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Abstract. The actions of Dmycinositol 1,4,5-trisphos-  Introduction
phate (IR) and Dmycinositol 1,3,4,5-tetrakisphospate

(IP,) on small chloride (SCI) channels from rabbit skel- A variety of cation channels are activated or blocked by
etal muscle sarcoplasmic reticulum are reported. Wenositol polyphosphatesséee.g., Berridge, 1993). For
find that the inositol polyphosphates (6—A@) are po-  example, Dmyoinositol 1,4,5-trisphosphate (Pmobi-
tent reversible blockers of SCI channels in lipid bilayersjizes C&* from endoplasmic reticulum (ER) stores by
at —40 mV with >10° m cis (cytoplasmic) C&" when  activating the IR receptor (IRR) C&" release channel
added to theis, but nottrans,chamber. IBor IP,at20  (Bezprozvanny & Ehrlich, 1994). iPby releasing C&
um reduced the mean open time from 89 + 16 msec to 1¥rom the ER, has the potential to indirectly activat€Ga
+ 2 msec or to 8.0 = 1.0 msec respectively, by abolishingactivated anion and cation channels in the plasmalemma
the longest time constant component in the open timend in internal membranes (e.g., Evans & Marty, 1986;
distribution. Neither IR nor IP, altered the six single- Reeves & Gurich, 1994; Latorre, Vergara, & Hidalgo,
channel conductance levels. The fraction of low conduc-1982). In addition, it has recently been discovered that
tance events increaséd-fold and the dwell time at the 1P; and Dmycinositol 1,3,4,5-tetrakisphospate f)Rn-
lower conductance levels increaséB-fold. Channel teract directly with, to activate or block, cation channels
gating was altered so that most transitions were betweeather than the IER in plasmalemma and nuclear mem-
the closed level and an open level, in contrast to controbranes (Berridge, 1993; Malvivya, 1994). ,1Brevents
channels which remained open for long periods withthe activation of Cl secretion by epithelial cells in re-
many transitions between the six open levels. The acsponse to an increase in cytoplasmic fQa(Va-
tions of the inositol polyphosphates were: (1) not pre-janaphanich et al., 1994). Although the mechanism for
vented by 2Qug/ml cis heparin (an IRreceptor blocker);  this effect is unknown, it has been suggested thatry
(2) mimicked by 10um cis synthetic inositol polyphos- bind to CI" channels in the epithelial plasmalemma and
phates, Lehiro-inositol 1,4,6-trisphosphate anddhiro- block their C&* activation mechanism (Kachintorn et al.,
inositol 1,4,6-trisphosphorothionate (which do not bind1993). Inositol polyphosphates have not previously been
to IP; receptors); (3) mimicked bgis additions of the shown to directly activate or block anion channels.
polyanions heparin or hepran (2@/ml each) and vana- Neither IR-activated nor IB-blocked single ion
date (500uMm). The results suggest that an interactionchannels have been reported in mammalian skeletal
between polyanions and SCI channels would allow thenuscle sarcoplasmic reticulum (SR) membranes (Foster,
channels to be modulated in vivo by inositol polyphos-1994), although pathways for inositol polyphosphate me-
phates. tabolism are localized in the transverse (T-) tubule mem-
brane (Hidalgo et al., 1993) andjhcreases myoplas-
mic [C&*] under some conditions (Vergara, Tsien, &
Key words: Sarcoplasmic reticulum — Small chloride Delay, 1985). The mechanism for the increase in cyto-
channels — Skeletal muscle — Inositol phosphates —plasmic [C&"] is obscure since the fast-glycolytic fibers
Polyanions — Submaximal conductance levels used in these experiments contain fewRB (Moschella
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et al., 1995) and IPdoes not cause significant activation 1P; (Fohr etal., 1991). The results show thag Bhd IR,
of the ryanodine receptor (RyR) Eaelease channels in at physiological concentrations (201), reduce the mean
mammalian skeletal muscle (Foster, 1994; Valdivia etcurrent flowing through the channel (i.e., block the chan-
al., 1990; Valdivia et al., 1992). Therefore theziP nel) by reducing channel open times, and replacing open-
induced increase in cytoplasmic [Eamay be mediated ings to the maximum conductance with openings to sub-
by effects of IR on other mechanisms which facilitate an maximal conductance levels, when added todisgcy-
increase in cytoplasmic €4 either by enhancing G&  toplasmic), but not therans (luminal), side of the
release and/or blocking the €auptake, e.g., SR ion channel. IR and IF, do not bind to a “classical” IR
channels—like the small chloride (SCI) channel—whichbecause their actions: (a) are seen waith[Ca®"] of 1
could provide counter ion pathways during’Caelease ™M, (D) are not prevented by heparin, and (c) are repro-
or uptake by the SR. duced by Lehr Ins(1,4,6)R and L-chr Ins(1,4,6)PS
The recently described SCI channel, in contrast toAll polyanions tested had similar inhibitory effects on
other types of Cl channel in skeletal SR, is regulated by SCl channel activity ar_ld their actions were additive. We
factors which may vary during excitation-contraction Suggest that the inositol polyphosphates block the SCI
coupling, including SR membrane potential and Cyto_channel by binding to a polyamon spemﬁc site on the
plasmic [C&*] (Kourie et al., 1998,b). The SCI channel channel. A part of the action of JHn increasing cyto-

is anion selective, with a slope conductance of 65—75 pPlasmic [C&"] in skeletal muscle may be mediated by

(250/50 mM CI, cis/trang and is characterized by IP5 binding to this polyanion_specific site, thus blocking
the SCI channel and reducing €auptake by the SR.

