USA). Blots were (Molecular Dynamics, Sunnyvale, CA, USA) exactly as described

blocked for 1 hour in buffer (KH#PQs4, 10 mM; NaHPQu, 32 mM;

previously (Vanlingen et al., 1997).
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this figure is to show some of the different modes in
which C&* puff activity can be observed in these
cells. (A) Rapid C& puff activity in a 16HBE14e

cell stimulated with 1M ATP. Several C# puff

sites were active before and during the onset of the
Ca* wave. White circles on the inset cell image
show the locations of the active puff sites, and the
Ca* signals recorded at these regions are depicted
by the correspondingly numbered traces. (B) A
Hela cell stimulated with tM histamine and in
which a single C# puff sites was responsible for
triggering a regenerative €awave. The black

trace represents the €aignal observed at the puff
site and the red trace depicts the glob&*Gagnal
observed by averaging fluo-3 fluorescence across
the whole cell. (C) CH puffs firing at three

different sites within a single carbachol-stimulated
SH-SY5Y cell (1uM carbachol). Coloured circles

on the inset cell image show the locations of the
active puff sites, and the &asignals recorded at
these regions are depicted by the correspondingly
coloured traces. This example illustrates the
observation that, sometimes, the?Cauff sites
appear to fire in synchrony, whereas, at other times,
they do not. (D) C# puffs in a NIH-3T3 cell
stimulated with JuM ATP. C&* puffs were

observed at the regions marked by the blue, green
and red circles on the inset cell image, and the
correspondingly coloured traces indicate thé*Ca
changes observed at these site@* @affs were
observed during the initial latency before the first
Ca* oscillation and also on the rising phases of
subsequent Caoscillations.

RESULTS 1998; Sipma et al., 1998; Sienaert et al., 1998; Mountian et al.,
o . 1999; De Smedt et al., 1997), we found that all of the cell types
Characteristics of Ca 2* puffs are independent of the expressed detectable amounts of eachsRisggoform, but the
InsP 3R isoform ratio of expression differed significantly (Fig. 1A). Some of the
For analysis of Cd puff characteristics, we chose six cell typescell types seemed to be reasonable models for a singleRInsP
that have been previously shown to express differerisoform (e.g. RBL-2H3 and 16HBE14aells, which expressed
combinations of the three Ing® isoforms. Using isoform- high levels of types 2 and 3 Ing¥s, respectively), whereas
specific antibodies, we examined the differential expression afthers demonstrated a predominant expression of pairs @RInsP
InsPRs in these cells. In general agreement with previousoforms (e.g. HeLa/SH-SY5Y expressed types 1 and 3RssP
observations at both mRNA and protein levels (Wilson et allHUVEC/NIH-3T3 cells expressed types 2 and 3 §Rsl).

Table 1. Characteristics of C&* puffs in the different cell types

16HBE14o- HeLa HUVEC NIH-3T3 RBL-2H3 SH-SY5Y
Amplitude (nM) 178+108 (602) 1274143 (521) 49426 (529) 73149 (376) 4228 (232)  123+105 (664)
Ca* puff diameter jim) 3.210.8 (30) 3.7+0.6 (40) 3.10.5 (30) 4.1+0.8 (20) 2.50.5 (32) 3.0+0.6 (40)
Distance from nucleusi(n) 1.745.0 (196) 4.46.2 (238) 6.246.1 (180) 17.5+14.9 (149)  12.3+11.3 (54)  3.3:4.2 (544)

The characters in parentheses indicate the numberrbpGlis analysed.




