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Abstract. The actions of D-myo-inositol 1,4,5-trisphos-
phate (IP3) and D-myo-inositol 1,3,4,5-tetrakisphospate
(IP4) on small chloride (SCl) channels from rabbit skel-
etal muscle sarcoplasmic reticulum are reported. We
find that the inositol polyphosphates (6–40mM) are po-
tent reversible blockers of SCl channels in lipid bilayers
at −40 mV with >10−5

M cis (cytoplasmic) Ca2+ when
added to thecis,but nottrans,chamber. IP3 or IP4 at 20
mM reduced the mean open time from 89 ± 16 msec to 11
± 2 msec or to 8.0 ± 1.0 msec respectively, by abolishing
the longest time constant component in the open time
distribution. Neither IP3 nor IP4 altered the six single-
channel conductance levels. The fraction of low conduc-
tance events increased∼4-fold and the dwell time at the
lower conductance levels increased∼3-fold. Channel
gating was altered so that most transitions were between
the closed level and an open level, in contrast to control
channels which remained open for long periods with
many transitions between the six open levels. The ac-
tions of the inositol polyphosphates were: (1) not pre-
vented by 20mg/ml cisheparin (an IP3 receptor blocker);
(2) mimicked by 10mM cis synthetic inositol polyphos-
phates, L-chiro-inositol 1,4,6-trisphosphate and L-chiro-
inositol 1,4,6-trisphosphorothionate (which do not bind
to IP3 receptors); (3) mimicked bycis additions of the
polyanions heparin or hepran (20mg/ml each) and vana-
date (500mM). The results suggest that an interaction
between polyanions and SCl channels would allow the
channels to be modulated in vivo by inositol polyphos-
phates.
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Introduction

A variety of cation channels are activated or blocked by
inositol polyphosphates (seee.g., Berridge, 1993). For
example, D-myo-inositol 1,4,5-trisphosphate (IP3) mobi-
lizes Ca2+ from endoplasmic reticulum (ER) stores by
activating the IP3 receptor (IP3R) Ca2+ release channel
(Bezprozvanny & Ehrlich, 1994). IP3, by releasing Ca2+

from the ER, has the potential to indirectly activate Ca2+-
activated anion and cation channels in the plasmalemma
and in internal membranes (e.g., Evans & Marty, 1986;
Reeves & Gurich, 1994; Latorre, Vergara, & Hidalgo,
1982). In addition, it has recently been discovered that
IP3 and D-myo-inositol 1,3,4,5-tetrakisphospate (IP4) in-
teract directly with, to activate or block, cation channels
other than the IP3R in plasmalemma and nuclear mem-
branes (Berridge, 1993; Malvivya, 1994). IP4 prevents
the activation of Cl− secretion by epithelial cells in re-
sponse to an increase in cytoplasmic [Ca2+] (Va-
janaphanich et al., 1994). Although the mechanism for
this effect is unknown, it has been suggested that IP4 may
bind to Cl− channels in the epithelial plasmalemma and
block their Ca2+ activation mechanism (Kachintorn et al.,
1993). Inositol polyphosphates have not previously been
shown to directly activate or block anion channels.

Neither IP3-activated nor IP3-blocked single ion
channels have been reported in mammalian skeletal
muscle sarcoplasmic reticulum (SR) membranes (Foster,
1994), although pathways for inositol polyphosphate me-
tabolism are localized in the transverse (T-) tubule mem-
brane (Hidalgo et al., 1993) and IP3 increases myoplas-
mic [Ca2+] under some conditions (Vergara, Tsien, &
Delay, 1985). The mechanism for the increase in cyto-
plasmic [Ca2+] is obscure since the fast-glycolytic fibers
used in these experiments contain few IP3Rs (Moschella
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et al., 1995) and IP3 does not cause significant activation
of the ryanodine receptor (RyR) Ca2+ release channels in
mammalian skeletal muscle (Foster, 1994; Valdivia et
al., 1990; Valdivia et al., 1992). Therefore the IP3-
induced increase in cytoplasmic [Ca2+] may be mediated
by effects of IP3 on other mechanisms which facilitate an
increase in cytoplasmic Ca2+, either by enhancing Ca2+

release and/or blocking the Ca2+ uptake, e.g., SR ion
channels—like the small chloride (SCl) channel—which
could provide counter ion pathways during Ca2+ release
or uptake by the SR.

The recently described SCl channel, in contrast to
other types of Cl− channel in skeletal SR, is regulated by
factors which may vary during excitation-contraction
coupling, including SR membrane potential and cyto-
plasmic [Ca2+] (Kourie et al., 1996a,b). The SCl channel
is anion selective, with a slope conductance of 65–75 pS,
(250/50 mM Cl−, cis/trans) and is characterized by
prominent activity to 6 submaximal conductance levels
and by voltage-dependent activation, inactivation and de-
activation properties. The channel is maximally active
for several seconds after voltage pulses to potentials be-
tween −20 to −40 mV and then it inactivates after a
period of seconds at −40 to −80 mV, or minutes at 0 to
−20 mV. Inactivation is relieved by 0.5 to 1.0-sec pulses
to positive potentials. Thus the SCl channel is more ac-
tive at the negative membrane potentials that may be
achieved during Ca2+ uptake by the SR (Yu, Hao, &
Inesi, 1994), and when cytoplasmic [Ca2+] is 10−5

M or
higher (Kourie et al., 1996a). Therefore it has been sug-
gested that a major function of the channel might be
charge compensation during Ca2+ uptake (Kourie et al.,
1996a,b). In this case the SCl channel function would be
analogous to that of anion channels in the ER, which are
essential for optimal Ca2+ uptake and Ca2+ ATPase ac-
tivity (Beyerdorffer et al., 1984; Kemmer et al., 1987).
If the SCl channel is essential for optimal Ca2+ uptake by
the SR, then blockers of its activity would reduce Ca2+

uptake and lead to an increase in cytoplasmic [Ca2+],
which could induce further Ca2+ release via Ca2+-
activation of the RyR (Thastrup et al., 1990).