prominent activity to 6 submaximal conductance IevelsTh " i i - | hanism f
and by voltage-dependent activation, inactivation and de- € results provide evidence for a novel mechanism for
inositol polyphosphate regulation of SR function, i.e., by

activation properties. The channel is maximally active locki . h lin the SR b
for several seconds after voltage pulses to potentials béj- ocking an anion channel in the membrane.
tween —20 to —-40 mV and then it inactivates after a
period of seco_nds_ at .—40 t.o —80 mV, or minutes at 0 tOy1aterials and Methods
—20 mV. Inactivation is relieved by 0.5 to 1.0-sec pulses
to positive potentials. Thus the SCI channel is more acthe methods for preparation of SR vesicles, bilayer formation and
tive at the negative membrane potentials that may beanalysis of single-channel data have been described previously (Kourie
achieved during C4 uptake by the SR (Yu, Hao, & etal., 1998,b) and are briefly outlined.
Inesi, 1994), and when cytoplasmic [Ehis 10° m or
higher (Kourie et al., 1999. Therefore it has been sug-
gested that a major function of the channel might be
charge compe_nsatlon dunng %ﬁajptake (Ko.urle etal, SR vesicles were prepared from back and leg muscles of New Zealand
19963-’b)' In this case the SCI channel function would be rabbits. Longitudinal SR and terminal cisternae vesicles were collected
analogous to that of anion channels in the ER, which argrom bands at specific density interfaces of a discontinuous sucrose
essential for optimal G4 uptake and C& ATPase ac- gradient. The vesicles were frozen and stored in liquid Band 2
tivity (Beyerdorffer et al., 1984; Kemmer et al., 1987). (B2) vesicles contained mostly longitudinal SR and band 4 (B4)
If the SCI channel is essential for optimaI?Cemptake by vesicles contained mostly terminal cisternae SR; contamination of both
. .. > bands with outer mitochondrial membrane is less than 3%.
the SR, then blockers of its activity would reduce“Ca
uptake and lead to an increase in cytoplasmic®[ia
which could induce further C4 release via C&-  Biaver Cups LIPID BILAYERS AND VESICLE FUSION
activation of the RyR (Thastrup et al., 1990).
In the present study we have explored the possibilityBilayers were formed across an aperture (150 in diameter) in the

that IR, blocks SCI channels, and explored the possiblevall of 1 ml delrinf® cups, using a mixture of palmitoyl-oleoyl-
mechanisms of such a block. Inhibitory effects OE P phosphatidylethanolaming, palmitoyl-oleoyl-phosphatidylser'ine qnd
and IP, on the SCI channel are described, as well as th&a/mitoyl-oleoyl-phosphatidylcholine (5:3:2, by volume), obtained in

. .. . chloroform from Avanti Polar Lipids (Alabaster, Alabama). The lipid
aC'tIOI’?S OT two synth'etlc inositol ponphosphates, L- mixture was dried under Nand redissolved im-decane at a final
chiro-inositol-1,4,6, trisphosphate (thr Ins(1,4,6)R) concentration of 50 mg/ml.
and the phosphothioate, thiro-inositol 1,4,6- The formation of the lipid bilayer was detected from its total
trisphosphorothionate (thr Ins(1,4,6)P§), which do  capacitance which was measured from the current response to a voltage
not mobilize Cé"’ stores or disp|ace quom the |P3R ramp ranging from 0 to —140 mV in 140 msec Visec, the “bilayer
(Safrany et al., 1991). The interactions between hepariﬁest;” Kourie, 1996). B2 and B4 vesicles were added to a final protein

. P concentration of 1-1Q.g/ml. SCI channels were incorporated in simi-
or vanadate and LJHP“ were examined. Heparin is a lar numbers from both vesicle fractions. The side of the bilayer to

specific inhi+bit0r Of IP3_binding to the IBR and of IR- which vesicles were added is defined @s, the other side agans.
induced C&" mobilization (Ghosh et al., 1988) and de- |t was assumed that the cytoplasmic side of the SR membrane faced the

cavanadate also prevents“Canobilization from ER by  cis chamber and this has been confirmed in our B4 vesicles.

PREPARATION OF SR VESICLES
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SOLUTIONS FOR BILAYERS 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

Solutions contained choline Cl (250MTis/50 mu trans), plus 1 mu Open until the current dropped to a level between -0.5 and 0 pA. The

CaCl, and 10 nw HEPES (pH 7.2, adjusted with NaOH). Stock solu- durations of all events within the open period were summed to obtain

tions (0.1 to 1.0 m) were prepared by addition of 4PIP,, L-chr durations of the openings, which were compiled into open duration

Ins(1,4,6)R, L-chr Ins(1,4,6)PS heparin, hepran and vanadate to the histograms.

cis solution. L<hr Ins(1,4,6)R and L<hr Ins(1,4,6)P$ were synthe- Average results are given as mean £eM. The Studentst-test

sized from L-quebrachitol and purified by ion exchange chromatogra-Was used to test the significance of differences between average data

phy on DEAE-sepharose and used as triethylammonium salts (Safranffom normal channels and average data from polyanion-treated chan-

et al., 1991). Vanadate stock solutions were prepared freshly befor@€ls. A P value 0f<0.05 was considered significant.

each experiment and used within two hours of preparationV8a

was dissolved in theis solution at pH 7.4. The solution had the orange

color indicative of the presence of decavanadate g{hlgD,s) Results

(Neumcke & Weik, 1991).

