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Abstract In the present work, we characterized the re-
ceptor properties and the conductive features of the ino-
sitol (1,4,5)-trisphosphate (I1P;)-activated Ca2* channels
present in excised plasma-membrane patches obtained
from mouse macrophages and A431 cells. We found that
the receptor properties of the channels tested were simi-
lar to those of the IP; receptor (IP;R) expressed in the
endoplasmic reticulum (ER) membrane. These properties
include activation by IP;, inhibition by heparin, time-de-
pendent inactivation by high IP; concentrations, activa-
tion by guanosine 5'o-thiotriphosphate and regulation by
arachidonic acid. On the other hand, in terms of conduc-
tive properties, the channel closely resembles Ca2*-re-
lease-activated Ca2* channels (I.,). These conductive
properties include extremely low conductance (=1 pS),
very high selectivity for Ca2* over K+ (Pg/Px>1000),
inactivation by high intracellular Ca2* concentration and,
importantly, strong inward rectification. Notably, the
same channel was activated by: (1) agonists in the cell-
attached mode of channel recording, and (2) cytosolic
|P; after patch excision. Although the possibility cannot
be completely excluded that a novel type of IP;R is ex-
pressed exclusively in the plasma membrane, in their en-
tirety our findings suggest that the plasma membrane of
mouse macrophages and A431 cells contains | -like
Ca2* channels coupled to an | P;-responsive protein which
displays properties similar to those of the IP;R expressed
in the ER membrane.
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Introduction

The increase in intracellular free Ca2* concentration
([Ca2*];) that results from activation of phospholipase C
(PLC) and release of inositol (1,4,5)-trisphosphate (1Py)
into the cytosol leads to the activation of a Ca2* influx
mechanism in the plasma membrane. The IP;-induced
Ca?* release from the internal stores and the properties of
the IP;-activated Ca?* channels present in endoplasmic
reticulum (ER) membranes have both been analysed in
quite some detail. On the other hand, the nature of the
Ca?* influx pathway in the plasma membrane, and its
regulation are poorly understood.

Caz* influx is mediated by a distinctive Ca2+ channel
termed Ca2*-release-activated Ca2* channels (I, [12,
13]. Whole-cell recordings have revealed that I, have
an extremely low conductance and a high selectivity for
divalent cations and that they are inhibited by high
[Ca2*]; and show inward rectification [12, 13, 20, 28].
Extensive work in many cells has revealed that Ca2* re-
lease from the internal stores is both necessary and suffi-
cient for 1, activation (for reviews see [29, 30]). How-
ever, it is still not clear how the Ca2* content of the
stores is sensed and then transduced to the plasma mem-
brane to regulate |, activity. Several messenger mole-
cules have been proposed as candidates for the role of
mediator of this activity but none could be confirmed to
exist in all cells. An aternative mechanism, initially pro-
posed by Irvine [14], is a direct coupling between the IP;
receptor (I1P;R) and |, in amanner similar to that found
between the dihydropyridine and ryanodine receptors
present in skeletal muscle. In view of the complexity of
the putative coupling mechanism and the low conduc-
tance of 1., obtaining evidence to support or refute such
a hypothesis is quite difficult and technically very de-
manding.

Another hypothesis requires that |P; directly gates an
IP;R in the plasma membrane. Although biochemical
studies have shown that I1P;R are preferentially located
in the ER [33], a functionally distinct type of IP;R has
been found to be associated with the plasma membrane
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of lymphocytes: this receptor differs from the microso-
mal IP3R in its terminal sugar content, |P; affinity and
sensitivity to heparin [15]. Later, the same authors iden-
tified PR in the plasma membrane of Jurkat T-cells and
demonstrated the co-capping of this receptor with the T-
cell-receptor-CD3 complex during T-cell activation [16].
This hypothesis has also been supported by patch-clamp
studies [6, 18, 23, 37] in which Ca2* channels activated
by 1P; have been found in excised patches.

We reasoned that detailed characterization of these
channels might help to clarify their nature and their rela-
tionship to | ;4.