In the present study we have explored the possibility
that IP3 blocks SCl channels, and explored the possible
mechanisms of such a block. Inhibitory effects of IP3

and IP4 on the SCl channel are described, as well as the
actions of two synthetic inositol polyphosphates, L-
chiro-inositol-1,4,6, trisphosphate (L-chr Ins(1,4,6)P3)
and the phosphothioate, L-chiro-inositol 1,4,6-
trisphosphorothionate (L-chr Ins(1,4,6)PS3), which do
not mobilize Ca2+ stores or displace IP3 from the IP3R
(Safrany et al., 1991). The interactions between heparin
or vanadate and IP3/IP4 were examined. Heparin is a
specific inhibitor of IP3 binding to the IP3R and of IP3-
induced Ca2+ mobilization (Ghosh et al., 1988) and de-
cavanadate also prevents Ca2+ mobilization from ER by

IP3 (Föhr et al., 1991). The results show that IP3 and IP4,
at physiological concentrations (20mM), reduce the mean
current flowing through the channel (i.e., block the chan-
nel) by reducing channel open times, and replacing open-
ings to the maximum conductance with openings to sub-
maximal conductance levels, when added to thecis (cy-
toplasmic), but not thetrans (luminal), side of the
channel. IP3 and IP4 do not bind to a ‘‘classical’’ IP3R
because their actions: (a) are seen withcis [Ca2+] of 1
mM, (b) are not prevented by heparin, and (c) are repro-
duced by L-chr Ins(1,4,6)P3 and L-chr Ins(1,4,6)PS3.
All polyanions tested had similar inhibitory effects on
SCl channel activity and their actions were additive. We
suggest that the inositol polyphosphates block the SCl
channel by binding to a polyanion specific site on the
channel. A part of the action of IP3 in increasing cyto-
plasmic [Ca2+] in skeletal muscle may be mediated by
IP3 binding to this polyanion specific site, thus blocking
the SCl channel and reducing Ca2+ uptake by the SR.
The results provide evidence for a novel mechanism for
inositol polyphosphate regulation of SR function, i.e., by
blocking an anion channel in the SR membrane.

Materials and Methods

The methods for preparation of SR vesicles, bilayer formation and
analysis of single-channel data have been described previously (Kourie
et al., 1996a,b) and are briefly outlined.

PREPARATION OF SR VESICLES

SR vesicles were prepared from back and leg muscles of New Zealand
rabbits. Longitudinal SR and terminal cisternae vesicles were collected
from bands at specific density interfaces of a discontinuous sucrose
gradient. The vesicles were frozen and stored in liquid N2. Band 2
(B2) vesicles contained mostly longitudinal SR and band 4 (B4)
vesicles contained mostly terminal cisternae SR; contamination of both
bands with outer mitochondrial membrane is less than 3%.

BILAYER CUPS, LIPID BILAYERS AND VESICLE FUSION

Bilayers were formed across an aperture (150mm in diameter) in the
wall of 1 ml delrint cups, using a mixture of palmitoyl-oleoyl-
phosphatidylethanolamine, palmitoyl-oleoyl-phosphatidylserine and
palmitoyl-oleoyl-phosphatidylcholine (5:3:2, by volume), obtained in
chloroform from Avanti Polar Lipids (Alabaster, Alabama). The lipid
mixture was dried under N2 and redissolved inn-decane at a final
concentration of 50 mg/ml.

The formation of the lipid bilayer was detected from its total
capacitance which was measured from the current response to a voltage
ramp ranging from 0 to −140 mV in 140 msec (1V/sec, the ‘‘bilayer
test;’’ Kourie, 1996). B2 and B4 vesicles were added to a final protein
concentration of 1–10mg/ml. SCl channels were incorporated in simi-
lar numbers from both vesicle fractions. The side of the bilayer to
which vesicles were added is defined ascis, the other side astrans.
It was assumed that the cytoplasmic side of the SR membrane faced the
cis chamber and this has been confirmed in our B4 vesicles.
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SOLUTIONS FOR BILAYERS

Solutions contained choline Cl (250 mM cis/50 mM trans), plus 1 mM

CaCl2 and 10 mM HEPES (pH 7.2, adjusted with NaOH). Stock solu-
tions (0.1 to 1.0 mM) were prepared by addition of IP3, IP4, L-chr
Ins(1,4,6)P3, L-chr Ins(1,4,6)PS3, heparin, hepran and vanadate to the
cis solution. L-chr Ins(1,4,6)P3 and L-chr Ins(1,4,6)PS3 were synthe-
sized from L-quebrachitol and purified by ion exchange chromatogra-
phy on DEAE-sepharose and used as triethylammonium salts (Safrany
et al., 1991). Vanadate stock solutions were prepared freshly before
each experiment and used within two hours of preparation. Na3VO4

was dissolved in thecissolution at pH 7.4. The solution had the orange
color indicative of the presence of decavanadate (Na6V10O28)
(Neumcke & Weik, 1991).

RECORDING AND ANALYSIS OF SINGLE-CHANNEL DATA

Voltage was controlled and current recorded with an Axopatch 200
amplifier (Axon Instruments). Potentials are given with respect to the
trans chamber. Thecis and trans chambers were connected to the
amplifier headstage by Ag/AgCl electrodes in agar salt-bridges con-
taining the solutions present in each chamber. Current was monitored
on an oscilloscope, stored on video tape using pulse code modulation
(PCM-501; Sony Corp.) and later filtered at 1 kHz (−3dB, 4-pole
bessel) and digitised with a TL-1 DMA interface (Tecmar) at 2 kHz.
Experiments were done at 20–25°C.