ErFrFecTs ofFlP5 AND IP, ON SCI GHANNEL ACTIVITY
RECORDING AND ANALYSIS OF SINGLE-CHANNEL DATA

Voltage was controlled and current recorded with an Axopatch 200IP3 (6-40 pm) had no visible effect on inactive SCI
. + _ .
amplifier (Axon Instruments). Potentials are given with respect to theCha‘nneIS at 10 m cis Ca& (n = 2), but blocked active

trans chamber. Thecis and trans chambers were connected to the Channel_s at ~40 mV witbis C&*> 10°° M, when added
amplifier headstage by Ag/AgCl electrodes in agar salt-bridges coni0 the cis (n = 10), but nottrans (n = 2), chamber.
taining the solutions present in each chamber. Current was monitore®&Cl channels were fully active between i® and 10°
on an oscilloscope, stored on video tape using pulse code modulatiop cis Ca&* (Kourie et al., 1996) and the action of |§
(PCM-501; Sony Corp.) and later filtered at 1 kHz (-3dB, 4-pole \yag independent of [égl with this range. Most results

bessel) and digitised with a TL-1 DMA interface (Tecmar) at 2 kHz. were obtained using 8™ cis Ca2+, which was used to

Experiments were done at 20-25°C. n ; vesicle fusion with the bil r and at a bil r
Two analysis programs were used. An in-house analysis pro—e courage vesicle 1usio € bilayer, and at a bilaye

gram, CHANNEL 2 (developed by P.W. Gage and M. Smith), was usedPOtential of —40 mV during the several seconds that they
to measure the following overall parameters of channel activity: meariWere active after prepulses to positive potentials (Fig.
open time, T, (i.e., the total time that the channel was not closed and1A). All channels showed bursts of activity at —40 mV
including openings to all conductance levels, divided by the length offor periods f) of (110 to 30 sec after the prepulse, before
the record); frequency of opening,;he open probabilityP, (i.e. the *  jnactivation induced long closures lasting 10 sec to many
sum of all open times as a fraction of the total time); the integral of themins (Fig. JA). The maximum conductance WEE5 pS

current divided by the total time; i.e., the mean curréhtSince mea- d th h | dt | bstat | Is (Fi
surements of open times arR), included openings to submaximal an e channel opened to several substates levels (Fig.

conductance levels, the threshold for channel opening or closing wadA and C) ) )
normally set at 1.5 times the baseline noise, i.e., between -0.4 and -0.6  Addition of cis IP; and IR, (6 to 37.5um) abbrevi-
PA (the maximum current at ~40 mV was about -6 pA). This level, ated channel openings (FigBlandD) and the time t]

rather than a 50% discriminator, was used so as to include the manyh gt activity continued after the prepulse was |engthened7
openings to submaximal conductance levels that were less than 50% stua”y within (110 sec of addition ofcis IP; or

th i duct Kourie et al., 18p6R d fur- L
e maximum conductance (Kourie et al, 1836Records were fur- | = ~pannal activity slowly reversed to the normal pat-
ther filtered for Channel2 analysis and display using a running average

of 3 to 5 data points or a Gaussian filter of 200Hz. tern after perfusion with Iffree solution. Fig. E shows
The program EVPROC (kindly provided by Dr. D.R. Laver) was @ partial recovery of activity, 92 sec aftergt®ashout.

used for analysis of single-channel conductance levels. A detailed deFull recovery in 7 channels was seen within 120 to 320

scription and evaluation of EVPROC is given in Kourie etal. (1896 sec of IR washout.

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 betwee@ONCENTRATION-DEPENDENCE OFINOSITOL
levels. Current levels are the mean of data points between transitiongag, ypHoSPHATEACTION

Transitions are stepd,, in which:

Channel activity (including bursts and interburst inter-
(TWN) > 2 lrus . .

vals) was analyzed during the first 5 sec after the pre-
wheren is smallest number of samples in the levels before and after thpulse, within period (Fig. 1). Although the maximum
transition andlrs is the root mean squared of the noise obtained from changes in activity were, on average, essentially the
sections of the record in which the channel was closed. Event ampliggme with IR and with IR, the half maximum concen-
tude histograms (Fig./AandB), event duration histograms (FigAp trations were genera”y lower with LP(Fig. 2). The
and transition matrices (Fig@GandD) were compiled directly from the . .

changes in mean open tim&J and event frequency()

idealized signal. The mean durations of events at each amplitude (Fig: . .
5C andD) were calculated by dividing the total number samples by the%’vere maximal between 5-12w IP, (Fig. 2A and B),

number of events at each amplitude. EVPROC was also set to analy2&/hile the reduction irP, and mean current’() continued
channel open durations (FigD§. An opening was defined as a tran- up to 25 pm IP, (Fig. 2C and D). These differences
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Fig. 1. Activity of SCI channels is altered by Jpr IP; addition to the

cis chamber. In this and subsequent figures: single channel redyrds ( E
were obtained at —40 mV with 250/50Mmncholine Cl cis/trans, the 150
broken lines indicate closed current levels and channel opening i
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 subjecte:
to another prepulseBf The same channel after addition of 37u&

IP,. Channel activity continued for 33 sec after the prepulse: the first 29 0
sec are shown. Continuous linesAnand B indicate bilayer potential

(V). The arrow ) indicates the duration of activity after the prepulse.

t(s)

75

(C) Control activity in a second channeD) The same channel 70 sec [l P4] (M)
after cis addition of 6um IP5. (E) 92 sec after theis perfusion with
drug-free solution. Fig. 2. Analysis of mean open timeTy) in A, frequency of opening

(F,) in B, open probability P,) in C and mean current’) in D, from
channels exposed to JRfilled circles,n = 5) or IP, (open circlesn

