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Extracellular Potassium Accumulation and Inward-Going 
Potassium Rectification in Voltage Clamped Ventricular Muscle 

Abstract. Measurements of afterpotential, action potential duration, and output of a 

potassium-sensitive microelectrode indicate that the application of long clamp pulses (1 
to 8 seconds) to frog ventricular muscle is accompanied by a change in the extracellular 

potassium concentration. The plot of the magnitude of the potassium accumulation 

against the clamped membrane potential yields an N-shaped relation similar to the 

"steady state" current-voltage relation. The accumulation studies confirm a strong in- 

ward-going (anomalous) potassium rectification. 
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potentials from the 
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tions of clamp duration. The dashed line indicating a clamp duration of 3.4 seconds intersects the 
curves in points marked with triangles and corresponding to values plotted in Fig. 2. 
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rapid perfusion. The results, however, in- 
dicated that diffusion across an unstirred 
extracellular space delays the efflux to the 

perfusing solution up to several seconds 

(1). The presence of a diffusion barrier may 
lead to poor time resolution of flux mea- 

surements, false low estimates of uni- 
directional transmembrane fluxes, and ac- 
cumulation of K in the extracellular space. 

In the experiments reported here, we 
have attempted to measure changes in the 
extracellular K concentration and relate 
them to the net membrane currents mea- 
sured during a voltage clamp step. To esti- 
mate these changes, we have taken advan- 

tage of the specific effect of K on the rest- 

ing potential (2) and on the duration of the 
action potential (3) of frog ventricular 
muscle. In some experiments the K activity 
was directly measured with a K-sensitive 
microelectrode (4) inserted into the prepa- 
ration. 

Strips of frog ventricular muscle (0.3 to 
0.5 mm in diameter) were mounted in a 

single sucrose gap voltage clamp setup (5). 
Isometric tension, transmembrane poten- 
tial, and membrane current were moni- 
tored simultaneously from the segment of 
muscle (length - 0.5 mm) bathed in Ring- 
er solution (116 mM NaCI, 3 mM KCI, 2 
mM NaHCO3, and 0.2 mM CaCl2). The 
other end of the muscle was depolarized 
with 120 mM KC1 solutions. All experi- 
ments were performed at room temper- 
ature (200 to 24?C). In these experiments 
no corrections were made for "leakage 
current" across the sucrose gap or for po- 
tential drop across the series resistance. 
The preparation was considered to be sat- 

isfactory only if the current trace was 

smooth, without any indication of an in- 
verted action potential, and the tension 
trace was free of transient contractile re- 

sponses and well maintained during the 

clamp pulse. 
Figure 1, A to D, shows voltage clamp 

steps to various potentials and the accom- 

panying contractions and membrane cur- 

rents superimposed on the normal action 

potential and contraction. The amplitude 
and time course of the afterpotential are 

monitored after releasing the clamp by 

opening the feedback loop. Five super- 
imposed clamp steps are shown in each 

panel. In Fig. IE the afterpotentials from 

A to D are plotted as functions of the 

clamp duration. In Fig. 1A, where the 

membrane is hyperpolarized from rest 

(from -85 to -106 my), a hyperpolarizing 
afterpotential develops rapidly while the 

inward current decreases. In Fig. 1B the 
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membrane is depolarized to -43 mv; the 

outward current is fairly constant, and the 

afterpotentials seem to approach a con- 

stant value. Clamp pulses of 2 seconds or 

less, which are accompanied by fairly con- 
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stant current traces, show a linearly in- 
creasing afterpotential. In Fig. 1C, where 
the membrane is depolarized to -19 my, 
the current increases very slowly and there 
is little or no depolarizing afterpotential 
following the release of the clamp. In this 
region of membrane potential, where the 
"steady state" current-voltage relation has 
a minimum, the afterpotential often starts 
as a small hyperpolarizing potential, 
changing in time into a depolarizing after- 
potential. In Fig. 1D the membrane poten- 
tial is depolarized to + 16 my; the current is 
initially very small but then approaches a 
large outward value. The afterpotential de- 
velops with some delay, but then continues 
to increase even at the end of an 8-second 
clamp step tested in this experiment. 

