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Abstract. The potential, V7, at which a brief test depo-
larization first elicited movement was determined using
two-microelectrode point voltage clamp. We expected
that inactivation of excitation-contraction coupling at
conditioning potentials between —60 and 0 mV would
shift V¢ to more positive potentials, and that fibers
would become inactivatable with less conditioning de-
polarization in EDL than soleus. The curve relating V¢
to conditioning potential had a negative slope (which
was insensitive to addition of 1 mM cobalt or replace-
ment of calcium with 20 mM CaEGTA) between —60
and —35 mV and a steep positive slope with further de-
polarization. Unexpectedly, fibers became inactivatable
with less conditioning depolarization in soleus than in
EDL when Vi was measured with 50 msec test pulses.
However, the positive shift in V¢ became less steep as
test pulse duration lengthened in soleus fibers. When
Vt obtained with test pulses approaching rheobase (10
msec in EDL and 500 msec in soleus) was compared,
EDL fibers became inactive with less conditioning de-
polarization than soleus fibers. The increase in Vit be-
came steeper with 1 mM cobalt or 20 mm CaEGTA and
was shifted to more positive potentials by denervation
in soleus fibers. We conclude that inactivation (i) does
not strongly influence threshold contractions at condi-
tioning potentials between —60 and ~40 mV and (ii) in-
fluences Vt between —40 and 0 mV in a manner that de-
pends on test pulse duration.
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Introduction

The aim of this investigation was to characterize the ef-
fects of conditioning depolarization on small contrac-
tions in rat EDL and soleus muscle fibers. Excitation-
contraction coupling in skeletal muscle normally occurs
when action potentials depolarize the transverse (T)
tubule membrane and activate the voltage-sensitive mol-
ecules that in turn “gate” ryanodine-receptor calcium re-
lease channels in the sarcoplasmic reticalum membrane.
The relationship between tension and membrane po-
tential reflects the way in which the voltage-sensor re-
sponds to depolarization (see Dulhunty, 1992, for re-
view). The effect of conditioning depolarization on
contraction provides insight into the state of voltage-
sensor and excitation-contraction coupling during mem-
brane depolarization which could occur in damaged
muscle fibers, in hyperkalemia, or with potassium ac-
cumulation in the T-tubules during repetitive activity
(Freygang et al., 1964; Gage & Eisenberg, 1969; Lan-
nergren & Westerblad, 1986).

We have used a two-microelectrode point voltage
clamp technique, with visual determination of move-
ment (Adrian, Chandler & Hodgkin, 1969; Costantin,
1974; Chua & Dulhunty, 1988) to measure the most
negative membrane potential, V¢, at which a brief (10 to
500 msec) test pulse could elicit movement. Since in-
activation of excitation-contraction coupling occurs dur-
ing prolonged depolarization, one aim of the experi-
ments was to examine the effect of inactivation on V.
Maximal test potassium (K*) contracture tension is re-
duced as a result of inactivation (Hodgkin & Horowicz,
1960) and this occurs with less conditioning depolar-
ization in fast-twitch extensor digitorum longus (EDL)



198 M.F. Patterson and A.F. Dulhunty: Threshold Contractions in Rat Muscle

fibers than in slow-twitch soleus fibers (Chua & Dul-
hunty, 1988). A starting hypothesis was developed
which predicted that inactivation would affect V¢ in
much the same way as it affected maximum 200 mm K*
contracture tension. Specific predictions of the hy-
pothesis (see Hypotheses below) were that (i) Vi would
become more positive during conditioning depolariza-
tion to membrane potentials producing partial inactiva-
tion of maximal K* contracture tension, (ii) it would not
be possible to elicit threshold contractions during con-
ditioning depolarizations to membrane potentials pro-
ducing full inactivation of K* contracture tension and
(iii) both effects of depolarization on Vt would occur at
more negative holding potentials in fast-twitch fibers
than in slow-twitch fibers.

A second objective of the study was to examine the
effect of denervation on Vt. Denervation causes a shift
to more negative membrane potentials in the voltage de-
pendence of tension in mammalian skeletal muscles
(Dulhunty & Gage, 1985) and in V¢ measured in fast-
twitch fibers at normally polarized holding potentials
(Patterson & Dulhunty, 1991). There is a small nega-
tive shift in the membrane potential for 50% inactiva-
tion of test 200 mM K™ contracture tension following
denervation of fast-twitch fibers (M.F. Patterson and
A.F. Dulhunty, unpublished observations). If the
change in the K* contracture inactivation curve in EDL
was reflected in the relationship between Vr and hold-
ing potential, V¢ should increase at more negative hold-
ing potentials in denervated EDL fibers.

We avoid the use of the more conventional term
“contraction threshold’’ in this manuscript because
many measurements of minimal contractions in response
to the test pulse were made at conditioning potentials at
which steady-state contractures or pedestal tensions
were observed (Chua & Dulhunty, 1988). At these po-
tentials, the test pulse induced an additional contraction,
seen as a flicker of movement. Thus, we prefer to de-
fine Vr as the most negative test potential at which
movement could be elicited.

The results confirmed the predicted effect of inac-
tivation on Vit for brief test pulses (<100 msec) at con-
ditioning potentials between —40 and O mV, but this ef-
fect was less when longer test pulse durations (100 and
500 msec) were used. In general, inactivation had much
less effect on V¢ than on maximum K™ contracture ten-
sion: detectable movement could be elicited when nor-
mal and denervated fibers were held at membrane po-
tentials at which K* contractures are almost fully inac-
tivated. In addition, and contrary to expectations,
depolarization influenced V¢ at more negative mem-
brane potentials in slow-twitch fibers than in fast-twitch
fibers when data obtained with brief test pulses of the
same duration were compared. It was concluded that
changes in contraction threshold do not necessarily re-

flect changes in the maximum, or near maximum ten-
sion generating capacity of the muscle fiber.

