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Abstract. Although outward current through inward- Key words: Inward-rectifier K" channel — Noise analy-
rectifier K* channels has been observed in the whole-celsis — Cardiac myocytes — Polyamine — Rfg— Ba?*
mode of the patch-clamp technique, no outward unitary
current in single-channel studies has been recorded with )
the physiological ionic conditions. Hence, the relation- Introduction
ship between single-channel activities and the inward
rectification of the whole-cell current has been poorly Inward-rectifier K current () helps set the resting
understood. Therefore, characteristics of inward-membrane potential and helps terminate the action po-
rectifier K" channels in guinea-pig ventricular myocytes tential in cardiac ventricular and atrial myocytes (Noble,
were assessed by the noise analysis of tHecrrent 1984; Noma et al., 1984).., is characterized by a
using the whole-cell patch clamp method. Partial block-strong inward rectification, which means that the chan-
ade of the inward-rectifier Kcurrent by BA" was used nels conduct ions more readily in the inward direction
to obtain different levels of mean current and currentcompared to the outward direction (Hille, 1292 The
fluctuation as needed for variance-to-mean analysis. Th&ingle channels through whidl, flows have been de-
plot of variance of current fluctuation against mean cur-scribed (Kameyama, Kiyosue & Soejima, 1983; Sak-
rents was well fitted by theoretical parabolic curves, andnann & Trube, 1984a; Kurachi, 1985). Although sub-
the unitary conductance, the open probability, and thestantial outward current of,,; was observed in the
density of functional channels were deduced. The uniwhole-cell patch-clamp mode (McDonald & Trautwein,
tary conductance of the inward-rectifief Kkhannel ex- 1978; Sakmann & Trube, 198} corresponding unitary
hibited an inward-rectification, although the channeloutward currents were not observed in the cell-attached
open probability and the density of functional channelspatch-clamp mode. On the assumption of inward recti-
were not much different at various holding potentialsfication of the singlel,; channel, Sakmann and Trube
used. The unitary conductance was not changed whet1984a) argued that the maximal step size of the single
the intrapipette concentration of Mgwas reduced, but l«; channel current expected from whole-cell records
tended to be smaller when the pipette contained highvas too small to be resolved. On the other hand, Kurachi
Mg?* concentration. Spermine also tended to reduce th€1985) suggested that inward rectification of whole-cell
outward unitary conductances, although the reductioreurrent could be explained on the assumption of a linear
was not statistically significant. These results suggeseutward unitary conductance.
that the inward rectification in the whole-cell currentwas ~ Recently investigations o, channels have re-
due to the inward-rectifying property of the unitary con- vealed a steeply voltage-dependent block of the channels
ductance of the Kchannels. Inward rectification of the by intracellular polyamines (Ficker et al., 1994; Lopatin,
unitary conductance may be caused by blocking of théMlakhina & Nichols, 1994; Falker et al., 1995) and f1g
channels by both N@ and polyamines. (Matsuda, Saigusa & Irisawa, 1987; Vandenberg, 1987)
which may cause the strong inward rectification. Mg
obstructs the inner mouth df; channels with rapid
I kinetics, which resulted in a flickering block gf, chan-
Correspondence toY. Yamada nels (Matsuda, 1988; Yamashita et al., 1996). Therefore,
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the unitary current appears to show the inward rectifica- 1
tion. This mechanism may be correlated with the pre- ®

diction by Sakmann and Trube (1984 On the other 0.8
hand, polyamines obstruct the inner mouth of the chan- §
nels with slower kinetics. In single-channel recordings, L 06 ‘é
the channels only show open or blocked state in the ;
outward direction. The current through open channels o4 B
do not exhibit the inward rectification (Ficker et al., &
1994; Yamashita et al., 1996). This mechanism corre-

sponds with the prediction by Kurachi (1985). However, 102
these data of Mg- and polyamine-induced block of

single I, channels were obtained in unphysiological g™ 7~ &= = = == L~ | 00

conditions with cell-attached patch pipettes containing ”

high K* solutions. It is still unknown whether singlg, LoglBa™]

channels exhibit inward rectification under physiological ig. 1. Representative concentration-response relations betwe&n Ba

conditions (e.g., [K], = 4-6 mw). for partial block and the relative amplitude &, at holding potentials
Noise analysis is another method of analyzing char{HPs) of ~59 mV @ outward current) and ~109 m\A(inward cur-

acteristics of single-channel activities. To understandent). To determine the proper concentrations of B@ block Iy;,

the relationship between the inward rectification of thesteady-statde1 was recorded at various concentrations oEB&ach
. dat int i d relati in the ab f Ba Th

whole-cell current and the single-channel activities, wela@ Point s expressed relative I, in the absence o .