An estimate of whether the measured 
current is large enough to account for the 
observed afterpotential is made by com- 
paring the membrane current (2.5 sa in 

Fig. IB) with the rate of development of 
the afterpotential (7 mv/sec). In I second a 
current of 2.5 ia carries 2.5 Ic or 2.5 x 
10-" equivalents across the membrane. In 
these preparations [length 0.5 mm, di- 
ameter - 0.4 mm, and extracellular space 
- 25 percent (6)] the volume of the extra- 

cellular space is approximately 0.5 
mm x (0.4 mm)2 x 0.25 x (7r/4) x 10-6 li- 
ter/mm3 = 1.5 x 10-8 liter. If all the cur- 
rent was carried by K+, the concentration 
of this ion in the extracellular space would 
increase as much as (2.5 x 10-" mole)/ 
(1.5 x 10-8 liter)= 1.67 mM. With this 
amount of K added to the normal concen- 
tration of K in the Ringer solution (3 mM), 
the membrane potential would change by 
11 mv if the membrane followed the 
Nernst equation [58 mv x log(0(3 + 1.67)/ 
3 =11 mv]. The agreement with the mea- 
sured 7-mv afterpotential is fairly good 
when it is considered that the size of the 

preparation is roughly estimated, that the 
membrane current is overestimated be- 
cause of leakage current, and that the rest- 
ing potential only partially follows the K 
potential (2). It is also possible that the ini- 
tial accumulation is limited to a fraction of 
the extracellular space (- one-third) found 
inside the endothelial sheath surrounding 
individual muscle bundles (7). The half- 
time for the decay of the afterpotentials (1 
to 3 seconds) is comparable to the half- 
time calculated for the diffusion equilibra- 
tion of Ca through the narrow clefts of 
the endothelial sheath (2.3 seconds) or the 
half-time for the fast inotropic response 
to changes in the Ca concentration of the 
perfusing solution (3 to 10 seconds). 

The afterpotentials following short 
clamp pulses seems to be related to the in- 
tegral of the membrane current; however, 
with longer clamp pulses the after- 
potentials develop more slowly. Much 
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Fig. 2 (left). Membrane current, afterpotential, and action potential (AP) shortening as functions of membrane potential for 3.4-second clamp pulses. (A 
to C) A sweep with a clamp pulse followed 800 msec later by an action potential is superimposed on a sweep with two normal action potentials, 4.2 sec- 
onds apart. The membrane current is measured just before and the afterpotential just after release of the clamp. (D) Circles indicate results obtained with 
3.4-second clamp pulses. The points measured from the recordings in (A), (B), and (C) are marked accordingly. Triangles in combination with dashed 
lines represent interpolated values from Fig. 1, which was obtained from the same preparation. Fig. 3 (right). Membrane current, afterpotential, 
output of a K electrode, and action potential (AP) duration as functions of membrane potential for 5-second clamp pulses. The graphs in (D) are based 
on recordings like those in (A) and (B). (A) A sweep with a clamp pulse followed by an action potential is superimposed on a sweep with two normal 
action potentials 6.6 seconds apart. The action potential following the clamp pulse (PC) and a normal action potential (3 mM) are shown with expanded time base in (B). From the top, the traces are: membrane potential and membrane current with a common baseline, the trace from the K-sensitive elec- 
trode, and the tension trace. A digital computer was used for sampling, replay, and analysis of the traces. The membrane current is measured at the end 
of the clamp. Afterpotential and the potential from the K-sensitive electrode are measured just before stimulation of the test action potential. (C) Ac- 
tion potentials and K electrode recordings before and after changing the K concentration of the perfusing solution from 3 mM to 6 mM. 
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larger extracellular K accumulation has 
also been observed in the giant axon of the 
squid (8). This may be due in part to larger 
K currents (of the order of milliamperes 
per square centimeter as compared to a 
few microamperes in heart muscle). 

Figure 2 shows the results obtained 
when clamp pulses of fixed duration, 3.4 
seconds, were applied to study the after- 
potential as a function of the clamped 
membrane potential in greater detail. The 
duration of a test action potential gener- 
ated 800 msec after release of the clamp is 
compared to that of a normal action po- 
tential. The membrane current at the end 
of the clamp pulse, the afterpotential, and 
the action potential shortening are plotted 
against the clamped membrane potential. 
Both afterpotential and action potential 
shortening yield N-shaped relations sim- 
ilar to the current-voltage relation. Such 
results indicate that the K efflux has a min- 
imum in the same voltage region as the 
membrane current. 

In the experiment of Fig. 3, a K-sensitive 
microelectrode directly monitoring the lo- 
cal extracellular K activity was inserted 
into another preparation. The electrodes 
were prepared by filling the glass micro- 
pipette with a liquid ion exchange resin (4, 
9). The tip diameter was - 1 um and the 
electrochemical response time ranged be- 
tween 15 and 25 msec (10). With the elec- 
trode placed in the muscle, the measured 
potential is the sum of the potential caused 
by changes in the K activity and the electri- 
cal potential in the extracellular space. 
During the application of a voltage clamp 
step the flow of current through the series 
resistance adds to the electrical signal re- 

sulting from K accumulation. However, af- 
ter the release of the clamp step, when 
there is no applied current, the K electrode 
trace mainly represents the K activity in 
the extracellular space and exhibits a slow- 