Materials and Methods

BIoLOGICAL PREPARATIONS

Fast-twitch EDL or sternomastoid muscles and slow-twitch soleus
muscles were removed from adult male Wistar rats following as-
phyxiation with CO,. The muscles were pinned at rest length in a Syl-
gard (Dow Corning, Midland, MI)-lined petri dish containing a mod-
ified Krebs solution (see below). Thin sheets of intact fibers, 3 to 5
fibers thick and 30 to 50 fibers wide were microdissected from the
muscles. Rats to be used for denervation surgery were anesthetized
with ether and a long (0.5 to 1.0 cm) segment of the sciatic nerve ex-
cised just distal to the sciatic notch. The animals were allowed to re-
cover and experiments were carried out on the denervated muscles
four to six weeks after surgery. Muscle atrophy and fibrillatory ac-
tivity, apparent during dissection of denervated muscles, were used
as criteria for assessing successful denervation and the lack of re-
generation. Dissections and experiments were performed at room tem-
perature, 23 * 1 °C.

SOLUTIONS

The modified Krebs solution contained (mm): Na,S0,, 32.25; NaCl,
16; K,SO,, 1.75; CaSQ,, 7.6; MgS0,, 1; sucrose, 170; glucose, 11;
TES (N-tris-(hydroxymethyl)-methyl-2-amino-ethanesulfonic acid)
buffer, 2 (adjusted to pH 7.4 with NaOH). Sulfate was used as the
major anion to allow us to compare the results with data from previ-
ous K* contracture experiments and to improve voltage clamp con-
trol of the T-tubule membrane potential, since removal of chloride ions
increases the T-tubule length constant (Duthunty, Carter & Hinrich-
sen, 1984). The use of sucrose in the solutions caused swelling of the
T-tubules (A.F. Dulhunty, unpublished observations) and thus also
contributed to an increase in the electrical length constant of the T-
tubules.

Tetrodotoxin, 0.125 pum for normal fibers or 5.0 uM for dener-
vated fibers, was added to all solutions to block action potential ac-
tivity and ensure that contractions were in response to the applied volt-
age clamp steps. Where specified in Results, cobalt (1 mm) was
added to the modified Krebs solution or CaSO, was replaced with 10
mM CaEGTA.

MICROELECTRODES

Glass microelectrodes for injecting current and recording voltages
were filled with 2.5 M KCI and had resistances of 2 to 5 MQ. Cur-
rent and voltage electrodes were inserted into opposite edges of sin-
gle muscle fibers, the separation between the electrodes being 50 to
100 um depending on the diameter of the fiber. This configuration
of electrodes is thought to minimize the effects of three-dimensional
current spread (Eisenberg & Johnson, 1970). Membrane potential was
measured as the difference between an intracellular voltage micro-
electrode and an extracellular reference microelectrode placed close
to the intracellular recording site.
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THE TWO-MICROELECTRODE VOLTAGE
CrLaMP TECHNIQUE

The two-microelectrode voltage clamp technique was essentially the
same as that described by Chua and Dulhunty (1988) and was based
on the technique originally described by Adrian et al. (1969) and
Costantin (1974). It was assumed that there was a minimal decrement
of membrane potential between the fiber surface and the T-tubule
membrane associated with myofibrils close to the surface. The min-
imum test pulse duration used was 10 msec, since time delays with-
in the initial few micrometers of the T-system might limit the degree
of depolarization of the T-tubule membrane during brief test pulses.

The holding potential was changed, and Vs measured, using one
of the three different protocols outlined below. In each case Vi was
initially established at a holding potential of —80 mV, and the data
were accepted only if Vr was within 1 mV of its original value at the
end of the experiment and the holding current at —80 mV was less
than 100 nA.

Protocol 1

The holding potential was changed from —80 mV to a conditioning
depolarized potential that was maintained for 10 to 15 min. V¢ was
measured as a function of time at that conditioning potential.

Protocol 2 (Fig. 1A)

The membrane potential was depolarized to —60 mV for 3 min then
+5 mV depolarizations of the conditioning potential were imposed
at approximately 3 min intervals until conditioning potentials were
achieved at which contractions could no longer be evoked by the test
depolarizations, i.e., to conditioning potentials between —30 and 0

A

—-60mvVv

—20mvV

3 min —-30mv

—40mvV

—60mvV

—-80mv

Fig. 1. Depolarization Protocols 2 and 3 (see rext) used to establish
conditioning potentials. The graphs show conditioning membrane
potential as a function of time. Detailed descriptions of each proto-
col are given in the text. Briefly, (A) membrane potential was depo-
larized in progressive 5 mV steps and each potential maintained for
3 min. (B) Potential was depolarized for 3 min and then returned to
—80 mV for several minutes before the next depolarization.
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mV. Vi was measured between 2 and 3 min at each conditioning po-
tential.

Protocol 3 (Fig. IB)

The holding potential was changed from —80 mV to a conditioning
potential (more positive than —60 mV) for 3 min and then returned
to —80 mV between each subsequent conditioning depolarization. V¢
was measured between 2 and 3 min after each conditioning potential
had been established and between 3 and 5 min after each return to
—80 mV.

DETERMINATION OF CONTRACTION THRESHOLD

Images of the surface sarcomeres, between the intracellular current and
voltage electrodes, were captured by a videocamera attached to a
Zeiss microscope with an Olympus air objective (6.0 mm working dis-
tance; 32X) and a 16X Zeiss eyepiece and were displayed on a
videomonitor. The microscope was focused either on sarcomeres on
the surface of the fiber or on the edge of fibers.

