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A B S T R A C T The  rapid repolarization dur ing  phase 1 of  the action potential of  
sheep cardiac Purkinje fibers has been at tr ibuted to a time- and vol tage-dependent  
chloride current .  In part ,  this conclusion was based on exper iments  that showed a 
substantial slowing of  phase 1 when larger,  presumably impermeant ,  anions were 
substituted for chloride in Tyrode 's  solution. We have re-examined the electrical 
effects of  low-chloride solutions. We recorded action potentials o f  sheep cardiac 
Purkinje fibers in normal  Tyrode 's  solution and in low-chloride solutions made by 
substituting sodium propionate ,  acetylglycinate, methylsulfate,  or  methanesulfo- 
nate for the NaCl of  Tyrode 's  solution. Total  calcium was adjusted to keep 
calcium ion activity of  test solutions equal to that of  control solutions. Propionate 
gave qualitatively variable results in prel iminary experiments;  it was not tested 
further .  Low-chloride solutions made with the other  anions gave much more con- 
sistent results: phase 1 and the notch that often occurs between phases 1 and 2 were 
usually unaffected,  and the action potential durat ion usually increased. The  only 
apparen t  change in the resting potential was a transient 3-6 mV depolarization 
when low-chloride solution was first admit ted to the chamber,  and a symmetrical 
transient hyperpolarizat ion when chloride was re turned  to normal.  I f  a time- and 
vol tage-dependent  chloride current  exists in sheep cardiac Purkinje fibers, our  
results suggest that it plays little role in generat ing phase 1 of  the action potential.  

I N T R O D U C T I O N  

F o r  m o r e  t h a n  two d e c a d e s ,  the  s h e e p  c a r d i a c  P u r k i n j e  f i be r  has  b e e n  a 
p o p u l a r  p r e p a r a t i o n  fo r  e l e c t r o p h y s i o l o g i c a l  s tud ies  o f  h e a r t  musc le .  D e t a i l e d  
analys is  o f  the  ionic  basis  o f  e lec t r ica l  act ivi ty  in this  p r e p a r a t i o n  b e c a m e  
poss ib le  w h e n  Deck  et  al.  (1964) d e v e l o p e d  a m e t h o d  o f  vo l t age  c l a m p i n g  s h o r t  
s e g m e n t s  o f  P u r k i n j e  f ibe r .  As this  t e c h n i q u e  has  b e e n  a p p l i e d ,  an  e x t r a o r d i n a r -  
ily c o m p l i c a t e d  p i c t u r e  o f  t he  ionic  basis o f  t he  e lec t r ica l  act ivi ty  has  e m e r g e d ,  
a n d  it now s e e m s  tha t  a t  leas t  five t i m e - d e p e n d e n t  c u r r e n t s  i n t e r a c t  to p r o d u c e  
the  ac t ion  p o t e n t i a l  (McAl l i s t e r  et  a l . ,  1975). T h i s  c o m p l e x i t y  is d i s t u r b i n g ,  bu t  
e x p e r i m e n t a l  e v i d e n c e  exis ts  fo r  each  o f  t he se  c u r r e n t s ,  a n d  any  a t t e m p t  to  
r e c o n s i d e r  p r e s e n t  i deas  m u s t  b e g i n  wi th  a r e - e x a m i n a t i o n  o f  t he  e v i d e n c e .  

T w o  o f  t he  t i m e - d e p e n d e n t  c u r r e n t s  have  b e e n  o f  p a r t i c u l a r  i n t e r e s t  to  us.  
T h e  "slow i n w a r d "  c u r r e n t ,  o r  Isi, s eems  at  leas t  p a r t l y  d u e  to t h e  m o v e m e n t  o f  
ca lc ium ions  (Vi tek  a n d  T r a u t w e i n ,  1971) a n d  it a p p e a r s  to be  c losely  l i n k e d  to 
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contraction of  the Purkinje fiber (Gibbons and Fozzard, 1975) and ventricular 
muscle (Trautwein et al., 1975). In the Purkinje fiber, however, analysis oflsi  is 
hampered  by a large transient outward current  that arises when the preparation 
is clamped to voltages more positive than -20  mV. This transient outward 
current  has been called the "chloride" current  or Icl (Dudel et al., 1967), the 
"positive dynamic" current  (Peper and Trautwein,  1968), and most recently 
"Iqr" (McAllister et al., 1975). We shall refer  to it either as the transient outward 
current  or as Iqr, because these terms imply nothing about the ion or ions 
responsible for it., 

The  history oflqr is interesting. Carmeliet (1961) first suggested that chloride 
movements play a substantial role in generat ing the Purkinje fiber action 
potential. When Carmeliet replaced chloride by acetylglycinate, he found a 
transient increase in the rate of  spontaneously active preparations,  prolongation 
of  the plateau of  the action potential with occasional standstill at the plateau 
voltage, a slowing of  repolarization immediately after the upstroke, and an 
elevation of  the plateau that was most marked if the preparation was stimulated 
rapidly. Hut ter  and Noble (1961) reported similar changes of  spontaneous 
frequency and action potential durat ion when chloride was replaced by methyl- 
sulfate or pyroglutamate.  

Under  voltage clamp conditions, Deck et al. (1964) noted a large initial 
outward current  when the preparation was clamped to inside positive potentials. 
Dudel et al. (1967) investigated the possibility that this current  was due to 
chloride movement;  in most of  their experiments maleate or gluconate was 
used to replace chloride. The  initial current  was greatly reduced in chloride- 
free solution and Dudel et al. concluded that it was due to the inward 
movement  of  chloride ions. Dudel et al. pointed out that this "chloride current" 
would cause rapid repolarization immediately after the upstroke of  the action 
potential (i.e. dur ing phase 1 of  the action potential), and they published action 
potential records showing a dramatic reduction of  the rate o f  phase I repolari- 
zation in low-chloride solution. (For their action potential experiments ,  Dudel 
et al. only reduced chloride to 25 mM because the preparations tended to 
depolarize in chloride-free solution.) 

The  presently accepted role of  Iqr in generat ing the action potential is 
essentially that proposed by Dudel et al. (1967). Iqr is a relatively large and 
transient outward current  with a threshold at approximately -20  mV, and it is 
thought  to be due to the inward movement  of  chloride ions. I~  appears to be 
largely responsible for the initial rapid phase 1 repolarization after the spike of  
the action potential, and the deactivation of  this current ,  together with the 
onset of  Isi, is thought  to generate the notch that often appears between the 
spike and the plateau of  the Purkinje fiber action potential (Noble and Tsien, 
1969; McAllister et al., 1975). The  lq, system is slow to recover from inactivation 
(Hauswirth et al., 1972; Fozzard and Hiraoka, 1973), and the slow repr iming 
rate accounts for the observation that the notch is often smaller or absent 
dur ing  stimulation at moderate  or high rates (McAllister et al., 1975). During a 
voltage clamp depolarization, lqr and l~l are thought  to overlap in time at 
voltages positive to -20  mV (Vitek and Trautwein,  1971), and it is this overlap 
that makes complete analysis of  Isi difficult (Gibbons and Fozzard, 1975). 
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In order  to make the development of  present ideas about lcr seem this 
straightforward, however, some disturbing features of  the history of  this current  
must be omitted. Peper and Trautwein (1968) noted that Iqr and I~l (they called 
them the positive and negative dynamic currents) had many characteristics in 
common. They recovered along similar time courses, both were reduced when 
chloride was replaced by propionate, and both were increased when chloride 
was replaced by nitrate. It should be pointed out that inward current  tails were 
taken as indications of  an inward current  system in their experiments. The  
similar behavior of  inward and outward currents led Peper and Trautwein to 
conclude, for a time at least, that both were due to the same current  system. 
Another problem is that while lqr is reported to be reduced in the presence of  
some chloride substitutes, there has been no convincing demonstration that Isi 
can be seen in a low-chloride or chloride-free solution. To explain these 
problems, Trautwein (1973) suggested that chloride reduction alters the mem- 
brane, thus affecting the permeability of  several ions. That  may be so, but iflqr 
is a chloride current,  and if chloride replacement cannot be used to eliminate 
it, progress in understanding Purkinje fiber electrical activity is going to be 
slowed. We therefore thought that other possible explanations should be 
explored before this suggestion is accepted. 

There  are a number of  possible problems in chloride replacement studies 
that seem to have received little attention in earlier experiments on Purkinje 
fibers. Each of  the anions that has been used to replace chloride reduces the 
calcium ion activity of  Tyrode's  solution (see Appendix). It is probable, then, 
that the changes in electrical activity noted in low-chloride solutions have been 
due to a combination of effects caused by chloride reduction and effects caused 
by reduced calcium ion activity. 

Another possible problem is changes of  junction potentials in the recording 
system as chloride is reduced. These should have been detected in action 
potential experiments, but they might not have been noticed in voltage-clamp 
experiments because of  the feedback control of  voltage. If  this were to occur, 
the actual membrane potential would change while the recorded voltage would 
stay constant. 

