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CALCIUM SIGNALING

Ca®* Puffs Originate from Preestablished Stable
Clusters of Inositol Trisphosphate Receptors

lan F. Smith,'* Steven M. Wiltgen,' Jianwei Shuai,? lan Parker'?

(Published 24 November 2009; Volume 2 Issue 98 ra77)

Intracellular calcium ion (Ca?*) signaling crucially depends on the clustered organization of inositol
trisphosphate receptors (IP;Rs) in the endoplasmic reticulum (ER) membrane. These ligand-gated
ion channels liberate Ca2* to generate local signals known as Ca?* puffs. We tested the hypothesis
that IP; itself elicits rapid clustering of IP;Rs by using flash photolysis of caged IP; in conjunction with
high-resolution Ca?* imaging to monitor the activity and localization of individual IP;Rs within intact
mammalian cells. Our results indicate that Ca®* puffs arising with latencies as short as 100 to 200 ms
after photorelease of IP; already involve at least four IP;R channels, and that this number does not
subsequently grow. Moreover, single active IP;Rs show limited mobility, and stochastic simulations
suggest that aggregation of IP;Rs at puff sites by a diffusional trapping mechanism would require
many seconds. We thus conclude that puff sites represent preestablished, stable clusters of IP;Rs
and that functional IP;Rs are not readily diffusible within the ER membrane.

INTRODUCTION

Inositol trisphosphate receptors (IPsRs) are Ca*"-permeable channels in
the membrane of the endoplasmic reticulum (ER) that liberate Ca** se-
questered in ER stores to generate cytosolic Ca®" signals that control di-
verse cellular functions including secretion, synaptic plasticity, and gene
expression (/). Opening of the IP;R channel is regulated by the soluble
second messenger IP5;, which is produced in response to activation of nu-
merous heterotrimeric guanine nucleotide—binding protein (G protein)—
and tyrosine kinase-linked cell surface receptors (2). However, IP;R
channel gating also requires cytosolic Ca*" itself (2, 3), creating a positive
feedback mechanism of Ca®'-induced Ca*" release (CICR), whereby re-
lease of Ca®" through one IPsR channel will tend to promote the opening
of neighboring channels. To appropriately control this potentially explo-
sive regenerative process, [P;Rs are distributed in clusters across the ER
surface (2). This results in a hierarchical organization of Ca" signals in-
volving stochastic recruitment of varying numbers of IPsRs (4—6). Ca*
release may be restricted to only a single channel, resulting in a tiny Ca®*
signal known as a blip, or opening of one channel may trigger other IP;Rs
within a cluster to generate a larger local Ca®" signal known as a puff,
Finally, higher concentrations of IP; may evoke Ca>" waves that propagate
throughout the cell in a saltatory manner through recruitment of multiple
puff sites by successive cycles of Ca?" diffusion and CICR. The spatial
localization of IP;Rs is thus crucial for establishing and optimizing the
spatiotemporal patterning of cytosolic Ca®" signals that ensures appropri-
ate regulation of downstream signaling pathways (7). However, important
questions remain regarding how IP;Rs aggregate into clusters and how
this clustered organization is maintained.

Fluorescence Ca®" imaging studies in Xenopus oocytes and various
mammalian cell lines indicate that numerous puffs arise over many mi-
nutes at fixed locations within the cell, suggesting that IP;R clusters
are relatively stable (8—/7). However, imaging studies with green flu-
orescent protein (GFP)-tagged or immunostained IP;Rs indicate that
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IP;Rs can diffuse within the ER membrane (/2-20), and that in resting
cells they display a reticular pattern resembling that of other ER-localized
proteins (/1—14, 16-21), suggesting that they are freely distributed through-
out the ER. Several publications describe the aggregation of IP;Rs into
clusters after sustained activation of IP5 signaling or cytosolic [Ca*'] eleva-
tion or both (12, 17-20). In particular, recent studies (22, 23) using patch-
clamp recordings of excised nuclei from DT40 cells stably expressing type
1 or type 3 IP;Rs showed that IP;Rs are freely diffusible within the lipid
membrane and that they rapidly (within a few seconds) cluster together
when [IP;] rises, resulting in a reduction of mean channel open probability
and open duration through postulated protein-protein interactions. Based on
these findings, the authors hypothesized that IP; may regulate the assembly
and behavior of Ca®" puff sites under physiological conditions (22).

