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Abstract

Two models for ‘inward’ rectification: the ‘Blocking Particle (B.P.)’ and the
‘Electrochemical-Gating (E.G.)’ hypotheses, previously developed to account
for the steady-state conductance, are extended here to deduce the expected
relaxation currents in voltage-clamp conditions. Although restrictive
assumptions are considered for mathematical simplicity (e.g. a one-site pore
is assumed in the (B.P.) model and a one-gating site in the other), it is never-
theless remarkable that the two viewpoints predict very different behaviors
for the time constants of relaxation, suggesting thus experiments that may be
of value for discriminating between alternative mechanisms: more precisely,
in the (B.P.) model the time constant of relaxation increases with increasing
the external potassium, while the opposite is expected in the (E.G.) model.
Under appropriate conditions, and when the internal potassium concentration
is constant, both models yield equations for the time constants that can be
expressed as function of AV = ¥V — V4, V being the actual membrane
voltage and V3 the resting potential. However, also in this case, the directions
of the dependence are different, the expectations of the (E.G.) hypothesis being
in surprisingly good agreement with the existing data. In the Discussion
section a slightly more complex version of the (E.G.) model is considered,
whereby the voltage dependence of the instantaneous conductance, found
experimentally, is rationalized without postulating rectification of the single
pore.

1. Introduction

This paper deals with the time-dependent behavior of the membrane current
deduced from two different models for ‘anomalous rectification’. ‘Anomalous’,
‘or ‘inward rectification’ is a property of certain potassium-permeable membranes
that was discovered in muscle by Katz (1949), and was later analyzed in the same
tissue by Hodgkin and Horowicz (1959), Adrian and Freygang (1962a,b),

* This work has been supported by the grant USPHS GM 27042-04 and by a grant from the
Muscular Dystrophy Association through the Jerry Lewis Neuromuscular Research Center.

© 1982 Australian Scientific Press

228

Study of relaxation currents 229

Nakajima et al. (1962), Adrian (1964, 1969), Horowicz et al. (1968), Adrian et al.
(1970), Almers (1971, 1972), Gay and Stanfield (1977), Standen and Stanfield
(1978), Hestrin (1981). ' . .

A similar rectification was found and studied also in other preparat10n§, such.
as the egg membrane of a tunicate, by Takahashi et al. (1971) and'Mlyazakl
et al. (1974), as well as in the egg membrane of certain starfish, by Haglwarz.l and
Takahashi (1974), Miyazaki er al. (1975), Hagiwara et al. (1976) and Hagiwara
and Yoshii (1979). ' . .

The typical features of membranes with inward rectification can be summarized

as follows:

(1) The ionic pathway is impermeable to anions, and the selectivity sequence
for the monovalent cations is similar to that of the K *-channel of nerve.

(2) When K™ is the only permeant cation present, the membrane rectifies,
showing much larger conductance for inward than outward currents.

(3) When the internal K* is kept constant, the steady-state confiuctance, Q,
can be viewed as a function AV = V — V;, Vg being the resting potential
and V the actual membrane potential. In this respect, the behavior is different
from that of the delayed rectifier of nerve or muscle, where the conductance
depends solely on the voltage, V.

(4) Both in starfish egg cells (sec Hagiwara et al., 1976) and in muscle'(‘see
Hestrin, 1981), the transients of current elicited by steps of hyperpolarizing
potentials can be fitted by a single exponential with a time cc.)nstant that
decreases when either hyperpolarization, or the external potassium concen-
tration, or both, are increased. Moreover, the data on muscle indicate that
this time constant is insensitive to changes of internal potassium.

Recently, two classes of physical models have been proposed to-account for
the steady-state properties of inward rectification. We shall refer‘ to them as the
‘Blocking Particle’ and the ‘Electrochemical-Gating’ hypothesis, respectively.
The “Blocking Particle’ hypothesis was formulated originally by Armstrong (1975),
and was subsequently elaborated by Hille and Schwartz (1978.), as well as by
Standen and Stanfield (1978a,b). The main idea is that rectiﬁcatlor.l is due to the
presence, inside the cell, of large cations that can move part way mnto the pores,
but are unable to cross them completely. Thus, when a pore is ob§trugt?d by a
blocking cation, conduction in that pore will cease. It should b(? mtuxt.xve that
lowering the membrane potential and increasing external potassium will favor
removal of the blocking cation from the channels, causing the conductgnce to
increase, while the opposite effect will result from raising the potential and
decreasing the external potassium.

The alternative class of models, proposed by Ciani ef al. (1978) and refel"red to
as ‘Electrochemical-Gating’, is based on the idea that the membrane poten'tlal and
the external potassium ions are both implicated in the processes of opening and
closing the channels, with the important assumption, however, that the pathway
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through which potassium operates in its gating role is physically separate from that
of permeation. An example of this class of models, somehow similar to the one
proposed by Bauman and Mueller (1974) for the gating of alamethicin, is that in
which the formation of conductive pores requires a voltage-dependent orientation
of membrane-bound dipoles followed by complexation with external potassium
ions. This mechanism has been analysed in detail in a previous paper to account
for the steady-state conductance (see Ciani et al., 1978). Another example of
‘Electrochemical-Gating’, shown in Figs 2 and 4, and considered in this paper, is
that in which one gating site, located near the inner surface of the membrane, but
accessible only from the outside via a pathway different from that of permeation,
must bind an external cation before the channel can open. Since the site is located
in a voltage sensitive region, it is intuitive that also in this picture gating depends
on both voltage and external potassium.

