Membrane parameters at the respective resting potentials in low, nor-
mal, and high extracellular potassium solutions were determined in
intercostal muscle fibers from 15 patients with no known neuromuscu-
lar disease. In synthetic interstitial fluid (normal potassium concentra-
tion 3.5 mmol/liter), we found the following mean values: resting mem-
brane potential RP = —83.3 mV, space constant A = 2364 um, fiber
diameter d = 49.3 um, fiber input resistance R;, = 795 k{}, specific
membrane capacitance C,, = 4.7 uF/cm?, and specific membrane resis-
tance R, = 5970 Q-cm?. The specific membrane conductance was gm,
= 168 pS/cm?, 76% of it being chloride conductance, 24% being potas-
sium conductance. The dependence of the membrane parameters on
the extracellular potassium concentration followed the predictions by
the constant field theory. There was no indication of active chloride
transport. The resting membrane conductance decreased with temper-
ature with a Q¢ of 1.3. Excitability parameters were nearly independent

of temperature between 37 and 27°C.
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In pioneer studies by Dillon et al.” and Creese et
al.” the isolated human external intercostal muscle
was found to be an excellent preparation for elec-
trophysiological studies in vitro. Excised intercostal
muscle is the only human muscle preparation that
can be obtained without too much inconvenience
to the donor and yet provides intact fibers for the
experimenter. Over the years, there have been
a number of investigations showing the partic-
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ular usefulness of the intercostal muscle prepara-
tion in the study of human neuromuscular dis-
eases, 10:14.16-19.22

The electrical properties of human intercostal
fibers have been studied in the past with the con-
ventional 2-microelectrode technique. Recently,
the 3-microelectrode voltage-clamp technique de-
veloped for mammalian muscle by Adrian and
Marshall! was applied to human intercostal muscle
to study the pathophysiology of muscle diseases
characterized by variations of extracellular potas-
sium.'>?* The experiments reported here were
carried out to obtain comprehensive information
on the resting electrical membrane parameters of
healthy intercostal fibers as control values for such
studies on diseased muscle. In addition to the
resting membrane parameters, we also inves-
tigated the fiber excitability. Studies of the voltage-
dependence of the passive membrane conductance
are described in a following paper.'?

MATERIALS AND METHODS

The study was carried out with the permission of
the ethical commission of the Technical University
of Munich, and abided by the Helsinki convention.
During thoracotomy on 15 patients of either sex
and with no known neuromuscular disease, speci-
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mens of external intercostal muscle were removed.
The patients were 26—68 years of age and were
undergoing thoracotomy for lung tumor, spon-
taneous pneumothorax, bronchiectasis, pericardial
cyst, hemothorax, and mediastinal tumor. None of
the tumor patients had clinical or electromyo-
graphic signs of neuromuscular disease. In vitro,
their intercostal muscle fibers gave results that
were indistinguishable from those of the other pa-
tients. Immediately after removal, the specimens
were placed in a continuously gassed (95% Og, 5%
COg) synthetic interstitial fluid (Bretag’s solution)®
having the following composition (in mM): NaCl
107.7, KC1 3.48, CaCly 1.53, MgSO4 0.69, NaHCOs
26.2, NaH,PO4 1.67, Na gluconate 9.64, glucose
5.5, sucrose 7.6 (pH 7.4) and taken to the labora-
tory for dissection at room temperature. The
isolated bundles of intact fibers were mounted in
an experimental chamber of about 6 ml content
which was continuously perfused at 6 ml/min with
gassed Bretag’s solution. The bath temperature
was usually set at 37°C; it would be quickly reduced
to 27°C. In some experiments a chloride-free solu-
tion was used in which NaCl and KCI were re-
placed by the respective methane sulfonate salts
and CaCly, by Ca gluconate. To obtain control
values for experiments with muscles from patients
with hyperkalemic or hypokalemic periodic paraly-
sis, we carried out experiments with a modified
Bretag’s solution in which the potassium concen-
tration was changed to 7 or 1 mM, respectively,
without correction of the resulting osmotic
changes. Tetrodotoxin (TTX, Roth, Karlsruhe,
West Germany), when added to any of these solu-
tions, was at 0.3 mg/liter.