. = 7). Data at one to three different concentrations qfire obtained
reflect the complex effects of ton SCl channel gating from each channel. Controls (filled squares atJIP 0) are the av-

to maximal and submaximal conductance levels (below)erage of the 12 channels. Each point for channels exposed ¢blled
When parameters for all [{P>6 uM were lumped to-  and open circles) is the mean of data from two to five channels. 5 sec
gether (Table 1), each was significantly different from of activity after 3-5 voltage pulses was analyzed for each channel.
control (P < 0_01)_ Vertical bars on the data points show &fwm. The averagd,, F,, P,

The periods of channel activation after the voltagea”d" were sig_nificantly _different from normal P< 0._01)‘ e_at each,JIP
pulse, with interburst intervals less than 10 seig. 1 > 5.0 uM. The increase i, and decrease iR, were significant (P <

. . . 0.05) only at 18.8um IP5, the increase irfr, and decrease if were
above)' measured with h|gher L[IB were outside the significant (P < 0.05) with [IE] > 6.3 um. (E) The duration of bursting

range of times seen under control conditions (Fi), 2n activity after the prepulset)(in seconds in one channel under control

each channel with [If > 10 pm. conditions, before addition dfis IP, (open circles), after washout of
IP, (open triangles), and after addition of increasing concentrations of
IP, (filled circles).

INOSITOL POLYPHOSPHATESALTER

OPEN-TIME DISTRIBUTIONS

nential components (Fig.B}, in contrast to openings
The distribution of all open and closed times, within after addition of IR, which fell into two components
the 5-sec interval after the prepulses, were analyzed iwith time constants (Fig.[3) similar to T, and,, in
plots ofVfrequency of events in logged bins (Sigworth & control.
Sine, 1987) to compare the wide range of durations  On average (Fig. B andF), most control openings
and display the exponential time constants as peaks ifopen symbols) were if,5. The fraction of openings in
the distribution. Control open times fell into three expo- this longest component was reduceddis/IP4/1P, (filled
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Table 1. Average values for mean open time,J;Tfrequency of open- control
ing (F,), P, and mean current () obtained from eleven control chan- 80 A
nels, 5 channels exposed toglBnd 7 channels exposed to,JRat
concentrations between 6 and gfi. Data are shown as meansgm.

To Fo P, I’

Control 89.2+159 13.8+1.8 074 +0.04 -25+0.2
IPs 112+ 1.9% 532%3.1%* 053 +0.07* -1.8+0.3* 22.5uM IP,
P, 8.4+ 1.4 402+57% 029 +0.04* -0.7+0.2% 2007

* indicates a difference from control witP < 0.01
** indicates a difference from control witP < 0.0005
Differences in mean values were considered significeRt € 0.05

0 20 40 60 80 0 1 2 3
open time (ms) log open time (ms)
symbols P < 0.0005). The closed time distributions
were not significantly altered after addition of;|Br IP,
(Fig. 3G andH). 801 E 1P, 81 F P,
% PR — A
A °?'\—:+2\>\/3' A ::_.:K'/a
SCI GHANNEL OPENINGS TOSUBSTATE LEVELS ° \, o 1 2 \\
° 1 2 1 2
Substate levels were commonly seen in SCI channel ac log 7, (ms) log 7, (ms)
tivity and occupied a greater fraction of the activity as
[IPs] and [IR,] increased. Six nonzero current levels 100 G IP, 8o, H IP,
form peaks in the all-points histograms for control and | N .
recovered recordings (FigAddandC) and in the presence A 1™ hA +/\"<$-\\ 3
of IP, (Fig. 4B). "‘:a\-\\;a P2 W
Most control openings were to the maximum con- © ; > 0 ; 3
ductance or to submaximal levels greater than 50% o |
og T (ms) log T, (ms)

maximum (levels 4, 5 and 6). In contrast to control, most
Vit i 0

activity in the presence of lvas to levels less than 50% Fig. 3. Effects ofcis IP4/IP, on open and closed time distributions.

of the maximum CondUCtapce (levels 1, 2 and 3). Chan{a_r) open-time histograms for a single channel befdreidB), and

nel openings to the maximum conductance recoveredster exposure to 22.5m IP, (C and D). Histograms on the left are

when IE, was removed (Fig.@). The increase in activ- frequency {) of openings in 0.5 msec bin#@ndC) and those on the

ity to low conductance levels was maximal@0 um IP,  right are the square root of frequencif)(of openings in logged bins
(Fig. 4D and E). (7/decadeB andD). Continuous linesA—D)—the best least squares fit

of a multiple exponential function to the log-binned data. Broken lines
(B and D)—individual exponentials curves, with peaks corresponding

to the time constant& andF show the mean percentage of openings
ANALYSIS OF CONDUCTANCE LEVELS IN THE PRESENCE (%A) plotted against mean time constants of each compongpt 6n

AND ABSENCE OFIP, a log scaleG andH show results of a similar analysis of closed-time
distributions: the mean percentage of closures\)% plotted against

. - the mean time constant of each componept)( In E-H: open circles
The amp“tUde and dwell times of events were further how control values and filled triangles show average values for 0.6—

analysed using the program EVPROC (Materials an(ﬁ?.s pM 1P, Numbers (1,2 and 3) in the log-binned histograms (ar-
Methods). As with the all points histograms of the raw rows, B and D) and in graphs of average date—H) indicate time
data (Fig. 5), the conductance levels were the same inonstants of the first, second and third components respectively (i.e.,
the absence (Fig.”A and presence (Fig.B) of IP,,  Tow Toz Tos O Tea, Tea Tea)- Vertical bars show +lsem of the %A.
but there is a marked increase in the fraction of eventglorizontal bars show +%em of 7,0 or 7.n, where thesem is greater
to conductance levels of <2 pA with the inositol poly- han the dimensions of the symbol.
phosphate.