smooth curves are obtained by the least-squares fit with Eq. 1. Disso-

estimated the single-channel characteristick pin iso- ciation constants at HPs of -59 and —109 mV were 43.6 and 2wi4
lated guinea-pig ventricular myocytes using noise analyrespectively. Ba™-induced block ofl, was voltage dependent. Hill
sis of the macroscopil, in a physiological ionic con-  coefficients were 1.06 (-59 mV) and 0.91 (-109 mV) indicating 1:1
dition. Variance-to-mean analysis utilizes the parabolicbinding.

relationship between variance of current and mean cur-

rent (Anderson & Stevens, 1973). However, this method

cannot be directly applied to time-independent currenemputer (Compaq ProLinea 466, Compaq Computer, Houston, TX)
like ey because different levels of mean current andthrough the Labmaster TL-1 interface (Axon Instruments). When cur-

fl . ired btai boli rent records for the variance-to-mean studies were taken, current sig-
current fluctuation are required to obtain a parabo IChals were low-pass filtered at 500 Hz (four-pole Bessel filter), sampled

curve. Therefore, we used partial blockadelf by  at 2 kHz, and stored on a hard disk. To obtain the power density

external B&". spectrum, a Fast Fourier Transform (FFT) algorithm included in Mi-
crosoft Excel (Microsoft, Redmond, WA) was used. Current signals
were filtered at 3 or 100 Hz by a filter with Butterworth characteristics

Material and Methods (E-3201-A, NF Electronic Instrument, Yokohama, Japan) and sampled
at 10 or 250 Hz. No leak compensation was made because only data
with almost no leak were used. The data were off-line analyzed on a

CELL PREPARATION personal computer (Macintosh Centris 650, Apple Computer, Cuper-
tino, CA). Cell capacitance was measured as an instantaneous change

Single ventricular myocytes were enzymatically isolated from the leftin membrane current when a ramp pulse (1 V/sec) was applied to the

ventricle of guinea-pig hearts as described previously (Tohse, 1990)ell. The average capacitance was 113.4 + 6.62 pF=(30). The

In brief, the hearts were removed from guinea pigs, anaesthetized witfiquid junction potential between the pipette solution and the external

pentobarbitone sodium. The excised heart was perfused in a Lange®plution was measured to be -9 mV; therefore, all values of potentials

dorff apparatus with 0.02-0.04% collagenase (Wako Pure Chemicajvere corrected by this value.

Industries, Osaka, Japan) dissolved in a nominally*@ae Tyrode

solution. After 30 min digestion, the left ventricle was rinsed with a

Kraftbrihe (KB) solution (Isenberg & Klokner, 1982) and cut into  DATA ANALYSIS

small pieces and shaken vigorously to separate cells. The cell suspen-

sion in the KB solution was stored in a refrigerator at 4°C for later use.p|| fitting procedures were done with DeltaGraph Pro ver 3.0.4 (Delta
Point, Monterey, CA) using the least-squares method. We us&d®a
obtain different levels of meaky,, necessary to employ variance-to-
mean analysis. Figure 1 shows representative concentration-response

Whole-cell patch clamp recordings were made with a patch clampre'atlons of B4"for l;,. As B&" at concentrations of 0.8v-1.8 mu

amplifier (Axopatch-1D, Axon Instruments, Foster City, CA) accord- allowed the minimal to the maximal change in megp bOt.h at =59
) - ; . . apd -109 mV, we used these concentrations of'Bar variance-to-
ing to the standard techniques. The patch pipettes had tip resistance 0 ) . ) )

) ; mean analysis. Data for concentration-response relation were fitted to
24 mQ. The cells were placed in a perfusion chamber attached to a
inverted microscope (IMT-2, Olympus, Japan), and constantly super- 9
fused with external solutions (their compositions are described later) at
36 + 1°C. Voltage stimulation and data acquisition were performed byL - -
the pCLAMP software (v.5.51, Axon Instruments) on a 486 DOS/V Imax 1+ ([Ba?*]/Ky™

PatcH CLAMP RECORDINGS

@
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wherel is the B&" blocked current]ax is the steady-state current in -59 mvV
the absence of B3, [Ba®"] is a concentration of B in the external 09 mv
solution, K is the dissociation constant, is the Hill-coefficient.