ly decaying tail similar to the time course 
of the afterpotential (Fig. 3A). In Fig. 3D 
the current at the end of the clamp, the af- 

terpotential, the signal from the K-sensi- 
tive microelectrode, and the action poten- 
tial shortening are all plotted against the 
clamped membrane potential. In this ex- 

periment the afterpotential and the re- 

sponse from the K electrode were mea- 
sured just before the test action potential 
was generated in order to obtain a more 
accurate estimate of the extracellular K+ 
concentration at the time of the test action 

potential generation. Note that the three 

parameters used to estimate the extra- 
cellular K concentration all yield N-shaped 
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dence for inward-going (anomalous) recti- 
fication of the K current. Although the 
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negative slope of the steady state current- 
voltage relation between -40 and -20 my 
could be explained by the turn-on of an in- 
ward current component (Na or Ca), the 
decreasing accumulation in this region can 
only be explained by the turn-off of the K 
current. 

Although afterpotential, K electrode, 
and action potential shortening give basi- 
cally the same voltage dependence for the 
K accumulation, there are minor system- 
atic differences. The action potential short- 
ening after clamps to or above plateau lev- 
el is often greater than that observed when 
the same afterpotentials are obtained after 
clamps to lower voltages. This effect is 
most prominent when the action potential 
is stimulated shortly after the end of the 
clamp. The action potential prolongation 
following hyperpolarizing clamps is often 
very small, although there is a considerable 
hyperpolarizing afterpotential. In Fig. 3A 
the K electrode potential has a smaller 
shift and a slower initial decay than the af- 
terpotential. This suggests that the K elec- 
trode either is less sensitive to K than the 
myocardial membrane or is exposed to a 
smaller change in the K concentration. The 
first possibility is tested by the experiment 
in Fig. 3C, where the K concentration is 

changed from 3 to 6 mM. The very similar 
depolarizations measured with the K elec- 
trode (11 my) and the intracellular micro- 
electrode (12 my) do not, however, indicate 
significant differences in K selectivity. The 
afterpotential probably reflects the average 
K concentration in the immediate vicinity 
of the membrane, while the K electrode 
measures a lower and more localized con- 
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changed from 3 to 6 mM. The very similar 
depolarizations measured with the K elec- 
trode (11 my) and the intracellular micro- 
electrode (12 my) do not, however, indicate 
significant differences in K selectivity. The 
afterpotential probably reflects the average 
K concentration in the immediate vicinity 
of the membrane, while the K electrode 
measures a lower and more localized con- 

The Serengeti-Mara ecosystem is de- 
fined by the movement of the region's large 
herds of migratory grazers (1), and con- 
sists of core areas in Tanzania's Serengeti 
National Park and Kenya's Maasai-Mara 
Game Reserve, together with adjacent 
areas. This region contains "the greatest 
and most spectacular concentration of 

game animals found anywhere in the 
world" (2). The most recent population es- 
timates suggest a 1974 population size of 
more than 1 million wildebeest (Con- 
nochaetes taurinus albojubatus Thomas) 
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centration change in one of the larger com- 
partments of the extracellular space. The 
considerable outward current recorded at 
the minimum of the current-voltage rela- 
tion in combination with little or no de- 
polarizing afterpotential suggests that the 
steady state current includes other com- 
ponents than the K current (such as the C1 
current, the transgap leakage current, and 
the current associated with an electrogenic 
Na-K pump). 

These experiments show that extra- 
cellular K accumulation does occur in frog 
ventricular muscle during long clamp 
pulses. The time and voltage dependence of 
the accumulation indicates that it is closely 
related to the membrane current and thus 
can be used as an indicator for K efflux. In 
this capacity the accumulation verifies in- 
ward-going K rectification. 
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(3), 600,000 Thomson's gazelle (Gazella 
thomsonii) (4), 200,000 zebra (Equus bur- 

chelli) (5), and 65,000 buffalo (Syncerus 
caffer Spearman) (6), as well as undefined 
numbers of more than 20 other species of 

grazing animals. There is, however, very 
little information on the dynamics of the 

grasslands supporting this huge herbivore 
biomass. The information reported here on 

productivity of the grasslands along the 
western border of the Serengeti Plains in- 
dicates that the migratory wildebeest con- 
vert a senescent grassland into a highly 
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Serengeti Migratory Wildebeest: Facilitation of 

Energy Flow by Grazing 

Abstract. Dense concentrations of migratory wildebeest leaving the Serengeti Plains in 
late May 1974 reduced green plant biomass by almost 400 grams per square meter, 85 

percent of the initial standing crop. However, this grazing prevented senescence and stim- 
ulated net primary productivity of the grasslands. Thomson's gazelles leaving the plains a 
month later were significantly associated with areas previously grazed by wildebeest, and 
this association was still evident at the end of the dry season, 6 months later. 
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