Movement was detected either as sarcomere shortening (Chua
& Dulhunty, 1988), or from rapid flickering of the edge of the fiber
(Dulbunty, 1979). The second method was adopted as the standard
procedure because most fibers developed contractures with condi-
tioning depolarization to potentials positive to —50 mV. Once the
contractures developed, the sarcomeres were less clearly defined and
movement was difficult to detect. In contrast, the edges of the fiber
remained clearly defined and additional movement could be easily de-
tected in fibers demonstrating maintained contractures. The rapid
flicker of movement seen with the brief test pulse was composed of
contraction followed by relaxation.

Two possible sources of error were considered. Movement
could also have indicated relaxation alone, following a decrease in cal-
cium concentration. This was likely to occur only (i) if the holding
potential was returned to more negative values or (ii) with inactiva-
tion of excitation-contraction coupling. Such movements would have
been slow (holding potentials were manually adjusted and inactiva-
tion occurs over a period of seconds), independent of the test pulse,
and would not have contributed to the flickering biphasic movement
associated with test pulses.

A second possible source of error was that the flickering move-
ment associated with the test pulse did not arise from the area of the
fiber that was voltage-clamped. Considerable care was taken to en-
sure that the movement occurred only between the microelectrodes
and was confined to the same small area of fiber surface (usually 5-10
pm? or less) throughout the experiment. When these precautions were
taken, flickering movement arising outside the voltage-clamped area
could be clearly distinguished from that arising within the area. Such
€xtraneous movements were usually only observed with conditioning
depolarization to potentials which produced inactivation of excitation-
contraction coupling within the voltage-clamped area. All experi-
ments were repeated at least once using observations of sarcomere
shortening to determine Vz. This was done to ensure that the results
were not influenced by the method used to detect contraction. In all
cases, identical results were obtained with the two methods.

Depolarizing test pulses were applied every 1.0 sec and in-
creased in 2 mV steps until movement of the fiber edge was detect-
ed. The amplitude was then decreased in 0.2 mV steps until the brief
moverments in response to the test pulse were no longer observed. The
potential at which movement was no longer observed, V7, was defined
as the most negative membrane potential for just detectable movement
elicited by the test pulse.
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HYPOTHESES

(a) Voltage-dependent Changes in Contraction
Reflect the State of Excitation-Contraction Coupling ?

Changes in tension during prolonged depolarization can
be interpreted in terms of the voltage dependence of ex-
citation-contraction coupling. Tension (Hodgkin &
Horowicz, 1960), myoplasmic calcium concentration
(Brum, Rios & Stefani, 1988) and asymmetric charge
movement (Chandler, Rakowski & Schneider, 1976)
all increase to a peak that is maintained for several sec-
onds and then slowly decay under the influence of the
inactivation process. Tension is generated only after a
threshold concentration of calcium has been achieved,
and the regulatory proteins may become saturated with
calcium before calcium reaches maximum concentra-
tions in the myoplasm. Charge movement and tension
activation curves both saturate at similar potentials in
mammalian fibers (Dulhunty & Gage, 1985), suggest-
ing that the regulatory proteins in these fibers are not
saturated with calcium ions before excitation-contrac-
tion coupling is maximally activated.

(b) The Strength-Duration Relation for Vt in Terms of
Mpyoplasmic Calcium Concentration

The strength-duration curve for threshold contractions
can be interpreted in terms of changes in myoplasmic
calcium concentration (Adrian et al., 1969; Costantin,
1974):

(1) A test pulse produces a slow increase in calcium
concentration, to a peak or plateau level which is
achieved if the test depolarization is maintained for
long enough (20 to 1,000 msec). These predicted
changes in myoplasmic calcium concentration under
voltage clamp conditions have since been recorded in
amphibian (Kovacs, Rios & Schneider, 1979; Brum et
al., 1988) and mammalian (Eusebi, Miledi & Taka-
hashi, 1985) muscle.

(2) Peak or platecau concentrations of calcium at Vr are
very much smaller than the concentration achieved with
maximal activation.

(3) Rheobase is achieved at pulse durations that are as
long or longer than the time taken for calcium to reach
plateau concentrations.

(4) A greater test depolarization will be necessary to in-
crease the voltage sensor and calcium to levels that in-
duce movement if the test pulse is brief compared with
the time taken to reach the plateau calcium concentra-
tion.

(c) What Happens to Vt when the Voltage Sensor Is
Partially Converted to the Inactive State?

At a conditioning potential of —40 mV, test 200 mm K+
contracture tension is reduced to 30% in EDL or to
80% in soleus (Chua & Duthunty, 1988). Our initial hy-
pothesis was that:

(1) Partial inactivation, at holding potentials between
—65 and —20 mV, would cause a proportional reduc-
tion in peak or plateau calcium concentration with max-
imal and submaximal activation. Therefore, a greater
test depolarization would be required to release thresh-
old amounts of calcium, i.e., V¢t at —40 mV would be
more positive than Vt at ~80 mV.

(2) Since inactivation requires less depolarization in
EDL fibers than in soleus fibers, the positive shift in V¢
would be seen with less conditioning depolarization in
EDL fibers than in soleus, and fibers should become in-
activatable with less conditioning depolarization in
EDL.

(3) When the peak or plateau calcium concentration
with maximal activation is reduced to levels that are
close to minimal values required for contraction, fibers
that can just be activated by long test pulses will not be
activated by briefer test pulses, i.e., the strongest effect
of inactivation will be seen with the briefest pulses.

