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SUMMARY

1. The inwardly rectifying potassium conductance of the membrane of frog
sartorius muscle fibres is greatly reduced by treatment of muscles for 30 min with a
solution containing formaldehyde (10 mm).

2. A transient increase in the conductance of the inward rectifier is observed early
during formaldehyde action.

3. Analysis of the biphasic time course of the conductance changes, as determined
under controlled voltage conditions, suggests that treatment with formaldehyde
alters simultaneously, but in opposite ways, two factors that determine the con-
ductance of the inward rectifier.

4. The linear component of the current—voltage relation, which dominates the
relation at strongly positive potentials, is not affected while the above changes occur.
But on prolonged exposure to formaldehyde the leak conductance increases.

5. The effects of formaldehyde on the inward rectifier are reversible on prolonged
superfusion with normal Ringer solution.

6. The slight inward rectification remaining after most of the extracellular K is
replaced by Rb, is similarly reduced by treatment with formaldehyde.

7. The results are interpreted in terms of the chemical properties of formaldehyde
and present views of the mechanisms of inward rectification.

INTRODUCTION

The K conductance of the skeletal muscle membrane behaves as though it con-
sisted of several independent components in parallel. The component which can
conduct the largest current is the time and voltage dependent delayed rectifier.
This undergoes activation upon depolarization of the membrane and suffers inactiva-
tion on prolonged depolarization. In permanently depolarized (Katz, 1949) or nor-
mally polarized resting muscle (Hutter & Noble, 1960) the inward rectifier is the
dominant component. A linear component lies in parallel to the inward rectifier and
constitutes the entire conductance at high positive voltages (Adrian & Freyang,
1962b).

Several agents, such as Rb (Adrian, 1964), TEA (Stanfield, 1970) and form-
aldehyde (Hutter, 1969) are known to reduce or abolish the inwardly rectifying

* Present address: Physiology Department, the Medical College of St Bartholomew’s Hospital,
Charterhouse Square, London EC1M 6BQ.



592 O.F. HUTTER AND T. L. WILLIAMS

component without altering the linear component. Formaldehyde also abolishes the
contractile response to depolarization, but it spares the delayed rectifier (Hutter,
1969). Pre-treatment of muscle with formaldehyde has therefore proved convenient
for the study of the delayed rectifier with only the linear component in parallel
(Argibay & Hutter, 1973; Argibay, Hutter & Slack, 1974; and in preparation). In
this paper the effect of formaldehyde on the inward rectifier will be described more
closely, and implications about the mechanisms of inward rectification will be
discussed.

METHODS

Experiments were performed on isolated sartorius muscles of Rana temporaria, at all seasons
of the year at a room temperature close to 20 °C. The compositions of the solutions used are given
in Table 1. Paraformaldehyde was dissolved in distilled water at a concentration of 0-4 g/1. and
stirred continuously overnight at 60 °C. After cooling, this solution was used to prepare
solutions D and F.

TaBLE 1. Composition of solutions. Concentrations in m-mole/l. pH adjusted to 7-2. A contains
7-3 % 10-2 mM tubocurarine

Solution Nat K+ Rb+ Ca2+ Cl- CH,SO,~
A 112 2-5 — 1-8 118 —
B 112 25 — 1-8 3-6 114-5
C — 1195 — 1-8 3:6 114-5
D — 119-5 — 1-8 3:6 114-5
E — 5-0 114-5 1-8 36 1145
F — 50 1145 1-8 36 114-5

H,PO,- HPO2- Tris maleate Acetyl glycine Formaldehyde

A — — 2 9 _
B — —_ 2 2 —
C 0-85 2-1 — — —
D 0-85 2-1 — — 10
E 0-85 2-1 — — —
F 0-85 2-1 — — 10

The dissected muscle was pinned out by its attachments onto a sheet of dental wax and covered
with solution A. Chloride was removed by repeated washing and soaking in solution B for about
15 min. The muscle was then allowed to undergo contracture and relaxation in solution C and
pinned to approximately 1-2 times its in situ length, ventral side upwards, in a bath of 0-8 ml.
volume, through which solution C flowed at a continuous rate of 3—-6 ml./min. The superfusate
could be changed with minimal disruption of flow, by turning a tap. Control measurements were
made with the muscle in solution C before switching to solution D.

Standard glass capillary micro-electrodes were used throughout. The current electrodes were
filled with acidulated 2 M-K citrate and had resistances of 5-8 MQ. The voltage electrodes were
filled with 3 M-KCl and had resistances of 20-30 MQ. Tip potentials were less than 5 mV.

