
Potassium Chloride versus Voltage Clamp 
Contractures in Ventricular Muscle 

sions generated with KC1-induced depo- 
larization and those generated by clamp- 
induced depolarization, even when 

Abstract. In  frog ventricle, developed tension was markedly larger in response t o  
depolarization caused by a voltage clamp step than t o  depolarization induced by 
high concentrations of potassium chloride. Measurement of  extracellular potassium 
activity at the surface and at the depth of  muscle during the development of con- 
tractures showed that the difSusion of  potassium is much  slower than the spread of  
depolarization through the cross section of  muscle. These two observations suggest 
that competition between the depolarizing and the negative inotropic effects of  an 
increase in the extracellular potassium ion concentration may  determine the time 
course and magnitude of  contractile tension in heart muscle. 

Elevation of K+ suppresses tension 
and shortens the action potential of ven- 
tricular muscle ( I ,  2). Nevertheless, pos- 
sible direct effects of K+ on tension are 
often ignored when high potassium is 
used to depolarize cardiac muscle and in- 
duce contractures. 

We have compared the effects of K+- 
induced depolarization and voltage 
clamp depolarization on the develop- 
ment of tension in frog ventricular 
muscle strips. Depolarizations with high 
K+ concentrations produced one-half to 
one-fifth as much tension as voltage 
clamp depolarizations for the same mem- 
brane potential. We believe that the de- 
polarizing effect of K+ dominates early in 
a potassium contracture, but that K+ ex- 
erts a strong negative inotropic effect as 
it diffuses slowly into the muscle. 

We dissected strips, 0.5 to 0.6 mm in 
diameter, from the midsection of frog 
ventricles. When K+-selective micro- 
electrodes were used (3, 4), we placed 
strips in a single compartment chamber. 
We used a single sucrose gap chamber 
(5) for voltage clamp and K+ contracture 
experiments. A capacitance transducer 
(6) recorded tension. 

Ventricular strips were depolarized 
with 100 mM KC1 solution (KC1 added in 
dry weight to Ringer solution containing 
(in millimoles per liter): NaC1, 116; KC1, 
3; NaHC03, 2; and CaCl,, 0.2 to 1.0. Ten- 
sion developed rapidly, reaching 50 to 
150 percent of twitch tension. Con- 
tractures often relaxed spontaneously to 
about 10 percent of peak tension within 
1 to 2 minutes of exposure to KC1 solu- 
tion. 

Potassium contracture experiments 
were carried out in two different ways in 
order to rule out possible complications 
arising from variations of tonicity of the 
experimental solution. In some trials, the 
osmolarity of the solution was allowed to 
change when KC1 was added. In other 
trials, an amount of LiCl or sucrose os- 
motically equivalent to 100 mM KC1 was 
added to Ringer solution, so that during 
the KC1 contracture, LiCl or sucrose 
was withdrawn and replaced by an 
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equivalent amount of KCl; in these ex- 
periments, the solutions were kept hy- 
pertonic throughout the experiment. All 
experiments were carried out in both 
ways. No qualitative differences in the 
time course of contracture or KC1 dif- 
fusion profiles were observed regardless 
of the procedure used. We found that the 
amplitude of contracture with either pro- 
cedure depended only on the extra- 
cellular calcium concentration, [Ca],, 
and the magnitude of membrane depolar- 
ization. In solutions containing lower 
CaZ+ concentration (0.2 mM or less) we 
could generate little or no contractile 
tension, consistent with previously pub- 
lished data (7). 

The effect of KC1-induced depolariza- 
tion on development of tension is com- 
pared with that of clamp-induced depo- 
larization to - 10 mV in Fig. 1. The de- 
velopment of tension accompanying a 
clamp step to - 10 mV is larger than that 
induced by KC1 depolarization to the 
same potential. We consistently ob- 
served large differences between ten- 

clamp-induced depolarizations were 
achieved very slowly (half-time of 1 min- 
ute). When twitch tension was altered 
with variations of [Ca], (0.2 and 1 .O mM) 
or [Na], (70 to 80 percent of control), the 
difference in tension generated with 
clamp- or KC1-induced depolarization 
was still present. Clamp steps of 30 sec- 
onds or longer always produce large lo- 
cal accumulations of K+ (for example, 13 
mM in the experiment of Fig. l), as in- 
dicated by the postclamp afterpotential 
(8). Since local K+ accumulation sup- 
presses tension in frog ventricular 
muscle (8), clamp-induced tensions 
might have been even larger than those 
measured had it not been for local K+ 
accumulation. 

