
INTRODUCTION

Excitable membranes show nonlinear
changes in their conductance with voltage, a
phenomenon referred to as rectification [8].
The polarity of rectification is called inward
when ions get into the cell through channels
more easily than they get out, and outward
rectification describes the reversed phenome-
non.

The functional significance of rectifica-
tion depends critically on the polarity and
degree of rectification.  For example, strong
inward rectification due to a potassium cur-
rent termed IRK is essential for the stable
resting membrane potential at about －90
mV and long plateau (range, 100‒300 ms)
that is a feature of the action potential in
cardiomyocytes; under physiological condi-
tions, very little IRK flows outwardly at
potentials positive to －40 mV, which there-
by avoiding the short-circuit for the action
potential and hence minimizing the ATP
consumption for pumping out sodium and
calcium ions entering the cells during the
plateau [8].  A potassium current with elec-
trophysiological properties identical or at
least quite similar to IRK also occurs in
many cell types including skeletal muscles,
nerve and glial cells, endocrine cells,
immune cells, and endothelial cells [14].

Regarding the pharmacology of IRK, it
has been known that IRK is sensitive to the

block by barium with an IC50 value less than
100μM [1, 4, 6, 7‒9, 14, 18, 20].  The block
is characterized by its time- and voltage-
dependence, and greater and faster block
occurs with increased negativity of the mem-
brane potential.  Fig. 1 shows whole-
cell/patch-clamp recordings from human
endothelial cells, and is an example of the
barium-induced IRK block [15, 17, 19].

Voltage-dependent block on ionic cur-
rents has been found in many excitable
membranes and studies of these mechanisms
provided quite useful information about the
structure and function of ion channels [1].
In this article, we will review the theoretical
background for the actions of barium on the
IRK channels by focusing on two different
biophysical models: first, the constant-field
model and second, the energy-barrier model.

Since these models basically deal with ele-
mentary properties of ions in solution, those
readers who might not be familiar with ther-
modynamics are suggested to skip those
equations with which results in Fig. 3 and
Fig. 5 have been calculated.

Constant-field model
Fig. 2 illustrates electrodiffusion of ion S

having valence of zs across a hypothetical
membrane in the presence of electrochemi-
cal gradients for S.  According to Nernst [13]
and Planck [16], the ionic current carried by
S (Is) can be expressed as the Nernst-Planck
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equation,

Is＝ －zs FDs (dcs/dx＋(Fzs cs/RT)(dΨ/dx))
…………………………………………… (1)

where Ds, dcs/dx and dΨ/dx denote diffu-
sion coefficient of Fick, the concentration
profile for S and the electrical potential pro-
file within the membrane, respectively.  F, R
and T are Faraday’s constant, gas constant
and the absolute temperature, respectively.

The most commonly used theory for
describing ionic current of excitable mem-
brane is based on Goldman [5] and Hodgkin
and Katz [10], and hence the theory is called
the Goldman-Hodgkin-Katz (GHK) constant-

field model.  There are basic assumptions
for this model.  First, the movement of ions
within the membrane follows the Nernst-
Planck equation; second, ions move across
the membrane without interacting with each
other; and finally, dΨ/dx in Eq. 1 is con-
stant defined as －dΨ/dx＝E.  The integra-
tion of Eq.1 across the membrane having the
thickness of l gives,

I s＝Psz s
2  EF2/RT・ ([S]i－ [S]oexp(－ z s

FE/RT))/(1－exp(－zs FE/RT)) …… (2)