In the present paper, we report the presence of minia-
ture |P;-activated Ca?* channelsin excised plasma-mem-
brane patches obtained from mouse macrophages and
A431 cells. In addition, we make a detailed comparison
between these channels and those previously found in
the plasma membrane of other cell types. All of the phar-
macological tests we carried out showed that in terms of
its activation and regulation, the channel is very similar
to the IP;R present in the ER membrane, yet the perme-
ability properties of the channel closely resemble those
reported for |,.. These findings, together with reports of
high levels of IP;R in ER domains close to or associated
with the plasma membrane [19, 34] lead us to speculate
that the coupling model may be valid for the regulation
Of | gae

Materials and methods

Chemicals

ATP, guanosine 5'o-thiotriphosphate (GTPyS), heparin, bradykinin
(BK), uridine 5'-triphosphate (UTP), mepacrine, arachidonic acid
(AA), 4-bromophenacyl bromide (4-BPB), thapsigargin (Tg) and
4-(2-hydroxyethyl)-1-piperatzineethanesulphonic acid (HEPES)
were all obtained from Sigma (Sigma, St. Louis, USA); ethylene-
glycol bis(aminoethyl ether) N,N,N’,N’'-tetraacetic acid (EGTA)
was from Fluka Chemie (Buchs, Switzerland) and IP; was from
Calbiochem (Behring Diagnostics, La Jolla, USA).

Cdlls

For the preparation of macrophages, cells from the peritoneal cavity
of CC57/W mice were placed on top of 5x5-mm glass coverdips
which, in turn, were placed in plastic dishes. The cells were cultured
in Dulbeccos modified Eagles medium supplemented with 10% fe-
tal bovine serum, 100 units/ml penicillin and 100 mg/ml streptomy-
cin. The cells were kept in a 5% CO,, humidified atmosphere at
37°C and were used for patch-clamp experiments 1-3 days after
plating. Macrophages were identified using a-naphthyl acetate es-
terase staining. More than 98% of the cells in each monolayer were
macrophages. Human carcinoma A431 cells (Cell Culture Collec-
tion, Ingtitute of Cytology, Russia) were kept in culture as described
elsewhere [23].

Electrophysiology

Single-channel currents were recorded using the inside-out and
cell-attached modes of the patch-clamp technique [10]. Currents
filtered at 200 Hz were recorded with the aid of a PC-501A patch-
clamp amplifier (Warner, USA) with a conventional feedback re-
sistance in the headstage (10 GQ). During recording, the currents

were digitized at 1-2 kHz. For data analysis and presentation, cur-
rents were filtered at 50-100 Hz. Channel activity was expressed
in terms of NP, (where P, is the probability of asingle channel be-
ing open and N is the number of channels present in a membrane
patch). NP, was determined using the following equation: NP,
=<I>/i where <I>and i, are the mean channel current and unitary
current amplitude, respectively. <I> was estimated from the time
integral of the current above the baseline; and i was determined
from current records and all-point amplitude histograms.

Solutions

The pipette solution contained (in mM): 105 BaCl, or 100 CaCl,
and 10 TRIS/HCI (pH 7.4). The standard intracellular solution
contained (in mM): 140 K glutamate, 5 NaCl, 1 MgCl,, 10 HEPES/
KOH, 1.13 CaCl, and 2 EGTA/KOH (pCa 7, pH 7.4). When the
Ca?*-dependence of channel activity was to be measured, [Ca?*];
was clamped with 10 mM EGTA and calculated using the algo-
rithm of Fabiato and Fabiato [5]. In cell-attached experiments, the
bath solution contained 140 mM KCI and 2 mM CaCl, to nullify
the cell’s resting potential. Drugs were applied to the patches ei-
ther by bath perfusion or by brief pressure gjection. In both cases,
the time required for a complete change of solution around the
patch was <1 s. Experiments were carried out at room temperature
(22-24°C). Data are given as mean = SEM. Error bars denoting
SEM are shown where they exceed the symbol size.

Results

| P; activates Ca2*-permeable channels
in excised plasma-membrane patches

Application of 0.2-15 pM [P; to the cytoplasmic surface
of patches excised from the plasma membrane of mouse
macrophages activated small-conductance inward cur-
rents in approximately 50% of the experiments (25 out
of 49 attempts). Ca2+ currents were isolated by including
105 mM Ba?* or 100 mM Ca?* as the only permeant cat-
ion in the pipette solution.

Figure 1 illustrates several properties of these cur-
rents. Displaying sections of the current on an expanded
time scale reveded the small amplitude of the current
which resulted in a relatively poor signal-to-noise ratio
despite the heavy filtration used to analyse the data. How-
ever, transient opening from a distinct baseline could be
resolved visually (Fig. 1A,B) and by the use of al-point
amplitude histograms (Fig. 1C).

