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Cha_pter 1. General Introduction

It is a widely held view that the influx of N:a.+ and the
efflux of K+ which are associated with the rising and falling phases-
of the action potential in most nerve and muscle fibres occur by way
of aqueous channels in the cell membrane (Hille, 1970, 1975a;
Armstrong, 1975a,b,c). Moreover, each channel is believed to
contain voltage-sensitive molecules which gate the channel (that is s
determine whether the channel is open or shut) and a special region,
called the selectivity filter (Hille, 1975a), which is able to
distinguish between several ionic species and, particularly,
between Na+ and K+ ions.

Other experiments in nerve suggest that the inner end of the
K channel ié wider than the outer region which includes the |
selectivity filter (for reviews see Armstrong, 1975a,b; French &
Adelman, 1976), and that K ions move through this channel in
single-file (Hodgkin & Keynes, 1955). However, these concluéions
have yet to be supported by experiments in muscle. Indeed, a
number of experihents which will be described in this chapter
support the notion that K channels in muscle differ frbm those in
nerve.

Thus the experiments performed here and described in the
first part of this thesis (chapters 3 and l) were designed to
investigate the properties of the K channel in skeletal muscle.

Two aspects were chosen, both of which have already b.een studied
in detail in nerve. The first deals with the effects of pH

on the K chammel, and the second with the properties of the

| selectivity filter. The conclusion drawn> fran these experiments
is that there are differences in the structure of K channels in

nerve and muscle, but that these differences are largely quantitative.



In contrast to the permeability mechanisms which underlie

the action potential, comparatively little is known about the K
permeability mechanism known as the anomalous or in—going
rectifier (Adrian, 1969).  Inward rectification was first

- reported by Katz (1949), who showed that the input resistance
- of frog skeletal muscle fibres bathed in an isotonic Kzsoh
solution was much larger when the membrane was depolarized

by a constant current than when the membrane was hyperpolarized.v
This rectification isA in the opposite direction to that predicted
from the constant field equation (Goldman, 1943; Hodgkin & Katz,
1949) for a membrane in which K permeability is assumed to be
independenf -of the membrane potential. Accordingly, Hodgkin &
Horowicz (1959) showed that the resting K permeability in muscle
was a function of the driving force on K+, varying from 0.05 x
10"6 cm/s when there was a large outward driving force to 8 x
10-"6 cm/s when the driving force was large and inward.

Inward rectification has also been reported in starfish egg
cells (Hagiwara & Takahashi, 197L), cardiac Purkinje fibres (Noble,
1965, 1975; Noble & Tsien, 1968), and in certain nerve cells
(Kandel & Tauc, 1966; Nelson & Frank, 1967), but does not
occur in myelinated nerves of the frog or in squid axons under
normal conditions.

The present work on inward rectification began in 1976.

At that time Horowicz, Gage &'E.i.se.nberg (1968) and Adrian (1969)
had developed models for inward rectification in which K+ was
transported across the membrane in association with a lipid-
soluble carrier molecule, while Armstrong (1975) had produced a

pore model in which the permeability of the membrane to K+ depended



on the presence or absence of a blocking particle associated
with the pore.” Each of these models, which are discussed in
chapter 8, fails to reproduce at least one aspect of inward
rectification in muscle. However, the present study, and those
published recently by Hille & Schwarz (1978) and Standen &
Stanfield (1978d), supports the hypothesis that K’ ions cross
the resting membrane by way of a pore.

To avoid confusion, this pore will be referred to as the
resting K channel or the inward rectifier channel. The channel
associated with the extra efflux of K+ in stimulated muscle will
be referred to as the delayed K channel or the delayed rectifier
channel because the current which passes through this channel turns
on after a delay when the membrane is depolarized.

The nerve axon can be treated as a cylinder. However,
the electrophysiological properties of muscle are likely to be
more complex owing to the presence of a network of membranes known
as the sarcotubular system (Andersson-Cedergren, 1959; Page, 1965;
Peachey, 1965). It is appropriate, therefore, to mention some
'aspects of the morphology of skeletal muscle in the frog before
considering the ionic currents in this preparation.

The sarcotubular system comprises the sarcoplasmic reticulum,
a system of longitudinal tubes whose function is the storage,
release and re-uptake of the calcium which, when liberated into
the sarcoplasm, produces contraétion (Ebashi & Endo, 1968), and
the transverse tubular system (T-system) whose role is to transmit
electrical signals from the surface membrane deep into the interior
of the fibre such that the contraction of axial myofibrils can be
more nearly synchronised with those close to the surface (Huxley

& Taylor, 19585 for recemt reviews see Costantin, 1975; Endo, 1977).



The T-tubules are formed as invaginétions of the surface membrane
at several points on the circumference of the fibre at the Z-line
in froé muscle (Huxley & Taylor, 1958). Electronmicrographs
suggest that the tubules branch in such a way as to form an
extensive lattice (Peachey, 1965) concentrated largely in the
plane of the Z-line (Peachey & Schild, 1968). Moreover, studies
with extracellular markers such as ferritin (Huxley, 196lL;
Peachey & Schild, 1968),horseradish peroxidase (Eisenberg &
Eisenberg, 1968) and dertaiﬁ fluorescent dyes (Endo, 1966) have
demonstrated that the lumen of the T-system is in direct
continuity with the external solution.

About 80% of the tubular membrane is in close apposition to
the terminal cisternae of the sarcoplasmic reticulum, forming
structures known as triads (Franzini-Armstrong, 1970). The
exact nature of the relationship between the tubular membrane and
the membrane of the sarcoplasmic reticulum at the triad is
unknown, though Schneider & Chandler (1973) have pointed to a
possible similarity in the density of charged groups which give
rise to the activator currents in muscle, which are believed to
play an essential role in excitation-contraction coupling and which are
restricted to the membrane phase, and the number of electron dense
projections (or feet) which extend at intervals between the
 tubular membrane and the terminal cisternae (Franzini-Armstrong,
1970). In their model of excitation-contraction coupling
(Chandler, Rakowski & Schneider, 1976b), the mobilization of
these charges when the fibre is depolarized results in the opening
of Ca channels in the membranes of the termimal cisternae at the
base of the feet. In view of the specialized nature of the triads,

it is possible that the ionic conductances associated with the T-



tubules arre-concentrated in that part of the tubular membrane
which is outside the triads (Gage & Eisenberg, 1969a).

The influence qf the T-tubules on the electrical properties
of muscle have been studied using a technique known as glycerolation
(Fujino, Yamaguchi & Suzuki, 1961; Howell & Jenden, 1967; Gage
& Eisenberg, 1967; Eisenberg & Eisenberg, 1968; Howell, 1969),
whereby muscle fibres equilibrated in Ringer made hypertonjx; by -
glycerol are returned to a glycerol-free solution in order to
disconnect the transverse tubules from the surface membrane. When
detubulation is about 98% complete (Eisenherg & Eisenberg, 1968)
the specific membrane capacitance is reduced by about twé-thirds
(Gage & Eisenberg, 19692). This technique also demonstrates
that a large bart of the resting K .COnductance is in the membrane
of the tubules, and because of this the tubular membrane provides
an alternative pathway for K+ to leave and enter the cell in thc_e
resting state other than across the surface membrane.

In the present context, the T-system is also of interest
because a number of studies suggest that there may be transient
changes in the composition of the external solution within the
tubular lumen. In 1949, Katz showed that_, when an inward current
was injected into skeletal muscle fibres, the membrane potential
increased rapidly at first, but thereafter increased more slowly,
taking several hundred milliseconds to reach a steady-state.
Adrian & Freygang (1962a,b) have investigated this slow change in
potential and concluded that it is due to a depletion of K+ within
an extracellular space presﬁmed to be the lumen of the tubuies.

In their model, depletion occurred because the transport number
for X' across the tubular wall exceeded that across a membrane ét

the mouth of the tubules. More recent experiments (which are



discussed in chapters 6 & 7) suggest that under certain conditions
depletion can account for only part of the slow increase in
resistaﬁce (Almers, 1972a,b). However, it appears that the
depletion hypothesis (Adrian & Freygang, 1962a) is essentially
correct, though the idea that there is a membrane at the mouth

of the T-tubules is untenable in view of the experiments with
extracellular markers.

- The depletion hypothesis is also supported by the earlier
experiments of Hodgkin & Horowicz (1960a). These authors showed
that when the external K+ concentration was raised in an almost
step-wise fashion, the rate at which the fibres depolarized was
about three times greater than the rate at whigh they repolarized,
when, after a few seconds, external K+ was returned to its imtial
level. They explained this by assuming that the removal of K+
from a local region outside the fibre (the tubular lumen) was
delayed.

The experiments of Hodgkin & Horowicz (1960a) also produce
the following important results. First, since single dissected
miscle fibres were used, the results cannot be explained by
diffusion delays in the space between fibres. That depletion
originates from the T-system is also supported by experiments
that show that the slow increase in resistance reported by Katz
(1949) and Adrian & Freygang (1962a) is removed by detubulation
(Gage & Eisenberg, 1969b). Secondly, since the estimted
volume of the T-system obtained by Hodgkin & Horowicz is similar
to those reported by Peachey (1965) and Mobley & Eisenberg (1975)
from electronmicrographs, it appears that the sarcoplasmic
reticulum contributes little or nothing to the size of the depleted

space. Finally, these experiments support the idea that part of



the resting K conductance is in the walls of the T-system.

The present interest in tubular K+ depletion arises from
the fact that, according to Almers (1972a), the time dependence
of the inward current in resting muscle fibres bathed in a high
KZSOh solution containing no Na+ is due not to depletion, but to
a fall in the permeability of the membrane to K+, while Standen
& Stanfield (1978c) report that this permeability change, which
can be shown to occur:in certain conditions, is abolished
in Na-free Ringer. In chapter 6, a method is described which
allows one to distinguish between these two alternativgs, and it
is concluded that depletion does occur in an isotonic KZSOh
solution such as that used by Katz (19&9). (See Baumgarten &
Isenberg, 1977, for a recent report of K depletion and
accurmlation in the extracellular space of Purkinje fibres),

In addition to the Na conductance, the inﬁardly rectifying
K conductance and the delayed K conductance, there are four more
membrane conductances which have been recorded in frog skeletal
miscle fibres, and which deserve mention here even though they
have not been studied in the course of this work.

The first to be considered is the slow K conducﬁance described
by Adrian, Chandler & Hodgkin (1970b) and Stanfield (1970a). Like
the delayed K conductance (Adrian et al.,1970a),this turns dn
along a sigmoida¥ time course when the méﬁbrane is depolarized
beyond about ~50 mV, but it reaches a maximum value which is only
about one tenth that of the delayed conductance. Moreover, it
turns on so slowly that it is not activated to any greét extent
" during a normal action potential. | Adrian et al. (1970b) have
suggested, however, that it is responsible for the late depolarizing

afterpotential which follows a train of impulses in frog skeletal



muscle fibres. Since the latter is abolished by glycerolation
(Gage & Eisenberg, 1969b), the slow increase in K permeability
may originate from the T-system. However, the properties of
the slow K conductance have not been studied in glycerolated
muscle fibres to see if this conductance increase is also
abolished.

Recently, Beaty & Stefani (1976a) have reported calcium-
dependent elec‘trical activity in frog muscle fibres bathed in a
solution containing tetraethylammonium to reduce the delayed
current; This electriéal activity follows the action potential,
and in chloride-free solution camprises a slow depolarization
as well as a slow transient response during which the menbrane
potential may reach + 23 mV.. Beaty & Stefani attribute these
.responses to an influx of Ca2+, which, they suggest, might play
a role in excitation-contraction coupling.

Voltage clamp experiments also indicate that there is a
voltage-dependent influx of Ca2+ in depolarized muscle (Beaty
& Stefani, 1976b; Stanfield, 19773 Potreau & Raymond, 1978;
see also Raymond & Potreau, 1977). This is located largely
in the T-system, (Potreau & Raymond, 1978) and turns on at a
potential close to the mechanical threshold (Stanfield, 1977;
Potreau & Raymond, 1978).

The most interesting question concerning the Ca influx is.
whether or not it plays an essential role in tension development
following a single action potential under norml conditions.
Using the data of Bianchi & Shanes (1959), Potreau & Raymond
(1973) have argued that the influx of Ce.2+ during an action
potential is about 20 times too small to activéte the contractile

proteins in frog skeletal muscle fibres, though a Ca influx may



play a role in contraction 1_f‘ depolarization is prolonged. This
is supported by exper:im:—:ﬁts which show that the Ca current turns

on too slowly to be activated to any great extent during a single
‘action potential  (Stanfield, 1977), Other experiments which
suggest that a Ca influx is not essential is that twitches persist -

”M

when the external Ca2+ concentration is reduced to 10
(Armstrong, Bezanilla & Horowicz, 1972) and that D600, which
abolishes the Ca2+- dependent responses (Beaty & Stefani, 1976‘a)‘,
facilitates rather than depresses tension development (D'c;rrscheidt,—
Kafer, 1977).

Takeda (1977) has reported a Na+ dependent imward éurrent in
depolarized muscle fibres immersed in a solution containing the
Ca2+ chelating agent EIDTA. This Na current is blocked by
picrotoxin and appears to originate from the T-system since it is
not found in glycerolated fibres. However, this current is not
blocked by tetrodotoxin (10 _6g/ml) at concentrations which are
sufficient to biock the Na current responsible for the rising
phase of the spike in most nerve and muscle fibres (for reviews
see Kao, 1966; Narahashi, 197L4). Takeda used the frog Rana

catesbiana for his experiments.

In a different species (Rana esculenta), Caillé, Ildefonse

& Rougier (1975, 1978) and Mandrino (1977) have separated the

Na current into two components, both of which are blocked by
tetrodotoxin. The faster of these components is in the surface
membrane and the slower component appears to reside in the

tubular membrane. It is difficult, however, to be certain that
the slower Na current is not due to regenerative activity in other
uncontrolled parts of the muscle fibre. On the other hand, the

presence of a tetrodotoxin~sensitive Na channel in the T-system is
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supported by the tritiated TTX binding studies of Jaimovich et al.
(1976) and indirectly by studies which suggest that a tubular

action potential is necessary in order to obtain a normal twitch
(Adrian, Costantin & Peachey, 1969; Bezanilla, Caputo,
Gonzales-Serratos & Venosa, 1972; Bastian & Nakajima, 1972, 197L).

Finally, it is well established that the anion conductance in
frog muscle is due to chloride. The chloride conductance contributes
about 68% of the total membrane conductance at the resting potential
in muscle fibres immersed in a normal KCl Ringer (Hodgkin & Horowicz,
1959; Hutter & Noble, 1960; Hutter & Warner, 1967a} Eisenberg &
Gage, 1969) and less than this when the fibres are hyperpolarized
(Hodgkin & Horowicz, 1959} Hutter & Warner, 1972), or placed in a
hypertanic Ringer (Sperelakis & Schneider , 1968). Since glycerolation
has little or no effect on the chloride conductance (Eisenberg &
Gage, 1969), and since a sudden step-wise change in the external
chloride concentration produces a fapid change in the membrane
potential which follows a similar time course whether the chloride
concentration is raised or loﬁered (Hodgkin & Horowicz, 1960a), it
is unlikely that the chloride conductance is located to any great
extent in the tubular membrane.
The role of Na+ and K+ in the action potentiél was first

described in detail by Hodgkin & Katz (1949) for the.squid axan,

and by Nastuk & Hodgkin (1950) for skeletal muscle of the frog.
However, since much of our present understanding of the wéy in which
these ions give rise to the spike 1s a result of the experiments

of Hodgkin & Huxley (i952a,b,c,d;‘ see also Hédgkin, Huxley &

Katz, 1952), who recarded the membrane currents ofvsquid axons under
Vconditions in which the membrane potential was controlled in a step-
wise manner (the voltage-clamp technique), it is appropriate to

discuss these experiments here.
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These authors found that when the mernbrane was depolarized,
say, to O mV, the membrane current had four components. First,
the beginning and end of the voltage step produced a transient
capacity current. Second, there was an ionic leakage current which
was :Lndependeht of time and proportional to the applied voltage.
The third canponent was the Na current,which was inward at O mvV.
This reached a maximum after about one millisecond,then inactivated
completely. Finally, they showed that the K current was outward
at O mV, that it developed more slowly than the Na current, and
that it did not inactivate. More recent studies show that the K
current does inactivate slowly in the squid (Erhenstein & Gilbert,
1966), but that this. inactivation is not complete. |

Hodgkin & Huxley (1952d) developed a mathematical model which
described the time and voltage-dependence ofithe ionic currents
and from which they were able to reconstruct the action potential
with a reasonably high degree of accuracy (see also Hodgkin, 196L).
In this model the .sodium and the potassium conductances (gNa and 8y

respectively) are given by
3

Bya = By ™ B (1.1)
and gy = B n | (1.2)

where m, n, and h are parameters which depend on the membrane
potential and on time, and where ENa and _g'K are the maximum possible
sodium and potassium conductances. A more detailed account of the
model far the K conductance is given in chapter 3. Here, it is
sufficient to say that the model assumes thét the conductance of
each Na channel is controlled by an activation gating mechanism

(m3 ) which opens when the membrane is depolarized, and an
inactivation gate (h) that closes under these conditions. Each

delayed K channel is also controlled by an activation gating mechanism
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(nu) that opens in response to depolarization. In muscle, there
must also be at least one inactivation gate for the K channel |
since the delayed current inactivates campletely during a.maintained
depolarization (Adrian, Chandler & Hodgkin, 1970a). It is clear
that the Hodgkin-Huxley model does not account for all of the
properties of ionic currents recorded in a variety of preparations
(for a review see Goldman, 1976). However, its value lies in the
fact that since the parameters m, n, and h are well defined, the
ionic currents can be compared unambiguously in a number of
experimental situations.

Although it is more than 25 yéars since Hodgkin & Huxley
published their model of the ionic currents in the squid axon,
comparatively little is knowﬁ .ab'out»_the structure of the voltage~
sensitive molecules presumed to gate the channels except that
proteins are probably involved. This conclusion is based on the
finding that the proteolytic enzyme, pronase, removes Na
inactivation in the squid when added to the internal perfusate
(Armstrong, Bezanilla & Rojas, 1973), and zinc slows the kinetics
of K activation in the squid axon (Begenisich& Lynch, 1974) and
skeletal muscle fibres (Stanfield, 1975). In muscle, the kinetics
are altered in such a way as to suggest that; zinc is able to bind
to oné or more of the gating particles (n) associated with each K
chammel (Stanfidd, 1975)% a result which is also consistent with
the view (Hodgkin & Huxley, 1952d) that the movement of gating
particles within the membrane are independent éf e another.

Zinc also reduces the maximum K conductance in muscle, though this
effect may be due to zinc binding at some external site and thereby
blocking the channel rather than an effect on chammel gating

(stanfield, 1975).
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The contemporary _interest in the structure of ionic channels
has developed largely as a result of the experiments of Armstrong
and his co-workers, who studied the properties of the delayed
rectifier in nerve in the presence of tetraethylarﬁmonium ions (THL)
and its derivatives. In the next few pages, I shall attempt to
show how these and other pharmacological studies have contributed
to the description of the delayed K channel which was given at the
beginning of this chapter.

Quaternary ammonium ions are permanently charged, monovalent
cations. The charge is located on the nitrogen atom,which,in
the case of TEA, also forms the central atom to which four ethyl
chains are connected. In most of the other quaternary compounds
‘tested by Armstrong the length of one of the hydrocarbon chains was
increased to contain fram three to twelve carbon atoms; this
increases the hydrophobic property of the molecule.

In 1965, Armstrong & Binstock showed that in squid axons
bathed in a uho\mM—K'sd.utiQn;and injected with TEA, the outward
current associated with the delayed K chamnels was very nearly
abolished whilst the inward current was largely unaffected. In
axons injected with a lower concentration of TE\, Armstrong (1966)
was able to study the kinetics of the blockade. Instead of
increasing with time, the outward currents declined to a steady
level, and inward currents, which normally decline monotonically
as K chamnels close at the end of the depolarizing step, reached a
peak and then declined more slowiy than in the absence of TEA. From
these studies it was deduced that internal TEA blocks K currents
when these are outward, though the blockade takes longer to develop
when the TEA concentration is reduced. When the K current is

inward, TEA is displaced from its blocking site within the channel
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and pushed back into the axoplasm. The slow decline in dinward
currents in TEA-treated axons was noted as evidence suggesting that
the channel must be cleared of TEA before the activation gate can
close (Armstrong, 1966).

In gereral, as the length of one of the hydrocarbon chains
is increased the blockade becomes stronger (Armstrong, 1969, 1971,
1975a,b). . Thus the nonyltriethylammonium ion, in which one of
the ethyl chains of TEA is replaced by the straight chain 091-119?
is more potent than pentyltriethylammonium , which is more potent
than TEA when each is applied internally. The explanation
suggested by Armstrong is that the hydrocarbon chain interacts
ﬁith the lipid component of the membrane while the charged part of
the molecule occludes the channel.

Hucho (1977) has shown that the binding site of the photo-
affinity label L-azido-2-nitrobenzyltriethylammonium fluoroborate
in homogenised crayfish axons is likely to be a phospholipid or
small proteolipid. The main evidence that the label binds to a
K channel component isthat nonyltriethylammonium . is able to
displace the photolabel from its binding site before covalent
binding occurs, and that the photolabel blocks delayed currents
in frog sciatic nerve, though with a lower affinity than TEFA
(Hucho, Bergman, Dubois, Rojas & Kiefer, 1976).

The kinetic model developed by Armstrong to account for the
- action of internal quaternary ammonium ions on the K channel
assumes that only one such ion blocks each K channel. Moreover,
it is assumed that only open channels are blocked; this is based
on the observation that in axons injected with quaternary ammonium
ions, the delayed current during a large depolarization increases

normally at first, reaches a peak and then declines. In axons
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injected with nonyltriethylammonium, this drug-induced inactivation
can be complete.

Recovery from the blockade has also been studied in nonyltriethyl-
ammonium-injected axas. Recovery is accelerated by increasing the
external potassium concentration or by holding the membrane at a
more negative potential (Armstrong, 1971, 1975a,b); in both cases
the inward K current is increased. However, since large hyper-
polarizing pulses applied after block has occurred delay the late
phase of recovery, the presence of nonyltriethylammonium .- within
the chamnel may interfere with the ability of the activation gate
to close, as suggested from the experiments with TEA (Armstrong,
1966),or the gate may close trapping the blocking ion (Armstrong,
1971, 1975a,b).

From these studies, Armstrong has concluded that the activation
gate is at, or close to, the inner end of the K channel and that
this end of the channel is sufficiently large to accommodate a
hydrated K ion or TEA, both of which have a radius of about 8k.

Long chain derivatj.ves of THA are also‘ accommodated since the long
hydrocarbon chain can penetrate the hydrophobic part of the membrane.
The outer part of the channel, which represents the selectivity
filter, is narrower since it excludes TEA and its derivatives.

K+ » however, can pass through the selectivity filter once it has
shed most of its water 6f hydration.

In general, quaternary ammonium ions are without effect when
applied externally to squid axons (Armstrong & Binstock, 1965;
Armstrong, 1969); this indicates that these cations do not
penetrate the membrane to any great extent and that the blocking
site ié only accessible from the axoplasm.

In a comparable series of experiments, Armstrong & Hille (1972)

showed that the effects of TEA, pentyltriethylammonium ion and
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nonyltriethylammonium ion applied intermally to the frog node of
Ranvier were strikingly similar to those reported for squid axons.
Hence it is generally assumed that the receptor for internal
quaternary ammonium ions .is similar in both preparations.

Fink & Wettwer (1978) have investigated the effects of
iontophoretic injection of TEA into frog skeletal muscle fibres, and
report a concentration-dependent depression of the delayed
current when this is outv;aard or inward. | Whilst the results are
not described in detail, it was shown that when sufficient TEA is
injected to reduce the outward current by 76% of the control, the
current increases monotonically and without the initial deléy
observed in squid axons (Armstrang, 1966) or myelinated nerve
fibres (Hille & Armstrong, 1972) containing TEA. This suggests
that the blockade of delayed K channels in muscle by internal
TEA i§ independent of channel gating. On the other hand, such .
a result is also to be expected if the activation gating mechanism
is between the TEL receptor and the sarcoplasm, but the kinetics
of channel gating are slow campared to the rate of formatiox;
and dissociation of the TEA-receptor complex (Armstrong & Hille,
1972) .

In contrast to the squid- axon, external quaternary ammonium
ions block the delayed K currents in frog muscle (Kao & Stanfield,
19705 Stanfield, 1970a; Fink & Wettwer, 1978; see also
Hagiwara & Watanabe, 1955), in frog node (Hilie s 19673 Vierhaus &
Ulbricht, 19713 Armstrong & Hille, 1972) and in Xenopus node
(Koppenhbfer, 1967). Since this blockade is more or less independent

of the membrane potential (Hille, 1967; Stanfield, 1970a), it is
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likely that the receptor is on the outer surface of the membrane
and is separate from the receptor reached by internal quaternary
ammonium ions (Koppenhgfer & Vogel, 1969; Armstrong & Hille, 1972).
In frog muscle (Stanfield, 1970a) and in Xenopus node (Koppenhgfer,
1967) external THRA aiso slows the rate of K activation, though in
frog node (Hille, 1967; Armstrong & Hille, 1972) no effect on

the kinetics of K activation is seen. The significance of this is
at present unkmown.

Amines, and in particular the aminopyridines and strychnine,
have also been used for the vstudy of K channel mechanisms. An
important feature of these molecules is that they exist in both
cationic and neutral forms. The neutral form is lipid soluble,
which might account for the fact that in nerve the amhopﬁidhes
block the delayed rectifier in the same way whether they are
added to the internal or external solution. It also accounts for
the fact that external application of strychnire has the same effect
as internal application of methylstrychnine, which, since it is a
quaternary ammonium ion, is unlikely to cross the membrane (Shapiro,
1977a,b).

Interest in the aminopyridines as K channel blockers began
when Pelhate and Pichon (1974) reported that L-aminopyridine (L-AP)
blocked the delayed rectifier of cockroach axons aboﬁt LOO times
as effectively as TEA, but was without effect on the Na current.
This specific actién of aminopyridines has been confirmed in studies
on squid axons (Meves & Pichon, 1977.; Yeh, Oxford, Wu & Narahashi,
1976a; Kirsch & Narahashi, 1978), myelinated nerve fibres
(Ulbricht & Wagner, 1976), Myxicola giant axons (Schauf, Coltem,
Colton & Davis, 1976), and frog skeletal muscle (Gillespie & Hutter,
1975). However in Myxicola axons (Schauf, Colton, Colton & Iavis,

1976)_ 2-, 3- and h-‘APyare not as potent as TEL.
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In thé present context, the most interesting finding is‘tha£ the
action of L-AP on skeletal muscle differs in some respects from
its action on nerve. In nerve (Meves & Pichon, 1977; Yeh et al.,
1976a,b; Ulbricht & Wagner, 1976),L-AP in concentrations of about
1 mM or less reduces inward and outward deléyed currents. The
blockade is also time- and voltage-dependent:  :in the
steady-state the blockade decreases as the membrane potential is
made more positive. This is in contrast to the blockade produced
by intracellular quaternary ammonium ions which increases under
those conditions (Hille, 1975a). In addition, the rate of recovery
from block during a depolarizing step is considerably faster than
the rate of restoration at the holding potential in a variety of
conditions. This voltage- and time-dependence has three
consequences. First, L-AP slows the onset of the K current
during depolarization under voltage clamp conditions. Secondly,
repetitive depolarization accelerates the rate of rise of thé K
current during the second and subsequent pulses in a manner which
depends on the preparation, the pulse interval and duration, and
the concentration of 4-AP. Thirdly, since the rate of recovery
during a depolarizing step is slow compared to the rate of K
chamnel gating in the presence of L4-AP, it is difficult to test
the idea of Yeh et al. (1976b) that the release of L-AP from its
binding site occurs predominantly from K channels in which the
activation gate is open.

This last point is of considerable interest since it relates
to the mechanism of action of the aminopyridines,which is at
present unknown. The blockade of Na currents in myelinated nerve
by amine anaesthetics is similar in that it is voltage-, time-
and frequency-dependent (Courtney, 1975; Hille, 1977a,b).

Hille's (1977b) model for the action of these anaesthetics is that
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they bind to a site within the channel between the selectivity
filter and the activation gate. Access to the site by the
cationic form of the drug is achieved fram the axoplasm, and
only through the mouth of the channel when the gate is open.
The drug in its neutral form can by-pass the gating mechanism
by diffusing through the lipid portion of the membrane to the
site.

Aminopyridines may also act in the neutral form, the
aminopyridine-receptor complex being stabilized when the
activation gate is shut. On the other hand, since recovery from
the blockade does not saturate at potentials at which the K
chamnels are normally fully activated (Meves & Pichon, 19773
Yeh et al., 1976b; Ulbricht & Wagner, 1976),a more direct effect
of potential on the degree of blockade is to be expected (Mbvés
& Pichon, 1977). If L-AP reaches a site within the channel in
its cationic form, then from the voltage-dependence of the blockade
it is prdbaﬁle that L-AP enters the channel from the external
solution.

In muscle, external L-AP also blocks the delayed current
in a manner which is enhanced by a hyperpolarizing prepulse
(Gillespie, ﬁ977). However, the delayed current is not depressed
by L-AP if the prepulse is itself preceded by a depolarization
which ié assumed to close the inactivation gate for the duration of
the hyperpolarizing prepulse. From this, Gillespie (1977) has
cdncluded that h-AP+ is attracted into the channel by the hyper-
polarizing prepulse only when the inactivation gate is open.

Thus the inactivation gate is between the L-AP binding site and the
external solution.

Alkaline solutions slow the repolarization phase of the

action potential in frog muscle fibres stimulated frequently in
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the presence of L-AP; this effect iS ascribed to the action of
sarc0plasxﬂic LL-AP+ (Gillespie, 1977; see also Gillespie &

Hutter, 1975). In these canditions, the delayed currents

resemble those recordec.i in nerve' with intracellular nonyltriethyl-
ammonium ions (Armstrong, 19713 Mtrong & Hille, 1972): that
is, the current increases normally at the start of the depolarizing
step, but after a delay becomes inactivated by the drug. However,
this result, which has been confirmed by iontophoretic injection
of Jj-AP into muscle (Fink & Wettwer, 1978), is consistent with

the view that the activation gate is close to the inner end of

the channel (Gillespie, 1977) only if it is assumed that internal
Li-AP reaches its binding site in the channel via a hydrophilic
pathway.

The .tertiary amine, strychnine,also blocks delayed currents
in nerve in a manner which resembles the bléck by strongly
hydrophobic quaternary ammonium ions (Shapiré, 1977a), to which
it is closely related. The most interesting feature of this
blockade is that it isa much steeper function of the membrane potential
than that shown-by internal TEA (Hille, 19752). This leads to the
result that the larger molecule (strychnine) is able to penetrate
further into the K channel from the axoplasm than TEA (Shapiro,
1977a). A possible explanation for this is that strychnine is
able to move through part of the membrane field with its hydro-
phobic end in the 1lipid and its charged part inthe channel. In this
way the effective dimensions of the molecule would be reduced.

- One advantage of using the alkali metal ions (i’ s Na+, K+,
Rb® and Cs+) as probes of K channels is that their physical and
chemical properties are generally better charécterised than those

of large organic molecules. The first ocbservationthat the alkali
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metals interfered with the movement of K+ in delayed channels was
made by Baker, Hodgkin & Shaw (1962) who found that axons perfused
internally with cszsoh instead of KQSOh developed long-duration
action potentials before they became inexcitable due to depolarization
of the resting membrane. That this was due to a decrease in the
efflux of K+ during the action potential was conf irmed by Sjodin
(1966) working with intact axons injected with Cs', and by
Chandler & Meves (1965) and Adelman & Senft (1966) who used
voltage-clamped axons in which part of the internal Kf was
repl;ced by Cs+. Other internal alkali cations also reduce the
delayed K current, the order of decreasing effectiveness being
Cs> Rb>Na (Chandler & Meves, 1965; see also Bezani_ll'al &
Armstrong, 1972; French & Adelman, 1976). |

A nuﬁber of other experiments concerning the actions of
Cs+ on delayed K channels can be summarized by saying that internal
Cs+ reduces the delayed current in nerve when this is outward, |
while external Cs+ blocks inward but not outward K currents
(Adelman, 1968; Adelman & Senft, 1968; Bezanilla & Armstrong,
1972).  Similar results have been obtained by Dubois & Bergman
(1975, 1977) using frog myelinated nerves. While recent
experiments confirm that internal Na+ reduces outward K currents
in squid axons (Bezanilla & Armstrong, 1972; French & Wells,
1977) and in frog node of Ranvier (Bergman, 1970), external Na+,
like external TEA, is without effect on delayed K channels in the
squid (Bezanilla & Armstrong, 1972).

In nerve, the effectiveness of internal Li’ (Bezanilla &
Armstrong, 1972);1\“3.+ (Bergman, 1970; Bezanilla & Armstrong, 1972)
and Cs* (Adelman & Senft, 1966; Dubois & Bergman, 1975, 1977;

Bezanilla &'Armstrang, 1972) as K channel blockers increases as
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the membrane potential is made more positive. The effect of C,s+ 5 -
the largest of the alkali cations considered (ionic radius =_1.698),
has been used to support the view that the imner mouth of the
delayed channel is wider than the outer part of the chamnel
(Bezanilla & Armstrong, 1972; Armstrong, 1975a,b) such that cs'
can only enter the inner part. 1In agreement with this,

Pickard et al. (196}), Sjodin (1966) and Hille (1973) have
demonstrated that Cs' does not pass through delayed channels in
nerve to any great extent. On this basis, however, the outer
part of the channel must also be enlarged since there is evidence
that Cs® is able to penetrate a considerable distance into the
channel from the outside in these preparations (Bergman, 1975,
1977; Adelman & French, 1977). The effect of cs’ an inwardly
rectifying K conductances is discussed in chapter 5.

Another interesting property of ionic channels is their
ability to distinguish between different ions, and particularly;-
the alkali metals. Chapter L deals with the seiectivity of the
delayed K channel in muscle and compares the results with previous
studies in nerve. The aim here is to outline some of the possible
mechanisms which underlie selectivity in excitable cells.

Reference is made fo experiments with Na and K channels.

In 1965, Chandler & Meves showed that axons perfused internally
with a high X solution and bathed in a K-free Ringer in which
choline replaced Na+, developed early outward K currents at
potentials at which the early current in intact axons would have
been inward, and carried by Na+. Moreover, the time course 6f
the early K permeability change was similar to that normally shown
by Na+. From the reversal potential of the early current ih

the presence of different alkali cations, the authors deduced that
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the selectivity sequence for the Na channel was PLi Q’PNa >

PK > PRb > PCs' The selectivity sequences for the Na channels
in myelinated nerve fibres (Hille, 1972) and frog muscle
(Campbell, 1976) avre similar.

In almost all biological and non-biological systems, a
large number of which are discussed by Diamond & Wright (1969),
only eleven selectivity sequences comprising the five alkali
cations given above are expressed, although more than -a hundred
different permutation.s of order exist. Eisenman (1962, 1963)
has investigated the mechanism of selectivity shown by cation-
selective glasses, and suggested that selectivity in membranes is
achieved in a similar way (Eisenman, 1963, 1965; see also |
Diamond & Wright, 1969; Jack, Noble & Tsien, 1975). These
glasses possess fixed negative charges which bind the ications:
preferential binding is shown towards the cation, which, in
moving from its hydrated state in solution to its dehydrated state
as part of the ion-site complex gives rise to the most negative
change in free energy. Sites with a high field strength, such
as those with a high density of fixed negative charges, or those
able to approach close to the cations, show a preference for small
catims. Thus the sequence shown by these sites is Li> Na> K>.
Rb > Cs (sequence XI). At the other extreme, sites with a low
field strength (low density of negative charges, or a remote
site ) tend to bind iarge ~cations, producing the sequence Cs>
Rb >K >Na >ILi. The sequences shown by Na channels in nerve
(Chandler & Meves, 1965; Hilleg 1972; Campbell, 1976) are those
expected for a site with a relatively high field strength.