Finally, the sodium chloride of  the bathing solution was often replaced by 
the sodium salt of  a rather weak organic acid (e.g., propionate). In the 
undissociated form, many weak acids readily enter skeletal muscle cells (Horow- 
icz and Caputo, 1968; Woodbury and Miles, 1973), and conductance changes 
may then occur as a result of  decreasing intracellular pH (Woodbury and 
Miles, 1973). 

Any of  these problems could have led to incorrect conclusions about the 
effects of  chloride on Purkinje fiber electrical activity. Furthermore,  if a large 
body of  data were obtained with various chloride substitutes, it might well 
appear that chloride reduction altered the properties of  the membrane so that 
several conductance systems were changed. With these thoughts in mind, we 
decided to re-examine the effects of  low chloride on the action potential. In 
order  to survey the effects of  several anions, we concentrated on those aspects 
of earlier action potential experiments that have had a strong influence on 
present ideas about the ionic nature of  lqr. 
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As a p rac t i ca l  m a t t e r ,  it w o u l d  have  b e e n  d i f f i cu l t  o r  imposs ib l e  to d o c u m e n t  
the  e x t e n t  to which  the  p r o b l e m s  we s u g g e s t e d  have  i n f l u e n c e d  the  resu l t s  a n d  
conc lu s ions  o f  e a r l i e r  w o r k .  I n s t e a d ,  we t r i e d  to d e s i g n  e x p e r i m e n t s  tha t  
m i n i m i z e d  the  poss ib le  i n f l u e n c e  o f  c h a n g e s  in ca l c ium ion  act ivi ty  a n d  j u n c t i o n  
po t en t i a l s ,  a n d  we t e s t ed  a n i o n s  ( p r o p i o n a t e ,  ace ty lg lyc ina t e ,  m e t h y l s u l f a t e ,  
a n d  m e t h a n e s u l f o n a t e )  o f  ac ids  wi th  a wide  r a n g e  o f  p K  va lues .  

M A T E R I A L S  A N D  M E T H O D S  

Solutions 

Normal Tyrode 's  solution contained (raM): NaCI, 137; KCI, 5.4; MgCI2, 1.05; NaHCO3, 
13.5; NaH2PO4, 2.4; dextrose,  11.1; CaCI2, either 1.8 or 2.7. Reagent grade chemicals 
(obtained from either Mailinckrodt Chemical Co., St. Louis, Mo., or Baker Chemical 
Co., Phillipsburg, Pa.) and glass-redistilled water were used. 

To make low-chloride Tyrode 's  solutions, the NaC1 of  the normal solution was 
replaced by an equimolar  amount  of  sodium propionate ,  sodium acetylglycinate, sodium 
methylsulfate, or sodium methanesulfonate.  The  sources and preparat ion of  these salts 
were as indicated in the Appendix .  Normal and low-chloride Tyrode 's  solutions were 
saturated with 95% 02-5% CO2 at 36-37°C; the pH of  the solutions was 7.3-7.4. 

In most of  these exper iments ,  the total calcium concentration in the low-chloride 
solution was increased so that the calcium ion activity was the same in the normal and 
low-chloride solutions. The  necessary total calcium concentration in the low-chloride 
solution was de termined by multiplying the total calcium concentration in the normal 
solution (1.8 or 2.7 mM) by the following factors: for propionate  or acetylclycinate 
solutions, 1.5; for methylsuifate solution, 1.2; for methanesulfonate solution, 1.0. These 
factors were based on calcium electrode studies of  these solutions (Appendix,  Table I). 

The  experiments  were per formed  at 36-37°C; dur ing  an exper iment ,  the tempera ture  
was kept constant within ±0.2°C. Solutions were changed by use of  a valve assembly like 
that described by Gibbons and Fozzard (1971). Solution flow rates were slower than in 
the 1971 study, to avoid dislodging the electrode, so several seconds were required to 
completely change solutions. 

Membrane Potential Recording 

Intracel lular  potentials were recorded with micropipet te  electrodes filled with 3 M KCI 
(resistance 6-8 M~).  Conventional techniques were used, with one important  exception. 
The  t ransmembrane  potential is usually measured as the difference between an intracel- 
lular microelectrode and an extracellular microelectrode placed close to the surface of  
the preparat ion.  Carmeliet (1961) and Dudel  et al. (1967) used this technique in their  
chloride replacement  studies. We used it in several experiments ,  but discontinued it 
because, when both electrodes were in the bath solution, 0-+-3 mV deve!oped between 
the two electrodes as Tyrode 's  solution was replaced by low-chloride solution. This 
suggested that the electrodes were not behaving as saturated KCI bridges,  and that they 
were sometimes developing unequal  junct ion potentials in low-chloride solutions. When 
we recorded between each microelectrode and a saturated KCl-agar bridge (Hodgkin 
and Horowicz, 1959), a voltage of  3-7 mV developed as the solutions were changed,  as 
noted by Hutter  and Noble (1961). Since only one electrode would be in the external  
solution dur ing  an exper iment ,  a 3-7 mV er ror  would be introduced into the voltage 
measurements  with our  electrodes. We therefore  adopted  the technique described by 
Woodbury  and Miles (1973) and used a flowing KCl-calomel electrode as the external  
reference electrode. To avoid significant contamination of  the bath solution by KC1, a 
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porous plug electrode with a low flow rate (Fisher 13-639-56, Fisher Scientific Co., 
Pittsburgh, Pa.) was chosen and the electrode was positioned downstream from the 
preparation. 

In principle, this should be the best arrangement, and the voltage recorded should be 
close to the true membrane potential. Frequently, however, we withdrew the voltage 
electrode from the cell (into Tyrode's solution) at the end of an experiment and found 
that the trace did not return to the zero that we had set at the beginning of the 
experiment. When the difference was more than just a few millivohs, there was usually 
good reason to suspect drift even as the experiment was in progress. When this 
happened, we could not be certain which of the electrodes was responsible. We accepted 
data on the configuration of the action potential and on changes in resting membrane 
potential occurring over periods of a few minutes from preparations where drift 
occurred during the experiment. However, statements about longer-term voltage 
changes, such as comparisons of resting potentials in normal and low-chloride solutions, 
are based on experiments in which electrode withdrawal at the end of the experiment 
gave a zero potential within 3 mV of that set at the beginning of the experiment. 

We usually stimulated the preparation by means of a second intracellular microelec- 
trode. In a few experiments, we used an external electrode placed close to the surface 
of the preparation. One stimulus was delivered every 15 s (0.067 s -~) throughout most 
experiments. The slow rate was used because lqr reprimes slowly (Hauswirth et al., 1972; 
Fozzard and Hiraoka, 1973), and we wished to see the maximum effect of an)' changes 
in this current. Later, when it appeared that we were getting results different from 
those Dudel et al. (1967) had obtained, we began to include periodic trains of stimuli 
delivered at 0.67 s -1 to provide a more direct comparison with their data. 

R E S U L T S  

Prop iona te  

Propionate has been used as a chloride substitute in voltage clamp experiments  
(Dudel et al., 1967; Fozzard and Hiraoka,  1973), so its effects on the action 
potential are o f  interest. Fig. 1 shows the results we obtained f rom three 
preparat ions.  The  records labeled A1 show the first exposure  o f  one prepara-  
tion to a propionate  Tyrode ' s  solution. The  controls were obtained in Tyrode ' s  
solution containing 2.7 mM calcium, and 4 mM calcium was used in the 
propionate  solution to maintain a constant calcium ion activity. After 3 min in 
propionate  Tyrode ' s  solution, the rate of  phase 1 repolarization was consider- 
ably slower than the control  rate. The  action potential durat ion was longer  
than the control  after 1 rain in the propionate  solution, but after 3 min it was 
shorter  than the control,  and in the steady state (9 min), it was dramatically 
shorter.  When the preparat ion was washed with Tyrode ' s  solution, the action 
potential configurat ion re turned  to normal.  A second exposure  to the propio-  
nate solution gave essentially the same result as that illustrated in records A1. 

In the second exper iment  (B1, Fig. 1), the control Tyrode ' s  solution contained 
1.8 mM calcium and we did not correct to maintain constant calcium ion 
activity as we changed solutions. As in exper iment  AI ,  phase 1 repolarization 
became slower (see the 8-min record).  However ,  after a transient shor tening 
(B1, 1-min record),  the action potential became longer  than the control  (B1, 8- 
min record).  After  9 min in propionate  solution the preparat ion remained at 
the plateau voltage after a stimulus and did not repolarize until chloride 
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solution was readmit ted  to the chamber  (B1, 10-min record) .  After  washing, a 
second exposure  to the propionate  solution gave the same result. A third 
preparat ion gave results d i f ferent  f rom ei ther  of  the first two. Data f rom this 
preparat ion are shown in Fig. 1 for  the second (records C2) and third (records 
C3) exposures  to propionate  Tyrode ' s  solution. After  the prepara t ion  equili- 
brated in Tyrode ' s  solution with 1.8 mM calcium, the solution was changed to 
propionate  Tyrode ' s  solution with the total calcium adjusted to keep the 

TYRODE'S SOLUTION I 
CONTROLS 

LOW CHLORIDE (PROPIONATE) TYRODE'S SOLUTION I 

m 

CALCIUM 2.7 mM t----CALCIUM 4.0 rnM • 

BI 
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1 8 

CALCIUM 1.8 mM ~ CALCIUM 1.8 mM =. 