where Ps represents permeability of S which
can be defined by multiple of Ds and water-
membrane partition coefficient (βs) divided
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Fig. 1 The barium-induced IRK block in cultured human umbilical vein endothelial cells.  A: shown
are superimposed IRK traces in response to 21 different command pulses (not shown here
for the simplicity of the illustration) from the holding potential of 0 mV.  The pulses started
from ＋30 mV with －10 mV increments.  Left, control in 150 mM potassium.  Right, bari-
um (60 μM).  B and C: I-V curves when measured at 1 and 173 ms after the onset of com-
mand pulses.  Filled circles, control. Open triangles, barium (60 μM).  Filled triangles, bari-
um (300 μM, current traces not shown in A).  Open circles, wash.  METHODS: cultured
endothelial cells were obtained with methods described by Jaffe et al. [11].  The bath solution
was composed of (mM) 150 KCl, 2 CaCl2, 1 MgCl2, 10 HEPES, 12 dextrose (pH 7.3 with
KOH).  The pipette solution was composed of (mM): 120 K-aspartate, 40 NaCl, 5 HEPES, 11
EGTA (pH 7.3 with KOH).  Liquid junction potential of 10 mV has been corrected for all the
data points.  Experiments were carried out at 22‒24 ℃.  Results presented here are unpub-
lished observations by T Tokimasa, A Surprenant and RA North.



by the thickness of the membrane or Ps＝Ds

βs/l.  Fig. 3 illustrates current-voltage (I-V)
curves based on Eq. 2 for four different
[S]o/[S] i values assuming that ion S is a
monovalent cation having the Ps value at 1.0
cm/s.  It is clear from Fig. 3 that GHK
model can only describe outward rectifica-
tion with negative reversal potentials, and
inward rectification with positive reversal
potentials.  This is not realistic for IRK how-
ever.

Energy-barrier model (Eyring rate theory)
An alternative formulation is called the

energy-barrier model or the Eyring rate the-

ory [3] in which the thermodynamic rate
coefficient for chemical reactants can be
described in terms of energy barriers which
must be hopped over by reactants (Fig. 4).
This theory can be applied for ionic currents
if we assume that each ion crossing the
membrane from one side to the other must
hop over an energy barrier.

Based on the law of mass reaction, the
flux of a reactant is proportional to the con-
centration of the reactant, and the propor-
tionality constant is named rate coefficient k.
Hence, for ion flux through a single energy
barrier in Fig. 4, the influx (J i) and efflux
(Jo) can be written as,

Ji＝k1βs [S]o …………………………… (3)
Jo＝k2βs [S] i …………………………… (4)

where K1 and K2 are rate coefficient, [S]o

and [S] i, βs have the same meaning as that
for the constant-field model.  According to
Arrhenius [2], the rate coefficients at ther-
modynamic equilibrium can be expressed
as,

K1＝A・exp (－U/RT) ……………… (5)
K2＝A・exp (－U/RT) ……………… (6)

where U represents the standard free energy
of activation and A is a constant which is
characteristic for hopping over the barrier.
When an electric field E is applied to the
membrane, the free energy of activation is
no longer symmetrical since the energy bar-
rier is influenced by a factor of δzsFE,
where δ represents the location of the bar-
rier.  Thus,

K1＝A・exp(－(U＋(1－δ)zs FE/RT))＝
k(0)・exp((1－δ)zsFE/RT) ………… (7)

K2＝A・exp(－(U－δzs FE/RT))＝k(0)・
exp(δzsFE/RT) ……………………… (8)

where, K(0)＝A・exp (－U/RT).  The net
current flow across the membrane is,

Is＝zsF (Jo－Ji)………………………… (9)

Hence,

Is＝zsFβsko([S]i・exp (δzsFE/RT)－[S]o・
exp(－(1－δ)zsFE/RT)) …………… (10)
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Fig. 2 Electrodiffusion in hypothetical mem-
brane.  Cs(x) and ψ(x), respectively
denote the concentration profile of ion
S, and the electrical potential profile
within the membrane having the thick-
ness of l.

Fig. 3 I‒V curves predicted with the GHK-equa-
tion.  Curves are drawn from Eq. 2 with
[S]o/[S]i value at 0.033, 0.333, 1 and 30
as indicated.  Ordinate is in an arbitrary
unit.