An important and distinctive property of any channel
is its ion selectivity. Figure 1B shows the currents car-
ried by 105 mM Ba?* (b1) and 100 mM Ca?* (b2) at sev-
eral holding potentials. Comparison of the records shows
that at each potential tested the Ca?* and Ba2* currents
have similar amplitudes. The current/voltage-relationship,
obtained from atotal of 12 experiments with Ba2* (Fig.
1D), indicates that the channel has a conductance of
about 1 pS and an extrapolated reversal potential exceed-
ing +65 mV. These values are very similar to those re-
ported for the channels present in the plasma membrane
of A431 cells [17]. The P /Py permesability ratio of a
channel can be estimated from the extrapolated reversal
potential value using a modification of the Goldman-
Hodgkin-Katz equation [11]. The ratio obtained in this
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Fig. 1A-D Inositol (1,4,5)-trisphosphate (IP3) activates miniature
Caz* channels in inside-out plasma-membrane patches from mouse
macrophages. A A plasma-membrane patch from a mouse macro-
phage was exposed to 2.5 pM |IP;. The pipette solution contained
105 mM Baz*. The membrane potential was —90 mV. In the ex-
panded traces, in this and other Figures, the broken horizontal lines
and the numbers to the right indicate current amplitude in pA. The
currents were filtered at 100 Hz. B Examples of Ba2+ (b1) and Ca2*
(b2) currents recorded at different membrane potentials after appli-
cation of 5 UM 1P; to plasma-membrane patches. C An al-points
amplitude histogram constructed from an 18-s recording obtained
in an experiment with a macrophage membrane at a holding poten-
tial of =90 mV. D Plot of mean current amplitude as a function of
membrane potential. The pipette solution contained 105 mM Baz+.
Each point represents the average from three to seven experiments

case was Pg,=P,/P«>1000, indicating a very high selec-
tivity for Ca2* over K*. This is very different from the
selectivity reported for the IP;R found in native ER
membranes [21] or reconstituted into lipid bilayers[3].
Finally, as shown previously for the miniature 1P;-ac-
tivated channels in A431 cells[17], channel activity (ex-
pressed in terms of NP,) was very low at a holding po-
tential of —30 mV, and increased upon hyperpolarization
in the =30 mV to —100 mV range. Figure 2 shows the
channel activity evoked by IP; in macrophages when se-
veral channels were present in the patch. The figure shows
that shifting the holding potential from -50 to -90 mV
caused an increase in NP, that appeared to be due main-
ly to an increase in the number of active channels (since
their individual conductance was unchanged). Time-de-
pendent inactivation of the channels present in plasma
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Fig. 2 The activity of IPs-sensitive channels depends upon the
holding membrane potential. This datais from atypical inside-out
patch obtained from a mouse macrophage, and shows the effect of
changing the holding potential on the channel activity evoked by
application of 2.5 uM 1P;. The mean current is greater at —90 mV,
apparently due to an increase in the number of active channels,
their individual conductance being unchanged. The pipette solu-
tion contained 105 mM Ba2*. The currents were filtered at 100 Hz

membranes from macrophages (see below) precluded a
more detailed characterization of the effect of membrane
potential on channel NP,

Transient behaviour of channel activity

In the course of our study, we noted that in each experi-
ment the IPs-induced channel activity was transient: it
faded away despite the continued presence of IP; in the
cytoplasmic solution. This effect was probably responsi-
ble for the wide variation in channel open probability be-
tween patches. A similar transient behaviour of 1P;-
evoked channel activity has been reported in plasma-
membrane patches obtained from bovine aortic endothe-
lial cells[39] and A431 cells[17].

In the next stage of our study, we attempted to deter-
mine the mechanism(s) responsible for channel inactiva-
tion. 1P;-dependent inactivation, particularly at high IP;
concentrations, was most pronounced in experiments on
membrane patches from macrophages. Figure 3 A shows
the development of the channel activity evoked in plas-
ma membrane patches from macrophages by the applica-
tion of 2.5, 5 or 10 uM 1P;, averaged data from three ex-
periments being shown for each concentration of IP;.
The results were normalized with respect to the maximal
NP, value obtained in a given experiment; hence, the
curves do not reflect the real NP, values but rather the
pattern of channel activity. It can easily be seen that the
activity induced by 10 uM IP; disappears almost com-
pletely within 30 s. After application of 5 uM 1P;, chan-
nel activity declined but could still be observed after 100 s
of recording, whereas application of 2.5 uM |P; brought
it to a quasi-steady level, with no decline apparent dur-
ing the same recording period.
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Fig. 3A—C |P;-dependent A
channel inactivation. A Open-
probability plots showing the
development of channel activi-

ty following application of the
indicated | P; concentration to
patches from mouse macro-

phages. Each plot shows aver-

aged data from three experi-

ments. To facilitate compari-

son, the results were normal-

ized before averaging with re-

spect to the maximal NP, value
(where N is the number of chan-
nels present in amembrane

ptach and P, is the probability 1.
of asingle channel being open)

obtained during each experi-

ment. The pipette solution con- 0.
tained 105 mM Ba2*. The mem-
brane potential was—70 mV.