C2 

C3 

m 

8 

CALCIUM 1.8mM I CALCIUM 2.7raM = 

m 

CALCIUM 2.7 mM t-----CALCIUM 4.0 mM =. 
) Is 

]~IGURE 1. Action potentials in propionate ] 'yrode's  solutaon. Results are shown 
from experiments on three preparations. The  letters A, B, and C to the left of  the 
control records indicate different preparations that were exposed to propionate; 
the numbers after the letters indicate whether the illustration shows the first, 
second, or third exposure to the low-chloride solution. A similar letter and 
number  scheme is used in the following figures showing the effects of  other 
chloride substitutes. Numbers in the lower left of  experimental  records give the 
number  of  minutes in low-chloride solution, and the horizontal lines across the 
records are drawn at 0 inV. The  control records were taken just before the change 
to propionate solution. All action potentials were obtained at a stimulation 
frequency of  0.067 s -1. Phase 1 of  the action potentials from preparations B and C 
was retouched for clarity. 

T 
IOOmV 
± 

1 
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calcium ion activity constant .  T h e  control  action potential  had a r a the r  rapid  
phase  1 repolar izat ion rate  and  a conspicuous  notch between the spike and  the 
plateau.  Af ter  a t ransient  shor ten ing  in the p rop iona te  solution (C2, 1-min 
record) ,  the action potential  became  slightly longer  than  the control  (C2, 15- 
min record) .  T h e  notch was still p resent  af ter  15 min in p rop iona te  Ty rode ' s  
solution, and we could detect  no change  in the rate of  phase  1 repolar izat ion.  

T h e  p repa ra t ion  was washed with Tyrode ' s  solution containing 2.7 mM 
calcium and exposed  to p rop iona te  Ty rode ' s  solution (4 mM calcium) u n d e r  
the same condit ions that gave the result  in the e x p e r i m e n t  labeled A1. In 
fact, p rop iona te  solution left over  f r o m  e x p e r i m e n t  A1 was used in C3, and  the 
Tyrode ' s  solution inlet was disconnected to be certain that  Ty rode ' s  solution 
was not en te r ing  the chamber .  Again,  as shown in the records  labeled C3, the 
action potential  had a p r o m i n e n t  notch even af ter  20 min in the low-chloride 
solution and  there  was no a p p a r e n t  slowing o f  phase  1 repolar izat ion.  

This  seemed an ex t r ao rd ina ry  a m o u n t  o f  variability for  three  consecutive 
expe r imen t s  with the same chlor ide substitute.  T h e r e  are d i f ferences  between 
the action potentials o f  d i f fe ren t  Purkinje fibers, as one  can see by examin ing  
the control  action potentials in Fig. 1, but  it was difficult to see how there  could 
be this much  variability in the response  to p rop iona te  if  the only effect  o f  
replacing chloride by p rop iona te  were a reduct ion in chloride conductance .  It  
did not seem likely that the a m o u n t  of  calcium was the cause, since C3 was so 
di f ferent  f rom A1. Cons ider ing  the difficulty of  de t e rmin ing  why the variability 
occur red ,  we decided to abandon  fu r the r  tests with propiona te .  

Acetylglycinate 

Acetylglycinate gave more  reproduc ib le  results than  p rop iona te ,  but  the effects 
o f  replacing chloride by this anion were still not as consistent f rom p repa ra t ion  
to p repa ra t ion  as we would have liked. T o  achieve a reasonable  level o f  
conf idence  in the results,  we p e r f o r m e d  expe r imen t s  on 13 Purkinje  fibers 
f rom seven sheep.  In all expe r imen t s ,  the control  Ty rode ' s  solution conta ined 
1.8 mM total calcium. Acetylglycinate Ty rode ' s  solutions conta ined  e i ther  1.8 
mM calcium (constant calcium concentra t ion)  or ,  except  for  one  e x p e r i m e n t  
noted  below, 2.7 mM (constant calcium ion activity). 

T h e  action potential  dura t ion  always increased in acetylglycinate Ty rode ' s  
solution (see, for  example ,  Fig. 2). T h e  dura t ion  o f  some action potentials 
increased only a few percent ,  while others  became several t imes as long as the 
controls  when sodium chloride was replaced by sodium acetylglycinate. In  an 
a t t empt  to see if the magn i tude  o f  the increase in dura t ion  was inf luenced by 
changes  in the calcium ion activity, we exposed  p repara t ions  to acetylglycinate 
solution in which the activity o f  calcium was kept  constant  by increasing the 
total calcium concentra t ion .  Af ter  a steady state was reached,  the p repara t ions  
were washed in no rma l  Ty rode ' s  solution and  then  exposed  to acetylglycinate 
Ty rode ' s  solution in which the total calcium concentra t ion  was the same as that  
in the control  Ty rode ' s  solution. This  p r o c e d u r e  gave ra the r  unsat isfactory 
results, because a second exposu re  to acetylglycinate of ten caused a change  that  
was quantitatively d i f fe ren t  f rom that  seen du r ing  the first exposure ,  even 
when the same solution was used both times. We can say with conf idence  that  
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the durat ion increased regardless of  whether  or  not we kept the calcium ion 
activity constant in the acetylglycinate solution. However ,  we cannot  say whether  
adjusting the total calcium concentrat ion o f  the acetylglycinate solution affected 
the magni tude  o f  the increase. This question was examined again dur ing  the 
experiments  in which methylsulfate was used as a chloride substitute. 

TYRODE'S SOLUTION 
CONTROLS 

LOW CHLORIDE (ACETYLGLYCINATE) 
TYRODE'S SOLUTION 

AI 

CALCIUM 1.8 rnM ~ CALCIUM 27raM ,, 

T 
IOOmV / 

BI 
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CALCIUM 1.8 mM ~ CALCIUM 2.7 rnM ~, 

T 
IOOrnV 

l 

CI 

ImV 

CALCIUM 1.8 mM ~----CALCIUM 2.9 mM • 

C3 
T 

IOOmV 

- -  1 
CALCIUM 18 mM ,, 

I Is I 

FIGURE 2. Action potentials in acetylglycinate Tyrode's solution. Action potential 
records are shown from three preparations. Labeling is as in Fig. 1 except that 
numbers in the upper left corner of each experimental record give the number of 
minutes in the low-chloride solution. The stimulation frequency was 0.067 s -1 for 
all records. Phase 1 of most action potentials was retouched. 

At the sweep speed used in Fig. 2, we could see no change in the rate of  
phase 1 repolarization o f  10 preparat ions as acetylglycinate replaced chloride. 
This was true whether  or not the calcium ion activity was kept constant as the 
solution was changed.  I f  there was a notch separating the spike f rom the 
plateau of  the action potential, as there frequently was at the stimulation rate 
o f  0.067 s -1, the notch usually remained th roughou t  the perfusion with 
acetylglycinate Tyrode ' s  solution. The  records labeled A1 and B1 in Fig. 2 show 
results f rom 2 of  the 10 preparat ions that behaved in this way. 

The  behavior of  the o ther  three preparat ions was different.  Dur ing the first 
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exposure to acetylglycinate Tyrode's solution, the rate of  repolarization during 
phase 1 slowed substantially in these preparations, essentially as reported by 
Hiraoka and Hiraoka (1975). However, in the course of  trying to determine the 
importance of  maintaining constant calcium ion activity, each of  these prepara- 
tions was exposed three times to acetylglycinate Tyrode's solution. With each 
successive exposure, the effect of  acetylglycinate solution on phase 1 was less. 
During the third exposure,  we could no longer see any effect on phase 1 in two 
of  these preparations; there was still a slight slowing of  phase 1 of  the third 
preparation during the third exposure to acetylglycinate Tyrode's  solution. 
The results from the preparation that gave the most dramatic response to the 
first acetylglycinate exposure are shown in Fig. 2 (fiber C). These data were 
obtained at a time when only a rough estimate of  the effect of  acetylglycinate 
replacement on calcium ion activity was available, so 2.0 mM calcium was used 
in the acetylglycinate solution to be sure that the calcium ion activity did not 
fall. The  preparation was exposed to this solution until a steady state was 
reached (18 min, see C1, Fig. 2). It was then washed for 27 rain in normal 
Tyrode's solution and re-exposed to the same acetylglycinate solution. The 
second exposure (not illustrated in Fig. 2) caused a much smaller change in the 
rate of  phase 1 repolarization. Acetylglycinate solution with a constant total 
calcium concentration was used for the third exposure to low chloride (C3, 
Figure 2), because the purpose of  the experiment was to examine the effect of  
changing the calcium ion activity. There  was no detectable change in phase 1 
during the third exposure to chloride. Because there was a substantial difference 
between the first and the second exposures to the same solution, we believe 
that the disappearance of  the effect on phase 1 was due either to elapsed time 
or to the repeated washing and re-exposure to acetylglycinate solution, and 
that the lack of  any effect on phase 1 during the third exposure did not result 
from our  having used a different total calcium concentration. Three  attempts 
to confirm this conclusion by repeatedly exposing such a preparation to the 
same solution failed, because none of  the preparations showed a change in 
phase 1 even during the first exposure to acetylglycinate Tyrode's solution. 