Membrane conductance was measured under either constant-voltage or constant-current
conditions. In the former case we employed the voltage clamp technique of Adrian, Chandler &
Hodgkin (1970a), in which two micro-electrodes inserted at distances of 17 and 2! from the pelvic
end of a fibre record potentials ¥, and V,, and a third micro-electrode at 2I+1’ supplies the
current needed to control the potential V,. The membrane current per unit area of surface was
calculated from the measured voltage difference (V,— V,) by

I

= % (V,—V,) (Adrian etal.1970a),
1
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where a is the fibre radius and R, is the internal resistivity, taken as 170 Q e¢m at 20 °C (Nakajima
& Hodgkin, 1972). The electrode distance was between 250 and 1000 zm, depending on the range
of clamp voltages used and hence conductance values encountered in a given experiment. The
current electrode distance !’ was about 25 um. V, was recorded against a reference Ag-AgCl
half-cell placed in the bath, near the pelvic end of the muscle. A d.c. voltage source in series
with the reference cell was used for calibration and for balancing the resting potential (between
—2 and —4 mV). The current path was completed to earth by another Ag—AgCl half-cell. The
total current was measured by the voltage drop across a 4-7 kQ resistor placed between the
half-cell and earth.

Two types of voltage-clamp programme were used for investigating the time course of changes
in conductance during formaldehyde treatment. In the first type (Fig. 1), after the resting
potential was backed off with the d.c. calibrating voltage, the holding potential was set equal to
zero and was applied 500-1000 msec before a square voltage-clamp pulse of 500 msec duration.
After a further 10 sec at the holding potential, a second clamp pulse was applied, also of 500 msec
duration but to a different voltage, usually of opposite polarity, from the first. This pulse was
followed by another 500-1000 msec at the holding potential, and the entire programme was
repeated at 20 sec intervals. The second type of voltage programme consisted of four successive
steps of voltage, each of 500 msec duration but of different magnitudes, repeated once every
10 sec. In the intervals the muscle remained at the near zero resting potential. In both cases,
current and thus conductance was calculated from the values at the end of each 500 msec step.
For membrane voltages positive to about —40 mV, no significant change in conductance occurred
during this time.

In the constant-current experiments, two micro-electrodes were inserted near the centre of a
fibre. The distance between the electrodes was usually about 25 gm, and when larger an appro-
priate correction was made. Constant-current pulses of 500 msec duration were applied once
every 10 sec through the current micro-electrode, while the membrane voltage was recorded
with the other micro-electrode. The potential reference electrode and the current path to earth
were via half-cells as in the constant-voltage experiments. Membrane current density was calcu-
lated by Cole’s theorem (Cole & Curtis, 1941), which gives for unit area of membrane

R,

m = WIJU /dV,
where I, is the total current, R, and a as before.
RESULTS

Abolition of inward rectification

The inward rectification which is characteristic of skeletal muscle in isotonic
KCH,S0, solution is evident in the currents recorded in Fig. 1B in response to the
voltage clamp programme of Fig. 14. In this fibre approximately ten times as much
inward current was recorded at —20 mV as was outward current at +20 mV. This
inward rectification was nearly abolished by treatment of the muscle for 30 min
with a solution which also contained 10 mm-formaldehyde. As seen in the current
traces of Fig. 10, the currents after formaldehyde treatment were small and nearly
non-rectifying. :

The change produced in the relation between current and voltage in another fibre
is illustrated in Fig. 2. Before treatment with formaldehyde, the current-voltage
plot was concave downwards at negative voltages and also at positive voltages which
were less than about 30 mV. Above this voltage, the plot merges into a straight line,
so that the relation becomes linear above 50 mV (cf. Adrian & Freygang, 1962a, b).
After formaldehyde treatment, the current—voltage relation was approximately
linear over the entire voltage range, and coincided with that portion of the curve
which had been linear before treatment.
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The current and voltage data of Fig. 2 have been used to calculate the potassium
conductance at each voltage. In Fig. 3 is shown the inwardly rectifying portion of the
conductance, which has been obtained by subtracting the linear conductance (G,),
determined at high positive voltage, from the total conductance measured at each
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Fig. 1. Abolition of inward rectification by addition of formaldehyde (10 mM) to isotonic
KCH,;80, Ringer bathing muscle. Three-electrode technique. A, membrane voltage V,.
Pulse duration 500 msec. B, corresponding membrane current before formaldehyde
treatment (solution C), as measured by (V,-V,). C, membrane current at same membrane
voltages after formaldehyde treatment (solution D), at higher gain. Fibre diameter:
85 um ; electrode spacing I = 500 gm. Transient capacity currents not shown in pen-
traces illustrated.