The mean dwell time at the larger conductance lev-
els was[B msec under both control andJeonditions The basic action of inositol polyphosphates on chan-
(Fig. 5C andD). However, the dwell times at the smaller nel gating is illustrated in the dwell time and open du-
conductance levels (<2 pA)ncreasedfrom (2 msec ration histograms (Fig. & and B) and in the transition
under control conditions tall1 msec in the presence of analyses (Fig. 6 andD).
IP,. The time constants in the distribution of dwell times
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< 0.00
2 6 4 2 0 000 T 2 o
Q. current (pA) current (pA)
C recovery
- - - 0.06 C D
— - - 12 12
— —Jac 0.00 7 7
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Fig. 5. The effect of 27.5.m cis IP, on the probability and duration
[IP,] (uM) of current amplitudes, determined by EVPROC analysisCb#0
sec (280,000 data points) of control channel activity, and 137 sec

Fig. 4. Increased transitions to submaximal conductance levels inof activity with 27.5 um cis IP,, from the SCI channel shown in
SCI channels in the presence @ IP,. The left hand panel con- Fig. 4. The control activity was that obtained before addition of IP
tains selected data showing openings to submaximal conductanc@lus that obtained after JRwashout. &) control probability distribu-
levels and the right hand panel contains all points histograms of dat&ion- (B) probability distribution with 27.5um cis IP,. (C) Mean du-

in the adjacent record (filled circles)A Control; @) in the pre- ratior_l of cont‘rol current {amplitudesDI _Mean_ dl_Jrati_on of current
sence of 27.5um IP,; (C) following perfusion of thecis chamber ~ @mplitudes with 27.5um cis IP,. Probability distributions were ob-

with drug-free solution. The curves through the data in the histo-tained from normalized frequency distributions generated by
gram are the best fit of a multiple Gaussian function with peaks EVPROV. Mean duration was derived from EVPROC analysis by

indicating conductance levels (arrows indicate the six peaksdividing the number of data points at each level by the number of
which were the same in the three histograms). The broken line€Vents at each level.

through the records on the left show conductance levels indicated

by the peaks in the corresponding multiple Gaussian distribution.

The continuous Ime; 'mdlcate. the zero current levd. '(he frac- _stant component{) at (200 msec. In contrast, with 4P
tion of channel activity to high conductance levels—in Gaussian

curves with peaks between -3 pA and -6 pA) (The fraction most openlng§ were in the two shorter componers (
of channel activity to low conductance levels—in Gaussian curves@NdT,y), With time constants ofll2 andl’b4 msec. Note
with peaks between zero and -3 pA. Sections of records lastinghat dwell times >1000 msee ,, Fig. 6A) were to cur-
60 to 200 sec were analyzed at each,JI® obtain the data points rent levels between 0 and —0.5 pA and were not detected
in D andE. in the open duration analysis (FigBpbecause the mini-

mum current for an opening was set a —0.5 @hdve.

The majority of control transitions were between

(Tq1— Tq4 Table 2) were similar under control conditions high conductance levels and lower levels and form the
(Fig. 6A, open symbols) and with |[P(Fig. 6A, filled dark bins near the diagonal in the transition diagram: few
symbols). The increased fraction (%A, Table 2) of dwell transitions were from an open level to the closed state
times of 10-100 msecr{s) with 1P, reflect the longer (Fig. 6C). Thus the channel was open for long periods
sojourns at low conductance levels (Fidp &bove). Du-  during which it underwent many transitions between dif-
rations of channel openings (periods during which theferent levels. In contrast to control, the modified
channel was not closed and the current remained morehannel opened to each conductance level from the
negative than —0.5 pA, Materials and Methods) showedtlosed state, and then returned to the closed state before
a very different pattern (Fig.B Table 2), similar to the reopening: the darker bins (with higher numbers of tran-
results of Channel2 analysis of the raw data (Fig. 3sitions) are near the axes and away from the diagonal
abovg. Most control openings were in a long time con- (Fig. 6D). The same changes in amplitude, dwell times,
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A _.  dwell times B 05, OPen times of IP4/IP, (below). AlthoughP, was reduced at all po-

80 tentials after addition of lchr Ins(1,4,6)R, the bell-

60 ° shaped relationship betwe®3 and membrane potential
%= control remained.P, increased from low values at positive po-
S A0 e tentials to maximum values &35 mV and then de-

creased at more negative potentials. The voltage-

1 oo Neaace dependent increase R, in the absence and presence of
0[') T o 3 L-chrins(1,4,6)B was due to the parallel increases in the
mean open time and frequency of openings previously
log dwell time (ms) log open time (ms) reported (Kourie et al., 199%.
THE MECHANISM OF THE INOSITOL POLYPHOSPHATE
C control D | 27.5uM IF:'4 EFFeCT ONSCI CHANNEL GATING
— . = |
3 o : r? 3 Ui o A The effects of IR and IR, could have been mediated by
g 2 -' - & 21 i . inositol polyphosphate binding to:
© 1 = ® "
1= 1 B T 4 ) . . . .
g '41 i e |_ i: (1) a “classical” IP;R which is functionally coupled
3 617 . 3 8] to SCI channels in the SR membrane;
'B-aLﬁs 2 2 0 -8_8 5 4 2 o (2) an inositol polyphosphate-specific site on the

SCI channel, or a closely associated protein;
current before (pA) current before (pA) (3) a polyanion specific site on the SCI channel, or

Fig. 6. Channels gating determined by EVPROC analysis of the sameOn a Closely associated protein.

sections of data analysed for Fig. 5. Control data was obtained before The followi . ¢ ith h . d twoslP
addition of IR, and after IR washout. A) Dwell time histograms.g) € Toflowing experiments wi eparin an &