In ion selective glasses, the permeability ratio PA/PB for

cations A+ and B+ depends not only on the relative occupancy of
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the sites by A" and BY under equilibriu;m conditions (which

depends on the field strength of the site and the size of the
cation), but also on the relative mobilities of the cations in the -
glass (UA/UB)' This is analogous to the situation in biological
membranes where the binding term is usually replaced by a constant
which reflects. the relative partitioning of A" and B+ between

the solution and the menbrane. |

Mullins (1975) has argued against the notion that equilibrium
binding is a suitable mechanism for selectivity in ionic channels
on the grounds that the ion which is the tightest bound would have
the lowest mobility in the channel. Although this my be true in
some cases, Eisenman (1965) cites the example of a K selective
glass which binds 34 K+ ions for every I\Ta+ ion; UK/UNa is 0.3,
thus although PK/PNa is only about 10.2 (that is, 34 x 0.3), the
selectivity sequence is unchanged from that predicted from
equilibrium binding.

From their theoretical treatments of selectivity in aqueous
pores, Armstrong (1975b; see also Amstrong, 1975a; Armstrong &
Bezanilla, 1972) and Hille (1975a,c) have concluded that |
equilibrium binding may play a role in determining selectivity
but that it is not the only mechanism. They consider ionic channels
to be systems of energy wells and peaks such that the progress
of an ion in each chamnel is described by Eyring rate theory
(Woodbury, 1971). A permeant ion is able to negotiate these peaks
but an impermeant ion will be unable to cross either the outer
energy peak, or an infernal peak. In the latter case, the
impermeant ion would interfere with thé movement of permeant ions
in the pore in a potential-dependent manner. In this treatment,
selectivity is found to be a function of thé heights of the

energy peaks and independent of the depth of the wells. The
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depth of energy wells, on the other hand, determines the mobility
of cations in the pore. Thus the properties of the binding site(s)
associatred with peaks will influence selectivity since for a pair
of cations the peak height will be lower for the preferentially
bound cation.

Pore size provides an explanation for the exclusion of large
ions which is not based on the assumption that the postulated
binding site has Aa low field strength. .CIearly, an ion whose
dehydrated radius is larger than thatof the channel at its narrowest
point will be impermeant. By setting the minimum pore diameter
to 3.0—3.3&, Hille (1973, 1975&) has accounted for the fact that
all cations which have diameters in the range 2.66- 3.08 (that is,
K+, Tl+, Rb+, and NH):) are permeant in the delayed K channels
of frog myelinated nerve fibres (Hille, 1973) and squid axons
(Bezanilla & Armstrong, 1972; Armstrong, 1975a,b; Landowne,
1975; Binstock & Lecar, 1969), whereas those inorganic and orgé.nic
cations which would only fit into a pore with a diameter of at least
3.38 to 8 (for example, Cs+, 3.388 and Tm+, 8f) are excluded.

By comparison, the minimum pore diameter of Na channels
is larger, being 3.1f x 5.1 in the frog node (Hille, 1971, 1972,
1975a,¢) and in frog muscle fibres (Campbell, 1976).

One of the most interesting findings concerning the
permeability of organic cations in the Na chammel is that hydi'éxyl-'

ammonium, which has the structure H N+-OH s and dimensions of

3
about 4.5% x 3.88 x 3.88, is almost as permeant as Na+, whereas
methylammonium (H3N+-CH3_), which is of a similar size to
hydroxylammonium, is not measurably permeant (Hille, 1971). The
explanation for this is that hydroxylammonium is able to form hydrogen

bonds with the pore wall: hydrogen bond formation reduces the
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effective diameter of the cation so that it is not excluded on
grounds of size, and it also reduces the magnitude of the energy
barrier presented by the selectivity filter since the cation is
essentially solvated within the pore. Hydrogen bond formation
also accounts for the fact that another four organic molecules
are permeant in Na chénnels whereas their methyl (-—C‘HB)
der;ivatives are not (Hille, 1971, 1 975&);

The hydrogen bond consists of a hydrogen atom bridging
two electronegative atoms. In biological systems, the electro-
negative atoms are usually oxygen or nitrogen, thus Hille (1971)
postulates that the selectivity filter of the Na channel consists
of a ring of 6 oxygen atoms which allow the passage of Na©
hydrated by up to three water molecules. At least one of
these oxygens is believed to belong to a carboxylic acid group
(see below). |

The model of the selectivity filter developed by Hille (1973)
for the K chamnel of nerve consists of a ring of five oxygens
(onevless than for. the Na channel) which are arranged to form an
opening of 3.02, through which K passes in association with up to
two water molecules. Ammonium, which, witha diameter of about |
3.0f, is the largest of the permeant cations‘, is assumed to form
hydrogen bonds with up to two oxygen atoms. Since ammonium is
assumed to form an electrostatic bond with a third oxygen
belonging to a carboxyl group, two of the oxygen atoms in the model
can be replaced by other atoms.

One reason for assuming tha£ the channels are lined by oxygens
rather than nitrogen atoms is that a number of lipid soluble
carrier molecules s such as valinomycin and nonactin, form

complexes with single alkali cations, which they are then able to
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transport across the membrane. In valinomycin and nonactin,
the transported cation is held in a ring of six and eight oxygen
atoms, respectively (Ohnisi & Urry, 1970; Urry, 1971; Kilbourn
et al., 1967). However, both these carriers transport K in
preference to Na+.

More direct evidence concerning the nature of the groups which
play a role in selectivity in Na and delayed K channels comes
from titration experiments. Some of these are discussed in
chapt;er 3. Here, it is sufficient to say that in a numbér of
preparations the maximum Na and delasred K conductances are
reduced at low pH in a manner .which suggests that this is due to
the titration of a carboxylic acid group which is part of the
way across the membrane (see, far example, Woodhull, 1973; Hille,
1973). In the case of Na chammels, this view is also supported by
experiments which show that the specific binding of tritiated
tetrodotoxin (TTX) and saxitoxin (STX) to Na channels in
unmyelinated nerve fibres (Henderson & Wang, 1972; Henderson,
Ritchie & Strichartz, 1973, 197L) and the reduction in the
maximum Na conductance in myelinated nerve fibres by tetrodotoxin
(Ulbricht & Wagner, 1975a,b) arereduced at low pH. . The
apparent acid dissociation constant (pKa) for the proton and
toxin binding site is about 5.5 for TTX and 5.9 for STX
(Henderson et al., 197&). In intact nerve (Ulbricht & Wagner,
1975a) the K, for this site is voltage-dependent, subporting
the notion that the carboxylic acid group is inside the chamnel.
It is interesting to note, however, that the reduction in the
maximum Na conductance by TTX in the same preparation is -

independent of the holding potential (Ulbricht & Wagner, 1975a).
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The model developed by Mullinsr (1959, 1975) to account
for selectivity in ionic channels assumes that during permeation
an ion is totally dehydrated, or retains one or two hydration
_ ‘shells depending on the diameter of the orifice formed by the groups
lining the channel,. : Na aﬁd K chamnels are regarded as
moderately selectivé, and since the dimensions of the alkali
“metals with one hydration shell are more nearly equai than those
 of the dehydrated ions, Mullins postulates that the alkali
metals move through both channels with one hydration shell, except
for the inner portion of the K channel in nerve which accommodates
two hydration shells. A further assumption is that the diameter
of the ion with one shell of hydration must be close to that of
the orifice for the cation to be permeant,. so that in this model
both =small and large cations can be excluded from the pore on
grounds of size. Moreover, the diameter of the outer portion
of the K chammel must be less than that of the Na channel if K'-
channels are to be more permeable to K+ than to Na+, and Na
channels mare permeable to I\Ia+ than K+.

An important argument against Mullins!' model 1s that it makes
no provision for the influence on selectivity of electrostatic
interactions between the charge on the ion and charges associated
with the chamnel, whereas the experiments described above argue
strongly in favour of the view th‘at fixed anions play a role in
determining the permeability of ionic channels.

Throughout this chapter it has been assumed that K+ moves
across the membrane by way of aqueous pores. It is appropriate,
therefore, to conclude this chapter by reviewing the evidence
which supports this hypothesis, particularly in the case of the

delayed K conductance. Some of the evidence has been considered

in papers by Armstrong (19752,b,c).
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The first line of evidence relates to calculations by
Parsegian (1969) of the energy requirements for four types of
ion movement across a lipid layer with a thickness comparable to
that of a cell membrane. The results show, as one might expect,
that there is a considerable energy barrier to tle movement
of single ions. The permeation of covalently bonded ion pairs
requires less energy, but, as Parsegian has pointed out, the
electrolytes involved in biological systems are unlikely to
form such bonds. Moreover, the movement of cdvalently bonded
atoms would not be expected to be detected as a current.

The energy required is significantly reduced if the ion
crosses the membrane by way of an aqueous pore, or as part of a
lipid-soluble carrier-ion complex. Further, for the examples
considered by Parsegian (1969) (that is, an ion with a diameter of
L;X, and a pore or carrier with a diameter of 10.8), the energy
required for movement through the pore is some 2.5 to L times
less than tha.t associated with the carrier mechanism.

This result alone is insufficient evidence for the assumption
that ions move by way of pores since the energy required for
the formation and maintenance of pores and carriers is not taken
into account (Parsegian, 1969). However, Armstrong (1975a)
has argued that the temperature dependence for the movement_ of
Na+ and K+ across the membrane of the squid axon is much lower
than that expected from Parsegian's data for the carrier'
mechanism, but is comparable to that expected for a pore.

Secondly, the mode of action of several K channel blocking
ions and, in particular, the‘ nonyltriethylammonium ion
(Armstrong, 1971) can be explained in terms of a pore model,
butt it is difficult to interpret the action of these agents in

terms of a carrier model (Armstrong, 1975a). This point is
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discussed in more detail in chapter 8 in relation to the resting
K conduétance.

Thirdly, Ussing (1949) has shown that if the movement of an
ion, X, across the membrane is unaffected by the presence of other
permeating ions, the influx (Mxini‘) and efflux (szf) of X will be

‘related by the following expression

X N
Meer _ | U4 ZNFV, /R (1.3)
M];-[nf (x]

where [X] ; and [x] , are the internal and exter.nal‘ concentrations
of X, z is its valence, V, is the membrane potential, F/RT is a
thermodynamic constant, and where N is 1. In 1955, Hodgkin &
Keynes found that egn. (1.3) described the ratio of unidirectional
K fluxes in Sepia axons, provided N was about ‘2. 5. From this,
they suggested that K+ ions move through a pore in the membrane
and in single-file, the pore containing two or three K+ ions at
any one t.ime.. Single~file behaviour has also been reported for
the delayed K conductance in the squid axon (Landowne, 1975;
Begenisich & De Weer, 1977) and the resting K conductance in
skeletal muscle (Horowicz, Gage & Eisenberg, 1968).

An alternative explamation for these findings is that K.
ions are transported across the menbrane by a carrier molecule
which moves only when empty or when occupied by more than one K+
ion (Hodgkin & Keynes, 1955; Horowicz et al., 1968). Hodgkin
& Keynes (1955) have argued against such a model on the grounds
that a carrier which trarisport.,s two K+ ions is also likely to
transport one.

Eventually it may be possible to distinguish betweeﬁ carrier

and pore models for the K channel with a technigque similar to that
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used by Neher, Sakmann & Steinbach (1978). Using a micropipette
whose tip was placed on the outer surface of the membrane, these
authors have recorded the current flowing through a single channel
in a region of muscle mermbrane which contains extrajunctional
acetylcholine receptors. An important conclusion from this work

is that acetylcholine-sensitive channels have a constant conductance
when open. On the other hand, the conductance associé.ted with the.
movement of a single carrier of the type suggested by Horowicz et al.
(1968) would be expected to have two values since in that model both
the occupied and the empty carrier are charged. At any rate,

the evidence, thoﬁgh inconclusive, favours the view that K+ ions

move across the membrane by way of channels.
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Chapter 2. Solutions and Methods

The preparation

Single or paired sartorius muscles from English frogs,

Rana temporaria, were used in all experiments. This preparation

is highly suited for electrophysiblogical work: since the
fibres are large and are usually arranged in pafallel extending
the whole length of the muscle, individuai fibres can often be
traced for more than 2 mm without further dissection. In
addition, in cleamed preparations, the point at which fibres
insert onto the pelvic tendon can usually be measured to within
5 or 10 pm; such accuracy is impértant if consistent values
for the membrane current are to be obtained with the three-
electrode voltage clamp method (see page },2). =~ There are
also no slow fibres in the frog sartorius, as Kuffler & Vaughan
Williams showed in 1953. This means that all the fibres belong
to the fast or twitch group.

Removal of the sartorius is a standard dissection so only
a brief account is given here. The skin was removed from the
legs of a frog whose brain and spinal cord had been destroyed.
The pelvic girdle was then divided at, or close to,the midline
so that at least one sartofius muscle remained intact. The
distal tendon of this muscle was ligatured with cotton thread,
then cut. The sartorius, together with ité pelvic tendon
and a piece of pelvic bone, was dissected free of underlying
tissue and pinned out deep surface uppermost in a perspex
dissecting dish containing isotonic chloride Ringer. With the
aid of a binocular microscope, cut fibres from adjacent muscles

were removed and the preparation cleaned of excess connective tissue.
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The cleaned preparation was allowed to equilibrate for at
least 30 mins in a volume of fresh éhioride Ringer which exceeded
100 ml. The composition of this solution is given on page 3k.
In most experiments a further period of equilibration was
necessary in either a chloride-free sulphate solution, a hyper-
tonic solution, or in both'of these. The composition of these
solutions is given in the Solutions and Methods section of
individual chaptgrs.

After passihg through this series of solutions, the
preparation was transferred to the recording chamber and pinned out
deep surface uppermost in a volume of Ringer (about 10 mls)
sufficient to cover the surface fibres by 1-2 mm. In isotonic
solutions, the muscle was stretched to about 130% of its resting
length in order to reduce the ability of the fibres to contract,
and to assist in penetration. In stretched preparations the
effective membrane surface area per unit length may be reduced
by as much as 10 - 14% (Dulhunty & Franzini-Armstrong, 1975).

The temperature of solutions was comtrolled by enclosing the
chamber in a jacket circulated with a water-ethylene glycol
mixture. A glass cover-slip which formed a large part of the
floor of the otherwise perspex chamber ensured good heat exchange.
The temperature was monitored by a thermistor set into the side
of the chamber close to the muscle.

In most experiments the chamber was not perfused since
perfusion reduced the efficiency of temperature control and
increased the probability that impalements would be lost before
the experiment was completed. To change the solution, the

chamber was emptied and refilled at least three times with the
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new solution. A minimum of 10 mins was allowed for equilibration
of the extracellular space, after which the solution was again
renewed. In those experiments in which perfusion was used, the
temperature of the Ringer was contrﬁlled before it entered the
chamber.
Solutions

A1l solutions were made up in distilled water using Analar
grade reagents wherever possible. Notable exceptions were
03250 s RbQSOu, LiZSQh and lesoh (Laboratory Reagent, Hopkin &
Williams). More refined salts of caesium and rubidium were used
in later experiments (Suprapur, Merck) but these gave the same
results as Laboratory Grade Reagents. Ringer solutions were
refrigerated during storage; those containing sucrose were used
for not more than 1 week. T1280h precipitated within 2, hours
when prepared as a stock solution; similarly a precipitate
appeared in Ringer solutions containing TlZSOh when stored
overnight. However, in the course of an experiment a precipitate
was not observed when solid lesoh was added to the Ringer
immediately before use, so this procedure was always followed.

Chloride Ringer. This was prepared from 1 M stock solutions of

chloride salts. Chloride Ringer was used for dissection and.
usually had the same camposition as that given by Adrian (1956):
115 mM-NaCl; 2.5 mNFKCl;. 1.8 mM—CaCl2; 2.15 mM—NazHPOh;

0.85 mMFNaHzPO 35 PH 7.2. This Ringer was modified to contain
the same buffer as the experimental solution in which the records
were obtained. In chapter 7, phosphate was replaced by

1 mM HEPES (N-2—hydr6xyethylpiperazine-N'-2-ethanesulphonic acid),

and the pH adjusted to 7.2 with NaOH. The composition of
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chloride Ringer containing tris-maleate plus acetylglycine as
buffer is given in the Solutions & Methods section to chapter 3.

Sulphate Ringer. These solutions were prepared from 0.5 M stock

solutions of Nazsoh and'Ksth, and a 10 mM stock solution of
CaSOh. The composition of the different Ringer solutions used
is based on Table 1 of Hodgkin & Horowicz (1959), and is described

in the Solutions & Methods section of individual chapters.

Hypertonic solutions. 1In order to study the properties of the
sodium conductance or the delayed potassium conductance it is
necessary to depolarize the voltage-clamped membrane to potentials
positive to the mechanical threshold. Since in isotonic solutions
the resulting movement is often sufficient to dislodge the electrodes,
in such experiments the ability of the muscle to contract was
greatly reduced by the addition of 350 mM sucrose to the Ringer.
This increased the tonicity of the solution about 2.5 times
(Adrian, Chandler & Hodgkin, 1970a; Stanfield, 1970a, 1975).
Although the twitch is reduced or abolished in hypertonic
solﬁtions, the electrical properties are largely unaffected
(Howarth, 19583 Hodgkin & Horowicz, 1957). Since muscles
survived less well infhypertonic solutions than in isotonic

Ringer, most of these'experiments were performed in the cold.

Tetrodotoxin (TTX: Sankyo) This was present in some

experiments selectively to'block~sodium channels. The stock
solution (10_hg/hl) was prepared by adding 1 mg TTX to 10 ml
distilled water and was kept at about 4°C. 0.1 ml of stock
solution was added to the Ringer in the recording chamber to give
a working concentration of 10'-6 g/ml.

Microelectrodes

Glass microelectrodes (Ling & Gerard, 1949) were used for
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recording the membrane potential of muscle fibres and for
injecting current into the cells. Electrodes were pulled from
lengths of low-sodium, capillary glass tubing (Pyrex-Corning;
outside diameter 1.2 mm) and were filled with electrolyte
solution by boiling for about 2 mins under vacuum. Filled
electrodes were stored tip downwards in the filling solution at
about 4°C.

Microelectrodes used for recording were normally filled with
3M-KC1l solution (Nastuk & Hodgkin, 1950). Selected electrodes
had resistances between 7 M) and 25 M) and tip potentials less
negative than -5 mV; such electrodes would have a tip diameter
of about 0.5 pm (Nastuk & Hodgkin, 1950),which is small compared
to the diameter of muscle fibres (about 4O - 120 Pm). Electrodes
were normally prepared within 2 hours of use and those with the
appropriate tip characteristics on the morning of the experiment
were selected. Longer periods of storage tended to yield
electrodes with large tip potentials.

Microelectrodes for use in current injection were filled
with 2 M—K3 citrate since the resistance of citrate elgctrodes
does not change during the passége of current as much as the
resistance of KCl-filled electrodes. Selected electrodes had
resistances between 4 M. and 10 M) and tip poténtialé less
negative than =5 mV. Electrodes stored for at least 2l ﬁours
were preferred since storage tended to reduce their resistance
and improve their current passing ability. Erosion of the tip
by citrate solution is probably responsible for these changes.

KCl-filled microelectrodes are unsuitable for use in solutions

containing thallous ions. (Mullins & Moore, 1960). From the
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solubility product of TLCl (Sillén & Martell, 196L), it is
estimted that this salt will precipitate in the presence of
3M-KC1 when the Tl+ concentration exceeds 10-hM. Such
precipitation blocks the electrodes, as reborted by Mullins &
Moore (1960) and observed in the present study. Since resting
potentials recorded by citrate electrodes in thallous-free
Ringer were comparable with those recorded with KCl electrodes
(see chapter 7), citrate electrodes were used for recording the
membrane potential in thallous solutions.

Recording apparatus

The general arrangement for recording potential changes
between a microelectrode and a reference electrode is shown in
Fig. 2.1A. Microeleétrode holders were prepared from plastic
syringe cases. The shaft of the electrode was inserted through
a small hole (about 1.25 mm) drilled in the sealed end of the
case, and was supported by a column of cured silicone rubber
compound. The electrolyte in the microelectrode formed a
liquid junction with a chloride Ringer solution contained in the
upper part of the electrode holder, and into which dipped a
chlorided silver wire. The wire was secured by a rubber bung,
and connected to the input lead of a voltage follower.

Error in the measurement of cellular potentials,cah arise
when there is a potentiél at the Ringer - Ag/AgCl wire junction.
This potential was offset by including a similar junction in
series with the reference (bath) electrode (Fig. 2.1A). Here
the chlorided silver wire dipped into a well of chloride Ringer
which was in electrical continuity with the solution in the

muscle bath via a glass bridge comtaining 1% agar in Cl Ringer.



Fig. 2.1. A. Diagram to show the main features of the
recording apparatus. The menmbrane potential (V1)
recorded by the microelectrode is fed to the input of a
voltage follower (comprising amplifier A1) via a chloride
Ringer - Ag/AgCl wire junction. The electrolyte in the
microelectrode is 3 M-KCl or 2 M_--K3 citrate. Bath
potential is recorded by a low resistance electrode
consisting of a 1% agar in chloride Ringer bridge. This
signal is also fed to the input of a voltage follower
(comprising amplifier AO) via a chloride Ringer - Ag/Agcl
wire junction. The output from the calibrator (cal.)'
is used to back-off the membrane potential once the micro-
electrode is in the fibre. a and b are test points for
use in the measurement of microelectrode resistance.

Also shown is the arrangement used to differentiate the
membrane potential (dV1/dt).

B. The two-microelectrode constant-current
method. The fibre is impaled by two microelectrodes,
one to record the membrane potential V1 (see Fig. 2.14)
and the other to inject current. The total electrode
current (Io) is determined by the command signal (S) and
by an offset current control. Io is comtrolled
electronically by the feedback amplifier (FB).and measured
by an operational amplifier (741) with a resistor (1 MQ))

in the feedback loop. The amplifier has FET inputs.
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The junction potential measured with the reference electrode at
earth, and with the Ringer in the holder in contact with the
Ringer in the bath was usually less than 1mV.

The potential, V., recorded by the microelectrode in Fig.

1
2.1A wé.s fed to the input stage of a voltage follower employing
amplifier A1 (Philbrick 1009; input impedance 1,01‘| ohms). This

was set to have a gain of 10. In order to reduce stray capacit;;r,

the voltage follower and its input lead were surrounded by a

metal screen which was driven by the inverting input of A1. ‘.

In addition, A1 was mounted on the micromanipulator close to the
‘microelectrode. A resistor and capacitor feéd back from the

output to the non-inverting input of A1l ‘and provide a fine and coarse
adjustment to compensate for slowing of fhe signal.

The reference (bath) electrode was connected via a
calibrator (cal.) to the input of a second amplifier, AO,
(Philbrick 1009) which was the same as A1. AO was housed in
an earthed box. The gain of AO was set to match the gain of Al.
This adjustment was performed routinely: a 100 mV signal from
the calibrator was connected directly to the inputs of A1 and AO.
The gain of AO was then altered until the output of the two
amplifiers differed by less than 0.1 mV. The rejection of common
mode signals was therefore better than 0.1%. |

The calibrator was built to a design similar to that
described by Adrian (1956). It employed a Weston cell as an
internal reference source, and had an output of + 210 mV in 100,
10 and 1 mV steps. |

With the output from the calibrator at zero, the signal

applied to the lower vertical amplifier of the oscilloscope in
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Fig. 2.1A is A(V.l -Vt),where A is the gain of A1 and AO, and
VO is the potential recorded by the agar-Ringer bridge. So
that the present symbols are the same as those used by Adrian
et al. (1970a), A(V, -V) is shortened to V,.

In most cases a Tektronix 5024 dﬁal beam oscilloscope was
used. The output from one vertical amplifier of the oscilloscope
was connected.to an audio-amplifier so that changes.in the
displayed signal could be monitored while still observing the
preparation. The displayed signal was also photographed on
stationary 35 mm film; the negatives were enlarged and projected
onto a sheet of graph paper from which the measurements were

made.

Microelectrode resistance

With the tip of the microelectrode in the Ringer (Fig.
2.14), a 100 mV signal from the calibrator applied between the
bath electrode and earth produced a 100 mV deflection on the
oscilloscope.' If a resistance equal to that of the micro-
~electrode is then connected between the input to A1 and eaéh
(between a and b in Fig. 2.1A), the deflection will be reduced
to 50 mV. In practice, a 10 megohm resistor was placed in
parallel with the microelectrode, and the resistance of the
latter calculated from the observed deflection using Ohm's law.

Microelectrode tip potential

With electrical continuity between the Ringer in the
electrode holder and that in the bath, the balance betﬁeen Al and
A0 was adjusted to compensate for small junction potentials.

When the microelectrode is included in the circuit, any deflection

of the oscilloscope trace should then be due to the tip potential.
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The tip of one or two electrodes from.each batch was broken on
the floor of the bath to confirm that the deflection disappeared.

Resting menbrane potentials

When the output from the calibrator is zero, the membrane
potential is equal to the potential recorded by a microelectrode
inside the muscle fibre minus that recorded by.the béth electrode
(Fig. 2.1A). The change in potential which occurred during
penetration of the fibre was monitored by a sudden fall in pitch
or an audio-signal. The oscilloscope trace, deflected during
penetration, was returned to its initial position using the
calibrator; this enabled rapid measurement of the membrane
potential accurate to at least 0.5 mV. Only surface fibres
were penetrated, and results from fibres in which the resting
potential fell immediately after penetration were discarded.

Action potentials

Action potentials were recorded by an intracellular
microelectrode close to the pelvic end of the muscle. Fibres
were stimulated intracellularly by a rectangular current pulse
of about 5 ms duration. This was applied through a citrate
electrode which was inserted at least 1 mm from the recording
electrode. Using this method, only one fibre was stimulated
at a time so that in a muscle stretched to 130% of its resting
length to reduce movement it was possible to record several
action potentials from the same fibre. However, only thé results
from the first action potential were used.

Action potentials were differentiaﬁed electricaily in order
to obtain the maximum rate of rise and fall. The differentiating

circuit consisted of a resistor and capacitor and is illustrated
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in the upper right hand side of Fig. 2.1A. The time canstant (RC)
of the circuit was calibrated with a ramp generator. Circuits

with a time constant of 17 }JS and 100 PS were used.

Constant current experiments using two microelectrodes

This technique was used to obtain action potentials (chapter 3)
and other regenerative changes in the membrane potential (chapter 5).
The method is illustrated:in Fig. 2.1B: it is similar to that used
by Hodgkin & Rushton (1946) and Fatt & Katz (1951) except that
here the electrode current is controlled electronically.

The muscle fibre was impaled by two microelectrodes; one
to record the membrane potential (V1), the other to inject
current (Io). The recording electrode was insefted first and the
resting potential offset by the calibrator, as described above.
Insertion of the current electrode was assisted by passing
rectangular pulses of current through the electrode. Io was
measured with a 741 operational amplifier with FET inputs and
with a 1M} resistor shunted by 100 pF in the feedback loop. The
input to the feedback amplifier (F¥B; 7L1 operational amplifier),
which controlled Io, was connected to the muscle bath via a 1%
agar in Cl-Ringer bridge, and an Ag/AgCl wire. Rectangular
command pulses (S) were provided by a pulse generator with a 5V
output which was fed through decade potentiometers. To reduce
the current artifact, as well as the risk of oscillation in the
feedback loop,thecurreﬁt electrode was Screened.by a length of
steel tubing to within 2-3 mm of the tip. The screen was
connected to earth.

Details of individual experiments are given in the appropriate

chapters.



L2

Voltage clamp experiments using two microelectrodes

This method, described by Weidmann (1955) and Takeuchi &
Takeuchi (1959), was used to control the membrane potential at
a point close to the midpoint of the fibre (chapter 5), and is
illustrated in Fig. 2.24.

Recording and current electrodes were inserted under
constant current conditioﬁs (see above). The feedback amplifier
(FB) was then switched to keep V1 at the value determined by the
command signal (S) and the calibrator (cal.); this was possible
through feedback control of the electrode current (I o) . The
calibrator was used to hold fibres at the resting fnembrane
potential while the command sign.é.l was used to produce étepwise
depolarizations and hyperpolarizations.

Io was measured as the voltage drop across a 100 k) resistor
shunted by 1500 pF. This gave the recording circuit a time
constant of 0.15 ms which was negligible compared to the time at
which measurements were made.

Since the membrane is clamped at a point, the applied
voltage step spreads electrotonicdlly towards both ends of the
fibre. The membrane current density was calculated from the
relationship between the membrane potential and I o using Colets
theorem (Cole & Curtis, 1941).

Voltage clamp experiments using three microelectrodes

This method, devised by Adrian, Chandler & Hodgkin (1966,
1968, 1970a), was used ext‘ensively in the course of this work
since it allows the membrane current density to be measured
directly from the voltage drop along a length of fibre in the
terminal region, where changes in the membrane potential with

distance during current injection are small (Jack, Noble & Tsien,

1975) .



Figure 2.2. A. The two-microelectrode voltage
clamp method. The fibre is impaled by two microelectrodes
at, or near the mid-point. One records the membrane
potential (V1) and the other injects current (Io). The
membrane potential in the vicinity of the recording
electrode is determined by the command signal (S) and the
output from the calibrator (cal.), and is maintained by
electronic feedback control of the electrode current. I0
is measured as the IR drop across a 100 k() resistor
shunted by 1500 pF. |

B. The three-microelectrode voltage
clamp method. The fibre is impaled by two micro-
electrodes to record the membrane potentials V1 and V2
at distances { and 20 , respectively, from the end of
the fibre. A third electrode inserted at 2€ + (! from
the end of the fibre is used to inject current. The
method used to control the membrane potential at { and
to measure I0 is the same as that described for the two-
electrode clamp (see above). The membrane current
density (Iﬁ) is related to v, -V, by the approximate
expression,

- (V2 -V1)a

™ 2
32° R

where a is the fibre radius and Ri is the internal resistivity.
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Two microelectrodes were used to record the membrane

potentials V1 and V2

from the pelvic end of the fibre as shown in Fig. 2.2B. A

at distances AL and 2{ , respectively,

third electrode was inserted at distance 2L + £' from the end
of the fibre, and was used to inject current. The electrode

at £ was inserted first and the resting potential backed off
with the calibrator. A constant current pulse aided penetration
of the fibre by the current electrode and the second recording
electrode. |

V., was fed to the input of amplifier A2 (Philbrick 1009),

2
which was surrounded by a driven screen, and was provided with
negative capacity compensation. .Inphase signals applied to Al
and A2 were rejected to better than 0.1% by setting the gain of
A2. In other respects the apparatus wés identical to that for
use with two microelectrodes.

Assuming that the fibre is cylindrical, Adrian et al. (1970a)
show that the membrane current density (Im) is related to the

potential difference V, - V

2 ] by an approximate expression:

I - ——————(221; ;1) - (2.1)
s .

where a is the fibre radius, and Ri is the internal resistivity.

They show that egn. (2.1) is accurate to within 5% provided

(V2 - V,‘) / V1 is less than 6, or £ is less than 2, This

condition, which was maintained in all experiments, cannot be

applied to the regenerative phase of the sodium current: in such

cases the error may be greater (Adrian et al.,1970a). Since

doubling the inter-electrode distance (f ) produces a four-fold

increase in V, - £ was selected according to the magnitude

2 "1’
of I : £ was 110, 125 or 132 pm for large currents (chapters 3

& 4) and 330, LLO or 495 pm for small currents (chapters 5, 6
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& 7). {' was usually 50 pm.

As optical measurements of fibi'e diameter are unreliable,
the diameter was assumed to be 80 }lm for fibres in isotonic
Ringer and for fibres in Ringer made hypertonic by the addition
of 350 mM sucrose (Adrian et al., 1970a; Stanfield, 1970a;
Almers, 1972a). 1In hypertonic Ringer, the mean diameter tends
to be slightly less than the diameter of fibres in isotonic
Ringer (Adrian et al., 1970a; Hodgkin & Nakajima, 1972); however,
in the present study a direct comparison between the membrane
currents in solutions of different tonicity was not made. Ri
was calculated from the values of Hodgkin & Nakajima (1972)
assuming a Q1O of 1.37 for the effect of temperature. .In isotonic
solutions, Ri was 180 ohm.cm at 17-18.500 and 270 ohm.cnm at
3-5°C; in hypertonic solutions R, was 370 ohm.cm at 3-5°¢c. 1In
view of the assumptions required to calculate Im’ the membrane
current is often given in terms of V_, -V, and is therefore

2 1
expressed in millivolts.

Cable properties and fibre radius

The space constant () and fibre radius (a) were detennined
in the course of some experiments in which fibres were impaléd by
three microelectrodes (see previous section). A constant
current pulse was used to hyperpolarize the fibre at A by about
10 mV, and the steady-state values of Io’ V., and V_, -V, were

1 2 1
recorded. )\ was calculated from eqn. (9) of Adrian et al. (1970a):

NERD) o
X = T T, ) | (2.2)

and the result used to calculate the fibre radius (a) from
” By I\ cosh (£ /X)

a" = . —. . (2.3)
e B )
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The internal resistivity (Ri) was assumed. Ri is independent
of the fibre diameter (Nakajima & Hodgkin, 1970; Hodgkin &
Nekajima, 1972).
Statistics

Standard statistical procedures were used to analyse the
results from a group of fibres. 1In most cases the results are
presented as the mean + the standard error of the mean (mean *
S.E.M) with the number of 6bservations (n) given in parentheses.
The mean results for two samples are compared by a Student!s t-
test; a significant difference between the means is accepted

when the probability (P) that they are the same is less than 0.05.
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Chapter 3. The effects of pH on the delayed K conductance in frog

skéletal muscle fibres.
INTRODUCTION

A number of observations on the pH-sensitivity of nerve can be
summarised by saying that pH has two major effects on the early
sodium and the delayed potassium currents. First, a reduction in
PH shifts. the voltage-dependence of the parameters which describe
Na activation (Hille, 1968; Drouin & The, 1969; Stillman, Gilbert
& Lipic‘ky, 19713 Woodhull, 19733 Drouin & Neumcke, 197L; Schauf
& Davis, 1976), Na inactivétion (Hille, 1968), and K activation
(Dfoﬁin & The, 1969; Mozhayeva & Naumov, 1970, 1972a; Hille,

1968; Shrager, 1974; Schauf & Davis, 1976) to more positive
values of the membrane potential. This effect is similar to that
seen in squid axons (Frankenhaeuser & Hodgkin, 1957. 5 Gilbert &
Erhenstein, 1969),in frog skeletal muscle (Costantin, 1968; Campbell
& Hille, 1976) and in other tissues (Blaustein & Goldman, 19683
Mozhayeva & Naumov, 1972c; Hille, Woodhull & Shapiro, 1975;

Schauf, 1975) when the external Ca2+ concentration is raised. It
is widely agreed that such shifts are produced by changes in the
electrical potential at the surface of the membrane, and that this
surface potential is set up by ionizéd groups which foirm part of the
membrane structure.

Secondly, as mentioned in chapter 1 (page ?2_,;7 ), in acidic
Ringer the maximum Na and K conductances are reversibly depressed in
a manner which suggests that protons-are able to titrate‘some negative
charge essential for t.he movement of ions across the membrane |
(Hille, 1968, 1973, 1975c; Drouin & The, 1969; Drouin & Neumcke,

1974; Schauf & Davis, 1976).
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The experiments described in this chapter were designed to
examine the effects of pH on the electrical activity of skeletal
muscles. The first experiments extend some of the observations
of Brooks & Hutter (1963) on the pH-dependence of the action potential.
However, the major part of this work involved the study of membrane
currents under voltage-clamp conditions. The results are used to
obtain a minimum value for_ the density of fixed surface charges
associated with the delayed X channel.