For the purpose of  reconsidering previous evidence about lqr, the critical 
observation above is that low chloride solution did not appear to change the 
rate of  phase 1 repolarization of  most preparations. The sweep speed used in 
Fig. 2 should have allowed us to detect a slowing of  phase 1 as dramatic as that 
reported by Dudel et al. (1067) and Hiraoka and Hiraoka (1975), but a small 
change might not have been apparent.  We therefore recorded the upstroke 
and phase 1 at a high sweep speed in three of  the preparations in which no 
change in phase 1 was apparent at normal sweep speeds. Fig. 3 shows control 
and steady-state records from two of  these preparations. One set of  records, 
labeled A1, is from the preparation labeled A in Fig. 2. In each of  the three 
preparations, it was clear that acetylglycinate Tyrode's solution did not signifi- 
cantly alter the time course of  phase 1 repolarization. 

These results are substantially different from the results of  low-chloride 
solutions reported by Dudel et al. (1967) and Hiraoka and Hiraoka (1975), and 
they do not confirm Carmeliet's (1961, Fig. 13) report  that phase 1 is slower in 
acetylglycinate solution. However, these data do not necessarily conflict with 
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the o ther  effects that Carmel ie t  noted.  He  stated that the plateau of  the action 
potential  was elevated in low-chloride (acetylclycinate or  pyrog lu tamate )  solu- 
tions, and  that this effect  was most ma rked  at high st imulation rates. T o  see if 
we could demons t r a t e  the same changes  that Carmel ie t  saw at a h igher  rate of  
s t imulat ion,  we tested two o f  the above p repara t ions  at a st imulation rate of  
0.67 s -~. Control  and  steady-state records  f rom these p repara t ions  are shown in 
Fig. 4. At this st imulation rate ,  the plateau o f  each p repa ra t ion  was slightly 
elevated in acetylglycinate solution. Fiber D of  Fig. 4, in par t icular ,  qualitatively 
resembles  Carmeliet ' s  (1961, Fig. 12) illustration o f  the effect  o f  acetylglycinate 
solution. Low-chloride solution caused phase  1 to end  at a slightly less negative 
voltage, but as at the lowei" st imulation rate ,  phase 1 repolar izat ion was not 
detectably slower than the control .  
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FIGURE 3. Fast sweep-speed recordings of phase 1 in acetylglycinate Tyrode's 
solution. The upstroke, all of phase 1, and the beginning of phase 2 are shown. 
Control records (those with C in the upper left corner) were taken just before the 
change to low chloride; steady-state records were each taken after 23 min in the 
experimental solution. The records labeled A are from the same experiment 
labeled A in Fig. 2. The stimulation frequency was 0.067 s -1. The calcium 
concentration in the control solution was 1.8 raM, while that in the acetylglycinate 
solution was 2.7 mM. 

M ethylsulf ate 

T h e  effects o f  replacing the sodium chloride o f  Tyrode ' s  solution by sodium 
methylsulfate  were examined  in exper imen t s  on six prepara t ions .  T h e  control  
Tyrode ' s  solution always conta ined  1.8 mM calcium. Methylsulfate Ty rode ' s  
solution contained e i ther  2.2 mM calcium (constant calcium ion activity) or  1.8 
mM calcium (constant calcium concentra t ion) .  Prepara t ions  were exposed  to 
methylsulfate  Ty rode ' s  solution with constant  calcium ion activity until the 
action potential  s t imulated at 0.067 s -1 no longer  changed  detectably with time. 
T o  de t e rmine  the impor tance  of  main ta in ing  a constant  calcium ion activity in 
the exper imenta l  solution, several were then exposed  to methylsulfa te  Tyrode ' s  
solution containing 1.8 mM calcium. 

When the ba th ing  solution was changed  f rom Tyrode ' s  solution to methylsul-  
fate Tyrode ' s  solution (2.2 mM calcium), action potentials obta ined at 0.067 s -1 
gradual ly  lengthened.  T h e  action potential  dura t ion  peaked  af ter  2-4 min in 
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methylsulfate solution and then stayed constant  or  declined slowly to a steady 
state with additional incubation in methylsulfate Tyrode ' s  solution. After  20-40 
min in methylsulfate solution, the steady-state action potential dura t ion was 
longer  than the control  in four  preparat ions (up to 170% control), equal to the 
control  in a fifth prepara t ion,  and shorter  than the control in a sixth prepara-  
tion. Fig. 5 shows representative results f rom three experiments.  

In three experiments ,  after equilibration in methylsulfate Tyrode ' s  solution 
containing 2.2 mM calcium, the solution bathing the muscle was changed to 
methylsulfate solution containing 1.8 mM calcium. In each exper iment ,  the 
action potential became shorter  as the calcium ion activity in methylsulfate 
Tyrode ' s  solution decreased.  The  effect o f  changing  the calcium ion activity in 
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FIGURE 4. Effect of acetylglycinate at a higher stimulation rate. Records were 
obtained at a stimulation rate of 0.67 s -~ in normal and acetylglycinate Tyrode's 
solutions, from the same preparations shown in Fig. 3. The control records (those 
marked C) were taken shortly before the change to low-chloride solution; steady- 
state records were obtained during a period of stimulation at 0.67 s -1 22 min 
(records A1) and 14 min (records D1) after the solution change. The calcium 
concentration in the control solution was 1.8 mM, and the concentration in the 
acetylglycinate solution was 2.7 mM. Phase 1 was retouched in all records. 

the solution is shown for preparat ion B in Fig. 5. After 15-60 min in methylsul-- 
fate solution, action potential durat ions re tu rned  to values near  the controls 
within 10-20 min after normal  Tyrode ' s  solution was readmit ted to the chamber .  

At the sweep speeds used in Fig. 5, we could see no slowing of  phase 1 in any 
of  the six preparat ions as sodium methylsulfate replaced sodium chloride. At a 
stimulation rate of  0.067 s -1, there was a notch between the spike and the 
plateau of  all six preparat ions,  and the notch persisted in all preparat ions 
t h roughou t  exposure  to methylsulfate solutions. Action potentials were re- 
corded at a high sweep speed f rom two preparat ions to allow a more  precise 
determinat ion o f  the effect o f  chloride replacement  on phase 1. Records from 
both experiments  are shown in Fig. 6. In both experiments  the max imum rate 
of  repolarization, which occurred  1-2 ms after  the peak of  the action potential, 
was greater  in the methylsulfate Tyrode ' s  solution than it had been when 
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m e a s u r e d  e a r l i e r  in n o r m a l  T y r o d e ' s  so lu t ion .  T h e  r a t e  o f  r e p o l a r i z a t i o n  
m e a s u r e d  4 ms a f t e r  the  p e a k  o f  t he  ac t ion  p o t e n t i a l ,  when  lqr w o u l d  p r e s u m a b l y  
have  a g r e a t e r  e f fec t  on  the  r a t e  o f  r e p o l a r i z a t i o n ,  was essen t ia l ly  the  s a m e  as 
c o n t r o l  va lues  in b o t h  p r e p a r a t i o n s  a f t e r  m o r e  t han  20 min  in m e t h y l s u l f a t e  
so lu t ion .  T h e  inc reases  in t he  m a x i m u m  ra t e  o f  r e p o l a r i z a t i o n  may  have  b e e n  
d u e  to e l a p s e d  t i m e ,  s ince  t h e  m a x i m u m  r e p o l a r i z a t i o n  r a t e  i n c r e a s e d  slowly in 
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FIGURE 5. Action potentials in methylsulfate Tyrode 's  solution. The  action po- 
tentials are from exper iments  on three preparat ions.  The  numbers  in the upper  
left of  the records indicate the number  of  minutes since the last solution change. 
In the case of  the records from fibers A and C, the numbers give the time in low- 
chloride solution. For fiber B, the times on the records in the far right column 
indicate the following: for the record in 2.2 mM calcium, 27 rain since the initial 
change to methylsulfate solution; for the record below it, 20 addit ional  rain in 
methylsulfate solution with a total calcium concentration of  1.8 mM; for the final 
record from fiber B; 15 min after  re turning to methylsulfate Tyrode 's  solution 
with a total calcium concentration of  2.2 mM (for a total of  62 min in low-chloride 
solution). The  stimulation rate was 0.067 s -~ in these exper iments  and phase 1 of  
most action potentials was retouched.  
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the methylsulfa te  solution and  the increased m a x i m u m  rate persisted when the 
p repara t ions  were washed with no rma l  Ty rode ' s  solution. 