In order to derive testable results that may be helpful for distinguishing between
alternative mechanisms, we shall now consider one example of each class of models,
and shall analyze theoretically the expected time course of the current elicited by
the application of voltage steps. Since the study of the time-dependent properties
is mathematically more complicated than that of the steady-state ones, and given
that, at this stage of still preliminary understanding of the system, the qualitative
behavior of the results may be more meaningful than the quantitative details, we
shall not hesitate to use simplifying assumptions that, although restrictive, will
nevertheless lead us to unambiguous predictions. Thus, for example, in the
‘Blocking Particle’ model we shall assume that the pore has only one internal
site that can be occupied either by the permeant or the blocking cation. Conse-
quently, multi-occupancy of the pore by potassium ions (a feature that is essential
to explaining both the anomalous behavior of the flux ratio and the steepness of
the voltage dependence of the conductance), will not be allowed for. The justi-
fication for using this assumption all the same is, however, that the quantity of
main interest in this paper, the time constant of relaxation for the onset of
rectification, is probably unrelated to the mechanism of potassium permeation; in
which case it seems plausible that simplifying assumptions concerning the details
of such mechanism may not invalidate the results about the time constant.

Simplifying assumptions will also be used in the treatment of ‘Electrochemical-
Gating’. Most importantly, we shall restrict to the case of only one gating site per
channel, even though the steepness of the dependence of the steady-state conduc-
tance on AV, as measured by Hagiwara and Takahashi (1974) in starfish egg cells,
was shown by Ciani et al. (1978) to require that there be at least three. Although
the discrepancy between the data and the results of this simplified model cannot
be overlooked in the case of the starfish, it is nevertheless worth recalling that a less
steep dependence of the conductance on voltage was observed in skeletal muscle
by Adrian and Freygang (1962a,b), and even a less steep one in cardiac Purkinje
fibers by McAllister et al. (1975), the last case being actually compatible with the
assumption of one ‘gating’ site only.
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2. Results

jon currents in the ‘Blocking Particle’ hypothesis
2.1A5.illzxfr:gr)1tioned previously, the model of Hille and Schwartz (1978) will 'be
simplified, assuming that the pores have only one interpal §1te that can be occupied
either by potassium or the blocking cation. The latter ion is ?.ssumed to be present
intracellularly and, while capable of entering the channel, is h.owever, unable to
cross it completely. As illustrated in Fig. 1, not only the height of the energy

BV

[

Fig. 1. Diagram for the one-site pore used in the treatment of the ‘Blocking Particle’ model. 'Ite
blocking cation is present in the internal compartment and can move only part way across the
channel.

barriers, but also the location of the site may, in principle, be d%ﬂ‘er.ent for the twcf
ions. Consistently with this physical picture, the pore can exist in three state:.
empty, occupied by the permeant ion (e.g. p'otassumf)_, and bloclfed, namely
occupied by the blocking cation. The corresponding densities of pores in each state
will be denoted by N,, N, and N, respectively. Using the same symbols as those
of Fig. 1 for the rate constants, the kinetics of transition between the three states

will be described by the following equations:

dN - P al ="
Y _ WC*N. — ¥N + g’C'N, — #'N
M 7
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)] d‘rB = figCgN, — VsV

€)) NT =N, + N + Ng,

where Cy is the internal concentration of the blocking cations, and C*® and C' are
the external and the internal concentrations of potassium, respectively. Using the
formalism of Eyring’s rate theory to express the dependence of the rate constants
on potential, we have

(4) l«_l, — /,t'e_”¢; ﬁ’ — vleq¢; ﬁ// — u”esd;; vr/ — vue—r¢;
g = ppe™®; ¥y = vge 8¢
where ¢ is the total membrane potential, while the coefficients of ¢ in the exponents

indicate fractions of such potential, as illustrated in Fig. 1. From microscopic
reversibility it also follows that

(5) ﬂlvu — ”I’vl.