During the course of these experiments, papers on the pH-
sensitivity of the Na conductance (Campbell & Hille, 1976) and
the K conductance (Gillespie & Hutter, 1975) in skeletal muscle have
appeared. In general, my results confirm these findings and extend

those of G@illespie & Hutter.
SOLUTIONS & METHODS

The isotonicv chloride Ringer used in the present experiments
contained 2.5 mM-KCl, 1.8 mM-CaCl, 117.5 mM-NaCl + NaOH, and was
buffered with a mixture of 4 mM Tris (hydroxymethyl) aminomethane,
4y mM maleic acid and 4 mM acetylglycine. The amount of NaQH required
to be added to bring the solution to the desired pH (between L.2 and
9.2) was determined from a titration curve. In order to keep the
Na+r concentration constant, the Cl™ concertration was allowed to vary
betweenA118.5' mM at pH 4.2 and 110.4 mM at pH 9.2. The pH of eé.ch
solution was checked against one of five standard buffers within 7
hours of use and at the temperature of the experiment, and was
readjusted to the correct pH (to within 0.05 of a pH unit), with
either NaOH or HCl. The amount of l\Ia+ (or C17) added at this stage

never exceeded 1 mmole/1.
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In order to reduce the ability of the muscle fibres to
contract, the Ringer was made hypertonic by the addition of 350 mM ‘
sucrose for experiments in which the voltage-clamp was used..

Ringer solutions were stored at about L°¢ for not more than
3 days (24 hours if the solutions contained sucrose). During
storage the pH did not change by more than 0.1 of a pH unit.

The membrane potential was controlled using the three-electrode
method of Adrian et al. (1970a; see chapter 2). Initially, an
inter-electrode distance of 132 pm was used, but in later
experiments this was reduced to 110 um to facilitate clamp control.
All fibres were held at a membrane potential of -100 mV and hyper-
polarized and depolarized from this level. In addition, each fibre
was clamped at the holding potential for at least 3 mins following
impalement to reprime the conductances before measurements were made.

Al1l experiments were performed in the cold (3—500, unless other-
wise stated) sinoe this increased the time during which useful
records could be obtained. | Cooling the preparation also slows the
membrane currents and this makes it easier to control the membrane:

potential.

RESULTS

Effect of pH on the resting membrane potential

' The mean resting potential of fibres immersed in isotonic
chloride Ringer is given in Table 3.1. In the c_ontrol solution
(PH 7.2) the mean resting potential was -88.9 + 1.3 mV (fourteen
fibres). Raising or lowering the pH produced a small depolarization;
this was significant at pH 5.2 (P <0.05) but only marginally
significant at pH 9.2 V(P = 0.05). Hutter & Warner (1967a) have

also reported a small depolarization in acidic conditions while in
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Resting and action potentials from muscle fibres in isotonic chloride

PH

9.2
8.2
7.2
6.2
5.2
L.6

m.m.m

(mv)
-83.8 + 2.1
-87.7 £+ 1.0
-88.9 + 1.3
-86.6 + 2.5

-81.8 + 2.6

lmrow H No\_

3

Resting potential (= RP)

TABLE 3.1

Overshoot

()
L8.0 +
L3.7 +
hr1.2 +
37.9 *
2.0 +
18.7 +

—

1.2
1.3
2.3
1.5
1.5
3.9

<H.“.rmm

(v/s)
139.4 + Lok
3.3
120.5 + 4.6

1271

I+

100.1 + 3.3
L6.9 * 2.2
25.4 + L.5

£ Mean + S,E. of mean

Ringer at about 1%

_ <H.mb..

(v/s)
59.8 +1 Noad
55.7 + 1.7
L5.3 + 1.6
34.0 +1.0
15.6 + 1.4
7.9 + 1.7

No. of
-Observations

11
13
0
13
12

9
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alkaline conditions the fibres were hyperpolarized. On the other
hand, Darrscheidt—Kafer (1976) has reported depolarizations at pH
L4.65 and 10.5 which are larger than the average depolarization seen
here in very acidic or alkaline conditions.

Effect of pH on the action potential

Fig. 3.1 shows typical action potentials from eight fibres, either
in the control Ringer (pH 7.2) or in a similar solution but at high
or low pH. The fibres were stimulated by means of a rectangular
current pulse superimposed on an inward current which raised the.
membrane potential to -100 mV for several seconds prior to stimulation.
The current was delivered by a microelectrode inserted at least 1 mm
from the recording electrode (see page LO).

The action pgtentials at the top of Fig. 3.1 were recorded
from the same muscle, and show that a reduction in pH from 7.2
(Fig. 3.1a) to 5.2 (Fig. 3.1c) slows both depolarization and
repolarization phases of the spike. At pH 9.2 (Fig. 3.1b) the
duration of the spike is reduced, and this is associated with an
increase in the rate at which depolarization and repolarization occur.
Similar results have been reported by Brooks & Hutter (1963).

Effects of pH on the overshoot were more variable, though in

most fibres the overshoot was increased in alkaline soluﬁions and
reduced when the pH was less than 7.2. This is supported by the
finding that in three muscles, the mean overshoot at pH 9.2 is
marginally greater than that in the control solution (Table 3.1;
P < 0.05,>0.02) while the mean overshoot in the control solution
is significantly greater than the value at pH 5.2 (Table 3.1; PL
0.001). _

The pH-dependentiéhanges in the properties of the spike

outlined above were reversible. This can be seen by comparing the



Fig. 3.1 'Records of action potentials (V‘I) and their derivatives
(dV1/dt) from muscle fibres immersed in normal, acidic and
alkaline solutions. Action potentials were recorded with
an intracellular microelectrode after the fibres had been
hyperpolarized to -100 mV. The fibres were stimlated intra-
cellularly by a brief current pulse delivered by a micro-
electrode inserted at least 1 mm from the recording
electrode, and which was also used to hyperpolarize the
fibres.  Isotonic chloride Ringer, 3.5-4.5°C.

a-d, records from four fibres in the same muscle.
a, pH 7.2; b, pH 9.2 c, pH 5.25 d, pH 7.2. The
differentiating circuit has a time constant of 17 us.

e-h, records from four fibreé in a second muscle. e,
f&g, PHL.95 h, PH 7.2. The differentiating circuit

has a time constant of 100 us ine & f.
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spikes in Fig. 3.1a and 3.1&, which were obtained at pH 7.2 at the
beginning and end of the experiment, respectively. In more acidic
solutions (pH L.6 and L.2), pH-induced changes in the spike appeared
to 5e reversible provided the period of exposure was short.

Records from a muscle exposed to pH 4.9 (Fig. 3.1e,f) and pH
7.2 (Fig. 3.1h) show that in strongly acidic conditions there is a
notch on the falling phase of the action potential shortly after the
crest. This was also seen in a few fibres at pH 5.2, although it
was less pronounced. The notch was not apparent at pH 6.2 or in
more alkaline solutions.

There are two reasons for postulating that this notch is
produced by regenerative changes in the membrane conductace within
the T-system, which are delayed relative to thése in the surface
membrane. First, Adrian & Peachey (1973) have demonstrated that
such conductance changes can account for a hump which is often seen
in fibres immersed in chloride-free Ringer at about pH 7.2 (Hutter &
Noblé, 1960). Although this hump occurs at the start of the after-
depolarization when the pH is about 7.2 (Persson, 1963), the present
observation that in fibres af pH 4.9 (Fig. 3.1e & f) the hump (or
notch) occurs earlier than this in relatiom to repolarization  is
consistent with the fact that a reduction in pH increases the duration
of the spike. A related point is that while there is little or no
evidence of a hump in the present records at pH 7.2 (presumably .
because a large part of the resting conductance is carried by
chloride ions (Hutter & Padsha, 1959; Hodgkin & Horowicz, 1959;
Hutter & Noble, 1960; Hutter & Warner? 1967a), at pH L.9, where the
chloride conductance is very much reduced (Hutter & Warner, 1967a,b),
the hump is pronounced.

The second reason is that a notch similar to that seen here at

low pH also occurs soon after the crest of action potentials from



52

fibres in which repolarization is slowed by 0.1 mM zinc (Stanfield,
1973). The notch in.zinc-treated fibres seems to originate from
the T-tubules since it is abolished in fibres aetubulated by
glycerol prior to zinc treatment (Stanfield, 1973).

The action potentials in Fig. 3.1g (pH L4.9) and Fig. 3.1h (pH
7.2) were recorded with a slow time base to show that acidic solutions
prolong the after-depolarization, as described previously by Brooks
& Hutter (1963).

| Table 3.1 also summarizes the effects of pH on the maximum

rates of rise (vrise) and fall (V fall) of the action potential. To
a first approximation, these parameters are proportional to the height
of the positive and negative phases, respectively, of the first
derivative of the action potential with respect to time (dVl/dt).
Derivatives were obtained electrically as described in chapter 2 and
photographed together with the action potentials in Fig. 3.1,a-f.
It can be seen that in action potentials displaying a notch (Fig.
3.1, e & ), the derivative is triphasic. In such cases Vfall,
was obtained from the final phase.

As expected, vrise and Vfall

and increased in alkaline conditions relative to the mean control

are reduced in acidic conditions

value (Table 3.1). From pH 7.2 to 5.2, both parameters are reduced
by more than 50%. On the other hand, an increase in pH.from 7.2 to
9.2 increases vrise and vfa.]_l by only 15.7% and 32.0%,respectively.

The mean value for vrise found hére at pH 7.2 is somewhat lower
than that reported by Nastuk and Hodgkin (1950; Vrise = 170 V/s in
normal frog chloride Ringer at 6.6 and 7.2°C). This will be due,
at leést in part, to the fact that here a lower temperature is

employed (3-500). However, the present value for V is similar

fall
to that of LS V/s reported by Nastuk & Hodgkin (1950) at 7.2°C.
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Since the rates of rise and fall of the action potential
reflect the rate at which the membrane capacity is charged and
discharged by the current crossing the membrane (Hodgkin & Katz s
1949), and since changes in the external pH have ﬁo effect on the
reversal potential of the Na current in myelinated ﬁerve (Drouin
& The, 1969; Drouin & Neumcke, 197L; Woodhull, 1973) or frog
skeletal muscle (Campbell & Hille, 1976), the reduced rate.of rise
and reduced overshoot seen here in acidic solutions are most probably
due to a fall in the permeability of the menmbrane to Na . In
alkaline conditions the Na permeability appears to be incre.ased,l
during the spike. Changes in the delayed K permeability are more
difficult to determine since the rate of repolarization is dependent
on the size of the overshoot (Hodgkin & Katz, 1949). However, it
is likely that the K permeability is reciuced in acidic conditions
since in some fibres at pH 4.9 (see for example Fig. 3.1, f & g)
repolarization is slow despite the fact that the overshoot is |
similar to that found at pH 7.2 (Fig. 3.1,h).

Mernbrane currents at pH 7.2 and pH 5.2 in the absence of tetrodotoxin

Fig. 3.2 shows voltage clamp records from two fibres depolarized
to between -~70 mV and -2mV, or between -70 mV and O mV, in hypertonic
chloride Ringer at pH 7.2 (A) and pH 5.2 (B). Records of the membrane
potential (Vl) are shown at the top of the figure and membrane
currents (V2-V1) are below. The number at the end of each current
trace is the membrane potential in mV. Since the delayed K current
- in muscle is inactivated by maintained depolarization (Nakajima,
Iwasaki & Obata, 1962; Stanfield, 1970a; Adrian et al., 1970a;
Argibay & Hutter, 1973), the records at potentials positive to the
threshold of the deldyed current were spaced at intervals of 1-2 min.

In this way it took about 30 mins to obtain a family of records.



Fig. 3.2 Membrane currents obtained from two fibres in
hypertonic chloride Ringer at pH 7.2 and pH 5.2. Tracings
of records of the membrane potential (Vl, mV) and menbrane

current (V , MV) are shown. The menbrane is depolarized

21
to the potential given in mV at the end of each current
record .

A. pH 7.2. Fibre resting potential, =90 mV; holding
“potential, - 100 mV; inter-electrode distance (£), 132 pm;
temp. 1.0%.

B. DPH 5.2. Fibre resting pétential, =73 mV; holding
potential, -100 mV; inter-electrode distance (), 132 um;

temp. 2.9°C.
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For small depolarizations in Fig. 3.2A & B, the membrane
currents are independent of time after the first 10 ms during which
outward capacity currents are flowing. To a first approximation,
this initial transient current is a linear function of the membrane
potential. The steady-state current is the leakage current.

When the fibres are depolarized to -51 mV at pH 7.2 (Fig. 3.24)
or to -38 mV at pH 5.2 (Fig. 3.2B), a transient inward current is
superimposed on the outward leakage current. This inward current
is floﬁing through Na channels since it is abseht in solutions.which
contain tetrodotoxin (Fig. 3.4 a,b,c). For the effect of
tetrodotoxin on skeletal muscle fibres see Narahashi et al. (1960)
Koketsu & Nishi (1966), Adrian et al. (1970a), Ildefonse & Rougier
(1972) , Hille & Campbell (1976), and Mandrino (1977). The inward
current in Fig. 3.2 also resembles the sodium current in nerve
in that it reaches a maximum earlier in the clamp step the more
positive the membrane potential.

The double inward currents seen at =51 mV and at -41 mV in the
control Ringer (Fig. 3.2A) are probably artifacts due to the fact
that the menmbrane potential is not well ¢ontrolled af the beginning
of the clamp step. - During the passage of these currents the
membrane potential is positive to the command potential. On the
other hand, at pH 5.2 (Fig. 3.2B), there is no evidence to suggest
that clamp control is poor. Good control of the membrane potential
may be possible in acidic solutions since, as Fig. 3.2 shows, the
inward.current at pH 5.2 is smaller, and furns,on and off more slowly
than the inward current in the control Ringer at a similar membrane
potential. Adrian et al. (1970a) have also reported an all-or-none
component of the inward current between -60 mV and -LO mV using the

three-electrode clamp in solutions at pH 7.2. Outside that range
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of membrane potentials they found that smooth records of the inward
current could be obtained, as is the case in Fig. 3.2A.

There is also a delayed outward compment of hembrane current
in Fig. 3.2 which is carried by K+ ions. This is not abolished by
tetrodotoxin, but in the presence of this drug (Fig. 3.ha,b,c), or
at membrane potentials close to the reversal potential for the Na
current in the absence of tetrodotaxin (Fig. 3.24, at -2 mV and
3.2B, at O mV), the outward currents are seen to rise along a
sigmoid curve in much the same way as in nerve.

Fig. 3.3A,B shows current-voltage relations for the two fibres
in Fig. 3.24,B, plotted when the Na current in each record is at a
maximum (open circles) and when the delayed current has reached a
steady-state (filled circles). At memﬁrane potentials close to zero,
the Na current is buried in the capacity current so the currenﬁs are
plotted at the time at which the last visible Na current (before
the current reversed) was at its peak. The reversal potential of
the Na current, which was obtained by extrapolation of the leakage
current, is -14 mV in Fig. 3.3A and -5 mV in Fig. 3.3B. 1In all
other fibres examined at pH 7.2 and pH 5.2, the Na current also
reversed at a potential which was small and negative. The reversal
potential of the Na current found here in hypertonic Ringer is also
considerably more negative than the mean membrane potential at the
peak of the action potential in isotonic Ringer at pH 7.2 and 5.2
(+ 41.2 mV at pH 7.2 and + 29.0 mV at pH 5.2; see Table 3.1).
However, this is to be expected since one effect of the hypértonic
solutibn is to incfease the internal Na+ and K+ concentrations by up
to 2.} times their values in isotonic Ringer (Adrian et al., 1970a).
In addition, the measured reversal potential will be negative to

the true reversal potential because no correction has been made for



Fig. 3.3 A,B. Current-voltage relations for the Na current
and the delayed K current obtained from two fibres in
hypertonic chloride Ringer at pH 7.2 and pH 5.2. Abscissae,
menbrane potential (Vl, mV); ordinates, membrane current
(vz-vl, my). The relationships are plotted at the peak of
the inward current (o) and when the current has reached a
steady-state (®). Tetrodotoxin not added.
"~ A. PpH 7.2. THs fibre is the same as in Fig. 3.2A.

B. pH 5.2.. This fibre is the same as in Fig. 3.2B.

C,D. Effect of pH on the threshold of the deiayed K
current (C), and on the parameter V%n (D) . Mean values
for the threshold and V%n are given relative to the mean
values at pH 7.2. Vertical bars are = S.E.M. Mean values
for v%n and for the threshold are taken from Table 3.2.

Hypertaic chloride Ringer, 3-500; tetrodotoxin, 1 ug/ml.
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capacity currents flowing at the peak of the Na current. Deficiencies
in the clamp may also produce a value for the reversal potential
which is too negative.

Effect of acidic solutions on the threshold of the Na and K currents

Fig. 3.3A & B show that an important effect of a reduction in
PH is to shift the thresholds of the Na and K currents to more positive
membrane potentials. The threshold of the Na current was taken as
the most negative membraﬁe potential at which an inward transient
current was seen when the menbrane was depolarized in 2 mv steps.
This was -61.0 + 2.7 mV (four fibres) at pH 7.2 and -38.0 + 1.7 mV
(three fibres) at pH 5.2. The threshold of the K current in the
same fibres was measured from steady-state current-voltage relations,
and taken arbitfarily as the membrane potential at which the current.
increased by 10%. Mean values were -52.3 + 1.3 mV (four fibres)
at pH 7.2 and -29.0 + 1.0 mV (three fibres) at pH 5.2. Thus the
thresholds for the Na and K currents in the absence of tetrodotoxin
are shifted by * 23 mV and 23.3 mV, respectively,between PH 7.2
and 5.2.

Effects of pH on the properties of the delayed X conductance in

hypertonie chloride Ringer containing tetrodotoxin

. Fig. 3.L shows voltage-clamp records and steady-state current-
voltage relations from three fibres in’the presence of tetrodotoxin.
At pH 7.2 the mean threshold for the delayed current was -51.8 +
0.8 mV (twenty-two fibres), which is not significantly different from
the mean value reported in the previous section in the absence of
tetrodotoxin (P>0.3). Similarly, Kao & Stanfield (1968) have
found that tetrodotoxin has no effect on the threshold for the delayed
current in muscle using a two-electrode voltage-clamp method. Nor
has it any effect on delayed rectification in micolé axons when the

external pH is changed (Schauf & Davis, 1976).



Fig. 3.4 Effect of pH on the delayed K caductance ’of
fibres immersed in a hypertonic chloride Ringer containing
tetrodotoxin.

a,b & ¢, tracings of records of the membrane potential
(Vl) and membrane current (V2— l). ' |

Fibre (a) is depolarized to -39 mV and O mV. Resting
potential, ~ 77 mV; holding potential, -~ 100 mV; inter-.
electrode distance (£), 110 um; temp. 3.500; PH 5.2.

Fibre (b) is depolarized to - 4O mV and - 5 mV.
Resting potential, -89 mV; holding potential, - 100 mV;
inter-electrode distance (2), 110 pm; temp.3.0°C; pH 7.2.

Fibre (c) is depolarized to - LO mV and O mV. Resting
potential, - 78 mv; holding potential - 100 mV; dinter-
electrode distance (¢)y 110 wm; temp. 3.800; PH 9.2.

d,e & £, steady-state current-voltage relations.
Abscissae, menbrane potential (Vl, mv); ordinates, membrane
current (V2-V1, mV). Filled symbols, run 1; open symbols,
run 2. The current-voltage relatims .’  in d, e & f are

from fibres a, b & ¢, respectively.
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In Fig. 3.Lhc, the currents at pH 9.2 turn on along a sigmoidal
time course in much the same way as currents at pH 7.2 and pH 5.2
(Fig. 3.4a & b). In almost all cases the currents reach a brief
plateau (the steady-state current) and then decline slowly. Under
the present conditions, the decline would be expected to proceed
with a time castant of 1.5 - 3.0 s at + 10 mV (Adrian et al.y1970a)
This is too slow to have very much effect on the time course of
activation. In a few fibres the delayed currents rose sigmoidally
at first, but thereafter increased gradually for the duration of
depolarization. Those results have not been analysed further.
Adrian et al. (19702) have also reported a considerable variation in
the size of outward currents in hypertonic Ringer, and in the rate
at which they develop. |

Analysis of the delayed K currents in terms of the model developed

by Hodgkin and Huxley

The model used by Hodgkin and Huxley (1952d) to describe membrane
currents in the squid axon was discussed briefly in chapter 1. With
a few quantitative changes, the model can also be applied to ionie
currents in skeletal muscle (Adrian et al., 1970a; Stanfield, 1970a,
19753 Ildefonée & Roy, 1972; Campbell & Hi]l-e, 1976; Almers, 1976).
Here, the model is only applied to the delayed current since records
of the Na current tend to be unreliable far much of the voltage range
in which i, , the steady-state parameter which describes #ctivation
of the Na conductance, is changing.

Two assumptions are used to describe delayed K currents in squid
axons and in muscle. The first is that the relationship between the
K conductance (g,) and the maximum K conductance (-g-K) is

- = .k

& " & M. (-1)
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(Hodgkin & Huxley, 1952d; Adrian et al., 1970a; Stanfield, 1970a; Almers,
1976 ), where nLl is the fraction of K channels open to the passage of
current. The second assumption is that n is determined by a first

order rate equation,

dn/dt = « (1-n) - B 'n , (3.2)

in which o and Bn are rate constants which depend on the membrane
potential but not on time. A physical basis for egns. (3.1 & 3.2) is
that each K channel_is gated by four independent gating particles,
all of which must be in the open position for the channel to ble
open. @ and Bn determine the rate a£ which the particles move
from the closed to the open position, and from .the open to the ciosed
position, respectively.
The solution to egn. (3.2) is

n = ng, -(ng-ng) e -( %+ B ) (3.3)
when n, is the value of n before a step-like change in membrane
potential,and n, is the value of n when the delayed current has
reached a steady-state during the step (Hodgkin & Huxley, 1952d).
In muscle at pH 7.2, n is zero at the holding potential of =100
mV (Adrian et al., 1970a), so eqn. (3.3) can be simplified to

n=ng [M-exp - ( %+ Bn)t] (3.4)

If g is the delayed K conductance in the steady-state, it follows
Keo

from eqn . (3.1). that,

B

Neo = (gg, /8x) (3.5)

where Ny

a /(@ B (3.6)
Since the instantaneous éurrent—voltagé relatimship determined

from two-step experiments far the delayed cufrent is roughly linear

at pH 7.2 (Adrian et al., 1970a) and at pH 5.2 and 9.2 (Fig. 3.6B),

the expression which relates the delayed current (IK) to the conductance
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is
(Hodgkin & Huxley, 1952,b,d), where VR K is the reversal potential
J
of the delayed current. VR x vas measured in several fibres as
3

described on page 62. - In all other fibres (except one at pH

L4.2) a value of -75 mV was assumed since this is close to the mean
values found here (Table 3.2) and in previous studies (Adrian et al.,
1970a3 Stanfield, 1975). At pH L.2 the assumed value was -65 my,
which is close to the mean at pH 5.2 (Table 3.2).

Fig. 3.5A shows the relationship between Ko /§K and the
membrane potential for the three fibres illustrated in Fig. 3.4.

The experimental points were determined from the steady-state current-
voltage relatims (Fig. 3.Ld-f) using eqn. (3.7) after subtraction

of 1eaka‘ge currents extrapolated from ﬁhe .cu.rrents recorded during
small depolarizations.

Fig. 3.5B shows ng relations for the same fibres calculated
from the experimental points using eqn.(3.5). As expected from
the current-voltage relations (Fig. 3.Ld-f), the relationship between
ng /EK and the membrane potential is shifted to the right when the
pH is reduced from 7.2 (M) to 5.2 (&), and to the left when the
PH is raised to 9.2 (@).

The theoretical curveé in Fig. 3.5 were obtained by assuming
that in the steady-state, the proportion of gating particies in the
open position (ng;) is related to the proportion in the closed |
position (1-n, ) by the Boltzmamn distribution (Keynes & Rojas,
197L; Stanfield, 1975)

(=ngo)/ngy = exp [-(V,~Vy)) z'F/RT ] (3.8
where z! is the effective valence of the postulated gating particles

and V;n is the membrane potential at which n_. dis 0.5. Since
2

0o



Fig. 3.5 Effect -of pH on the delayed K conductance and on ng

A, effect of pH on the delayed K conductance. Abscissa,

menbrane potential (mV); ordinate, - /éK was

&k
0o
calculated from the current-voltage relations shown in Fig.
3.4, after subtraction of the leakage currents. The fibre
diameter was assumed to be 80 fms and the internal resistivity
370ncm. The continuous lines were drawn to egns. (3.5)

‘and (3.9) of the text. TTX was 1 pg/ml.

B, effect of pH on ng, - Abscissa, membrane potential

(mv); ordinate, ny, . ng is given by (gKW/éK)%
Theoretical curves were drawn to eqn. (3.9) of the text
using values for v%n and RT/z'F which are given below.
Horizontal bars at ng, = 0.5 indicate the range of values
for Vy, in seven fibres at pH 9.2 (left), nine fibres at
PH 7.2 (middle) and nine fibres at pH 5.2 (right). Arrous

indicate the mean value of V

1, at each pH. TTX was 1 Fg/ml.

In A & B the symbols are as follows:

Circles, pH 9.2. Same fibre.as Fig. 3.hc,f; 11.86

8K,

mmho.cm—?'; V. -79 mv; V%_n, -65 mV; RT/z'F, 10 mV; o,

run 2; e,run 1.
Squares, pH T.2. Same fibre as Fig. 3.4 b,e. EK’ 22.0

-2
mmho.cm 3 VR,K’

run 1; O run 2.

=79 mV; Vi, -41 mV; RI/z2'F, 11 mV; &
zn

Triangles, pH 5.2. Same fibre as Fig. 3.la,d. EK’ 22.40

mmho.cm-zg -59 mV; Vi, -21 mV; RT/z'F, 10 mV.

Vg, k? 1,
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1-n_ +mn_ =1, eqn. (3.8) can be solved for n,, to give
1

N = 1 +~'exp ["(V»‘-V_%n) Z'F/RT] (3-9)

which is similar to the expression used by Schneider & Chandler (1973),
Chandler, Rakowski & Schneider (1976a), and Adrian & Almers (1976) to
describe the potential-dependent charge movement in skeletal muscle.

, z!'F/RT defines the‘shape of the n,, relation, and V%n its position
along the voltage axis. The theoretical curves in Fig. 3.5, which are
a good fit to the experimental points, are drawn with RT/z'F = 10 mV
at pH 5.2 and pH 9.2,}and 11 mV at pH 7.2. Values for V%n are -65 my
at pH 9.2, -41 mV at pH 7.2, and -21 mV at pH 5.2.

Table 3.2 shows that changes in pH between 4.2 and 9.2 have little
or no effect on RT/z!'F. Since the mean value of RT/z!'F is 9.11 mv,
and since RT/F is 23.87 mV at hOC, the effective valence of each
gating particle is 2.62. One possibility is that four particles each
with a valence of 2.62 must move through the whole of the electrical
gradient across the membrane in order for each K channel to be open.
>A1ternatively, the particles may move through only part of the
electrical gradient if the valence is greater than 2.62. There is
no evidence in these experiments that protons titrate the gating
particles. A similar value for z! of 2.65 has been reported by
Stanfield (1975) in the presence and absence of 0.1 mM zinc at pH
7.2.

The mean value for V%n at pH 7.2 is -L4h4.4 mvV (Table 3.2)
compared with -y mV in phosphate-buffered Ringer (Adrian.ggigk., 1970a;
their Fig. 19) and -49 nV in a solution buffered with tris (Stanfield,
1975). In Fig. 3.3C & D, the mean values for V%n and for the

threshold of the delayed current are plotted as a function of
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Effect of pH on some properties of the delayed K conductance in hypertonic chloride Ringer; 1 ug/ml

tetrodotoxin, about 4°g

PH %w

9.2 =79.2 + 2.0(7)
8.2 -81.L + 3.0(8)
7.2 -82.0 + 1.9(9)
6.2 =75.6 + 1.4(7)
5.2 -75.3 + 2.8(7)
L.2 -76.5 (2)

TABLE 3.2

Threshold
(mv)

-69.3 + 1.4(8)
-58.6 + 1.9(13)
-51.8 + 0.8(22)
=39.7 + 1.1(7)
3123 + 1.6(12)
-35.0 (2

VR,x

(mv)
=7h.1 + 2.7(7)
-72.6 + 1.5(5)
=77.0 * 2.7(7)
-75.8 + 3.6(k)
-66.2 + 1.7(6)
-65%

£ Mean + S.E. of mean, no. of observations in parentheses.

* Resting potential (= RP)

-32.0

I+

I+

2.0(7)
1.1(8)
1.7(9)
0.7(7)
2.1(9)

(1)

¥ Assumed value,

FECalculated assuming a fibre diameter of 80 um and an internal H.mmwww&ﬂ&% of wq(oupos

RT/4}F
(mv)
9.6L + 0.36(7)
8.69 + 0.31(8)
9.11 + 0.35(9)
8.57 + 0.20(7)
9.78 + 0.32(9)
9.0 (1)

7 =
Asswm.os.wv
18.0 + 1.8(7)%
15.9 + 2.3(8) |
16.7 + 1.6(8)
18.9 + 2.7(7)
15.1 + 1.6(9)
6.0 (1)
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external pH. In both cases the plots are roughly linear between
PH 9.2 and pH 5.2; in this range the threshold and the ng, relation
are shifted +9.6 my and +10.0 mV, respectively, for a 10~-fold
increase in the H' concéntration. Between pH 5.2 and pH L.2 both
parameters are shifted in opposite direction .

Mean values for the maximum K conductance in hypertonic chloride
Ringer fram 3.3-4.8°C are given in Table 3.2. It can be seen that
between pH 9.2 and 5.2 there 1s no systematic change in EK' At
PH L.2, though in one fibre only, EK is reduced to 35.9% of the
mean value at pH 7.2. This is consistent with Gillespie & Hutter!'s
(1975) report of a small reduction in EK from pH 7.2 to 5.0.

. .. The mean value of EK found here at pH 7.2 is also similar to
the mean value reported by Stanfield, (1975;.17.8 mmho.cm-z), and
is within the range of values reported by Adrian et al. (1970a;
8.5-20 muho.cm 2).

Effect of pH on the reversal potential of the delayed K currents

The reversal potential of the delayed current (VR,K) was
measured using a two~step procedure described by Adrian et al. (1970a)
and is shown in Fig. 3.6. A more detailed account is given in
chapter |, where the reversal potential is measured in solutions
containing LO mM-KQSO)4 and in solutions camtaining other cations.
Fig. 3.6A shows five superimposed records of the membrane potential
and membrane current from a fibre at pH 9.2. The first step

depolarized the membrane to +10 mV. to activate a large part of the
| delaye'd conductance. During this step the current is beyond the
top of the oscilloséope screen. During the second step, which
repolarizedl the membrane to between -60 mV and -100 mV, there is a

tail of current which declines as the K channels close. After



Fig. 3.6 Effect of pH on the reversal potential of the
delayed current.

A, tracings of records of membrane potential (Vl) and
merbrane current (V2—V1) during a two-step experiment to
determine VR,K. The first step depolarizes the membrane
from the holding potential to + 10 mV. During the second
step the membrane is repolarized to the potentials given. in
the figure. Fibre rest:'.ng potential, - 78 mV; holding
potential, - 100 mV; inter-electrode distahce, 110 pum;
temp. 3.80(3; pH 9.2; same fibre as Fig. 3.lhc,f, and Fig.
3.5 (circles).

B, dinstantaneous current-voltage relations for three
fibres at pH 5.2,4; pH 7.2, B; and pH 9.2,®. The
points were obtained from two-step experiments like that
jllustrated in Fig. 3.6A. Abscissa, membrane potential
(Vl) during step 2; ordinate, instantaneous current. The
instantaneous current is the membrane current at the start
of step 2, corrected for leak and capacity currents. Lines
through the points were fitted by eye and give VR,K = -f79
mV at pH 9.2, - 79 mV at pH 7.2,and - 59 mV at pH 5.2.

Same fibres as shown in Figs. 3.4 and 3.5.
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subtraction of the leakage and capacity currents scaled linearly
from currents during small depolarizations, the time course of each
tail current was plotted on semilogarithmic paper and extrapolated
back to the start of the second step to obtain the instantaneous
current.

Instantaneous current-voltage relations plotted for the three
fibres shown in Figs. 3.4 & 3.5 are seen in Fig. 3.6B to be linear
except at large negative potentials, where the tail currents decline
rapidly and are thus difficult to measure. The reversal potential
is the membrane potential at which the instantaneous current is Zero.
The mean value was -77.0 + 2.7 mV in seven fibres at pH 7.2.
Similar values have been reported by Adrian et al.(1970a2) in
phosphate-buffered Ringer at pH 7.2 and at 1-4°C (~84.6 mV), and
by Stanfield (1975) in tris-buffered Ringer at pH 7.2 and at 4°C
(-76.9 V).

Alkaline solutions in the pH range studied have little or no
effect on the reversal potential, as shown in Table 3.2. On the
other hand, the mean reversal potential at pH 5.2 is significantly
less negative than the mean value at pH 7.2 (P <0.01).

A kinetic analysis of the delayed K currents at pH 7.2 and pH 5.2

If the only effect of a reduction in external pH is to increase
the electrical gradient across the menbraie, then a shift :Ln the L
relation to more positive membrane potentials will be associated with
an equal shift in the relationship between the membrane potential
and Tn’ the rate constant which describes activation of the delayed
currents. Underlying these shifts at a given membrane potential
is a reduction in @ and an increase in B o

In the giant axons of the crayfish (Shrager, 197Lh) and Myxicola

(Schauf & Davis, 1976), the shift in the potential-dependence of Ty
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exceeds that of n,, as the external pH is lowered. Shrager (1974)
has found that this is due, at least in part, to the fact that from
PH 7.5 to pH 5.8, an is reduced 3.5-fold whereas there is little or
no change in Bn' He suggests that at low pH protons titrate some
membrane component, possibly a histidine imidazole residue, and in
doing so reduce the ease with which gating particles move from the
closed to the open positim, and in t-he reverse direction. A
second point considered by Shrager, but one which did not é.ccount
for his results, is that at low pH the delayed currents might be
shiftéd along the time axis in much the same way that a hyperpolarizing -
prepulse delays the rise.in K currents in nerve during depolarization |
(Cole & Moore, 1960; Goldman & Schauf, 19‘73; Shrager, 1974).

'An examination of the kinetics of K activation in muscle at
normal and low pH was prompted vby the observation that during large
depolarizations at pH 5.2 (Fig. 3.2B at -10 mV) there is a partial
temporal separation of inward and delayed currents similar to that
reporteci by Shrager (197L).

The points in Fig. 3.7A,B were obtained from photographic
records of K currents during depolarizations to ~23 mV and -5 mV at
PH 7.2 (Fig. 3.74),and during depolarizations to ->9.5 mV and +24 my
in a different fibre at pH 5.2 (Fig. 3.7B). Each current is
plotted as a fraction of its steady-state value after subtractio_n
of leakage and capacity currents.

Tt follows from eqns. (3.1, 3.4, 3.5, & 3.7) that during a
step-wise depolarization, the delayed current rises along a time-

course described by ‘
IK/IKoo = [1 - exp —( o + Bn)t ]h (3.10)

= -1 ‘
where ( a * Bn) ’rn (3.11)



Fig. 3.7 Kinetic analysis of the delayed current at normal and
low pH. Abscissae,time (ms); ordinates, delayed current

at various times (IK) normalized to the steady-state current
Tk

for leakage and capacity currents. Continuous lines are the

). Filled circles are the experimental currents corrected

theoretical currents drawn to eqn. (3.10) of the text.