The negative inotropic effect of K+ 
was not limited to 100 mM KC1 solu- 
tions. In preparations where we main- 
tained continuous microelectrode im- 
palements throughout various changes of 
KC1 concentrations, the tension gener- 
ated by each KC1 solution tested (20, 40, 
60, 80, and 100 mM) was considerably 
lower than that generated by the appro- 
priate depolarization steps when the 
voltage clamp technique was used. Addi- 
tion of KC1 at the midpoint of the clamp 
step also suppressed tension. Addition of 
100 mM KC1 relaxed the maintained 
tension induced by a clamp step to -8 
mV (Fig. 2c). This finding was confirmed 
with all solutions containing K+ concen- 
trations higher than 30 mM. Figure 2 
confirms the findings of Fig. 1, with 

100  mM KC1 1 minute 

- 
10  seconds 

u 
10 seconds 

Fig. 1. Comparison of tension developed in response to depolarization caused by KC1 and 
voltage clamp. On continuous chart-recording traces, only tension and membrane potential 
recordings are indicated. The two inset panels show the membrane currents accompanying 
clamps to - 10 mV. Developed tension induced by voltage clamp depolarization was consist- 
ently larger than that produced by equivalent KC1 depolarization. Clamp-induced depolariza- 
tion produced 13 rnM K+ accumulation in the extracellular space, as indicated by the depolariz- 
ing afterpotentials. Muscle was bathed in hypertonic solution (180 mM sucrose plus Ringer 
solution) throughout the experiment. During KC1 contracture trials, sucrose was replaced by 
100 mM KC1 so that contracture solution contained (100 mM KC1 plus Ringer solution). This 
procedure was employed to keep [Na], constant. 
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much longer depolarizations (2 to 4 min- 
utes), that tension generated by clamp- 
induced depolarization is larger than that 
generated by addition of KC1 (compare 
Fig. 2a with Fig. 2, b and d). These re- 
sults suggest that KC1 depolarizations do 
not necessarily represent the maximal 
tension that ventricular muscle is ca- 
pable of generating at a particular mem- 
brane potential. It may therefore be con- 
cluded that K+ has a rapid and marked 

negative inotropic effect in addition to its 
well-known ability to depolarize and 
generate tension in the frog ventricular 
muscle. 

The reason that large contractures de- 
velop when ventricular muscles are de- 
polarized with Ringer solution contain- 
ing 100 mM KC1, despite the negative in- 
otropic effects of KC1 solutions, may in 
part lie in the faster spread of the depo- 
larization wave in comparison with the 

g12.6rd- 

L. J U 
100 mM KCI I mlnute l o o  mM KCI  I minute 

Fig. 2. The effect of 100 mM K+ on a ventricular strip depolarized with a clamp step. Clamp- 
induced depolarization produces much larger maintained tensions than KC1-induced depolariza- 
tion for equivalent times and potentials [compare (a) with (b) and (d)]. Addition of KC1 after 2 
minutes of a depolarizing pulse to -8 mV relaxes the developed tension. Removal of high K+ 
solution partially restores tension. Such long depolarizing pulses produce 30 to 32 mM K+ 
accumulations [(a) and (c)]. Strip diameter is 0.4 mm; length, 0.5 mm; [Ca],, 0.5 mM; and 
temperature, 23OC. In this experiment 100 mM KC1 was replaced by 180 mM sucrose to main- 
tain osmotic equality during the shift from Ringer to high KC1 solution (see legend to Fig. 1 and 
text for details). The negative inotropic effect of K+ was independent of its osmotic effects. 

- - -  ........ ~ ....-- ........- 
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Fig. 3. Comparison of the time course of development of contractile tension with the time 
course of change in K+ activity in the extracellular space of the frog ventricular muscle. Con- 
tractile tension (upper trace) reaches its peak value about 1 minute afier exposure to high KC1 
solutions, then declines to a lower steady-state value. With the K+ electrode placed near or at 
the surface of the muscle (lower trace), K+ activity changes rapidly, reaching its final value 
before any appreciable tension is measured. Bathing solutions were exchanged slowly (20 to 30 
seconds) so as not to dislodge the K+-selective microelectrode from its position. The K+ activity 
changes more slowly at the core of the muscle (middle trace). Since K+ diffusion into the deeper 
extracellular space is a slow process (2 to 3 minutes), it is conceivable that the inner fibers are 
depolarized by the electrotonic spread resulting from rapid depolarization of surface fibers. 
Experimental conditions included the following: strip diameter, 1.2 mm; tip of electrode, 2 to 4 
pm; [Ca],, 1.0 mM; and temperature, 22'C. In this experiment KC1 was replaced by sucrose to 
maintain osmotic equality during the shift from Ringer to high KC1 solution (see text and legend 
to Fig. 1). 

rate of diffusion of K+ through the cross 
section of the muscle. The data regarding 
the reproducibility of KC1-induced con- 
tractures and appropriate conditions for 
their generation suggest that KC1-in- 
duced conctractures in frog heart require 
a [Ca2+], at least 1.0 mM or higher, very 
rapid exchange of the bathing solutions 
or superfusion media (7, 9, lo), and ab- 
sence of circulating or endogenous cate- 
cholarnines (I I ) .  Clamp-maintained ten- 
sions are quite easily and reproducibly 
generated even in preparations bathed in 
solutions containing 50 pM Ca2+ (12). 