To obtain time constants from current relaxations caused Bi{-Ba A A
block or -unblock ofl,, Eq. 2 was used: 15;‘) )

t
I(l)zlss_lv'exp<_;> (2)

100
wherel, is the time-dependent curreiit, is the steady-state current,

I, is an adjustable constant,is the time constant.

All values are presented in terms of mearsem. Differences
between two groups were evaluated by Student&st where appro- 50
priate. One-way ANOVA or two-way ANOVA was first carried out to
test for any differences among the mean values of multiple subgroups.
When a significant value was obtained by two-way ANOVA, inter-
group comparisons were performed by Fisher’s protected least signifi- 0 ‘ ;
cant difference (Fisher's PLSD) if an interaction was not significant. 0
When an interaction was significant, one-way ANOVA followed by
Fisher's PLSD was performed on the same data for pairwise compari- -49 mv
sons. Significance was establishedPatalues < 0.05. AV my

B (nA)
EXPERIMENTAL SOLUTIONS

The composition of Tyrode solution was (invin NaCl 143, KCI 5.4,
CaCl, 1.8, MgCl, 0.5, NaHPO, 0.33, Glucose 5.5, and HEPES 5 (pH 0.5
= 7.4, titrated ly 1 N NaOH). The KBsolution was composed of (in
mwm): KCI 40, KOH 70, KH,PQO, 20, I-glutamic acid 50, taurine 20,
MgCl, 3, EGTA 1, glucose 10, and HEPES 10 (pH 7.4, titrated by
1 N KOH). The external solution for whole-cell recordings contained 40 T
(in mm): choline-Cl 143, KCI 5.4, CoGIl1.8 mm, MgCl, 0.5, glucose
5.5, HEPES 5 (pH= 7.4, titrated ly 1 N NaOH), andvarious con-
centrations of BaGl(0.3 wvm—1.8 mv). For solutions containing vari-
ous concentrations of B4 Ba?* was simply added to the external
solution, except when 1.8 mBaCl, was used, CoGlwas omitted. 0 1(’)0 ;00
KCl was omitted from the external solution to make théfikee solu- (ms)
tion.

The composition of the pipette solution for whole-cell recordings Fig. 2. Time-dependent changeslgf, due to B&*-induced block and
was (in mm): I-glutamic acid 110, KCI 20, KOH 110, MggB Na,ATP unblock. Dots indicate time courses of unblockisy &nd blocking B)
5, creatine phosphate 5, EGTA 10, and HEPES 5 (pH .4, titrated  of I,, by B&*. Actual current tracings are shown in the inset. Solid
by IN KOH). The estimated concentration of free Mavas 16um by lines were obtained by the least squares fit with Eqs@egext for
the formula developed by Fabiato and Fabiato (1979). To prepare thgetails). Arrows indicate the time constants derived from Eq. 2, and
pipette solution containing 1.6 mfree Mg, a total of 8 nm MgCl,  these are 286 msec in pakeand 22.4 msec in panBl. Inset: Currents
was added. For the Mg-free solution, 10 ma EDTA was added in  recorded during a 1-sec pulse to —=59 mV from a HP of —109 Ry (
place of 5 nm EGTA, the concentration of free Mwas estimated to  and during a 200 msec pulse to —109 mV from a HP of —49 B)/ (
be less than 1§ m. Spermine at 50 or 50p.m was added to the  the external solution contained 0.1mmBa?* to partially block the

Mg?*-free pipette solution. channel. The horizontal dashed line shows the zero current level. Data
were low-pass filtered at 2 kHz (four-pole Bessel type) and sampled at
500 Hz.
Results
pulse of voltage is applied to a cell in an external solution
CURRENT FLUCTUATIONS OF STEADY-STATE |\, IN THE containing B&*. A time constant is calculated from this
PRESENCE OFBa?* decay (the current relaxation experiment). The other

method is a steady-state noise analysis (Anderson &
To determine whether current fluctuation in our experi- Stevens, 1973).
mental condition was derived mainly from block and Figure 2A shows a representative current relaxation
unblock of I, channels by B&, we compared results experiment in the presence of 0.lvnBa?*. When the
from two different methods to analyze blocking kinetics. membrane was depolarized from =109 to -59 mV, the
One method utilizes voltage-dependence of Balock  outward current ofl,, increased graduallyséeinset)
of 1, channels. Because of this voltage dependency, hecause B# blockedl,, more potently at =109 than at
current relaxation is observed when a step command59 mV. The time-dependent increment of the outward
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A taining 0.1 nm Ba®*. The outward current at a holding
(A2Hz) potential (HP) of =59 mV (Fig. &) and the inward cur-

rent at -109 mV (Fig. B) were obtained from the same
cells shown in Fig. 2. The fluctuations may originate
from I, because external Kfree solution abolished
fluctuations ¢lata not showh It has been reported that
the absence of external'Kloses thd,, channels (Hall,
Hutter & Noble, 1962; Tohse, Kameyama & Irisawa,
1987). The current fluctuations were transformed with
FFT to yield the power density spectra (dots in Fig. 3).