A, fibre at pH 7.2 depolarized to -23 mV and - 5mV.
The corresponding theoretical curves are drawn with ’T‘n =
16.4 ms and 8.75 ms, respectively. Same fibre as Fig.
3.4b,e and Fig. 3.5 (squares).

B, fibre at pH 5.2 depolarized to =9.5 mV and + 2} mV.
The corresponding theoretical curves are drawn with "rn =
23.9 ms and 12.4 ms, respectively. Same fibre as Fig.

3.4a,d and Fig. 3.5 (triangles)
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and where IK is the K current at time t after the onset of

depolarization, and IKoo is the value of IK in the steady-state.
The theoretical curves in Fig. 3.7A,B are drawn to egn. (3.10)
with values for 'T’n which are given in ms alongside the curves.
A reasonable fit, to the experimental points is achieved in view
of the fact that errors may be introduced Wheﬁ the capacit.y and
leakage currents are subtracted. At pH 5.2 (Fig. 3.7B), the fit
is not improved by shifting the theoretical curves along the time
axis to reproduce the deléys observed by Cole & Moore (1960),
Goldman & Schauf (1973) and Shrager (197L).

The relationship between ’T‘n-1 and the membrane potential is
plotted for five fibres at pH 7.2 (Fig. 3.84) and five fibres at
PH 5.2 (Fig. 3.8B). At membrane potentials positive to the
threshold of the delayed K carductance, T, Was determined from the
time course of the activating currents with egqn. (3.10). At more
negative membrane potentials the tail currents from two-step
experiments were used since these decline exponentially with a time
constant equal to ‘P'n/h (Hodgkin & Huxley, 1952d).

The lines through the points in Fig. 3.8A & B were drawn to a

set of empirical equations formulated by Adrian et al. (1970a) ¢

o = .&: n ‘(V" -vn.)_ (3.12)
" 1 -@Cp«f'(—v ';"V'n'
Bn =P P = _Eﬁi | (3.13)

where o n is the maximum value of an’ and En is the maximum value
of Bn which occur at large positive and large negative membrane
potentials, respectively. -an and .En'define the shape of the

-1 -
relationship between ’I‘n - and the membrane potential, and Vn defines

the position of the relationship along the voltage axis.



Fig. 3.8 Relationships between Tn-1 and membrane potential
for five fibres at pH 7.2 (A) and five fibres at pH 5.2 (B). |
Abscissae, “r'n_1 (ms -1); ordinates, membrane potential

(Vl’ mV). The line through the experimental points in A
and B is drawn to eqns. (3.11, 3.12 & 3.13) of the text with
values for En’ En and Trn as given below.

0.0033 ms '1; ‘pn = 0.011

A, fibres at pH 7.2. c—xn

ms"1; V_ = =37 mv.
n

B, fibres at pH 5.2. En = 0.0033 ms—1; En = 0.011

-1

ms Vn = -15.6 mvV.
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At pH 7.2 a good fit to the experimental points is obtained

with G_ = 0.0033 ms™

s B, = 0.011 ns™' and V= -37 mv (Fig. 3.84).
At pH 5.2 (Fig. 3.8B), a reasonably close fit is achieved using the
values for ’&n and En determined at pH 7.2, but with -\fn = -15.6 mV.
The shift in Vn from pH 7.2 to 5.2 is +21.4 mV, which is identical
to the mean shift in n,, given in Table 3.2 for the same pH change.
A better fit was obta:l'.ne(i at pH 5.2 by reducing En to 0.0027 ms-1,
however, to a first approximation, pH-dependent changes in the
kinetics of activation of the K currents are accounted for solely
by the shift in n,,.
Values for &'n and 'B'n found here are similar to those reported
by Stanfield (1975; &_ = 0.0032 ms ', B_ = 0.0133 ms™') and are
within the range of values cited by Adrian et al. (1970a; ’&n =

1 = 0.0l 85 1)

© 0.0021 to 0.00Ll ms™ , B, = 0.009 toE=ES ms_

DISCUSSION

The results presented in this chapter show that the Na and
delaired K conductances in muscle are sensitive to changes in external
pH. A reduction in pH from 7.2 to 5.2 shifts the thresholds of the
Na and K conductances by +23 mV and +23.3 mV, respectively, when
these are measured in the absence of tetrodotoxin. In the presence
of this drug, the shift in the threshold of the K conductance is
similar, and a shift of +21.4 mV has been found for the potential-
dependence of the n,, and .”t’n relations. In alkaline solutions the
experiments are less extensive; however, it is clear that there is
a shift in the n, relation and the threshold of the K conductance
to more. negative membrane potentials when the pH is raised from 7.2
to 9.2. All these chénges are consistent with the present

observation that a reductibn in pH from 9.2 reduces the rates of rise
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and fall of the action potential (see also Brooks & Hutter, 1963),
and the finding that a reduction in external 'pH renders the. fibres
less excitable (Brooks & Hutter, 1963).

The shift in n_ reported by Gillespie and Hutter (1975) for

(%
muscle fibres immersed in a solution containing formaldehyde (+15 mV
from pH 7.2 to 5.0) is rather J.ess than that reported here.

However, their observation that 'g_K is slightly less at pH 5.0 than

at pH 7.2 is consistent with the present finding, though in one

fibre only, that EK is rédgped by 6L% when the pH is lowared.from

7.2 to L4.2. Similar reéults are found in myelinated nerve fibres
(Hille, 1973; Drouin & The, 1969) and Myxicola axons (Schauf &
Davis, 1976) where, at pH L.L, 'g‘K is reduced to about 50% of its
maximum value, which is seen in more aikaline solutions.

The maximum Na conductance, or in some cases the maximum Na
permeability, is also reduced in acidic solutions in frog muscle
(Campbell & Hille, 1976), frog myelinated nerve fibres (Hille, 1968;
Drouin and The, 19693 Woodhull, 1973) and in Myxicola axons (Schauf
& Davis, 1976). 1In those preparations the magnitude of the Na
conductance (or Na permeability) is more sensitive to low pH than the
K conductance. In addition, in muscle (Campbell & Hille, 1976) and
in myelinated nerve (Woodhull, 1973), the reduction in the maximum
Na permeability, which is about 50% at pH 5.l and at zero membrane
potential, is partly relieved when the menbrane is depolarized. On
the ‘other hand, Drouin & Neumcke (1974) have found no evidence of a
voltage-dependent block of Na channels by protons in myelinated nerve
when the' Na conductance, rather than the Na permeability, is

measured.
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Campbell & Hille (1976) have measured pH-dependent shifts in

the Na permeability in the semitendinosus muscle of Rana pipiens.

In low pH, the shift (+15.5 mV from pH 7.4 to 5.0) is less than,
though in the same direction as, the shift in the threshold of
the Na conductance reported here. 1In alkaline solutions, the
shift in Na pemeability reported by these authors (-3.2 mV from
PH 7.4 to 9.4) is in the direction expected, but is comparatively
small. Similar results ai'e found in frog myelinated nerve fibres
(Hille, 1968; Hille et al., 1975). '

The present observation that a reduction in external pH shifts
the relationship between ng, and the membrane potential, and between
'I“n and the membrane potential by similar amounts to more positive A
potentials is consistent with the view outlined by A.F. Huxley (in
Frankenhaeuser & Hodgkin, 1957), that a major effect of certain cations
is to neutralize a potential set up at the outer surface of the
membrane by fixed negative charges, which, in the present case,
are in the vicinity of the delayed K channel. This hypothesis is
illustrated in Fig. 3.9, which shows the electrical gradient across
the membrane of a fibre with no surface potential (continuous line)
and the gradient across ‘the membrane and extending into the bulk
solution for a fibre with a surface potential ( V_O) of about -20
my (broken line). In both cases the measured membrane potential
(V.') is ~90 mV‘ and the electrical gradient across the membrane
is assumed to be linear.

The shift in n,, to more negative potentials from pH 5.2 to
L.2 may be explained in a similar way; first, by assﬁming that
there are fixed negative charges at the inner surface of the membrane,

and secondly, by supposing that in strongly acidic solutions there is



Fig. 3.9 A. The potential gradient across the muscle fibre
menmbrane and in the adjacent solution according to the surface
charge hypothesis. The diagram is drawn roughly td scale
with a distance of 3 nm across the hydrophobic part of

the membrane,‘_ and a Debye length of 0.8 nm for the fall-off
of potential in the external solution (Chandler, Hodgkin &
Meves, 1965). 'Ihe surface potential at the imner surface

of the membrane is assumed to be negligible. The continuous
line shows the voltage gradient in the absence of fixed
charges and when the measured membrane potential is —90-mV.
The interrupted line shows the voltage gradient when the density
of fixed negative charges on the outside of the membrane is
0.26 nm 2. Yy , is the surface potential; V, is the

1

measured membrane potential.

Fig. 3.9B. Theoretical curves which relate the pH-
dependent shifts in v—l-n to the density of fixed charges on
2

the outer surface of the membrane. Abscissa, maximum

average surface charge density (&, nm-z); left ordinate,

maximum slope of the curve which relates the shift in ng,,,

as measured by Vi , to pH (d V, /dpH max). The corres-
20 20

ponding line was drawn to eqn. (3.21) of the text; right

ord:n.naﬁe, maximum shift in V%*n (V%-n ). ~ The corresponding

line was drawn to eqgn. (3.20) of the text. In each case,

¢ = 0.134 M, and RT/F = 23.87 mv at L°C.
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a fall in intracellular pH such that these charges are titfated. In
agreement with this, Strickholm & Clark (1977) have reported a loss
of excitability in some crayfish nerve fibres at about pH 5, which
they attributed toa change in intracellular pH. The effect was
more common in tris-maleate buffer than in tris buffer, and rarely
occurred in the absence of buffer. However,the concentration of
tris-maleate used in their experiments (5-10 mM) was slightly higher
than that used here. More direct evidence for the presence of
fixed charges at the inner surface of membranes is given by Chandler
Hodgkin & Meves (1965), who show that parameters describing the Na
conductance in sqﬁid axons are shifted along the voltage axis when
the ionic strength of the internal perfusate is changed.

In the discussion that follows, it is assumed that voltage
shifts other than those arising from the titration of charges at
the outer surface of the cell can be neglected.

The Gouy-Chapman theory of the diffuse double layer (Grahame,
1947; Davies & Rideal, 1963; Barlow, 1970) has been used by a
number of authors to account, in whole or in part, for voltage shifts
in the parameters which describe Na and K conductances, in terms
of a screening of fixed charges by electrolytes in the internal
(Chandler, Hodgkin & Meves, 1965) and external solution .(Gilbert &
Erhenstein, 1969, 1970; Mozhayeva & Naumov, 1970, 1972a,b,c;
Brismar, 1973; Hille, Woodhull & Shapiro, 1975; Schauf, 1975;
Begenisich, 1975; Campbell & Hille, 1976). Since the hypertonic
chloride Ringer used here is camposed almost entirely of a uni-
univalent salt solution, the appropriate form of the Grahame equation
(Grahame, 1947), which relates the fixed charge density (¢ ) to the
magnitude of the surface potential ( (I/O) and the concentration of

cations (or anions) in the Ringer for the case in which the surface
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potential is less than -100 mV is

_2c® . Vo
d = -—G—- Smh-é-R—T— (3.1h)

where G is a constant equal to 2.707 (nmz/electronic charge) (moles/
1
liter)® when ¢ is in units of electronic charges/nmz, s o is in mv,

¢ is in moles/liter and RT/F is 23.87 mv at L°C.

Hmn. (3.1L) predicts that all cations with the same valence
will be equally effective in neutralizing the surface potential.
This is not the case in nerve, however, since far example, equimolar
replacement of divalent ions in voltage-clamp conditions gives the

sequences Ni2+> Zn2+ = C02+ > Cd2+ = Ba2

702" s §i2t S mn?t = o2t > ga?

> Ca2+> Mg2+ and

T Mg2+> S:r'2+ =}Ba2+ in order of
decreasing shifts in Na activation in squid axons (Blaustein & Goldman,
1968) and myelinated nerve fibres (Hille M.., 1975) respectively.
For shifts in K activation in nerve, the sequence is Cd2+> Ni2+>

2+> Mg2+ (Blaustein & Goldman, 1968; see also

002+> Ba2+_'> Ca
Mozhayeva & Naumov, 1970). These observations are explained by
the supposition that some ions also neutrali'ze-the surface potential
by binding to the fixed charges. Thus cations such as Ni- and Zno'
have a high affinity for fixed charges whereas the smller .
shifts produced by Mgg+ are casistent with the notion that this
ion acts almost completely by screening.

Application of the Grahame equatich to pure phospholipid
membranes, where the density of fixed negative charges is 0.4 to
0.6 nm~2, shows that a monovalent cation concentration of about 3.6 M
is required to equal the screening praduced by 1.8 mM of a divalent
cation (McIaughlin, Szabo & Eisemnman, 1971). Since screening by

even the highest concentration of protons used in this study (6.3 x

10-5 M) will be small compared to the screening by divalent cations,
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( [Ca2+]o = 1.8 mM), it is assumed that protons neutralize the
surface potential solely by binding to the fixed charges (Hille,
19683 Woodhull, 19733 Drouin & The, 1969; Mozhayeva & Naumov,
1972a; Dorrscheidt-Kafer, 1976). In this case, the relationship
between the maximum fixed charge density (@ ), the surface potential

(y/o) and the external cation concentration (c) is

"6' - [H]B 7 20% X 1
= —KE- exp(— ‘IIOF/RT)+1 TSlnh(- ?IOF/ZRT) (3. 5)
(Gilbert & Erhenstein, 1969; Gilbert, 1971), where the relationship

between the concentration of protons at the membrane surface, [H]S,

and in the bulk solution, EﬂB, is

[H g = [H] gexp(- ¥ F/RT) (3.16)

and where the relationship between the fixed charge density (4), the
maximum fixed charge density (§) and the dissociated constant (KH)

for the proton-fixed charge complex is:

%_ B +|H1| S7KH ' (3-17)
Hn.(3.17) is analogous to the Michaelis-Menten equation for enzyme-
substratebinding (Dixon & Webb, 196L).

As protons r;eutralize the surface potential by binding to |
fixed charges, the theoretical relationship between- Vo and. exfémal
PH is a titration curve which saturates at high and low pH. The
relationship between} V%n (the menbrane potential at which n,, is
0.5) and pH will be similar because

‘Po = v%n -B ' (3.18)
where B is a constam'; in units of mv. Since' the relationship between
V%n and pH found experimentally is appraximately linear from pH 9.2
to 5.2 (Fig. 3.3D), this probably corresponds to the middle section

of the titration curve and,as such, does not provide sufficient



72

informtion for the complete solution of eqn (3.15). Despite
this, the maximum fixed charge density can be estimated from the
maximum shift in V:—lan and from the maximum :slope of t}?e graph .of
v%n against pH (Gilbert & Erhenstein, 1969, 1970; Gilbert, 1971).
Both methods are descrjbed below.

For the limiting case in which [H]B is zero, the surface
potential can be obtained from eqn. (3.14). On the other hand,
when [’H:IB is sufficiently high that all fixed charges are titrated,
l{)o will be zero, so eqn (.3.18) becomes

V_%n =B (3.19)

It follows from egns. (3.1L4, 3.18 & 3.19) that the maximum density

of fixed charges (&g ) is related to the maximum shift in Vi (denoted
. 2

V%n) by 1

3 =2 i Ty B/2RT | (3.20)
G 3n

Fig. 3.9B‘ plots the maximum shift in V%n as a function of the
maximum surface charge density, assuming the latter to be uniform,
and when ¢ = 0.134 M. The value of X_f%n found experimentally is
L1 mv (Fig. 3.3D) which corresponds to a maximum density of titratable
charges equal to 0.26 nm 2. The true density will be greater than
this since the present results extend over only part of the |
titration curve (from pH 9.2 to 5.2).

- As noted previously; ‘G can also be obtained from the maximum
slope of the relationship between V%n and pi. Substitution of V%n
-B (eqn. 3.18) for Y, in ean. (3.15) and subsequent differentiation
of eqn. (3.15) yields |

dvy 1

ThE. - - . (3.21)

dInlHl; [F (z%;n -B)F][ 002 (V_l_n-Byp ]-1 .
'r ~Lzmr O U w6 ST T

(Gilbert & Frhenstein, 1969; Gilbert, 1971).
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The solution to eqn. (3.21) for various values of & , and
for the condition in which dV%n/d 1n[H]B is at a maxirmum is
given in Fig. 3.9B. In order to obtain this s.olutiOn, it is
necessary to differentiate eqn, (3.21). Since dzv%n/d(‘ln[H:}B)2
is zero when dV_%n/d 'ln[H]B is a maximum, one can write

d Z

dv 1,

where 1/Z is substituted for the right hand side of eqn. (3.21).

=0 | | - (3.22)

Thence, the solution to eqn. (3.21) is (Y. Eliman, personal

communication) ( ) )
Vi -B) F (Vo -B) F -
sinh> —22___ _ 2 sinh -22 - 86 - (3.23)
2RT 2RT 202
. (Vo - B)F .
Finally, values for ‘ 3n obtained from eqn. (3.23) for

2RT
various values of & are used to solve egn. (3.21).

The maximum slope of the relationship between V—%n and pH",found
experimentally is 10.3 mV per pH unit, which corresponds to a maximum
surface charge density of 0.13 nm--2 (Fig. 3.9B). Since this is one
half the minimum value obtained by eqn. (3.20), the assumption that
the binding of protons to fixed charges can be described in terms of
a single dissociation constant (KH in egns. 3.15 &(3.17) is probably
incorrect. If there is more than one titratable group, V%n will
depend on the total surface charge density, while dV_%T1 /dpH, max.
will tend to reflect the density of individual charged grows.
Further, the fact that tfle relationship between V%n and pH is roughly
linear from pH 9.2 and 5.2 (Fig. 3.3D) suggests the presence of a |
number of charged groups with pKH values spread over most, or all,of
this pH range.

Another reason why'the surface charge density calculated here
will be an underestimate of the true density is that Ca2+ ions present

in the Ringer will screen, and possibly bind to the fixed charges
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(Frankenhaeuser & Hodgkin, 1957; Gilbert & Erhenstein, 19693
Mozhayeva & Naumov, 1972b; Hille et al., 1975; Dorrscheidt-Kifer,
19763 Schauf, 1975; Begenisich, 1975; Campbell & ﬁme, 1976) .
For example, Hille et al. (1975) and Dorrscheidt-Kafer (1975) have
shown that the voltage-dependence of Na activation in myelinated
nerve and the threshold for mecha.nic_al activation in muscle are
less sensitive to changes in extracellular pH when the external
Ca.2+ caicentration is raised.

The present conclusion that more thaﬁ one type of Afixed chafgé
determines the surface pof.ential associated with the delayed
potassium channel in muscle is in general agreement with results
reported by Mozhayeva & Naumov (19?0) , who used a slow, linear
voltage change to measure voltage shifts in the steady-state K

conductance of the nodal membrane of Rana ridibunda when the pH,

ionic strength, and divalent cation concentration were altered.

These authors concluded that ﬁhree charged groups were probably
involved. Two were negatively charged at pH 7, and most likely to be
carboxyl groups .’ The third group was positively charged in neutral
and acidic solutions but uncharged in strongly alkaline conditionms,
and assumed to be an amino group. The net fixed charge density was
negative at pH 7.2 and in 2 mM-Ca2+, and corresponded to a surface
potential of abaut -30 mV. Using a step-clamp, however, Brismar
(1973) obtained a surface potential of -55 mV for the K permeability

of the nodal membrane of Xenopus laevis in standard Ringer.

Unfortunately, since it is not possible to determine the fraction
of surface clarge which is negative and that which is positive in
any of the experimental conditions used here, it is not possible,

at present, to estimate the absolute surface potential associated with
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delayed rectification in muscle. In a culture medium, muscle cells
migrate towards an anode (Elul, 1967) indicating a net negative charge
on the outer surface of the cell. However, the distribution and type
of charge in the vicinity of ionic channels may be very different
from that over the surface of the cell as a whole.

When comparing the surface potentials obtained in different
preparations, it is necessary to take into account the fact that
even after numerous experiments have been done, there may be more
than one solution to the equations relating to surface charge.- For
example, Hille et al. (1975) describe two models which fit the
potential-dependence of the Na conductance of the nodal membrane
in a variety of solutions: the surface potentials contained in these
models are -90.6 mV and -64.3 mV. However, the following points
can be drawn from these and related studies. First, like Mozhayeva
& Naumov'!s (1970) model which accounts for voltage shifts in the K
conductance of the node of Ranvier, both models relating to the
Na permeability in nerve comprise two acidic groups and one basic
(Hille et al., 1975). §écond1y, the models of Hille et al. (1975)
also fit the pH- and Ca2+—dependent shifts in the Na permeability
in frog muscle (Campbell & Hille, 1976) « And thirdly, the surface
potential associated with K channels seemé to be less than that
associated with Na channels, although that associated with the
threshold for contraction is -87.2 mV at pH 7.2 (Dorrscheidt-Kifer,
1976), which is close to one of the values given by Hille et al.
(1975) for the Na channel.

Fimally, it is interesting to note thaﬁ while ﬁhe relationship
betﬁeen the threshold of the delayed conductance and pH is roughly
linear between pH 9.2 and 5.2 (Fig. 3.3C), Dorrscheidt-Kafer (1976)

has shown that the threshold for mechanical activation is rather
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insensitive to changes in external pH from about 6 to 8. This
supports the notion (Kao & Stanfield, 1968; 1970) that there is no
causal relationship between the thresholds for contractim and
delayed rectification, and is also consistent with the view that
the mechanisms which underlie contraction and delayed rectification

are located in different parts of the membrane.
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Chapter 4. The selectivity of the delayed K channel in frog

skeletal muscle fibres.

INTRODUCTION

The mechanism by which delayed K channels discriminate
between sodium and potassium is of partbular interest since it
forms én essential part of the ionic basis of the action potential.
A study of the permeability of the channel to foreign cations
is also valuable since it can provide information as to the
dimensiops of the channel, and as to the nature of the groups
with which the channel is lined.

Recent studies have shown that the selectivity of Na |
channels in myelinated nerve fibres (Hille, 1971, 1972) and

muscle fibres (Campbell, 1976) of Rana pipiens are similar. Only

minor differences were reported, the most important being that
the permeability ratio Pﬁa/PK in muscle is nearly twice that in’
nerve. ’

On the other hand, PNa/PK for the delayed K channels in
muscle (Adrian et al., 1970a) is about three times that for the
K channels in myelinated nerve fibres (Hille, 1973)} Despite
the fact that these measurements were not obtained in the same
species of frog, it seems likely that K channels in nerve and
muscle are not identical, as suggested by same of the studies
described in chapter 1.

.The experiments to be described in this chapter are largely
concerned with the measurement of the reversal potential of the
delayed current inthepresence of.ions belonging to the alkali
metal series. These measurements are used to obtain the

selectivity sequence of the deiayed K channel in muscle.
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These experiments were performed in collaboration with
Dr. P.R. Stanfield and are also described elsewhere (Gay &

Stanfield, 1978).

SOLUTIONS AND METHOIB

The composition of solutions used in this chapter.is given
in Table L.1. A1l contain sulphate as ths major anion in place
of chloride. In addition, these solutions contain 8 mM%CaSOh;
the ionized Ca2+ is estimted to be about 1 mequ./l. (Hodgkin &
Horowicz, 1959). Hypertonic solutions (solutions LB, C) were
.used to reduce the ability of the fibres to contract. These
solutions contain 350 mM sucrose which is in addition to the
sucrbse required to be added to make the sulphate solutions
isotonic with the phosphate-buffered chloride Rihger whose

composition is given in chapter 2,

Table L.1

Composition of solutions in mM

Ringer | X+ Na+ K+ Ca2+ Squz- HZPOb- HPth- Sucrose

LA, isotonic

sulphate - 82.6 2.5 8 L9.3 0.43 1.08 113

LB, hyper-

tonic sulphate - 82.6 2.5 8  19.3 0.43 1.08 L63

LC, X~ Ringer 82.5 2.6 - 8 L9.3 0.43 1.08 1,63
3

X =1Li, Na, K, Rb or Cs

Muscles were dissected and equilibrated in the phosphate-
buffered, chloride Ringer. Thereafter, the muscles were
equilibrated in isotonic sulphate Ringer'(soiution LA) for at
least 1 hr at room temperature in order to reduce the intracellular
chloride concentration, and then in hypertonic sulphate Ringer

(solution L4B) for at least 20 mins, also at room temperature.
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Finally, the muscles were transferred to another hypertonic solution
(solution L4C) in which most of the experiments were performed.

Since the membrane is impermeable to sulphate (Conway & Moore,
1945), this anion does not replace intracellular chloride in significant
quantities, but its substitution for chloride does result in a transient
depolarization of the membrane and contracture, (Adrian, 1960).

Muscles were not allowed to shorten during contracture, recovery from
which occurred spontaneously after a few seconds.

The membrane potential was controlled in all experiments using
the three-electrode method of Adrian et _al. (19702) which is
described in chapter 2 (pageli2 ). Fibres were held at -100 mV
and depolarized or hyperpolarized from this level. In addition,
fibres were held at -100 mV for at least 5 mins following
impalement, and before measurements were made, in order to reprime
"the delayed K conductance which is inactivated in solutions
which depolarize the membrane, such as those containing Lh1.25
mM-K.S0, , Rb2SOh or Cs

2 2
were also returned to the holding potential for 1 - 2 mins

SOh (solution 4C, Table L.1). Fibres

following a depolarization which activated the delayed conductance.
An inter-electrode distance ({ ) of 125 pm was used in all
experiments .- |

Most experiments were performed in the cold (3-500, unless
otherwise stated) since it was not always possible to control
the membrane potential of fibres immersed in the control
solution (41.25 mM-Ksth) at room temperature.

Most experiments were performed in the presence of 10-6g/ml TTX.

Calculation of permeability ratios from the reversal potential of

the delayed current

The shift which occurs in the reversal potential of the
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delayed current when a solution containing X+ as the only cation is
replaced by one containing only K+ is related to the permeability

ratio (PX/PK) of X and K for the delayed K chamnel by the expression

P, (X)
- RT X o
VR,x R,k T F %6 P Q) (k1)
(Hille, 1973; Campbell, 1976), where V and V. are the reversal
R,X R,K

potentials of the delayed current in the X solution and K solution
respectively, and where (X)o and (K)o are the external activities
of x" and k. mn. (4.1) is derived from the equations of
Goldman (1943) and Hodgkin & Katz (1949) but a consfant field is
not assumed in its derivation.

Here, X stands for Li, Na, K, Rb, or Cs. Unless otherwise
stated, concentrations rather than activities are used in eqn. (L4.1)
since the activity coefficients of the alkali metal cations are
not reported for the experimental conditions used here. However,
fhe error introduced by ﬁhis approximation will be small. Where
activities are used, the activity coefficients are a.ssumed to be
equal to those in a 0.1 M sulphate solution at 25°C (Robinson
& Stokes, 1965). With respect to the activity coefficient in
Kzsoh, these are: ILi, 1.10; Na, 1.04; K, 1.0; Rb, 1.06; Cs,
1.06. _ |

In using eqn. (4.1) the small amount of Na' (2.6 mM) added
to all solutions as phosphate salts was neglected. Since Nz-J.+
is one of the least permeant of ions in the delayed K chamnel,
this approximation introduces an error of only 3% when PX/PK is
0.015, and the error disappears when PX/PK is 1.0. These
two permeability ratios cover the range of ratios found
experimentally. (Calcium, which is also present in all solutions,

is unlikely to influence the reversal potential since
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the ionized concentration of this cation is low, and since, like
nerve (Hille, 1975a), the K channels in muscle are probably

impermeable to Ca2+ .

RESULTS
A summary of most of the results to be described in this
chapter is presented in Table L4.2. The first five rows are the
results obtained in solution LC which contained 41 .25 nlM—-LizSOh, Nazsoh,

2
solution 4C will be referred to as ILi-Ringer, Na-Ringer, etc.,

K.S0, , RbZSOh or CSQSOh. For the remainder of this chapter,

to identify the cation. Row six gives the results from a

very small number of fibres in hypertonic sulphate Ringer

(Solution L4B) which camtained 1.25 mM—Kzsoll and 4O mM-Nasth.

The permeability ratios given in columns 5 and 6 are those obtained
from eqn. (L4.1) using concentrations and activities,respectively.

Resting potentials

The resting potentials are shown in Table h2 In Na-
Ringer (containing no K+), the mean resting potential was
-78.7 mv. This is rather léss negative than the value expected
for a solution containing Na' and 2.5 mM-K' .  However » the
present result is not surprising because Hodgkin & Horowicz
(1959) showed that in an isotonic sulphate Ringer solution the
resting membrane potential reaches a maximum negative value at
0.5 mM external K" . In this respect, the resting membrane
does not distinguish between Na' and Li® ions s since the mean
resting potentiai in Li-Ringer is not significantly different
from that in Na-Ringer (P>0.1).

On the other hand, fibres in Cs, Rb, and K-Ringer are

depolarized, on average, by at least LO mV more than fibres in
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TABLE L.2

Some properties of the delayed K conductance and the resting membrane of fibres immersed in alkali metal ion

solution at about too.

1 2 3 I 5 6
e & & e e L
Lithium -75.6 + 3.8 (8) -110.6 * 2.4 (8) 7.40 + 0.79 (5) | 0.02L(0.016 - 0.033)  0.026
Sodium -78.7 + 2.2 (10) -104.8 + 1.7 (10) 8.38 + 0.75 (11)  0.030 (0.020 - 0.0L5) 0.031
Potassium -22.2 + 0.6 (11) =-_21.3 # 1.2 (11) 10.33 + 1.38 (11) 1.0 1.0
Rubidium -34.2 + 2.2 (16) - 22.6 + 1.3 S 7.94 + 1.12 (9) | 0.95 1.0
Caesium -38.5 + 1.1 (8) - 73.1 +2.8 (8) L.63 +1.13 (9) 0.11 (0.072 - 0.17) 0.12
Hypertonic _

Sulphate -81.7 + 4.6 (3) -85.0 (1) 20.56 (2) - -

Column 5, mean with range of permeability ratios in parentheses assuming activity coefficients equal to 1.0.
Column 6, mean permeability ratios assuming activity coefficients taken from Robinson & Stokes (1965); these

. , . . o
are: H.u.mmorv 0.478; memorv 0.452; Nmmotv 0.436; w,cmmorh 0.460; ommmor‘. 0.46L in a 0.1 M solution at 25 C.
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Na-Ringer. The mean resting potential in K-Ringer is also
significantly less negative than that in Rb-Ringer (P<0.001)
and Cs-Ringer (P<0.001). Thus it is clear that the resting
membrane is able to distinguish between K and Rbt or K and
Cs+, a conclusion which is supported by the experiments of
Sjodin (1959), Sandow & Mandel (1951) and Adrian (1964), and by
the experiments of chapter 5.

Reversal potential of the delayed current in K-Ringer and

Rb-Ringer

The experiments to be described in the first part of this
section are those in which the reversal potential of the
delayed current was measured in K and Rb-Ringer in the same
fibres. Fig. L.1 shows the results from one of five such
experiments in which the solution was changed with the electrodes
in situ. This fibre was bathed first in Rb-Ringer (a) then in
K-Ringer (b) aﬁd then in Rb-Ringer again (c). |

The top of Fig. 4.1 illustrates the two-step procedure
(Adrian et al.,1970a) used to determine the reversal potential.
The first step depolarizes the membrane to +-12 my for 35 ﬁs and
activates the delayed conductance. During the secand step, which
is applied immediately after the first step, the menbrane
potential is returned to between O mV and -50 mV. The current
declines slowly during the second step due to the closure of
those K chamnels which were open at the end of step one. Sinbe

2 2

long compared to the capacity currents which also contribute to

in 41.25 mM-K SOh or Rb SOb solution the tail currents are

the current at the start of step two, the reversal potential was
obtained from isochronal current-voltage relations of the tail

currents (Bezanilla & Armstrong, 1972; Hille, 1973). By this



Fig. b.1 Two-step experiment to determine the reversal
potential of the delayed current in a fibre bathed
consecutively in Rb-Ringer (a), K-Ringer (b), and Rb-
Ringer (c),

top, tracings of records of the membrane potential
(V1) and the membrane current (V2—V1) - The first step
depolarizes the membrane to +12 imV for 35 ms. The
second step returns the Iﬁembrane to various levels between
0 mv and -50 mv. Four superimposed records are shown in
(2) and (c), and five in (b)

bottom, isochronal current-voltage relations of the
tail currents shown in the upper part of the figure.
Abscissae, membrane potential (mV) during step 2; ordinates,
mernbrane current (mV) during step 2 after subtraction of
the leakage current. The membrane current is measured
20ms (o,9), 4WOms (o, ® ) and 60 ms (V,¥ ) after the
start of the second step. V.

R,Rb™

my in (¢). V is -22 mv, in (b).
R,K

Fibre resting potential, -25 mV in Rb-Ringer;

s =23 myV in (a) and -22

holding potential, -100 mV; inter-electrode distance (),

125 uwm; temp. 3.8 to S.hoc; tetrodotoxin not added.
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method, the tail currents are plotted against the membrane
potential during the second step at various times after the
capacity currents have subsided, and after the leakage currents
scaled linearly from the steady-state currents during small
depolarizations have been subtracted.

In Fig. 4.1 the isochronal current-voltage felations are
plotted 20 ms (circles), 4O ms (squares) and 60 ms(triangles)
affer the start of the second step. The reversal potential
in Rb-Ringer is -23 mV in (a) and -22 mV in (¢). The reversal
potential in K—Riﬁger is -22 mV,in (b).

Table hf3 giyes resting potentials and reversal potentials
fran five similar experiments including that illustrated in
Fig. L.1. The resting potentials were measured at the start
of the experiments in Rb-Ringer or, in the case of Fibre 18.7,
in K-Ringer. The mean difference in reversal potentials in
the tﬁo solutions is not significantly different from zero
(P>0.37). Thus PRb/PK, which is 0.95 from eqn. (4.1), is not
significantly different from 1.0.

The conclusion from these experiments, that the delayed
K channels are equally permeable to K+ and Rb+, depends on the
assumption that there is little or no change in potentiai
at the agar bridge-Ringer junction when Rb+ replaces K+ in the
recording chamber. This assumption seems justified since the
mobilities of K and Rb+ in aqueous solution are similar
(Robinsm & Stokes, 1965). 1In addition, it was found that the
potential recorded bj a microelectrode in the Ringer changed
by less than 0.5 mV when Rb+ was run into the chamber to

displace K#, or when K+ displaced Rb+.
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TABLE 4.3

Properties of the delayed K conductence in Rb and K solutions at

about SOC.
Fibre RP

(mv)
17.2 -37 ]
17.3 -35
17-)4 -36
18.7 -3
1808 -25
1

VR,Rb

(mv)
-20

=22

v

R,K
(mv)

=22

-21

-28

=22

R,Rb
(mv)

=21

Mean + S.E.M.

VR, X

)

-20

Pro/ Pk

R

Fach value is the difference between the mean values

of VR,Rb and VR,

K

determined in one fibre

,Rb ~

+

(mv)
1.5
1.0

R,K

6.0

0.5
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VR,K has also been determined from the isochronal current-
voltage relations of eleven fibres in a second series of
experiments. The difference between these experiments and
those of the first series is that here the Ringer did not flow
through the recording chamber so that a more stable temperature
was achieved. The mean value of VR,K was -21.3 + 1.2 mV at
3 - 4.5°c, which is not significantly different from the mean
resting potential in the same fibres: this was -22.2 + 0.6
mV (P>0.33). Neither is it significantly different from the
mean value of VR,K(—22.2 + 2.4, mv; P>0.33) for the six
measurements in Table L.3. The preseht value for VR,K is also
given in Table 4.2, and is the value used in the calculation

of %m;/PK, PLi/PK and PCS/PK.