Fig. 2. Current—voltage relation in isotonic KCH,SO, Ringer before and after form-
aldehyde treatment. Three-electrode technique. Current measured at end of 500 msec
pulse. Fibre diameter = 85 um. Electrode spacing ! = 1 mm. Filled circles before
(solution C), open after (solution D), formaldehyde treatment. @, = 0-04 mmho/cm?.

voltage. Before formaldehyde treatment, the conductance decreased steeply with
increasing voltage from 2-2 mmho/cm? at —20 mV, through a value of 0-6 mmho/
cm? at 0 mV (ordinate intercept), to zero at about 50 mV.

In two fibres, pulse voltages as negative as —40 mV were used. In these fibres,
the conductance—voltage relationship exhibited an inflexion point at about —20 mV,
such that the curve appeared slightly concave downwards between — 40 and — 20 mV.
Voltages more negative than —40 mV were not used with untreated fibres in order
to avoid the complication of time-dependence.
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After formaldehyde treatment, the rectifying conductance at — 20 mV in the fibre
of Fig. 3 was reduced to 0-04 mmho/cm?, and that at 0 mV to approximately
0-01 mmho/cm?. Thus in this fibre, about 98 9, of the inwardly rectifying conductance
was abolished by formaldehyde treatment. In twenty-two experiments (fifteen with
the two-electrode and seven with the three-electrode technique), the average value
of the inwardly rectifying conductance at the ordinate intercept was 0-78 + 0-36 (s.D.)
mmbho/cm? before trea®ment with formaldehyde, and 0-022 + 0-015 (s.p.) mmho/cm?
after. The fraction abolished in each of the twenty-two experiments fell within the
range of 92-99 %, with an average of 97-09,. In these same fibres, the linear con-
ductance averaged 0-10 4+ 0-05 (8.p.) mmho/cm2. Classical cable analysis of three
fibres revealed no change in the internal resistivity or low frequency membrane
capacitance during formaldehyde treatment.
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Fig. 3. Rectifying conductance before and after formaldehyde treatment, calculated
from data illustrated in Fig. 2. Ordinate = I,/V,—@G;. Symbols as in Fig. 2. Curve
before treatment drawn from eqn. (7), with @ = 4-2 mmho/em?, ¥, = —21 mV, and
v = 11-5mV.

Fig. 4. Current—voltage relation at ¢ = 0 (filled circles) and approximately 5 min (open
circles) of formaldehyde treatment (solution D). Three-electrode technique. Voltage-
clamp programme consisted of four consecutive 500 msec pulses in order of decreasing
voltage. Fibre diameter = 125 um, electrode spacing I = 275 ym.

The negative-slope portion of the curve of Fig. 2 between +20 and +50 mV is a
common but variable finding in such preparations (cf. Adrian & Freygang, 1962a, b).
In some fibres, the slope remained always positive, although decreasing with increasing
voltage, until it became constant at about +50 mV. However, the shape of the
conductance—voltage curve and its alteration by formaldehyde were similar to that
in Fig. 3 whether or not a negative slope region was present in the current-voltage
plot.

The effects shown in Figs. 1-3 were obtained after treatment of the muscles with
formaldehyde solution for at least 30 min, at which time the conductance changes
were complete. In good experiments, the conductance remained essentially unchanged
for up to an additional 1-5 hr. Events which occur before this steady state is reached
will now be described.



596 O.F. HUTTER AND T. L. WILLIAMS

Early conductance increase

Exposure to formaldehyde solution causes, after a delay of about 1-5 min, a
transient increase in conductance, which reaches a peak in another 3-5 min. Although
this increase is substantial at certain membrane voltages, it is small or absent at
voltages positive to about 50-80 mV. Thus in the experiment of Fig. 4, the currents
recorded at voltages of —20, +20 and + 33 mV increased during the first minutes
of formaldehyde treatment, whereas the current at +50 mV was little affected. In
consequence, the negative slope between +20 and + 50 mV became steeper during
the early phase. Furthermore, fibres showing no negative slope in this voltage region
before treatment often developed one during the first 5 min, as conductance increased
at voltages less than + 50 mV but remained unchanged over the linear region of the
current—voltage curve. These results suggest that the early increase in conductance
is confined to the inwardly rectifying pathway.

i i
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Fig. 5. Effects of formaldehyde on membrane voltage recorded during periodic applica-
tion of constant-current pulses. Two-electrode technique. Muscle initially in KCH,SO,
Ringer (solution C). Pulse duration 500 msec, amplitude 1-4 x 10-7 A, applied once
every 10 sec at alternate polarities. Formaldehyde (solution D) introduced at ¢ = 0.
Pen record retouched slightly.