Two analysis programs were used. An in-house analysis pro-
gram, CHANNEL 2 (developed by P.W. Gage and M. Smith), was used
to measure the following overall parameters of channel activity: mean
open time, To (i.e., the total time that the channel was not closed and
including openings to all conductance levels, divided by the length of
the record); frequency of opening, Fo; the open probability,Po (i.e, the
sum of all open times as a fraction of the total time); the integral of the
current divided by the total time; i.e., the mean current,I8. Since mea-
surements of open times andPo included openings to submaximal
conductance levels, the threshold for channel opening or closing was
normally set at 1.5 times the baseline noise, i.e., between −0.4 and −0.6
pA (the maximum current at −40 mV was about −6 pA). This level,
rather than a 50% discriminator, was used so as to include the many
openings to submaximal conductance levels that were less than 50% of
the maximum conductance (Kourie et al., 1996a). Records were fur-
ther filtered for Channel2 analysis and display using a running average
of 3 to 5 data points or a Gaussian filter of 200Hz.

The program EVPROC (kindly provided by Dr. D.R. Laver) was
used for analysis of single-channel conductance levels. A detailed de-
scription and evaluation of EVPROC is given in Kourie et al. (1996a).
Briefly, EVPROV assumed that the channel activity consists of a series
of step transitions between stationary conductance levels. The program
produced a signal consisting of current levels and transitions between
levels. Current levels are the mean of data points between transitions.
Transitions are steps,T, in which:

(T/√n) > 2 IRMS

wheren is smallest number of samples in the levels before and after the
transition and,IRMS is the root mean squared of the noise obtained from
sections of the record in which the channel was closed. Event ampli-
tude histograms (Fig. 5A andB), event duration histograms (Fig. 6A)
and transition matrices (Fig. 6C andD) were compiled directly from the
idealized signal. The mean durations of events at each amplitude (Fig.
5C andD) were calculated by dividing the total number samples by the
number of events at each amplitude. EVPROC was also set to analyze
channel open durations (Fig. 6D). An opening was defined as a tran-

sition from the closed level between 0 pA and −0.5 pA to a level at, or
more negative than, −0.5 pA. The channel was considered to remain
open until the current dropped to a level between −0.5 and 0 pA. The
durations of all events within the open period were summed to obtain
durations of the openings, which were compiled into open duration
histograms.

Average results are given as mean ± 1SEM. The Students’t-test
was used to test the significance of differences between average data
from normal channels and average data from polyanion-treated chan-
nels. A P value ofø0.05 was considered significant.

Results

EFFECTS OFIP3 AND IP4 ON SCl CHANNEL ACTIVITY

IP3 (6–40 mM) had no visible effect on inactive SCl
channels at 10−7

M cis Ca2+ (n 4 2), but blocked active
channels at −40 mV withcis Ca2+ > 10−5

M, when added
to the cis (n 4 10), but nottrans (n 4 2), chamber.
SCl channels were fully active between 10−5

M and 10−3

M cis Ca2+ (Kourie et al., 1996a) and the action of IP3
was independent of [Ca2+] with this range. Most results
were obtained using 10−3

M cis Ca2+, which was used to
encourage vesicle fusion with the bilayer, and at a bilayer
potential of −40 mV during the several seconds that they
were active after prepulses to positive potentials (Fig.
1A). All channels showed bursts of activity at −40 mV
for periods (t) of ∼10 to 30 sec after the prepulse, before
inactivation induced long closures lasting 10 sec to many
mins (Fig. 1A). The maximum conductance was∼75 pS
and the channel opened to several substates levels (Fig.
1A andC).

Addition of cis IP3 and IP4 (6 to 37.5mM) abbrevi-
ated channel openings (Fig. 1B andD) and the time (t)
that activity continued after the prepulse was lengthened,
usually within ∼10 sec of addition ofcis IP3 or
IP4. Channel activity slowly reversed to the normal pat-
tern after perfusion with IPx-free solution. Fig. 1E shows
a partial recovery of activity, 92 sec after IP3-washout.
Full recovery in 7 channels was seen within 120 to 320
sec of IP4 washout.

CONCENTRATION-DEPENDENCE OFINOSITOL

POLYPHOSPHATEACTION

Channel activity (including bursts and interburst inter-
vals) was analyzed during the first 5 sec after the pre-
pulse, within periodt (Fig. 1). Although the maximum
changes in activity were, on average, essentially the
same with IP3 and with IP4, the half maximum concen-
trations were generally lower with IP4 (Fig. 2). The
changes in mean open time (To) and event frequency (Fo)
were maximal between 5–12mM IPx (Fig. 2A and B),
while the reduction inPo and mean current (I8) continued
up to 25 mM IPx (Fig. 2C and D). These differences
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reflect the complex effects of IP3 on SCl channel gating
to maximal and submaximal conductance levels (below).
When parameters for all [IP3] >6 mM were lumped to-
gether (Table 1), each was significantly different from
control (P < 0.01).

The periods of channel activation after the voltage
pulse, with interburst intervals less than 10 sec (t, Fig. 1
above), measured with higher [IP4]s were outside the
range of times seen under control conditions (Fig. 2E), in
each channel with [IPx] > 10 mM.

INOSITOL POLYPHOSPHATESALTER

OPEN-TIME DISTRIBUTIONS

The distribution of all open and closed times, within
the 5-sec interval after the prepulses, were analyzed in
plots of√frequency of events in logged bins (Sigworth &
Sine, 1987) to compare the wide range of durations
and display the exponential time constants as peaks in
the distribution. Control open times fell into three expo-

nential components (Fig. 3B), in contrast to openings
after addition of IP4, which fell into two components
with time constants (Fig. 3D) similar to to1 and to2 in
control.