Here, we tested this hypothesis of rapid and dynamic IP;R clustering
by using total internal reflection fluorescence (TIRF) microscopy to re-
solve Ca?" transients arising from openings of individual IPsR channels
in intact mammalian cells (24). We found that puffs arising 100 to 200 ms
after photorelease of IP; involved no fewer IPsR channels than did puffs
occurring several seconds later. Moreover, sites at which only a single
IP;R was active remained at fixed locations. We thus conclude that puff
sites represent preestablished, stable clusters of IP;Rs and that functional
IP;Rs are not readily diffusible within the ER membrane.

RESULTS

Puff and blip sites imaged with TIRF microscopy

We began by determining the numbers of IP;R channels contributing to
puffs evoked at different times after a step increase in [IPs;]. We loaded
SH-SY5Y neuroblastoma cells with the fluorescent Ca*" indicator fluo-4,
together with a photolabile caged precursor [ci-IP; (D-2,3-O-isopropylidene-
6-0O-(2-nitro-4,5-dimethoxy)benzyl-myo-inositol 1,4,5-trisphosphate)] of
the slowly-metabolized IP; analog i-IP3 and with the Ca*" buffer EGTA,
by incubating them with membrane-permeant esters of these compounds.
We then used TIRF microscopy to image local Ca** events evoked by de-
livering brief flashes of ultraviolet (UV) light to photorelease i-IP3. Fluo-4
fluorescence signals closely reflect instantaneous Ca®* flux from the ER
under these conditions because of the extremely thin (~100 nm) optical
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section of TIRF microscopy in conjunction with the use of the slow Ca**
buffer EGTA to suppress Ca>* waves and “sharpen” local Ca®" gradients
(25), making it possible to resolve Ca®" flux through single IPsRs (9).
Cells were essentially quiescent with regard to Ca®* signals before
photorelease of i-IP;, whereas puffs were elicited shortly after a pho-
tolysis flash and subsequently continued to occur for tens of seconds
(Fig. 1A) (9). The latency after which puffs are first observed shortens
with increasing photorelease of IP; (26) and decreased to as little as
100 or 200 ms after strong stimuli (Fig. 1A). Figure 1B illustrates
the distribution of Ca®" release sites in a representative cell, in which
activity was detected at a total of 18 sites after modest photorelease of
i-IP;. Ca®" signals varied greatly between sites, with several locations
showing frequent, large-amplitude puffs (for instance, sites 3, 8, 9, and
16), whereas others (for instance, sites 14 and 17) displayed only small,
“rectangular” fluorescence blips that likely reflect openings of a single
IP;R channel (24). When examined on an expanded time scale, fluo-
rescence traces showed distinct stepwise transitions during the falling
phase of puffs, with dwell-state levels at approximate multiples of the
unitary fluorescence level during blips (Fig. 2A). We have interpreted
this quantal distribution of step amplitudes as arising from the differing
numbers of IP;R channels open at different times (24). Thus, it is pos-
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Fig. 1. Local Ca®* signals evoked in SH-SY5Y cells after photorelease of
i-IP3. (A) Representative fluorescence traces recorded from three puff
sites monitored by TIRF microscopy. Records include long baseline
sections before a strong (40 ms) photolysis flash (arrow), showing a lack
of basal spontaneous activity. Traces show fluorescence ratio changes
(AFF) of fluo-4, monitored from 3 x 3 pixel (1 x 1 um) regions of interest. (B)
TIRF image shows resting fluorescence of a single fluo-4-loaded SH-SY5Y
cell. Circles mark all sites at which Ca* signals were evident after photo-
release of i-IP5. Traces show fluorescence ratio signals (Af/F) measured
from each of the numbered sites marked on the cell image. Asterisks indi-
cate the time of a weak (35 ms) photolysis flash. The inset box shows a
single blip at site #14 with enlarged scales.

sible to estimate the number of channels simultaneously open at the
peak of a puff either by directly counting the numbers of discrete down-
ward steps on the falling phase or by taking the ratio of the peak fluo-
rescence amplitude divided by the unitary channel amplitude (AF/F, =
0.1 £ 0.01, n = 8 sites) corresponding to blip events.