Time course of formaldehyde effects

Exposure to formaldehyde thus produces first an increase and then a decrease in
conductance at membrane voltages within the range of inward rectification. The
time course of these changes will now be described, beginning with two-electrode
constant-current experiments, as these yielded pen records that illustrated the entire
sequence.

An experiment in which inward and outward current pulses of 500 msec duration
and of equal magnitude were imposed alternately once every 10 sec is shown in
Fig. 5. Owing to the slow paper speed used, each voltage response appears in the
record as a single line, recording the maximum voltage attained during the pulse.
At the beginning of the experiment, the negative voltages recorded in response to
inward current pulses were smaller than the positive voltages recorded during out-
ward pulses of the same magnitude. This assymetry reflects inward rectification
since a smaller voltage in response to a given current denotes a greater conductance.
Within 1 or 2 min after the application of formaldehyde the voltage responses of
both polarities began to decrease, indicating an increase in conductance. At each
polarity the voltage response passed through a minimum value, denoting maximum
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conductance, within the first 5-7 min, and then progressively increased as the
inwardly rectifying channel closed.

When constant currents are used, as in the experiment of Fig. 5, the changes in
conductance which are observed during the course of formaldehyde treatment are
not only due to the direct effect of formaldehyde, but also reflect the dependence
of the conductance on the inconstant voltage at which it is tested. In order to separate
the effects of formaldehyde and of voltage, the three-electrode voltage-clamp technique
was used to arrive at the time course of the conductance change for different clamp
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Fig. 6. Time course of conductance changes during formaldehyde treatment measured at
five different clamp voltages. Three-electrode technique. Formaldehyde introduced at
t = 0. Each curve connects conductance values measured once every 20 sec, at end of
500 msec voltage clamp pulse. Clamp voltage noted for each curve. Curves for + 65 and
+ 17 mV from same expt., diameter = 85 ym, ! = 1 mm. Curves for +9 and — 11 mV
from same expt., diameter = 75 ym, I = 475 um. Curve for —21 mV, diameter = 85 ym,
! = 500 um. Inset: curve for +9 mV on logarithmic ordinate.

pulse voltages. Clamp pulses were imposed periodically throughout the formaldehyde
treatment and the results obtained were converted to conductance values and plotted
against time. Fig. 6 shows the changes in inward rectification occurring at five different
pulse voltages in three experiments on fibres of similar diameters. Before exposure
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to formaldehyde, the conductance measured at —21 mV was 2-05 mmho/cm?. At
less negative clamp voltages, the conductance was less, until at +65 mV, the con-
ductance was only 0-04 mmho/cm?.

After a delay of 1-5-3 min following the introduction of formaldehyde, the con-
ductance measured at all voltages, except + 65 mV, began to increase. This increase
was soon overtaken by the subsequent decrease. The maximum conductance occurred
later the more positive the clamp pulse voltage, from 4-1 min at —21 mV to 7-0 min
at + 17 mV. This staggering of the time of maximum conductance suggests that the
peak value itself is not an adequate measure of the process underlying the increase
in conductance. Rather, both the peak value and its time of occurrence appear to be
determined for each voltage by a balance between two opposing processes: one which
tends to increase and the other to decrease the conductance. A method was therefore
sought to estimate, for each voltage, the amount of conductance increase which
would have occurred if the decrease were not also occurring.

When the conductance minus its final value was plotted on a logarithmic scale
against time, the eventual decrease was found to proceed exponentially, as shown
for one curve in the inset of Fig. 6. In any one experiment, the time constant of
decay was approximately equal for all voltages. Backward extrapolation of each
decay line might therefore facilitate the analysis of the time course, but difficulty
arises in assigning zero time. The first changes in conductance are not seen until at
least 1-5 min after formaldehyde is introduced. Although this time provides a lower
limit for the desired zero time, it is unsatisfactory for determining the initial magni-
tude of the extrapolated decay line, since the rise in concentration of formaledhyde
at its site of action requires some finite time. In an attempt to make a better choice
of zero time, the approach of the data to the extrapolated decay line was investigated.
Aside from the first 2 or 3 min of conductance changes, each curve could be fitted
by subtracting a second exponential term from the extrapolated decay, so that the
conductance minus its final value was given for each voltage by an equation of the

form
G = Gl e—t/Tl - Gz e-t/T” (l a)

where G, is the value of the extrapolated decay line at the time chosen as zero, T',
is the time constant of this exponential decay, and G, is the value at time zero of the
second exponential term of time constant 7T,. For the four curves of Fig. 6, the
average value of T; = 4:6 +0-3 (s.p.) min, while that of 7, = 2:2 + 0-14 (8.D.) min.
For each voltage, an equation of this form could describe the data at all times except
the first few minutes. It was felt that little would be gained by the introduction of
additional functions, so the early points were ignored, and a zero time was chosen
for each curve such that the above equation with ¢ = 0 gave the value of the con-
ductance before treatment. In other words, zero time was chosen such that the
parameter G, could be eliminated, and the conductance described by

G = G e tT1i— (@, —Gy)e—t/Ty (1)

where G, is the conductance before treatment. The continuous line in the inset of
Fig. 6 has been drawn from eqn. (1b). @, appears as the value of the extrapolated decay
line at the time the continuous curve rises from its initial value G,.