Ca?* puffs are generic elementary Ca2* signals 3983

A B 1407 . Fig. 3.Intracellular position of

/ pacemaker G4 puffs. (A) The

histograms show the distribution of

| Ca* puffs relative to the nuclear
! envelope for each of the cell types
investigated. (B) The average nuclear
distances of the pacemaker?Cpuff
sites are plotted against cell diameter,
showing a roughly linear correlation
for all the cell types except RBL-2H3
cells. The data are shown as
meanzs.e.m. The dashed line (drawn
by eye) indicates the trend for the
HBE pacemaker G puff sites to be more
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Because the cell types all expressed the threesMsP for any of the InsgR isoforms. At the level of the light
isoforms, it is plausible that they could be mosaics with distinatnicroscope, it appears that IRER were not segregated within
subcellular localization of each Ing® subtype. We therefore cells but were equally distributed.
investigated the subcellular distribution of the ki®Fsoforms Using real-time confocal imaging of fluo-3 fluorescence, we
in the six cell types using immunohistochemistry. In confocabxamined the G4 puffs in the six cell types. Examples of the
sections (~0.6um in thickness), we typically observed a elementary C& puffs and global C& waves in some of these
decreasing gradient of staining from the nuclear envelope tells are shown in Fig. 2. For all cell types, low-frequency
the plasma membrane (Fig. 1B,C), indicating that thesRsP isolated C&" puffs were observed by applying threshold
density was highest in the perinuclear regions, and least at thencentrations of agonist, and global 2Caignals were
periphery of the cells. Such a gradient of staining was true fa@voked by higher concentrations of stimuli. The
the most highly expressed or least abundantsRsBoform  characteristics of the Gapuffs are summarized in Table 1.
in each cell type; only the intensity of staining varied. NoNo significant differences were observed in the mean
distinctive patches of staining were observed within the cellamplitude or mean diameter of the2Cauffs between any of

A B
Ca?t; 10 um
(niv1)
150
100 ]
150
0
c 24 " CaZ+i
a pu [ R ] [ R mom Lnomnrmes W
occurrence {I"IM}
200 200
]MAWM‘; Whole ]
100 cell 100
10s 10s

Fig. 4.Ce* puffs in 16HBE14e and SH-SY5Y cells. (A) High-frequency non-regenerativé*@affs in a 16HBE14e cell. The top two

traces depict G4 puffs firing at the sites marked by the correspondingly coloured circles in the inset cell image. The ticks beneath the second
trace denote the occurrence of &Qauff at either of the sites. The average frequency of events in this recording was 0.8 Hz. Despite this high
frequency, there was only a modest effect on the glolFdlc@acentration (bottom trace). (B) The relatively slow elevation of the intracellular
Ca* concentration observed in some SH-SY5Y cells. Although the cell shown had two active pacerfiapeff Gies, a regenerative €a

rise was not observed. Instead, there was a steady shalktin@aase. The dashed lines in the cell images represent the positions of the

nuclei.
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Ai position (Lipp et al., 1997). In all of the cell types examined,
Yy - - - — - we found that between one and siXQauff sites per cell were
100 InsP4R1 reproducibly activated by threshold agonist concentrations, and

that these sites tended to be in perinuclear locations (Fig. 3;
Table 1). However, the average distance of these sites from the
"—‘ nucleus was not the same for all cells. Instead, there was a

Normalised
intensity (%)
(%3]

[=]

direct correlation between average cell diameter and distance
TR of the pacemaker Gapuff sites from the nucleus for all cell

<8 Down regulation types except RBL-2H3 cells. For RBL-2H3 cells, a significant
period (hours) proportion of the pacemaker €guff sites were not in the cell
body near the nucleus but rather in processes protruding from
the cells.