Standard glass microelectrodes were used for
potential measurement and current injection. The
current electrodes were filled with 2 M potassium
citrate and had tip resistances of 5 to 8 M. The
voltage electrodes were filled with 3 M KCl and
had resistances of 10 to 20 M{). We employed the
3-microelectrode voltage-clamp method developed
for muscle fibers by Adrian and Marshall.! The
procedure was identical to that used by Lehmann-
Horn et al.’* Three microelectrodes were inserted
into the midregion of a fiber. The left and center
electrodes (Vy and V,, respectively) recorded the
membrane potential while the third electrode was
used to inject current into the fiber. A desk com-
puter was programmed with the algorithm of
Adrian and Marshall' to calculate from the vol-
tage-clamp results the length constant and the lon-
gitudinal fiber resistance. Using a myoplasmic re-
sistivity of 125 Qrcm at 37°C' with a Qo of 1/
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1.37,'2 the computer calculated the fiber diameter
and the specific membrane conductance (resis-
tance ') at the resting potential. The specific mem-
brane capacitance was calculated from the time for
V; to reach 84% of its final value in an unclamped
square current pulse.?

Excitability characteristics were determined us-
ing two microelectrodes, one for passing current
and the other for recording the membrane poten-
tial. Current and voltage electrodes were inserted
into the same fiber at a distance between 50 and
100 pm. Depolarizing constant-current pulses of
120 msec duration were passed into a fiber and the
current and voltage traces were photographed
from the oscilloscope screen. Starting with zero in-
tensity, the pulse amplitude was gradually in-
creased until the depolarization was just sufficient
to elicit a single action potential. The following
characteristics were obtained from the photo-
graphic records: the rheobasic current (1), i.e., the
minimum current intensity that elicited a single ac-
tion potential; the critical membrane potential
(CMP), i.e., the potential at which a rheobasic pulse
elicited a single action potential; the latency (L),
i.e., the duration from the beginning of a rheobasic
pulse to the beginning of the action potential; and
the overshoot of the action potential (OS). The ex-
citability characteristics were determined at 37 and
27°C. Values were expressed as mean * SD.

RESULTS

Resting Membrane Parameters. Table 1 summarizes
the passive membrane parameters of intercostal
fibers determined in three solutions with different
potassium concentrations, [K].. For each [K]., the
membrane parameters were determined in TTX-
containing and in TTX-free solution. A significant
difference between these results that could be at-
tributed to the presence of TTX was never found.
The data from 212 intercostal fibers in Bretag's
solution with and without TTX were, therefore,
combined to give the mean standard values listed
in the uppermost line of Table 1. The mean
specific membrane capacitance determined from
these fibers was 4.7 = 1.1 pF/cm?.

The usual method for determining the compo-
nent conductances, gg and g, is to measure mem-
brane conductances in chloride-containing and in
chloride-free solutions. If gy, is negligible, and gx
is not influenced by the absence of extracellular
chloride, the membrane conductance in chloride-
free solution is identical with gk, and the differ-
ence of the membrane conductances in chloride-
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Table 1. Resting potentials (RP), calculated fiber diameters (d), length constants (A), specific membrane resistances (Ry,), specific
membrane conductances (g.), and input resistances (R;,) of human intercostal fibers at 37°C.*

Fibers RP d A Ren Om Rin
{patients) {mV) (um) (um) (Q-cm?) {nS/cm?) (k)
Bretag's solutiont 212(15) —-83.3 49.3 2364 5970 167 795
35 mMK* 112 (15) —83.7 = 3.9 498 + 41 2336 = 203 5950 = 1049 168 = 25 781 = 128
3.6 mM K™, TTX 100 (15) —82.8 = 3.2 48.7 + 4.4 2391 = 212 5992 = 1115 167 = 26 810 = 122
1mMK* 38 (7) —99.6 + 36 475 + 50 3100 = 476 10030 + 2141 100 = 17 1124 = 229
1mMK*, TTX 56 (8) —99.7 = 3.2 476 = 43 3123 + 478 10315 + 2084 97 + 16 1181 + 186
7 mMK* 46 (8) —69.0 = 48 476 = 5.2 1789 + 250 3404 + 778 294 + 55 672 = 137
7mMK*, TTX 51 (8) —-705 + 3.8 46.4 + 4.8 1715 + 288 3365 = 681 297 + 50 688 + 111
3.5 mMK*, TTX 64 (8) —823 + 3.2 489 = 3.8 2367 = 205 5721 = 1021 175 = 31 797 = 113
37°C
3.5 mM K*, TTX 57 (8) —82.6 = 3.2 542 + 4.4 4798 + 625 23762 + 4782 42 =+ 8 1498 = 212
Cl-free, 37°C
3.5 mM K™, TTX 27 (4) -749 = 29 50.2 = 4.2 2429 += 260 7381 £ 825 136 = 15 909 = 129
27°C
3.5 mMK*, TTX 23 (4) —-744 = 23 550 = 40 4658 + 502 24210 + 3481 41+ 6 1660 = 165
Cl-free, 27°C

*The last four lines provide information on temperature effects.