B NP, plot illustrating the inac-
tivation by IP; of IP;-activated
plasma-membrane Ca2* chan-
nels. The addition of ahigh
concentration of 1P; to a patch
aready exposed to alow con-
centration of |P; causes a de-
creasein NP,. C Activity evok-
ed by the application of 10 uM
IP; returns to the control level
within 1 min. Subseguent re-
moval and re-addition of 10 uM
I P; restores channel activity. 0.0
Addition of heparin almost

abolishes channel activity

10 M IP,

|P;-dependent inactivation of |P;-mediated Ca2* re-
lease has been reported before in hepatocytes [8] and
was attributed to channel desensitization. We believe that
the same phenomenon is responsible for the inactivation
reported here for the following reasons. First, channel
activity did not increase significantly on application of a
high IP; concentration (5 or 10 uM) to patches that were
aready being treated with a low 1P; concentration (0.5
or 2.5 pM). Figure 3B shows a typical experiment in
which we initially exposed the channel to 0.5 pM IP;,
then after channel activity had reached a steady state,
subsequent application of 5 pM |P; resulted in a reduc-
tion in channel NP,. Second, the loss of channel activity
was reversible. As can be seen in Fig. 3C, removal of 1P,
for 60 s or less was sufficient to restore channel respon-
siveness to IP;. Just as in our previous study of A431
cells [17], in the present study heparin (100-500 pg/ml)
was effective in inhibiting the | P;-induced channel activ-
ity in macrophages(n=5; Fig. 3C).

Dependence of channel open probability
on |P; concentration

The channel desensitization described above prevented
us from testing the effect of different 1P concentrations
on a single patch. For this reason, a concentration-depen-
dency curve was constructed from the initial response in

|
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Fig. 4 Concentration-dependency of 1Ps-induced channel activity.
The dependence of channel activity on IP; concentration is ex-
pressed in terms of NP,. These results were obtained from macro-
phages. Each point represents data from two to seven experiments.
Results were obtained from 20 patches. The pipette solution con-
tained 105 mM BaZ+. The membrane potential was—70 mV

anumber of patches following the application of various
concentrations of |P;. At each IP; concentration channel
activity was allowed to reach a steady state prior to data
collection; this steady-state period was longer than 10 s
to reduce the effect of activity fluctuations, but shorter
than 40 s to avoid the influence of time-dependent chan-
nel inactivation. This set of experiments was performed
at =70 mV and with Ca2* buffered at pCa 7, optimal con-
ditions for the activity of these channels.



The dependence of the open probability on IP; con-
centration is illustrated in Fig. 4. NP, increased with in-
creasing | P; concentrations up to 2 uM. In contrast to the
situation in A431 cells [17], we found that in macro-
phages (in which the IP;-induced channel inactivation
was more pronounced) channel activity decreased at high
IP; concentrations. In both cell types, half-maximal NP,
was achieved at approximately 0.2-0.5 uM |P;, which is
very close to the value reported for the IP;R present in
ER membranes [27]. Large variations in NP, between
patches, which were the main source of the large stan-
dard deviations, prevented the accurate determination of
the apparent binding constant and the possible existence
of cooperativity in | P; interaction.

Regulation of channel activity

The presence of channel inactivation suggested that ad-
ditional factor(s) play a role in the stabilization of 1P5-
mediated Caz* influx in intact cells, and that these are
lost after patch-excision. Indeed, as detailed below, we
found evidence that the miniature | P;-activated Ca2* chan-
nels present in macrophages and A431 cells are each
regulated by two separate mechanisms. Both mechanisms
are expressed in each of these cell types, but they display
cell-specific behaviour.