Fig. 5 shows I‒V curves calculated with
Eq. 10.  Unlike the constant field model, the
Eyring rate theory can predict either inward
or outward rectification with positive or neg-
ative reversal potentials.  As can be seen in
Fig. 5, the degree of inward rectification
depends on the ratio [S]o/[S] i for any fixed
value of δ.

Woodhull model for channel block
In this section, we will consider some

extension of the Eyring rate theory devel-
oped by Woodhull [21].  This model (now
called Woodhull model) is based on the fol-
lowing assumptions (Fig. 6).  First, there is a
barium binding site (X) inside the channel
flanked by energy barriers, and the binding
of barium to the site X follows first-order
kinetics with a one-to-one ratio.  Given that
barium can reach the site X from either side 
of the membrane,
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Fig. 4 The energy-barrier model.  Symmetrical free energy profile such as
that shown in A becomes asymmetrical when the membrane poten-
tial of E is applied to the membrane.  In B, the profile is drawn on
an assumption thatδequals 0.5.

Fig. 5 I‒V curves predicted with the energy-barrier model.  Curves are
drawn from Eq. 10 with [S]o/[S]i value at 0.02, 0.1 and 1 as indi-
cated.  Like in Fig. 4, ordinate is in an arbitrary unit.



where K i (s－1) denotes the rate constant for
the direction specified; K1 and K－2 are pseu-
do first-order rate constants since they
include the factors for the concentration of
barium.  Second, the K i varies as exponen-
tial function of the membrane potential as
in the Eyring rate theory [2].  Third, potassi-
um cannot pass through the channel when
barium occupies the site X, and a current
carried by barium is negligible compared to
IRK.  Fourth, potassium does not interfere
with the binding of barium to the site X.
Fifth, all channels are open but the
Woodhull model does not deal with how
they open.  Finally, the system as a whole is
in a steady-state of blockage.

The probability (p) that the site X is not
occupied by barium is constant at the steady-
state and hence the p value can be described
by a ratio of the sum of rates for leaving the
site X to the sum of all rates or p＝(k－1＋
k2)/(k1＋k2＋k－1＋k－2).  Given that a voltage
(E) is applied to the channel and the site X
locates at δ (0≤δ≤1, δ＝0 at the outer
margin of the membrane), the rates can be
expressed by,

k1＝ [Ba]o a1 exp((－U1/RT)－ (－ zδ
FE/2RT)) …………………………… (11)

k－1＝a－1 exp((－U－1/RT)＋(zδFE/2RT))
…………………………………………… (12)

k2＝a2 exp((－U2/RT)－((－z (1－δ)δ
FE/2RT))) …………………………… (13)

k－2＝[Ba]i a－2 exp((－U－2/RT)＋((z (1－
δ)δFE/2RT)))……………………… (14)

where [Ba]o and [Ba]i denote the concentra-
tion of barium in the bulky solution sur-
rounding the channel, and a i denotes the
proportionality constant in case [Ba]o and
[Ba]i are different from the real concentra-
tion of barium within the channel.  Let,

b i＝ai exp(－Ui/RT) ………………… (15)

then,

…………………………………………… (16)

This is a general formulation for the bari-
um-induced IRK block in which the relation-
ship between b1, b－1, b2 and b－2 is restricted
to b－2/b2＝b1/b－1, since, if E＝0 and [Ba]o＝
[Ba]i, the net transport must be zero for bar-
ium.  The δ value can be estimated from
this equation.