1The results obtained in Bretag's solution with and without TTX were pooled to give the standard values listed in the first line.

Table 2. Specific membrane conductances (g.,) and component conductances (gg and gg) of
human intercostal muscle fibers at 37°C and 27°C.

Temperature Fibers Om dai Ok el ok”
(°C) (patients) (wSlcm?) {(uSicm?) (wS/cm?) (%) (%)
37 121 (8) 1756 = 31 133 = 25 42 + 8 76 24
27 50 (4) 136 = 15 95 + 12 41 +6 70 30

*Expressed as fraction of g,.

containing and chloride-free solution is identical
with gci. Because of the increased excitability of
fibers in chloride-free solution, such experiments
have to be carried out in the presence of TTX. The
membrane parameters obtained in an experimen-
tal series carried out with fibers from eight differ-
ent biopsies are compiled in the lower part of
Table 1. The component conductances calculated
from these data are listed in Table 2. According to
these calculations, 76% of the resting membrane
conductance is attributable to g¢). We also deter-
mined membrane conductances at 27°C to evaluate
their temperature dependence (Qio = g 37°C/g
27°C). The specific membrane conductance was
found to have a Q¢ of 1.3, g declined with a Q0
of 1.4, and gx demonstrated little change with tem-
perature (Q;o about unity). Thus, the temperature
dependence of g, can be largely attributed to a
temperature-dependent gg.

Excitability Parameters. These are summarized in
Table 3. Representative recordings from which ex-
citability data were obtained are shown in Fig. la.
The fibers mostly responded with a single action
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potential even if the long-lasting depolarization
was well above threshold (Fig. 1b). In a few fibers, a
second action potential having a reduced am-
plitude was elicited. We also evaluated the effects
of cooling on the fiber excitability. At 27°C (Fig.
1c), the rheobasic current was smaller than, and
the critical membrane potential was slightly posi-
tive to the respective values at 37°C, probably ow-
ing to a slight decrease of the resting potential.
Raising the current amplitude to 2—-3 times rheo-
base resulted in responses similar to those at 37°C
(Fig. 1d).

DISCUSSION

The results of the present study can be compared
with several earlier determinations of membrane
parameters at the resting potential (see Table 4).
Such comparisons are inevitably vague because of
the different solutions used by different experi-
menters. We prefer the potassium concentration
of 3.5 mM in our standard solution because, ac-
cording to Bretag,? this is the true potassium con-
centration in interstitial fluid, while the higher
values of 4.5 to 5 mM used by others correspond to
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FIGURE 1. intracellularly recorded responses to 120-msec constant-current pulses at 37°C (a,b) and at 27°C (c,d). Upper traces:
membrane potential. Lower traces: depolarizing current. In each panel, the current intensity associated with triggering of action

potentials is designated as l,. Bar = 40 msec.

the serum potassium concentration. The earliest
data reported are those of Elmqvist et al.,’ who
used Liley’s solution containing 5 mM potassium.
When our data obtained with 3 and 7 mM po-
tassium are interpolated, there is agreement
between our results and theirs. Lipicky et al.!®!7
used a solution containing 4.5 mM potassium. For
unknown reasons, their membrane potential and
resistance values are much lower than Elmqvist’s
and ours. A possible explanation is that membrane
depolarization caused by the slight injury pro-
duced during repeated impalements resulted in
depolarization and too small resistance values.
Such depolarization is prevented by the voltage
clamp. Because of this and the use of the synthetic
interstitial fluid, we believe that our rather high
value of about 6000 :cm? is representative for the
specific membrane resistance of intact intercostal
muscle in situ.

Our calculated mean fiber diameter (d = 49.3
pm) is halfway between the extreme values of 45.5
and 53.6 wm obtained by direct measurements
from histologic transverse sections.*® This congru-
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ence of data is a positive test of the validity of the
method and of our choice of R;. Our mean specific
membrane capacity (C,, = 4.7 pwm/cm?) is almost
identical with the value reported by Elmqvist et al.”

At 37°C, the specific membrane resistance in
chloride-free solution was about 4 times the value
in chloride-containing solution. This indicated that
normally the chloride conductance is the major
component of g,,,. The usual calculation g = gm
— gk shows that g accounts for 76% of the total
membrane conductance, which is in close agree-
ment with the value of 81.5% reported by
Lipicky.'® Our experiments with 1 mM potassium
show that some of the assumptions made in the
determination of component conductances may
not be justified. For example, the membrane con-
ductance in TTX-containing 1 mM potassium so-
lution was found to be 96.9 wS/cm?. If we calculate
gx in this low potassium solution assuming gg = gm
— gq with gg = 132.7 uS/cm? (as determined in
chloride-free 3.5 mM potassium solution), we ob-
tain a negative value for g, which is obvious non-
sense. This result suggests that gk is not, or at least
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Table 3. Resting potentials (RP), electrical threshold potentials (CMP), action potential
overshoots (OS), rheobasic currents (l), and latencies (L) of human intercostal muscie fibers
at 37°C and 27°C.