Puff amplitudes do not increase with time after
photorelease of IP;

We argue that the amplitudes of sequential puffs evoked at a given site
should increase progressively with time after a photolysis flash if indi-
vidual IP3Rs are initially distributed at random but subsequently aggre-
gate into clusters over several seconds in response to the step increase
in [i-IP5]. Figure 2B plots the peak fluorescence amplitudes of puffs as
a function of time from the beginning of the UV flash: Measurements
of the first puff observed at each site are indicated by filled symbols
and subsequent puffs by open symbols. These data were obtained with
a relatively strong flash that evoked initial puffs with short latency
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Fig. 2. Puffs evoked at short latencies after photorelease of i-IP3 involve
similar or greater numbers of IP;R channels than do puffs observed at
longer latencies. (A) Representative fluorescence trace (AF/Fy) depict-
ing the first four events evoked at a single site after a UV flash. Lower
trace shows the first two events (highlighted in gray) shown on an
expanded time scale showing stepwise transitions in Ca®* fluorescence
at approximate multiples of the unitary event level (gray arrows). Solid
bars underneath each trace indicate the duration of the UV flashes. (B
and C) Plots show peak puff amplitudes as a function of time after onset
of the photolysis flash for strong and weak photolysis strengths, respec-
tively. Filled squares denote the amplitude of the first event at each site,
with subsequent events at those sites shown as hollow squares. Lines
are regression fits to data on semilogarithmic axes.
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(range, 60 to 200 ms; mean, 142 + 10 ms; n = 16 puff sites). The mean
amplitude of these short-latency puffs was AF/F, = 0.44 + 0.06, corre-
sponding to the simultaneous opening of four to five IP;R channels.
Subsequent puffs occurring at the same sites after latencies of 0.5 to 5 s
were on average somewhat smaller (AF/Fy = 0.26 £ 0.03, n = 30, P <
0.01; corresponding to about two to three channels), and the overall trend
showed a progressive decrease in amplitude with time after the flash (Fig.
2B). Thus, it appears that on average there are already four or five IP;Rs
clustered at a puff site within 200 ms or sooner after the onset of photo-
release of i-IP3, and the observation that subsequent puffs were no larger
in amplitude suggests that the number of IP;Rs per cluster did not further
increase at later times.

We wanted to determine whether the progressive decline in puff am-
plitude could have resulted from some mechanism that overshadowed a
progressive recruitment of IP3Rs. Degradation of photoreleased i-IP5 is
unlikely to account for the decreased puff amplitude because i-IP5 is
slowly metabolized and because puff amplitudes remain relatively un-
diminished over time after weak i-IP; photorelease (9). However, the large
and frequent Ca®" events evoked by strong photorelease of i-IP5 tended
to overpower the ability of the exogenously loaded EGTA to effectively
clamp basal Ca®" (9), resulting in a progressive increase in basal cytosolic
[Ca®*] (which was evident in the raw fluorescence records, but is masked
by the image processing applied here) that may have inhibited IP3Rs to
cause the diminished puff amplitude. We therefore repeated these experi-
ments using a weaker UV flash (Fig. 2C), so that basal [Ca>'] remained
stable. As expected (26), the latencies to the first puff at each site became
appreciably longer (range, 200 to 4000 ms; mean, 1.9 £+ 0.5 s; n = 18).
Nevertheless, concordant with results obtained when the strong flash was
used, puff amplitudes at shorter latencies were slightly greater than those at
longer times (mean AF/F = 0.48 £ 0.09, n = 18 for puffs with latencies of
200 to 800 ms versus AF/F, = 0.42 + 0.05, n = 27 for puffs with latencies
of 1 to 5 s). Moreover, we did not observe any preponderance of single-
channel blip events preceding the onset of puffs, as might be expected if in-
dividual IP;Rs were diffusing and aggregating into clusters during this time.
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Fig. 3. Ca?* signals evoked by photorelease of i-IP5 in HeLa (A) and rat
type | cortical astrocytes (B) recorded with single-channel resolution.
The traces at the top show representative events displaying stepwise
transitions in Ca* fluorescence. Signals in both of these cell types were
on average smaller than in SH-SY5Y cells, and fewer step levels were
evident. Plots show peak amplitudes of first (filled squares) and subse-
quent (open squares) events as functions of time after a strong (40 ms)
photolysis flash. Lines are regressions to data on semilogarithmic axes.

Our measurements with TIRF microscopy provided optimal resolu-
tion of puffs, but were necessarily restricted to puff sites located adjacent
to the plasma membrane that lie within the evanescent field of the mi-
croscope. To determine whether these superficial IP;Rs might behave dif-
ferently from IP;Rs located deeper in the cell, we imaged SH-SY5Y cells
by wide-field epifluorescence microscopy, focused in the center of the
cells 4 to 5 um inward from the cover glass. After evoking puffs by a
photolysis flash and recording for several seconds, we rapidly switched
to TIRF illumination to identify the locations of superficial puff sites so
they could be excluded from analysis. Initial puffs at “deep sites” also
arose after short latencies (258 + 45 ms, n = 20 puff sites). Mean puff
amplitudes showed no increase between initial and subsequent puffs at
the same sites (respective amplitudes for first, second, and third puffs;
AF/Fy = 0.61 £ 11, 0.52 £ 12, and 0.49 + 12). Thus, the behavior of
superficial puff sites imaged by TIRF microscopy in this instance appears
representative of sites throughout the cell.