Open duration histograms (Materials and Methods). Control data (ope@nalqg_u_e_s were performed to distinguish between these
circles, broken lines) and data with 2784 cis IP, (filled circles, possibilities.

continuous lines) are shown on each histogram. CurvésandB are
best least squares fits of a multiple exponential function to the data. Th
time constants and percentage of dwell times and durations in eac

exponential component are given in TableQandD are gray-scale - L
diagrams of transitions between maintained current levels. SquaregD3/|P4 blndlng and activation of |§RS and IB/IP4'

(bins) below the diagonal show the frequency of transitions to a large@Ctivated plasmalemmal channels are antagonized by
(more negative) current amplitude. Squares above the diagonal shoReparin (Berridge, 1993; Vaca & Kunze, 1995). In con-
transitions to a smaller (more positive) current amplitu@.Gontrol. trast 20pMm cis IP,, added after 2Qug/ml cis heparin,
D_grker regions near the diagona) {ndicate a high frequency of tran- produced an additive effect on SCI channels (Fig).7
sitions betwee_n larger current I_e_vels (-5 pA to -6 pA). Darker region This additive effect was also seen when heparin was
Qﬁirr;h;rg??eelmml show_s_transmons between Iev_els near the basellne.gdded in the presence of 200 P, (not showm Unex-
quent transitions between the baseline and levels at —4 p. - . . .
to -6 pA (W) and between substates in the —2 pA to -4 pA range ( pectedly, f'idd't'on_ of heparin alone (I_:|gA)7had a_ S!m"
(D) 27.5um IP,. A simpler gating pattern than the control, with few &I reversible action to that seen with,If,. Similar
transitions between substate levels. Most transitions between the bastesults were obtained in 3 channels (Table 3).
line and levels between —4 pA and -6 p#)(or between the baseline
and levels between 0 pA and -2 pA)( The numerals beside the gray
scales indicate the following numbers of transitionsCtn, 0; ii, 1-2;

iii, 3-9; iv, 10-16; v, 16—-22; vi, 22-31; vii, 31-43; viii, 43-60; ix, >60. Th | f IR . ith |
In B: i, 0; ii, 1-8; iii, 9-25; iv, 26-72; v, 73-101; vi, 102-143; vii, ese analogues of 4Rlo not interact with 1B occu-

144-203: viii, 204-288: ix, >288. pancy of IRRs or C&" mobilization by IR (Introduc-
tion). However, both analogues altered SCI channel ac-
tivity (Fig. 7B & Table 3) in a similar way to IFIP,.

open durations and transitions were seen in the 15 charhis observation together with the finding that heparin

nels exposed to WPand IR, also mimicked the IgIP, effect indicate that inositol
polyphosphates do not block SCI channels via ayRIP

EPARIN

L-cHrR INS(1,4,6)R, AND L-cHR INS(1,4,6)PS

THE VOLTAGE-DEPENDENCE OFSC| CHANNEL GATING SCI CHANNEL GATING 1S ALTERED IN THE SAME WAY

) ~ BY SEVERAL POLYANIONS
Voltage-dependence was not systematically examined

with IP; or IP,, but was measured in 2 channels exposedrhe polyanions hepran (2Qg/ml) and vanadate (500
to L-chr Ins(1,4,6)B whose action was identical to that um) acted in a similar manner to the inositol polyphos-
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Table 2. Time constants for dwell times ) and open durationg () 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.

Taz (A) Taz (A) Taz (A) Taa (A) To1 (A) Toz (A) Toz (A)
msec (%) msec (%)

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

A control (0.71) Table 3. Mean open timeT_), frequency of openingH;), open prob-
; ' ability (P,) and mean current’() obtained withcis application 10um
L-chr Ins(1,4,6)R (IP14e N = 3), 10 um L-chr Ins(1,4,6)PS (SIP, 46
n = 2), 20pg/ml heparin § = 3), 20 g/ml hepranf = 1) and 500
wM vanadaterf = 1). Whenn > 1, the values presented are the mean
+ sem of the means obtained in each channel from analysis of 5-sec
(0.26) sections of activity after 3 to 5 voltage pulses. Wimes 1, the values
presented are the mearsgm of values obtained from analysis of 4 to
5 of such 5-sec sections of activity.

20pg/ml heparin

T

o

F

o

20ug/ml heparin + 20uM IP,
Control  118.1+22.3 8.7+12 0.69 +0.06 -2.1+0.2
IP146 106+ 1.5* 284+6.8* 0.31+0.09* -0.8+0.3*
3s | 3pA SIP, 46 10.0+ 0.6* 22.8+6.8** 0.25+0.04** -1.4+0.3
Heparin 338+ 76 13.6+29 0.37£0.03* -1.4+0.2*
Hepran 448+ 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*

B control (0.98)

* 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

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-
Fig. 7. Actions of heparin and the synthetic analogue of t® SCI ber and dwell times of events to low substate levels,
channel activity. &) Heparin does not antagonize the effects oféR  reduction in the duration of channel openings and in-
SCI channel activity. The upper panel shows control channel activity;creased numbers of transitions between the baseline and
the second panel shows activity obtained 120 sec aftsaddition of  all levels in channels modified by the polyaniomata

20 pg/ml heparin; th(_e third panel shows activity recorde_d whem0 ot showi. These changes were again the same as those
IP, was added to theis chamber 170 sec after the heparin—the record seen with IR and IR,

was obtained after 50 sec with heparin +,.IfB) L-chr Ins(1,4,6)R
mimics IP; effects. The upper panel shows control activity and the
second panel shows activity in the same channel 72 sec asted-
dition of 16 wm L-chr Ins(1,4,6)R.