The data described above suggest that, although the six cell
types expressed different combinations of the threesfsP
isoforms, the spatial distribution of the channels and the
elementary events that they produce are not distinct. However,
although the characteristics of the?Cpuffs were not cell-type
—— |_I_| specific, some aspects of the elementai €ignalling clearly

4 6 8 10 24 were. In particular, the frequency at which cells could tolerate

Down regulation Ca&* puffs before a global Ca wave was initiated varied

period (hours) considerably between cells. In Hela cells, we have previously

observed that, when the €auff frequency increases beyond

100 0.2 Hz, there is a transition to a steep regeneratid Ca
increase (Bootman et al., 1997b) (Fig. 2B). Most 16HBE140
n= cells were able to maintain significantly higher2Cauff
139 1 frequencies with only modest changes in their globa*Ca
n= concentration (Fig. 4A). At the other extreme, NIH-3T3 cells
75 usually displayed only a few infrequent £auffs before
global signals were initiated (Fig. 2D). Another cell-type-

& 6 hours down specific response was seen with SH-SY5Y cells in which
000‘ regulation high-frequency C# puffs did not always trigger steeply

regenerative Ca responses. Instead, €apuffs were often
Fig. 5. Downregulation of InsgRs in SH-SY5Y cells. (A) The effect superimposed on a shallow elevation of the globa#*Ca

|°f prlo'(f)r(‘,??d ig;utt;/aﬂo? Wit(;‘(})’?'\gﬂ‘;atrbacgoﬁ Og:'hg%gresﬁion concentration (Fig. 4B). This pattern of response was rarely
evel of (i) Ins pe 1 and (ii) In ype 3 in SH- cells. ; :

Typical examples of the immunoband at 261 kDa and 248 kDa for seen in the other five cell types.

types 1 and 3 IngRs are shown above the histograms. The Downregulation of InsP  3Rs modulates Ca 2* puff
immunoreactivity is expressed as a percentage of that in untreated characteristics

cells. The data are expressed as mean+s.e=3). (All data were o ) .
significantly different from contro<0.05). (B) The functional loss ~Because the activation and summation of*Qaffs underlies

of InsPsRs in cells incubated with 1 mM carbachol for 6 hours. To  the generation of global €asignals, they represent key focal

b

>

InsP4R3

Normalised
intensity (%)
(%3]

(=]

[=]

Q:,)’
O

1]

Normalised response (%)
[#3]
[=]

o

provide a more reliable estimate of the global*Gasponse, we points at which regulation of cellular €aesponses can occur.

used ratiometric imaging of Fura2 rather than single wavelength ~ We therefore investigated the ability of cells to regulate

confocal recording. The data are expressed as percentage Ca&* puff activity dynamically during prolonged agonist

(means.e.m.) of the amplitude of the’*Cuorescence signalin - stimulation. For this analysis, SH-SY5Y cells and HeLa cells

Entreated cells. The number of experimenjsg(indicated in the were used because we have previously characterized their
ars.

elementary and global responses (Bootman et al., 1997b; Van
Acker et al., 2000; Young et al., 2000).
the cell types. Furthermore, there was no striking difference Types 1 and 3 IngR isoforms were the most readily
in the rate of rise or decay of the €auffs in the different detectable in SH-SY5Y cells (Fig. 1), and so we concentrated
cells (data not shown). None of the cell types analysed showed these two proteins. Incubation of SH-SY5Y cells in culture
significant responses to 1-10 mM caffeine (data not shownyyith 1 mM carbachol (a muscarinic receptor agonist) resulted
indicating that, although some cells might weakly expresg a marked loss of YR types 1 and 3 immunoreactivity (Fig.
ryanodine receptors (Bennett et al., 1996; Young et al., 2000Ai,ii)). The intensity of the band detected by the type-1-
the elementary events recorded here arose fromsRisP specific antibody was reduced by ~80% after 6 hours of
activity. incubation (Fig. 5Ai). Type 3 IngRs were reduced by ~90%
Our previous studies of €apuffs in HeLa cells have shown after 4 hours of incubation and became undetectable at 6-10
that one or a few of the &apuff sites within a cell behave as hours incubation. These observations are consistent with
‘pacemaker’ sites that are the first to respond during agonistrlier investigations of agonist stimulation on BRP
stimulation, and are responsible for triggering globaf*Ca expression in SH-SY5Y cells (Wojcikiewicz et al., 1992;
responses (Bootman et al., 1997b). In HelLa cells, sucWojcikiewicz et al., 1994a). For both Ing® isoforms, the
pacemaker sites are predominantly located in a perinucleseduced immunoreactivity was apparent for at least 10 hours
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(Fig. 5A), whereas a slight recovery of both type 1 and type 8t al., 1994a; Willars and Nahorski, 1995)2Ceelease was
InsPsRs was observed after 24 hours. evoked by a membrane-permeant sEster (InsgBM)