Results

THE TIME COURSE OF CHANGES IN VT DURING A
CONDITIONING DEPOLARIZATION

Vit was first measured during prolonged conditioning de-
polarizations (Protocol 1, Materials and Methods), and
the time course of the changes in V¢ was compared with
changes in peak test 200 mM K™ contracture tension that
result from the inactivation process during steady de-
polarization. The amplitude of test 200 mM K* con-
tractures shows a biphasic reduction—a rapid phase oc-
curs within 30 sec and 3 min of depolarization and a
slower phase continues for 10 to 15 min in rat soleus
muscles (Dulhunty, 1991).

A negative shift in V¢ was observed with small con-
ditioning depolarizations to potentials between —60
and —40 mV. This reduced Vt was either maintained
at conditioning potentials around —50 mV (not shown)
or reversed during conditioning depolarizations to —40
mV (Fig. 2). Conditioning depolarization to more pos-
itive potentials resulted in an increase (positive shift) in
Vt, which was often preceded by a transient reduction
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Fig. 2. Vi (in mV) is shown as a function of time (in minutes). Con-
trol values for Vr were taken at a holding potential of —80 mV at times
between —1 and 0 min. The conditioning potential was established
at zero time and Vt was measured at 20 to 60 sec intervals up to 10
min. (A) Data from two EDL fibers that were depolarized to ~30 mV
(circles) and to —20 mV (squares). (B) Data from two soleus fibers
that were depolarized to —40 mV (circles) and —30 mV (squares).
The arrows indicate inflections marking the start of the second phase
of the increase in V.

in contraction threshold (Fig. 2A). The increase in V¢
was, in most cases, biphasic: the arrows in Fig. 2 point
to the inflection in the curve marking the onset of the
second slow phase. The soleus fiber in Fig. 2B demon-
strated an initial rapid increase in V¢, from —26 to —19
mV, within 3 min of changing the conditioning poten-
tial from —80 to —30 mV. Vr then increased slowly to
~14 mV between 3 and 10 min. These biphasic
changes in Vr occurred at roughly the same time as the
fast and slow phases of K™ contracture inactivation and
may reflect the same processes.

It is clear (Fig. 2) that a steady-state situation could
take longer than 10 min to develop and fibers general-
ly deteriorated before a set of data over a range of con-
ditioning potentials could be obtained. Therefore, Vit
was measured after depolarizations lasting for 3 min,
and the data were compared with K* contracture inac-
tivation curves also obtained after conditioning depo-
larizations lasting for 3 min (Chua & Dulhunty, 1988;
Dulhunty, 1991).

CONDITIONING DEPOLARIZATION DEPENDENCE OF V7T
DETERMINED WITH 50 MSEC TEST PULSES

The conditioning membrane potential was depolarized
in +5 mV steps (Protocol 2, Fig. 14, Materials and
Methods) and V¢ was determined using a 50 msec test
pulse. As shown in the first experiment (Fig. 2), both
EDL and soleus fibers were more easily activated, i.e.,
Vt became more negative by —2 to —5 mV, with small
conditioning depolarizations. A minimum V: was
recorded at a conditioning potential of —30 mV in the
EDL fiber in Fig. 34 and at —40 mV in the soleus fiber

(Fig. 3B). The fibers were harder to activate after fur-
ther depolarization: V¢ sharply increased to positive val-
ues and many fibers could not be activated with test
pulses to +20 mV. The positive shift in V¢ was usual-
ly steeper in soleus fibers.

One factor considered with analysis of the Vr data
was the maximum amplitude of test pulses and the de-
finition of an “inactivated” fiber. When fibers were well
“clamped” during test pulses to potentials of +30 to
+40 mV, it was noted that additional activation could
not be achieved by increasing the test pulse beyond
+20 mV. This was consistent with the tension activa-
tion curves obtained with K* contractures being well
saturated by +20 mV (Chua & Dulhunty, 1988). There-
fore, fibers were called “activatable” if Vi < +20 mV
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Fig. 3. Vi (in mV) is shown as a function of conditioning potential
(Vc, in mV) after 3 min at each conditioning potential in one EDL
fiber (A) or one soleus fiber (B). V¢ was measured in both fibers us-
ing a 50 msec test pulse with the continuous conditioning depolar-
ization protocol (Fig. 14). The arrows indicate that fibers could not
be activated by test pulses to +20 mV. Average data obtained dur-
ing continuous conditioning depolarization is shown for 10 msec test
pulses (open circles) in EDL fibers (z = 9) (C) and soleus fibers (n
= 8) (D), or with 20 msec test pulses (open squares) in EDL fibers
(n = 8) (C) and soleus fibers (n = 7) (D). Average data obtained with
discrete conditioning depolarizations (Fig. 1B) and a 15 msec test
pulse (small filled circles and continuous lines) are also shown for
EDL fibers (n = 6) (C) and for soleus fibers (n = 15) (D). The ver-
tical bars indicate *1 SEM where this is greater than the dimensions
of the symbols.
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and “inactivatable” when pulses to +20 mV did not elic-
it movement.

The second factor was the calculation of average
values for Vz. Vr could not be given a real value when
the fibers could not be activated and Vr increased to val-
ues greater than +20 mV at different holding potentials
in different fibers. For example, all seven soleus fibers
tested with a 20 msec test pulse could be activated from
a holding potential of —25 mV, four fibers could be ac-
tivated from —20 mV, three from —15 mV and one
from —10 mV. To include all fibers in the average da-
ta, those that would not be activated were assigned an
arbitrary Vz of +20 mV. This produced an artificial re-
duction in the slope of lines through some of the aver-
age data at conditioning potentials between —20 and 0
mYV (Fig. 3C and D).

Plots of average Vi (open symbols, Fig. 3C and D)
show that fibers were most easily activated at holding
potentials (between —30 and —40 mV) at which inac-
tivation produces a significant reduction in test 200
mM KT contracture tension (see Materials and Meth-
ods—Hypotheses). The fact that EDL fibers remained
activatable at conditioning potentials at which soleus
fibers could not be activated was also unexpected since
inactivation of test 200 mm K* contracture tension oc-
curs at more negative membrane potentials in EDL
(Chua & Dulhunty, 1988, 1989).