The parameter G, was determined in this way for each curve of Fig. 6, and has been
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plotted against clamp pulse voltage in Fig. 7. On the same axes are plotted the initial
values of conductance as a function of voltage, for the same experiments. It can be
seen from the figure that G, as a function of ¥ does not represent simply a propor-
tionate increase in the inwardly rectifying conductance, but that it can be obtained
by a shifting of the voltage dependence by approximately 25 mV in the depolarizing
direction.
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Fig. 7. Initial increase in inwardly rectifying conductance, obtained by extrapolation
of logarithmic decay during formaldehyde treatment. Filled symbols: rectifying con-
ductance before treatment. Open symbols: parameter @, from eqn. (1) (see inset of
Fig. 6.) Three different symbols represent different fibres. Same experiments as Fig 6.
Curves drawn from eqn. (7).

Effect of different formaldehyde concentrations

Two muscles were treated with formaldehyde at a concentration of 2 mm and two
muscles at 20 mu, in constant-current experiments. Both the magnitude of the early
increase and the completeness of the final abolition appeared to be independent of
the concentration used. However, 120~150 min were required for completion in 2mm,
compared with 30-40 min in 10 mm and less than 20 min in 20 mm formaldehyde.
Thus the general shape of the time courses appeared to differ only by elongation or
contraction of the time axis. In addition, the highest concentration caused an
increase in the linear conductance during formaldehyde treatment. A similar increased
leakiness occurs in fibres which have been for over 2 hr in 10 mm formaldehyde.

All other experiments were conducted with 10 mm formaldehyde, as a compromise
between too slow and too harsh a treatment.

Reversibility of changes in the inward rectifier

In three muscles which had been treated with formaldehyde, the bathing solution
was replaced by formaldehyde-free solution after the conductance had reached its
low and constant state. After 60-90 min in formaldehyde-free solution, during which
time no changes were apparent, a progressive increase began in the conductance to
both inward and outward current, which continued for another 60-90 min until a
new steady state was reached, in which inward rectification was re-established. How-
ever, the conductance to outward current was slightly greater and the conductance
to inward slightly less than before treatment in all three experiments, suggesting an
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increase in the linear conductance and an incomplete recovery of the inwardly recti-
fying conductance. In two of the three experiments, the muscles were subsequently
retreated with formaldehyde. The time course of the retreatment resembled the initial
treatment, except that the early increase in conductance was attenuated and the
final value of the conductance was greater, confirming the suggestion that the con-
ductance of the inward rectifier had not fully recovered, and that the linear conduct-
ance had increased during the course of the experiment.

The zero-current conductance before treatment was 0-70 and 1-54 mmho/cm? in
these two experiments, and the linear conductance after the first treatment was
0-08 and 0-14 mmho/cm?, respectively. Following the washing period the zero-
current conductance was 0-41 and 1-60 mmho/cm?. After the second formaldehyde
treatment the linear conductance was 0-11 and 0-28 mmho/cm? Hence in these
two experiments approximately 489, and 949, of the rectifying conductance
recovered during the washing period.
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Fig. 8. Interaction of Rb and formaldehyde treatment. A, membrane potential measured
during periodic application of 500 msec constant-current pulses (1-2 x 10-? A) of alter-
nating polarity. Two-electrode technique. Normal K-containing fibre. At beginning of
trace, muscle in K-containing solution C. At time 0, Rb-containing solution E
introduced. At arrow, solution F containing Rb and formaldehyde introduced.
B, current—voltage relations of same fibre. @, solution C (K); W, solution E (Rb); [,
solution F (Rb and formaldehyde); O, solution D (K and formaldehyde), obtained soon
after sequence shown in 4.

Experiments with Rb and formaldehyde

It has long been known that the resting membrane of skeletal muscle is much less
permeable to Rb ions than to K ions, and that Rb ions interfere with the movement
of K ions (see Sjodin, 1959). Adrian (1964) determined the current—voltage relations
of fibres with various combinations of K and Rb inside and outside. He concluded
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that Rb itself does not pass through the inwardly rectifying channel, and that even
small concentrations of Rb interfere with the passage of K through that channel.
The linear conductance and the delayed rectifier, by contrast, do not distinguish
between K and Rb (Adrian, 1964).