Experiments in K-Ringer and Rb-Ringer at room temperature

Reversal potentials for the delayed current were determined
from isochronal current-voltage relations in nine fibres in K-
Ringer and ten other fibres in Rb-Ringer at 19 - 2100. Since
the tail currents declined more rapidly at room temperature
than in the cold, current-voltage relations were plotted 5, 10,
15 and 20 ms after theistart of the secand step. In a given
fibre, the reversal potentials measured at such timés rarely
differed by more than 2 nv. Mean resting potentials and reversal
potentials for the two groups of fibres are given in Table L.)4.
\

is not significantly different from V. (p>0.33). 1In
R,K _ "om Ve, b _
addition, the permeability ratio, PRb/PK’ calculated from these
values is 0.94, which is the same as that obtained in the cold
(PRb/PK = 0.95, Table L.2) |
The finding that PRb/PK is rather insensitive to changes

ip temperature is not unexpected since it seems likely that the
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TABLE L.k
Resting potentials (RP) and reversal potentials (VR X) of fibres
: J

immersed in Rb-Ringer and K-Ringer at 19-21 °c.

Ringer _ RP Ve x PRb/PK
(mv) (mV)
Potassium 2-28;7 +1.9 (9) =-25.5 + 1.8 (9)
0.94

Rubidium -32.5 + 1.7 (10) -27.1 + 2.7 (10)
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dela&ed channels cannot distinguish between these ions. However,
a low temperature coefficient for selectivity also occurs in
cases in which one ion is permeant and the other rather
impermeant. For example, P,/P . is 0.07L at 0°C and 0.070

at 19°C for Na channels in myelinated nerve fibres (Hille, 19752).
Determination of V

R,Rb
relations of the delayed current

from steady-state current-voltage

Since in solutions containing 41.25 mM--RbZSO)4 the reversal
potential of the delayed current is positive to the threshold

of that current, it is possible to obtain from steady-

VR,Rb
state current-voltage relations of the delayed current as well
as from isochronal current-voltage relaﬁions of the tail cﬁrrent.
Fig. L.2A shows records of the membrane potential (V1) and
membrane current (V2-V1) for a fibre in Rb-Ringer depolarized
‘to -71 mV, -41 mV and -12 mV. The'steady-state current-
voltage relafion for this fibre is shown in Fig. 4.2B. The
threshold of the delayed current is about -50 mV, so at =71 mV
only the leakage and capacity currents are seen. At -41 mV
the delayed current is inward; this will be carried by Rb~ ions.
On the other hand, the delayed current is outward at -12 mV
and will be carried by K. The arrow in Fig. L.2B indicates
the reversal potential, which is -23 mV.
In fourAsimilar éxperiments includiﬁg that described above,
VR,Rb was -28.0 + 4.1 mV. TWhen this is compared with the mean
of sevén values for VR,Rb
voltage relations (-22.6 + 1.3 mvV; Table L.2) the difference is

obtained from'isochronal current-

not significant (P>0.1). However, it was generally felt that
the delayed currents which were inward in 41.25 mM—szsOh were

too small for VR Rb to be measured accurately. Similarly, the
3



Fig. L.2 Properties of the delayed current in Rb and
Cs-Ringer.

A, tracings of records of the membrane potential
(V1) and the membrane current (VZ_V1) for a fibre in Rb-
Ringer. The depolarizations are to -71 mV, -41 mV
and -12 mV. Fibre resting potential, -24 mV; holding
potential, 100 mV; inter-electrode distance ({ ), 125
um; temp, 3.5005 tetrodotoxin, 10-6g/ml.

B, steady-state' current-voltage relationship for
a fibre in Rb-Ringer. Same fibre as in (A). Abscissa, |
membrane potential (mV); ordinate, menbrane current (mV).
The line through the points is drawn by eye. The leak

is extrapolated to find this is =23 mV.

VR,Rb’
C, the relationship between the delayed conductance

and the merbrane potential for a fibre in Rb-Ringer.

Same fibre as in (A) and (B). Abscissa, membrane potential

(mv) ;5 ordinate, delayed conductance shown as a fraction

of the estimted maximum delayed conductance,which was

6.3} muho.cm °.  The line through the points is drawn by

eye.

D, the relationship between the delayed conductance
and the membrane potential for a fibre in Cs-Ringer. Same
fibre as Fig. L4.5. Abécissa, membrane potential (mv);
ordinate, delayed conductance shown as a fraction of the

estimated maximum conductance,which was 2.05 mmho.cm-2.

The line through the points is fitted by eye.
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inward delayed currents in 41.25 mM—KasoLL were too small for this

method to be used to determine VR K
. ) ¢

Reversal potential of the delayed current in Na-Ringer and

Li-Ringer.

A two-step procedure was used to determine the reversal
potential of the delayed current in Na, Li and Cs-Ringer since
it was found that these lons are less permeant than K+ or Rb+.
Here, the results in Na and Li-Ringer are presentéd. The
‘results in Cs-Ringer are described separately since Cs+ was
found to be more permeant than Na+ or Li+. |

The two-step procedure is illustrated in Fig. L.3a, which
shows six superimposed records of the membrane potential (V1)’and
the membrane current (V2-V1) from a fibre in Na—Ringer at h.1°c.
The first step depolarizes the ﬁembrane to +12 mvV for 35-
ms; this activates the delayed K current which is seen to rise
off the top of the oscilloscope screen. During thé second step
the fibre is repolarized to between -30 mV and -150 mV producing
a tail current which is inward at =110 mV and outward at =90
mV.  Since the capacity current is inward at the start of the
second step, the true reversal potential is some 5 or 10 mV more
negative.than the records in Fig. L.3a suggest.

Fig. L.3a also shows that the tail currents inactivate
completely between -70 ﬁv and -150 mv, which is consistent with
the observation that the fhreshold of the delayed current is
between ~-50 mV' and -L4O mV in this fibre. The steady-state
current which remains after the delayed current has inactivated
is the leakage current. Alternmatively, the leakage current was
obtained by linearly scaling the steady-state currents for

depolarizations of less than 35 mvV. In most cases, the leak



Fig. 4.3 Two-step experiment to determine the reversal
potential of the delayed current in a fibre immersed in
Na-Ringer.

a, tracings of records of the membrane potential (VH)
and the membrane current‘(Vz;VH). The first step is to
+12 mV and lasts 35 ms.‘ The second step is to. between
-30 my and -150 mV. Six superimposed records are shown.

b, temporal decay of the tail currents at the start
of the second step. Leff, outward tail currents; right,
inward tail currents. Abscissae, time after the start of
the secand step; ordinates, membrane current after
subtraction of theleakage current. The tail currents after
15 ms are extrapolated to the étart of the secand step to
f£ind the instanténeous current.

Fibre resting potential, -63 mV; holding potential,
-100 mV; inter-electrode distance (Q ), 125 um; temp.

h.1°c; tetrodotoxin, 10-6g/m1.
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was monitored during the 30 mins or so required to obtain a set
of records by recording the current during a small depolarizing
step applied a few seconds after the end of the second step.
The results were discarded if the leak increased by more than
100%.

Since the tail currents inactivate rapidly at large negative
mermbrane potentials, the reversal potential could not be
obtained from isochronal current-voltage relations. Instead
each tail current, after subtraction of the leak, was plotted
on a semilogarithmic scale against time, and extrapolated back
to the start of the second step to obtain the instantaneous
current. The method is illustrated in Fig. h.39, which shows
semilogarithmic plots of four outward tails (on the left) and
two inward tails (on the right) for the fibre in Fig. L.3a.

In Fig. L.ha, the instantaneous current in Na-Ringer is
plotted as a function of the membrane potential, as filled
circles. Open arrows or triangles indicate-the direction of
the tail currents where these were too small to be extrapolated
by the method described above. The current reverses at about
-108 mV. 1In a similar experiment in Li-Ringer (Fig. L.ub),
the reversal potential was -111 my. |

The mean reversal potential in Na-Ringer was -104.8 + 1.7
mV (ten fibres) campared with -110.6 + 2.4 mV (eight fiﬁres)
in Li-Ringer. The difference between these values is not
significant (P = 0,063), Since V

R,K
0.030 and PLi/PK is 0.024. These values are also given in

is -21.3 mv, PNa/PK is

Table Lj.2.
The present method of correcting the tail currents for
capacity currents seems justified by the fact that the inward

tail currents decline as the sum of two exponentials in Fig. L.3b.



Fig. L.4 Instantaneous current-voltage relations for a
fibre in Na-Ringer (a) and a fibre in Li-Ringer (b).
Abscissae, menbrane potential (mvV) 5 ordinates, membrane
current (mV) at the start of the secand step of a two-step
experiment, after subtraction of capacity and leakage
currents. The instantaneous currents are shown as filled
circles. Open triangles or arrows indicate the directions

of those tail currents which were too small to measure

accurately.

a, fibre in Na-Ringer; VR,Na = -108 mV. Same fibre
as Fig. L.3. ‘

b, fibre in Li-Ringer; VR,Li' = =111 mV. Resting

potential, -83 mV; holding potential, -100 mV; inter-
electrode distance (f ), 125 pm; temp. 3.5°C;

tetrodotoxin, 10"6g/m1.
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The fast component probably consists of the capacity current
since it falls to zero within 10 or 15 ms. The slow component,
which is believed to be due to the closure of K channels,
declined with a mean time constant of 5.27 + 0.28 ms (five
tibres) in Na-Ringer at -90 mV, and L.5L + 0.43 ms (eight
fibres) in Li-Ringer at -90 mvV. Mbreover, in the two-step
experiments of chapter 3, which were performed in a hypertonic
chloride Ringer, and where the tail currents were corrected for
capacity currents by subtraction of capacity transients scaled
from the currents during small depolarizations, the tail currents
declined as a single exponential with a mean time constant of
3.04 + 0.59 ms (five fibres) at -90 mV and at pH 7.2. This is
not significantly different fram the rate at which the tail
currents declined in Li-Ringer (P = 0.10) or in Na-Ringer
(P = 0.10). | '
Unfortunately, the inward tail currents in Na and Li-
Ringer were so small that they could not be measured with
great accufacy. Thus the reversal potential was obtained by
extrapolation of the outward limb of tﬁe instantaneous current-
voltage relation, which, in most fibres, approximated to a
straight line (see for example, Fig. L.ha, b). The
permeability vatios dtained in this way are upper limité of
the true ratios.
‘Reversal potential of the delayed current in Cs-Ringer

Fig. l.5a shows records of the membrane potential (V1) and

the membrane current (Vé-V1) for a two-step experiment to determine
the reversal potential of the delayed current in Cs-Ringer.

The first step depolarizes the fibre to +25 mV for 54 ms and
activates the delayed conductance. During the second step

the fibre is repolarized to between =4O mV and -131 mV.



Fig. 4.5 Two-step experiment to determine the reversal
potential of the delayed current in a fibre immersed in Cs-
Ringer

a, tracings of records of the membrane potential
(V1) and the membrane current (V2-—V1). The first step is
to +25 mV and lasts 54 ms. During the second step the
meanbrane is returned to the potentials shown. The figure
shows six superimposed tracings.

b, instantaneous current-voltage relationship for a
fibre in Cs-Ringer. Same fibre as in (a). Abscissa,
merbrane potential (mV) during the secand step; ordinate,
merbrane current (mV) at the start of the second step after
subtracfion of the capacity and leakage currents. VR, Cs
is =79 nv.

Fibre resting potential, -38 mV; holding potential,
-100 mV; inter-electrode distance ( f), 125 nm; temp.

3.6°C; tetrodotoxin, 10-6g/ml.
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The tail currents at the start of the secand step were
corrected for leakage and capacity currents using the method
described in the previous section for fibres in Na and Li-
Ringer. ‘The slow component of the tail currents declined
exponantially with a mean t:|'.me> constant of 8.45 + 0.71 ms (seven
fibres) at -90 mV. This is significantly greater than the
mean time constant in Li-Ringer (P = 0.004) at -90 mv, and
is also marginally greater than that in Na-Ringer (P = 0.uy5)
at the same menbrane potential.

The instantaneous current-voltage relationship for the
fibre in Fig. L4.5a is shown in Fig. L.5b. The reversal
potential is -79 mV. The mean reversalrpotential in eight
fibres in Cs-Ringer was -73.1 + 2.8 mV, which is significantly’
different from the mean reversal potentials in Na-Ringer
(P<0.001)and Rb-Ringer (P<0.001: see Table L.2). Since
VB, X

in Cs-Ringer are also small so the reversal potential was

is -21.3 mv (Table L.2), PCS/PK is 0.11. Inward currents

obtained by extrapolation of the outward limb of the .

instantaneous current-voltage relationship. The mean value

of PC ; ‘K given here is therefore an upper limit of the true
mean.

The present finding that the delayed currents in Cs-Ringer
inactivate more slowly than those in Na and Li-Ringer is consistent |
with the fact that the delayed currents in Cs+ appeared to turn
on more slowly than those in the other two solutions. It was
also found that in a large number of fibres in Cs-Ringer, the
delayed currents were small or absent during large, step-wise
depolarizations. In addition, in all but two fibres which
developed delayed currents, the delayed current became

progressively smaller during the course of the experiment.
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Similar results were ocbtained in the other solutions used, but
in a few fibres only.

Effect of Cs+ on the leakage current

Fig. L.6A,B shows voltage-clamp records of two fibres
immersed in K-Ringer, and which were depolarized and hyper-
polarized from the holding potential of =100 mV to between
-50 mV and -150 mV. The steady-state current-voltage
relatioship forAfibre A is linear and is plotted as open
circles in Fig. L.6C (curve a). For depolarizing steps, the
currents in fibre B resemble those in fibre A. However,

.during a large hyperpolarization the current in fibre B is

less than.the holding current. The steady-state current-
voltage relationship for this fibre is shown in Fig. L.6C

as filled circles (curve b). The different properties of

these two fibres is believed to be due to the presence of a small
quantity of Cs’ in the K-Ringer bathing fibre B.

Fig. L.6D shows the steédy-state current-voltage
relations between -50 mV and -150 mV from two fibres in a muscle
equilibrated first in Cs-Ringer (curve a), fhen in K-Ringer
(curve b). In Cs- Ringer the current-voltage relationship is

- slightly rectified, whereas in K-Ringer the current is almost
completely abolished during hyperpolarizing steps. These
results are also consistent with the notion that Cs+ is not
completely removed when K-Ringer replaces Cs-Ringer in the
recording chamber. A similar, though less complete inhibition
of inward K currents was obtained after the chamber had been
drained and filled with K-Ringer at least twelve times

during the course of 1 hr in an attempt to remove the Cs+.



Fig. L.6 Properties of the leakage conductance in fibres
immersed in K-Ringer, and the effects of Cs+ on these
properties.

A, B. Records of the membrane potential (V1) and
membrane current (V2-V1) from two fibres depolarized and
hyperpolarized from the holding potential to between -50
my and -150 my.

Fibre A is in K—Riﬁger. Resting potential, -2, mV;
holding potential, -100 mV; inter-electrode distance (),
125 um; temp. 3.9°C; tetrodotoxin, 10-6g/ml.

Fibre B is in K-Ringer also believed to contain
less than 0.01 mM-Cszsoh. Rgsting potential, -20 mV;
holding potential, -100 mV; inter-electrode distance (¢),
125 um; temp. 4.0°C; tetrodotoxin 10‘6g/m1.

C, D. Steady-state current-voltage relations between
-50 mV and ~150 mV. Abscissag membrane potential (mV);
ordinates, merbrane current (mvV).

C. O, same fibre as A. 9,same fibre as B.

D. A, fibre in Cs-Ringer. Resting potential,-33 mV;
holding potential, -100 mv: @, fibre in K-Ringer after
exposure to Cs-Ringer. Resting potential,-31 mV;
holding potential, ~100 mV. Inter-electrode distance ( /),

125 um; temp. 17.8-—18.700; tetrodotoxin, 10-6g/ml.
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The experiments of chapter 5 investigate the effect of
Cs+ on the resting membrane in more depth; from those experi-
ments one would expect the cs’ concentration in Fig. L4L.6B to be
about 0.02 mM. In Fig. L4.6D (curve B), the Cs' concentration
is probably higher.

Effect of alkali cations on the maximum delayed conductance.

Since the delayed currents in Cs-Ringer are smaller than
those in Na or Li-Ringer, it was interesting to compare the
maximum delayed conductance in those solutions to see if the
effect of Cs+ was real, or just a consequence of the fact that
the reversal potential in Cs-Ringer is less negative than that
in Na or Li-Ringer. The maximm conducﬁance has also been
determined for fibres in Rb and K solutions, and the results
are presented in Table 4.2

The general equation which can be used to calculate the

delayed conductance for fibres in X-Ringer is

IK, X = gK,X (V1 —VR, X) ()4 hd 2)

which is similar to eqn. (3.7). The subscript K,X is used
because outward currents are carried by K+, and inward |
currents by x.

Fig. 4.2 shows the relationship between the steady-state
conductance which is normalized to its maximum value, and the
membrane potential for a fibre in Rb-Ringer (Fig. L.2C), and
for a different fibre in Cs-Ringer (Fig. 4.2D). The experimental
points for the fibre in Rb were calculated from the steady-state
current-voltage relationship in Fig. 4.2B, after subtraction of
the leak. In both fibres, the conductance at +8 mv is close
to its max:i.rmun’value. This was also the case in the other

solutions tested, which is important since in most fibres the
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maximum conductance was estimated fram the maximum delayed
current recorded during the first step of two-step experiments.
In Li+, Na+, Rb' and K this step was to between +8 and +12 mV,
while in Cs' it was to +25 my.

As Table L.2 shows, the maximum delayed conductance in
K-Ringer is about half the mean value in hypertonic sulphate
Ringer; it is also significantly less than the maximum delayed
conductance in hypertonic chloride Ringer at pH 7.2 (P<0.001;
see Table 3.2 for the maximum conductance in chloride Ringer).

The naiimum delayed conductances in Rb, Na and Li solutions
are not significantly different from that in K-Ringer (P = 0.2,
0.24 and 0.18,respectively). On the other hand, the maximum
conductanceiilcs-Ringer is sigrficantly less than that in K-Ringer
(p = 0.0075, a finding which is consistent with the notion that
Cs+ interferes with K# movement in the delayed channel. ”Since
the K current is outward, this effect of Cs+ is likely to be |
intracellular rather than extracellular (see page 100).
However, an alternative explanation might be that tﬂe delayed
conductance, which is inactivated at the resting potential of

fibres in }41.25 mM-Cs,SO, , RbZSOL; and Kzsoh, is more difficult

2
to reprime when the solution contains Cs+, than when it

. + +
contains Rb or K .

DISCUSSION
The results presented in this chapter show that the delayed
potassium channel in muscle is permeable to a number of alkali
cations in addition to K . The order of decreaéing
permeability is P S*PRb> Pos > P > Prye
approximates to sequence IV of Eisemman (1963, 1965), worked out

This

for the permeability characteristics of cation selective glasSes.
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Selectivity is not a fixed property ‘of Na channels in
squid axons (Chandler & Meves, 1965; Cahalan & Begenisich,
1976) or in Myxicola axons (Ebert & Goldman, 1976) since in
these preparations PK/PNa rises as the internal K  concentration
is reduced. Cahalan & Begenisich (1977) have also seen changes
in PNHh/PNa in axons perfused with ammonium. = -These
attribute to a dependence of the selectivity of the Na channel
on the internal ammohium concentration, or on the membrane
potential. PNa/PK’ however, appears to be independent of the
membrane potential (Cahalan & Begenisich, 1976).

Since the selectivity mechanism of the delayed K channels
is lkely to resemble that of the Na channel (see chapter 1), it
is interesting to consider which factors, if any, might modify
the selectivity sequence measured here. 1In the present
case, PNa/PK was measured from the change in reversal potential
of the delayed current when the external solution was changed
from one containing L1.25 nit-Na,S0, to one containing b1.25
rnM—KzSOh. Adrian et al. (j970a) have obtained the same
result usiﬁg the same}preparation in a chloride solution
containing a high} I<.:on‘centrat.ion of Na+, and between 2.5 and
20 mM-K+. One might conclude from these results that PNa/PK
does not depend to any great extent on the external Na+ or K+
concentrations, the nature of the anion, or on the membrane
potential. | |

Adrian et al. (1970a) also showed that when the two-step
procedure is used to determine the reversal potential of the
delayed current in muscle, the reversal potential is independent
of the duration of the first step provided this is less than

about 30 ms. However, when the duratian of step one is increased
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to several hundred milliseconds, the reversal potential becomes
more positive, presumably because K' which leaves the fibi'e dur:'uig
the first step remains in the vicinity of the membrane at the
beginning of the second step when the measurements are made.

From the shift in the reversal potential under these conditions,
Adrian et al. (1970a) concluded that K accwmilated in a space
occupying one third to one sixth the fibre volume, possibly

the region between fibrés. Since this space is about one
hundred times that occupied by the T-system (Hodgkin & Hofowicz,
]9603:,;: Adrian & Freygang, 1962a; Peachey, 1965; Peachey &
Schild, 1968; Mobley & Eisenberg, 1975), Adrian et al. (19702)
suggest that delayed rectification does not occur to any great
extent in the T-tubules. This view is dlso supported by the
glycerolation experiments of Chandler, Rakowski & Schneider
(1976b): but for an altermative view based on the origin of |
the late afterpotential in muscle,see Gage & Eisenberg (1969b),
Freygang, Goldstein & Hellam (1964), Freygang, Goldstein, Hellam
& Peachey (196L4), and Volle (‘i 970). In the present context,
the results obtained by Adrian et al. (1970a) are important

since they suggest that by limiting the duration of step one

to about 30 ms,in the present experﬁments (except in Cs+ where
the delayed canductance turns on rather slowly) it should be
possible to avoid error. in the permeability ratios due to K+
accumulation .

" Since the rate of repolarization of the action potential

in Rb-loaded muscle fibres is similar to that in freshly dissected
muscle (Adrian, 196l), the selectivity of the delayed K channel in

Rb-loaded fibres will closely resemble that obtained here for
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ruscles bathed in Rb aﬁd K solutions. The permeability ratio
of 1,0 reported by Almers (1976) for PRb/PNa is also consistent
with the present results.

As stated previously, Campbell (1976) has reported that the
selectivity of the Na channel in frog muscle is similar to that
in myelinated nerve fibres from the same species (Hille, 1972).
A comparison of the selectivity of the delayed rectifier in
muscle found here, with that in nerve is made in Table L.5.

Also included is a value for the mln:.mum pore diameter, through
which each ion could pass (Hille, 1973, 1975a). These diameters
are equal to the ionic radii of the ions. Apart from an
inversion between lithium and sodium, the selectivity

sequence in muscle is identical to that in nerve. In view of
the difficulties described here and by Hille (1973) associated
with the measurement of the reversal potential for relatively
impermeant cations, this inversion is probably not important.
However, it is interesting to note that the delayed channels

in nerve are generally more selective than those in muscle.

Mullins & Moore (1960) have concluded that the extra
efflux of thallium during stimulation in thallium-loaded
muscles is at least as great as the extra K efflux in normal
fibres. This may mean that PTl/PK for the delayed rectifier
in muscle is similar to.that in nerve, which is 2.3 (Hille, 1973).

Moore et al. (1966) found that in most of the experiments
in which they measured the reversal potential of the delayed
current in squid axons, PRb/PK was 1. This is similar to the
value found here for muscle and by Hille (1973) for myelingted

nerve fibres. On the other hand, Bezanilla & Armstrong (1972)
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TABLE L.5

Permeability ratios for the delayed K channels in frog nerve and muscle fibres

Ion

Lithium
Sodium
Potassium
Thallium
Rubidium
Ammonium

Caesium

wwou\wm
N

(Muscle fibres of R. temporaria Myelinated nerve fibres of R. mHmMmMMJ

(present results)

0.02};
0.030

1.0

Oowm

0.11

(Hille, 1973)

<£0.018
0.010
1.0
2.3
0.91
0.13

£0.077

zwﬁwsﬁs pore
diameter (%)
1.20
1.90
2.66
2.80

2.96

3.38
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reported that Py /P, Was only 0.25 for the squid axon when
determined from the size of the delayed current before and after
all of the intracellular K+ was replaced by Rb+. The

difference between this result and that obtained by Moore et al.
(1966) is probably due to the fact that internal Rb+ interferes
with the K movements in the delayed K channel in the squid axon
(Bezanilla & Armstrong, 1972; French & Adelman, 1976). 1In
agreement with this, Hille (1975a) has pointed out that for a
channel in which there is non-independent ion movement, the
permeability ratios determined from the measurement of fluxes

or menbrane currents will not always be the same as those
determined from the reversal potential of the current which passes
through that chammel. On the other hand, egn. (4.1), which is
used to calculate the permeability ratios from reversal potential
measurements in the present case, does not assume that ions move
across the membrane in accordance with the independence ?riﬁ@ipal
(Hodgkin & Huxley, 1952a), and Hille (1952a) and Liuger (19f3)
have described certain classes of non-independent ion movement' for
which this equation méy be used.

The hypothesis that .an‘intracellula? actioh of Cg;]is
responsible for the small K currents éeen in Cs-Ringer is
cénsistent with the observation that internal Cs+ blocks outward
K currents in nerve (see chapter 1). In addition, muscle
fibres whose ends are cut in 120 mM-CsF under conditions in
which Cs+ appears to diffuse through the sarcoplasm fail to
develop delayed currents (Hille & Campbell, 1976). Finally,
the present hypothesis requires that Cs+ is able to cross the

membrane of resting muscle fibres. This is the case, though
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the permeability of the resting membrane to Cs+ is small
compared to its permeability to K (Bolingbroke, Harris &
Sjodin, 1961). 1In nerve,routward K currents are not blocked
by external Cs+ (Dabois & Bergman, 1975, 1977; Adelman, 1968;
Adelman & Senft, 1968). In the present case, however, the
alternative possihility that externmal Cs+ redﬁces outward K

currents cannot be excluded.
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Chapter 5. (Caesium blocks K currents in resting skeletal muscle

fibres in a voltage- and concentration-dependent manner:
INTRODUCT ION

In the previous chapter the view was expressed that when muscle
fibres are immersed in a K-Ringer which contains small quantities
of Cs+ s K currents flowing across the restingrmanbrane are blocked.
The experiments described in this chapter were designed to investigate
the properties of this blockade, which is found to depend oﬁ the
menbrane potgntial and on the concen’c;ration of Cs+ in the Ringer.

In the presence of Cs+ , and when fibres are hyperpolarized by a‘
constant current, oscillationsin the membrane potential are
observed.

The K currents which are of interest here are those which show
inward rectification (Katz, 1949; Adrian & Freygang, 1962b;

Adrian, 1969). A discussion of carrier and pore models which have
been developed to account for inward rectifi.cation in muscle 1is
given in chapter 8. As mentioned previously, a pore model is
favoured here, and it is postulated that Cs+ blocks the resting K
channei when it binds to a site, or sites, partway across the
membrane.

Previous experiments have shown that there are interactions
between Rb+, K+ and Cs+ ions during permeation in resting muscle.
When either Rb' or Cs' is added to the Ringer, the efflux (Sjodin.
1959) and the influx of K (Sjodin, 1961) are reduced. Similarly,
the influx of Rb+ and Cs+ is reduced in the presence of external
K+ , and there is a mutual inhibition of uptake between Cs+ and Rb+
(Sjodin, 1961; Bolingbroke, Harris & Sjodin, 1961).  The general
interpretation of these results is that K*,vaJ' and Cs+ compete

for the same permeability mechanism. Volle, Glisson & Henderson
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(1972) have also demonstrated a competition between K+ and Rb+ ions
in resting muscle. However, unlike the Cs blockade, that by Rb"
is largely independent of the membrane potential (Adrian, 196k).

A voltage-dependent blockadé of inwardly rectifying K
conductances by external Cs+ has also been reported in starfish
egg cells (Hagiwara, Miyazaki & Rdéenthal, 1976) . Andbwhen cardiac
Purkinje fibres are immersed in a Ringer to which 20 mM~Cs® is
added, the K conductances which show inward rectification are
totally blocked while the delayed rectifier is unaffected
(Isenberg, 1976).

On the other hand, addition of Cs+ to the external solution
produces a voltage-dependent blockade of the delayed rectifier in
squid axons (Adelman & French, 1978) and in myelinated nerve
fibres (Dubois & Bergman, 1977). In squid axons,Cs+ also has
access to the delayed K channel from the axoplasm since it blocks
outward K currents when included in the internal perfusate (Adelman
& Senft, 1966, 1968; Adelman, 1971). This blockade is. also
voltage-dependent (Bezanilla & Armstrong, 1972), as mentioned in
chapter 1.

Recent experiments show that in addition to Cs+, the resting
K cmductance in muscle is blocked in a voltage-dependent mamner
by Ba?", sr’" (Standen & Stanfield, 1978a,b) and Na® (Standen &
Stanfield, 1978c). A preliminary account of the Cs blockade has

been given (Gay & Stanfield, 1977).
SOLUTIONS AND METHODS

The basic camposition of solutions used for the experiménts
described in this chapter is given in Table 5.1. All contain

sulphate as an impermeant anion to replace chloride, and have a
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TABLE 5.1

Composition of solutions (mM)

Na® K b cs” @2 mo:m- HyP0) mmorm- Sucrose
Solution 5A 2.6 190 - - 8 103 0.43 1.08 -
Solution 5B 2.6 80 - - 8 48 0.43 1.08 113.
Solution 5C 2.6 - 80 - 8 L8 0.43 1.08 113
Solution 5D m.m - - 80 8 L8 0.43 1.08 113
Solution SE 42.6 40 - - 8 L8 0.43 1.08 113
Solution S5F 66.2 16 - _ - 8 L8 0.43 1.08 113
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pH of 7.2. Most experiments were perfarmed :Ln solution 5B which
contains 80 mM-K . Lower K concentratians were obtained by
substituting NaySO) for K50, on an equimolar basis (solution SE
& F). Solution 5A has a high K' concentration and has a higher
ionic strength than solutions B-F. In solutions 5C & D, RbZSoh
and CSZSOh replace KZSOh' .The results 1n solutions 5A,B,C,E & F
(which cantain no Cs+) were canpared with those obtained when a
small quantity of CSZSOL; was included in the Ringer.

In most experiments the three-electrode voltage-clamp method
was used to measure the membrane currents (see chapter 2). The
| electrode separation () was either 330 pm or 495 pm. Most
experiments were carried out at room temperature (1 7—-—18.500),

although a few experiments were performed in the cold (3-4.5%).
RESULTS

The first part of this chapter concerns experiments performéd
in LO mM_KZSOh (solution 5B). In such high K' concentrations the
fibres are depolarized and this results in at least partial
inactivation of both the contractile mechanism (Hodgkin & Horcwicz, |
1960b) and the delayed K conductance,, (Adrian et al., 1970a;
Stanfield, 1970a). However, the resting K conductance is larger
than in solutions containing a lower K concentration (Hodgkin &
Horowicz, 1959; Almers, 1972a). Since the permeability of the
resting membrane to sulphate fons is low s almost all of the membrane
current will be carried by K and the equilibrium potential for K
will be equal to, or very close to,the resting potential (Adrian,
Chandler & Hodgkin, 1970b). For this reason the membrane was

usually held at the resting potential.
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Effect of 2.5 mM-Cs’ on the properties of the resting membrane

conductance in fibres in 80 mM—K+ solutions

Properties of the résting conductance in the ﬁresence and
absence of Cs+ are illustrated in Fig. 5.1. Fig. 5.1A shows
records of the membrane current in a fibre in the cantrol solution,
which contains no Cs+, during hyperpolarizing (H) and depolarizing
(D) steps from the holding.potential of =14 mV. Two features of
the control currents are interesting. First, the outward currents
which are seen when the fibre is depolarized by more than 10 mV: are
much smaller than the inward currents during a hyperpolarization of
similar size. This in-going rectification is characteristic of
the resting K conductance in skeletal muscle (Katz, 1949; Hodgkin
& Horowicz, 1959; Adrian & Freygang, 1962b). In-going rectification
can also be seen in Fig. 5.1C,which shows the instantaneous and
steady-state current-voltage relatims for the fibre illustrated in
A.

Secondly, when the curremts are imward and large, they activate
slowly to some steady-state value which, as Fig. 5.1C shows,
depends on the membrane potential (Adrian & Freygang, 1962a; Adrian,
Chandler & Hodgkin, 1970b; Stanfield, 1970b} Almers, 1972a,b).
The outward currents in most fibres showed no time-dependence after-
the first 20 ms in which capacity currents were flowing. 1In the
remainder, depolarizations exceeding 80 mV activated a small part
of the delayed K conductance; therefore such large depolarizations
were not usually applied.

Inactivation of the inward currents is due, in part, to a fall

in the K+ concentration in the lumen of the T-system. Some of the



Fig. 5.1 Properties of the resting K+ conductance in
Lo meKZSOh solutions in the absence (4,C) and presence
(B,D) of 1.25 mM'CSZSOh
A & B, tracings of records of membrane currents
(V2-V.l) during hyperpolarizing (H) and depolarizing (D)
steps from the holding potential. The numbers at the end
of each trace are the s:’lzé of the step in mV. The fibre
in A is in 80.mM-K® (solution B): resting potential, -14 mvV;

holding potential, - 14 mV; inter-electrode distance, 330 pm;

.

temp. 17.2°C. The fibre in B is in 80 mM-K plus 2.5 mM-Cs
resting potential, - 15 mV; holding potential, - 15 mV;:
inter-electrode distance, 330 pm; temp. 17.200.

C & D, instantaneous (O) and steady-state (®) current-
voltage relations for the fibres shown in A and B of this
figure. Abscissae, membrane potential (mV); ordinates,
merbrane current (mV). The instantaneous currents were
obtained by extrapolation of the currents flowing at times
greater than 50 ms. The steady-stat.e currents are those

flowing 3 s after the start of the clamp step.



A  OCs. 80 K-sulphate

Membrane Potential

-120

C OGs*

-60

80K-sulphate

mo
mg
LH20
H40
H60
H80
H101
Is
60 mV
-10
-20
-30

B 2,5Cs, 80 K-sulphate

Membrane Potential

-120

D 2.5Cs,

-60

80 K-sulphate

Is

-10

-30

H60

HS80

H103

60nri/



107

evidence supporting this view has been presented in chapter 1, and
other experiments concerned with the mechanism of inactivation are
given in chapters 6 & 7.

Fig. 5.1 shows the main effect which the presende of 2.5 nM-Cs
has on the membrane currents (in B) and on the instantaneous and
steady-state current-voltage relations (in D) of fibres in K+
solutions. It can be seen that Cs+ has little or no effect on outward
currents, while inward currents are smaller than those in the absence
of Cs+. In the presence of Cs+, there is a maximum in the relation-
ship between the inward current and the merbrane potential (Fig. 5.1D).
This occurs at about -63 rriv at the sﬁart of the hyperpolarization
and -55 mV in the steady-state. ‘

Fig. 5.2B & C show current-voltage relations at 50 ms and in the
steady-state for a fibre in 0.1 mM-Cs” (in B) and for a second fibre in
0.02 mM-Cs® (in C). Reducing the Cs® ‘c’oncentratiozll shifts the maximum
inward current to more negative values of the membrane potential; in
the case of the instantaneous currents the mean shift is 20 mV for a 5-
fold change in the »Cs+ concentration. These results are sumzﬁarized in
Table 5.2 (colurm L). The inward currents in 0.02 mM-Cs” are larger .than .
those at higher Cs® concentrations. These results show that Cs+ blocks.
the resting K conductance in a manner which increases with an increase in
hyperpolarization and an increase in the external Cs+ concentration.

2.5 mM-Cs® does not significantly alter the mean resting
potential. This was -13.86 + 0.19 mV (seventy-three fibres) in
80 mM-K~ solution, and -14.18 + 0.26 my (thirty-nine fibres) in
80 mM-K' plus 2.5 mM-Cs (P>0.3). Similar festing potentials were
recorded when the Cs® concentration was less than this (see Table 5.2,

column 2).