A model that B&" blocks eacH,, channel by first-
order kinetics independently should give a spectral dis-
tribution of energy density according to Eq. 3 (Anderson
102 10 ‘ ! & Stevens, 1973):

1 10
Frequency (Hz)
» S
B A“IHz) =™ ..
10—20_ ) 1 + (f/fc)z

1020 _

1022

1024

®3)

whereS;, = the power density§,, = the power density
at frequencyf = 0, andf. = the corner frequency.
According to the previous report (Anderson & Stevens,
1973) this power distribution is Lorentzian, and the cor-
ner frequency is related to the relaxation time constant

10—21 -

(1) by
102
— 1 4
T 2m- fe “)
1023 : .
1 10 102 The solid lines were Lorentzian curves fitted to the
Frequency (Hz) power density spectra. The corner frequencies were de-

rived from these curves, and the time constants calcu-
Fig. 3. Power density spectra of Bablockedly, at HPs of -594) |ated were 465 msec and 10.5 msec, respectively. These
and ~109 mv B). Digitized fluctuations were transformed into the o0 \were comparable to those obtained from the cur-
frequency domain with the FFT algorithm. Each spectrum consists of . . . . .
mean values from 10 different recordings. The background noise ir{ent .relaxauon experiments in .Flg. 2. T_Ime constants
K*-free solution was subtracted. Dots are calculated power densipPtained by the current relaxation experiments and the
spectra. Solid lines were obtained by the least-squares fit with Eq. Steady-state noise analysis were not significantly differ-
(seetext for details). Arrows indicate the location of the corner fre- ent by unpaired—test (827.7 £31.4 and 450.8 £ 66 at —59
guencies, and these values are 0.342 Hz in paaeld 15.2 Hz in panel  mV/ (n = 4)' 16.1 + 3.7 and 9.3 + 0.6 at 109 m¥v (:
B. Data were low-pass filtered at 3 HA)(or 100 Hz B) with the 3)). The compatible time constants derived from two
Butterworth characteristics and sampled at 10 Aggnd 250 Hz B). different methods support the idea that2Binduced
block and unblock of,,; channels caused fluctuations of

current may be produced by the release of'Beom the steady-state Kcurrents.

I, channels. A single-exponential function fitted well
the time course of the increment. This finding is consis-THE VARIANCE-TO-MEAN ANALYSIS OF Ba?*-INDUCED
tent with the first-order kinetics of block df, channels  CURRENT FLUCTUATIONS OF |4
by B&*. The time constant obtained at -59 mV was 286
msec. We used various concentrations of48#o obtain differ-
In Fig. 2B, the time constant of block of inwargl;  ent levels of steady-statly,. Inset of Fig. A shows
by B&* was determined. BA gradually reduced the in- representative fluctuations d¢f, at a HP of =59 mV.
ward current because of plugging the poresg,gfchan-  The amplitude of the current fluctuation recorded with
nels. The current decay was also fitted well by a single0.1 mv Ba?* obviously increased, compared to that with-
exponential. The time constant of block by “Bavas  out B&*. On the other hand, the amplitude of the current
22.4 msec. fluctuation obtained with 1.8 mBa®* was smaller than
Figure 3 shows the power density spectra of thethat with 0.1 nm. The same tendency was observed at a
current fluctuations obtained in external solution con-HP of -109 mV éeeinset of Fig. B). Because Eq. 5
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A Ba?* free nnasespans A B
Ba?* 0.1 MM swtepuny
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§ 0.6
'§ -120 -100 -80 -60 -40 -120 -100 -80 -60 -40
>
2 Fig. 5. Densities of channel#\j and the channel open probabilitié®) (
were plotted against membrane potentials. Densities of channels were
obtained by dividing the number of channels per cell by the total cell
. . capacitance. Data are shown as measest. Numbers in parentheses
0 400 800 indicate the number of cells examined. No significant difference was
Current(pA) detected by one-way ANOVA. The intrapipette ®gconcentration
was 16uM.
Ba®* free iy H
B Ba?* 0.003 mM wywhy
BaZ* 1.8 MM  wwewmmm | 40 pA
400 ms INWARD RECTIFICATION PROPERTY OF THE