To confirm that the IngfRs were functionally lost from the (Thomas et al., 2000a) at a concentration that was
cells, we investigated the peak globafQasponses that could supramaximal for evoking global responses (1P (Collins
be attained in the SH-SY5Y cells before and after JRsP et al., 2000). A significant (46%P<0.001) decrease in
downregulation. To overcome a decreased intracellulars InsAnsP;BM-evoked global C# signal was detected in Fura2-
production owing to muscarinic receptor desensitizationoaded SH-SY5Y cells incubated with carbachol for 6 hours
following the prolonged incubation with agonist (Wojcikiewicz (Fig. 5B). Interestingly, we observed a complete recovery of
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Fig. 7. Downregulation of InsgRs and changes in Ezpuff characteristics in HeLa cells following prolonged agonist stimulation. (A) The
effect of prolonged incubation with 1 mM histamine on the expression level of)tyPe 1 and (ii) IBR type 3 in HelLa cells. The
immunoreactivity is expressed as a percentage of that in untreated cells. The data are expressed as maeB)t$&).Mhé functional loss

of InsPRs in cells incubated with 1 mM histamine for 6 hours assessed using ratiometric imaging of Fura2. The data are expressed as
percentage (meanzs.e.m.) of the amplitude of tH#%& feorescence signal in untreated cells. The number of experinmgigsr{dicated in the
bars. (C,D) The change in theZauff characteristics following incubation of HeLa cells with 1 mM histamine for 4 hours.
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A The distribution of event amplitudes could be described by
a single Gaussian curve with a mean of 11515 nM
(meants.e.m.) (Fig. 6A). Incubation of the SH-SY5Y cells
with 1 mM carbachol for 4 hours significantly narrowed the
spread of C# puff amplitudes, resulting in a sharper Gaussian
curve in the lower amplitude range (80+5 nM; meants.e.m.;
10 um Fig. 6A).
In addition to reducing the average amplitude o Qaiffs,
Ca2+; a 4-hour incubation in 1 mM carbachol also reduced the
(M) duration of the elementary events (Fig. 6B). The shorter
2001 lifetime of the C&* puffs was not due to altered intracellular
100

Ce&* buffering or sequestration properties, because fitting the
20s recovery of the elementary €asignals to a first order
exponential function revealed no significant difference
between control and carbachol-treated cells (the exponential
decay constant=0.31+0.02 second and 0.25+0.02 second

1, respectivelyP>0.05). These data suggest that the reduction
in Ca&* puff amplitude and duration histograms reflect a
change in the G4 release capacity of InsR clusters.

In addition to effects on the characteristics of‘Qauffs,
further marked effects of agonist incubation were observed in
terms of the activity of pacemaking €apuff sites. The
average number of pacemaking?Cpuff sites decreased from
1.9 to ~1.0 after a 4-hour incubation period with 1 mM
carbachol (Fig. 6C). After incubation with the agonist, no
individual cells were observed to display more than three such
sites. Furthermore, the frequency ofCeelease at individual
pacemaking C& puff sites was reduced. In control conditions,
Fig. 8.Inhibition of C&* wave initiation following prolonged agonist ~75% of the sites had a €aelease frequency of >5 events
stimulation of HeLa cells. Typical responses of single HeLa cells to minutel in the presence of 20M InsPsBM. After 4 hours of
Z%E'\f '”:ﬁ?"{' either Ef\)f?ote (A) or ?ft‘?r (Bg_ahdft'k?o”’ i“CUbiFiO” agonist incubation, this figure decreased to ~15%. Single
wi mM histamine. n example in which the pacemaking ; ; _mi
Ca* puff activity was able to drive the cell towards the threshold for ggﬁ?gié?rggg&r%agggodde)tsvc;?g r? gtrlggsi?vz\éeirﬁ ?:%r?trrgllr(]:létlles_