There is another method to estimate the
δ value by measuring the time constant of
the barium-induced IRK block (see Fig. 1).
The reversible binding between the channel
(R) and barium (Ba) can be formulated as,

where BaR denotes the blocked channel, and
K1 (s－1 M－1) and K2 (s－1) represent the for-
ward and reverse rate constants.  The quo-
tient K2/K1 equals the equilibrium dissocia-
tion constant Kd.  In equilibrium,

k1[Ba][R]＝k2 [BaR] ………………… (17)

The extent of the block expressed as the
ratio of currents with and without barium
(defined as y) can be written as,

Ba＋R　　BaR  K1

K2

p＝

b–1

b1
exp

zδFE
RT
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b2

b1
exp

2δ－1 zFE

αRT
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exp

zFE
2RT
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RT
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Fig. 6 The Woodhull model illustrating the
Free energy profile of the channel and
the blocking site.  Ui and Ki. represent
the heights of the energy barriers and
the rate constants, respectively.



y＝[R]/([R]＋[BaR])＝Kd/(Kd＋[Ba])
…………………………………………… (18)

This is a modified form of the Langmuir
bimolecular absorption isotherm.  Fig. 7
shows a series of theoretical curves drawn
from Eq. 18 with 5 different Kd values
between 20 and 100 μM, implying that the
Kd value would be close to 20 μM in human
endothelial cells (see Fig. 1).  Hagiwara et al
[7] have demonstrated that the y value lin-
early related to the time constant (τ) of the
blocking action of barium which was quite
easy to be measured.  Hence, the τ value
can be written as a function of [Ba] and
membrane potential (V) in a formula,

τ＝α K(V)/(K(V)＋[Ba]) ………… (19)
K(V)＝K(0) exp(2δFV/RT) ……… (20)

where α is a scaling factor in α＝τ/y,
K(0) represents the Kd value at 0 mV.  Fig.
8 shows an example for the voltage-depen-
dence of τ in human endothelial cells.  The
δ value obtained from the curve fitting to
the data points is about 0.35, indicating that
the blocking site locates at about one third

from the outside margin of the channel.
Comparable though somewhat larger values
(0.5‒0.7) have been reported in other cell
types such as the guinea-pig cardiomyocytes
[9], the starfish egg cells [8] and the frog
skeletal muscles [18], indicating the validity
of the Woodhull model for IRK.

OVERVIEW

The Woodhull model based on the rate
theory can provide useful information about
the properties of potassium channels respon-
sible for IRK.  The amino acid sequence of
the pore region of many potassium channels
have recently been elucidated by molecular
cloning [14].  Kavanaugh et al [12] identified
a tyrosine at the C-terminal end of the pore
region of the Shaker channel (now called
Kv1. 1) that determines sensitivity of this
potassium channel to tetraethylammonium
(TEA); point mutation of this tyrosine in
Kv1. 1 to valine (the equivalent residue in
Kv1. 2 which is insensitive to TEA) made
Kv1. 1 insensitive to TEA, and the reverse
mutation in Kv1. 2 made the channel senti-
tive to TEA.  Hence, a motif responsible for
the energy-barrier as well as the barium
binding site could be identified in a near
future so as to reveal the structure-function-
relationship for the IRK channels.

ACKNOWLEDGEMENTS

This work was supported in part by
Suekane Clinic for Obstetrics & Gynecology
and Ueta Clinic.

REFERENCES

1) Armstrong CD: Ionic pores, gates and gating cur-
rents.  Q Rev Biophys 7: 179‒210, 1975

2) Arrhenius SA: Über die Reaktionsgeschwindigkeit
bei der Inversion von Rohrzucker durch Säuren. Z
Phys Chem 4: 226‒248, 1889

3) Eyring H: Viscocity, plasticity, and diffusion as
examples of absolute reaction rates. J Chem Phys 4:
283‒291, 1936

4) Gay L, Stanfield PR: Cs＋causes a voltage dependent
block of inward K＋currents in resting skeletal mus-
cle fibres.  Nature 267: 169‒170, 1977

5) Goldman DE: Potential, impedance, and rectification
in membranes. J Gen Physiol 27: 37‒60, 1943

6) Hagiwara S, Miyazaki S, Rosenthal NP: Potassium
current and the effect of cesium on this current dur-
ing anomalous rectification of the egg cell mem-
brane of a starfish.  J Gen Physiol 67: 621‒638, 1976

7) Hagiwara S, Miyazaki S, Moody W, Patlak J:
Blocking effects of barium and hydrogen ions on
the potassium current during anomalous rectifica-
tion in the starfish egg.  J Physiol 279: 167‒185,

152 ― A. TANAKA et al.