Temperature  Fibers RP CMP 0s | L
°C) (patients) (mV) (mV) (mV) (nA) (ms)
37 34 (5) —-823 32 -584 =34 168 =43 407 £67 112 =30
27 24 (4) —749 £ 29 -524+19 15539 342 +46 126 = 3.3

Table 4. Listing of determinations of membrane parameters of human intercostal muscle fibers.*

[K]e Fibers RP Rm Crn gm gCI gk dei
Authors Year (mM) (patients) (mv) (Q-em?  (uFicm?)  (uSfcm®)  (pS/em?)  (uSicm?) (%)
Elmqgvist et al.® 1960 5 7(2) —-86.0 4070 4.8 246 — — —
Lipicky et al."” 1971 45 74(11)  -756 2619 5.2 381 439 117 79
Lipicky'® 1979 45 223 (21) — 1876 — 533 500 106 81.5
Lehmann-Horn et al.’® 1981 3.5 46 (3) -82.8 6900 3.6 145 103 42 71
Present study 1983 3.5 221 (15) —83.3 5970 4.7 167 133 42 76

*For abbreviations see legend to Table 1.

not always, independent of [Cl]., and/or that g¢, is
not independent of [K].. At any rate, the results of
such calculations should be considered with care.

Our experiments at low temperature show that
the Q;¢ of the membrane conductance is 1.3, a
value which is compatible with the assumption of
passive rather than active processes. The variation
of g, with temperature was found to be caused
mainly by the temperature dependence of g¢). Our
Qo of 1.4 is in favor of passive chloride move-
ments rather than a carrier mechanism in accor-
dance with Palade and Barchi®® who considered
the pathway for chloride through the membrane
as being an aqueous pore. In an earlier study,
Lehmann-Horn et al.!* found Q10 values of 1.25
and 0.80 in muscles of two control persons. Abnor-
mally low Q¢ values of 0.15 and 0.25 were found
for go in intercostal muscles of patients with
paramyotonia congenita.'* In the present and in
the earlier'® study, gk showed virtually no temper-
ature dependence. This result is unexpected; it
must be taken with care for the reasons discussed
previously.

Our data provide the first systematic investiga-
tion of the dependence of the specific membrane
conductance on the extracellular potassium con-
centration in human skeletal muscle. The results
show that g, decreases and increases considerably
with lowering and raising [K]., respectively, as ex-
pected from the constant field theory.'! Also, the
dependence of the resting potential on [K]. fol-
lowed fairly well the predictions of the constant
field theory. If we assume intra- and extracellular
potassium activity coefficients* of 0.59 and 0.75,
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respectively, an intracellular potassium concentra-
tion of 143.9 mM, and a resting sodium-to-
potassium permeability ratio of 0.01, the Gold-
man-Hodgkin-Katz equation'' predicts 103.3,
83.7, and 69.3 mV, respectively, for the resting
potential in 1, 3.5, and 7 mM potassium solution
(Table 1). Our results are consistent with the as-
sumption that chloride distributes itself passively
between the intra- and extracellular spaces.?” This
is not a trivial result because in other mammalian
skeletal muscles a dependence of the resting po-
tential on [Cl]. was found and the existence of ac-
tive chloride transport in these muscles was postu-
lated.® However, [Cl]. did not affect the resting
potential in rat and goat muscles.® Active chloride
transport is also improbable because, if existent, it
would be extremely uneconomical in cells to have a
gci as high as that of an intercostal muscle.

Tetrodotoxin did not change the resting poten-
tial at any [K]. investigated. Seabrooke and White®
also found no influence of TTX on the resting
potential at varied [K]. in nondenervated mamma-
lian muscle, while in denervated muscle depolari-
zation was reduced in the presence of TTX.

The excitability parameters of intercostal mus-
cle were not much changed by lowering the tem-
perature by 10°C. The observed shift of the critical
membrane potential to a less negative value is ex-
plained by the lowered resting potential. Similar
findings were reported by Thesleff and Ward?”
and Marshall and Ward.?! The decrease of rheo-
base with decreasing temperature can be explained
by the concomitant increase of the specific mem-
brane resistance.
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