Modulation of channel activity by AA

In several cells-types, the inhibition of AA release has
been shown to both increase the activity of the IP;R and
prevent channel inactivation [22, 35]. Moreover, AA it-
self has been shown to block IP;R [38]. We therefore
tested the effect of the phospholipase A, (PLA,) inhibi-
tors 4-BPB and mepacrine on channel activity. For these
experiments, macrophages were incubated with 5 uM me-
pacrine for 3 min. Then, patches were excised and chan-
nel activity was evaluated following application of IP;.
Pretreatment with mepacrine substantially increased chan-
nel activity; indeed, in five experiments with 10 uM [P;,
the NP, value was at |east three times that seen in the ab-
sence of mepacrine (compare Fig. 5A,B). Mepacrine was
also effective when applied after patch excision. Figure
5B shows that application of mepacrine to plasma-mem-
brane patches incubated with 1P; not only restored, but
actually increased and prolonged channel activity (n=5).
In the absence of |P;, mepacrine had no effect on chan-
nel activity (n=4). Another PLA, inhibitor, 4-BPB, af-
fected channel activity in amanner similar to that shown
by mepacrine (data not shown). In fact, these two inhibi-
tors act by different mechanisms. mepacrine competes
with PLA, for the substrate, while 4-BPB is a histidine-
alkylating agent. Hence, the effects of the compounds on
channel activity are not likely to be due to nonspecific
effects. Finally, as expected from the effect of inhibitors
of AA metabolism, AA itself inhibited the activity of the
| P;-sensitive channels (Fig. 5C; n=4).
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Fig. 5A—C Arachidonic acid promotes, and mepacrine prevents
channel inactivation. A The cell was pretreated with 5 uM mepa-
crine for 3 min prior to patch excision. Subsequently, the patch
was excised into a solution containing the same concentration of
mepacrine. Addition of 10 uM 1P; evoked channel activity (ex-
pressed as NP,) that displayed no marked rundown throughout
the experiment during many minutes of recording. B The chan-
nel activity induced by the application of 10 pM IP; to an un-
treated membrane patch disappeared within seconds. Addition of
5 pM mepacrine restored and substantially increased the channel
activity. The pipette solution contained 105 mM Ba2*. The mem-
brane potential was —70 mV. C NP, plot presenting results of a
typical experiment in which arachidonic acid abolished the
stable channel activity induced by IP; plus 4-bromophenacyl
bromide

A guanosine triphosphate-dependent step
isinvolved in channel activation

A guanosine triphosphate (GTP)-dependent step has
been shown to facilitate Ca2* release from the ER [41]
and to increase the open probability of |P;-activated
channels in the plasma membrane [23]. We tested for
the presence of such a mechanism in our experimental
system by examining the effect of GTPyS, a nonhy-
drolysable GTP analogue, in experiments on patches
from A431 cells. As shown in Fig. 6A, GTPyS poten-
tiated the action of 1P; (increasing channel NP,) wheth-
er Ba?* or Ca2* was used as the charge carrier (n=11).
With 105 mM Ba2* and 2 pM |P;, 100 uM GTPYS in-
creased NP, from 0.53+0.19 (n=7) to 0.82+0.13 (n=3).
Figure 6 shows that the channel activity induced by
15 pM [P; inactivated rapidly. Channel activity was re-
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Fig. 6A, B Effect of guanosine 5
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grams constructed from the
corresponding current records
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stored and NP, substantially increased by the addition
of GTPYS together with the same concentration of 1P;.
Moreover, in the presence of GTPyYS, the IP;-evoked
channel activity lasted for several minutes. GTPyS
alone had no effect (n=6). In Fig. 6B, it is evident from
the current traces presented at an expanded time scale
and from the all-points amplitude histograms that 1P,
alone and a mixture of IP; and GTPyS activated the
same channel. In contrast to the situation in macro-
phages, in A431 cells, arather high frequency of dupli-
cate openings has been reported [17]. The addition of
the IP5/GTPyS mixture increased the frequency of du-
plicate openings in the present study, indicating some
influence of GTPyS on channel gating.

In general, the data presented here argue strongly for
the involvement of G-proteins in the modulation of chan-
nel activity. In this, our findings are in agreement with
recent studies on the ER IP;R [41]. However, clarifica-
tion of this mechanism will require further detailed stud-
ies.

Ca2*-mobilizing agonists and | P; activate one
and the same channel

If IP; indeed activates Ca2*-permeable channels directly,
we should expect any agonists that increase the 1P; con-
centration in the cytoplasm to cause activation of chan-
nels whose properties are the same as those of the chan-
nels activated by |P; in excised patches. The strategy we
used to test this possibility was to record single-channel
activity following stimulation by Ca2*-mobilizing ago-
nists using the cell-attached mode, then, after patch exci-
sion, to determine whether addition of |1P; activated the
same type of channel. In most of the experiments (using
A431 cells) no basal channel activity was observed, and
in those few experiments in which such activity was
present, its open probability did not exceed 0.1. Activa-
tion of G,-coupled receptors by addition of either 100 pM
UTPor 1%) MM BK to an extracellular solution containing
140 mM K+ and 2 mM Ca2* resulted in the appearance
of channel activity. Patch excision always led to the dis-
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10 uM IP; Washout

Fig. 7A, B Ca2*-mobilizing ag- A Cell-Attached
onists and IP; activate the same NPo 100 uM uTe
plasma-membrane Ca2* chan- 3, .

nel. A Open-probability plot
illustrating induced changesin
channel activity following
application of uridine 5'-tri-
phosphate (current was record-
ed using the cell-attached
mode). After patch excision 1
(control period), channel activi-
ty disappeared. Application of
10 uM 1P; to the inside-out o M
patch restored channel activity.
This experiment was carried
out using an A431 cell. The pi-
pette solution contained 105
mM Ba2*. The 2-straces below
the plot show currents recorded
at -50 mV. Filtering was

performed at 100 Hz. B Cur-
rent/voltage rel ationships ob-
tained in cell-attached (squar-
es) and inside-out (triangles)
configurations. The pipette so-
lution contained 105 mM Ba2* J

appearance of this activity, which resumed upon subse-
quent application of 1P; (n=9).