On average (Fig. 3E andF), most control openings
(open symbols) were into3. The fraction of openings in
this longest component was reduced bycis IP3/IP4 (filled

Fig. 1. Activity of SCl channels is altered by IP4 or IP3 addition to the
cis chamber. In this and subsequent figures: single channel records (I)
were obtained at −40 mV with 250/50 mM choline Cl cis/trans, the
broken lines indicate closed current levels and channel opening is
downward (inward current). (A) Control activity after a prepulse to +40
mV, with two bursts of activity, separated by a 1.8-sec closure and
followed by closure that lasted 46 sec before the bilayer was subjected
to another prepulse. (B) The same channel after addition of 37.5mM

IP4. Channel activity continued for 33 sec after the prepulse: the first 29
sec are shown. Continuous lines inA andB indicate bilayer potential
(V). The arrow (t) indicates the duration of activity after the prepulse.
(C) Control activity in a second channel. (D) The same channel 70 sec
after cis addition of 6mM IP3. (E) 92 sec after thecis perfusion with
drug-free solution. Fig. 2. Analysis of mean open time (To) in A, frequency of opening

(Fo) in B, open probability (Po) in C and mean current (I8) in D, from
channels exposed to IP3 (filled circles,n 4 5) or IP4 (open circles,n
4 7). Data at one to three different concentrations of IPx were obtained
from each channel. Controls (filled squares at [IPx] 4 0) are the av-
erage of the 12 channels. Each point for channels exposed to IPx (filled
and open circles) is the mean of data from two to five channels. 5 sec
of activity after 3–5 voltage pulses was analyzed for each channel.
Vertical bars on the data points show ±1SEM. The averageTo, Fo, Po,
andI8 were significantly different from normal (P < 0.01) at each [IP4]
> 5.0 mM. The increase inTo and decrease inPo were significant (P <
0.05) only at 18.8mM IP3, the increase inFo and decrease inI8 were
significant (P < 0.05) with [IP3] > 6.3 mM. (E) The duration of bursting
activity after the prepulse (t) in seconds in one channel under control
conditions, before addition ofcis IP4 (open circles), after washout of
IP4 (open triangles), and after addition of increasing concentrations of
IP4 (filled circles).
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symbols, P < 0.0005). The closed time distributions
were not significantly altered after addition of IP3 or IP4

(Fig. 3G andH).

SCl CHANNEL OPENINGS TOSUBSTATE LEVELS

Substate levels were commonly seen in SCl channel ac-
tivity and occupied a greater fraction of the activity as
[IP3] and [IP4] increased. Six nonzero current levels
form peaks in the all-points histograms for control and
recovered recordings (Fig. 4A andC) and in the presence
of IP4 (Fig. 4B).

Most control openings were to the maximum con-
ductance or to submaximal levels greater than 50% of
maximum (levels 4, 5 and 6). In contrast to control, most
activity in the presence of IP4 was to levels less than 50%
of the maximum conductance (levels 1, 2 and 3). Chan-
nel openings to the maximum conductance recovered
when IP4 was removed (Fig. 4C). The increase in activ-
ity to low conductance levels was maximal at∼20mM IP4

(Fig. 4D andE).

ANALYSIS OF CONDUCTANCE LEVELS IN THE PRESENCE

AND ABSENCE OFIP4

The amplitude and dwell times of events were further
analysed using the program EVPROC (Materials and
Methods). As with the all points histograms of the raw
data (Fig. 5), the conductance levels were the same in
the absence (Fig. 5A) and presence (Fig. 5B) of IP4,
but there is a marked increase in the fraction of events
to conductance levels of <2 pA with the inositol poly-
phosphate.

The mean dwell time at the larger conductance lev-
els was∼3 msec under both control and IP4 conditions
(Fig. 5C andD). However, the dwell times at the smaller
conductance levels (<2 pA),increasedfrom ∼2 msec
under control conditions to∼11 msec in the presence of
IP4.

The basic action of inositol polyphosphates on chan-
nel gating is illustrated in the dwell time and open du-
ration histograms (Fig. 6A and B) and in the transition
analyses (Fig. 6C andD).

The time constants in the distribution of dwell times

Table 1. Average values for mean open time (To), frequency of open-
ing (Fo), Po and mean current (I8) obtained from eleven control chan-
nels, 5 channels exposed to IP3 and 7 channels exposed to IP4, at
concentrations between 6 and 40mM. Data are shown as mean ±SEM.

To Fo Po I8

Control 89.2 ± 15.9 13.8 ± 1.8 0.74 ± 0.04 −2.5 ± 0.2
IP3 11.2 ± 1.9** 53.2 ± 3.1** 0.53 ± 0.07* −1.8 ± 0.3*
IP4 8.4 ± 1.4** 40.2 ± 5.7** 0.29 ± 0.04** −0.7 ± 0.2**

* indicates a difference from control with P < 0.01
** indicates a difference from control with P < 0.0005
Differences in mean values were considered significant if P < 0.05