If considered positive when directed inward, the fluxes of the permeant ion across
the outer and the inner energy barriers are given by

© J' =@ CN, — VN
and
(7) J" = —//N - ﬁ"CiNe

respectively, while the flux of the blocking cations across the only barrier permeable
to them (namely the barrier between the site and the intracellular space) is

(8) JB == VBNB - ﬁBCBNe‘

Clearly, at steady state Jp vanishes and J' = J”. However, during relaxation,
after a pulse is applied, neither does J, vanish, nor are J’ and J” necessarily equal
to each other. The problem therefore arises of finding an expression for the total
density of current during the transient state. It is shown in the Appendix that
such current density can be expressed, in terms of the fluxes, by

©) S=G D O+ I+ + s,

where p, g, r, s, ry and sy are the fractional distances introduced in €q. (4), whose
physical meaning should be apparent from inspection of Fig. 1. Realizing from the
same figure that

(10 PHg+r+s=1,

it is clear that, at steady state, eq. (9) reduces to J (or J”). If the rate constants are
independent of the ion concentrations inside the membrane, egs (6) to (9) show
that the current density is a linear function of the three variables, N,, N and Ny,
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so that an explicit expression for I can be obtained after integration of egs 1)
and (2). Observing, with the aid of eq. (3), that only two of the three Yanables,
N., N, Ng, are independent, we can anticipate that thc.e general expression for 1
will contain the sum of two exponential functions of tlmff, c}'naracterxzed by t_wo
time constants, 7, and t,. Although the mathematical derivation of the equat{on
for I is straightforward, the exact results (in particulefr those fo'r the 'relaxa~t10n
amplitudes), are too lengthy to be useful. Fortunately, sm.lple consnderat.lons, given
below, suggest that the only case of interest for a meanmgful. comparison of the
model with the data is that in which the kinetics of the blocking particle is much
slower than that of the permeant jon (in which case the expressif)ns deduced from
the exact integration of eqs (1) and (2) can be simplified considerably). In fact,
the exact integration of egs (1) and (2) shows that, if the rate const'fmts of .the two
ions are comparable, the time constants, 7, and 7,, though numerically different,
will both have the order of magnitude of the reciprocal of those constants. Now,
since the available data about the single channel conductance indicate' that the
rate constants of the permeant ions are much too large to yield experimentally
resolvable relaxations, it is clear that neither time constant of the m‘odel copld
possibly be identified with the measured one if the kinetics of the blocking particle
were as fast as that of the permeant ions. Consequently, we are forced to conclude
that a necessary prerequisite for relating one of the tVYO time con§t:cmts of the model
(namely, the slowest), to that seen experimentally is the condition that the rate
constants for the blocking particle be much smaller than those of thet perx‘neant
ions. Thus, making this assumption, and following the pl’.ocedure outlmed'm ‘the
Appendix for the derivation of the results, the current density after the application

of a step of voltage (from ¢, to ¢) is given by
an Kt,60$) = Ko0,0){1 + a1 ®}.

The explicit expressions for I(c0,$), ©(¢) and a(¢,,$) can be written in a simple
form using the following definitions:

(12) Ry(¢) = Kne(m+sn)¢; Ky = pglvy
and
(13) M(¢) =g C* + 'C'; P(§) =7 + V.

With the aid of eqs (12) and (13) we find

N T#lv”e(q +35)¢

. o9 Ci
(14 (.8) = 4y 5 PO + Bl - ¢ )
fin($)C
(15) 1/1(¢) = ¥(9) + ﬁﬁ@/]ﬁ)
NB((X),¢) - NB(00,¢0)

(16) ‘ , U(Po,P) = NTi(d)e(d)
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where
e
(17 Ny(o0,) — AIZ( gn(¢)_cn
1+ 1—)@3 + Kg(¢)Cy

and Ng(co,¢,) is given by the same expression as eq. (17), in which ¢ is replaced
by ¢,, the initial value of the potential prior to the pulse. Even without discussing
in detail the behavior of the above expressions, certain interesting conclusions
that are directly pertinent to the objectives of this paper can be deduced from
inspection of eqs (15) and (13). For example, it is apparent from such equations
that 7(¢) increases with increasing both the external and the internal potassium
concentrations. This theoretical prediction is in disagreement with the existing
data. Both the experiments of Hagiwara et al. (1976) on starfish egg cells and those
of Hestrin (1981) on muscle fibers show that, for given membrane potentials, the
time constant decreases with increasing external potassium. Furthermore, the
experiments of Hestrin indicate that the same time constant is virtually indepen-
dent of internal potassium, while eqs (15) and (13) predict that it should depend
on it.

Dependence of v and (c0,$) on A¢ in the ‘Blocking Particle’ hypothesis.—There
seems to be only one case in which the time constant and the current can be
expressed as functions of A¢ = ¢ — ¢, ¢ being the membrane potential and dr
the resting membrane potential, in units of R7JF. This case corresponds to the
situation in which the internal concentration C! is constant, and the barrier peaks
shown in Fig. 1 are all so close to the internal surface that

(18) p1l, gorxs~rg~s~0.
In this case, 4’ = p’e™%, while all the other constants become voltage independent:

(#" =p"; ¥V =V'; jig = pp; V5 = vp). Recalling that the resting potential and the
concentrations of the sole permeant ion must be related by

19 C® = Cle?r,

the quantity, M(¢), defined in eq. (13) can, with the aid of eqs (18) and (19), be
rewritten in the form

(20) M(¢) = Ci{p'e™® + p'}.