Figure 7A illustrates the time course of a typical ex-
periment in which channel activity (expressed in terms
of NP,) was enhanced in the cell-attached mode by the
application of 100 yM UTP, and in the inside-out config-
uration by the application of 1P;. This figure also shows
periods of current recording at an expanded time scale.
Figure 7B shows the mean current/voltage-curves. The
results show clearly that the amplitude and the extrapo-
lated reversal potential of the currents evoked by UTP
and |P; are indistinguishable. Much the same results were
obtained when 10 pM BK was used (n=4). The NP, val-
ues for the channels evoked by 100 uM UTP and 10 pM
BK in cell-attached experiments were 0.99+0.08 (n=17)
and 0.71+0.11 (n=8), respectively. An additional point to
note is that the channels activated by Ca2*-mobilizing
agonists in intact cells, and subsequently by IP; in ex-
cised patches, exhibited inward rectification (not shown).
Thus, the overall similarities in channel properties alow
us to conclude with confidence that in intact cells UTP
and BK activated the channel that was activated by 1P,
application in excised patches.

The activation of the channel induced by agonists
may have been due to depletion of Ca2* stores as a resullt
of an increase in intracellular IP; concentration. To pro-
vide evidence for or against the involvement of store de-
pletion, we attempted to activate the channel in intact
cells by inhibition of SERCA pumps using Tg. It has
been firmly established that depletion of stores by Tg has
no detectable effect on the cellular levels of 1P; [30]. To
facilitate store depletion, cells were incubated in a solu-
tion containing 10 mM EGTA and 10 pM Tg. Using the

[ 0.5 P2

cell-attached inside-out

10 M Tg

control

10 ;M 1P,

NP,

N W A~ O

-

0 ﬁ J|

cepor b b )

250 ms

500 ms

Fig. 8 Thapsigargin (Tg) treatment of the intact cell and 1P; appli-
cation to excised patches activates the same plasma-membrane
Caz* channel. Open-probability plot illustrating activation of the
same miniature Ca2* channels in the plasma membrane of an in-
tact cell by Tg and, after patch excision, by 1P;. This experiment
was carried out using an A431 cell. The pipette solution contained
105 mM Ba2*. The 2-s traces below the plot show currents record-
ed at =50 mV. Filtering was performed at 100 Hz

cell-attached configuration, we observed that channel ac-
tivation by Tg was not as efficient as activation by ago-
nists. Nonetheless, in 11 out of 27 experiments, channel
activity was observed. Figure 8 shows some of the prop-
erties of the channel activated by Tg in the cell-attached
mode and subsequently by IP; in the same patch after
excision. The currents evoked by Tg and IP; had the
same amplitude. In experiments with Tg, the channel NP,



312

(average 0.08+0.06 (n=11) was lower than that evoked
by agonists. To determine with certainty which channel
was activated by Tg, the above NP, value was cal cul ated
using data only from the 11 experiments in which chan-
nel activity was completely absent prior to the applica-
tion of Tg. Thus, although the NP, of the channel acti-
vated by Tginintact cellsislow, it is significant.
Furthermore, the ahility of Tg to reactivate the channel
after patch excision was verified. In fact, there is evi-
dence [36] that Ca2*-containing organelles in the closest
proximity to the plasma membrane could be excised to-
gether with the membrane fragment. In this case, 1P; can
act indirectly through the depletion of the attached calci-
osomes. In the present study, no channel activity was ob-
served upon patch treatment with Tg (1 puM) for 3-5 min
(after 3-10 min exposure of the membrane fragment to
the solution containing 10 mM EGTA). Such a treatment
did not abolish the ability of IP; to activate the channels;
subsequent | P application evoked channel activity (n=7).