Fig. 3. Effects of cis IP3/IP4 on open and closed time distributions.
(A–F) Open-time histograms for a single channel before (A andB), and
after exposure to 22.5mM IP4 (C and D). Histograms on the left are
frequency (f) of openings in 0.5 msec bins (A andC) and those on the
right are the square root of frequency (√f) of openings in logged bins
(7/decade,B andD). Continuous lines (A–D)—the best least squares fit
of a multiple exponential function to the log-binned data. Broken lines
(B andD)—individual exponentials curves, with peaks corresponding
to the time constants.E andF show the mean percentage of openings
(%A) plotted against mean time constants of each component (ton), on
a log scale.G andH show results of a similar analysis of closed-time
distributions: the mean percentage of closures (%A) is plotted against
the mean time constant of each component (tcn). In E–H: open circles
show control values and filled triangles show average values for 0.6–
37.5 mM IPx. Numbers (1,2 and 3) in the log-binned histograms (ar-
rows, B and D) and in graphs of average data (E–H) indicate time
constants of the first, second and third components respectively (i.e.,
to1, to2 to3 or tc1, tc2 tc3). Vertical bars show ±1SEM of the %A.
Horizontal bars show ±1SEM of ton or tcn, where theSEM is greater
than the dimensions of the symbol.
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(td1 − td4, Table 2) were similar under control conditions
(Fig. 6A, open symbols) and with IP4 (Fig. 6A, filled
symbols). The increased fraction (%A, Table 2) of dwell
times of 10–100 msec (td3) with IP4 reflect the longer
sojourns at low conductance levels (Fig. 5D above). Du-
rations of channel openings (periods during which the
channel was not closed and the current remained more
negative than −0.5 pA, Materials and Methods) showed
a very different pattern (Fig. 6B, Table 2), similar to the
results of Channel2 analysis of the raw data (Fig. 3
above). Most control openings were in a long time con-

stant component (to3) at∼200 msec. In contrast, with IP4,
most openings were in the two shorter components (to1

andto2), with time constants of∼12 and∼54 msec. Note
that dwell times >1000 msec (td4, Fig. 6A) were to cur-
rent levels between 0 and −0.5 pA and were not detected
in the open duration analysis (Fig. 6B) because the mini-
mum current for an opening was set a −0.5 pA (above).

The majority of control transitions were between
high conductance levels and lower levels and form the
dark bins near the diagonal in the transition diagram: few
transitions were from an open level to the closed state
(Fig. 6C). Thus the channel was open for long periods
during which it underwent many transitions between dif-
ferent levels. In contrast to control, the IP4-modified
channel opened to each conductance level from the
closed state, and then returned to the closed state before
reopening: the darker bins (with higher numbers of tran-
sitions) are near the axes and away from the diagonal
(Fig. 6D). The same changes in amplitude, dwell times,

Fig. 4. Increased transitions to submaximal conductance levels in
SCl channels in the presence ofcis IP4. The left hand panel con-
tains selected data showing openings to submaximal conductance
levels and the right hand panel contains all points histograms of data
in the adjacent record (filled circles). (A) Control; (B) in the pre-
sence of 27.5mM IP4; (C) following perfusion of thecis chamber
with drug-free solution. The curves through the data in the histo-
gram are the best fit of a multiple Gaussian function with peaks
indicating conductance levels (arrows indicate the six peaks
which were the same in the three histograms). The broken lines
through the records on the left show conductance levels indicated
by the peaks in the corresponding multiple Gaussian distribution.
The continuous lines indicate the zero current levels. (D) The frac-
tion of channel activity to high conductance levels—in Gaussian
curves with peaks between −3 pA and −6 pA. (E) The fraction
of channel activity to low conductance levels—in Gaussian curves
with peaks between zero and −3 pA. Sections of records lasting
60 to 200 sec were analyzed at each [IP4] to obtain the data points
in D andE.

Fig. 5. The effect of 27.5mM cis IP4 on the probability and duration
of current amplitudes, determined by EVPROC analysis of∼140
sec (280,000 data points) of control channel activity, and 137 sec
of activity with 27.5 mM cis IP4, from the SCl channel shown in
Fig. 4. The control activity was that obtained before addition of IP4

plus that obtained after IP4 washout. (A) control probability distribu-
tion. (B) probability distribution with 27.5mM cis IP4. (C) Mean du-
ration of control current amplitudes. (D) Mean duration of current
amplitudes with 27.5mM cis IP4. Probability distributions were ob-
tained from normalized frequency distributions generated by
EVPROV. Mean duration was derived from EVPROC analysis by
dividing the number of data points at each level by the number of
events at each level.
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open durations and transitions were seen in the 15 chan-
nels exposed to IP3 and IP4.

THE VOLTAGE-DEPENDENCE OFSCl CHANNEL GATING

Voltage-dependence was not systematically examined
with IP3 or IP4, but was measured in 2 channels exposed
to L-chr Ins(1,4,6)P3 whose action was identical to that

of IP3/IP4 (below). Although Po was reduced at all po-
tentials after addition of L-chr Ins(1,4,6)P3, the bell-
shaped relationship betweenPo and membrane potential
remained.Po increased from low values at positive po-
tentials to maximum values at∼−35 mV and then de-
creased at more negative potentials. The voltage-
dependent increase inPo, in the absence and presence of
L-chr Ins(1,4,6)P3 was due to the parallel increases in the
mean open time and frequency of openings previously
reported (Kourie et al., 1996b).

THE MECHANISM OF THE INOSITOL POLYPHOSPHATE

EFFECT ON SCl CHANNEL GATING

The effects of IP3 and IP4 could have been mediated by
inositol polyphosphate binding to:

(1) a ‘‘classical’’ IP3R which is functionally coupled
to SCl channels in the SR membrane;

(2) an inositol polyphosphate-specific site on the
SCl channel, or a closely associated protein;

(3) a polyanion specific site on the SCl channel, or
on a closely associated protein.

The following experiments with heparin and two IP3

analogues were performed to distinguish between these
possibilities.