In the present study, the interplay of Rb and formaldehyde on the inward rectifier
was explored by examination of the effect of Rb after treatment with formaldehyde,
and vice versa. In three fibres from different muscles which had been treated with
formaldehyde, so that only a slight degree of rectification remained, substitution of
Rb for most of the K in the bathing solution (solution F) abolished the residual
rectification. This effect is illustrated by the open circles (K) and open squares (Rb)
of Fig. 8 B. In another two muscles in which inward rectification had been nearly
abolished by Rb (solution E), addition of formaldehyde (solution F) produced a
further decrease in conductance and completed the linearization of the current—
voltage relation, as shown by the filled (untreated) and open (treated) squares in
Fig. 8 B. It appears, therefore, that either Rb or formaldehyde can abolish nearly all
of the inwardly rectifying conductance, and that by their combined action the pathway
can be effectively closed.

The changes in resting potential illustrated in Fig. 8 confirm this interpretation. When only
one permeant ion is present, the resting potential simply reflects the ratio of ionic activities
inside and outside the cell. In the case of a K-containing fibre in solution C

VB = 'ﬂ, lnfx,o[K]o’
F o fe. K]
where fx , and fx ; are extracellular and intracellular activity coefficients for K, [K], the intra-
cellular K concentration, and [K], the concentration in solution C. The internal resistivity of a
fibre does not change with formaldehyde treatment, so the intracellular activity of K appar-
ently remains the same. Since the activity of K in the bathing solution also remains constant
during formaldehyde treatment, no change in resting potential was to be expected, nor was a
significant change observed, during the large changes in conductance occurring during the
course of formaldehyde treatment of a K-containing fibre in K solution (Fig. 5).

On the other hand, when K is the only permeant internal ion but some of the external K has

been replaced by Rb, the resting potential is given by

BT | fuv,o[Rbls (B + Pay) +x,0 [Kle (B + PX")
F Sea K (B + PR ’

where the subscript E denotes solution E and Py, is the permeability coefficient of the linear
component, which is taken as being equal for K and Rb, since it was confirmed in these
experiments that at voltages above 50 mV the membrane does not distinguish between these
two ions. PE® is the permeability coefficient at the resting potential of the inwardly rectifying
pathway to K when Rb is the major external. cation. An analogous coefficient for the
permeability of the. rectifying component to Rb has been included, since it may not be zero,
and has been designated as Pg,. It was not deemed necessary for clarity to include subscripts
to denote that the latter two coefficients apply only to the rectifying component, nor to include
& superscript on Ppg, to denote that this coefficient refers to the permeability in Rb solution.
By ‘writing the permeability coefficients for either ion as a sum of two terms, the supposed
independence and parallelism of the linear and the inwardly rectifying components is expressed.

The hyperpolarization which occurs on replacement of most of the external K by Rb (time 0,
Fig. 84) can be taken as evidence that Rb alone does not completely block the inwardly recti-
fying pathway, for if that were the case, PE® and Py, would be zero, and eqn. (3) would become

- Iﬂ' lnf rb.o [Rble +fx,. [Klg
F Sea[K] )

2

Ve =

3)

174

(4)
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Since the combined activity of Rb and K in the high Rb solution (E) is essentially equal to the
activity of K in the K solution (C), eqns. (2) and (4) predict the same value for the resting potential,
and no change would be expected to occur. The fact that a change in resting potential does occur
at time 0 in Fig. 84 therefore indicates that Rb does not completely close the rectifying pathway.
By comparing eqns. (2) and (3), it can be shown that the direction of the observed resting potential
change indicates that the rectifying pathway is more permeable to K, even in the presence of
Rb, than it is to Rb. In the final stages of formaldehyde treatment (Fig. 8 4), the resting potential
returned to within 2 mV of its value in K solution, showing that the membrane became much
less able to distinguish between K and Rb, and thus confirming the near abolition of the inwardly
rectifying pathway. In all five experiments, the membrane potential after formaldehyde treat-
ment was 1-3 mV more negative in Rb than in K solution, suggesting that a small fraction of
the inwardly rectifying conductance remained after treatment with both formaldehyde and Rb
even though no significant alinearity could be detected. Thus the effects of Rb and formaldehyde
are not additive, but would appear to combine in a factorial manner.