DEPOLARIZATION HISTORY DOES NOT ALTER THE
RELATIONSHIP BETWEEN V7' AND
CONDITIONING POTENTIAL

The differences between the changes in V¢ with condi-
tioning depolarization and inactivation of maximum
K* contracture tension may have arisen from differ-
ences in depolarization protocol. The Vr data described
thus far were from fibers that were depolarized for
many minutes (i.e., 3 min at each of eight to twelve dif-
ferent conditioning potentials). In contrast, fibers were
depolarized for only 3 min during K* contracture ex-
periments and were then repolarized for 10 to 20 min
before subsequent depolarizations. The prolonged de-
polarization might have produced the observed differ-
ences between Vi and K* contracture data. However,
this was not the case because the relationship between
Vt and conditioning potential (filled circles, Fig. 3C
and D) was unchanged when the potential was returned
to —80 mV between each 3 min conditioning depolar-
ization (Protocol 3, Fig. 1B, Materials and Methods).

DoEes V7 DEPEND ON EXTERNAL
CALc1iuM CONCENTRATION?

An influx of extracellular calcium might explain the un-
expected effects of conditioning depolarization on Vr if

inflowing calcium compensated for an inactivation-in-
duced reduction in calcium release from the sarcoplas-
mic reticulum during a just threshold stimulus, but not
during maximal activation. To examine this possibili-
ty, either 1 mM cobalt was added to the bathing solution
to block calcium channels (see e.g., Sanchez & Stefani,
1978) or calcium in the solution was replaced by 20 mm
CaEGTA producing a free calcium concentration of
100 uM (Dulhunty & Gage, 1988). Neither the addition
of cobalt to, or the removal of calcium from, the solu-
tion produced a significant change in Vr at conditioning
potentials between —60 and —40 mV in soleus fibers.

SOLEUS

A EDL B

Vi (mVv)

Vi (mV)

Fig. 4. Effect of test pulse duration on the relationship between V¢
and conditioning potential (Vc). Average data are shown for EDL
fibers (A and C) and for soleus fibers (B and D). In A and B: trian-
gles—data for a 10 msec test pulse in 9 EDL fibers (A) and 8 soleus
fibers (B); circles—data for a 20 msec test pulse in 8 EDL fibers (A)
and 7 soleus fibers (B); inverted triangles—data for a 50 msec test
pulse in 7 EDL fibers (A) and 13 soleus fibers (B); diamonds—data
for a 100 msec test pulse in 10 EDL fibers (A) and 12 soleus fibers
(B); crosses—data for a 500 msec test pulse in 7 EDL fibers (A) and
6 soleus fibers. In C and D, strength-duration curves for EDL fibers
(C) and soleus fibers (D) were constructed by replotting the average
Vit data given in Fig. 44 and B as a function of test pulse duration (in
msec). The symbols show data obtained with conditioning depolar-
izations to: —60 mV (crosses); —40 mV (circles); —25 mV (C) or
—30 mV (D) (diamonds); —20 mV (triangles) and —15 mV (squares).
The vertical bars show * 1 sEM where this is greater than the dimen-
sions of the symbols.
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The increase in V¢ at conditioning potentials between
—40 and —10 mV either did not change in EDL fibers,
or was steeper than normal in soleus fibers, when ex-
tracellular calcium influx was reduced.

Therefore, an influx of external calcium was not re-
sponsible either for the different results obtained with
Vt and maximal contractures or for the decrease in V¢
with conditioning depolarizations between —60 and
—40 mV. Indeed, this decrease in V¢ in EDL fibers was
greater than normal in the presence of cobalt ions. The
steeper increase in Vi at conditioning potentials be-
tween —40 and —10 mV in soleus fibers could mean
that an influx of external calcium occurred within this
range of conditioning potentials. An alternative expla-
nation is that the more rapid increase in Vr reflected the
inhibitory effects of external calcium deprivation and
cobalt on the voltage sensor (Luttgau, Gottschalk &
Berwe, 1987; Dulhunty & Gage, 1988, 1989).

THE EFFECT OF TEST PULSE DURATION ON
CONTRACTION THRESHOLD

Strength-duration relations show that less depolarization
is required for contraction when longer test pulses are
used, with the relationship approaching a rheobase be-
tween 20 and 1,000 msec (Adrian et al., 1969; Costan-
tin, 1974; Chua & Dulhunty, 1988, 1989). It was there-
fore likely that the effect of conditioning membrane
potential on V¢ might also vary with test pulse duration.
To test this possibility, we determined V¢ using test
pulses with durations ranging from 10 to 500 msec and
fibers were depolarized in continuous +5 mV steps
from —60 to 0 mV.

A strong effect of test pulse duration on Vi was ob-
served in soleus fibers (Fig. 4B). Each set of data, ob-
tained as the pulse duration was increased from 10 (tri-
angles) to 500 msec (crosses) fell below the preceding
data set. Less effect of test pulse duration on Vr was
seen in EDL fibers (Fig. 44)-—V¢ for 10 msec test puls-
es was at more positive potentials than Vz for the longer
pulses and there was considerable overlap between da-
ta obtained with 20, 50, 100 and 500 msec test pulses
(Fig. 44).

The conditioning potential yielding minimum Vi
was not much influenced by test pulse duration, al-
though the negative slope between conditioning poten-
tials between —60 and —40 mV was greatest when V¢
was obtained with 10 or 20 msec test pulses: the curves
for 500 msec test pulses were either flat in this range
(soleus), or demonstrated small positive increments
(EDL). The positive increase in V¢ at conditioning po-
tentials between —35 and ~ 10 mV was steeper for brief
test pulses than for longer test pulses in both types of
fiber.