Substituting in eq. (15), and recalling that, on account of €q. (18), the quantities,
v, tp and P(¢), are all constant, we find

#pCy

s il
v + v

1) vg +

L
W(ag) ~

Eq. (21) gives the explicit functional relation between t and Ag. Since ¢ denotes
the potential inside minus the potential outside, a simple inspection of eq. (21)
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shows that 7 increases with increasing hyperpolarization. In particular, for very
Iow and very high membrane potentials, one finds

1

1 1 ! v
(22) lim 1=—; lm 7= — | KgCg(v' + V")
Ap—+ - VB A¢p- +w VB + ﬂllci + v + v

Since the quantity within parentheses is less than unity, 7 is obviously smaller
when the membrane is highly depolarized than when it is highly hyperpolarized.
This result is in disagreement with the existing data, and particularly so with those
of Hagiwara et al. (1976), which show most clearly that the experimental 1
decreases with decreasing A¢. For the same locations of the barrier peaks as those
defined in eq. (18) and used to deduce eqs (20) to (22), the steady-state current
density, eq. (14), becomes

NTﬂIvllCi(e—A¢ _ 1)
Ciwe™® + u") + (v +v)(1 + KpCy)’

23) I(c0,$) =

Eq. (23) shows that, when the internal concentration, C%, and A¢ are fixed, the
current density is completely determined, implying that its dependence on the
external concentration, C*, and on the potential, ¢, can be condensed in a
dependence on the sole quantity, A¢. Also this'prediction of the model is not
verified experimentally, since ,when A¢ and C' are fixed, the conductance i.s
generally still a function of C°. For example, in the case of starfish egg cells, it
increases with the square root of C*® (see Hagiwara and Takahashi, 1974).

2.2 Relaxation currents according to the ‘Electrochemical-Gating’ hypothesis

It was shown in a previous paper by Ciani et al. (1978) that several physical
mechanisms satisfy the main requirements of ‘Electrochemical-Gating’, giving
similar results for the steady-state conductance. One of the simplest ones, though
different from that considered in the paper referred to above, is illustrated in
Fig. 2. This scheme implies that ‘gating’ is associated with a single kinetic step,
whereby an external potassium ion, moving along a pathway independent of that
of permeation, binds to a site located in the proximity of the internal surfac.e.
According to this model, the pore can have two states: ‘closed’ and ‘op.en’, that.wﬂl
be denoted by 4, and A7}, respectively. (Consistently with the notatio? in a previous
paper by Ciani et al. (1978), the subscripts indicate the number of 1ons*bound to
the gating site, and the asterisk is used to distinguish the open state, 43, from.an
intermediate state, 4,, that will be introduced in a slightly more elaborate version
of the model to be dealt with in the discussion.) If i is the gating cation, the kinetics
of opening and closing can be represented schematically by

(24) i+ A, A%,
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Fig. 2. Diagram for the simple version of the ‘Electrochemical-Gating’ model treated in the

Results section. Each pore has only one gating site, and the transition between closed and open

states, which requires the movement of an ion across the gating pathway as well as the opening
of the gate, is assumed to be describable by a single kinetic step.

Since the ion i must move along the gating pathway across the membrane, the
rate constants for binding and unbinding, k; and k%, will generally depend on
voltage. Using the formalism of Eyring’s rate theory to express such dependence,
we can write

25) ki =kye ®; k' =k, 9%

where ¢ is the potential difference between the location of the binding site and the
external surface of the membrane, and « is the fractional ‘electric distance’ between
the peak of the activation energy barrier in the gating pathway and the same
external surface. Since the position of the gating site is assumed to be next to the
internal surface (see Fig. 2), ¢ coincides practically with the membrane potential.
Applying the equations of chemical kinetics to reaction (24), the rate of variation
of A% will be described by

d[At]
dt
where the brackets denote number of channels per unit area, and C*¢ indicates, as

in the previous model, the external potassium concentration. Recalling that in

this simple scheme the sum of the densities of closed and open pores must be
constant, so that

@7 [4,] + [4Y] = [47],

(26) = kiC°[A,] — kj[41],

. )
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substituting eq. (27) into eq. (26) and integrating yields

(28) [4%], = [A1]{1 + Be™ 7}
where

29 T = 1(k,C* + k)
and

_ [AT]O - [Af]oo
(30) b=,

On the other hand, [4%], (as well as [4],) can be obtained directly from egs (26)
and (27) setting the derivative on the left hand side of eq. (26) equal to zero. Thus,
if ¢ is the potential of the pulse step, one finds, at steady state

k Cee™*
31 41, = ,—c—" o —
tol+ECte

u

The only difference between the explicit formulas for [A‘f]w'and [4%], i.s that, in
the formula for the latter, ¢ must be replaced by the potential Vé}lue prior tt? tl%e
pulse. If ¢ is the zero-current potential, determined by thfa gradient of the ionic
species, i (which, of course, is also the gating ion), we can still use eq. (1?) to relate
the external and the internal potassium concentrations. With the aid of that
equation, eq. (31) can be written in the more concise form

[47]

(32 [47], = 15 explAg — Adl
where .
(33 exp[Ag] = e?CI[C*;  exp[—Ady] = ku[kpC".