Puffs in HeLa cells and astrocytes imaged by

TIRF microscopy

SH-SY5Y neuroblastoma cells express predominantly type I IPsRs (11, 27),
but may also contain relatively low amounts of both the type 2 (71, 28)
and the type 3 IP3R (11, 29). To determine whether cell lines with dif-
ferent proportions of IP;R subtypes might undergo dynamic clustering,
we performed similar imaging studies in HeLa cells, which are reported
to contain a mixture of type 1 and type 3 IP;Rs (30), and in rat astro-
cytes, which contain mainly type 2 [P3Rs (37, 32). TIRF imaging in both
these mammalian cell types revealed stepwise changes in fluorescence
reminiscent of puffs in SH-SYSY cells (upper panels, Fig. 3, A and B).
In both HeLa cells and astrocytes, mean puff amplitudes were smaller
than those in SH-SYSY cells (AF/Fy = 0.38 + 0.03, n = 91 puffs in
SH-SYSY cells; 0.24 + 0.01, n = 89, in HeLa cells; 0.18 £ 0.01, n =
91, in astrocytes). This reduced amplitude is attributable to the opening
of fewer IP3R channels, because the unitary blip amplitudes were similar
among all three cell types (AF/Fy=0.1 £0.01,n=8;0.1 £0.01, n=15;
and 0.11 + 0.01, n = 8 for SH-SYS5Y, HeLa and astrocyte cells, respec-
tively). Nevertheless, puffs occurring within latencies of less than a few
hundred milliseconds involved openings of multiple IP;R channels, and
puff amplitudes showed no appreciable increase as a function of time
after photorelease of i-IP5 in either HeLa cells or astrocytes (lower panels,
Fig. 3, A and B).

Lack of motility of single IP;Rs

To further test the hypothesis that individual IP;Rs diffuse and aggre-
gate into clusters after IP; stimulation, we examined the behavior of
sites that showed repetitive single-channel activity (blips) after photo-
release of i-IP; (Fig. 4A). We located the position of IP;R channels with
high precision by fitting a two-dimensional Gaussian function to fluores-
cence images of blips for every frame during which the channel was
open and then calculated the mean location over successive frames dur-
ing individual openings. The image in Fig. 4B shows an SH-SYS5Y cell
with circles marking all sites at which puffs (multi-channel Ca** signals)
were observed, and the small rectangle marks the region around a blip
site from which the fluorescence trace in Fig. 4A was obtained. This re-
gion is shown on an enlarged scale on the right, plotting the mean and
standard error of centroid locations (centers of two-dimensional Gaussian
fits) of the fluorescence signals during each of the channel openings evi-
dent in the fluorescence trace. The position of the channel deviated by no
more than 300 nm during 10 s after the flash—a negligible movement
compared to the ~5-um distance to the nearest neighboring puff sites. The
channel illustrated in Fig. 4A showed unusually long openings, possibly

www.SCIENCESIGNALING.org 24 November 2009 Vol 2 Issue 98 ra77 3

/102 ‘€ [udy uo /6o Bewsousiosax1s//:dny wolj papeo jumod


http://stke.sciencemag.org/

RESEARCH ARTICLE

reflecting modal gating behavior of the IP;R (33), which enhanced the
precision of localization. However, a similarly restricted motility was ob-
served for other sites that displayed only brief blips (for example, site 17 in
Fig. 1B). Analysis of 15 blip sites indicated an upper boundary of about
0.012 um?* s~' for the two-dimensional diffusion coefficient of single
IP3RS.

The lack of influence of IP; on the distribution of single IP;Rs was
further supported by an analysis of blip frequency after photo-release
of i-IP5. If IP5 causes IP;Rs to cluster together, we would predict that
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Fig. 4. Lack of motility of single IP3Rs. (A) Representative trace showing
activity from an apparent “lone” IP3R after a (200 ms) photolysis flash
(asterisk). Fluorescence was measured from a 1-um? region of interest.
(B) Resting fluorescence of a single fluo-4-loaded SH-SY5Y cell, with
the locations of all sites showing puffs (multichannel signals) marked
by circles, and with the site from which the trace in (A) was obtained
marked by the box. The inset shows a scatter plot of mean centroid
positions (error bars represent + 1SEM) of Ca®* fluorescence during
each of the discrete openings (blips) in the trace in (A). (C) Bar graph
shows the numbers of blips occurring during successive 2-s intervals
after photorelease of i-IP5, derived from 15 sites that displayed exclu-
sively single-channel activity.

sites displaying exclusively single-channel activity would become less
frequent with increasing time after photorelease of i-IP;. This was not
the case. Figure 4C plots the total numbers of blips observed within suc-
cessive 2-s time bins after the photolysis flash (» = 15 blip sites in 14
cells), showing that the occurrence of blips did not diminish over the
16 s after photo-release of i-IP.