To test directly the rate at which Kt 
appears at deeper extracellular com- 
partments of the muscle, we compared 
the rate at which a K+-selective micro- 
electrode detects changes in K+ concen- 
trations at the surface and at the extra- 
cellular core of the muscle. Diffusion of 
K+ into the extracellular space occurs 
more slowly than was assumed pre- 
viously (13). In the experiment of Fig. 3, 
both solutions were exchanged slowly 
(15 to 25 seconds) to prevent the K+-se- 
lective microelectrode from getting dis- 
lodged from its extracellular space. De- 
spite the slow exchange rate of the bath- 
ing solution, KC1 reached its final 
concentration on the surface fibers with- 
in 25 seconds; in the deeper fibers, K+ 
reached its equilibrium value in 2 to 3 
minutes. It is likely, therefore, that in- 
troduction of high concentrations of KC1 
at the surface fibers rapidly depolarizes 
(or clamps) the more centrally located 
cells of the ventricular strip. Thus, large 
tensions could develop before KC1 
reaches equilibrium across the extra- 
cellular space of the tissue. The finding 
that contractures are phasic (that is, ten- 
sion develops at first and declines later to 
a much lower steady-state level) is con- 
sistent with the dual effect of K+ on the 
myocardial cell. In experiments in which 
we monitored the time course of changes 
of K+ activity in the extracellular space 
of the muscle while maintaining constant 
osmolarity throughout the various solu- 
tion changes, K+ diffused slowly with a 
time course similar to that illustrated in 
Fig. 3. 

As Ca2+ concentrations in the bathing 
solution are reduced, the suppressant ef- 
fect of K+ during depolarization induced 
by high concentrations of KC1 tends to 
prevent generation of significant con- 
tractile tension (7). It is, in fact, at these 
low Ca2+ concentrations (0.2 to 0.5 mM) 
that the discrepancy between tension de- 
veloped with KC1 and clamp-induced de- 
polarization was greatest. Little or no di- 
rect evidence is available to explain the 
mechanism of the negative inotropic ef- 
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fect of KC1 on ventricular muscle. Two 
possibilities have been suggested: One in- 
vokes the stimulation of Na+ pump, re- 
ducing the intracellular sodium ion con- 
centration, [Na+Ii, thus suppressing Ca2+ 
influx through the Ca-Na counter ex- 
changer, which in turn leads to reduction 
of tension (14, 15); the other suggests 
that K+ competes more directly for the 
Ca2+ transport site on the surface mem- 
brane in a manner similar to that already 
postulated for Na'(5, 12). The rapidity 
with which K+ suppresses tension in de- 
polarized ventricular strips (Fig. 2) 
makes it improbable that [Na+], has suf- 
ficient time to change significantly in or- 
der to alter tension. Thus the data are 
more compatible with a direct effect of 
K+ on the Ca2+ transport site. 

Regardless of the mechanism by which 
the negative inotropic effect of K+ is me- 
diated, it is clear that in frog ventricular 
muscle, KC1 solutions should not be 
used solely as depolarizing agents to 
quantify development of tension. Tt is, in 
fact, misleading to assume that E does 
not interfere at all with the Ca2+ trans- 

port mechanism, an assumption based 
on studies in skeletal muscle, in which 
activator Ca2+ is released primarily from 
an intracellular compartment. 

M. MORAD, S. REECK, M. RAO 
Department of Physiology, 
University of Pennsylvania School of 
Medicine, Philadelphia 191 04 
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Therapy of Mouse Lymphoma with Monoclonal Antibodes to 
Glycolipid: Selection of Low Antigenic Variants in vivo 

Abstract. Growth of mouse lymphoma L5178Y, which contains large quantities of 
the gangliotriosylceramide (GgOs3Cer), in DBAl2 mice was suppressed by passive 
immunization with monoclonal ;mmunoglobulin G3 antibodies to  GgOs3Cer, but not 
by immunoglobulin M antibodit i with or without added complement. Most groups of 
mice treated with monoclonal mmunoglobulin G3 antibodies did not develop tu- 
mors, but the tumor that appeared in a treated animal had a much lower amount of 
the GgOs3Cer than the cells used for ioculation. Thus, passive immunization either 
prevented growth of the lymphoma 7 caused sel ction of a variant with a lower 
quantity of the antigen GgOs3Cer. 