HEPARIN

IP3/IP4 binding and activation of IP3Rs and IP3/IP4-
activated plasmalemmal channels are antagonized by
heparin (Berridge, 1993; Vaca & Kunze, 1995). In con-
trast 20mM cis IP4, added after 20mg/ml cis heparin,
produced an additive effect on SCl channels (Fig. 7A).
This additive effect was also seen when heparin was
added in the presence of 20mM IP4 (not shown). Unex-
pectedly, addition of heparin alone (Fig. 7A) had a simi-
lar reversible action to that seen with IP3/IP4. Similar
results were obtained in 3 channels (Table 3).

L-CHR INS(1,4,6)P3 AND L-CHR INS(1,4,6)PS3

These analogues of IP3 do not interact with IP3 occu-
pancy of IP3Rs or Ca2+ mobilization by IP3 (Introduc-
tion). However, both analogues altered SCl channel ac-
tivity (Fig. 7B & Table 3) in a similar way to IP3/IP4.
This observation together with the finding that heparin
also mimicked the IP3/IP4 effect indicate that inositol
polyphosphates do not block SCl channels via an IP3R.

SCl CHANNEL GATING IS ALTERED IN THE SAME WAY

BY SEVERAL POLYANIONS

The polyanions hepran (20mg/ml) and vanadate (500
mM) acted in a similar manner to the inositol polyphos-

Fig. 6. Channels gating determined by EVPROC analysis of the same
sections of data analysed for Fig. 5. Control data was obtained before
addition of IP4 and after IP4 washout. (A) Dwell time histograms. (B)
Open duration histograms (Materials and Methods). Control data (open
circles, broken lines) and data with 27.5mM cis IP4 (filled circles,
continuous lines) are shown on each histogram. Curves inA andB are
best least squares fits of a multiple exponential function to the data. The
time constants and percentage of dwell times and durations in each
exponential component are given in Table 2.C andD are gray-scale
diagrams of transitions between maintained current levels. Squares
(bins) below the diagonal show the frequency of transitions to a larger
(more negative) current amplitude. Squares above the diagonal show
transitions to a smaller (more positive) current amplitude. (C) Control.
Darker regions near the diagonal (s) indicate a high frequency of tran-
sitions between larger current levels (−5 pA to −6 pA). Darker region
near the baseline (u) shows transitions between levels near the baseline.
There are frequent transitions between the baseline and levels at −4 pA
to −6 pA (w) and between substates in the −2 pA to −4 pA range (y).
(D) 27.5 mM IP4. A simpler gating pattern than the control, with few
transitions between substate levels. Most transitions between the base-
line and levels between −4 pA and −6 pA (w) or between the baseline
and levels between 0 pA and −2 pA (u). The numerals beside the gray
scales indicate the following numbers of transitions. InC: i, 0; ii, 1–2;
iii, 3–9; iv, 10–16; v, 16–22; vi, 22–31; vii, 31–43; viii, 43–60; ix, >60.
In B: i, 0; ii, 1–8; iii, 9–25; iv, 26–72; v, 73–101; vi, 102–143; vii,
144–203; viii, 204–288; ix, >288.
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phates and heparin (Table 3). On average, there were
trends towards a reduction in mean open time, an in-
crease in the frequency of opening, and a decrease inPo

and mean current (Table 3). The changes were statisti-
cally significant in most individual channels (P < 0.005).
The polyanions generally decreased the fraction of
events in the longest component of the open-time distri-
butions (Fig. 8), with little change in the closed time
distributions (not shown).

In addition, all polyanions increased channel open-
ing to low conductance substate levels (e.g., Fig. 7).
Analysis with EVPROC showed an increase in the num-
ber and dwell times of events to low substate levels,
reduction in the duration of channel openings and in-
creased numbers of transitions between the baseline and
all levels in channels modified by the polyanions (data
not shown). These changes were again the same as those
seen with IP3 and IP4.

Discussion

We describe a potent blocking action of IP3 and IP4 on
the SCl channel in skeletal muscle SR. The inositol
polyphosphates, at physiological concentrations, reduce
the mean current flowing through the channel. This ac-
tion is not induced by inositol polyphosphate binding to
an ‘‘IP3 receptor’’ since the effect of IP3 is not blocked
by heparin or by vanadate (see below). It is likely that
IP3 and IP4 bind to a general polyanion binding site on
the SCl channel or on a coprotein in the SR since several
difference polyanions, including the IP3 analogues, have

Table 2.Time constants for dwell times (tdn) and open durations (ton) in msec obtained from
the best least squares fit of a multiple exponential function to dwell times and open durations
obtained from EVPROC analysis of single channel data shown in Fig. 6. The percentage of
dwell times and open durations (%A) in each exponential component are given in parentheses.

td1 (A) td2 (A) td3 (A) td4 (A) to1 (A) to2 (A) to3 (A)
msec (%) msec (%)

Control 0.6 (82) 6.8 (17) 45 ( 0.3) 700 (0.2) 1.0 (17) 60 (17) 200 (66)
IP4 0.8 (49) 9.0 (34) 39 (14) 600 (0.6) 12.5 (81) 54 (19)

Fig. 7. Actions of heparin and the synthetic analogue of IP3 on SCl
channel activity. (A) Heparin does not antagonize the effects of IP4 on
SCl channel activity. The upper panel shows control channel activity;
the second panel shows activity obtained 120 sec aftercis addition of
20 mg/ml heparin; the third panel shows activity recorded when 20mM

IP4 was added to thecis chamber 170 sec after the heparin—the record
was obtained after 50 sec with heparin + IP4. (B) L-chr Ins(1,4,6)P3
mimics IP3 effects. The upper panel shows control activity and the
second panel shows activity in the same channel 72 sec aftercis ad-
dition of 16 mM L-chr Ins(1,4,6)P3.