Modeling the diffusive aggregation of IP;Rs

Is it possible that I[P3Rs could diffuse and aggregate into clusters within
a mean time as short as 150 ms after photorelease of i-IP3? To address
this question, we performed Monte Carlo simulations of diffusive move-
ment of IP;Rs across the surface of the cell illustrated in Fig. 1B. We
approximated the outline of the cell as a rectangle with dimensions of
10 x 20 um and initially distributed some number N of [P;Rs at random
throughout this area. IP;Rs were represented as circles of 20 nm diam-
eter that diffused with a two-dimensional diffusion coefficient D. Given
that puffs recur at fixed locations, we modeled cluster formation as the
aggregation of IP;Rs at defined “anchor points” corresponding to the
locations of seven puff sites in the cell at which multichannel events
were observed, instead of assuming that clusters arise from random asso-
ciation of IP;Rs (22). Each anchor point represented a fixed cytoskeletal
structure with diameter L. Beginning from time ¢ = 0, we assumed that
[IP3] was instantaneously increased so that random collision of an IP;R
with an anchor point resulted in irreversible binding, and recorded the
increasing numbers of IP;Rs bound at each puff site as a function of
time.

Figure 5A shows a simulation in which N was set to 100, based on
an estimate of the total number of functional IP;R in the cell of Fig. 1B
obtained by counting the numbers of simultaneously open channels during
the largest puff at each site plus the number of channels at “lone” sites
(defined here as sites for which Ca®" release from only a single IPsR was
apparent). Studies using fluorescence recovery after photobleaching (FRAP)
suggest that most IP;Rs are mobile; however, published estimates of the
diffusion coefficient vary from ~0.01 to 0.45 um* s ' (12—16). Our own es-
timate (0.012 um? s "), derived from tracking functional blip sites, falls
at the lower end of this range. Initially, we took a middle value of D =
0.1 um?* s, as assumed by Rahman er al. (22), and assumed a diameter
of L =20 nm for the puff anchor sites. Our experimental data (Fig. 2B)
indicate that, after strong photorelease of i-IP;, the first puffs at a given
site on average involve simultaneous openings of four to five IP;R
channels, and arise after a mean latency of about 150 ms. In contrast,
the simulation in Fig. SA with the above parameter values predicts that
about 1 min would pass before puff sites had, on average, accumulated
four IP;Rs.

Figure 5, B to D, shows similar simulations in which we changed
one parameter value at a time, as indicated. In the simulation shown in
Fig. 5B the diameter of the anchor site was increased to 300 nm, which
has been estimated as the cluster size over which IP;Rs are distributed
at puff sites in oocytes (34). This change resulted in a modest acceler-
ation of clustering rate; nevertheless, it took more than 30 s for an av-
erage of four IP;Rs to accumulate in a cluster. In the simulation shown
in Fig. 5C, we increased the number N of IP;Rs per cell from 100 to 1000,
while keeping D = 0.1 um® s ' and L = 20 nm. As expected, the rate of
clustering was greatly accelerated, such that anchor sites had accumulated
an average of about four [P;Rs after about 4 s; however, even in this case,
most anchor sites had not yet acquired even a single IP;R after 200 ms
(inset, Fig. 5C). Finally, we note that most published values of the diffu-
sion coefficient for IP;Rs are lower than 0.1 umz st (12-14, 16), as is our
estimate (<0.012 um? s 1), based on the observed motility of blip sites. In
Fig. 5D, we thus illustrate a simulation with D = 0.03 umz s 1, which
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predicts that it would take more than a minute before puff sites contained
an average of even two IP;Rs.