From eqs (32) and (33) it is apparent that, as long as the internal concentration,
Cl, is constant, the steady-state density of open channels can be expressed as a
fux;ction of A¢. If g*(C*,C',$) denotes the conductance of the individual channel,
the steady-state membrane conductance per unit area will be given by the product
of g*(C*,Cl,¢) and eq. (32), namely

[47]
1 + exp[Ad — Ad,]

Eq. (34) is similar to that obtained experimentally by Hagiwe}ra: and Takahash:
(1974), and would actually be identical to it if A¢ were mul.tlphed by 3 and g

were proportional to the square root of C*. As we have mentioned a.lread‘y, these
features could be accounted for, assuming the presence of three gatmg S{tcs and
using Eyring’s theory to describe permeation in the channel '(see .Clam et al.,
1978). The reasons for considering here the case of only one gating site are, as we

(34) Gu($) = g*(C*,CL9) -
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mentioned previously, mathematical simplicity, as well as a certain confidence in
the fact that this simplification will not affect the direction of the dependence of
the time constant on the membrane potential and on the ion concentration. Let us
now go back to eq. (29) for the time constant and note that, if the rate constants
are expressed explicitly in terms of the potential, we find

1
pCoe ™ + k(170

G5 o$) = -

If o is between 0 and 1, which means that the peak of the activation energy barrier
in the ‘gating’ pathway is somewhere between the external and the internal
surface, eq. (35) shows that t decreases for highly negative, as well as for highly
positive potentials, and attains 2 maximum at

(36) ¢M=In{ a kbCe}

1—a k, |

However, if the peak of the barrier is so close to the internal surface that a ~1,
7 has no more maximum, and decreases monotonically with increasing hyper-
polarization, as well as with increasing the external potassium concentration. In
the limit of & = 1, eq. (35) can be rewritten in the two following equivalent forms:

1 1
@7) o) =
Y1+ ]?:’ Cce™?
or, recalling the definitions (33)
1

1
38 A = T oxplads = AT
Eqs (35), (37) and (38) are probably the most important results of this paper, since
they show that ‘Electrochemical-Gating’ can predict dependences of the time
constant, v, on the variables, C*, ¢ and A¢, which are in agreement with those
observed experimentally both in muscle and in egg cells. In agreement with the
data is also the fact that such expressions are independent of the internal potassium
concentration, C*. Although eqs (37) and (38) are totally equivalent, eq. (37) has
the advantage, similarly to eq. (35), of being expressed in terms of the parameters
that affect ‘gating’ most directly, namely C*® and ¢. Eq. (38) is appealingly simple,
but may give the false impression that 7 is also a function of the internal concen-
tration, C*, since C' appears in the definition of both A¢ and A¢,, and it may not
be immediately obvious that it cancels out in the difference, A¢, — A¢. Eq. (35)
has been used to fit certain data on muscle, selected from Fig. 7 of the paper by
Hestrin (1981); and Fig. 3 of the present paper, in which those data are reproduced,
illustrates the quality of such fit. The fact that the calculated value of « is very close
to unity implies that the same data could have also been fitted by the simpler
equations (37) or (38). Also the data on starfish egg cells, shown in Fig. 3 of
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O Ce= 50 mM

¢ ($=100 mM

T (msec)

-70 -60 ~-50 -40 -30 -20 -10
vV (mv)

Fig. 3. Fit of data on muscle fibers, taken from Fig. 7 of Hestrip (19_81)., with eq. (35). The two
sets of points refer to the two external concentrations of potassium indicated in the ﬁgixre. ”l:he
continuous curves correspond to the following values of the fitting parameters: k, = 372s IM-t,;
ky=4s"';a=0-93.

Hagiwara et al. (1976), and indicating that Jog 7 is practically a linear function
of A¢, with slope of 1, in the range —40mV < RTAfl)/F < —7mV, can be ﬁtt‘ed
easily with eq. (38) if A¢, is so chosen that the quantity, ex'p[Ag'b,, - Ac'b!, remains
greater than unity in that whole potential range. In fact,. if this condlpon is n(?t
satisfied, eq. (38) predicts, at low hyperpolarizing potentials, a saturation that is
not shown by the data. (The requirement that exp[A¢, — Afi’] be greater than 1
in the range —40mV < AV < —7mV, is not satisfied if one chooses for
AV,(=RTA,/F) the value that was deduced by fitting the steady-state conduc-
tance of starfish egg cells with eq. (37) of Ciani et al. (1978): namely, AV, =— 13-5
mV. It should be noted, however, that it would be logically unjustified to compare
the AV, of that treatment with the AV}, of the present one, since, due to the dlﬂ'efent
assumptions used (e.g. three gating sites instead of only one), the physical meanings
of the parameter are not quite the same in the two cases.)