Discussion

The simplest explanation of our experimental data is that
IP; directly gates an IP;R expressed in the plasma mem-
brane of mouse macrophages and A431 cells. Data from
biochemical studies suggest that although IP;R are prin-
cipally located in the ER [33], a functionally distinct
type of IP;R is associated with the plasma membrane of
lymphocytes [15]. An IP;R has been found in the plasma
membrane of Jurkat T-cells and its co-capping with the
T-cell-receptor-CD3 complex during T-cell activation
has been demonstrated [16]. |P; -activated channels have
also been identified in excised plasma-membrane patch-
es [6, 18, 23, 39]. These various channels have all been
reported to be selective for divalent cations and not to
exhibit inward rectification, but they display a wide range
of conductance values (from 4 to 30 pS). Their conduc-
tance value seems to be tissue-specific.

In our study, we noticed that the |P;-sensitive chan-
nels had an exceedingly low conductance by comparison
with those of the IP;R reported so far [3, 27]. Although
because of our experimental approach we cannot exclude
completely the possibility that we recorded the activity
of anovel IP;R that is exclusively expressed in the plas-
ma membrane, we consider it to be quite unlikely. In-

deed, the cloning of all known IP;R has revealed a high
degree of similarity among the receptors, in particular in
the putative transmembrane domains. This makes it diffi-
cult to believe that the miniature channels studied here
are novel IP;R. However, a complementary molecular
approach would be needed to resolve thisissue.

Of all the components of the Ca2+ signal, the activation
and regulation of |, continue to be the most difficult to
understand. The most fundamental aspect of |, regula-
tion is the sensing and responding to the Ca?* content of
the internal stores [29, 30], a property that was formulated
into the capacitative model of Ca2* influx [29]. Over the
years, severa products of the phosphoinositide pathway, a
GTPYS inhibitor [7] or other as yet undefined molecules
have been proposed as the soluble mediator that activates
loac [25, 31]. However, none of these has been proven to
be the common activator of 1, thet is present in al cells.
An aternative model, originally proposed by Irvine [14]
and extended upon by Berridge [1], involves a coupling
mechanism equivalent to the coupling between the dihy-
dropyridine and ryanodine receptors found in skeletal
muscle. In this model, a population of IP;R in close prox-
imity to the plasma membrane interacts with I, channels
to regulate their activity. The major advantages of this
mode! are that it can explain both how |, communicates
with the ER Ca?* stores and aso the intimate relationship
between the degree of store depletion and |, activity.
Unfortunately, obtaining direct evidence to either support
or refute the coupling model is quite difficult in view of
the complexity arising from the required protein-protein
interaction and the fact that the two channel proteins re-
side in two separate cellular membranes. Immunolocaliza
tion of IP;R in a growing number of cell types has led to
the identification of subplasmalemma domains with high
levels of IPsR expression [9, 19, 37], and in some cells
IP;R could be localized to caveolae [4], a site known to
contain severa signalling proteins and/or complexes [40].
Such an arrangement would seem to fulfil the structural
requirements of the coupling model.

A direct prediction of the coupling model is that all of
the receptor properties of the channel will be similar to
those of IP;R and that both the conductance and selectiv-
ity of the channel will be similar to those of I

The results obtained in our study are summarized in
Table 1. An analysis of Table 1 makes it difficult to es-
cape the conclusion that the receptor properties of the

Tablel Summary of there-

ceptor and permeability proper-  Property ERIP;R l erac Miniature Ca2* channels
ties of inositol (1,4,5)-trisphos- .
phate receptors (1P;R) Ca2*- Activationby IP; Yes No [12] Yes
release-activated Ca2+ channels ~ Sensitivity to heparin Yes[2] No [12] Yes
(I4.0) and “miniature Ca2+ | P;-dependent inactivation  Yes[8] No Yes
channels’. (ER Endoplasmic GTPyS-dependence Activation [41] Inhibition [7] Activation
reticulum, IP; inositol (1,4,5)- Sensitivity to AA Inhibition [38] ? Inhibition
triphosphate, GTPYS guanosine [Ca2*];-dependence Bell-shaped [2] Inactivation [13] Asymmetric,
5'o-thiotriphosphate, AA ara- bell-shaped [17]
chidonic acid, [Ca2*], intracel- ~ Conductance 20-80 pS|3, 6] <1pS[13] 1pS
lular free Ca2+ concentration) Selectivity Ca2*/K* Low [3, 27] High [13, 20, 28] High

Inward rectification No Yes[13, 20, 28] Yes




plasma-membrane miniature Ca?* channel closely re-
semble those of IP;R. These include activation by 1P5,
inhibition by heparin, |P;-dependent inactivation, stimu-
lation (rather than inhibition) by GTPyS, and sensitivity
to AA. On the other hand, the conductive properties of
the miniature channel are very similar to those previous-
ly described for |,.. The most notable of these proper-
ties are the low conductance, the high Ca2* selectivity,
and the regulation of channel activity by voltage. It will
be instructive to deal with these propertiesin turn.