DISCUSSION

IP;Rs are located within the membrane of the ER, which forms a con-
tiguous network extending throughout the cytoplasm. A number of studies
have indicated that a large fraction of IP3Rs is mobile within the ER mem-
brane (/2-20), and that IP;Rs are distributed uniformly at rest so that
the pattern of GFP-tagged or immunostained IP;Rs resembles that of
the ER itself (/7-14, 16-21). It is thus surprising that functional im-
aging studies show that local Ca®" puffs that arise from clusters of
IP;Rs remain at fixed locations over many minutes (§—10). Although
the observation (12, 17-20) that IP; itself induces the reversible aggre-
gation of IP3Rs into clusters could provide a resolution to this paradox,
that explanation had never appealed to us because IPs-induced IPsR clus-
tering has been described as occurring over several minutes (12, 17-20),
whereas puff sites are evident within a few seconds after photorelease of
IP; (24, 35). We were prompted to further examine the kinetics of es-
tablishment and stability of puff sites by a recent study (22) indicating
that IP;Rs in the nuclear membrane aggregate in response to increased
[IP5] in as short a time as 2 s, and undergo a resulting change in channel-
gating properties. On the basis of these results, the authors proposed that
dynamic regulation of clustering by IP; facilitates hierarchical recruit-
ment of the elementary events that underlie all IP;-evoked Ca*" signals
(22, 23).
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Fig. 5. Modeling cluster formation by a diffusive trap mechanism.
Graphs show the numbers of IP3Rs clustered at each of seven puff sites
in a simulated cell (colored stepwise lines, with each color representing
a different puff site) and the mean number of IPsRs per cluster (black
curves; average of 50 simulations, 350 puff sites) as functions of time.
The simulations model diffusion within a two-dimensional rectangular
cell (10 x 20 um) in which N IP3Rs are initially distributed at random
and subsequently diffuse with diffusion coefficient D. Seven “anchoring”
sites with diameter L represent sites to which IP3Rs adhere after collid-
ing. Panels show simulations with the following respective values of D
(um? s7"), N, and L (nm): (A) 0.1, 100, 20; (B) 0,1, 100, 300; (C) 0.1,
1000, 20; (D) 0.03, 100, 20.

Here, we used a TIRF imaging technique capable of resolving the
contributions of individual IP;R channels to show that puffs involving
several closely adjacent channels can be evoked within 100 to 200 ms
of IP; stimulation in mammalian cell types with differing profiles of
IP;R subtypes. In contrast, our simulations (Fig. 5) indicate that, on the
basis of reasonable assumptions for their density and diffusion coeffi-
cient, it would take many seconds or minutes for sufficient [P3R channels
to diffuse and aggregate into clusters. We thus consider it improbable that
the large-amplitude, multichannel puffs we observed within a few hundred
milliseconds of photorelease of IP; arise because IP;Rs undergoing ran-
dom walk motility redistribute under the influence of IP; into clusters by a
diffusional trap mechanism. Moreover, our data showed various other
features inconsistent with dynamic IP3-dependent regulation of puff sites.
IP3-induced clustering is reported to result in reduction of channel mean
open probability (22), so that a flurry of single-channel activity would be
expected before IP;Rs had time to associate into clusters. We did not ob-
serve this, even after weak photorelease of IP; where the clustering time
may be slowed. Also, we showed that successive puffs at a given site do
not grow in amplitude, as predicted for progressive recruitment of IP;Rs,
and that apparently “lone” functional IP;Rs displayed limited motility.
Together, our observations fail to support a physiological role for IP; in
dynamically regulating IPsR localization at puff sites in intact cells.

Is it possible, however, that clustering is still induced by IP3, but that
resting concentrations of IP5 in the cell are already high enough to cause
constitutive aggregation of IP3R into clusters preformed before the pho-
tolysis flash? We consider this unlikely, because Ca®" activity was almost
nonexistent before photorelease of i-IP;. Although we cannot exclude
that some basal concentration of IP; is present, it would be surprising
if this were sufficient to regulate IP;R clustering and yet fail to induce
any appreciable Ca*" liberation. Moreover, if a low basal [IP;] were suf-
ficient to elicit constitutive clustering of IP;Rs, this would leave little role
for stimulus-induced IP5;R clustering.

How then might our data be reconciled with several studies suggesting
that a substantial population of IP;Rs is freely diffusible within the ER
membrane (/2-20) and undergo a global reorganization after stimula-
tion? (12, 17-20, 36). One possibility is that our stimuli did not increase
cytosolic [IP5] sufficiently to effect IP3R clustering. However, this seems
unlikely because, although cells were loaded with the slow Ca>" buffer
EGTA to deliberately inhibit cluster-cluster interactions and suppress global
Ca®" waves, photolysis flash strengths equivalent to or weaker than those
used here produce robust and long-lasting (minutes) global increases in
cytosolic free [Ca?'] in the absence of EGTA (9).