DISCUSSION

The primary purpose of this work was to provide a more detailed description of
the effects of formaldehyde upon the inward rectifier, so that treatment with form-
aldehyde might become an established tool in electrophysiological research of the
muscle membrane. In addition, we hoped that an analysis of the actions of form-
aldehyde might provide clues about the mechanism of inward rectification.

From the first point of view, the almost complete abolition of inward rectification
by formaldehyde may be considered as the principal result. The linear component
of the K conductance which dominates the current—voltage relation in its positive
reaches was found not to be reduced by formaldehyde; instead it tends to increase
after prolonged exposure to formaldehyde. Whether this increase is due to a failure
of the membrane to remain sealed around the micro-electrodes, or whether the
membrane eventually undergoes an over-all increase in permeability could be decided
by isotope flux measurements; but we have not pursued this question. When form-
aldehyde-treated muscles were used to study the delayed rectifier (Argibay & Hutter,
1973; Argibay et al. 1974) the experiments were usually completed within 2 hr of
admission of the formaldehyde-containing solution, i.e. before the increase in the
leak conductance became severe.

Several foreign cations including Rb suppress the conductance of K through the
inward rectifier without altering the linear component. The fact that an agent so
different as formaldehyde attacks the same conductance component, whilst leaving
the linear component untouched, strongly supports the view that the inwardly
rectifying and linear components are separate entities that lie in parallel to each
other. The finding that formaldehyde in the early stages of its action increases the
conductance of the inward rectifier but not the linear component is also evidence for
this view; and it is of additional interest, since it points to the potentiality of the
inwardly rectifying conductance to increase in magnitude at a given driving force.

The separability of the inward rectifier from the linear component is compatible
with the possibility that the two components are located in different regions of the
membrane. It has been suggested for instance, that the inward rectifier may reside
in the transverse tubules (Hodgkin & Horowicz, 1960; Adrian, Chandler & Hodgkin,
1970b; Williams, 1976). Be that as it may, there are no grounds for supposing that
formaldehyde acts by closing off the transverse tubule; for the low frequency
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membrane capacity remains unaltered by treatment with formaldehyde. Direct evi-
dence for the continued patency of the transverse tubules has been provided by the
findings of Dr Sally Page that ferritin continues to enter transverse tubules of fibres
treated with formaldehyde so as to cause the abolition of inward rectification (see
Hutter, 1969). Actions of formaldehyde on the molecular scale must therefore be
sought as explanations for its effect. However, before consideration can be given to the
chemical possibilities, the mechanism of inward rectification requires further discussion.

According to present views, the current flowing through the inward rectifier is
determined by (i) a practically instantaneous function of the driving voltage, (ii) a
time-dependent scaling factor which diminishes at voltages more negative than
—100 mV (Adrian et al. 1970b; Almers, 1972), and (iii) the concentration of K+ in
the transverse tubules (Adrian & Freygang, 1962a). In the present experiments the
last two factors are not operative as the muscles were in isotonic KCH4SO, solution
and relatively small voltage pulses were normally used. We are therefore here con-
cerned only with the instantaneous current—voltage relation and the effects of form-
aldehyde upon it. The peculiar feature of this instantaneous current—voltage relation
is the negative slope resistance in the positive quadrant, which arises from the
progressive fall in the K conductance with increasingly positive membrane potential.

Thus in the present experiments the rectifying conductance of untreated fibres
can be expressed as _ )

Go = Gxf(V), (3)
where G is a scaling factor, V is the applied voltage and f(V) is a function which
decreases with increasing V as in Figs. 3 and 7. Formaldehyde can be supposed to
alter @ and f(V) in such a way that before formaldehyde treatment and during all
but the first few minutes of such treatment, the conductance can be described by
eqn. (1b), with the voltage dependence of Gy and G, as shown in Fig. 7.

The double exponential nature of the time course can be explained by supposing
that formaldehyde undergoes two different reactions, one of which increases and the
other of which decreases the conductance, both reactions obeying first-order kinetics.
These two reactions could be postulated to proceed either independently in parallel,
or sequentially, and still give rise to the form of eqn. (1b). However, investigation
of the kinetic equations describing such reactions reveals that the interpretation
placed on the parameter G, differs in these two cases. In the case of parallel reactions,
both the magnitude and the voltage dependence of G; as shown in Fig. 7 can be
explained by assuming that one reaction increases the conductance by acting only
on f(V) of eqn. (5). Thus, over the course of formaldehyde treatment, this reaction
would cause the voltage dependence of the conductance to undergo a shift from f(V) -
to f(V — ¢), where ¢ is the magnitude of the shift in the positive direction, equal to
about 20 mV in these experiments (see Fig. 7). At the same time, the other reaction
would produce a progressive decrease in the scaling factor G. On the other hand, in
the case of sequential reactions G, of eqn. (1b) is influenced by the time constants 7',
and T, in such a way that this model cannot be made to fit our data without intro-
ducing further arbitrary assumptions. Thus the simplest explanation of our results
appears to be that one reaction increases the conductance by a positive shift in the
voltage dependence while another simultaneous reaction decreases the conductance
by eroding the scaling factor G.
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A well-known reaction of formaldehyde with protein is a condensation with free
amino groups, which increases the negativity of the protein molecule. If such a
reaction occurred on the inner surface of the muscle membrane, thus creating or
altering an existing boundary potential, a positive shift in the voltage dependence
f(V) of the conductance would occur, such as has been postulated as the basis of the
conductance-increasing effect of formaldehyde. A similar reaction could render a
carrier or gating molecule ineffective, leading to a progressive decrease in G of eqn. (5).
An alternative mechanism for this decrease could derive from cross-linking reactions,
which could immobilize or otherwise inactivate a carrier or gating molecule.