‘Fig. 5.2 The effect of cs’ on the properties of the resting
mgnlbrane conduf:tance in 4O mM-}{2SO)_l solutions.

A, tracings of the membrane potential (V,') and the
membrane current (V2-V1) obtained in 80 mM-K solution plus
0.1 mM—Cs+. The hyperpolarizations are to i, -75 my; ii,
-96 my; 4ii, - 126 mv; iv,. -156 mV; v, -189 mV; and vi,
| -222 my. Fibre resting potential, -14 mV; holding potential,
-1} mV; inter-electrode distamce, 330 pms  terp. 17%c.

B, current-voltage relations in 80 M=K plus 0.1 mM~Cs” *
Abscissa, membrane potential (mV); ordinate, membrane
current (mV). The curves are plotted 50 ms (O) and 3 s (®)
after the start of the clamp step. The same fibre is also
shown in A, above.

C, current-voltage 'zjelations in 80 mM-K plus 0.02
mM~Cs " . Abscissa, membrane potential (mV); ordinate,
menbrane current (mV). The curves are plotted 50 ms (O)
and 1500 ms (®) after the start of the clamp step. Fibre
resting potential, -13 my; holding potential, - 13 mv,

inter-electrode distance, 330 pm, temp. 18.1%.
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TABLE 5.2

o+
Effect of Cs on scme properties of the resting membrane in fibres immersed in 80 sz..m+ sulphate solutions

‘ : IF
1 2 3 L
Caesium concentration Resting Potential R,

(m) () (obm.cn’) (mv)

0 -13.86 + 0.19 (73) 7,394 + 1,315 (8) -
0.02 -13.81 + 0.29 (11) 6,049 + 1,287 (7) -123.60 + 1.28 (10)
0.1 -13.88 + 0.28 (17) 10,829 + 654 (9) -102.13 + 1.04 ( 8)
0.5 | -13.94 + 0.32 (35) 8,672 + 665 (9) - 82.10 + 0.66 (10)
2.5 1418 + 0.26 (39) 12,865 + 2,835 (6) - 61.83 + 1.28 ( 6)

E:

menbrane resistance during depolarization which exceeds 50 mV

¥
membrane potential at which the instantaneous inward current in om+ is greatest
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Irregularities in the curremt traces which follow long
hyperpolarizations of 60 mV or greater in the control Ringer
(Fig. 5.1A), or 103 mV in the presence of 25 mM- cs” (Fig. 5.1B)
show that contractile repriming has occurred during the hyper-
polarizing step. When the length of the step was reduced to 250
ms, larger hyperpolarizations could be applied before such artifacts
were seen, and the instantaneous currents were similar to those
recorded using pulses that were sufficiently long for the currents
to reach a steady-state.

Effect of 2. 5 mM-Cs’ on the diameter and space constant of fibres

in 80 mM-K' sulphate solutions

Adrian et al. (1 9709.) reported that the mean diamet.er and mean
space constant of fibres immersed in an isotonic LO m.M—Ksth
Ringer similar to that used here were 75 pm and 1.22 mm,respectively.
The present method used to determine these parameters is similar
to that described by Adrian et al. (1970a) and involves the measure-
ment of Vl and VQ-Vl when a constant current is used to hyperpolarize
the fibres by about 10 mV (see chapter 2).

In the absence of Cs+, the mean fibre diameter in 80 mM-K
sulphate solution was 85.5 + 3.5 pm (twenty fibres) compared to
82.3 + 3.5 pm (eleven fibres) when 2.5 mM-Cs sulphate was
present. These values are not significantly different (P> 0.3),
and both are close to the value of 80 pm ﬁhich is generally
assumed in order to calculate Im. |

Cs’ also has no effect on the mean space conéﬁant of these
fibres which was 1.10 + 0.05 mm in the absence of Cs, and 1.10 +

0.07 mm when Cs+ was present.
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Recovery from the Cs+ blockade during large hyperpolarizations

Fig. 5.2A shows voltage-clamp records from a fibre in 80 mM—K+
and 0.1 mM-Cs'. At membrane potentials positive to -12) o :
(records i & ii) the currents inmactivate slowly, which is to be
expected if K depletion is occurring. However, at membrane
potentials more negative than -156 mV (records iv to vi). there is
a transient increase in current which precedes the decline.

In this fibre the inward current reaches a peak. value 150 ms after
the onset of a hyperpolarization to =156 mV (in iv) and after 4O
ms at - 222 my (vi).

The current -voltage relations at 50 ms and in the steady-state
for this fibre and for a fibre in 0.02‘ mM—Cs+ are shown in Fig. 5.2
B and C, respectively. The currents at -250 mV are larger than
those at -160 mV despite the presence of caesium. In 0.1 mM-Gs+,
this increase is such a steep function of the membrane potential.
that it can only be explained if the blockade becomes less effective;

There may be a causal relationship between this recovery and
the development of currents with a biphésie time course (see, tor
example, Fig. 5.2A, iv-vi). The evidence for this is that when
both are seen in the same fibre, such as the fibre shown in Fig.
5.2A & B, they occur over a.f.‘;s:imilar range of membrane potentials.
In addition, biphasic currents were not seen in the absence of Cs+.
On the other hand, hyperpolarizations greater than about 180 mv
were applied to fifteen fibres in Cs+ concentrations of 0.02 mM
to 0.5 mM, and of these only six fibres in 0.1 mM-Cs and two
fibres in 0.5 mM-~Cs+ developed biphasic cui‘rents, while in every
fibre the currents increased with hyperpolarization at membrane

potentials more negative than -160 mV.

It is unlikely tlat the recovery reported here is an artifact
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of membrane breakdown since the ircrease in current dﬁring extreme
' hyperpolarization is only transient, and since the currents are
reproducible. In some fibres, however, there was evidence of
menbrane breakdown since the increase in conductance was
irreversible.- These results have not been included.

Components of the resting conductance in K+ 5 Rb+ and Cs+ solutions

When the membrane is depolarized by more than 50 mV in 80
mM-K" sulphate solutions with (Figs. 5.1D & 5.2B,C) and without
cs’ (Fig. 5.1C), the membrane current-voltage relationship is
linear and can be éxtrapolated back to the holding potential. Thus
the resting K conductance appears to consist of two components:
one is the inwardly rectifying conductance which is zero for large
depolarizations, but which allows the passage of large inward
currents when fibres are hyperpolarized: the other is a voltage-
independent component. 1In support of this vieﬁ s Adrian & Freygang
(1962b) have shown that after subtraction of thelinear component
from the total conductance, there is less variation in the size of
outward currents between fibres when moderate depolarizations are
applied. In addition, neither the replacement of 100 mM-K
sulphate by Rb" sulphate (Adrian, 196L), nor the presence of high
concentrations of tetraethylammonium ions in the Ringer (Stanfield,
1970b) affect the slope of the linear component, even though these
ions carry little or no current through the inward rectifier.

The linear component of the current-voltage relationship has
a mean slope of 7,394 + 1,315 ohm.cm2 (eight fibres) in 80 mM-K
sulphate Ringer and 12,865 + 2,835 ohm.cn® (six fibres) when 2.5
mM-CS+ sulphate is added. These values are not significantly

different (P = 0.09) and are also similar to values obtained in



112

lower Cs+ éoncentrations (Table 5.2, column 3). In 100 mM-K"
sulphate solutions, Adrian & Freygang (1962b) report a mean slope
of 11,567 ohm.c:m2 on the assumption that the internal resistivity
(Ri) is 250 ohm.cm. If, as in the present experiments, Ry is |
assumed to be 180 ohm.cm, their value becomes 8,331 ohm.cmz,_ which
is similar to that found here.

Fig. 5.3 shows membrane current-voltage relations from three
fibres in solutions containing either Rb+ or Cs+, 6r both these
jons, but cantaining no K: In 80 mM-Cs® (Fig. 5.3A) the current-
voltage relationship is linear and the ionic currents show no
obvious time-dependence. The membrane resistance was 23,141 +
3,273 oh.m.cm2 (six fibres), which is more than three times the
resistance of the linear segment in the Cs-free K+ solution.

This result indicates that the inward rectifier channel is impermeable to
Cs+, and that Cs+ also reduces the size of the voltage-independent
conductance.

The current-voltage relationship for the fibre in 80 mM-Rb+
shows a slight in-going rectification (Fig. 5.3B), but when 2.5
mM-Cs"® is added to the Ringer (Fig. 5.3C) the inward currents are
reduced and tle:inward limb of the curremt-voltage relationship
becomes linear. It therefore seems likely that Rb+ carries a
small current through the inward rectifier. This is in general
agreement with previous studies which have suggested that Rb+ carries
little or no current through this mechanism (Adrian, 196L;
Adrian, Chandler & Hodgkin, 1970b; see also >chapter 8).

Analysis of the concentratim- and voltage-dependence of the blockade

by Cs+

Fig. 5.1 shows the mean instantaneous current-voltage relations

for fibres in the control Ringer which contains 80 mM—K+, and in



Fig. 5.3 Steady-state current-voltage relations in
rubidium and caesium solutioms. Abscissae, membrane
potentiai (mv)3 ordinates, membrané current, (mV) |

A, fibre in 80 mM-Cs® (solution 5D). Resting potential,
=34 mV; holding potential, - 34 mV; inter-electrode distance
495 pm; temp. 17.L°C.

B, fibre in 80 mM-Rb* (solution 5C). Resting potential,
-29 mV; holding potential, - 29 mV; inter-electrode distance
495 pm; temp. 18.2°C.

C, fibre in 80 mM-Rb" solution which also contains 2.5
mM-Cs’. Resting potential, -28 my; holding potential, -28

mV; inter-electrode distance, 495 pm; temp. 17.8%C.
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Fig. 5.4 Concentration- and voltage-dependence of the blockade
of resting K currents by cs'.

inétantanéous cuifeﬁt—voltaéé rrela.tions in 40 mM—Kzsou

- solutions. Abscissa, membrane potential (mV); ordinate,
membrane currents (my) after subtraction of the linear
conductance which was obtained by extrapolation of the membrane
current at menbrane potentials more positive than 50 mv.

Fach point is the mean of results from six to eight fibres.
Vertical bars are + S.E.M. Fach fibre was held at its

resting potentialj inter-electrode distance, 330 pms temp.
17-18.500. The solutions contain 80 M-k and & s no
cs';®,0.02 mi-cs*; 0, 0.1 mi-cs*; B, 0.5 mM-cs*; O,

2.5 mM-Cs’. The lines are drawn to eqn. (5.3) of the text

ith =1. d
wi S L an Kap (

5(0) = 126 mM.
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solutions which also contain 0.02 mM to 2.5 mM—Cs+. Before these
relafions were plotted, the linear portion of the current-voltage
relationship was subtracted from the membrane current.s- in each
fibre. When this is done, the currents at + 6 mV in 2.5 mM-Cs
are 9 + 1% less than those in the absence of cs”. And when the
Cs® concentration is 0.5 mM and 0.1 mM, the currents at +6 mV are
reduced by 8 + 1%. »

Fig. 5.5A plots the inﬁard currents shown in Fig. 5.4 in the
presence of Cs (IK:CS) as a percentage of the currentsin the
control solution (IK) on the ordinate against the externmal cs'
concentration, ‘[Cs] o» Which is on a logarithmic scale, for six
values of the membrane potential. The sigmoidal shape of these
dose-response curves suggests that Cs+ blocks the K currents by
binding to a site associated with the K permeability mechanism on a

one-to-one basis. The equation used to describe this binding is

Iy oo/ = {1 . @sjo/xapp} -1 (5.1)

where Ka. is the apparent dissociation constant of the Cs-receptor
complex. To fit the family of dose-response curves, Kapp must
decrease as the menbrane potential is made more negative. Accordingly,
Kapp is fouf;d to be 1.95 mM at -7L mV and 0.107 mM at -1 2L, mv.
Fig. 5.5A shows that agreement between the predicted curves (solid
lines) and the experimental points is satisfactory except when the
Cs+ concentration is 2.5 mM, and for the least negative membrane
potentials. The latter deviation is .due to the fact that at
membrane potentials close to the holding potential, the mean imard
currents in Cs' are up to 17% larger than those in the control
Ringer.

Fig. 5.5B shows that there is an exponential relationship

between K ., and the membrane potential. Thus at any given membrane

PP



Fig. 5.5 Analysis of the concentration- and voltage-dependence
of the Cs' blockade.

A,. dose-response curves fér the results shown in Fig. 5.4.
Abscissa, external Cs+ cacentration on a logarithmic scale;
ordinate, K current in the presence of Cs+ (IK:CS) as a
percentage of the current in the comtrol solution (IK). The
lines are drawn by eqn (5.1) on the assumption that Cs’ binds
reversibly and on a one-to-one basis. to a receptor
associated with the K permeability mechanism.

The apparent dissociation constant (Kapp) for the Cs+—receptor
complex is taken as 1.95 mM at -74L mv (4); 1.063 mM at

-84 mv (A); 0.626 mMat - 94 mv (E); 0.343 mM at -104 nV
(OQ); 0.195 mM at =114 mV (@); and 0.107 mM at -124 my
(0).

B, voltage~dependence of the apparent dissociation
constant (Kapp) . Abscissa, membrane potential (mV);
ordinate, apparent dissociation constant (mMj. The line
through the points is drawn by eye and predicts an e-fold
change in the dissociation constant for a 17.8 mV change in
the membrane potential. At zZero membrane potential the

dissociation constant is 126 mM.
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potential for which this relationship holds, Kapp is given by

= SV.F/RT
Kapp ~ Xapp(0) © 1 - - G

where Kapp (0) is the apparent dissociation constant at zero membrane
potential and § is a constant which depends on the slope of the
relationship. The line through the points in Fig. 5.5B was fitted

by eye. By extrapolation of this line, is found to be

Sapp (0)
126 mM. At the holding potential (-14 mV) Kapp is 58 mM. The
line predicts that there is an e-fold change in Kapp for a 17.8 mv
change in the membrane potential. Since RI/F is 2Li.97 mV at 17°C
S must be 1.4 (2,4.97/17.8).

In Fig. 5.4 the solid lines which are used to fit the current-
voltage relations in Cs+ were drawn according to a formula which

cambines the concentration dependence of the blockade in eqn (5.1)

and its voltage dependence in egn. (5.2):

-1
Y S {1+ sk 87 F/RT} (5.3)

app(0) ©

where the control currents (IK) are those plotted in Fig. 5.4 as

open triangles, and Kapp (0)

as described above. As expected from Fig. 5.5A, the blockade is

and § are 126 mM and 1.4, respectively,

a steeper function of the membrane potential than predicted in 2.5
rn.I‘I—Cs+ between =30 mV and -90 mV: otherwise a reasonably close fit
to the experimental points is obtained for inward currents.

Effect of changes in the external K' concentration

In order to examine the effect of external K concentration on
the blockade, instantaneous current-voltage relations were determined
in fibres in 80 mM, LO mM, and 16 mM-K (solutions EB,E & F), with
or without 0.5 mM-Cs+. The mean results from forty-two fibres

are given in Fig. 5.6 after subtraction of a linear conductance



Fig. 5.6 The effect of external K' on the properties of
the resting K conductance in the bresence and absence of
o

A, instantaneous current-voltage relations. Abscissa,
membrane potential (mV); ordinate, membrane current (mv)
after subtractionvof a linear component with a resistance
- of 11,236 ohm.cm2 from the currents in the absence of Cs
(open symbols) and from those in 0.5 mM~Cs” (filled symbols).
Fach point is the mean of results from six to eight fibres;
vertical bars are + S.E.M. Each fibre was held at its
resting potential; the inter-electrode distance was 330 pms
temp. 17-18.5°C. The solutions catain: O, 80 mM-K ;
®, 80 mM-K' + 0.5 mM-Cs’'; O, Lo mu-k'; B, Lo muk* +
0.5 mi-Cs'; A, 16 m+-K'; A, 16 mM-K + 0.5 mM~Cs .

B, abscissa, menbrane potential (mV); ordinate, ratio
of the current determined in Cs® (Iszs) to that in the
control solutim (IK). The current ratios shown by filled
symbols are calculated from the currents in Fig. 5.6A for
a Cs+ concentration of 0.5 mM. The current ratios shown
by open symbols are calculated from the currents in Fig.
5.h ;‘or a Cs+ concentration of 2;5 mM. The concentrations

of K are: O& @, 80 mM; B3, LO mM; and A, 16 mM.
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equal to that in 80 M=K solutions.  (The linear component could
not be measured in LO mM or 16 mM-K= since depolarizations of about
20 mv or gréatef acti&éted the delayed réctifier and coﬁtraction),

In Fig. 5.6B, the currents in Cs+ (IK:CS) are shown as a
percentage of the currents in the control Ringer (IK), and are
plotted as a function of the membrane potential using filled symbols.
Changing the external K+ concentration does not alter the degree |
of block in a systematic way except at potentials positive to
~70 mV, where an increase in external K+ from 16 mM to 80 mM
reduces the blockade.

Since both Cs+ and K are monovalent cations belonging to the
same chemical group (the alkali metals), it is likely that K is
able to displace Cs+ from its binding site. However, in Fig.
5.6B there is évidence for such displacement only at membrane potentials
positive to =70 mv. If, as might be expected, K+ competitively
inhibits the binding of Cs' on a one-to-one basis, then the
. extent of the blockade will depend on the concentration ratio of
Cs’ to X' at the binding site rather than on the concentrations of
k" or ¢cs® alone. In 16 mM-K plus 0.5 mM-Cs (Fig. 5.6B, filled
triangles) the blockade is less than in 80 mM-K plus 2.5 mM-Cs
(Fig. 5.6B, open circles) even though the concentration ratio of
cs* to k' is 1:32 in both solutions.

Although there is little or no‘evidence for competition between
K and Cs' in the experiments of Fig. 5.6 , the possibility that
such competition exists cannot be excluded because the ratio of
‘Cs+ to K at the binding site may differ from.that in the Ringer.
Since K+ is permeant, it will have access to the site from both
sides of the membrane, whereas Cs+ has access only from the

outside. In the present experiments in isotonic sulphate Ringer,
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a change in the external K concentration will have little or no
effect on the internal K concentration (Adrian, 1956), so that the
concentration éf KJr in the vicinity; of the bindﬁng site may be
largely unchanged.

Effect of increasing the intracellular K+ concentration on the Cs

blockade

When fibres are immersed in an 80 mM-K+ solution made hyper-
tonic by the addition of 350 mM sucrose, the mean resting
potential increases from -13.86 + 0.19 mV (seventy-three fibres
in the isotonic Ringer) to -22.93 + 0.5 mV (fifteen fibres).
Assuming that the contribution to the resting potential of all
jons other than X' is negligible, this indicates that the intra-
cellular X concentration has increased from 141 mM to 200 mM. -

Mean instantaneous current-voltage relations are plotted in
Fig. 5.7 for fibres in the hypertonic 80 mM-K " solution, :Ln the
presence and absence of 2.5 mM-Cs” . .In the presence of Cs+, the
maximum inward current occurs at -72 mV compared to. -61.83 mv in
isotonic Ringer containing {;he same Cs' concentration (see Table
5.2). The difference between these two values is largely
explained by the difference in resting potentials. At -80 mv
the mean current in hypertonic Ringer containing Cs+ is reduced
to bl + 2.6% (four fibres) of that in the control solution, while
in isotonic Ringer thé current is reduced to 27 + 2.9% (six fibres),
after subtraction of the linear conductance. The difference
between these two values is in the direction expected if raising
the intracellular K concentration reduces the block.

Experiments to determine the rate at which Cs+ blocks the K currents

Because the inward currents inactivate in 80 mM-K+ solutions,

instantaneous currents were used as a measure of the Cs blockade in



Fig. 5.7. Effect of 2.5 mM-Cs® on the instantaneous current-
voltage relations of fibres in hypertonic 80 mM-K  solutions.
Abscissa, membrane potential (mV); ordinate, membrane current
(mV) recorded with an inter-electrode distance of 330 Pm..
A, mean result from seven fibres in 80 m-K . O, mean
results from four fibres in 80 mM-K plus 2.5 mM-Cs'. Both
solutions contain 350 mM sucrose which is in addition to

that present in the isotonic Ringer. Vertical bars are +
S.E.M. Fach fibre was held at its resting potential; temp.

17-18.5°¢.
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Figs. 5.4 to 5.7. For such measurerents to be justified the block
should be complete within 25 ms. (At times shorter than this the
currents are determined by extrapolation of the currents flowing at
longer times). Since raising the external X' concentration
reduces inactivation (Adrian & Freygang, 1962a; Almers, 1972b),
experiments were performed in 190 M=K (solution 5A). However,
even in this solution an appreciable inactivation occurred at 18°C.
~ Fig. 5.8A shows that in the absence of Cs+, and at about hOC, the
inward currents produced by hyperpolarizations to -59 mv(a) and
-69 mV (b) show little time-dependence. Nor is there any time-
~dependence (apart from the initial capacity transient) to the
currents produced by similar hyperpolarizations in the presence of
2.5 mM-Cs" (Fig. 5.6B). The instantaneous and steady-state
current-voltage relations of these fibres indicate that the above
conclusions can be extended to cover a wide range of membrane
potentials (Fig. 5.8C & D)', These results support the view that
the block is complete within 25 ms of the onset of hyperpolarization,
at Teast in the conditions of this experiment.

The rate of block has also been estimated in 80 mM-K
solutions containing 2.5.mM—Cs+ in three fibres at room temperature.
The conditions of this experiment are the same as employed in Fig.
5.1B,where the rate of block could not be determined due to the
fact that the inward current inactivated during hyperpolarization.
In the present experiments (Fig. 5.9) the inactivation was reduced
by holding the fibres at -50 mV rather than at the resting
potential.

The records in Fig. 5.9 are all taken from the same fibre,which

had a resting potential of =12 mV. When the holding potential is



Fig. 5.8. The effect of 2.5 m-Cs® on the resting membrane
conductance in two fibres immersed in 190 mM—K_+ sqlutions.__

A & B, tracings of the membrane potential (V‘l) and
merbrane current (V2-V1). The hyperpolarizations are to
-59 mV (a) and -69 my (b). The fibre in A is in 190 mM-K
(solution A): resting potential, +3mV; holding potential,
+3 mV; inter-electrode distance, 330 pm; temp. L°c.

The fibre in B is in 190 mM-K  plus 2.5 mM-Cs : resting
potential, +1mV; holding potential, +1mV; inter-electrode
distance, 330 pm; temp. 3.8°.

C & .D, instantaneous (Q) and steady-state (&)
current-voltage relations for the fibres shown in A and B
of this figure. Abscissae, membrane potential (mV);
ordinates, 'membrane current (mV). The fibre in C is in
190 mM-K and is also shown in A. The fibre in D is in 190

mM-K+ plus 2.5 mM—Cs+ and is also shown in B.
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Fig. 5.9 Effect of holding potential on the resting membrane
conductance of a fibre immersed in a solution which contains
80 mi-k" and 2.5 mi-cs”. |

A & B, tracings of records of the membrane potential
(v1) and membrane current (v2-v1) . In A the holding potential
is -50 mV. and the fibre is hyperpolarized to -81 mV and -131
mV. In B the holding potential is - 12 mV (equal to the
resting potential) and the fibre is hyperpolarized to -83 mv.
Temp. 21.5°C.
| C, current-voltage relatibns for this fibre plotted
50 ms after the start of the clamp step. Abscissa, membrane
potential (mV); ordinate, membrane current (mvV). Run 1 (®)
holding potential (HP)-50 mV; run 2 (f§) HP, -12 mV; run

3 (®) vP, -50 mV; run L (A) HP, =100 nv.
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-50 my (Fig. 5.94), the membrane currents at -83 mV and -131 mV
are less than thé holdﬁng. current. That thisv. is due to the -
potential-dependence of the blockade can be seen from Fig. 5.9C,
which shows current-voltage relations for this fibre at holding
potentials of -12 mV, -50 mV and ~100 mV. The currents in
Fig. 5.9A reach a steady-state within LO ms of the start of the
hyperpolarization, however the blockade will ‘be faster than this
since during this time there will also be a partial recovery from
the depletion of K which occurs at the holding potential.

Fig. 5.9 can be compared with Fig. 5.9B where the fibre was
hyperpolarized to -83 mV from the resting potential. 1In Fig.
5.9B, the usual slow inactivation can be seen.

Two-electrode voltage clamp experiments in 80 mM-K+, 2.5 mM-Cs+

Experiments were performed to see if the membrane curremnts
obtained with the three~electrode clamp in the presence of Cs+
could also be obtained with the two-electrode method. Fig. 5.104
shows the relationship at 250 ms between the total (electrode)
current (Io) and the membrane potential for a fibre impaled with
two microelectrodes close to the midpoint (see chapter 2). The
membrane current (Im) was calculated from this relationship using
Cole's theorem (Cole & Curtis, 1941; Adrian, Chandler & Hodgkin,

1972; Jack, Noble & Tsien, 1975);

- Ry d, 1 (5.L)

. . (o]
m 8 Ti°a> v, | ,
With the usual assumptions that the fibre radius (a) is 4O pm and
the intracellular resistivity (Ri) is 180 ohm.cm, the resistance of
the linear segment of the membrane current-voltage relation for the

fibre illustrated is 14,285 ohm.cmz. This is very close to the



Fig. 5.10 A, two-electrode voltage clamp analysis of the
~resting membrane conductance of a fibre immersed in 80 m-K
and 2.5 mM—Cs+. Abscissa, membrane potential recorded by an
impaling microelectrode close to the midpoint of the fibre
(mv); ordinate, total current flowing through an impaling
microelectrode less than 50 pm from the recording electrode
(Io, A),and membrane current (Im, A/cmz). D, total
current during run 13 @, total current during run 2. The
line through the points was drawn by eye. The membrane
current (I ) was calculated from the total current-voltage
relationship using Cole!s theorem (eqn. 5.4). The interrupted
line (-« - «-) was obtained by extrapolation of the membrane
currents at membrane potentials more positive than +40 mV.
Fibre resting potential, -13 mV; holding potential, -13 mv;
temp. /=22, |7-8C.

B, membrane current-voltage relationship for a fibre
in 80 ‘mM—K+ and 2.5 mM-Cs to illustrate how regenerative
changes in the membrane potential can arise. The line drawn
parallel to the voltage axis represents an imward current
which intersects the current-voltage relationship at the
menmbrane potentials VA’V s and V_. In constant current

B C

conditions the membrane potential should propagate from VA

to VC when the area under the curve VA—VB is less than the

area under the curve VB-VC. The current-voltage relation-

ship is the same as shown in Fig. 5.10A.
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mean value given in Table 5.2 and obtained in the same conditions

but with the three-electrode method. The maximum inward current
obtained with two electrodes in 2.5 mi-Cs® was 32.21 + 5.1 pA/cm?
(three fibres) compared to 52.63 + 3.4 p.A./cm2 (six fibres) in the
steady-state when the three-electrode voltage clamp was used.

Although the difference between these values is significant (P = 0.01),
it is probably not important since in calculating Im from Io the

cube of the fibre radius is assumed.

At 250 ms the total electrode curren{; is close to a steady-
state for hyperpolarizations of less than 60 mV, but the error
increases when larger hyperpolarizations are applied. Since in its
derivation Cole's theorem assumes that the currents are independent
of time, recovery from the blockade which is seen at membrane
potentials negative to -100 mV will not be quite so steep a function
of the membrane potential as shown here.

Regenerative vchanges in the membrane potential in 80 mM-K+

solutions containing Cs+

In X' solutions containing between 0.02 mM and 2.5 mM-Cs+, the

membrane current-voltage relations can be intersected at three

B
current drawn parallel to the voltage axis. This is illustrated

different membrane potentials (VA V_ and VC) by a small inward
s _

in Fig. 5;10B by the membrane current-voltage relation taken from
Fig. 5.104 for a fibre in 80 mM-K', 2.5 mM-Cs® solution. In this
fibre, the conditions are fulfilled that the menbrane potential will
propagate from V, toﬁvc (Noble & Hall, 19633 Jack, Noble & Tsien,
1975). These conditions are (a) that at all three potentials the
membrane current is zero, (b) that VA and VC lie on a segment of
the current-voltage relation which has a positive slope canductance,
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(c) that VB lies on a segment of negative slope conductance
apd is' between VA and VC

VA-VB is less than that under the curve VB-VC.

To see if such propagation occurred, fibres were impaled by

, and (d) that the area under the curve

two microelectrodes close to their midpoints. One electrode
‘recorded the membrane potential while the second electrode injected
a steady inward current into the fibre at a point less than 100 pm
from the recording electrode.

In each of twepty-—five fibres, one of two types of response
was seen, depending on the Cs+ concentration. When the Cs+
concentration was 2.5 mM (Fig. 5.11A), the menbrane potential
could be switched in a reversible manner between two levels. This
was achieved by superimposing a brief rectangular current on the
steady current which hyperpolarized the fibres. Smaller brief
currents produced subthreshold responses. In fifteen fibres values
of -65 mV to -132 mV were obtained for the upper level, and -125 mV
to -189 mV for the lower level. Both levels were affected by the
size of the steady current.

In the presence of 0.5 mM and 0.1 mM-Cs+, spontaneous
oscillations in the merbrane potential developed when the fibres
were hyperpolarized. Fig. 5.11B shows six records of the membrane
potential from a fibre in 0.5 mM-Cs'. At -112 my (record ii) there
are small fluctuations in the membrane potential which are not
seen when a smaller current is injected (as in i). When a larger
inward current is injected (records iii to vi) 'thé size of the
oscillations increases but the frequency falls. In 0.1 mM-Cs+
(Fig. 5.11C), the oscillations develop at nbre negative menbrane

potentials.



Fig. 5.11 Regenerative changes in the membrane potential
recorded from fibres hyperpolarized in Cs+-—K+ mixtures.
Records A to C were made :'Ln. constant current conditions with
two impaling microelectrodes close to the midpoint of the
fibre. The electrode separation was less than 100 jm.

Fibre A is in a solution containing 80 m-K' and 2.5
mM-Cs'. The records are of the membrane potential (V1, ny)
and the total (electrode) current (Io). In i, a brief
outward current is superimposed on a steady inward current
which is injected into the fibre. 1In ii, the brief current
is inward. Fibre resting potential, -14 nmV; temp. about
A.—_ng. 174 C.

Fibre B is in a solution containing 80 mM-K' and 0.5
mM~Cs" . Records i to vi show spontaneous changes in the
membrane potential when a steady inward current is injected
into the fibre. Fibre resting potentialy-15 mV; temp.
about & 176 C.

Fibre C is Jn a solutim containing 80 nM-X and 0.1
mM~Cs” . Bot;h the membrane potential (V1 s> mV) and the
electrode current (Io) are shaWn. ‘Thga fibre was hyﬁerpolarized
first to -95 my, and then to between =130 mV and 160 my.

Fibre resting potential, -16 mV; temp. about ﬁ::h:o:¢ /7.0 C.
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A likely explanation for the depolarizing phase of the
spontaneous responses is that Cs+ ions dissociate from the binding
sites within the membrane. This pfocess is regenerative because
the blockade is voltage-dependent. Subsequently, the membrane
repolarizes slowly until avthreshold is reached at which repolarization
becomes regenerative due to an increase in the number of Cs+ ions
bound. The slow phase of repolarization will be due, in part, to
the fact that in 80 mM[—K+ there is a depletion of K ions from
the lumen of the T-system when an inward current flows across the
membrane. A similar explanation accounts for the fact that in
voltage clamp conditions, the peak inward current in the presence
of Cs+ occurs at more positive membrane potentials in the steady-
state than at the beginning of a hyperpolarization (page107 ).

The phase of gradual depolarization which precedes the regenerative
depolarization in Figs. 5.11B & C may be related to the initial
increase in current seen in some fibres in conditions of extreme
hyperpolarization. Such currénts are illustrated in Fig. 5.2A.

The voltage-dependence of the blockade also accounts for the
way in which the meﬁbréne potential can be switched between two
levels in Fig. 5.11A. That these levels do not correspond to the
values predicted in Fig. 5.10B is due in part to the fact that the
regenerative responses were obtained in conditions of point polarization.
rather than uniform polarization, and in part to the fact that even
in 2.5 mM-Cs' the membrane current~voltage relation does not

remain stationary with time.
IITSCUSSION

The blockade of resting K currenté'by cs” reported here is

potential-dependent and is increased by raising the external Cs+
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concentration.  The blockade is also very fast; so imich so that
the rate of onset cannot be measured with the voltage clamp in
the present conditions.

The formula (eqn. 5*3) used to describe the blockade is
analogous to the Michaelis-Menten equation for the equilibrium
binding between an enzyme and its substrate (Dixon & Webb, 196U)
but with the addition that the dissociation constant a(app),
which defines the affinity of the substrate for the enzyme, is
voltage-dependent. In the present case also depends on

the internal concentration.

A potential-dependent blockade of Na channels in nyelinated
nerve fibres by protons and CaZ+, and by quaternary derivatives
of lidocaine has been demonstrated by Wbodhull and Strichartz,
respectively, in 1973. Since then a number of cations have been
found to block Na and K channels in excitable cells in a voltage-
dependent manner (see chapter 1). Woodhull (1973) and
Strichartz  (1973) suggested that the blocking ion is attracted
into the channel when an electrical gradient of appropriate polarity
is applied across the membrane. At a specific point in the
channel the ion binds to a receptor and prevents further current
flow.  The analysis used by these authors to describe the blockade
of Na channels is similar to that employed here. The voltage-
dependence of the blockade is defined by B, and is attributed to
the fact that the binding site is at least partway through the
applied electrical gradient. For a channel containing a single
binding site the limits of ~ are Oand 1, corresponding to the

position of the site at the outer or inner edges of the potential
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gradient, respectively. On average, & is 0.26 for the proton
blockade of the Na channel, thus if the potential gradient across
the membrane is linear, the proton binding site is about 26% of
of the way across the membrane from the outside (Woodhull, 1973).

The Cs+ blockade in muscle is not explained by a single site
model since & is 1.4. However, a value of & greater than 1 is
consistent with the view that K channels can contain more than
one binding site (Hille, 1975a). .. In starfish egg cells & is
1.4 for the blockade of the resting K conductance by cs’ (Hagiwara,
Miyazaki & Rosenthal, 1976): in this respect, and with respect to
the concentrations at which Cs+ blocks, the blockade in the
starfish is very similar to that found here. Values of d greater
than 1 have also been reported for the blockade by external Cs '
of inward K tail curremts in squid axons (Adelman & French, 1978)
and for the blockade by intracellular methylammonium ions of
outward ammonium currents through the delayed K channel in myelinated
nerve fibres (Hiilg 1975a).

The model used by Ciani, Hagiwara & Miyazaki (1977) to explain
the steep dependence of the Cs blockade on the membrane potential
in the starfish, and also to account for its dependence on the
external K+ concentration, is that the permeation pathway contains
two binding sites. Cs+ ‘binds strongly to the innermost site and
thereby blocks the channel. The sub.sequent binding of K to the
outermost site increases the block since it reduces the probability
that Cs+ will leave fhe innermost site. Binding of Cs+ to the
outermost site is assumed to be negligible.

The model of Ciani 9_13_31.(1' 977) has been applied to the present

results taking 9= 1.4 to be the sum of the fractions of membrane



124

potential felt at the two sites (P.R. Stanfield, persanal
communication). In 80 M=K solutions, the currents predicted
when the externa;l 6s+ concent',ration :;LS altered are almost identical
to those obtained with eqn. (5.3). However, in low K
concentrations, tﬁe blockade found experimentally is much stronger
than the two-site model predicts. Such a result is to be |
expected since Fig. 5.6B demonstrates that the blockade in muscle
is rather insensitive to changes in the external K+ concentration,
whereas the two-site model of Ciani et al. (1977) predicts that a
reduction in external K  will reduce the blockade.