3. Discussion

Some considerations about the instantaneous conductance
In the previous sections we dealt with two models of ‘anomalous rectification’,
referred to as the ‘Blocking Particle’ and the ‘Electrochemical-Gating’ hypotheses,
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and showed that the predictions of the latter for the time constants of relaxation
are consistent with the existing data. However, there is an important expectation
of the simple version of the ‘Electrochemical-Gating’ picture given here that
contradicts the experiments: it concerns the behavior of the instantaneous con-
ductance. In fact, according to eqs (28) and (30), the number of open pores
immediately after the application of the step of voltage, (e™/* ~ 1), is equal to
the number of pores that were open prior to the pulse, and is thus a quantity that is
expected to be independent of the pulse size. Consequently, if the conductance of
the single channel is approximately ohmic, as we assume to be the case, also the
macroscopic (multi-channel) instantaneous conductance should be so. Most
experimental results do not agree with this expectation, clearly indicating that the
instantaneous conductance rectifies and is, like the steady-state one, a function of
A¢ (e.g. see Figs 2 and 3 of Hagiwara e al., 1976). As a matter of fact, the curves
for the instantaneous conductance versus A¢ are very similar to those for the
steady-state one, the main difference being that the absolute values of the latter
are larger in the hyperpolarizing region. These findings are susceptible to various
interpretations. One possibility is that the A¢-dependent, instantaneous recti-
fication is a property of the single channel, due, for example, to asymmetries in
the profile of the energy barriers in the conduction pathway. If so, it is clear that
the rectification should manifest itself ‘instantaneously’, since the relaxation times
for ionic redistribution in the pore are expected to be far too short to be resolvable.
The relaxation observed experimentally would thus be due to an independent
mechanism, regulating the opening and the closing of the channels with a relatively
slow kinetics. Although this interpretation is plausible, it seems somehow circum-
stantial that two phenomena, the conductance of the single channel and the gating
of such channel, would be totally independent of each other and, at the same time,
both functions of A¢. Moreover, as we mentioned already in discussing the
‘Blocking Particle’ model, it is not easy and, in the case of a single site, actually
impossible, to find suitable arrangement of energy barriers in the conduction
pathway that would give a conductance dependent on A¢ and also proportional
to the geometric mean of the external and internal ion concentrations (as is found
experimentally).

We shall suggest here an alternative way of accounting for the non-ohmic
behavior of the instantaneous conductance, without postulating rectification of
the single channel. It implies a minor modification to the version of the
‘Electrochemical-Gating® model presented in the previous section, and is based
on the assumption that an additional conductive state of the channel exists between
the closed and the fully open one. More precisely, we shall make the following
three assumptions. (a) The gating mechanism consists of two steps, the first of
which implies the binding of an jon to a gating site (as in the previous version of
the model), while the second is a voltage-independent conformational change of
the channel structure. As illustrated in Fig. 4, the pore now has three states,
denoted by 4,, 4; and A7, respectively. (b) The state 4, is conductive as well as
A7. (c) The kinetics of the transition from A, to 4 1 (and reverse) is much faster
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Fig. 4. Diagram for the version of the *Electrochemical-Gating’ xr}od«?l treateq in the Discussion.
¢ I; differs from the model of Fig 2 in that it postulates two kinetic steps instead of one.

than the conformational change between A; and 4% As a resplt of assump;‘
tion (a), the gating kinetics can now be described by the following sequence o

reactions
kg A .
39 i+ A,= > A4, > A7F.
ky X
e that also the state 4, is conductive, the total conductance at the

Since we assum
time, 7, per unit area, will be

(40) G, =g [4;] + &* . 4],

Now, if the potential is suddenly changed, say from ¢, to. ¢, it is Stl}l,l true tl;z:tr thc;
‘theoretical instantaneous’ conductance will be determ.meq by the nuﬁx ' o0
pores that were in the states 4, and A% prior to the application of th; vc()i ag; ,ﬁsl 0
that, if g and g* are ohmic, it should be independent pf thefamp 1lt)u ree s(:,}vcd
applied voltage. However, if the transition from 4, to 4, is too fast 'to ‘ ; e thé
it is clear that the ‘measured instantaneous’ conduc'tance will not coinci ?11 th b
theoretical one, since, by the time the measurement 18 taken, the curr.ent wi a{ o Z
he contributions of newly formed 4, pores. In order to derive quantitativ

include t : iant
results. let us recall that the total number of channels per unit area, [47], is now

given by
41 [47] = [4,] + [4,] + [41].

If the transition between 4, and 4, is so fast that we can assume equilibrium

between these two states, we shall have
42 [4,], = KC%e™?[4,);; K = kolky,

. . . rate
whereas the second transition between 4, and A* will be described by the

equation
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d[A47]
dt
Combining eqs (41), (42) and (43) and integrating, explicit results can be obtained

for [4,], and [A4}],. Inserting the result in eq. (40 i
. . , the t
can b3 caprosiat o moctting q. (40) ime dependent conductance

“43) = Al4,] — x[47].