Five o f  the above p repa ra t ions  were s t imulated for  b r ie f  per iods  at 0.67 s -1. 
Results f rom three  o f  these p repara t ions  are shown in Fig. 7. At the h igher  
s t imulat ion rate ,  we could see no consistent d i f fe rence  between action potentials 
r eco rded  in methylsulfa te  solution and  the control  action potentials  r eco rded  in 
normal  Ty rode ' s  solution. 

M ethanesulf onate 

T h e  sodium chloride o f  Ty rode ' s  solution was replaced by sodium methane -  
sulfonate  in expe r imen t s  on seven p repara t ions .  All solutions used in this series 
o f  expe r imen t s  conta ined  1.8 mM calcium. T h e  dura t ion  of  action potentials 
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FIGURE 6. Fast sweep-speed recordings in methylsulfate Tyrode's solution. The 
upstroke of the action potential, all of phase 1, and the beginning of phase 2 are 
shown. Control (marked C) and steady-state (22 and 26 min) records are shown 
from experiments on two preparations (D and E) of the methylsulfate series. The 
stimulation frequency was 0.067 s-l; the calcium concentration was 1.8 mM in the 
control Tyrode's solution and 2.2 mM in the methylsulfate solution. 

s t imulated at 0.067 s -I increased in all seven p repara t ions  when no rma l  Ty rode ' s  
solution was replaced by me thanesu l fona te  Ty rode ' s  solution. In  four  p repa ra -  
tions, the dura t ion  increased t h r o u g h o u t  the perfus ion with me thanesu l fona te  
solution, a l though the ra te  o f  increase was quite slow af ter  15 min in me thane -  
sulfonate  Tyrode ' s  solution. Action potential  dura t ions  o f  the o the r  p repa ra -  
tions peaked  af ter  2-10 min in me thanesu l fona te  solution, and  then  declined 
slowly to a steady state. In each of  the exper imen t s ,  the dura t ion  af ter  20-40 
min in me thanesu l fona te  solution was longer  than the control  dura t ion ,  with 
the a m o u n t  of  the increase r ang ing  f rom a few percent  g rea te r  than  control  to 
about  twice the dura t ion  o f  the control  action potentials.  Representa t ive  results 
f rom three  p repara t ions  are  shown in Fig. 8. U p o n  washing with normal  
Ty rode ' s  solution, action potential  dura t ions  r e tu rned  to values close to the 
controls  within 10 min.  

Action potential  records  were taken at fast sweep speeds f rom five p repa ra -  
tions. T h e  m a x i m u m  rate o f  repolar izat ion,  occur r ing  shortly af ter  the peak  of  
the action potential ,  and the rate  o f  repolar izat ion 4 ms af ter  the peak were 
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measured in normal  Tyrode ' s  solution and after equilibration in methanesulfo-  
hate solution. There  was no consistent effect of  chloride replacement  on either 
measurement ;  rates increased slightly in some preparat ions and decreased 
slightly in others when chloride was replaced by methanesulfonate .  For the 
g roup  of  five fibers, the measurements  made in methanesulfonate  solution 
were not significantly different  f rom the control measurements  (P > 0.5 by 
paired t-test). Steady-state control and experimental  records from four  fibers, 
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FIGURE 7. Effect of methylsulfate at a higher stimulation rate. The action 
potentials shown were obtained from three preparations during periods of stimu- 
lation at 0.67 s -1 before (records marked C) and 12, 21, or 25 min after the start of 
perfusion with methyisuifate Tyrode's solution. The calcium concentration was 
1.8 mM in the control Tyrode's solution, and 2.2 mM in the methylsulfate 
solution. Phase 1 was retouched in all records. Other results from fibers A and D 
were also shown in Figs. 5 and 6, respectively. 

showing all of  phase 1 and the beginning of  phase 2, are r ep roduced  in Fig. 9. 
All seven preparat ions were stimulated for brief  periods at 0.67 s -I in the 

course of  these experiments .  Action potentials recorded from three prepara-  
tions at this stimulation rate are shown in Fig. 10. The  results resembled those 
obtained at 0.067 S -1 , in that the only consistent effect of  chloride replacement  
was that the action potentials were longer in the methanesulfonate  solution. 

Resting Potential 

Detailed measurements  of  the resting membrane  potential were made in 
acetylglycinate, methylsulfate,  and methanesulfonate  experiments  in which 
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long- te rm drif t  was low (see Materials and  Methods).  T h e  t r a n s m e m b r a n e  
voltage jus t  before  a st imulus,  i.e. a f te r  nearly 15 s o f  inactivity, was taken as 
the rest ing potential .  When  the sodium salt o f  acetylglycinate, methylsulfa te ,  or  
me thanesu l fona te  was subst i tuted for  NaCI, there  was a t ransient  3-6 mV 
depolar izat ion.  Peak depolar izat ion occur red  15-60 seconds af ter  the change  of  
solution, and  the rest ing potential  then r e tu rned  to the control  level, usually 
within 3 min.  A t ransient  hyperpolar iza t ion  with a similar magn i tude  and  t ime 
course  occur red  when the control  Ty rode ' s  solution was readmi t ted  to the 
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FIGURE 8. Action potentials in methanesulfonate Tyrode's solution. Action po- 
tentials from three preparations are shown. The small numbers in the upper left 
of the records again indicate time in low-chloride solution. The stimulation rate 
was 0.067 s -I for all action potentials. Phase 1 was retouched. 

chamber .  These  changes  were a p p a r e n t  even in the p repara t ions  where  long- 
t e rm drif t  was g rea te r  than  3 inV. 

Af ter  the t ransient  depolar izat ion in the above low-chloride solutions, the 
res t ing potential  o f  most  p repara t ions  stayed steady at a level very close to the 
control  voltage. I f  any slow changes  occur red ,  they were smaller  than  3 mV,  
and  the re fo re  could not reliably be dis t inguished f rom slow drifts in the 
record ing  system. 

Carmel ie t  (1961) no ted  that  low-chloride solutions somet imes  caused arres t  at 
the pla teau voltage. This  appa ren t ly  was a much  more  serious p rob lem for  
Dudel  et al. (1967). In o u r  expe r imen t s ,  the only p repara t ions  that  came to a 
standstill on the plateau were some in which the calcium ion activity was 
allowed to decrease  as a n o t h e r  anion replaced chlor ide (see B1, Fig. 1). 
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D I S C U S S I O N  

Electrical Effects of Reducing Chloride 

The rationale behind replacing chloride by larger anions is that the membrane  
will be less permeable to the larger anions. Propionate,  methylsulfate, and 
methanesulfonate  have very low conductances in f rog skeletal muscle (Wood- 
bury and Miles, 1973), and Anderson and Foulks (1973) concluded that methyl- 
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FIGURE 9. Fast sweep-speed recordings in methanesulfonate Tyrode's solution. 
The upstroke, all of phase 1, and the beginning of phase 2 are shown for four 
fibers. Action potentials of three of these fibers (A-C) were shown at a normal 
sweep speed in Fig. 8. Control records are marked C; steady-state records were 
obtained after the specified number of minutes in low-chloride solution. The 
stimulation rate was 0.067 s -1, and the calcium concentration was 1.8 raM, for all 
records. 

sulfate is an impermeant  anion for f rog ventricle. There  is no direct evidence 
showing that these anions do not enter  Purkinje fibers, but it seems reasonable 
to assume, as others have, that the anions we used are much less permeant  
than chloride. Currents  carried by chloride should therefore  be reduced when 
one of  these larger anions is substituted for chloride, and alterations in the 
action potential may make it possible to deduce the normal  role of  chloride as a 
charge carrier. In practice, this may not be easy to do,  even if one assumes that 
the larger anions are completely impermeant  and that the only direct effect of  
chloride reduction is on chloride currents.  The re  is substantial variability in the 
action potentials of  Purkinje fibers, but perhaps more important ,  the voltage is 
not controlled and the voltage changes that occur when chloride is removed 
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may induce secondary  effects in nonchlor ide  currents .  However ,  taking into 
account  some o f  the most  consistent voltage c lamp observat ions,  we think the 
action potential  data  r epo r t ed  here  raise serious questions about  the ionic basis 
o f  Iqr" 

We have no doub t  that  a t ransient  ou tward  cur ren t  (lqr) appea r s  du r ing  
voltage c lamp depolar izat ions.  This  was seen in the earliest voltage c lamp 
records  (Deck et al., 1964) and the presence  o f  this cur ren t  has been  conf i rmed  
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FIGURE 10. Effect of methanesulfonate at a higher stimulation rate. The action 
potentials shown were obtained during periods of 0.67 s -1 stimulation before 
(records marked C) and during perfusion with methanesulfonate Tyrode's solu- 
tion. The records are from the same preparations labeled A-C in Figs. 8 and 9. 
The calcium concentration was 1.8 mM throughout all experiments in methane- 
sulfonate. Phase 1 of the action potentials was retouched. 

many  times. Such an ou tward  cur ren t  could account  for  the initial rapid  phase  
1 repolar izat ion af ter  the spike o f  the Purkinje  f iber action potential ,  as Dudel  
et al. (1967) suggested,  and  it could,  a long with o ther  currents ,  cause the notch 
that of ten appea r s  between the spike and  the plateau (McAllister et al., 1975). 
McAllister et al. had to make  many  assumpt ions  about  early cur ren ts  in their  
effor ts  to reconst ruct  the Purkinje  f iber action potential ,  but  their  work 
represents  the best es t imate of  what shotrld h a p p e n  if Iqr is substantially 
reduced .  T h e r e  should be a dramat ic  slowing o f  phase  1 and  the notch should 
d i sappear  (McAllister et al., 1975, Fig. 6). 