Table 3. Mean open time (To), frequency of opening (Fo), open prob-
ability (Po) and mean current (I8) obtained withcis application 10mM

L-chr Ins(1,4,6)P3 (IP146, n 4 3), 10mM L-chr Ins(1,4,6)PS3 (SIP146,
n 4 2), 20mg/ml heparin (n 4 3), 20mg/ml hepran (n 4 1) and 500
mM vanadate (n 4 1). Whenn > 1, the values presented are the mean
± SEM of the means obtained in each channel from analysis of 5-sec
sections of activity after 3 to 5 voltage pulses. Whenn 4 1, the values
presented are the mean ±SEM of values obtained from analysis of 4 to
5 of such 5-sec sections of activity.

To Fo Po I8

Control 118.1 ± 22.3 8.7 ± 1.2 0.69 ± 0.06 −2.1 ± 0.2
IP146 10.6 ± 1.5* 28.4 ± 6.8** 0.31 ± 0.09* −0.8 ± 0.3*
SIP146 10.0 ± 0.6* 22.8 ± 6.8** 0.25 ± 0.04** −1.4 ± 0.3
Heparin 33.8 ± 7.6 13.6 ± 2.9 0.37 ± 0.03* −1.4 ± 0.2*
Hepran 44.8 ± 2.3 12.3 ± 0.1 0.55 ± 0.03 −1.2 ± 0.1*
Vanadate 23.7 ± 1.3* 21.9 ± 0.6** 0.50 ± 0.02 −1.1 ± 0.1*

* indicates that the data is significantly different from control with P <
0.05
** indicates that the data is significantly different from control with P
< 0.005
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a similar action on SCl channel activity. Adenosine
phosphates (0.5 mM) block SCl channel activity in much
the same way, with a potency that reflects their negative
charge density: ATP4−/ATPH3− > ADP3− >>> AMP2−

(Kourie, 1997; G.P. Ahern,unpublished observations).
However anions with a lower negative charge density,
e.g., HPO4

2− (250 mM cisor trans, n4 4, D.R. Laver, J.I.
Kourie & A.F. Dulhunty,unpublished observations), and
SO4

2− up to 70 mM (Kourie et al., 1996b), do not alter SCl
channel gating.

INOSITOL POLYPHOSPHATE AND POLYANION-MEDIATED

EFFECTS ONION CHANNELS

Direct actions of inositol polyphosphates, and the other
polyanions examined here, on Cl− channels have not pre-
viously been reported, although there is an interaction
between IP3/IP4 and Cl− secretion (see Introduction).
In contrast, there are several reports of inositol polyphos-
phates directly activating or inhibiting cation channels.

For example, IP3 and IP4 stimulate voltage-dependent K+

currents (Wu et al., 1991) and activate Ca2+ channels in
plasmalemma and nuclear membranes (see below). RyR
channels are activated by phosphatidylinositol 4,5-
bisphosphate (Chu & Stefani, 1991) and some amphibian
RyRs are activated by IP3 (Suarez-Isla et al., 1991). His-
tamine-induced K+ currents in smooth muscle, and cer-
ebellar K+ channels, are inhibited by IP4 (Molleman et
al., 1991; Timerman et al., 1992). In addition, cation
channels are activated by other polyanions; polysulfates
increase RyR activity (Bezprozvanny et al., 1993), hep-
arin increases L-type Ca2+ currents (Knaus et al., 1990)
and vanadate activates ATP-sensitive K+ channels
(Neumcke & Weik, 1991). This activation of cation
channels by polyanions contrasts with the block of the
anion channel reported here.

THE RESPONSE OFSCl CHANNELS TO IP3 AND IP4

DIFFERS FROM THAT OFMOST CATION CHANNELS

The response of the SCl channel to IP3 and IP4 differs
from that reported for other single ion channels in several
significant ways.

(1)‘‘Classical’’ IP3Rs are either not activated by IP4,
or are far less sensitive to IP4 (Wilcox et al., 1993), while
the SCl channel is equally sensitive to IP3 and IP4.

(2) Activation of IP3Rs, and IP3/IP4 receptors in
plasmalemma and nuclear membranes, by IP3/IP4 is in-
hibited by heparin (Ghosh et al., 1988; Malvivya, 1994;
Vaca & Kunze, 1995), whereas heparin mimics, and is
additive with, IP4 in blocking SCl channels.

(3) Activation of IP3Rs by IP3 is blocked by deca-
vandate (Fo¨hr et al., 1991), while vanadate (containing
decavanadate, Materials and Methods) mimics SCl chan-
nel block by IP3/IP4.

(4) The synthetic analogues of IP3, which do not
bind to the IP3R (Safrany et al., 1991), reduce the current
flowing through the SCl channel in the same way as
IP3/IP4.

(5) IP3/IP4 activate most cation channels by increas-
ing the frequency and duration of channel openings
(Bezprozvanny, Watras, & Ehrlich, 1991; Vaca &
Kunze, 1995), while the block of SCl channels depends
partly on a reduction in the duration of channel openings.

When inositol polyphosphate receptor K+ channels
from the cerebellum are blocked by IP4 (Chadwick et al.,
1992), the mean open time is reduced. However, in con-
trast to the block of the SCl channel, the block of the
cerebellar K+ channel is specific for IP4 (i.e., it is not
seen with IP3) and does not involve openings to subcon-
ductance levels.