triggering a regenerative global €avave. (B) The failure of the .
Ca* puffs to trigger a regenerative response in a cell pre-incubated After 4 hours of carbachol treatment, single events were

with 1 mM histamine. The cell shown in (B) was chosen because it OPServed in 24% of the records (Fig. 6D). _ _
displayed three active pacemaking?Qauff sites and was one of the HelLa cells _also reSponded to 'prolonged ln_cubatlon with an
most active cells following the histamine preincubation. However, InsPs-generating agonist (histamine; 1 mM) with a decrease in

C a2+i
(nh)
150

100

despite the considerable activity of the pacemakirtg @af sites, InsPsR expression. However, in contrast to SH-SY5Y cells, the
they caused only modest changes in the glob#i @mcentration. type-1 InsBR expression did not detectably alter (Fig. 7Ai),
The cells shown in this figure were from the same passage and areyhereas the type-3 IngR isoform was maximally
typical of the responses from three independent experiments. downregulated by ~50% after 6 hours of histamine treatment

Coloured circles on the inset cell images depict the positions of the

pacemaking G puffs (Fig. 7Aii). Incubation of HeLa cells with histamine for 6 hours

caused a 32% reduction in the amplitude of globat €ignals
evoked by 10M InsPs ester (Fig. 7B; significantly different
the amplitude of global responses after 24 hours of incubatidnom control; P<0.001), confirming that the InsRs were
with carbachol (data not shown), even though the sRsP functionally lost.
expression had recovered only modestly (Fig. 5A). The latency The effects of prolonged incubation of HelLa cells with 1
for generation of global G4 signals using the supramaximal mM histamine on the characteristics of2Cauffs showed a
InsP3BM concentration was not different between control andsimilar general tendency but were not quite as prominent as
carbachol-treated cells, suggesting that there was no changefwse described above for SH-SY5Y cells. The mean
their ability to hydrolyse the ester into its active product. amplitudes of elementary events evoked byliDInsP; ester