Discounting ou r  results with p rop iona te  as not allowing any meaningfu l  
in te rpre ta t ion ,  we are left with expe r imen t s  on 26 Purkinje fibers using 
acetylglycinate, methylsulfa te ,  and  me thanesu l fona te  as substitutes for  chloride.  
In  the majori ty o f  these expe r imen t s  no slowing o f  phase  1 was appa ren t .  Only 
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in three exper iments  (in acetylglycinate) did we see anything similar to the 
slowing of  phase 1 r epor t ed  by Dudel et al. (1967, Fig. 8), and in two of  these 
fibers the effect  did not persist th rough  repea ted  exposures  to the low-chloride 
solution. Fu r the rmore ,  when there  was a conspicuous notch between the spike 
and the plateau of  the action potential  in normal  solution, it was usually 
present  in low-chloride solutions as well. Thus ,  while most of  the action 
potentials recorded  in 8% chloride were longer  than normal ,  they otherwise 
resembled normal  action potentials. 

T h e  lack of  a change in phase 1 repolarizat ion in low-chloride solutions 
suggests that,  unde r  our  exper imenta l  conditions at least, phase 1 repolarizat ion 
is not caused by a t ime-dependen t  chloride current .  This is a deliberately 
cautious s tatement  because there  are,  as we ment ioned above, limitations on 
what one can conclude about  ionic currents  f rom action potential  exper iments .  
In particular,  we would emphasize that there  may be a t ime-dependen t  chloride 
cur ren t  in Purkinje f i b e r s - o u r  exper iments  do not rule out  that possibi l i ty-  
and it could contr ibute  to the transient  outward c u r r e n t  (Iqr) seen in voltage 
clamp exper iments  without having the p ro p e r  voltage or time dependence  to 
affect the action potential.  But if there  is such a cur ren t ,  its contr ibut ion to  Iqr 

must be fairly small. I f  we are correct ,  the ionic basis of  most of  the transient  
outward cur rent  is still unknown.  

From the earliest exper iments  on chloride reduct ion,  Carmeliet  (1961) and 
Hur te r  and Noble (1961) concluded that there  is a "background"  (i.e. time- 
independent )  chloride conductance  in Purkinje fibers. T h e  changes that we 
saw are consistent with this conclusion. With such a background conductance,  
there  should be a transient  outward movement  of  chloride upon changing to a 
low chloride solution, and a transient  inward movement  on re tu rn ing  to 
normal  solution. As Hur te r  and Noble (1961) pointed out,  these chloride 
movements  could cause br ief  depolarizations and hyperpolarizat ions like the 
resting potential changes repor ted  here.  A t ime- independent  chloride conduct-  
ance should also contr ibute  to repolarizat ion (Hut ter  and Noble, 1961), and 
replacing the external  chloride with an impermean t  anion might well lengthen 
the action potential.  

Does Chloride Reduction Cause Nonspecific Conductance Changes? 

In the In t roduct ion ,  we cited Trautwein 's  (1973, p. 801) conclusion that chloride 
reduct ion alters the membran e  and changes the conductances of  several ions. 
We believe our  exper iments  allow us to assess whether  this is cause for serious 
concern.  Except for  their  increased durat ions,  action potentials recorded  in 
methysulfate or methanesul fonate  Tyrode ' s  solution closely resembled the 
control  recordings.  Because the configurat ion of  the action potential changed 
little in these solutions, which contained only 8% of  the normal  chloride 
concentra t ion,  there  is little reason to argue that serious nonspecific changes 
a t tended the chloride reduct ion.  This would also be true of  most o f  the 
exper iments  in which acetylglycinate replaced chloride.  

Although we think it unlikely that chloride reduct ion,  per se, causes nonspe- 
cific conductance changes,  there  are a variety of  reasons for which nonspecific 
changes might occur in individual exper iments  or with particular substitutes. 
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We al luded to some o f  these p rob lem areas in the In t roduc t ion ;  the results o f  
the expe r imen t s  give some clues as to how impor t an t  they may be as sources o f  
e r ro r .  T h e  most  obvious p rob lem is that  the level o f  ionized calcium may 
change  as o the r  anions are subst i tuted for  chloride.  T h e  calcium ion activity 
did not seem to make  a qualitative d i f fe rence  in ou r  expe r imen t s ,  but  we 
deliberately chose to examine  substitutes that  had relatively small effects on 
calcium ion activity. This  quest ion will be discussed in more  detail when we 
c o m p a r e  ou r  results to those o f  others .  

Junc t ion  potential  changes  or,  more  p roper ly ,  changes  in the tip potentials  
o f  e lectrodes,  certainly were  a p rob lem that  requi red  more  than  casual a t tent ion.  
I f  we had not used a f lowing KCl-calomel e lect rode as an indi f fe rent  e lect rode,  
we would have concluded that  low-chloride solutions lead to a 3-7 mV depolar -  
ization o f  the rest ing m e m b r a n e  potential .  In a voltage c lamp expe r imen t ,  the 
feedback circuit would act to compensa te  for  the a p p a r e n t  depolar izat ion,  
passing sufficient hyperpo la r i z ing  cu r ren t  to keep  constant  the r eco rded  volt- 
age. T h e  e r r o r  could have serious consequences  because one  could easily be led 
to c o m p a r e  a cur ren t  record  obta ined at one  voltage in normal  chloride with 
one obta ined  at a more  negat ive voltage in low-chloride solution. 

Finally, we poin ted  out  that  replacing NaCI by the salts o f  weak acids could 
also cause nonspecif ic conduc tance  changes  because,  as Woodbury  and  Miles 
(1973) pointed  out ,  many  weak acids can cross m e m b r a n e s  in the undissociated 
form.  T h e y  may then dissociate inside cells and  titrate cell buf fe rs  in the acid 
direction.  T h e  pK o f  propionic  acid is 4.87 (Kortf im et al., 1961), so at a p H  o f  
7.2 approx ima te ly  0.5% of  the total p rop iona te  would be present  as propionic  
acid. Acetylglycinate is be t ter  in this respect  with a pK of  3.67 (Kortf im et al., 
1961), which would co r r e spond  to about  0.03% undissociated acid at p H  7.2. 
With a pK of  - 1 . 2  (Albert  and  Serjeant ,  1971), methanesul fonic  acid should be 
comple te ly  dissociated at physiological p H .  T h e  pK o f  methylsulfa te  is not 
available in the l i terature ,  but a very c rude  calculation based on the p H  o f  a 
water  solution o f  the City Chemical  Corp .  sodium methylsulfate  would place 
the pK between those o f  acetylglycinate and methanesu l fona te .  

Roos (1975) found  that  substantial  amoun t s  o f  lactic acid (pH 3.7) en te red  rat  
d i a p h r a g m .  Acetylglycinate may the re fo re  be on the border l ine  o f  acceptability, 
if one wishes to minimize the possibility that  significant amoun t s  o f  undissociated 
acid en te r  the cell. Conceivably,  f iber- to-f iber  variability in the response  to 
p rop iona te  and the lesser degree  of  variability that  we found  with acetylglycinate 
could be related to the ability o f  d i f fe ren t  fibers to mainta in  a reasonably 
constant  intracellular p H  when faced with a p ro ton  load. This  is speculat ion,  o f  
course,  but in the absence o f  be t ter  criteria for  selecting chloride substitutes,  it 
seems reasonable  to p r e f e r  the salts o f  s t rong acids. 