We believe that a more likely explanation is that we monitored those
IP5Rs that show functional Ca*" release under minimally invasive con-
ditions, whereas most previous studies localized IP3R proteins either
by tagging exogenously expressed receptors with fluorescent proteins,
by immunostaining endogenous IP;Rs, or by both of these methods
(11-20). As noted above, both of these approaches show IP;Rs distrib-
uted widely throughout the ER [see, for example, (12, 18, 20)]. On this
basis, one would expect that IP3-evoked Ca”' release would be apparent
throughout the cell cytoplasm; however, numerous studies have indi-
cated that this is not the case. Instead, Ca®" release in various cells arises
at just a few discrete puff sites (9-11, 24, 37, 38), which appear to be
anchored in place because they do not move even in the face of sustained
increases in [IP;] that evoke repetitive Ca>* waves (39). We thus propose
that cells may contain two different populations of IP;Rs: (i) a subset of
receptors that are anchored together in preformed clusters by association
with static cytoskeletal structures and which, possibly as a consequence
of this anchoring, display high sensitivity to IP; to generate Ca>" puffs; (ii)
a population of mobile IP;Rs that are either functionally unresponsive,
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or mediate Ca®" liberation only during sustained global increases of cy-
tosolic [Ca®"]. Our proposed scheme involves modulation of IP;R
function based on their localization, but in the opposite sense to that pro-
posed by Rahman ez al. (22). That is, in our scheme, clustered IP3R are
preferentially activated under conditions that evoke puffs, rather than dis-
playing a reduced open-channel probability.

Cellular Ca*" signaling is a highly regulated process, with localized
increases in [Ca®"] playing widely divergent physiological and pathophys-
iological roles depending on where in the cytosol these localized signals
arise (/). We provide evidence indicating that the sites generating local Ca>"
puffs represent preestablished, stable clusters of IP;Rs; and further speculate
that puff sites may be defined by the functional modulation and immobiliza-
tion of IP;Rs from a larger pool of diffusionally mobile receptors when they
bind to static cytoskeletal elements.

METHODS

Cell culture

Human SH-SYS5Y neuroblastoma cells were cultured as previously de-
scribed (9) in a mixture (1:1) of Ham’s F12 medium and Eagle’s mini-
mal essential medium supplemented with 10% (v/v) fetal bovine serum
(FBS) and 1% nonessential amino acids. Cells were incubated at 37°C
in a humidified incubator with a 95% air and 5% CO, atmosphere, pas-
saged every 7 days, and used for up to 20 passages. A few days before
imaging, cells were harvested in phosphate-buffered saline (PBS) with-
out Ca>* or Mg”" and subcultured in petri dishes with glass coverslips as
the base (MatTek) at a seeding density of 3 x 10* cells/ml. HeLa cells
were cultured in a similar manner except that the culture medium con-
sisted of Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% FBS and 1% penicillin-streptomycin.

To obtain astrocytes, cerebral cortices were removed from four 1- to
3-day-old Sprague-Dawley rat pups and placed immediately in ice-cold
buffer solution consisting of 10 mM NaH,PO,, 2.7 mM KCIl, 137 mM
NaCl, 14 mM glucose, 1.5 mM MgSQO,, and bovine serum albumin (3
mg/ml). Meninges were removed with fine forceps; whole cortices
were then minced using fine forceps and placed into 0.125% trypsin-
EDTA for 10 min. Trypsin digestion was halted by the addition of an
equal volume of fresh astrocyte culture media (DMEM supplemented
with 10% FBS and 1% penicillin-streptomycin). The tissue was then
pelleted by centrifugation at 4500 rpm for 5 min, after which the su-
pernatant was removed and the cell pellet resuspended in 2 ml of fresh
medium. The tissue was subsequently triturated gently with three fire-
polished Pasteur pipettes of narrowing bore size. Larger pieces of tissue
were allowed to settle for 5 min, after which the supernatant was applied
to a 40-um cell strainer and 40 ml of fresh medium was applied. This cell
suspension was then aliquoted into 1 x 25-cm? flasks and onto petri dishes
with glass coverslips as the base (MatTek). Cells were then kept in a hu-
midified incubator at 37°C (95% air, 5% CO,). This was designated pas-
sage 1, and cells were used up to a passage of 2. Four to six hours after
plating, cells were washed vigorously several times with fresh medium to
remove nonadhered cells. This resulted in a culture of primarily type I
cortical astrocytes [as confirmed by positive immunostaining with anti-
body directed against glial fibrillary acidic protein (GFAP)]. Culture me-
dium was exchanged every 3 to 4 days and cells were grown in culture for
up to 14 days. All recordings were made from cells between days 5 to 12.