ErreCT OF TEST PULSE DURATION ON THE
CONDITIONING POTENTIAL AT WHICH FIBERS
BECAME INACTIVATABLE

Fibers that could not be activated by a brief test pulse
at conditioning depolarizations to potentials between
—30 and 0 mV would often contract if the duration of
the test pulse was lengthened. No EDL or soleus fibers
stimulated with a 10 msec test pulse at a conditioning
potential of —10 mV contracted. When the test pulse
was lengthened to 20 msec, 88% of the EDL and 14%
of soleus fibers contracted, while 100% of EDL and
83% of soleus fibers contracted when tested at 100
msec.

The effect of stimulus duration on the ability of a
test pulse to activate fibers was seen at all conditioning
membrane potentials. As shown previously, V¢ was
less subject to the effect of inactivation in EDL fibers
than in soleus—inactivatable soleus fibers were ob-
served at conditioning potentials positive to —35 mV,
while conditioning depolarization to —15 mV was re-
quired before any EDL fibers became inactivatable.

STRENGTH-DURATION CURVES AT DIFFERENT
HOLDING POTENTIALS

Strength-duration curves were constructed by replot-
ting the average Vr data shown in Fig. 4A and B as a
function of test pulse duration (Fig. 4C and D). Con-
ditioning depolarizations to potentials between —40
and —10 mV resulted in parallel shifts in the strength-
duration curves to more positive values of Vr. The
curve was shifted by +20 mV in EDL, and +30 mV in
soleus, with conditioning depolarization from —60 to
—10mV. The parallel shifts in Vz suggest that the time
course of calcium equilibration in the myoplasm, and
possibly the rate of calcium release from the sar-
coplasmic reticulum, were not altered by the condi-
tioning depolarization.

The strength-duration relationship for EDL reached
a rheobase between 20 and 50 msec (Fig. 4C). In con-
trast, rheobase was not achieved in soleus at 500 msec
(Fig. 4D): the average Vr fell by ~1 to —2 mV with
each increment in pulse duration up to 500 msec. The
achievement of rheobase in EDL is also reflected in the
clustering of data obtained with test pulse durations be-
tween 50 and 500 msec in Fig. 4A.

ARE THE EFFECTS OF CONDITIONING POTENTIAL ON VT
THE SAME IN DIFFERENT TYPES OF
FAsT-TwiTCH FIBER?

It was of interest to determine whether the different ef-
fects of conditioning depolarization on V¢ in EDL and
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Fig. 5. V¢ (in mV) plotted against conditioning potential (Vc in mV)
in fast-twitch fibers from different muscles (A) and in denervated EDL
(B) and soleus (C) fibers. In A, the triangles show data from 6 EDL
fibers, the circles show data from 3 white sternomastoid fibers and
the squares show data from 4 red sternomastoid fibers. The data
were obtained with discrete conditioning depolarizations (Protocol 3,
Fig. 1B) and a 15 msec test pulse. In B, the circles show data from 7
normal EDL fibers and the triangles show data from 6 denervated
EDL fibers. In C, the circles show data from 13 normal soleus fibers,
the triangles show data from 8§ denervated soleus fibers and the dot-
ted line reproduces the line through the normal EDL data in B. Data
in B and C were obtained with continuous conditioning depolariza-
tion (Protocol 2, Fig. 14) and 50 msec test pulses. All symbols show
average data and the vertical lines indicates =1 SEM where this ex-
ceeds the dimensions of the symbols.

soleus fibers reflected general differences between fast-
and slow-twitch fibers. Experiments were therefore
performed in sternomastoid muscles which contain
macroscopically identifiable bundles of fast-red and
fast-white fibers (Dulhunty & Dlutowski, 1979). A 15
msec test pulse was used with discrete depolarizations
to each conditioning potential (Protocol 3, Materials
and Methods). The results (Fig. 5A4) suggest that, with-
in this limited survey, the holding potential at which V¢
is minimal, and the range of potentials over which Vz in-
creases, are the same in EDL and in red and white ster-
nomastoid fibers and are therefore specific characteris-
tics of fast-twitch fibers (either red or white).

EFFECTS OF DENERVATION ON THE RELATIONSHIP
BETWEEN V7 AND CONDITIONING POTENTIAL

Denervated fibers were tested with 50 msec test pulses
and progressive +5 mV conditioning depolarizations
(Protocol 2, Materials and Methods). As expected from
the negative shift in activation curves for K* contrac-
tures in denervated EDL and soleus fibers (Dulhunty &
Gage,1985), Vr was also more negative at conditioning
potentials between —60 and —40 mV (Fig. 5B and C).

The conditioning potential at which V¢ was mini-
mal, and the slope of the curve through the average V¢
data between —30 and —20 mV, (i) remained the same
as normal in the denervated EDL fibers (Fig. 5B) and
(ii) was shifted to more positive conditioning potentials
in denervated soleus fibers (Fig. 5C). As a result of this
shift in the average Vr after denervation of soleus fibers,
contraction threshold occurred at very similar test po-
tentials in denervated soleus and normal (dotted line,
Fig. 5C) and denervated EDL fibers at conditioning po-
tentials between —30 and —10 mV. These results pro-
vide another example in which changes in Vz did not re-
flect changes in the inactivation curve for 200 mm K+
contracture tension (see Introduction).

CaN CHANGES IN V7 DURING CONDITIONING
DEPOLARIZATION BE ATTRIBUTED TO INACTIVATION OF
ExcITATION-CONTRACTION COUPLING?