Recently, it has been demonstrated that the resting K conductance
in muscle (Standen & Stanfield, 1978a,b) and in starfish egg cells
(Hagiwara, Miyazaki, Moody & Patlak, 1978) are blocked by Bza.2+ in
a voltage-dependent mammer. In muscle, B:sx.z+ appears to bind at a
site 0.7 of the way across the membrane. Standen & Stanfield
(1978b) also show that two K ions competitively inhibit the binding
of each B8.2+ ion. In. their experiments the external K+
concentration was raised from 115 mM to 230 mM so that due to
fibre shrinkage the internal X' concentration was also doubled.
Under these conditions, the external Bza.2+ cancentration had to be
increased about four times to obtain the same degree of block.

It is interesting to note that Ba.2+, é.s a divalent ion, could
bind to two sites simul't;anec.)usly,. in which case each K+ jon could
compete with Ba.2+ at one or other site. Further, since & is 1.L
for Cs+, these may be the same sites at which Cs+ is bound. However,
such a model requires that K can competitively inhibit the binding

+
by Cs . In the present experiments the extermal K+ concentration
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was reduced from 80 mM to 16 mM under conditions in which there
is unlikely to be very much change in the internal K+ concentration.
Under these conditions-.ther.e is little or ﬁo evidence of cc;mpetition
between Cs” and K (Fig. 5.6B), probably because K has access to
the binding sites from the sarcoplasm (see pagei1g5). Standen &
Stanfield (1978b) have also found much less evidence for
competition between Ba2+ and K+ when the external K+ concentration
is reduced such that the internai K concentration is unchanged than
when the concentrations of K+ on both sides of the menbrane are
changed in the same way.

The speed at which an ion blocks is an indication of the ease
with which it traverses the membrane to reach the binding site,
arnd the affinity of the ion for the site. 1In muscle, the blockade
by Cs+ is rapid while that in the starfish reaches a steady-state
in 100 ms. The voltage-dependent blockade of the delayed K
channel in squid axons by internal Cs+ (Bezanilla & Armstrong,
1972) or by external s’ (Adelman & French, 1978). is tinstantaneous!':
the latter is complete within 50 or 100 ps. In contrast, Ba2+
and Sr2+ block resting K currents in muscle slowly along an
exponential time course (Standen & Stanfield, 1978b). The rate
of onset of the blockade is increased by an :in_crease in the
concentration of the blocking ion or the degree of hyperpolarization;.
which factors also increase the steady-state blockade. The
blockade of resting K+ currents in muscle by external I\Ia.+ is also
time-dependent (Standen & Stanfield, 1978c).

In the presence of Ba2+, the instantaneous inward K currents
in muscle are smaller than in the control solution because there
is a measurable blockade at the holding potential (Standen & Stanfield,

1978b). In addition, outward K currents are reduced by external
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Ba2+. These experiments demonstrate that the Ba2+ blockade is

dependent on the membrane potential rather than on the directim
" in which K+ moves across the menbrane.

In the present experiments in 80 mM-K+, Kapp is 58 mM at the
holding potential, so this concentration of Cs+ is required to
produce a 50 4 blockade. Depolarizing the fibre increases Ka oP
to 176 mM at +6 mV, and this could account for the fact that the
outward K currents are only slightly reduced by 2.5 m-Cs’.  In
fact, the blockade of outward currents found experimentally is
greater than predicted: at +6 mV the curremts are reduced by
9% compared with a predicted blockade of less than 2%. The
blockade of outward K currents by Cs', though subject to large
experimental error, is an indication that Cs+ also blocks K
currents in muscle as a function .of the membrane potential rather
than the direction in which K+ ions cross the membrane. However,

the possibility that outward currents are blocked by Cs+ ions

which have diffused into the sarcoplasm cannot be excluded.
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Chapter 6. Caesium as a tool to investigate the mechanisms which

underlie the deciine in inward K currents in skeletal muscle fibres.
INTRODUCTION

The éxperiments to be described here are those in which caesium
was used to test .,Ahner's (1972a) hypothesis that the decline in
inward current which occurs when a muscle fibre is hyperpolarized
is due to two mechanisms: a depletion of K from the lumen of the
T-system similar to .fhat described by Adrian & Freygang (1962a), .and
a voltage- aﬁd time-dependent permeébility change (A]mérs s 1972b;
Adrian et_al,,1970b).

If inactivation of the inward current is due to depletion,
recovery from inactivation will be largely independent of the
membrane potential, provided the inward current is small or zero.
Conversely, if inactivation is due solely to a voltage-dependent
reduction in th_e number of inwardly rectifying channels which
are open, recovery will only occur if the degree of hyperpolarization
is‘ reduced.

In K solutions containing a small quantity of Cs+, the imward
K curremt is bloc{ked in a manner which increases with hyper-
polarization (Gay& Stanfield, 1977), as described in detail in
the previous chapter:s In such conditions there are two regions
of the current-voltage relationship at which inward currents
are small and at which recovery from inactivation can be
measured to see if depletion has occurred. One such
potential is close to the holding potential and the other is
at least 80 mV more negative. At intermediate values of the
merbrane potential, the inward current is sufficiently large-
for imctivation to occur. In addition, since the blockade by

+
Cs is rapid, it is a reasonable assumption that the mechanisms
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responsible for this inactivation are the same as those producing

inactivation in Cs-free solutions.
SOLUTIONS AND METHODS

The composition‘of solutions used here is given in Table 6.1.

The solutions are isotonic and contain either L0 mM.-KZSOLL (solution
6A) or 2.5 mM—Ksth (solution 6B): CSZSOh was usually present at
concentrations of 1.25 mM and 0.025 mM, respectively. The pH

was T.2.

The three-electrode voltage clamp method (see chapter 2) was
used in ail experiments. Fibres were held at the resting
potential and hyperpolarized in a step-wise fashion. The inter-
electrode distance was 33011ﬁ.

A1l experiments were carried out at room temperature (16.5 -

18.5%).

Table 6.1
Composition of Solutions in mM

ot K st ca?’ sohz' H,PO, HPOhZ— Sucrose

Solution 6A 2.6 80 2.5 8 L49.25 0.43 1.08 113
Solution 6B 77.6 5 0.05 8 48.03 0.43 1.08 113
RESULTS

Experiments in 4O mM-K,, S0 solution plus 1.25 kaCSZSOh '

The experiment of Fig. 6.1 was designed to study the degree
of recovery from inactivation at two different membrane potentials.
The two pulse sequences used are illustrated at the top of Fig. 6.1
and eacﬁ consists of three pulses. The conditioning pulSe hyper-
polarised the membrane to -66 mV to diminish the inward current.

During the second pulse the fibre was held at either the holding



Fig. 6.1 Effect of membrane potential on the recovery from

inactivation in 4O mM—Ksth plus 1.25 mM_CSZSOh'

A & B, schematic drawing of pulse sequeﬁces‘employed.
C & D, records of the membrane current (V2-V1) in
one fibre: resting potential, -14 mV; holding potential,
-14 mV; inter-electrode distance, 330 u m. Conditioning
pulse is to -66 mV and lasts 2.35 s. Test pulse is also
to -66 mV and the beginning of this pulse is indicated
by an arrow. C shows five superimposed records when the
mermbrane was held at -14 mV during pulse 2 for between 150 ms
and 6 s. In D the membrane was held at -120 mV for 1.1 s.
E, time course of recovery in five fibres. Abscissa,
duration of pulse 2; ordinate, % recovery by eqn. (6.1) of
the text. This compares the current at the start of the

test pulse (I ) with that at the start of the

m(0,3)
conditioning pulse (Im(0,1))' 100% recovery, Im(0,3) =
Im(0,1); 0% recovery, Im(O,B) = current at end of
conditioning pulse. Filled symbols, pulse 2 is to -14 mV
(pulse sequencé A); open symbols, pulse 2 is to -120 mV,

except O which is to -97 mV (pulse sequence B).
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potential (A), or (B) at -120 mV (or in one fibre -97 my) for
different lengths of time (t), after which the membrane was
returned to ~66 mV to see how much current had recovered by the
end of pulse two.

The middle of figure 6.1 shows membrane currents recorded
when these pulse sequences were applied. During the conditioning
pulse the current declines in the usual manner, and almost reaches
a steady-state after 2.35 s. On returning to the holding
potential (in C) the current did not revert immediately to its
original value but remained slightly outward for up to 500 ms. This
is seen more clearly in Fig. 5.1B (see previous chapter),and as
pointed out by Almers (1972a), is consistent with the view that the'
reversal potential for the resting K conductance has become more
negative during the conditioning hyperpolarization. Such
behaviour is to be expected if depletion is occurring. In
Fig. 6.1C, five traces of the membrane current are superimposed
to show that the inward current flowing at the start of the test
pulse (indicated by the arrows) is dependent on the time spent
at the holding potential,when this is preceded by the conditioning
hyperpolarization. Pulse sequence A was used as a control:
recovery from inactivation will occur at the holding potential
irrespective of the mechanism which is responsible for the decline
in inward current.

The membrane current shown during the application of pulse
sequence B in Fig. 6.1D is from the same fibre.. During pulse two,
which was to -120 mV, the current is partially blocked by Cs+, and
at the end of 1.1 s, when the test pulse is applied, it can be seen

that some of the current has recovered. Unfortunately, contraction
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is reprimed during this pulse sequence and this accounts for the
movement artifact on returning to the holding potential. Hence,a
systematic study'of the time course of recovery at -120 mV was
impossible in any one fibre.

In order to compare the results in five different fibres,
as is done in Fig; 6.1E, the recovery obtained by the end of
pulse two is expressed as a percenﬁage of inactivation during the
conditioning pulse using the formula,

1n(0,3) ~ In(1)

x 160 6.1
In(0,1) ~ In(1) (€

% Recovery =

where Im(1) is the current at the end of the conditioning pulse
and Im(0,1) and Im(O,B) are the currents at the beginning of the
conditioning pulse and pulse three (the test pulse), respectively.
The last two were determined by extrapolation of a straight line
intersecting the current trace at 50 ms and 100 ms. This formula
is similar to that used by Almers (1972a,b) in that a correction is
made for random variation in the size of the resting conductance
during the 5 mins or so required to complete a set of records.
Such variations rarely ekceeded 5%.

Fig. 6.1E shows that the results obtained in all five fibres
were very similar. At the holding potential (filled symbols) an
almost complete recovery is achieved after 6 s. Recovery at -120 mvV
(or -97 mV, open squares) is consistent with the view that
inactivation is due to a fall in the potassium concentrétion iﬁ
the lumen of the T-system. During pulse two,K+ can reaccumulate
in the tubules because most of the K selective channels in the
wall of the T-system are blocked by Cs+ . That a complete

recovery was never seen is due, at least in part, to the fact

that a total blockade by Cs+ is not achieved.



.

A time-dependent fall in the number of conducting K channels
at =120 mV may also contribute to the failure of the current to
recover completely. However, experiments performed more
recently than these show that this permeability change (Almers,
1972b) is dependent on the concentration of Na+ in the Ringer,
and is abolished if Na+ is removed (Standen & Stanfield, 1978¢).
In the experiments of Fig. 6.1 [NaJo was'only 2.6 mM, so that
here the component of inactivation which results from a fall in
membrane permeability can, at‘most, be very smll.

Experiments in 2.5 mM%Ksth solution plus 0.025 mMFCSZSOh

A more complex result was obtained when three-~pulse experiments
similar to those just described were performed in solutions
confaining 2.5 mM—Ksth and between 0.1 and 0.025 mM-Cszsqu. When
the solution contained 0.025 mMéCszsoh, the mean resting potential
was =73.14+ 0.94 mV (fourteen fibres), and this is not significantly
different for the mean value in the absence of caesium (-75.71+
1.38 mV, seven fibres; P = 0.13).

Fig. 6.2 shows the results from the most complete experiment
in which the Cszsqh: concentration was 0.025 mM. Both
conditioning and test pulses hyperpolarized the fibre to
-121 mV, and they were separated by an interval (i.e. pulse 2)
in which the membrane was clamped at the holding potential (-70 mV),
at =157 mv, or at -178 ﬁv for between 10 ms and 11.5 s (Fig. 6.2,
inset to graph).

Records of the membrane current are shown in the top part §f
Fig. 6.2. The duration of pulse 2 is given to the left of the
records. When this is 10 ms, the current during pulse 2 is changing

too rapidly to be recorded.  When pulse 2 lasts 1.1 s or 11.5 s,



Fig. 6.2. Effect of membrane potential on the recovery

from inactivation in 2.5 mM—KZSOLl plus 0.025 mM-Cs2SOh.

Top (A, B, &VC), records of the membréﬁe current
(V2-V1) obtained using pulse sequences shown schematically
below. Conditioning pulse is to -121 mvV and lasts 235 ms.
Test pulse is also to =121 mv. Pulse 2 is to =70 mV
in A; -157 mV in B; and -178 mV in C: the duration
of pulse 2 is given on the left; when this is 1.1 s
and 11.5 s the oscilloscope is retriggered immediately
before the start of the test pulse, which is indicated
by an arrow.

Below, time course of recovery. Abscissa, duration
of pulse 2 on a logarithmic scale (t); ordinate, %
recovery by eqn. (6.1) of the text. 0% recovery
indicates that the current at the start of the test
pulse is equal to tha£ at the end of the conditioning
pulse. Pulse 2 is to -70 mV (e, curve A); 'Ar457 my
(O, curve B); -178 mv (®, curve C).

Fibre resting potential, -70 mV; holding potential,

-70 mV; inter-electrode distance, L4O pm; temp. 17.4°%.
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the oscilloscope was retriggered just before the start of the test
pulse (which is indicated by the arrow). Because of this,he test
pulse precedes the conditioning pulse by 50 ms. It can be seen
that the current inactivates slowly during the conditioning pulse:
the extent of this inactivation was highly reproducible when,

as in these experiménts, individual pulse sequences were separated
by at least 25 s.

An analysis of these traces using eqn. (6.1) shows that when
the fibre is held at -70 mV after the conditioning pulse has
terminated, 85% of the current recovers in 10 s. (Fig. 6.2, curve
A. (Note that in this figure the time scale on the abscissa
is logarithmic.) Although little or no recovery was seen in the
first 50 ms, a similar delay was observed in experiments in which
caesium was absent. Curve A was obtained at the étart of the
experiment and points at 100 ms and 1.1s were repeated frequently
during the experiment as a control for curves B and C. Such a
control is imertant because prolonged hyperpolarizations to
-178 mV, and to a lesser extent to -157 mV, can produce irreversible
changes in the membrane conductance in some fibres. If these
occurred the fibre was discarded.

If the membrane is clamped at -157 mV immediately following
the conditioning hyperpolarization, the current at the start of
the test pulse is depressed below the level reached by the end
of the conditioning pulse (curve B; records B, i-iii). However,
the depression is less severe if the membrane is held at -157 mV
for 11.5 s than if the menbrane is held at this potential for
only 1.1 s. A similar result is obtained when the membrane is

held at -178 mV (curve C, records C, i-iii).
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The experiments of Fig. 6.1 indicated that there was a
depletion of K+ from the T-system during a hyperpolarization to
-66 mvV. Since depletion occurs more or less independently of
the memBrane potential, it should also occur during the conditioning .
hyperpolarization in Fig. 6.2, which is to ~121 mV. There should
also be at least a partial recovery from depletion when pulse 2
is to =178 mV or 157 mV since at these potentials the inward
current is partially blocked by Cs+. The increase in current at
the start of the test pulse shown by curves; B and C between 1.1 s
and 11.5 s (Fig. 6.2) is consistent with a recovery from depletion
during pulse 2 provided there is a second process occurring during
pulse 2 which acts to reduce the inward current which is recorded
during the test pulse.

This second mechanism is probably the potential- and time-
dependent blockade of the resting K conductance by Na+ described
by Standen & Stanfield (1978c¢c), which is also the fall in membrane
permeability described by Almers (1972b). Almers has shown that
the membrane permeability falls when the membrane potential is
made more negative than -120 mV. In most of his experiments
the K+ concentration was 10 mM and the I\Ia+ concentration 70 mM,
which is not very different from the concentrations employed in
Fig. 6.2. Following a transition from -121 mV to -157 mV it takes
at least 1 s_for the K conductance to decline, as shown by Fig. 6.2,
curve B. Although this is slower than the time course of the Na
blockade (Standen & Stanfield, 1978c; Almers, 1972b), such a
result is to be} expected if the onset of the blockade occurs at

the same time as recovery from depletion.
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Fig. 6.2 also shows that the current at the start of the test
pulse is usually greater if pulse 2 is to -178 mV rather than -157 mV,
despite the fact that the Na blockade is reported to be stronger the.
more negative the membrane potential. However, the Cs blockade is
also stronger at -178 mV than at -157 mV (Fig. 6.2, compare records
Bii and iii with Cii and iii), so on this basis a more complete

recovery from depletion is to be expected at -178 mV than at -157 mV.
DISCUSSION

The experiments reported here confirm that inactivation is
dependent on the size of the inwa:r-d current in 80 m.M—K+ solutions and
to a lesser extent in 5' mM-K+. This is consistent with the notion that
inactivation is due, at least in part, to a fall in the concentration
of XK' in the lumen of the T-system (Adrian & Freygang, 1962a).

Previously, the most important experiments which a;'gued in
favour of the depletion hypothesis have been those described by
Almers (1972a). 1In a solution containing 10 mM-K and 70 mM-Na®,
he showed that at membrane potentials less negative than =120 mV
recovery from inactivation was due to a single procesé which had
a Q10 of 1.3. As Almers has pointed out, such a low temperature
dependence indicates that the process is diffusion limited. This
is to be expected from the depletion hypdthesis since recovery from
depl‘etion will be largely dependent on the rate at which K ions
diffuse from the bulk external solution into the T-tubules.

Almers (1972a) has also shown that the Qo for the initial inward
current (1.47 - 1.6}) is similar, or equal, to that for the rate of
inactivation (1.42 - 1.68). This result is explained if the size
of the inward current through the tubular membrane controls the

rate at which the tubular K+ concentration decreases.
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A fall in the tubular K+ concentration will be accompanied
by a negative shift in the equilibrium potential for K+ in that
region, although the equilibrium potential for K® at the surface
membrane should be unchanged. On the grounds that they could
detect little or no shift in the reversal potential for the resting
currents following a hyperpolarization which inactivated the
conductance, Adrian et al., (1970b) argued that -depletion was not
an important compoﬁent of inactivation. On the other hand, .
Almers (1972a) has reasoned that once tubular depletion has occurred,
owing to the rectifying property of the K conductance, the resistance
of the surfae membrane will be less than that of the tubular wall,
Consequently, because the surface and the tubular membranes are
in parallel, the reversal potential for the resting conductance
will tend to follow the equilibrium potential for K+ at the surface
even when large changes in the equilibrium potential occurAin the
T-system. In support of this, Almers (1972a) has shown that the
reversal potential is shifted by as little as -2 or ~3 mV in
conditions in which the tubular K  concentration may be falling
from 10 mM to less than 5 mM. This view is also supported by
Barry & Adrian (1973).

The present results also demonstrate the existence of a slow
fall in membrane permeability at large negative membrane potentials
in K solutions containing Na+. This process is distinguished from
depletion on the grounds that it is not reversed when the inward
current during a 1arge‘hyperpolarization is blocked by Cs+.
Previous experiments have demonstrated the presence of é time-
and potential-dependent permeability change in hyperpolarized
muscle (Adrian et al., 1970b; Almers, 1972b) and recent studies

have indicated that this is due to a potential- and concentration-
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dependent blockade by external Na© (Standen & Stanfield, 1978c).
The properties of this permeability change are discussed in more

detail in chapter 7.
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Chapter 7. Effect of thallous ions on the electrophysiological

properties of resting skeletal muscle fibres.
INTRODUCTION

A different approach to the question of inactivation is
considered in the last part of this chapter which deals with
the properties of the resting membrane ih thallous solutions.
The ionic radius of TL* (1.LL £) is between that of X' (1.33 £),
which is permeant, and R (1.4L8 X) s which is largely impermeant
in resting fibres (Adrian, 1964; .see also chapter 5, Fig. 5.3B).
Accordingly, Mullins & Moore (1960) found that 71" behaved more
like X' than Rb~ in resting muscle;and concluded that the
membrane was unable to distinguish between K+ and Tl+ provided
the Tl+ concentration was less than 25 mM.

The present work confirms that _Ti+ carries current across
the resting membrane, but in thallous solutions containing no
K+ the voltage- and time-dependent permeability change which is
in part responsible for the immctivation of inward current in K
solutions (Almers, 1972b) does not occur.

Recent studies in squid axons (Landowne, 1975) and in
starfish egg cells (Hagiwara, Miyazaki, Krasne & Ciani, 1977)

also show that Tl+ cannot replace K+ in a simple way.
SOLUTIONS AND METHODS

The basic composition of solutions used here is given in
Table 7.1. All solutions are isotonic and contain sulphate as
an impermeant anionto replace chloride; A1l solutions except
those of Fig. 7.1A were buffered with 5 mM-HEPES (Good et al., 1966)
and the pH adjusted to 7.2 with about 2.3 mM~-NaCH; +this amount

of N&t+ is not included in Table 7.1 but is included in using the
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equations given in the text. Phosphate buffer ié unsuitable

due to the formation of thallium-phosphate complexes (Lee, 1971).
Solutions containing a range of K+ and Tl+. concentrations were
prepared by mixing solutions 7A and 7B or 7A and 7C. For most
experiments a solutim containing 2.5 mM—Kzsoh or lesoh was
used. Muscles were dissected in a chloride Ringer buffered
with a 1 mM-HEPES and equilibrated for at least 1 hour in a

sulphate solution containing 1.25 mM-K SOh and buffered with

2
5 mM-HEPES.

Constant voltage polarization was obtained with the three-
electrode method (chapter 2). Fibres were held at the
resting potential and hyperpolarized in a step-wise fashion. .
With the exception of Fig. 7.1A, electrodes filled with 2 M KB—-
citrate were used for passing current and recording the
membrane potential. Electrodes filled with 3 M-KCl cannot
be used in thallous solutions because T1Gl precipitates in the

tip (see chapter 2 for details).

A1l experiments were carried out at room temperature (17 -

22°c).
Table 7.1
Composition of solutions in mM
oK mt e® sohz' HEPES Sucrose
Solution 74 = 80 - - 8 L8 5 113
Solution 7B - 80 - .8 L8 5 113

Solution 7¢ - - 80 8 L8 5 113
RESULTS

While the main part of this chapter is concerned with a

comparison of the properties of the resting menbrane in K+ and
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Tl+ solutions, the first experiments to be described investigate
the methods used. In particular, it is dinteresting to see if
the properties of resting fibres differ in phosphate and HEPES-
buffered solutions, and if the use of citrate rather than KCl-
filled electrodes can influence the results obtained.

Resting membrane potentials in phosphate and HEPES-buffered

solutions

One method of seeing if HEPES has an effect on the resting
memﬁrane is to plot the mean resting potentials as a function
of log,, [K], for solutions buffered with phosphate (Fig. 7.14)
or HEPES (Fig. 7.1B). |

In each case the external K+ cancentration was changed by
substitution of I\Ia'ZSO)_l for K280 . In HEPES-buffered solutions,
each point is the mean resting potential of at least 10 fibres
(four muscles), and each muscle was exposed to a maximum of five
different solutions in order of increasing K’ concentration.
In phosphate-buffered K solutions (Fig. 7.1A), the results
are taken from a large number of experiments during an 8-month
period; each point is the mean resting potential of between
7 and 73 fibres, and each muscle was exposed to only one or
two different K+ concentrations.

The dashed lines in Fig. 7.1A & B were drawn from the

Nerst egn. for K+;

x]
- RT 0
RP = F..;}c 2.303 log,lo—[-K'j;L- (7.1).

where RP is the resting potential, [K]i is taken as 140 mM,
and 2.303 RT/F is about 58 mv at 20°C.
For a 10-fold change in the external K+ concentration in

the range 5 mM to 80 mM, the least-squares line for the
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relationship between the resting potential and log.lo x] ° gives
e 53.33 m change in the resting potential in the HEPES-buffered
solution compared with 50.70 mV in phosphate Ringer. Since
both values are less than the theoretical slope of 58 mv, Na+
is probably also slightly permeant. Using the eqn. (Hodgkin &
Katz, 1949)

K, 2

* (7.2)
[x] "R ve 5

= RL
RP = 7= X 2.303 log

a satisfactory fit is obtained to the points in phosphate-buffered

P
. . . - Na -
Ringer (Fig. 7.1A) with Py /P, = 0.02 and (X] it --PK [va] 3 = 140 m.

The last value is the intercept on the abscissa at zero
Fva
PK

is a good approximation of the internal K+ concentration, assuming

menbrane potential, and since [Na] i is less than 1 mM, it

that internal and external K activities are equal.
In HEPES-buffered X solution (Fig. 7.1B) the solid lines

P
were drawn with [K]1+ -PE-a-[Naf_li= 106.4 mM (since this was the
- K <

intercept of the least-squares line) and with PNa/PK = 0.01
and 0.02. It .seems that HEPES has little or no effect on the
selectivity of the resting membrane but may reduce the internal
potassium concentration; this is feasible as fibres had been in
HEPES for at least two hours before measurements were made. However,
this result will not affect the main conclusions of this chapter
since HEPES-buffered K solutions are used as a control for all
experiments in thallous.

The possibility was also considered that the use of citrate
electrodes to record membrane potentials in HEPES-buffered
solutions might account for the low resting potentials of

Fig. 7.1B compared with those of Fig. 7.1A, which were recorded



Fig. 7.1 Effect of external K or Tl+ concentration on
the resting membrane potential.

A. Fibres in K-sulphate solutions buffered with'
phosphate. Each‘point is the mean resting potential
from between 7 and 73 fibres measured in muscles over an 8-
month period. Fach point is greater than 2 S.E.M. The
solid line is drawn to eqn. (7.2) with PNa/PK = 0.02 and

P
(K1, + gﬁ [Nal, = 140 mi. The dashed line is the Nerst
X

slope for K (egn. 7.1). KCl-filled recording electrodes
used.

B.  Fibres in K-sulphate solutions buffered with
HEPES. Each point is the mean resting potential from at

least 10 fibres (4 muscles) and includes 2 S.E.M. - The

solid lines are drawn to egn. (7.2) with PNa/PK = 0.01 and
P

0.02, and [K, + -I-,-Nf- [Nal, = 106.4 mM. The dashed line
X ,

is the Nerst slope for K (eqn. 7.1). Citrate recording
electrodes used.

C. Fibres in Tl-sulphate solutions buffered with
' HEPES. EFach point is the mean resting potential from at
least 10 fibres (4 muscles); vertical bars are 2 S.E.M.

The solid line is drawn to egn. (7.3) with PNa/PTl = 0.02

P P
Na K -
and [Tl]i t 5 Naly + 5 [K]i 93.2 mM. The dashed

71 1
line is the Nerst slope far X' (eqn. 7.1) and is equal to

RP = RT/F x 2.303 log, {[T]Jo P /K, PK} . Citrate

recording electrodes used.
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with KCl-filled electrodes. To test this, both types of
microelectrode were used to record the resting potentials of
fibres immersed in a HEPES-buffered solution containing 1.25
mM—K2SOh° Using citrate electrodes the mean resting potential
of eight fibres was =71.0 *+ 0.85 mV, which is not significantly
different fram the mean value of -72.13 + 0.99 mV (eight fibres)
recorded with KCl electrodes (P>0.3). The difference between
these values can account for 1eés than 20% of the difference
between resting potentiéls in phosphate aﬁd HEPES-buffered
solutions.

Resting potentials in solutions containing K or Tl+

In thallous Ringer, the slope of the least-squares line for the
relationship between the resting potential and l°g10 71l o
was a 53.14 mV change in the resting potential for a 10-fold
change in [T1] o between 5 mM and 80 mM, and is close to the
value of 53.33 my for the HEPES-buffered X' solution. The line

through the points in Fig. 7.1C was drawn according to the

equation ’ P P
rml, - e, + g T
RP = %I x 2.303 log, PTl == (7.3)
(11, + <2 [jal, + 5= (KD,
i PTl i PTl i
P N T P o
where Fﬁ is 0:02 and [r1] , + -P}“—i[ma] e [K] ; 15 93.2 mM.
T T1

since this is the intercept of the least squares line at zero

membrane potential.

During short exposures to ‘I‘l+ , particularly when the
external T1' concentration is low, any ’_I.‘l+ which accumulates

in the sarcoplasm can pro‘bably be ignored (see page 154).
P
. . Na .
Since [K]o is zero and $— [Na[]i is mgch less than 1 HM’PK/PTJ.

T1
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is 0.88 fram egn. (7.3). This value is calculated on the
assumption that in HEPES-buffered Ringer [K]i is 106.L4 mM.

Anomolous permeability ratios in K' - T1' mixtures-

If the permeability ratio PK/PTl were independent of the
relative concentrations of K+ and Tl+ in the Ringer, resting
potentials of fibres in a solution in which the mole fractions
of K2SOh and lesoh were each 0.5 should be midway between the
resting potentials obtained when the mole fraction of either
salt was 1, and the total concentration (K2SOh + lesob) was
unaltered. The mean resting potential in a mixture of 20 m;M-‘-!I.‘l+
and 20 mM-K  was -23.29 + 0.65 mV (seventeen fibres); this is
more negative than the values in either 4O m-T1" or 4O mM—K+,
which were -19.95 : 1.21 mV (twenty fibres) and -21.93 +.0.45 mV
(thirty-four fibres), respectively. In the previous section
PK/PTl was found to be 0.88. Using the same assumptions as
made there,eqn. (7.3) gives a value of 1.07 for PK/P'.['l in the
mixture.

Effect of prolonged exposure to 2.5 mM--TlE,SOLl

It is well known that thallium is toxic. In muscle, the

depolarization produced by treatment with 25 mM—T';LNO3 for one

hour is only partly reversed by removal of this salt, although.
good recovery is obtained if the.period of exposure is short
(Mﬁ.lins & Moore, 1960). These authors also report that
fibres do hot recover comi:letely from the contracture produced

by immersion in 100 mM-T1NO In view of this, exposure to

3.
high concentrations of T1+ was limited to 15 mins. in the

present experiments.

The effects of prolonged treatment with 2.5 mM-lesoh

have been investigated since this ']?l+ concentration was used for
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voltage-clamp studies. After a minimum of 2 hours exposuré to
2.5mMHTlQSOh, the mean resting potential in eight fibres was
~67.63 + 1.69 mV (four muscles). This is not significantly
different from the mean resting potential after less than 15
mins in 2.5 mMFTlasOh,which was -69.09 + 1.49 mvV (eleven
fibres, four muscles; P>0.3). Fibres also showed no

visible signs of deteriorafion after long periods of exposure
to 2.5 mM—Tl2

Inactivation of the imward current in fibres hyperpolarized in

SQ& or brief exposure to 4O mM—leth.

K+ and Tl+ solutions

Fig. 7.24,B shows records of the membrane potential (V1)
and membrane current (V2 - V1) from two fibres hyperpolarized
from the resting potential in voltage-clamp conditions. Fibre
B is in 2.5 mM—T1280LL and 37.5 mM-Na,SO) . In this solution
the steady-state current increases as larger hyperpolarizations
are applied. However,in a solufion containing 2.5 mM-K280h
and 37.5 mM—Na2SOh (Fig. 7.24) the steady-state currents are
smaller during large hyperpolarizations. Since PNa/PK and
PNa/PTl are both about 0.02, the inward current is carried
largely by XK' in A and T1® in B.

Different properties of the résting K and Tl conductances
are also seen in Fig. 7.20,15Mhich shows the mean instantaneous
(circles) and steady-state (squares) current-voltage
relations from six fibres in K solution (C) and seven fibres
in Tl+V(D). The mean resting potentials were ~70.00 + 0.26 mV
in K+ and —67.29 + f.32 mV in Tl+,in agreement with the
results of Fig. 7.1B & C. The view expressed by Adrian &
Freygang (1962a) is that the decline in inward current which |

occurs when fibres are hyperpolarized in K+ solutions is due to



Fig. 7.2. Membrane currents in fibres hyperpolarized in X
and Tl solutions.

A & B. Voltage-clamp records of the membrane potential
(V1) and membrane current (V2-V1). Fibre A is in 2.5 m¥-K,S0) 3
resting potential, -70 mV; holding potential, -70 mV; inter-
electrode distance, 44O pm; temp, 17.)400. Fibre B from
the same muscie is in 2.5 mM—lesoh: resting potential,
-60 mV; holding potential, -60 mV; inter-electfode distance
LLO pm; temp, 17.4°%.

C & D. Mean instantaneous (®) and steady-state (m)
current-voltage relationé from six fibres in 2.5 m—K2SOL,,
and seven fibres in 2.5 mM-lesoh. Abscissae; menbrane
potential; ordinates, membrane current in uA/cmz. Vertical

bars are 2 S.E.M. uhere these are larger than the symbol.
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a fall in the concentration of K+ in the T-system. However,
the negative slope in the steady-state current-voltage relation
seen at membrane potentials negative to -135 mV in C cannot be
explained in this mamner (Adrian et al.,1970b) but is consistent
with the view that there is a time- and voltage-dependent fall
in the permeability of the menmbrane to K (Almers 1972b). In
thallium (Fig. 7.2D), the steady-state current-voltage relation
is approximately linear between -67 mV and -150 mV indicating
that the permeability change is abolished or is shifted by at
least -30 mv.

Two-pulse experiments to examine the mechanism of imactivation

This last possibility was tested using a two pulse
procedure similar to that described by Almers (1972a).  When,
as in Fig. 7.3 Ai, a fibre is hyperpolarized to -128 mV in
5 mM—K+, the current declines exponentially. However, when
this pulse is preceded by a 10 ms prepulse to -284 mv (Fig.
7.3 Aii) the current at -128 mV increases before declining.
During the prepulse the membrane potential is sufficiently
negative for the permeability to fall, and it is the recovery
of this process at -128 mV which produces the initial increase
in current (Almers 1972a). Depletion can account for the
subsequent decline.

In thallous Ringer (Fig. 7.3B), the decline in current
which occurs at -130 mV after a 10 ms prepulse to -257 mV (Bii)
is virtually identical to that which occurs intheabsence of
the prepulse (Bi). | Minor differences between the currents with
and without the prepulse during the first 4O milliseconds at
-130 mV are cosistent with the fact that after the prepulse

there is a large,outwardly-directed capacity transient



Fig. 7.3. Effect of a large hyperpoolarizing prepulse on
inactivation in K ant T1 solutions. Records of the
membrane potential (71) and menbrane current (V2—V1) ‘are
shown in two fibres.

Fibre A is in 2.5 mM_KZSOh'
| In Ai the hyperpolarization is to -1228 mV; in Aii the
hyperpolarization isalso to ~128 mV’" and is preceded by a
10 ms prepulse to -2}, my. Resting: potential, -69 mV;
holding potential, -59 mV; inter-eleectrode distance,
LUO pm; temp, 17.0°C.

Fibre B is in 2.5 mM-Tlasoh.
In Bi the hyperpolarization is to =1.30 mV; din Bii the
hyperpolarization is also to -1 30 mV7 and is preceded by a
"~ 10 ms prepulse to -257 mV. Resting; potential, -67 mV;
holding potential, -67 mV; inter-ellectrode distance,

WO wm; temp, 17..°C.
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superimposed on the inward current, whéreas in the absence of

the prepulse the transient is inward. These experiments show
that the permeability- of the resting membrane does not fall

with time even at membrane potentials as negative as -257 mV when
thallium replaces potassium in the Ringer.

Time course of inactivation

Inactivation of the K-conductance is described by a single
exponential which is voltage~dependent (Adrian et al., 1970b;
Stan.fieid, 1970b) but which nevertheless can be resolved into
two components; that due to depletion and that due to the fall
in membrane permeability (Almers, 1972a,b).