Two general types of changes of gly- 
colipid patterns resulting from malignant 
transformation are (i) synthesis of new 
glycolipid determinants as a result acti- 
vation of normally unexpressed glyco- 
syltransferases and (ii) deletion of more 
complex glycolipids because of a block 
in synthesis that frequently leads to ac- 
cumulation of precursor structures [for a 
review, see (I)]. Although both of these 
changes can produce tumor-distinctive 
glycolipids, no studies have demon- 
strated that such chenlically well-charac- 
terized glycolipid markers can be used 
for tumor diagnosis or therapy. We now 
report that passive immunization of 
DBAI2 mice with monoclonal immuno- 
globulin G3 (IgG3) antibodies specific for 
the glycolipid ganglio-N-triosylceramide 
(GgOs,Cer; GalNAc~1+4Gal/31+4Glc/31 
+lceramide) (2) dramatically sup- 

pressed the g jwth of tumor cells bear- 
ing that glycolipid marker. In addition, 
the tumor cells that eventually appeared 
in one treated mouse contained de- 
creased amounts of GgOs3Cer. 

We used variants of the DBN2 lym- 
ph ?ma cell line L5 178Y that differed in 
their display of the neutral glycolipid 
GgOs3Cer (3). One of these variants, 
designated lAl ,  was chosen as an opti- 
mal target cell for immunotherapy be- 
cause it contained a large amount of 
GgOs3Cer and was sensitive to lysis in 
vitro by monoclonal immunoglobulin M 
(IgM) antibody to GgOs3Cer plus com- 
plement (3). Another variant, clone 
27AV, lacked detectable GgOs3Cer and 
thus provided an appropriate negative 
control cell line. 

For immunotherapy we used two 
Balblc monoclonal antibodies that are 

specific for distinct portions of the non- 
reducing terminus of GgOs3Cer (4). 
Pooled ascites fluids from mice bearing 
each of these hybridomas contained, per 
milliliter, 15 mg of the IgM antibody pro- 
duced by clone 2D4 (4) and 4 mg per mil- 
liliter, of the IgG3 antibody produced by 
clone Dl 1G10 (4). A nonspecific control 
ascites fluid contained, per milliliter, 10 
mg of the monoclonal IgG3 antibody pro- 
duced by clone 3. Because mice of the 
DBN2 strain are known to have low 
concentrations of complement com- 
ponent C5 (5) ,  certain groups of mice re- 
ceived injections of native guinea pig 
serum as a complement source. 

In the initial experiment mice received 
on day 0 intraperitoneal inoculations of 
lo6 subclone 1Al cells (a dose at least 2 
logs greater than the 100 percent lethal 
dose). Therapy began on day 1 and con- 
sisted of intraperitoneal injections of hy- 
bridoma ascites fluids with or without 
guinea pig serum (Fig. 1A). Whereas the 
median survival time of untreated mice 
was 34 days, treatment with guinea pig 
serum alone or with IgM antibody to 
GgOs3Cer alone did not significantly im- 
prove survival. Only one of three mice 
treated with the IgM antibody to 
GgOs3Cer plus complement was a long- 
term survivor. In contrast, the mice 
treated with the IgG3 antibody to 
GgOs3Cer, either with or without com- 
plement, showed prolonged survival. In 
fact, five of these seven mice were ap- 
parently cured as judged by their surviv- 
al 120 days after they were inoculated 
with the tumor cells. 

In the second experiment this pro- 
tective effect of the IgG3 antibody to 
GgOs3Cer was reproduced (Fig. 1B). To 
rule out nonspecific effects of IgG3 anti- 
bodies, we treated one group of mice 
with ascites fluid containing the non- 
specific monoclonal IgG3 antibodies 
produced by clone 3, which did not 
show reactivity with the subclone 1Al 
lymphoma cells by immunofluorescence 
(data not shown). This antibody failed to 
protect mice against challenge with the 
subclone 1Al cells; the median survival 
for this group was 31 days compared to 
30 days for the untreated group. In this 
experiment the IgM antibody to 
GgOs3Cer had a slight protective effect. 
However, therapy with the ascites fluid 
containing IgG3 antibody to GgOs3Cer, 
either with or without complement, was 
most effective. Of the 12 mice treated 
with intraperitoneal injections of the 
IgG3 antibody, nine survived at least 120 
days after they were injected with tumor 
cells. In addition, intravenous therapy 
with IgG3 antibody to GgOs3Cer pro- 
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