UNITARY CONDUCTANCES

Figure 5A shows the summary of the densities of chan-
nels plotted against membrane potentials with data from

E different cells. The calculated densities exhibited no
8 voltage-dependency. FigureBShows the voltage de-
§ pendence of the channel open probability. The channel
> open probability P) was calculated using Eq. 6:
P= I 6
: l - N . | ( )
-1000 500 0
Current(pA)

whereP = the channel open probability = the unitary

Fig. 4. Variance-to-mean analysis b, at a HPs of -59 mV4) and current,l = Iy, In the absence of gé’ N = the number
-109 mV @) in the presence of B4 The variance and the mean Of channels per cell. The open probabilities tended to be
current were averaged over 5 different traces, and the variance waBigher when the current flowed inwardly than outwardly.
plotted as a function of the mean current. As the background variancd his tendency might explain the inward rectification.
computed from currents in the*Kree solution was markedly small, However, no statistically significant difference was seen
compared with the variance in the presence of'Béhey were not among values at various HPs.

subtracted. Solid curves were obtained by fitting Eq. 5 to the daja . . . .
(seetext for details). Insets: Fluctuations):)f stegdyejsﬂ@tiewere re)— ( Figure 6 shows the .relatlonShl.p between the umt.ary
corded in the presence of various concentrations 3f Baa holding ~ conductances and holding potentials that was obtained
potential of =59 mV A) or ~109 mV @). from summarized data of different cells. The unitary
current in the outward direction was smaller than ex-
pected from that in the inward direction if the conduc-

holds for the relationship between variance and meaf@"c€ Of open channel is ohmic. The unitary conduc-

current (Noma, Peper & Trautwein, 1979), the data werdance in itself exhibited an inward rectifying property,
fitted by the least-squares method with Eq. 5. perhaps responsible for inward rectification observed in

the whole-cell mode.
|2
o =i~ N (5)  THE ROLE OF INTERNAL Mg@®" IN INWARD
REcTIFICATION OF THE UNITARY CONDUCTANCE

whereo? = the variancej = the unitary current| = It has been proposed that inward rectification is due to
the mean current\ = the number of channels per cell. block of channels by internal polyamines (Ficker et al.,
The data displayed in Fig. 4 were best fitted with Eq. 51994; Lopatin et al., 1994; Falker et al., 1995) and®¥Mg
using parameters (= 0.035 pA,N = 21637 for -59 (Matsuda et al., 1987; Vandenberg, 1987). If so, our
mV, i = —-0.066 pA,N = 18467 for —109 mV). results imply that internal polyamines and Mgeduce
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0023 300 & g
= o j= 9
g © °
| 0.04 < vimv) T 0 706
: -120 -100 -80 -60 -40 -120-100 -80 -60 -40
| 0.06 Fig. 7. (A) Voltage dependency of density of channel is shown at three
different internal Mg* concentrations: Mg free ©O); 16 um (®); 1.6
®) mm Mg?* (A). Two-way ANOVA detected significant difference
--0.08 among subgroups. Differences were significant by Fisher’'s PLSD be-

) ] ) ) tween Md" free and 1.6 m Mg?* (+P < 0.05) and between 16m
Fig. 6. Current/voltage relationship for the unitary conductance. DataMgz+ and 1.6 m Mg?" (*P < 0.05). ) Voltage dependency of the
are shown as meansem. Numbers in parentheses indicate the number ¢annel open probabilities is shown for the sameéMmncentrations
of cells examined. The solid curve was obtained by fitting the polyno- 54 i panelA. No significant difference was seen among these groups

mial function to the data. Note the inward rectification property. The by two-way ANOVA. The data for 16w Mg?* are the same as those
intrapipette Mg* concentration was 1f.M. shown in Fig. 5.