(44) Gl = Goo + [Go - Goo]e_'/t
where
@5) T=;.{1+ M }
A+ 1 4+ exp[A¢, — Ad]
with
(46) Ap =¢ — ¢ and exp[Ag,] = KC‘(I + /—1>
_ X

Ct" lieicrllgii the(:i internal concentration of permeant jon and K the equilibrium con-
stant defined in eq. (42). The steady-state and the instan

d taneous ¢
G, and G,, introduced in eq. (44), are enductance

@n G &8t [47]
© L+ Ay 1+ exp[Ad — Ag,]
and
(48 G, =g* [4%), + g. {{[4AT] — [4* !
1l + g .{[47] [-41]0}1 T explAp = Agy]
with
(49) exp[A¢,] = KC.

th‘?:c;;eatthat eq.f (47) for thf: steady-state Cf)nfiuctance is similar to eq. (34), showing
i modelm'le o thc; most important predictions of the previous simpler version of
e m Is not a terefl in the present one. Analogous considerations apply to

pression for the time constant, eq. (45), which shows that 1 decreases with
A, as in the case of eq. (38). From eq. (45) we deduce

(50) lim 7 = ! and lim 7= 1
A~ A+ y Ap—w x
The. 11111ain. dif?etence between eqs (38) and (45) is that, for A¢ > — 0, the former
:;msf es, \.zvhlle the latter approaches to the finite level (4 + 1)~ . However, the
1ar(;e unctions may become experimentally indistinguishable if 1 is sufficiently
More interesting to the objectives of this section is eq. (48), from which it is
apparent that the ‘measured instantaneous’ conductance is, like the steady-state
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one, a decreasing function of A¢, in agreement with the experimental data often
referred to previously. It should be clearly realized that this result does not require
rectification of the single channel, but is due to the hypothesis of the existence of
the intermediate, conductive state, A,, as well as to the assumption that the first
kinetic step in eq. (39) is undetectably fast.

However, a limitation of eq. (48) in its ability to account for certain aspects of
the experiments should be acknowledged. For example, in the case of egg cells,
Hagiwara et al. (1976) give evidence that the instantaneous conductance is indepen-
dent of the ‘previous history of the membrane potential’, which means that it
depends on the final value of the voltage step, but not on the potential from which
the pulse is started (holding potential). This requirement is not satisfied by eq. (48)
in general, since the right hand side depends on [471],, which is, in fact, the density
of open channels at the holding potential, and will certainly vary with it. Never-
theless, if the pulse starts from potentials sufficiently high that [47], << [47],
and if the additional condition, g*.[4%], < g.[A7}/(1 + €!4?~4#4)) s satisfied in the
experimental range of A¢, eq. (48) reduces then to

_ g.[4"]
(51) Co = T3 expldd — Ad,T

which is independent of the holding potential. Incidentally, these considerations
suggest that it may be interesting to investigate more thoroughly whether G, is
really independent of the holding potential, particularly when this is low enough
that eq. (51) is not expected to be a good approximation of eq. (48).
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APPENDIX

Outline of the derivation of the equations for the time dependent current in the
the ‘Blocking-Particle’ model: egs (9) to (17)

In the derivation of the equations for the time-dependent current density,
attention must be given to the fact that, in order to comply with the requirement
of continuity of the electric current, the ‘displacement’ current must be added to
the ion fluxes. Fig. 1 shows schematically the profile of the energy barrier in the
pore for the two ionic species, the permeant ion, i, and the blocking ion, B. It
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should be emphasized that those profiles are not meant to represent tv'vo physically
distinct channels, but rather the different free-energy proﬁles resgltl?g from _the
interaction of the two ionic species with the same _channel. Since Eyring’s formalism
implies that the ions reside in the energy wells (sites) mu'ch longer than at., or nc:al;i
the peaks, the ions within the membrane can be schematlf:ally Ylewed as distribute

over two planes, one of which contains the permeant ions, g, and the other the
jons, B. As is shown in Fig. 5, the former is located at the distance, p + g, from

(p+Q)d

IR, A

-
+
B
]Q_

(n+sgld

”

A

R Rt LR el

v

0 d

Fig. 5. Approximate location of the charges within and at the sux_‘facc of the membrane. The a,,;‘
plane corresponds to the position of the sites for the blocking cations, and the o;-plane to that o
' the sites for the permeant ions.

the outer surface, and the latter at the distance, rg + S5, from the internal surface.
We shall denote by ¢; and op the surface charge densities on '_chfa twq planes. As it
is evident from the same figure, the membrane can be subd1v1d<?d in three com-
partments, in each of which the electric field will be generally Shﬁ:erent anc’l may
change with time, even though the total membrane vo!tgge is ‘clamped’ at a
constant value. Denoting by o’ and ¢” the net charge densities of the two aqueous
diffuse double layers, the requirement of electroneutrality gives

(Al) 0'+0'B+o.i+o'”=0'

If we now make the simplifying assumption that the dielectric constant, ¢, is tbe
same in the three compartments of Fig. 5, and if we regard the two aqueous 10micC
phases as conductors, a simple application of Gauss’ theorem allosz us to deduce
the electric fields, E;, E,, and E; in such compartments. If oy is closer to the

external surface than ¢, we find
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(A2) Eima =TT,
(A3) eE, =o' + % —_ gzi g’
(A4) 8E3 =g’ + %B _ % _ 0_//.