The conductance of the miniature Ca2* channel stud-
ied here is close to the conductance values calculated for
lerac [12, 13], athough much lower single channel con-
ductances have been found in T-cells [42] using whole-
cell current noise analysis. Such a difference is not very
surprising when one takes into account that: (1) lower
current carrier concentrations were used in the whole-
cell experiments [13], (2) conductance may be overesti-
mated when multiconductance channel activity which
cannot be resolved is recorded in the cell-attached mode,
and (3) the channel conductance may be underestimated
by use of the whole-cell current noise analysis procedure,
since this detects mainly the transitions between the con-
ductance sublevels[24].

No channel other than I, [12, 13, 20, 28, 42] displays
a Ca2*/K+ selectivity greater than 1000. Even the voltage-
operated Ca2* channels in excitable cells exhibit a lower
selectivity [11], while IPsR and the ryanodine receptor are
both almost equally permeable to Ca2* and K+ [3].

Regulation by voltage is among the most distinctive
features of an ion channel [11]. Strong inward rectifica
tion has been reported for I, (and for no other known
Ca2* channel) in virtualy all of the cells tested so far.
Recording the whole-cell current precludes determina-
tion of whether membrane voltage regulates the conduc-
tance or NP, of I,.. However, our studies show that the
NP, of the plasma-membrane Ca?* channels is regulated
by the membrane potential.

It has been demonstrated that the [Ca2*];-dependence
of the miniature Ca2* channels follows an asymmetric
bell-shaped curve [17], arelationship different both from
that reported for I1P;R [2] and from that reported for |,
[12, 13, 42]. Such a unusual [Ca?*]-dependence raised
the possibility that [Ca2*]; was influencing not IP;R di-
rectly, but rather a channel that is regulated by the IP;R.

The hallmark of 1., is regulation by store depletion.
We have demonstrated that the miniature plasma-mem-
brane Ca2+ channel was induced by an agonist (Fig. 7) or
by Tg (Fig. 8). A somewhat disturbing observation was
that the channel was more readily activated on agonist
stimulation than on application of Tg, although in most
cell-types Tg appears to be as effective as the agonists
in causing activation of Ca?* influx and |, current
[13,28,42]. Our data tempts us to suggest that in plasma-
membrane patches the spatiotempora relationship fa
vours channel activation by agonist rather than by Tg. In-
deed, recent studies have provided multiple functional ev-
idence for the compartmentalization of Ca2* signalling [9,
19]. The initia sites of the Caz* wave aways reside at a
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region of high levels of IP;R. In pancrestic acinar cells,
|P;-mediated intracellular Ca2* mobilization may occur
primarily from Tg-insensitive secretory granules (which
apparently have no Ca2* pump) rather than from the ER
[9]. The microsomal fraction that carries I1P; binding
properties has been shown to be associated with the plas-
ma membrane, and to be disaggregated by cytochalasin
[34]. Such adisruption of the cytoskeleton has been show
to block agonist-elicited Ca* mobilization, and does not
block Tg-induced Ca2* mohilization [32]. A dissociation
between the amount of Ca2* released and subsequent acti-
vation of Ca2* influx has been established [26]. A suppo-
sition was made that Tg was less effective than IP; in ac-
tivating 1., which indicates that Ca?+-release-activated
Ca?* (CRAC) stores are either less leaky or they are rela
tively Tg insensitive. On the other hand, the ability of Tg
to induce channel activity in experiments on intact cells
could be explained in terms of the Ca2* dependence of
PLC. It can be activated by arise in [Ca];, so it is con-
ceivable that Tg does modestly elevate IP; through the
slow risein Ca2+ that accompanies pump inhibition.

In summary, we emphasize that such properties as
conductance, selectivity and inward rectification (ex-
pressed as the elevation of NP, caused by hyperpolariza-
tion) are of special importance for the identification of
the present miniature Ca2* channels as being some kind
of CRAC-like channel. It should be noted, however, that
the very different experimental conditions used for sin-
gle-channel recording in excised patches and for I,
measurements hinders a detailed comparison of the regu-
lation of these channels.

In the present work, we used functional fingerprints
to characterize the nature and regulation of the miniature
Ca2* channels present in excised plasma membrane patch-
es from two types of cell, A431 cells and peritoneal mac-
rophages. Taken together, our results do not rule out the
possibility that these channels present a novel type of
IP;R that is expressed in the plasma membrane. Howev-
er, the most reasonable view of our data is that they pro-
vide evidence in support of the assumption that the plas-
ma membrane contains an |.-like channel coupled to
an |P;-responsive protein, which displays properties of
IP;R expressed in the ER membrane. We believe that our
data should encourage further experimental probing of
this model.
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