Table 1. Comparison of data for various intra-pipette concentrations of'Mg

Mg*"]

0 16 M 1.6 mv P-value
A. HP = -59 mV
Unit conductance (pS) 1.1 £ 0.27 11 + 0.14 05 + 0.05 p < 0.05
Open probability 0.725+ 0.018 0.752+ 0.036 0.647+ 0.032 NS
Channel density (/pF) 271 +67.6 310 +50.3 823 +130.2 P<0.05
B. HP = =109 mV
Unit conductance (pS) 32 = 05 34 £ 05 25 + 0.23 NS
Open probability 0.819+ 0.044 0.87 + 0.055 0.912+ 0.036 NS
Channel density (/pF) 417 +57.8 249 +39.5 430 + 69.5 NS

Unit conductance were computed by dividing the unit amplitudes by the driving forces that were calculated as
HPs minus E (-89 mV). Values of open probabilities and channel densities were the same as those in Fig. 7.
Values are mean sem. P values were obtained by Fisher's PLSD.

the unitary conductance in the outward direction. To asg?*, the unitary conductance in the outward direction

certain the effect of intracellular Mg on the unitary  \as smaller than in those with 16v Mg?*. However,

conductance Ole, we Compared results obtained with no Change was observed when we usedsze_

the pipettes containing Mg at concentrations of 1.6 These data suggest that internal ¥gontributes to the

mwm, 16 pm, and Mg*-free (10 mu EDTA). When we  reduction of the unitary conductance in the outward di-

used pipettes containing 64 Mg®" and Md*-free, the  rection, but cannot entirely explain the inward rectifica-

channel dens_mes were almost |dgnt|cal. However,_thqion property of single-channe;.

channel density was increased using pipettes containing

1.6 mm Mg?* (Fig. 7A, Table 1). This change is not

expected by M§'"-blocking of outwardl,,. Figure B  THE ROLE OF INTERNAL POLYAMINES IN INWARD

shows the channel open probability plotted against memRECTIFICATION OF THE UNITARY CONDUCTANCE

brane potential. Open probabilities were significantly

higher in the inward than in the outward direction. How- The results with M§" suggest that internal polyamines

ever, there was no significant difference among 18 m may also play some role in reducing the unitary conduc-

Mg?*, 16 pm Mg?* and Mg *-free @lso seeTable 1). tance in the outward direction. To determine whether
Figure 8 shows the effect of internal Kigon the  polyamines cause the reduced unitary conductance,

unitary conductance. In experiments using 1.6 m spermine at 50 or 50Qm was added to the Mg-free
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6) —008 Fig. 10. Effect of internal spermine on the current/voltage relationship

for the unitar n nce. Data represent the averaged values from
Fig. 8. The effect of internal M§" on the current/voltage relationship or the u .ta y conducta ce. . P } 9
. A the experiments when the pipettes includeduss0spermine A) or no
for the unitary conductance®, ® and A represent Mg'-free, 16um ) o .
spermine Q). There was significant difference between the two groups

2+ 2+ -
Mg ; and 1.6 m Mg, rgspgptlvely. \(oltage dependency of the by two-way ANOVA. Difference was also significant by Fisher's
unitary conductance was significantly different among subgroups by y . .
. - A PLSD (*P < 0.05). The data without spermine are the same those as
two-way ANOVA. Differences were statistically significant between shown in Fig. 8

Mg>*-free and 1.6 m Mg?* (+P < 0.05) and between 16m Mg?* and
1.6 mv Mg?* (*P < 0.05) by Fisher's PLSD. The data of {61 Mg2*
are the same as those shown in Fig. 6. 500 wM spermine, spermine was reduced to 5@ for
the noise analysis. Figure 9 shows the effects of internal
application of 50um spermine on density of channels
A B and the channel open probabilitgl¢o seeTable 2). Al-

") . ) though channel density tended to be reduced in the out-

® 5)00 @ 1 ward direction, it was not significant. Paradoxically, the
400 Z © 092 channel open _probabilities were increased by ;permine at

300§ o_g'g all HPs_ exqmmed. The unitary conductance in the out-

b 07 2 ward direction also tended to be reduced with |50

e 06 spermine, but it was not significant. In contrast, sperm-

Ve M® 1008 Vi) 058 ine significantly reduced the unitary conductance in the
0 0.4 inward direction, and may account for the reduced inward

120100 80 -60 40 120 -100 80 60 -40 l, produced by 50@m spermine (Fig. 10, Table 2).

Fig. 9. Voltage dependencies of density of channélsgnd the chan-
nel open probability B) calculated from the experiments when the Discussion
pipettes contained 5@m spermine A) or not ©O). Two-way ANOVA

did not detect significant difference between the two groups in panel
but did in paneB. The control data without spermine are the same as
those shown in Fig. 7.