(It is easy to realize that the signs in front of o and ¢; would have to be changed
in eq. (A3) if the o, layer were the closest to the external surface.) It is now appro-
priate to recall that the total membrane voltage, V = V, — V,, is related to the
above electric fields, by

| 4
(A5) 5= (I —rg —Sp)E, + (rg + 55 — r — )E; + (r + 8)E,,

where d is the thickness of the membrane and the quantities, r, s, ry and Sg are
fractional distances, whose meaning is illustrated in Fig. 5 as well as in Fig. 1.
The five relations, (A1) to (A5), can be considered as five equations in the unknown
d’, 6", Ey, E,, and E;. Eliminating ¢’ and ¢”, the electric fields in the three com-
partments are given by

V
(A6) eE, = —s; — (rg + sp)og — (r + 5)o,,
| 4
(A7) ek, = —sg + (1 — rg — sg)og — (r + S)oy,
V
(A8) eE; = —&5 + (1 —rg—sglog + (1l ~r— s,

Adding the displacement currents to the ionic fluxes, the total current densities
in the three compartments are given by
dE dE dE
9 FJ' __1 - R’ ___2 . " 3
(A) J+8dt, (J +JB)+8dt, F( +JB)+€d
If we now substitute the right hand sides of egs (A6), (A7) and (A8) in the respective
terms of eq. (A9), and recall that

do,

(A10) =2 = —F; T FU = ptqgerts=1,

dt

we find that the three quantities in eq. (A9) are all equal (as they should be because
of the continuity of the electric current) and are given by eq. (9), namely

I
(AlD) 7 =@ +qJ +(+ )"+ (rg + sp)lp.
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An explicit expression for the current density, I, requires thus the derivation of
explicit equations for the fluxes, J’, J” and Jg. The procedure we have used can
be summarized in the following way: Eliminating N, from egs (1), (2) and (3), we
obtain a system of differential equations of the type:

dN
dN,
(A13) dt" ¢N + dNg + H
where ' . i
—a=gC"+ g'C'+¥V +7V;, —-b=FgC"+ g'C'; G=-bNT;
(A14)

—c = jgpCp; —d=pgCp + ¥5; H = —cNT.

Note that the system (A12) and (A13) is linear only if the terms defined in (A14)
are independent of N and Ng. Rigorously speaking, this is not the case, because the
coefficients defined in (A14) depend on potential differences between barriers and
wells, and such potential differences are, on account of egs (A6), (A7) and (AS),
functions of N and Ng. However, if we make the reasonable assumption that the
first term on the right-hand side of eqs (A6), (A7) and (A8), —&¥/d, is much greater
than the others, we can then assume that the quantities in the definitions (A14)
are practically determined by the voltage step, V, and are thus cpnstant duri_ng
the pulse. In such case, the system of egs (A12) and (A13) can be integrated with
standard methods. Although the exact solution can be obtained in an analytical
form, the expressions are rather unwieldy and, at any rate (as we discussed in
the text), we are mainly interested in the approximation corresponding to the case
in which the kinetics of the blocking particle is much slower than that of the
permeant ion. In terms of the quantities defined in eq. (Al4), this hypothesis
amounts to postulating the following inequalities:

(A15) |c| and |d| << than both |a| and |8},
from which it follows that
(Al16) H<<G.

In order to illustrate briefly how the approximated equations were derived fr'om
the general solution, we shall consider in detail here only the case of the time
constants, 7, and 7,: the exact integration of eqs (A12) and (A13) yields expres-
sions that are proportional to the exponentials e~/*! and e™**2, where

1 +d ad — be
(A17) e 4 {1 +)\/ a +d)2}

As a result of the conditions (A15), it is easy to realize that the second term in the
square root is much smaller than unity, so that, simplifying the square root
according to the formula, /T + x = 1 + x/2, eq. (A17) gives for 1,
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1  ad-~ be
7, a(l + dfa)’
or, neglecting terms of the order of d/a on account of the assumptions (A15),
1 be

(A19) - —~d-Z,
Ty a

(A18)

Using the same order of approximation, we find for Ty

1 d
(A20) - — a(l + ~> ~a.

Ty a
(Recalling (A14), it is easy to see that eq. (A19) coincides with eq. (15) of the text.)
Little consideration is required to realize, from the conditions (A15) and the

definitions (A14), that
T >>1,

and that 7, is determined by the very fast kinetics of the permeant jon. Neglecting
thus the terms proportional to e~ /"2, and approximating all the terms of the exact
solution of the system (A12) and (A13) according to the same criterion as that used
to deduce eqs (A19) and (A20) from €q. (A17), one finds

b ~ye, , bH — dG
(A2]) N(@) = E{NB(OO) - NB(O)}e + P gy
and

_ a — ¢G) _, G- aH

Recalling that
(A23) N(#) =NT — N(t) — Ng(2), .

the explicit equation for N,(r) can be obtained by substituting (A21) and (A22)
into (A23). Finally, substituting (A21), (A22) and (A23) into eqs ), (), (8) and
(9), one finds the explicit expressions given in the text [see egs (11) to (17)]. Note,
however, that eq. (14) contains the additional approximation, whereby the transient
flux of the blocking cation, J, is considered negligibly small compared to J’ and
J”, and is thus omitted from the total current, eq. (9).