Theoretical models of mechanisms capable of producing inward rectification have
been developed by Adrian (1969) and by Ciani, Krasne, Miyasaki & Hagiwara (sum-
marized in Hagiwara, Miyazaki, Krasne & Ciani, 1977). The mathematical descrip-
tions of both these models contain parameters which can be related to the present
findings.

Adrian (1969) has developed a model in which K ions cross the membrane in
combination with a divalent negative carrier molecule whose concentration at the
inner surface of the membrane, [A],, is buffered. The possibility of a boundary poten-
tial at the inner surface, ¥,, has also been incorporated in the model. If his eqn. (15.1)
is expressed as conductance, in the particular case where [K]; = [K],, then

exp (VF/RT)—1 (6)
Viexp2(V+¢,) F/RT +exp(V+y,) F/RTY
where a, which has the units of mole! sec—! cm4, is the rate constant for the forma-
tion of the K-carrier complex, and [K],, ¥, R and T have their usual significance.
V refers to the applied voltage, as before. This equation fits our data for values of
V positive to about — 20 mV in the case of untreated fibres, and corresponds to the
general form of eqn. (5).

Formaldehyde could thus be supposed to decrease the conductance of the inward
rectifier by reacting with the carrier molecules or with the buffer system which
controls the concentration of mobile carriers in the membrane, such that a progressive
decrease in [A], occurs, leading to a decrease in G. Furthermore, the supposed change
from f(V) to f(V —¢) brought about by formaldehyde could be related to a change
in the boundary potential ¥,. A shortcoming of this approach is that a change in ¥,
does not produce simply a shift in the voltage dependence, since V appears twice in
eqn. (6) without ¥,.

In the model by Ciani et al. (Hagiwara et al. 1977), K apparently moves by electro-
diffusion through a channel which is created by a voltage-dependent re-orientation
of charged molecules in the membrane and which is stabilized by the binding of
external K ions to the gating site. The mathematical formulation given by these
authors was initially derived empirically from studies of the inward rectifier in starfish
eggs (Hagiwara & Takahashi, 1974). The latter obtained

~ 1
| = e T (7)
where @ is the maximum conductance (at very negative V) for a given [K],, and ¥y
and v are parameters of the model. This equation lends itself well to our results, since
formaldehyde can be supposed to decrease the value of G by one reaction, and to

G = a[AL K], F

G
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alter the value of ¥V, by the other. The two curves of Fig. 7 have been constructed
from eqn. (7), with @ = 4-0 mmho/cm?, v = 12:5mV, and V, = —22-4 mV before
formaldehyde treatment and — 0-4 mV after.

The models discussed above differ categorically in the predicted behaviour of the
conductance at very negative voltages: eqn. (6) provides for a progressive increase in
conductance at increasingly negative voltages, owing to the supposedly unlimited
availability of carriers; eqn. (7), by contrast, implies saturation of the conductance
once formation of channels is complete. As very negative voltages were usually
avoided, most of our experiments do not contain evidence on the basis of which these
models might be distinguished. However, in fibres ‘detubulated’ by glycerol treat-
ment, 10-209, of the inwardly rectifying conductance remains intact (Williams,
1976), and very negative voltages, which would reprime the contractile apparatus
in normal fibres, may be more readily imposed. In two such fibres, studied with the
three-electrode voltage-clamp technique, conductance values 10 msec after the onset
of a pulse were determined. Saturation was seen to occur at about — 100 to — 120 mV.
In one of these fibres, conductance was determined at voltages covering the range
from —120 to +70 mV, and eqn. (7) was found to fit the data well, with @ = 0-45
mmho/cm?, ¥V, = —27mV, and » = 20-4 mV.
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