As mentioned in the Introduction section, different levels
of mean current and current noise are needed for vari-
ance-to-mean analysis. Therefore, we prepared the ex-
ternal solutions containing various concentrations of
internal solution. We chose spermine because a physBa?*. This method assumes that current fluctuations are
ological concentration of free spermine was shown todue to B&" block and unblock of,; channels and not to
have strong effects on a cloned inward rectifiérdhan-  change in the unitary conductance. We checked the
nels, while spermidine was reported to be 100-fold lesformer assumption by comparing the time constants de-
effective than spermine, and putrescine was 10-fold lessived from steady-statg, with those obtained by cur-
abundant and 10,000-fold less effective than spermineent relaxation experiments. The similar time constants
(Bianchi et al., 1996; Falker et al., 1995). When we usedbtained by these two methods supports the first assump-
500 p™m spermine)l, recorded in the whole-cell mode tion. Although we could not verify the latter assumption,
decreased gradually in both the inward and outward diit does not seem unreasonable because it was reporte
rections throughout the voltage range testddtd not that the unitary conductance of, channels was the
shown. Because only small amounts of outward cur-same in the presence or absence of external Béam-
rents could be observed after intracellular perfusion witheyama et al., 1983; Sakmann & Trube, 1884
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Table 2. Comparison of data with and without intra-pipette spermine

[Spermine]

0 50 pm P-value
A. HP = -59 mV
Unit conductance (pS) 11 =+ 0.27 08 =+ 0.14 NS
Open probability 0.725+ 0.018 0.874 + 0.037 +p < 0.05
Channel density (/pF) 271 +67.6 187 +41.1 NS
B. HP = -109 mV
Unit conductance (pS) 32 + 05 1.7 £ 0.23 +p < 0.05
Open probability 0.819+ 0.044 1.02 + 0.06 *p < 0.05
Channel density (/pF) 417 +57.8 486 +94.3 NS

Unit conductance were computed in the same way as in Table 1. Values of open probabilities
and channel densities were the same as those in Fig. 9. Values are ismarPwalues were
obtained by two-way ANOVA (*) and by Fisher's PLSD (+).

In this study, the inward rectification property of the by Mg?* and/or polyamines. To check this possibility,
unitary conductance might mainly explain the inwardwe prepared pipettes which contained ¥gt a higher
rectification observed in the whole-cell mode. Under theconcentration (1.6 m free Mg?*) and almost no Mg
present experimental condition, the calculated equilib-As kinetics of Mg* block and unblock of,, is believed
rium potential for K was —89 mV. Therefore, the esti- to be fast (Ishihara et al., 1989), we speculated that the
mated chord conductance in the inward direction wageduced outward unitary conductance is due to the fast
2.5-3.4 pS, which is not far from the value expectedblock by Mg?*. When the intrapipette concentration of
from previous reports (Kameyama et al., 1983; SakmanMg?* was increased to 1.6 v the inward rectification
& Trube, 1984a; Kurachi, 1985). However, the outward property became stronger. On the other hand, the inward
conductance (0.5-1.1 pS) was smaller than the inwardectification property was still observed when we used
one (Table 1). The channel open probabilities tended tpipettes with no M§* (seeFig. 8 and Table 1). These
be higher at the hyperpolarized potential than at depodata indicate that the internal Migreduces the outward
larized potentials. However, statistically significant dif- unitary conductance, but is not entirely responsible for
ferences were not always seen. Thus, the voltage depethe inward rectification property.
dence of the channel open probability may contribute  Results with changes in the internal Mgconcen-
little to the inward rectification of, seen in the whole- tration suggest that polyamines and/or intrinsic gatings
cell mode. In some experiments, the channel densities ahay play roles to reduce the outward unitary conduc-
the depolarized potentials were higher than at the hypertance. Spermidine and putrescine are reported to have
polarized potentials. However, this observation cannofast enough kinetics. Ishihara et al. (1997) observed an
explain the inward rectification property of, in the instantaneous activation on hyperpolarization in almost a
whole-cell mode, because the increased number of chaMdg?*-free environment, and attributed this to a rapid
nels at depolarized potentials should increase outwardelief of endogenous spermidine block. Ficker et al.
current, and not decrease it. (1994) showed that putrescine reduced the unitary con-