Two observations raised the question of whether inac-
tivation of excitation-contraction coupling had any in-
fluence on Vz. The first was the mismatch between the
changes in Vr with depolarization and the inactivation
curves for 200 mm K* contracture tension in EDL and
soleus fibers. The second observation was that Vi, at
conditioning potentials between —30 and 0 mV, was of-
ten only 0.5 to 1.0 mV positive to the conditioning po-
tential and appeared to “track™ changes in the condi-
tioning potential (i.e., a +5 mV increase conditioning
potential produced a +5 mV increase in Vr). To de-
scribe this effect in a quantitative way, we measured the
slope of a line between Vi values at conditioning po-
tential positive to —30 mV (Fig. 64). A slope of 1 in-
dicated a one to one relationship between increments in
holding potential and V.

Figure 6A compares data obtained from two soleus
fibers in which Vr was obtained with 10 and 100 msec
test pulses with a line having a slope of 1.0 and arbi-
trarily intersecting the conditioning potential axis at
—40 mV. The slope of the line through the Vi data at
conditioning potentials positive to —40 mV was close
to 1.0 for the 100 msec test pulse (circles), but greater
than 1.0 for the 10 msec test pulse (squares). Average
slopes for Vi, obtained with a 10 msec test pulse were
2.25 for soleus fibers, or 1.75 for EDL (Fig. 6B). The
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slope decreased with increasing pulse duration and was
not significantly different from 1.0 for 100 and 500
msec test pulses in EDL or for 500 msec test pulses in
soleus.

Fibers became inactive, and therefore achieved their
steepest increase in V7 at holding potentials positive to
—35 mV in soleus, or —15 mV in EDL (Fig. 4 above).
Taken together, the results suggest that the effect of in-
activation on Vr (i) depends on the duration of the test
pulse and is greatest for test pulses with durations less
than 100 msec and (ii) is stronger in soleus fibers than
in EDL fibers at most pulse durations.

Discussion

The effect of conditioning depolarization on the mem-
brane potential (V¥) at which movement is first elicited
has been examined. Inactivation of maximum tension
that occurs with conditioning depolarizations to poten-
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Fig. 6. The slope of the positive component of the relationship be-
tween Vr and conditioning depolarization. (A) Vf (in mV) is plotted
against conditioning depolarization (V¢ in mV) in one soleus fiber
tested with a 10 msec pulse (squares) and a second soleus fiber test-
ed with a 100 msec pulse (circles). (B) Average slope of the positive
limb of the relationship between Vr and conditioning potential is
plotted against pulse duration for EDL fibers (circles) and soleus
fibers (squares). The vertical bars show =1 SEM.

tials between —60 and —40 mV did not inhibit Vi:
fibers were, in fact, easier to activate (Vf became more
negative) within this potential range. Further condi-
tioning depolarization to potentials between —40 and 0
mV produced expected positive shifts in Vz which were
greater when brief test pulses were used (<100 msec).
That Vrincreased, and fibers became inactivatable, with
less conditioning depolarization in soleus fibers than in
EDL was surprising because maximum tension is de-
pressed with less conditioning depolarization in the
EDL fibers (Chua & Dulhunty, 1988). Finally, rheobase
was achieved at shorter test pulse durations in EDL
than in soleus. This last observation is considered first
since it is relevant to later sections of the Discussion.

RHEOBASE IN EDL AND SOLEUS FIBERS

The strength-duration curve for contraction threshold
does not achieve a true rheobase in skeletal muscle
(Costantin, 1974; Chua & Dulhunty, 1988). However,
rheobase is approached between 20 and 50 msec in
EDL fibers (Fig. 7) or between 1,000 and 2,000 msec
in soleus (Chua & Dulhunty, 1988). Since the separa-
tion between the terminal cisternae and the center of the
myofilaments is similar in EDL and soleus fibers, the
strength-duration curves suggest that the rate of calci-
um release with small depolarizations is about 10 times
faster in EDL fibers. This is consistent with aequorin
responses to strong test depolarizations from —80 to 0
mV, which show that plateau calcium concentrations are
achieved in 50 msec in EDL and 300 msec in soleus
(Fig. 5 in Eusebi et al., 1985).
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Fig. 7. Vi (in mV) is plotted against conditioning potential (Ve in
mV). Average Vr for 9 EDL fibers tested with a 10 msec pulse
(squares) is compared with average V7 for 6 soleus fibers tested with
a 500 msec pulse (circles).
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ErrECT OF TEST PULSE DURATION ON COMPARISONS
BETWEEN VT IN EDL AND SOLEUS FIBERS

All comparisons between Vr in different preparations
have thus far been made using V¢ obtained with test
pulses of the same duration. This type of comparison
could have led to incorrect conclusions if, for example,
the test pulse duration was at rheobase for EDL but not
for soleus. To test this possibility, comparisons of V¢
were made using data obtained with test pulses of 10
msec in EDL and 500 msec in soleus, i.e., test pulses
that were comparable with respect to the duration at
which rtheobase was approached (i.e., at 20 msec in
EDL or 1,000 msec in soleus). In contrast to previous
comparisons, the increase in Vi occurred at condition-
ing potentials that were 5 mV more negative in EDL
than in soleus.

Therefore, taking pulse duration into account re-
veals differences between EDL and soleus fibers in the
Vt/conditioning potential relationship that are consistent
with the differences in the effect of conditioning depo-
larization on K™ contracture tension in the two types of
fiber. However, the effects of pulse duration and
rheobase cannot explain that inactivation did not influ-
ence Vr at conditioning potentials between —60 and
—30 mV.