We next sought to examine the effect of RP was reduced from 103123 nM to 62+18 nM (meanzs.e.m.)
downregulation on the characteristics ofCauffs in the SH-  (Fig. 7C). Furthermore, the duration of the elementary events
SY5Y cells. Because the amplitude of 2Capuffs is  was reduced in a similar way to that shown for SH-SY5Y cells
proportional to intracellular IngPconcentration (Thomas et (data not shown). As with the SH-SY5Y cells, this effect was
al., 1998), we used InsBM to evoke elementary Carelease. not due to changes in the Lasequestration or buffering
In this way, we could match the Ins€oncentration in control mechanisms because the first-order time constant for the
and carbachol-stimulated cells. Application of 2M exponential decay of individual €a puffs was not
InsPsBM evoked C&" puffs in 67% of the SH-SY5Y cells after significantly different in control or histamine-treated cells
a latency period of typically ~1-5 minutes. In control cells, thg1=0.30+0.02 second and 0.24+0.02 secony respectively;
amplitude of the C& puffs ranged from ~15 nM to >300 nM. P>0.05). The frequency with which pacemaking Qauff sites
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were activated by 1QuM InsPBM was not significantly (Koizumi et al., 1999), smooth muscle cells (Boittin et al.,
different in histamine-treated cells (data not shown), althougB000) and oligodendrocytes (Haak et al., 2001). Taken
the average number of pacemaking Gauff sites per cell was together, these data indicate that diverse cell types use a generic
reduced from 1.8 to 1.1 (Fig. 7D). The changes in amplitudeslementary C# signal for constructing Ingfmediated
kinetics and frequency of the elementary events were not duesponses.
to reduction of the C4 loading within the lumen of the Although the C&" puffs might have similar characteristics
endoplasmic reticulum (ER), because the response fa different cell types, irrespective of the InRPisoforms
thapsigargin-induced discharge of the ER stores was unaffectpcesent, there are subtle differences in the ways in which cells
by agonist preincubation (data not shown). use these events. The most obvious difference observed in the
Our previous studies (Bootman et al., 1997b) and those @resent study was in the frequencies of*Gauffs that occur
Parker and colleagues (Marchant et al., 1999) havprior to C&" wave onset. 16HBE14ocells, in particular,
demonstrated that €awaves are triggered inside cells whenseemed to be able to withstand?Cauff frequencies that
the progressive activity of Eapuffs reaches a threshold€a would have triggered regenerative responses in other cell types
concentration at which CICR is activated. A likely (Fig. 4A). Furthermore, although most cells showed steeply
consequence of decreased?Cauff activity following the regenerative Cd waves after a period of €apuff activity
prolonged agonist incubation is that the cells would possess(e.g. Fig. 2A,B,D), SH-SY5Y cells were able to produce a
lower propensity for initiating regenerative avaves. We  cumulative increase in cytosolic with no inflexion, a response
therefore examined the ability of Hela cells to showthat reflects the progressive summation cfQaffs (Fig. 4B).
regenerative Ca waves when incubated with IngfM. For It is likely that many factors (e.g. intracellular Ta
this, we increased the stimulating I8BRI concentration to 20 buffering, C&* ATPase activity, intracellular IngP
UM because, at 1AM, only non-regenerative €apuffs are  concentration, spacing between IgRB) determine how cells
usually observed in HeLa cells. In a typical experiment usingvill respond to ongoing G4 puff activity. In the case of
matched cells from the same passage number, we found tH&HBE146- cells, for example, it is plausible that the high
71% (=17) of the control cells showed €awaves after a Ca* puff frequency is tolerated owing to a weaker functional
period of C&* puff activity (Fig. 8A). By contrast, 86% of the coupling between IngRs, so that higher levels of activity are
cells (=29) incubated with 1 mM histamine for 4 hours failedrequired to provoke a regenerative response. With the
to show global regenerative €aignals in response to 20/ exception of RBL-2H3 cells, all of the cell types analysed here
InsPBM. These data indicate that, for the same 4B8P  displayed regular baseline €apscillations when stimulated
stimulus, the cells that had undergone prolonged incubationith appropriate concentrations of agonist (Fig. 2D). However,
with histamine were more resistant to the activation ¢ Ca as has been noted previously (Berridge and Galione, 1988;
waves. The lack of initiation of Gawaves in cells that had Thomas et al., 1996), the characteristics of globat*Ca
been incubated with histamine seemed to be caused mainly bgcillations (amplitude, duration, rise time etc) were not
the lesser activity of the pacemaking?Cpuff sites. However, identical in the different cell types (data not shown). Therefore,