Fig. 7 Actions of barium on IRK at the steady-
state.  Theoretical curves are drawn from
Eq. 18 with the Kd value at from left to
right 20, 40, 60, 80 and 100 μM.  Tha
quotient “unblocked/control” in ordi-
nate denotes the amplitude of the
unblocked IRK relative to its respective
control at the steady-state.  The Kd value
would be about 20 μM in human
endothelial cells as judged by the degree
of the IRK block shown in Fig. 1.



1978
8) Hille B: Mechanism of block.  In Ionic channels of

excitable membranes.  2Nd edition, Hille B (Ed),
Sinauer, Sunderland, 390‒422, 1992

9) Hirano Y, Hiraoka M: Barium-induced automatic
activity in isolated ventricular myocytes from guinea-
pig hearts.  J Physiol 395: 455‒472, 1988

10) Hodgkin AL, Katz B: The effect of sodium ions on
the electrical activity of the giant axon on the squid.
J Physiol 108: 37‒77, 1949

11) Jaffe EA, Nachman RL, Becker CG, Minick CR:
Culture of human endothelial cellsderived from
umbilical vein.  Identification by morphologic and
immunologic criteria.  J Clin Invest 52: 2745‒2756,
1973

12) Kavanaugh MP, Varnum MD, Osborne PB, Christie
MJ, Busch AE, Adelman JP, North RA: Interaction
between tetraethylammonium and amino acid
residues in the pore of cloned voltage dependent
potassium channels.  J Biol Chem 266: 7583‒7587,
1991

13) Nernst W: Zur Kinetik der in Löung befindlichen
Köper: Theorie der Diffusion. Z Phys Chem 613‒637,
1888

14) Nicholas CG, Lopatin AN: Inward rectifier potassium

channels. Annu Rev Physiol 59: 171‒191, 1997
15) Nilius B, Riemann D: Ion channels in human

endothelial cells. Gen. Gen Physiol Biphys 9: 89‒112,
1990

16) Planck M: Ueber die Potentialdifferenz zwischen
zwei verdünten Löungen binarer Elektrolyte. Ann
Phys Chem Neue Folge 40: 561‒576, 1890

17) Silver MR, DeCoursey TE: Intrinsic gating of inward
rectifier in bovine pulmonary artery endothelial cells
in the presence or absence of internal Mg2＋.  J Gen
Physiol 96: 109‒133, 1990

18) Standen NB, Stanfield PR: A potential- and time-
dependent blockade of inward rectifcation in frog
skeletal muscle fibres by barium and strontium ions.
J Physiol 380: 169‒191, 1978

19) Takeda K, Klepper M: Voltage-dependent and ago-
nist-activated ionic currents in vascular endothelial
cells: a review.  Blood Vessels 27: 169‒183, 1990

20) Williams JT, North RA, Tokimasa T: Inward rectifi-
cation of resting and opiate-activated potassium cur-
rents in rat locus coeruleus neurons.  J Neurosci 8:
4299‒4306, 1988

21) Woodhull AM: Ionic blockage of sodium channels in
nerve.  J Gen Physiol 61: 687‒708, 1973

Theoretical Background for Inward Rectification ― 153

Fig. 8 Voltage-dependence of the time constant for the barium-induced IRK block.  Shown are data
points (means±SEM) obtained from 5 cells with 60 μM (open circles) and 300 μM (filled
circles).  The mean values were fitted (least squares method) to Eq. 19 and α＝4098, K(0)＝
14 μM and β＝0.39 gave the best fit for results with 300 μM.  Respective values were 3160,
18 μM and 0.32 for the results with 60 μM.  Continuous lines are drawn from Eq. 19.
Results presented here are unpublished observations by T Tokimasa, A Surprenant and RA
North.