Comparison with Previous Work 

O u r  results are substantially d i f fe ren t  f rom those of  Dudel  et al. (1967, Fig. 8), 
for  these workers  obta ined  a very m a r k e d  slowing o f  phase  1 repolar izat ion 
when 75% of  the cloride in Ty rode ' s  solution was replaced by maleate .  In the 
A p p e n d i x  we indicate that  maleate  probably  was an un fo r tuna t e  choice as an 
anion to replace chloride because of  its effects on calcium ion activity and  ionic 
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s t rength.  Since we did not test maleate ,  we cannot  be certain that  these effects 
would explain the d i f fe ren t  results, but  it is probable  that  the calcium ion 
activity in the maleate  and  gluconate  solutions used by Dudel  et al. was 
substantially less than that  in the control  solution. In ou r  exper iments ,  the 
small change  in calcium ion activity that  occur red  when methylsulfa te  was 
substi tuted for  chloride without  calcium ad jus tment  clearly affected the action 
potential  dura t ion ,  so it is possible that  the much  larger  change  in calcium ion 
activity caused by maleate  or  gluconate  could have serious effects. In this 
r egard ,  it may be significant that  Carmel ie t  (1961) and Dudel  et al. (1967) found  
that p repara t ions  t ended  to arrest  at the plateau voltage in low-chloride 
solutions. When we kept  the calcium ion activity constant ,  that  arres t  never  
occurred.  Fur the r  evidence of  the impor tance  of  main ta in ing  a constant  calcium 
ion activity comes f rom the work of  Peper  and  Trau twein  (1968). T h e y  found  
that the positive dynamic  cur ren t  (Iqr) was substantially smaller  in calcium-free 
solution. 

Our  data do not conflict with the results obta ined by Hu t t e r  and Noble 
(1961), nor  do they conflict with many  o f  Carmelie t ' s  (1961) results. Carmel ie t  
r epo r t ed  that chloride reduct ion elevated the plateau of  the action potential  
and made  its dura t ion  longer ,  and  he stated that  the plateau elevation was 
more  m arked  at h igher  frequencies .  We found  this several t imes at a f requency  
of  0.67 s - i ,  and it might  have been a more  consistent observat ion if we had 
tested still h igher  rates. Given that  Iqr recovers  f rom inactivation relatively 
slowly (Hauswir th  et al., 1972; Fozzard and Hiraoka ,  1973), st imulation at a 
very slow rate (e.g., 0.067 s -1) should provide  the most sensitive test o f  whether  
Iqr is r educed  by low-chloride solutions, while changes  in the early par t  o f  the 
plateau caused by r educed  background  chlor ide cur ren t  might  be seen more  
readily at h igher  rates of  st imulation.  While most  o f  our  results seem compat ib le  
with Carmeliet ' s  observat ions and conclusions, we could not conf i rm his r epor t  
that phase  1 is slower in low-chloride solutions (1961, Fig. 13). 

O u r  results also agree  with a c o m m e n t  made  by Noble and Tsien (1969). 
Al though they did not show any records ,  they ment ioned  that  action potentials 
with notches could be r eco rded  in Ty rode ' s  solution in which all but  5 mM of  
the chloride had been replaced by methylsulfate .  Unde r  voltage c lamp condi- 
tions, they noted that  a sizable t ransient  ou tward  cur ren t  could be seen in low- 
chloride solution. 

T h e  most  recent  r epo r t  o f  the effects o f  chloride reduct ion on the Purkinje 
fiber action potential  was by Hi raoka  and Hi raoka  (1975). Using acetyiglycinate 
and  prop iona te  as chloride substitutes, they found  substantial reduct ions  in the 
rate of  phase 1 repolar izat ion in low chloride.  They  used p rop iona te  more  
often than acetylglycinate, and  p rop iona te  was used in each of  their  publ ished 
expe r imen t s  (Masayasu Hiraoka ,  personal  communica t ion) .  O u r  admit tedly 
limited exper ience  with p rop iona te  led us to conclude that it gave less r e l i a b l e -  
or  at least less c o n s i s t e n t - r e s u l t s  than the o the r  anions. However ,  Hi raoka  and  
Hi raoka  obtained similar results with acetylglycinate, so there  is a genuine  
di f ference  between their  results and ours  that  needs to be resolved.  We can 
offer  no explanat ion for  the d i f ference ,  except  to rei terate  our  concern  about  
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the effects o f  reduced calcium ion activity and the possibility that it may be a 
mistake to use the salts o f  weak acids. 

I f  chloride movement  is not the principal source o f  lar, it is appropr ia te  to 
ask what ion or  ions could be responsible. From the total cur rent  record in a 
voltage clamp exper iment ,  one cannot  distinguish between inward movement  
o f  negative ions and outward movement  o f  positive ions. Outward  potassium 
movement  is therefore  a logical candidate as the source o f  most o f  IQr. This is 
only a suggestion on our  part,  o f  course,  for our  experiments  do not provide 
any evidence as to what o ther  ions might be involved. However,  Hald imann 
(1963) stimulated sheep Purkinje fibers at 0.5 s -1 in Tyrode ' s  solution similar to 
ours,  and obtained similar control  action potentials. The  addition o f  20 mM 
te t rae thylammonium chloride dramatically slowed phase 1 repolarization and 
abolished the notch between the spike and the plateau o f  the action potential. 
Since te t rae thy lammonium ions reduce outward potassium currents  in several 
excitable tissues (see, for example,  Hille, 1967), Haldimann 's  observation would 
be consistent with the suggestion that lqr is a potassium current .  Voltage clamp 
analysis may help settle this question. I f  lqr is largely the result o f  potassium 
movement ,  it will be particularly interesting to see what the relation is between 
Iqr and other  plateau currents  that are thought  to be carried, wholly or in part,  
by potassium. 

A P P E N D I X  

C a l c i u m  I o n  Act iv i ty  In  L o w - C h l o r i d e  T y r o d e ' s  So lu t ions  

In analyses of chloride permeability, other anions often are substituted for chloride in 
physiological solutions. The amount of foreign anion introduced is usually large relative 
to the calcium concentration, and some anions might substantially reduce the calcium 
ion activity of solutions. Because membrane conductance systems are sensitive to calcium 
ion activity, this could be a serious source of error in studies of the electrical effects of 
chloride reduction (Boistel and Fatt, 1958; Hutter and Noble, 1960; Christoffersen and 
Sibsted, 1975). 

Principles and Technique 

We used Orion 92420 and 93-20 calcium-selective electrodes (Orion Research, Inc., 
Cambridge, Mass.) to compare the calcium ion activity of low-chloride Tyrode's solutions 
to that of normal Tyrode's solutions. A flowing KCl-calomel reference electrode (Fisher 
13-639-52, Fisher Scientific Co., Pittsburgh, Pa.) was used with the 92-20 electrode; an 
Orion 90-01 single junction reference electrode was used with the 93-20 electrode. The 
application of ion-selective electrodes to problems of this type is not yet routine, so it is 
necessary to specify the assumptions we made and the errors that might arise. 

For an ideal Nernst electrode, the voltage difference between the ion-specific electrode 
and a suitable reference electrode is given by: 

2.3 RT log {i}, (1) E - E 0 +  zl~F-- 

where R, T, and F have the usual meanings with 2.3 (RT/F) equal to 59 mV at 25°C, {i} 
is the activity of the ion i to which the electrode responds, zi is the charge of the ion, and 
E0 is a standard potential that depends in part on the choice of reference electrode. 
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For our purposes, it is more convenient to write Eq. (1) in the following form: 

E = Eo + S log{i}, (2) 

where S replaces 2.3 (RT/ziF). If ion i is a bivalent cation, the theoretical value of the 
"slope factor" S is 29.5 mV at 25°C. 

E0 in Eq. (1) and (2) depends on the choice of reference electrodes, as noted; it may 
also change slightly over long periods of time. We avoided these concerns by arranging 
experiments so that the parameters of interest were voltage differences obtained dur ing 
tests of standards and unknowns,  all of which were tested over a 1- or 2-h period. I fEu 
and E~ represent the voltages in an unknown and a standard solution, obtained with an 
electrode that behaves according to Eq. (2), then the calcium ion activity in the unknown 
solution, relative to that in the standard, is given by: 

{Ca++}u - ]0 gEu-E,)lSl. (3) 
{Ca++}s 

We used Eq. (3) to compare the calcium ion activity in substituted Tyrode's solution to 
that in normal Tyrode's solution. Tyrode's solution is not a standard solution in the 
usual sense, because the activity of calcium in Tyrode's solution is also unknown.  Our  
approach therefore gives only the ratio of calcium ion activities. The derivation of 
additional information from the data would have required further assumptions, without 
adding materially to our conclusions. 

Voltages were read to ---0.2 mV, with a Beckman model 76A pH meter (Beckman 
Instruments,  Inc., Fullerton, Calif.), or to --0.1 mV with an Orion model 801A millivolt- 
pH meter (Orion Research). For a bivalent ion electrode, a precision of -+0.2 mV 
corresponds to approximately +-1.6% precision in determining ion activity. 