SUBCONDUCTANCE ACTIVITY IN SCl CHANNELS

A characteristic property of SCl channels is the frequent
opening to substates with 6 conductance levels. The syn-

Fig. 8. Effects of five different polyanions on the open time distribu-
tions of 10 single SCl channels. (A) Average of three channels exposed
to 10 mM L-chr Ins(1,4,6)P3. (B) Average of two channels exposed to
10 mM L-chr Ins(1,4,6)PS3. (C) Average of three channels exposed to
20 mg/ml heparin. (D) One channel exposed to 20mg/ml heparin. (E)
One channel exposed to 500mM vanadate. Whenn > 1, the values
presented are the mean ±SEM of the means obtained in each channel
from analysis of 5-sec sections of activity after 3-to-5 voltage pulses.
When n 4 1, the values presented are the mean ±SEM of values
obtained from analysis of 4 to 5 such 5 sec sections of activity. The
open and closed times were analyzed in the same way as those in Fig.
3, in graphs of the square root of frequency of events in logged bins.
The average results are displayed in the same way as the average results
in Fig. 3E. The vertical bars show ±1SEM of the mean percentage of
closures, and the horizontal bars show ±1SEM of the mean time con-
stant, where these are greater than the dimensions of the symbol.

155J. Kourie et al.: IP3 Modifies SR Cl− Channel Activity



chronization gating of channel openings to the maximum
conductance and to submaximal conductance levels is
exquisitely sensitive to cytoplasmic [Ca2+] (Kourie et al.,
1996a), to polyanions and inositol polyphosphates (this
study), and to adenosine polyphosphates (Kourie, 1997;
G.P. Ahern,unpublished observations; seeResults).
Therefore the current flowing through SCl channels in
vivo must be critically dependent on the functional and
metabolic state of the fiber.

MECHANISM OF POLYANION BLOCK OF SCl CHANNELS:
STABILIZATION OF SUBCONDUCTANCELEVELS

The block of SCl channels was associated with (a) fewer
long openings and (b) fewer openings to the maximum
conductance, but increased activity to submaximal con-
ductance states.

The shift in channel activity towards submaximum
conductance states has not previously been identified as
a blocking mechanism. Reduced conductances are asso-
ciated with ‘‘fast block’’ and with Mg2+ block of K+

channels (Hille, 1992), with voltage-dependent block
and with QX314 block of ryanodine receptors (Hille,
1992; Tinker & Williams, 1993). However in each case,
and in contrast to polyanion block of SCl channels, the
lower conductance levels are introduced by the blocking
drug and are seen rarely, if at all, in normal channel activity.

Subconductance states in channel activity could re-
flect the unsynchronized gating of current through sev-
eral conducting pores within the protein (Krouse,
Schneider, & Gage, 1986). One hypothesis is that the
polyanions uncouple the normal partial synchronization
of SCl channel gating so that channel openings to all
conductance levels are from the closed state, openings to
the maximum conductance become infrequent and open-
ings to subconductance states dominate activity. The re-
distribution of channel activity towards subconductance
states suggests that the polyanions interrupt channel gating
mechanisms, rather than simply blocking the channel pore.

The briefer channel openings induced by the poly-
anions is reminiscent of ‘‘flicker block’’ of K+ channels
by Cs+ or QX222 block of cholinergic channels (seee.g.,
Hille, 1992). However, the polyanion block of SCl chan-
nels appears to have unique characteristics in that new
brief time constants are not introduced into the open time
distributions and channel dwell times at individual con-
ductance levels are not reduced. The polyanions specifi-
cally eliminate the longest time constant component of
the open time distribution and, in contrast to flicker
block, increase dwell times at the lower submaximal con-
ductance levels.

The polyanion binding site appears to be on the cy-
toplasmic side of the channel and is presumably not lo-
cated on the transmembrane segments of the protein,
since the effects are not voltage-dependent. Increasing

[polyanion] (this study), or decreasing [Ca2+] (Kourie et
al., 1996a), have similar effects in increasing substate
activity and, in the extreme, both abolish channel activ-
ity. The coordination of SCl channel activity may depend
on a high positive charge density on the cytoplasmic sur-
face of the protein: a reduction in this positive charge could
lead to fewer openings to the maximum conductance and,
eventually, to cessation of channel openings.

THE ROLE OF SCl CHANNELS IN STRIATED MUSCLE

SCl channels have been identified in skeletal muscle
(Kourie et al., 1996a,b) and similar Cl− channels have
been described in cardiac muscle (Decrouy, Juteau, &
Rousseau, 1995; Townsend & Rosenberg, 1995). Al-
though the specific function of the channels is yet to be
identified, they are likely to maintain charge balance
across the SR membrane during Ca2+ release and/or re-
uptake. SCl channels may also provide a functional
communication between T-tubule membranes which re-
lease IP3 (Hidalgo et al., 1993) and terminal cisternae
and longitudinal SR membranes which contain the SCl
channels. The activation of contraction by IP3 in skeletal
muscle (Vergara et al., 1985) could depend on the IP3

block of the SCl channel if the channel was essential for
counterion flow during Ca2+ uptake by the SR in vivo,
since channel block would reduce Ca2+ uptake and lead
to an increase in myoplasmic [Ca2+], which may itself
activate Ca2+ release via the RyR (Thastrup et al., 1990),
and induce contraction. The suggested role of the SCl
channels in Ca2+ uptake by the SR is similar to the dem-
onstrated role of anion channels in ATP-dependent Ca2+

transport in ER (Beyerdorffer et al., 1984; Kemmer et al.,
1987). The blocking action of IP3 on the SCl channel
may also play a role in elevation of myoplasmic [Ca2+] in
malignant hyperthermia (MH), since IP3 levels are
higher than normal in muscle from MH susceptible pigs
(Foster et al., 1989).

In conclusion, we show that several polyanions, in-
cluding IP3 and IP4 at physiological concentrations, re-
duce the mean current flowing through SCl channels by
reducing the average time that the channels are open and
by reducing the number of openings to the maximum
conductance. The polyanions apparently induce these
effects by interacting with the channel gating mecha-
nisms, not by simple channel block. The differential
sensitivity of the subconductance levels to intracellular
messengers, like Ca2+ and inositol polyphosphates, pro-
vides a novel mechanism for regulation of the current
flowing through ion channels.
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