2s

Discussion

We describe a potent blocking action of;1&nd IR, on
phates and heparin (Table 3). On average, there wertie SCI channel in skeletal muscle SR. The inositol
trends towards a reduction in mean open time, an inpolyphosphates, at physiological concentrations, reduce
crease in the frequency of opening, and a decreaBg in the mean current flowing through the channel. This ac-
and mean current (Table 3). The changes were statisttion is not induced by inositol polyphosphate binding to
cally significant in most individual channelB € 0.005).  an “IP5 receptor” since the effect of IPis not blocked
The polyanions generally decreased the fraction oby heparin or by vanadatasde beloy It is likely that
events in the longest component of the open-time distri{P; and IF, bind to a general polyanion binding site on
butions (Fig. 8), with little change in the closed time the SCI channel or on a coprotein in the SR since several
distributions (not shown). difference polyanions, including the JRnalogues, have
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L-chr Ins(1,4,6)P, L-chr Ins(1,4,6)PS, For example, IRand IR, stimulate voltage-dependent K
100 A* 1001 B currents (Wu et al., 1991) and activate*Cahannels in
/

A%

plasmalemma and nuclear membrarsee(belolx RyR

channels are activated by phosphatidylinositol 4,5-

bisphosphate (Chu & Stefani, 1991) and some amphibian

RyRs are activated by [{Suarez-Isla et al., 1991). His-

heparin hepran tamine-induced K currents in smooth muscle, and cer-
100 D ebellar K channels, are inhibited by JRMolleman et

100
P W P /{ al., 1991; Timerman et al., 1992). In addition, cation
0 0

channels are activated by other polyanions; polysulfates

A%

1 2 3 1 2 3 increase RyR activity (Bezprozvanny et al., 1993), hep-
log =, log 7, arin increases L-type G4currents (Knaus et al., 1990)
vanadate and vanadate activates ATP-sensitivé Khannels
100, £ (Neumcke & Weik, 1991). This activation of cation

channels by polyanions contrasts with the block of the
anion channel reported here.

A%

THE REsSPONSE OFSCIl CHANNELS TO IP5 AND 1P,
DIFFERS FROM THAT OFMOST CATION CHANNELS

log T,

Fig. 8. Effects of five different polyanions on the open time distribu- :
tions of 10 single SCI channelsA)YAverage of three channels exposed The response of the SCI channel o tind IR differs

t0 10 M L-chr Ins(1,4,6)R. (B) Average of two channels exposed to from that reported for other single ion channels in several

10 uu L-chr Ins(1,4,6)PS (C) Average of three channels exposed to Significant ways.

20 pg/ml heparin. P) One channel exposed to 2@/ml heparin. E) “ T . .
One channel exposed to 5@ vanadate. Whem > 1, the values (1)“Classical” IP;Rs are either not activated by,iP

presented are the meansem of the means obtained in each channel OF are far less sensitive to JRWilcox et al., 1993), while
from analysis of 5-sec sections of activity after 3-to-5 voltage pulsesthe SCI channel is equally sensitive to;l&nd IR,

Whenn = 1, the values presented are the meases of values (2) Activation of IPRs, and IR/IP, receptors in
obtained from analysis of 4 to 5 such 5 sec sections of activity. Theplasmalemma and nuclear membranes, hylfR is in-
open and closed times were analyzed in the same way as those in Fi?ribited by heparin (GhOSh et al., 1988: Manyal 1994:

3, in graphs of the square root of _frequency of events in logged b'”SYaca & Kunze, 1995), whereas heparin mimics, and is
The average results are displayed in the same way as the average result

in Fig. 3E. The vertical bars show +%ewm of the mean percentage of aadmve W|t_h' I.a in blocking SCI (_:hannels'

closures, and the horizontal bars showseM of the mean time con- (3) Activation of IP,Rs by IR, is blocked by deca-

stant, where these are greater than the dimensions of the symbol. Vvandate (Fbr et al., 1991), while vanadate (containing
decavanadate, Materials and Methods) mimics SCI chan-
nel block by IR/IP,.

a similar action on SCI channel activity. Adenosine (4) The synthetic analogues of JPwhich do not

phosphates (0.5 m) block SCI channel activity in much bind to the IRR (Safrany et al., 1991), reduce the current

the same way, with a potency that reflects their negativélowing through the SCI channel in the same way as

charge density: ATP/ATPH®™ > ADP®™ >>> AMP?>~  IP4/IP,.

(Kourie, 1997; G.P. Ahernunpublished observatiohs (5) IP,/IP, activate most cation channels by increas-

However anions with a lower negative charge densitying the frequency and duration of channel openings

e.g., HPG (250 mv cisortrans, n= 4, D.R. Laver, J.I.  (Bezprozvanny, Watras, & Ehrlich, 1991; Vaca &

Kourie & A.F. Dulhunty,unpublished observatiohsand  Kunze, 1995), while the block of SCI channels depends

SO up to 70 nm (Kourie et al., 199B), do not alter SCI  partly on a reduction in the duration of channel openings.

channel gating. When inositol polyphosphate receptoi Khannels

from the cerebellum are blocked by, |fChadwick et al.,
INOSITOL POLYPHOSPHATE AND POLYANION-MEDIATED 1992), the mean open time is reduced. However, in con-
EFFecTs oNION CHANNELS trast to the block of the SCI channel, the block of the

cerebellar K channel is specific for IP(i.e., it is not

Direct actions of inositol polyphosphates, and the otheS€€N With IE) and does not involve openings to subcon-
polyanions examined here, on"@hannels have not pre- ductance levels.

viously been reported, although there is an interactio

between IR/IP, and CI' secretion ¢ee Introduction). "SusconpucTANGE AcTIVITY IV SCI QHANNELS