FacTors THAT CoULD CONTRIBUTE TO THE EFFECT OF
CONDITIONING DEPOLARIZATION ON VT

The insensitivity of V to inactivation at conditioning po-
tentials between —60 and —30 mV was not influenced
by external calcium ions or by the protocol used to es-
tablish the conditioning depolarization. Two addition-
al factors that may have contributed to changes in V¢
were:

1. Background or Pedestal Calcium Concentrations

K* contractures decay either to the baseline or to a
small pedestal level within 1 to 2 min if depolarization
is maintained (Chua & Dulhunty, 1989). The pedestal
tension is attributed to a background concentration of
active voltage sensor which induces a small efflux of
calcium from the sarcoplasmic reticulum and maintains
myoplasmic calcium at concentrations that are close to
threshold for contraction (Chua & Dulhunty, 1989; Dul-
hunty, 1992).

Background calcium concentration can account for
the initiation of movement with less than normal test de-
polarization at conditioning potentials between —60
and —40 mV. The total concentration of calcium at the
end of the test pulse is the sum of the background con-
centration and the concentration induced by the test
pulse. Although the concentration due to the test pulse

alone may be reduced by inactivation, the total con-
centration may exceed that achieved by the test pulse in
the absence of inactivation (and V¢ become more neg-
ative) if the steady-state concentration is sufficiently
high.

The “tracking” effect of V¢ with changes in condi-
tioning potential can be explained by background cal-
cium concentrations that were equal to, or exceeded,
contraction threshold at conditioning potentials between
—40 and —10 mV. Since the fibers maintained a
steady-state contracture, only a small extra depolariza-
tion was required to release additional calcium and gen-
erate movement.

2. The Effect of Saturation of the Tension Activation
Curve on Vt

The ability of an increase in test pulse amplitude to
produce increments in myoplasmic calcium concentra-
tion will be limited by the potential at which the tension
activation curve saturates, i.c., at potentials between
—10 and 0 mV in soleus fibers and between +10 and
+20 mV in EDL fibers (Chua & Duilhunty, 1989). Test
pulses to more positive potentials will be no more ef-
fective than test pulses to the potentials at which satu-
ration occurs. Indeed, maximum values of Vi were
around —3 to —5 mV in soleus and +3 to +6 mV in
EDL when long test pulses were used. More positive
values of Vr were recorded with briefer test pulses, sug-
gesting that the rate of activation may increase with de-
polarization to potentials that are more positive than the
potentials at which the tension response saturates.
Therefore, depolarization beyond the saturation poten-
tial would increase the amount of calcium released at
short times.

EFFECTS OF DENERVATION ON THE RELATIONSHIP
BETWEEN VT AND CONDITIONING POTENTIAL

The effect of denervation on V¢ in soleus fibers can be
attributed to changes in the strength-duration curve.
The positive limb of curve relating Vz (for a 50 msec test
pulse) to conditioning potential was shifted to more
positive conditioning potentials by denervation in soleus
fibers and the curve became similar to that obtained in
normal and denervated EDL fibers. Denervation alters
the profile of strength-duration curve in soleus fibers,
but not in EDL, so that rheobase is approached between
20 and 50 msec in soleus (M.F. Patterson and A.F. Dul-
hunty, unpublished observations). This effect of den-
ervation on the strength-duration curve in soleus was
equivalent to the shift seen in normal soleus fibers with
an increase in test pulse duration from 50 to 500 msec
(Fig. 4).
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OTHER FACTORS THAT MAY CONTRIBUTE TO
DIFFERENCES BETWEEN RESULTS OBTAINED WITH K*
CONTRACTURE AND VOLTAGE CLAMP TECHNIQUES

It is likely that the degree of depolarization of the T-
tubule membrane differs in K* contracture and voltage
clamp experiments. The difficulty of controlling radi-
al membrane potential in the entire T-tubule system us-
ing voltage clamp techniques is well recognized (Hille
& Campbell, 1976). Thus, better control of the total T-
tubule membrane potential is obtained during K™ con-
tracture experiments. However, the determination of V¢
depends only on the activation of surface myofibrils
(Adrian et al., 1969; Costantin, 1974) and areas of T-
tubule membrane are likely to be under reasonable volt-
age control.

A consequence of poorly controlled T-tubule mem-
brane potential in the voltage clamp experiments would
be an apparent shift in the voltage dependence of acti-
vation to more positive membrane potentials. Although
this is a possible explanation for some of the results, it
is unlikely to have been a significant factor. Vz for
long pulses at —80 mV was about —25 mV in EDL
fibers and —35 mV in soleus fibers. These potentials
are 5 to 6 mV more positive than contraction thresholds
measured with K* contracture techniques (Dulhunty &
Gage, 1985; Chua & Dulhunty, 1989) and this repre-
sents the extent of the error that may be introduced by
poor voltage control of the T-tubule membrane. The 20
mV difference between the potentials at which inacti-
vation becomes apparent with the two types of experi-
ment cannot be explained by poor voltage clamp con-
trol of the T-tubule membrane close to the surface of the
fiber.

In conclusion, a comparison of the effects of con-
ditioning depolarization on the membrane potential at
which movement is first elicited by a test pulse with the
effects of conditioning depolarization on maximum ten-
sion is complicated because (i) the V¢/holding potential
relationship varies with test pulse duration when the du-
rations are less than rheobase, and (ii) rheobase is
achieved at very different times in EDL and soleus
fibers and is altered by denervation and (iii) Vz is very
sensitive to small changes in steady-state concentra-
tions of calcium ions, which have little effect on max-
imal 200 mm K" contractures. V¢ and 200 mm K*
contracture studies provide very different, but com
plementary, information about the state of excitation-
contraction coupling in skeletal muscle.

The authors are indebted to Professor P.W. Gage for encouragement
and discussion and for comments on the manuscript. We are grate-
ful to Suzanne Curtis for assistance throughout the project.
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