The reduced outward unitary conductance does notluctance in the outward direction in single-channel stud-
necessarily mean real decrease in the maximum rate éés on mutant IRK1 channels. However, as stated in Re-
passing K ions through this channel. If kinetics of sults, we thought spermidine and putrescine was not ef-
block and/or unblock is faster than the limit of our time fective and/or abundant enough to play some roles in
resolution, individual openings become blurred and areaeducing the outward unitary current on physiological
seen only as extra “noise” and a lowered conductancesnvironment. Although the blocking kinetics of sperm-
(Hille, 19920). The reduced unitary outward current of ine is generally thought to be slow (Ishihara et al., 1997;
Karp Channels in the presence of internal M@Horie,  Yamashita et al., 1997), there is the report that indicates
Irisawa & Noma, 1987) is a good example of the blurredspermine has fast enough kinetics to cause the inward
opening. rectification. Lopatin et al. (1995) proposed a very fast

Intracellular Mg+ and polyamines cause inward rec- kinetic block by spermine itself for the HRK1 channel
tification (Ficker et al., 1994; Falker et al., 1995; Lopa- expressed inXenopusoocytes. If spermine causes the
tin, Makhina & Nichols, 1995; Ishihara, Hiraoka & Ochi, inward rectification of the unitary conductance, an incre-
1996). Therefore, it is highly probable that the outwardment in concentration of intracellular spermine must re-
unitary conductance is reduced by very fast blockf  duce the outward unitary conductance further. Our data
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showed that spermine had a tendency to induce stronger blqck of'adenogine-triphosphate-;ensitive potassium channel in
inward rectification, but no statistical significance was  9uinea-pig ventricular cellsl. Physiol.387251-272
seen seeFig 10 and Table 2) Recently Shyng et al Isenberg, G., Klokner, U. 1982. Calcium tolerant ventricular myocytes

. - . repared by preincubation in a “KB mediumRfluegers Arch.
(1996) reported that decreasing the level of putrescine 295‘)_6_18 P 9
doubled macroscopic potassmm conductance through @hinara, K. 1997. Time-dependent outward currents through the in-
clonedl, channel in one of Chinese hamster ovary cell  ward rectifier potassium channel IRK1: The role of weak blocking
line, as assessed BYRDb flux assay. Therefore, the en-  molecules.. Gen. Physiol109229-243
dogenous spermidine and/or putrescine may play moréhihara, K Hiraoka, M., Och_i, R. 1996. The tetravalent organic c_ation
important roles than spermine in reducing the unitary spermine causes the gatlng of the IRK1 channel expressed in mu-
conductance. Another possibility is that intrinsic gatings "€ fibroblast cellsJ. Physiol. 491367381

f the ch | he i d ificati Ishihara, K., Mitsuie, T., Noma, A., Takano, M. 1989. The ¥Mylock
of the channel cause the inwara rectification. and intrinsic gating underlying inward rectification of thé Kur-

In the present study, high intracellular Kfgin- rent in guinea-pig cardiac myocytek. Physiol.419:297-320
creased the density of functional channels. On the otheameyama, M., Kiyosue, K., Soejima, M. 1983. Single channel analy-
hand, spermine tended to decrease the densities of func- sis of the inward rectifier K current in the rabbit ventricular cells.
tional channels geeFigs. 7, 9, Table 1 and 2). This Jpn. J. Physiol 33:1039-1056 o _ 3
phenomenon can be explained by a difference of b|ock1<urach|, Y. 1985. Voltage-dependent activation of the inward-rectifier

. . . . ] potassium channel in the ventricular cell membrane of guinea-pig
ing kinetics between Mg and polyamines. In the pres heart.J. Physiol. 366:365-385

ence of Mé+v la channel r_nay quickly transit between Lopatin, A.N., Makhina, E.N., Nichols, C.G. 1994. Potassium channel
an open state and a short-lived blocked state. Therefore, piock by cytoplasmic polyamines as the mechanism of intrinsic
the Mg**-blocked I, channel seems to be functional rectification. Nature 372:366—369

with a reduced unitary conductance, because the channkbpatin, A.N., Makhina, E.N., Nichols, C.G. 1995. The mechanism of
cannot transit to Iong—lasting closed state (shut without inward rectification of potassium channels: “Long-pore plugging”

Maz"). On th her han hannel cl nd hardl by cytoplasmic polyaminesl. Gen. Physiol106:923-955
9 ) On the other ha dKl channel closes and ha dy Matsuda, H. 1988. Open-state substructure of inwardly rectifying po-

transits to the open state In the presence of pplyamlnes. tassium channels revealed by magnesium block in guinea-pig heart

Hence,l,-channel slowlly blocked by polyamines ap- cells. J. Physiol.397237-258

pears to be as nonfunctional channel. Matsuda, H., Saigusa, A., Irisawa, H. 1987. Ohmic conductance
through the inwardly rectifying K channel and blocking by internal
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