In contrast, there are several reports of inositol polyphosA characteristic property of SCI channels is the frequent
phates directly activating or inhibiting cation channels.opening to substates with 6 conductance levels. The syn-
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chronization gating of channel openings to the maximun{polyanion] (this study), or decreasing [€(Kourie et
conductance and to submaximal conductance levels ial., 199@), have similar effects in increasing substate
exquisitely sensitive to cytoplasmic [E(Kourie et al.,  activity and, in the extreme, both abolish channel activ-
1996n), to polyanions and inositol polyphosphates (thisity. The coordination of SCI channel activity may depend
study), and to adenosine polyphosphates (Kourie, 19979n a high positive charge density on the cytoplasmic sur-
G.P. Ahern,unpublished observations; seéResults). face of the protein: a reduction in this positive charge could
Therefore the current flowing through SCI channels inlead to fewer openings to the maximum conductance and,
vivo must be critically dependent on the functional andeventually, to cessation of channel openings.

metabolic state of the fiber.

THE RoLE oF SCI CHANNELS IN STRIATED MUSCLE

MECHANISM OF POLYANION BLock oF SCI| CHANNELS: ) - )
STABILIZATION OF SUBCONDUCTANCE L EVELS SCI channels have been identified in skeletal muscle

(Kourie et al., 1996,b) and similar CT channels have

The block of SCI channels was associated with (a) feweﬁ%igsdezsucngggsl_n 'I'Cc?vrv(ilggng]u;csogﬁgggy, 1J9u$g;;1 uAI&

long openings and (b) fewer openings to the maX'mun}hough the specific function of the channels is yet to be

conductance, but increased activity to submaximal Coanentified, they are likely to maintain charge balance
ductance states.

. 2 _
The shift in channel activity towards submaximum across the SR membrane during“Ceelease andor re

. . .. uptake. SCI channels may also provide a functional
conductance states has not previously been identified & o .

. X communication between T-tubule membranes which re-
a blocking mechanism. Reduced conductances are ass

ciated with “fast block” and with M@" block of K*
channels (Hille, 1992), with voltage-dependent block

and with QX314 block of ryanodine receptors (Hille, muscle (Vergara et al., 1985) could depend on the IP

1992; Tinker & Williams, 1993). However in each case, . h
. . block of the SCI channel if the channel was essential for
and in contrast to polyanion block of SCI channels, the . : " o
counterion flow during C&# uptake by the SR in vivo,

lower conductance levels are introduced by the bIOCkingsince channel block would reduce Tantake and lead
drug and are seen rarely, if at all, in normal channel activity,{0 an increase in myoplasmic [E% wh?ch may itself

Subconductance states in channel activity could re- " + X
flect the unsynchronized gating of current through Sev_acgvgts C&" release _V|athehRyR (Thast(rjup ?t al};’ %}990)' |
eral conducting pores within the protein (Krouse,an Induce co+ntract|on. The suggested role of the SC
Schneider, & Gage, 1986). One hypothesis is that thé:hannels in C& uptake by the SR is similar to the dem-
o ’ . X ..~ “onstrated role of anion channels in ATP-dependerit Ca
polyanions uncouple the normal partial synchronization

of SCI channel gating so that channel openinas to al ransport in ER (Beyerdorffer et al., 1984; Kemmer et al.,
gating P 9s | 987). The blocking action of Pon the SCI channel
conductance levels are from the closed state, openings {0 d . . .
. : may also play a role in elevation of myoplasmic fJan
the maximum conductance become infrequent and open-

ings to subconductance states dominate activity. The rerr?allgnant hyperthermia (MH), since JHevels are

distribution of channel activity towards subconductance igher than normal in muscle from MH susceptible pigs
Foster et al., 1989).

states suggests that the polyanions interrupt channel gatirgg In conclusion, we show that several polyanions, in-

mechanisms, rather than simply blocking the channel pore, ding IR, and IP, at physiological concentrations, re-

The briefer channel openings induced by the pOIy'duce the mean current flowing through SCI channels by

anions is reminiscent of “flicker block” of K channels reducing the average time that the channels are open and
by Cs" or QX222 block of cholinergic channelsedee.g., 9 g . P
by reducing the number of openings to the maximum

Hille, 1992). However, the polyanion block of SCI chan- X :
. o conductance. The polyanions apparently induce these
nels appears to have unique characteristics in that new, : . . :
o ! . . _effects by interacting with the channel gating mecha-
brief time constants are not introduced into the open time

o : o hisms, not by simple channel block. The differential
distributions and channel dwell times at individual con- o .
. ..sensitivity of the subconductance levels to intracellular
ductance levels are not reduced. The polyanions specifi- . e
O ) essengers, like Gaand inositol polyphosphates, pro-
cally eliminate the longest time constant component of . . .
. oo . . vides a novel mechanism for regulation of the current
the open time distribution and, in contrast to flicker

block, increase dwell times at the lower submaximal con—fIOWIng through ion channels.

ductance levels. We thank Professor B.V.L. Potter, School of Pharmacy and Pharma:
The polyanion binding site appears to be on the CY~cology and Institute for Life Sciences, University of Bath, Bath, En-

toplasmic side of the channel and is presumably not IO'gland, for supplying the structural analogues of. IVe thank Profes-

cated on the transmembrane segments of the proteiger p.w. Gage and Dr. D.R. Laver for their comments on the manu-
since the effects are not voltage-dependent. Increasingtript and Dr. D.R. Laver for his assistance with EVPROC. We are

Rase IR (Hidalgo et al., 1993) and terminal cisternae
and longitudinal SR membranes which contain the SCI
channels. The activation of contraction by, iR skeletal
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