Loading of cell-permeant esters
Cells were loaded a few hours before use by incubation with Hepes-
buffered saline [HBS (in mM): NaCl 135, KCl1 5, MgCl, 1.2, CaCl, 2.5,

Hepes 5, glucose 10] containing 1 uM ci-IP;~(propionyloxymethyl)ester
(ci-IP3/PM) (SiChem) at room temperature for 45 min, followed by incu-
bation with 1 uM caged ci-IP3/PM plus 5 uM fluo-4AM (Invitrogen) at
room temperature for 45 min, and, finally, for 1 hour with 5 uyM EGTA
acetoxymethyl ester (Invitrogen).

Total internal reflection microscopy

Imaging of changes in intracellular calcium concentration ([Ca®'];) was
accomplished with a custom-built TIRF microscope system based around
an Olympus IX 70 microscope equipped with an Olympus X60 TIRFM
objective [NA (numerical aperture) 1.45). Fluorescence of cytosolic fluo-
4 was excited within the ~100-nm evanescent field formed by total inter-
nal reflection of a 488-nm laser beam incident through the microscope
objective at the coverglass-aqueous interface. Images of emitted fluores-
cence (A >510 nm) were captured at a resolution of 128 x 128 pixels (1
pixel = 0.4 pm) at a rate of 420 frames per second by a Cascade 128
electron multiplied CCD (charge-coupled device) camera (Roper Scien-
tific). Photorelease of i-IP; from a caged precursor was evoked by flashes
of UV (350400 nm) light derived from a fiber-optic arc lamp source
introduced through a UV-reflecting dichroic mirror in the upper side port
of the microscope. The UV light was adjusted to uniformly irradiate a re-
gion slightly larger than the imaging frame, and any given imaging field
was exposed to only a single flash.

Image processing and analysis

Image processing and analysis were done with MetaMorph 7.5 (Molecular
Dynamics). After subtraction of the camera black offset level, image se-
quences were first processed by dividing each frame by an average of
~100 frames captured before the photolysis flash, so that fluorescence rep-
resents a ratio (AF/Fy) of the fluorescence change (AF) at each pixel rela-
tive to the mean resting fluorescence (F) before stimulation. The resulting
image stack was then further processed by frame-by-frame subtraction of
heavily smoothed (16 x 16 pixel low-pass filter) images to correct for
slow drift in basal fluorescence and fluctuations in laser power (40). Flu-
orescence traces like those in Fig. 1 were derived by measuring the av-
erage signal within 1.2 x 1.2 pm (3 x 3 pixel) regions of interest centered
on visually identified Ca®" release sites. Puff latencies are expressed as
the time from onset of the photolysis flash to onset of the puff. Single-
channel Ca®" fluorescence signals were localized by fitting to a circularly
symmetrical Gaussian function with a precision of 0.2 pixels, using a cus-
tom particle-tracking routine in Slidebook (Intelligent Imaging Innovations).
The amplitude was allowed to vary to achieve the best fit whereas the stan-
dard deviation was preset to 3 pixels (1.2 um). Diffusion coefficients D were
calculated from a regression fit to data plotting displacements of puff cen-
troids as a function of time as D = d2/4t, where d = mean distance of the
blip fluorescence during each opening from its origin at time 7.

Stochastic simulation of IP;R diffusion and clustering

The ER membrane within the plane of the TIRF image was simulated as a
two-dimensional rectangular domain with a size of 10 x 20 um. A certain
number N of IP3R channels with diameter 20 nm were randomly distrib-
uted on the ER membrane at time # = 0 and underwent a random walk in
both x and y directions by incrementing their positions at time steps A¢ =
10 us by adding random numbers distributed as a Gaussian function cen-
tered around zero. The width (standard deviation) of the Gaussian was
adjusted to achieve the desired macroscopic diffusion coefficients. IP;Rs
hitting the boundaries were reflected back. For simplicity, we ignored col-
lisions among IP3Rs; that is, IP;Rs passed through each other without
deflection. Specific fixed anchor sites were designated as IP;R channel
trap locations, based on the mapping in Fig. 1B. Each trap location was
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assumed to have a diameter L. An IP3R channel moving within a distance
of L/2 + 10 nm became fixed at that anchor site. For simplicity, we as-
sumed that trapped channels did not affect the trap diameter or location.
Figure 5 shows the results of representative single simulations, counting
the numbers of IP;Rs trapped at each site as a function of time #, together
with mean numbers of IP;R per cluster derived from 50 simulations.
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