a few histamine-incubated cells did manage to show reasonalaithough the C# puffs might be a generic InsPnediated
levels of pacemaking Gapuff activity in response to 20M elementary event, differential recruitment or modulation of
InsPBM, but these also largely failed to show regenerativehese signals might lead to cell-specific elementary and global
C&* signals (Fig. 8B). This suggests that, in addition to theesponse patterns.
changes of the properties of the pacemaking events, the activityAnother similarity between the cell types analysed here was
of the other C# puff sites that simply aid in the propagation that the activity of one or a few pacemaking?Cpuff sites
of Ca* waves was also diminished. was usually responsible for driving the cell towards the
threshold for CICR. We have previously observed that the
pacemaker Ca puff sites in HelLa cells were largely
DISCUSSION distributed around the nucleus (Lipp et al., 1997). Because
there are no G4 ATPases in the inner nuclear envelope,
Previous studies have shown that the initiation of regenerativauclear C&" transients can persist for significantly longer than
Ca&* signals in agonist-stimulated cells depends on thequivalent cytosolic G4 rises (Bootman et al., 2000). On this
progressive recruitment of &apuffs (Bootman et al., 1997b; basis, we suggested that the activation of perinucledt Ca
Marchant and Parker, 2001). With each elementary event, thepeffs might be a mechanism for evoking nucleaf*Gignals
is a small increase in cytosolic €aconcentration, and the with little effect on cytoplasmic Célevels (Lipp et al., 1997).
cumulative effect of successive elementary*Galease events This scheme might apply to four of the six cell types (HelLa,
drives the cell towards the threshold for a regenerative CICRUVEC, SH-SY5Y and 16HBE14¢) tested here because
response (Bootman et al., 1997b; Marchant and Parker, 200870% of their pacemaker €apuff sites occurred within 3-4
The present study demonstrates that analogoés [itéfs ~ pm of the nuclear envelope. Within this range, the signal from
can be observed following hormonal stimulation of a varietythe C&* puff can diffuse to the nuclear boundary. However, in
of cell types (Fig. 2). Furthermore, the similarity oCpuffs ~ RBL-2H3 and NIH-3T3 cells, most of the pacemakerCa
in these cell types, which express different proportions opuffs occurred further away than the diameter of the @affs,
the three InsgR isoforms (Table 1), indicates functional which would preclude these signals affecting nuclea#™ Ca
redundancy of InsfRs at the level of elementary events. Inlevels (Fig. 3, Table 1).
addition to the six cell types characterized here, analogous It is unclear what biochemical mechanism distinguishes the
Ca* puffs have been visualized ¥enopuocytes (Yao et al., pacemaking C& puff sites from those that simply participate
1995), endothelial cells (Hiiser and Blatter, 1997), PC12 celism Ca&* wave propagation. It is unlikely to be due to localized
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InsP; production (Thomas et al., 2000a). FurthermoreJnsPRs are required to generate a maximattGieration.
immunostaining InsgRs in the six cell types only Hela cells, by contrast, do not have a receptor reserve.
demonstrated that the density of IgRRexpression decreased In summary, our data show that Cauffs are a generic
with distance from the nucleus to the cell periphery (Fig. 1Belementary C# signal used by different cell types for
and did not reveal any prominent regions that could underlieonstructing Insfmediated responses. The different kiR®
the pacemaking CGa puff sites. Functionally, the pacemaker appear to be functionally redundant at the level of elementary
Ca* puff sites possess a greater sensitivity to 4itsBn those  Ca* signalling. In addition, C& puff sites are susceptible to
that simply participate in Gawave propagation (Thomas et regulation during prolonged cellular stimulation and, as a
al., 2000a). A similar conclusion was reached for the ‘focalconsequence, global &asignalling is inhibited.
Ca* puff sites that predominantly trigger €awaves in
Xenopusoocytes (Marchant and Parker, 2001) _T_hi_s work was funded by the BBSRC Intracellular Response
Because CH puffs are responsible for triggering and Initiative (grant ICR07498, to M.D.B. and M.J.B.), the MRC (grant
propagating C2t waves in cells, it is conceivable that they are6980814o' to P.L., M.D.B. and M.J.B.) and the Concerted Actions pf
key points at which a cell could regulate its response t e K.U. Leuven (grant 99/08, to L.M., H.D.S. and J.B.P). P.D.S. is
hormonal stimulation. Prolonged stimulation of HeLa and SH Senior Research Assistant of the Fund for Scientific Research-
. . Flanders. M.D.B. gratefully acknowledges support from the Royal
SYS5Y cells downregulated the expression of BR#in these  gqcjety.
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