In Fig. 7.4A & B,the declining current is plotted
semilogarithmically after subtraction of the steady-state current
such that the current 25 ms after the start of the hyper-
polarization is 100% and the steady-state current is 0%. Here
too, the currents in K+ decline exponentially and the time
constant for the decline (-’rd,K) decreases as the membrane
potential is made more negative (Fig. 7.LA). 1In six fibres
Td,K was 192.7 * 7.9 ms between -111 mV and -113 mV, a.nd
148.1 + 7.3 ms between -142 mV and -145 mv.

In thallous solution (Fig. 7.4B) inactivation follows a
more complex time course. From 25 ms to 100 ms the decline
is approximately exponential. The mean time constant (v d,Tl)
in six fibres was 201.2 + 25.5 ms between -107 mV and -112 mV
campared with 140 + 13.4 ms between -141 mV and -146 mv.
Thereafter the current drifts more slowly toﬁards the steady-
state value: this is seen clearly by comparing the currents
in T1 solution (Fig. 7.2B) with those in K solution (Fig. 7.24).

Although the currents decline at a similar rate in T1 and

K solutions during the first 100 ms, this may not be important.



Fig. 7.L. Time course of inactivation. Abscissae,
time from the start of the hyperpolarization (t);
ordinates,membrane current plotted such that the current
at 25 ms is 100% and the steady-state current is 0%.

Fibre A is in 2.5 mM—Ksth and is the same as Fig.
7.2A. The time constant for the declining current (Y dK)
is 276 ms at -102 my; 207 ms at =113 mV; 166 ms at -125 mV
and 150 ms at =146 mV.

Fibre B is in 2.5 mM-T1,80, and is the same as Fig.
7.2B.
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The range of time constants is greater in Tl than in K solutions,

and in ore fibre in T1', T, ., Was the independent of the

»T1

membrane potential: in this fibre 4, . was 169 ms at -143 mv
H

Tl
and also at -112 mV. Such behaviour in Tl solutions is not
inconsistent with the notion that the decline is due solely to
a depletion of thallous ions from the T-system. Since the
limiting ion conductances of 71" and X* are similar (74.7 and
73.5 mho'.cmz/mole jion, respectively, at 25°C; Robinson &
Stokes, 1965), it is likely that in the absemce of a
permeability change the K current would follow a similar time

course.

Size of depleted space

Adrian et al. (1970b) show that if the decline in membrane
current is due to a depletion of K+ ions from the lumen of the |
T-system, the quantity of charge (Q) moved from the lumen of
the T-system to the sarcoplasm can be related to the concentration
of X' in the tubules at the start of the hyperpolarization

[K]TO by the expression,

Q </_7F EK]TO (7.h)
where P is the relative fibre volume occupied by the T-system,
F is 96500 coulomb/mole, and .[K]TO is equal to [K]o, which is
5 -p,moles/cmB. For the limiting case in which the tubular K

concentration falls to zero, eqn. (7.4) becomes,

Q 3 pPFIK], (7.5)
Similarly, for thallous solutions,
Q £ pFIMl, (7.6)

Mmns. (7.5 & 7.6) have been used to estimate the relative
fibre volume occupied by the T-system in K and Tl solutions. Q

was obtained from records of the declining current, such as those
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in Fig. 7.2A & B, and is given by
£t =0
Q =B~y at (7.7)
t =00
where ij and ijO are the values of membrane current per unit
fibre volume at the beginning of the hyperpolarization and in

the steady-state. The relationship between jm and V2—V.' is

- 2 (v,~7,)
Lo 2 1 A/cm3
Jm 7 ‘
34 Ri
Table 7.2 gives values for P in K and T1 solutions. In 2.5

(7.8)

mM-T1280 s P is virtually indepéndent of the membrane potential
when fibres are hyperpolarized to between -100 mV and -150 mV. The
mean value is about 0.5% in three of the four fibres studied. A
different result is obtained. in 2.5 mM-KQSOh, but this is to be
expected if a permeability change also contributes to the decline.
Here, p is less than 0.3% at -100 ¥ increasing to 0.7% at -150 mV.
Previdus results in 2.5 mM-KC1 (Stanfield, 1970b; 0.25% at -137 mv,
0.29% at -146 mv) and 2.5 mM-Ksth (Adrian et al., 1970b; 0.20% at
-147 my) are of the same order as those found here.

The similarity between the present estimate for P in thallous
solution and that of Almers (1972b; maximum of 0.8%) in
5 nM4K280h after a correction for the permeability change had
been made supports the idea that a depletion of thallous ions
from the T-system is responsiblg for .the decline in inward thallium
current. A lower value (0.3%) was reported by Peachey (1965)
using the. electfon microscope, but better agreement is obtained
if, as Peachey & Schild (1968) suggest, this value is under-

estimated by 30%.
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TABLE 7.2

Volume of Fibre occupied by iﬁ. T-system ( \vv

— Approximate Mermbrane Potential (mvV) .mzmm.ﬁ H, S.E.Me ...

Fibre Solution RP -100 -110 -120 -130 =140 =150
(md1) (mv)
1 s11* - - - 0.50 0.0 0.7 3  0.52 * 0.0
(~133) (=1Lk) (-15L4)
2 511" -69 - - - 0.L8 0.57 0.49 0.48 + 0.03
(-132)  (-1L2)  (-152) .
3 mew+ =60 0.62 0.69 0.7h 0.79 0.71 - 0.71 + 0.03
(-103) (-113) (-125) (=136) (-147) -
L or” -67  0.L6 0.47 0.49 0.62 - - 0.51 + 0.0
(-107)  (=117)  (<127)  (<137) ST
5 5KT -70  0.23 0.36 0.4 0.52 0.60 0.71 0.49 + 0.07
(-100) (-110) (-120) (-130) (-140) (~150) -
6 5K - - - - 0.L9 0.55 0.68  0.56 + 0.07
(-132)  (-143)  (~153)
7 5K -70  0.28 0.27 0.28 0.39 0.45 - 0.33 + 0.0k

(-103)  (-113)  (-123) (<13%) (-145)

\*u..m expressed as a percentage and is given for seven fibres at membrane potentials between
-100 mV and -1 50 mvV. The membrane Huo¢mbdwmwm is in parenthesis and is below the value for \0.
The mean value for \v in each fibre is in the last column. RP = resting membrane potential.
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Location of the thallous permeability mechanism

The fraction of sites (probably channels) permeable to
thallous ions and which are located in the surface membrane can
be estimted from the ratio of the steady-state membrane current
to the initial membrane current during a hyperpolarization which
produces maximal depletion. From the mean current-voltage
relationship for seven fibres in 2.5 mMrT12SQh solution (Fig.
7.2D) this ratio was 42.2% at =150 mV, so that at least 58% of
the thallous conductance must reside in the walls of the
transverse tubules.

In K solution (Fig. 7.2C) at -150 mV, as much as 80% of
the membrane current inactivates; however, a large part of
the inactivating camponent is itself due to a fall in the
permeability of the membrane to K+, rather than to K+ depletion.
Having corrected for the permeability change, Almers (1972b)
has estimated that at least 60% of the resting K conductance is
in the T-system, in good agreement with the present results for
thallous.

Voltage-dependent blockade of imnward thallous currents by caesilum

Since the mechanism which underlies the fall in membrane
permeability seen in K solutions during hyperpolarization is
dependent on the presence of Na+ in the Ringer (Standen & Stanfield,
1978¢), it is interesting to see if cs” ions, like Na+, afe unable
to depress inward thallous currents.

Fig. 7.5A shows voltage-clamp records from a fibre hyperpolarized
in 2.5 mM-T1,50; to which 0.025 m¥-Cs,S0, is added. InB the
instantaneous (®) and steady-state (o) current-voltage relations
from this fibre are shown. It is clear that Cs+ blocks inward

thallous curremts in a voltage-dependent mammer. The maximum



Fig. 7.5. Voltage-dependent blockade of inward thallous
currents by caesium.

A. Voltage-clamp records of the membrane potential
(V.') and membrane current (V2—V1) from a fibre immersed
in 2.5 mM—lesoh and 0.025 mM-Gszsoh.

B. Instantaneous (o) and steady-state (o) current-
voltage relations from the fibre illustrated in A. Resting
potential, -66 mV; holding potential, -66 mV; -inter-

electrode distance, 44O um; temp, 21 L%c.
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inward current in this fibre occurs at -130 mV and corresponds
to 16.5 p,A/sz . In a second fibre from the same muscle a
maximunm inward current of 12.9 uA/cm2 was obtained when the
solution comtained 0.075 mM-Cszsoh. These results can be
compared with the mean instantaneous and steady-state current-
voltage relations from seven fibrés in a solution containing

. 2.5 mM-TlZSOh but no caesium, which are shown in Fig. 7.2D.
DISCUSSION

The most important new finding described in this chapter
is that the voltage- amd time-dependent permeability change
which contributes to inactivation of the inward K currents under
conditions of extreme hyperpolarization (Almers, 1972b) does not
occur over the range of voltages studied (-67 to -257 mV) when
external K+ is replaced by Tl+. Thus it is probable that a
depletion of thallous ions from the lumen of the T-system is
wholly responsible for the inactivation ﬁhich is seen in thall.ous
solutims.

The evidence presented by Standen & Stanfield (1978c) that
the fall in the permeability of the membrane to K.‘+ is due to
a time-dependent blockade of the resting K channel by sodium
ions is that when the sodium normally present in 5 m.M-KZSOL
solutions is replaced by tetramethylammonium ions or tris, the
negative slope in the steady-state curremt-voltage relationship
is removed. 1In addition, reducing the external sodium
concentration shifts the negative slope to more positive
membrane potentials, and increasing external sodium has the
opposite effect. Similar behaviour is shown by cs’ (Gay &
Stanfield, 1977) and Ba.2+ (Stande,n‘&‘Stanfield, 1978a, b)y which

block the movement of K across the membrane of resting fibres

-
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in a voltage- and concentration-dependent manner, probably by
binding to a site (or sites) partway across the membrane (see
chapter 5, discussion).

Independent evidence that the Na blockade -involves binding
is that the Q1 0 for the decline in K current under conditions
in which depletion is slight is 2.8 (Almers, 1972b). Such a
high temperature dependence cannot be explained by assuming
that the mobility of Na' in some part of the chamel is simply
so low that the passage of K ions is impeded. +A Q1O of 3.15
is reported for the onset of the blockade by Ba,_2 (Standen &
Stanfield, 1978a, b), and is also consistent with binding.

Almers (1972b) showed that the permeability change
contributed to inactivation only at membrane potentials more
negative than -120 mV. However, this result is to be expected
since his experiments were performed with a fixed Na+
concentration.

An important question which the present experiments raise
‘is how thallous ions interact with the membrane such that the
blockade of inward currents by Na+ is prevented. ‘The simplest
explanation is that K and T1' cross the membrane using
separate pathways: in keeping with the discussion of chapﬁer 5,
these are considered to be channels although other permeability
mechanisms are possible‘. The K channel which contans the Na+
binding site should exclude thallous ions whilst the Tl channel,
which is not blocked by Na+, is permeable to Tl+ and may also
be permeable to K. Such selectivity is possible since the
ionic radius of T1* (1.L4R) is slightly greater than that of K’
(1.338).  Similarly Rb*, which is slightly bigger than TL',
could be largely excluded from both channels in keeping with

the low permeability of the resting membrane to this ion (Adrian, 1944).
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On the other hand, a number of observations favour the
view that only one type of chammel is involved. First, the
instantaneous inward currents in K and Tl solutions show a similar
voltage-dependence. Secondly, it was shown that at least 58%
of the thallous current crosses the membrane using a pathway
in the T-system as opposed to the surface membrane. ‘Using a
similar method the same result is obtained for the distribution
of K clamnels (Almers, 1972b). Thirdly, s’ blocks imvard
currents in a voltage-dependent manner whether these are
carried by K= (Gay & Stanfield, 1977) or by T1'.

A possible explanation for the differential effects of K
and T1+ in the one channel system is t;hat Tl+ competes with I\Ia.+
for the Na binding site more effectively than K+ ions. Since
raising the internal and external K' concentrations together
reduces the blockade of K currents by Ba.2+ (Standen & Stanfield,
1978b), there is a precedent for believing that such competition
exists. If the present interpretation is correct, future
experiments should show that a higher concentration of caesium
is required to achieve a given blockade of inward currents in
Tl solutions than in K solutions.

The notion that T1® has a higher affinity than K= for the
binding site (or sites) within the K chamel is supported by several
reports that certain enzyme systems which are normally activated
by K are also activated by TL® but with a higher affinity than
K'. These include the (Na-K) ATPase of rabbit kidney (Britten
& Blank, 1968), the ouabain-sensitive Na efflux in human red
cells (Cavieres & Ellory, 197L4) and pyruvate kinase (Kayne, 1971).
Similarly, TL® is more effective than K in stimulating the Na

pump in crab nerve (Baker & Connelly, 1966) and in rabbit vagus
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nerve (Rang & Ritchie, 1968). It has also been shown in
solubilized membrane prepara‘bibns from nerve, that the
concentration of TZL+ required to displace tetrodotoxin from specific
binding sites associated with Na channels is about 60, and more
than 60,times less than the concentrations required of Na'.': and

K':— respectively (Henderson, Ritchie & Strichartz, 1974).

If thallous ions are tightly bound to a site withih the K
channel, then under app-rOpriate experimental conditions these
ions would also be expected to block inward K currents in a
voltage-dependent manner. Such an observation has recently
been reported by Hagiwara et al. (1977) in starfish egg cells.
K’ does not act as a blocking ion for Tl currents’ in these cells,
but this is not surprising if the binding of K to the site is
weak.

In squid axons, landowne (1975) has reported that the ratio
of influx to efi‘lu# ‘for passive K+ movements is consistent with
single-file behaviour (Hodgkin & Keynes, 1955), while that for
M is L5 times greater and is equal to the ratio expected for
independent ion movement (Ussing, 1949). Landowne concludes
that Tl+ and K do not interactwith the K chamel in the same
way, or that there may be separate chammels for Tl+ and Kf.

The present finding that M is 1.1, times more permeant
than X in resting fibres when only one of these ions is present
in the Ringer is consistent with the fact that T1' is the only
ion which is known to be more permeant .than K i K channels in
nerve. Applic'at,ion of the Goldman equation to measured
resting potentials gives a ratio PTl/PK of 1.8 in squid ax;:ns
(Hagiwara et al., 1972) and 1.2 in starfish egg cells (Hagiwara

et al., 1977). In stimulated nerve, PTl/PK is 2.3 from the
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reversal potential of delayed K currents in myelinated nerve
fibres (Hille, 1973), and 1.1 from the after-hyperpolarization in
squid axans (Landowne, 1975)..

One factor which could affect the present permeability
ratio is the assumption that the composition of the sarcoplasm
is unchanged by brief exposure to thallous concentrations in the
range 1.2 to 80 mM. Mullins & Moore (1 960)' show that after 15

mins in 1 mM-T1NO. the intracellular thallous concentration is

3
about 2 mM, so in low thallous concentrations little error is
introduced by assuming that (TI] ; 1s zero. 1In addition, as 1"
accumulates in the fibres, the calculated value of PTl/PK will
fall unless there is an equivalent loss of K+. Thus the present
ratio of 1.14 is unlikely to be too high. However, over a long
"period of time fibres gaining thallium must also lose K+ at a
similar, or slightly greater rate. If this were not so, the
mean resting potential of fibres in 2.5 nM—T).sth , would be
expected to increase with time. Instead the present results
show an insignificant depolarization after 2 hours.

Mullins & Moore (1960) report that fibres bathed in 1 mM—f[‘lNO3
solutions for 3-4 hours have high Na' and low X' concentrations.
However, in their experiments fibres also lost K+ in the absence
of thallium.

.In miscle, the ratio PTl/PK'is dependent on the mole fraction
of Tl+ and K+ in the Ringer. More extensive experiments in the
starfish (Hagiwara et al., 1977) show that both the permeability
ratio and the size of inward currentsin KJr—'.I‘l+ mixtures are
dependent on the mole fraction of tﬁese jons. To explain this

behaviour, Hagiwara et al. have proposed a model in which the

voltage-independent binding of K+ or Tl+ ions to a "gating site"
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associated with the channel determines whether the channel is
more permeable to K+ or to Tl+. A similar model might account

for the anomalous permeability ratios described here.
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 Chapter 8. General Discussion

The experiments described in the preceding chapters have
been largeiy concémed with the properties of the resting and the
delayed K conductances in frog skeletal muscle fibres. Those
experiments which relate to the delayed conductance are discussed
in sufficient detail in chapters 3 and L.

To some extent, the experiments dealing with inward rectification
are more interesting since they were carried out at a time when new
ideas concerning the mechanism of inward rectification were
developing. These experiments praduce three new results which
any proposed model for inward rectification should be able to
explain. These are (1) that external cs’ blocks K currents in a
manner which is steeply dependent on the membrane potential. (2)
Tﬁe resting membrane is slightly more permeable to T1+ than to
K+ when only one of these ions is present in the extermal
solution, but when the Ringer contains a 50:50 mixture of K and
Tl+, the K permeability exceeds that of Tl+. This is known
as anomolous mole-fraction behaviour (Hagiwara et al., 1977;

Hille & Schwarz, 1978). (3)> The potential-dependent blockade
of _inward K currenté by Na+ (Standen & Stanfield, 1978c) does not
occur when T1' replaced K in the Ringer. Unfortumately, the
second of these is not readily dealt with in a simple way. The
third is covered adequately in chapter 7..

The purpose of this chapter is to consider to what extent
the properties of the resting K conductance can be accounted for
in terms of a model which assumes that K+ moves across the resting
membrane by way of rigid, water-filled pores. No attempt has been

made to present the results in a quantitative manner; this has
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recently been done by Armstrong (1 975;) s Hille & Schwarz (1978)
and Standen & Stanfield (1978d) for pore models.

As described previously (chapter 5),a number of small cations
when present in the external solution are now known to block the
resting K condﬁctance in mscle in a voltage-dependent manner.

In at least two cases (Cs+ and Ba2+),the apparent dissociation
condant for the blockade is reported to be an exponential function
of the membrane potential, decreasing as the potential is made more
negative. To account for this, it has been suggested that the
blocking ion is driven into the channel by the membrane field until
it reaches a site partway across the membrane where it is bound
with much greater affinity than K. That‘ binding is involved is
suggested by the high Q 1 0 for the onset of the blockades by Ba2+
(Standen & Stanfield, 1978b) and Na© (Almeré s 1972b).  Alternatively,
the blocking ion may simply encounter a region in which the pore is
narrowed so that further penetration into the membrane is more
difficult. Iﬁ both cases, other ions, permeant or non-permeant,
which enter the chamnel from the outside once the blocking ion is
in the pore will reduce the probability that the block is removed
if single-filing occurs. An interesting point is that the
affinity of the blocking ion for the site may be independent of the
membrane potential if, as one might expect, the concentration of
the blocking ion at the site is an exponential function of the
membrane potential (see Standen & Stanfield, .1 978b).

The present conclusion from the Cs experiments, that there is
more than one site for ions in the channel, is consistent with the th
flux data of Horowicz et al.(1968), that the ions move in singie-file,
the channel containing two ions at any one time. The observation

made by Standen & Stanfield (1978b), that two k' ions compete with
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one Ba2+ ion, is also consistent with a multi-ion pore. The
binding sites, which are represented as energy wells in the model
of Hille & Schwarz (1978), are likely to be fixed negative Qhargeé
possibly associated with préteins which make up the pore wall. If
it is assumed that these charges play an important role in K
permeation, then since changes in.exbernal PH in the range studied
(pH 5 to 9.8; Hutter & Warner, 1967a) have no effect on the resting |
K conductance, these sites may be fairly strong acids.

My experiments on the resting potassium conductance suggest
a mechanism for inward rectification which involves an intracellular
blocking particle which is positively charged, and which occludes
the pore when the membrane is depolarized. The basis of this
hypothesis is that there is a similarity between the shape of the
current-voltage relation for inward K currents in the presence of an
external blocking ion, and that of outward K currents in the
presence or absence of the blocking ion (see, for example, Fig.
5.4): in both cases there are regions of zero and negative slope
conductance. In the example cited, the inward current is larger
than the outward current; however, this is not in1por£:ant. since the
size of the outward current will depend on a number of factors
including the coﬁcen’cration of the blocking pérticle, its valence
and its affinity for the postulated binding‘ site(s)

It is interesting to speculate as to the nature of the
blocking particle. Na' is a possible candidate since this ion
blocks inward K currents in muscle when added to the Ringer,though
with very low affinity (Standen & Stanfield, 1978c). Na' also
blocks delayed K currents,when these are outward, in a voltage-

dependent manner in nerve when present :Ln the internal perfusate
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(Bezanilla & Armstrong, 1972; Bergman, 1970; French & Wells,
1977). On the other hand, Hille & Schwarz (1978) and

Standen and Stanfield (1978d) have demonstrated that a single
monovalent cation bound anywhere in the membrane field does not
produce a blockade with a sufficiently steep voltage-dependence
to account for inward rectification in muscle. The blocking
particle could also be a positively charged group which is part
of the manbrane structure.

The independence principle (Hodgkin & Huxley, 1952a)
predicts that Kefflux is proportional to the internal K*
concentration but is independent of external K* concentration.
In muscle, however, raising the external K* concentration
under conditions in which the membrane potential is held constant
results in an increase in efflux in resting fibres (Adrian,
1962; Horowicz, Gage & Eisenberg, 1968).

In terms of the pore model for inward rectlfication,
this dependence of K efflux on the external potassium

concentration 1is consistent with the notion thet the number of

blocked channels is reduced when the external concentration
is increased. This may be due to two mechanisms. First, K*¥
may simply compete with the blocking ion for the binding site,
as suggested by Standen & Stanfield (1978b,d). Second, a K*ion
entering a blocked channel from the external solution may flush
the blocking particle into the sarcoplasm (Armstrong, 1966;
1975a). As predicted by either mechanism, there is an increase
in the influx of labelled K when the external K concentration
is raised in conditions in which the membrane potential is fixed

at -18 mV, and the driving force on is outward (Horowicz et al.,

1968).
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Another property shown by inward rectifiers is crossing-
over, which refers to the observation that an increase in the
external K+ concentration produces an increase in the outward
current such that the current-voltage relations in the two K solutions
cross-over at a potential at which the currents are outward (Adrian,
1969; Almers, 1972a. See also Hagiwara, Miyazaki & Rosenthal,
19763 McAllister & Noble, 1966, for examples in starfish egg
cells and in cardiac Purkinje fibres). Like the long pore effect,
crossing-over can be accounted for if raising the external K
concentration reduces the number of K channels that are blocked.
Since K efflux greatl:} exceeds influx under conditions in which
the driving force on K+ is large and positive, an increase in
the number of conducting channels will result in an increase rather
thanba‘ decrease in the outward current, although the latter would
be expected to occur if the effect of external K’ on the K
driving force werelarge compared to its ability to remove the
blocking particle. At potentials close to the equilibrium
potential for X', however, the effect of driving force will
predominate such that an increase in the extermal K+ concentration
depresses the outward current.

In this connection, it will be interesting to see if the
reduction in the Cs bloc_:kade produced by an increase in the
internal I{;:'éoncéntfétion -(’se’e; jpa‘ge .11 6) results in crossing-over
of the curremt-voltage relations for inward K currents in the
presence of Cs+.

A further property of the inward rectifier in muscle is
that it is blocked by Bb' and tetraethylammonium ions (TEA). When

TEA is added to the external solution, inward and outward K



161

currents are depressed to the same extent (Stanfield, 1970b)
indicating that the blockade is independent of the membrane
potential. 1In addition, there are two studies which indicate

that the THA blockade is not competitively inhibited by

external K+. : First, Stanfield (1970b) showed that the apparent
dissociation constant for the TEA-receptor complex was 20 mM ‘
whether this was determined in 2.5 mM-KC1l or :Ln 50 m-K S0 solution.
Secondly, Volle, Glisson & Henderson (1972) found that the inhibition

th efflux by 60 mM TEA was increased rather than decreased when

of
the external K+ concentration was raised from 2.5 to 50 mM. These
authors also obtained a value of 20 mM for the apparent dissociation

constant for TEA binding from the inhibition of L2

K efflux in 10
K .

A reasonable explanation for these findings is tha THM blocks
the channels indirectly, by binding to a site on the outer surface
of the membrane. On the other hand, if internal K+ ions also have
accesé to the TEA binding site, changes in the external Kf
concentration alone may produce a negligible change in the K+
concentration at the site, complicating the interpretation of
competition studies.

Adrian (1964) has made a number of observations concermning the
Rb blockade and has concluded that Rb+ "does not pass through the’
channels responsible for anomalous rectificat ion". (See also
Adrian et al.,1970b). These observations are (a) that external
Rb+ reduces inward K currents in a manner which appears to be
largely independent of the membrane potential, although outward

currents were not shown. (b) TWhen Rb+ partially replaces internal

+ :
K , outward currents through the inwardly rectifying permeability
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mechanism are completely blocked (though the linear segment of
the current-voltage relationship is unaffected) and inward
currents are slightly depressed. (c) Vhen Rb+ replaces K+ in the
external solution and is also inside the fibres, the ability of
the membrane to carry large inward and small outward currents is
lost.

The evidence tﬁat the mechanisms by which Rb',+ and TEA block
the resting K conductance are not the same is that that by Rb+ is
antagonised by external K. Thus Sjodin (1961) has found that the
uptake of K+ into muscle is reduced in the presence of external
Rb+, and has concluded that Rb® and K+ compete for membrane
sites usually occupied by K. Similarly, Volle et al. (1972)

b2 efiux by 2.5 m-Rb” under

reported that the blockade of
equilibrium conditions is removed when the external K+ concentration
is raised ten-fold. Since the blockade is largely independent

of the membrane potential, the depolarization caused by raising

¥l o, cannot account for this effect. In addition, Adrian (1962)

and Sjodin (1965) have reported that in the absence of K+, rubidium,
unlike K' (Adrian, 1962; Horowicz et al.,1968), does not stimilate
)42K efflux.

If one takes the view that the inward recﬁifier channel is
impermeable to Rb+ s as Adrian suggested, then the fact that the
blockade is largely independent of the membrane potential, and is
dependent on the external K+ concentration, means that the FRb
receptor is probably at the outer entvrance to the channel | such
that it is outside the membrane field. In this case, it is necessary

+ .
to explain why Rb , which has an ionic radius of 1.).;BR, is excluded

from the channel while smller ions, K (1 .338) and T1" (1 .hL.K) , are
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able to pass through the channel, and Cs® (1.69%),which is
cansiderably larger than Rb+ , can penetrate some distance into
tﬂe pofe.

In fact, the results presented in Fig. 5.3 suggest that |
Rb® is able to carry a small inward current through the channel.
The easiest way to account for the fact that the presence of Rb+
reduces K permeability is to assume that B moves sluggishly
through the pore, but in other respects behaves much like a K+ ion.
Thus the inner part of the channel must be at least 2.968 in
diameter, while the outer region must exceed 3.38% in order to
accept Cs+ ions.

It is interesting at this point to consider previous models
for inward rectification in muscle. Adrian (1969) has plotted
current-voltage relations for a number of models which show |
rectification. These fall into two main classes; fixed charge
models and mobile carrier models. A general conclusion from
Adriant's review is that the presence of fixed charges at the
surface of the membrane can produce rectification, or reverse
the direction of rectification predicted from the constant field
equation (Goldman, 1943), but that this cannot generate a current-
voltage relation which has a region in which the slope conductance
is negative. Thus fixed charges alone are unable to account for
the inward rectification seen in muscle.

The most successful model described by Adrian (1969) assumes
that K+ ions are transported across the membrane in association with
a mobile carrier. This has a charge of -2 when empty and -1 when
full (that is, each carrier molecule carries one K+ ion), and is
distributed between the inner and outer edges of the membrané

according to the Boltzmam expression. Rectification is produced by
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assuming that the cacentration of carrier molecules at the inner
surface of the membrane is buffered. Since hyperpolarization
concentrates the empty carrier at the outer surface of the
membrane, large inward currents are possible. On the Vother hand,
outward currents are always smll and the current-voltage relation
has a negative slope similar to that observed experimentally.
As Adrian points out, without modification, this model does not
demonstrate crossing-over when the ext?ernal K+ concentration
is altered. Moreover, it is impossible to simulate the Cs
blockade using this model by assuming that Cs’ buffers the carrier
concentration at the outer edge of the membrane. Such an
assumption results in a shift in the reversal potential of the
resting current: this is not found experimemntally (see Table 5.2),
Buffering by Cs might occur if Cs was bound but not transported.
Horowicz, Gage & Eisenberg (1968) have measured the influx .

L2

and efflux of '“K as a function of the external K concentration
in chloride-loaded muscle fibres in which the membrane potential
was held at the reversal potential for the chloride curfent (about
-18 mV). They then repeated these measurements under conditions
‘in which the membrane potential was altered by manipulation of the
reversal potential for chloride while the equilibrium potential
for K was held at about -18 mvV. From thesei studies, they
deduced that the flux ratio did not obey the Ussing (1949)
relation for independent ion movement, but followed the modified
form (eqn,l(1 .3) page 30 ) in which N = 2. ' This is consistent
with single-file behaviour in a pore containing two K ions
(Hodgkin & Keynes, 1955) or a mobile carrier model in which each
carrier molecule transports two K+ ions. The latter interpretation

is that used by Horowicz et al. (1968). In their model the
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carrier has a charge of -3 when empty and -1 when full, and
rectification is produced by postulating a surface potential of
+5L, mV due to fixed charges at the inner surface of the membrane.
Another important feature of this model is that the stimulation of
K efflux by external K' (Adrian, 1962; Horowicz et al., 1968) is
simulated by assuming that the total quantity of carrier molecules
is increased when the external K’ concentration is raised.

Adrian (1969) has discussed the model of Horowicz et al. (1968)
in séme detail and describes a peak in the current-voltage relatrion
for inward K currents predicted by the model but which is not seen
experimentally. On the other hand, the model predicts outward
K currents rather well. This is due, at least in part, to the
fact that in their experiments, Horowicz et al. could only control
the membrane potential under conditions in which the K current
was outward.

Armstrong (1975a) has devised a pore model for inward
rectification in muscle which, in some respects, is similér to
that used to account for the action of internal quaternary ammonium
ions in nerve. Armstrong postulates the existence of a binding
site which is occupied either by a K+ ion or by a blocking
particle, and which is located at the imner end of the resting K
channel 6utside the membrane field. A K+ ion approaching the
site ‘by way of the channel from the external solution is assumed
to be able to displace the blocking particle from the site by
electrostatic repulsion. Moreover, since Armstrong assumes that
the concentration of K+ at a given point in the channel is an
exponential function of the membrane potential, hyperpolarization,
which attracts K+ into the channel from the outside, reduces the

blockade in a voltage-dependent manner.
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Since the blocking particle is outside the electrical
gradient, Armﬁtrong argues that the total K efflux (mefi‘) is
proportional to the internal K concentration, while the total K
influx (m:‘mi') is proportional to [K]o oW F/RT (see eqns. (22 &
23 of Armstrong, 1975a). Armstrong does not discuss the K current
predicted from his mode1§ however, it can be seen that the
current, which is equalto mei‘f—minf’ is an exponential function of
the menbrane potential and as such is rather different from that
observed experimentally. Moreover, at large positive potentials
the predicted current approaches a value which is proportional to
the internal K  concentration and is independent of [K] o+ Thus
Armstrongts model does not produce crossing-over, nor does it
generate an outward current with a negative slope conductance. It
should be mentioned, however, that the model predicts fluxes of
labelled K+ which are similar to those described by Horowicz _e_f,__a_]_._.
(1968).

The mechanism by which the blocking particle model of Standen
& Stanfield (1978d) produces inward rectification is similar to
that outlined here. In their model, the blocking particle is a
divalent cation (or tw§ monovalent cations) which binds at a site
80% of the way across the membrane field from the inside, where it |
compétes with K+ . a given K+cdncentration, the model fits closely
the current—voltaée relatiorls for the inward rectifier in skeletal
muscle, and over a large range of K concentrations only srmall '
deviations occur between the predic;ted_ current-voltage relations
and those observed experimentally. Such deviations as occur are
in the direction expected if the linear component of the resting K
conductance, which is assumed to be in parallel with the inward

rectifier, is overestimated in low K solutions.
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Hille & Schwarz (1978) have considered the more general case
for a channel showing single-file behaviour (Hodgkin & Keynes, 1955;
Heckmann, 1972), which has two or more cation binding sites, and
which can be occupied by more than one ion at a time. For inward
rectification, they propose a channel which contains three or more
binding sites, and which is blocked by an intracellular, monovalent
blocking particle able to cross all but the outermost energy
barrier.

Like the model described by Standen & Stanfield (1978d), the
model of Hille & Schwarz produces crossing-over and a region of
negative slope in the current-voltage relation when the K current is
outward. The model of Hille & Schwarz has the advantage that it can
probably be used to explain the anomalous mole-fraction behaviour
involving K’ and Tl+ reported in chapter 7,as well as the
simultaneous blockade by external cations. On the other hand,
according to the authors, the three site model produces an inward
rectification which is less steep than that observed
experimentally.

Hillet's (1975b) model for the Na channel in myelinated nerve
fibres also comprises thr.ee ion binding sites. The model is
simpler, however, in that almost all of the observations concerning
blocking ions in that preparation can be explained by assuming that~
the channd contains anly one ion at a time.

Finally, none of the models so far developed for K channels
have attempted to explain the fact that when a sufficiently large
voltage is applied across the membrane, the selectivity of the
membrane appears to décrease in a manner which is reversible, and

which is not consistent with membrane breakdown. An example of
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this is the increase in K current which occurs through inward
rectifier channels in muscle under conditions of extreme
hyperpolarization in the presence of small quantities of Cs T in
the Ringer (chapter 5). Similarly, French & Wells (1977), working
on squid axons have shown that Na+ ions can carry large outward
currents through delayed K channels under conditions of extreme
depolarization, despite the fact that when smaller depolarizations
are applied internal I\Ia."+ acts as a K channel blocking ion. Indeed,
a number of experiments with blocking ions suggest similarities

in the design of delayed and inward K chamnels (apart from channel

gating) which deserve further investigation.
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ABSTRACT

The Effect of Small Cations on the Delayed Rectifier and the Resting
Potassium Conductance of Frog Sartorius Muscle.
By Louise Ann Gay

Standard electrophysioclogical techniques were used to examine
the effects of hydrogen ions, thallous and alkali metal ions on the
electrical properties of frog sartorius muscle.

A reduction in external pH from 9.2 to 5.2 slowed the rising and
falling phases of the action potential. In voltage-clamped fibres,

a similar pH change shifted the delayed potassium conductance to more
positive membrane potentials, but had little or no effect on the
maximum delayed conductance. At pH 5.2, the delayed current turned
on more slowly than at pH 7.2 and the threshold for the sodium current
was shifted to more positive potentials. These results are comsistent
with the titration of fixed charges at the membrane surface.

Reversal potential measurements were used to investigate the
selectivity of delayed potassium channels. C(Calculated mean permeability
ga‘\;c:.?s were PLi/PK_ 0.024, PNa/PK 0.030, PRb/PK ‘ 0.95 and PCS/PK

A voltage-clamp technique was used to investigate the effects
of caesium and thallium on potassium currents in resting muscle.

Caesium blocked the resting potassium conductance in a concentration-
and voltage-dependent manner. At a given menbrane potential, the
blockade was reduced by raising internal potassium, but was largely
independent of the external potassium concentration. In fibres hyper-
polarized under constant current conditions in the presence of caesium,
oscillations in the merbrane potential were recorded. In potassium-
free solutions, the major effect of thallium was to remove the time-
and sodium~dependent permeability change which gives rise to a negative -
slope in the steady-~state current-voltage relations of fibres hyper-
polarized in normal Ringer. It is concluded that potassium crosses the
resting membrane by way of multi-ion channels containing two or more ion
binding sites. ' :

A method is described which demonstrates that at least part of the
slow conductance decrease which occurs when muscle fibres are hyper—
polarized is due to a depletion of potassium from the transverse tubules.