Certain nonrandom errors are possible in these experiments. With either of the 
reference electrodes used, the liquid junct ion potential at the reference electrode is 
likely to change as one changes from Tyrode's solution to a solution containing one of 
the chloride substitutes. Using the Henderson equation (Bates, 1964, p. 40) and the 
value of the limiting ionic conductance for propionate given by Frankenthal (1963), we 
estimated that the potential at the junction between 4 M KCI and the test solution 
should increase approximately 1 mV as we changed from a Tyrode's solution containing 
137 mM NaCI to one containing 137 mM sodium propionate. A 1-mV increase in the 
liquid junct ion potential on changing to the low-chloride solution would result in a ratio 
calculated by Eq. (3) that is ~8% lower than the true ratio. We were unable to find 
values for the limiting ionic conductances of the other ions tested and there is some 
uncertainty in the liquid junct ion potential calculation, so the data are presented without 
correction for changes in liquid junct ion potential. 

Some error will also arise because the Orion electrode is not perfectly selective for 
calcium ion. Ross (1967) gave an empirical equation for the response of an ion-selective 
electrode in the presence of interfering ions. We used this equation and the selectivity 
constants that the manufacturer  gives for the electrode to estimate the interference 
from other ions in Tyrode's solution. Only the Mg ÷+ and Na + should produce significant 
interference. At the lowest calcium concentration tested (0.9 mM), the total error caused 
by these ions should be approximately +0.9 inV. The error decreases as the calcium 
concentration is increased and at 5.4 mM calcium the combined error should be about 
+0.3 inV. The effect of the competing ions, then, is to reduce slightly the slope of the 
curve relating electrode voltage to the logarithm of calcium ion activity. We followed the 
usual practice of using the experimental slope, rather than the theoretical slope, in 
calculations using Eq. (3). Where there were two complete sets of data in normal-chloride 
Tyrode's solution and in low-chloride Tyrode's solution, we fitted the two sets individ- 
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ually and used the mean of the two slopes for calculations. The two slopes were usually 
within 1-2 mV of each other. An uncertainty of 1 mV in determining S corresponds to 
an uncertainty of 0.015 in determining ratios by Eq. (3). 

Solutions 

In addition to CaCI2, Tyrode's solution contained (mM): NaCI, 137; KCI, 5.4; MgC12, 
1.05; NaHCO3, 13.5; NaHzPO4, 2.4; dextrose, 11.1. Tyrode's solution without added 
calcium was prepared from stock solutions of the various salts, and Tyrode's solution 
with 5,4 mM CaCIe was prepared from the same stocks and a CaCI2 stock solution made 
from freshly opened CaC12"2H20. The 0 and 5.4 mM calcium solutions were then 
mixed to prepare Tyrode's solutions with calcium concentrations between 0.9 and 5.4 
mM. Reagent grade chemicals (Mallinckrodt Chemical Co., St. Louis, Mo., or Baker 
Chemical Co., Phillisburg, Pa.) and glass-redistilled water were used. 

Low-chloride solutions were prepared by replacing the 137 mM NaCI of normal 
Tyrode's solution with one of the following: 137 mM sodium acetylglycinate (prepared 
by NaOH neutralization of acetylglycine from Sigma Chemical Co., St Louis, Mo.); 137 
mM sodium gluconate (obtained from ICN-K&K, Plainfield, N. J.); 137 mM sodium 
methanesulfonate (prepared by NaOH neutralization of methanesulfonic acid from 
Eastman Organic Chemicals, Rochester, N. Y.); 137 mM sodium methylsulfate ("elec- 
tronic grade" from City Chemical Corp.,  New York). 

A note of warning may help others who wish to use methyisulfate. According to 
Mutschler and Lindmar (Appendix to Lfillman, 1961), sodium methylsulfate produces a 
clear, neutral solution. Stock solutions (274 mM) of the electronic grade chemical from 
City Chemical Corp. were clear, with a pH of 7.9-8.0. However, five of six lots from 
other suppliers (Eastman Organic Chemicals and ICN-K&K) gave solutions that were 
strongly acid or contained substantial amounts of undissolved material, or both. The 
sixth lot of chemical (from ICN-K&K) contained a significant amount  of contaminant  
calcium. Some of the variability might be related to how the chemical was stored by 
suppliers; City Chemical advised us that it should be refrigerated to ensure stability. 

Normal and low-chloride Tyrode's solutions were saturated with 95% O2-5% CO2 at 
room temperature (21-24°C) before calcium determinations. The pH of solutions was 
spot checked, usually with 2.7 mM calcium solutions. At room temperature,  pH was 
6.9-7.2. To estimate the overall effect of temperature,  some experiments were done 
with the solutions warmed to 36-38°C. 

Results and Conclusions 

The data comparing ionized calcium in Tyrode's solution containing chloride substitutes 
to that in normal Tyrode's solutions are summarized in Table I. Gluconate and maleate 

T A B L E  I 

RATIOS OF CALCIUM ION ACTIVITY IN TYRODE'S SOLUTION 
C O N T A I N I N G  CHLORIDE SUBSTITUTES TO TH E CALCIUM ION ACTIVITY 

IN NORMAL TYRODE'S SOLUTION 

Added calcium (raM) 

Chloride substitute 0.9 1 ~8 2.7 3.6 4.5 5,4 n 

Gluconate 0.24 ± 0.02 0.20 ± 0.03 0.19 • 0.01 0.19 - 0.01 0.19 ± 0.01 0.18 ± 0.01 S 

Maleate 0.32 ± 0.04 0.27 ± 0.01 0.26 ± 0.02 0.25 ± 0.01 0.25 ± 0.01 0.24 ± 0.04 3 

Propionate 0.65 ± 0.02 0.63 ± 0.02 0.65 ± 0.04 0.64 + 0.06 0.68 ± 0.10 0.69 - 0.17 $ 

Acetylglycinat¢ 0,66 -~ 0.04 0.63 ± 0,04 0.67 ± 0.02 0,66 ± 0.03 0.68 ± 0.03 0.66 - 0.04 3 

Methylsulfate 0.83 ± 0.05 0.82 ± 0.03 0,84 -4- 0.03 0.83 -+ 0.04 0.81 ± 0,04 0.80 ± 0.03 3 

Methanesulfonate 0,88 ± 0.10 0.87 ± 0,09 0.86 ± 0.01 0.88 ± 0,06 0.92 ± 0.10 0.91 ± 0.10 5 

Mean values -+ SD for tests of  n solutions at each added calcium concentration. 
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drastically reduced calcium ion activity, while acetylglycinate and propionate had smaller, 
but still substantial, effects. Methyisulfate caused only a modest decrease in calcium ion 
activity. These general statements would hold regardless of  whether the data were 
corrected for junction potential changes as indicated above. Methanesulfonate, on the 
other hand, had only a small effect on the ratio computed by Eq. (3). If  a residual 
junction potential correction were applied to the data for this anion, it would probably 
be reasonable to conclude that substitution of  methanesuifonate for chloride had no 
significant effect on calcium ion activity. 

In a limited series of  experiments,  voltage measurements were made in normal and 
low-chloride Tyrode's  solutions warmed to 36-38°C. Because of  the problem of keeping 
large numbers of  solutions warm, the normal and low-chloride solutions were compared 
only at a total calcium of 2.7 mM. Methytsulfate, propionate,  acetylglycinate, maleate, 
and gluconate were tested in this way. At the higher temperature,  voltage readings were 
3.5-5 mV higher than measurements made of  the same solutions at room temperature.  
However, at a total calcium of 2.7 mM, the difference between the voltages obtained in 
substituted and normal Tyrode's  solution ([Eu - Es] in Eq. [3]) did not appear to change 
because of  the increased temperature .  The  experiments at the higher temperature  were 
not repeated enough times to allow statistical comparisons of  the data but, for the 
substitutes tested at 36-38°C, the voltage differences were within the range of  values 
obtained at room temperature  and the ratios of  calcium ion activities were comparable 
to those reported in Table I. A more definitive determination of  the effect of  
temperature  would have required thermostating and jacketing of  the entire test setup 
(Moore, 1969). For the degree of  accuracy necessary for most biological experiments,  it 
seemed reasonable to conclude that the ratios reported in Table I would change little at 
36-38°C. 

Of  the anions we tested, gluconate and maleate would seem to be very poor choices as 
chloride substitutes because of  their drastic effects on calcium activity. There  is an 
additional problem when maleate is used: because it is bivalent, either the sodium 
concentration or the ionic strength must be changed if it is to be used as a chloride 
substitute. 

If  the effect of  an anion on calcium ion activity were the only important consideration 
in chloride replacement studies, methanesulfonate would be a better choice than the 
other anions we tested. It would seem reasonable to use this anion without calcium 
adjustment. Others may be used, however, providing the total calcium concentration is 
raised so that the calcium ion activity is kept constant. Our  data (Table I) or those of  
Christoffersen and Skibsted (1975) should allow others to make approximate corrections, 
but because the chemicals used are not manufactured to established standards of  purity 
it would be preferable to test individual chemical lots. 
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