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A B S T R A C T Monolayer cultures of myocardial cells were prepared by trypsin 
dispersion of neonatal rat ventricles. The cells were cultured for 4-5 days by which 
time a synchronously contracting monolayer of some 1.0 × l0 s cells per 6-cm diam 
petri dish had formed. The contraction frequency and Na influx of the cells were 
unaffected by tetrodotoxin (2 × 10 -3 mg/ml) but both were markedly reduced by 
the addition of verapamil (10 -9 M to 10 -5 M). The effect of verapamil on both 
parameters occurred very rapidly. Although unresponsive to change in [Ca]0 
between 0.3 mM and 3.0 mM, the contraction frequency of the cells declined 
rapidly as the [Ca]0 was reduced below 0.3 mM. On the other hand the beating rate 
of the cells was linearly related to [Na]0 between 40 mM and 170 mM. At values 
[Na]0 below 40 mM the cells ceased to contract. It is therefore apparent that both 
[Ca]0 and [Na]0 contribute to the maintenance of the contraction frequency of 
cultured myocardial cells, but the latter is by far the more important. There also 
appeared to be, under all conditions, a close relationship between verapamil- 
sensitive Na influx and contraction frequency. For the greater part this relationship 
was linear although at higher Na influx values it appeared to show evidence of 
saturation. 

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

It is generally accepted that,  in most  cardiac pacemaker  tissue, automaticity 
results f rom a decreased potassium (K) conductance  in the presence o f  a 
depolar izing current  du r ing  diastole. Phase 4 depolarization in sinoatrial tissue 
(Brooks and  Lu,  1972; West, 1972) has been attr ibuted largely to an inward 
calcium (Ca) current ,  a l though in spontaneously  firing Purkinje fibers changes 
in extracellular calcium concentrat ion ([Ca]0) had little or  no effect on automatic- 
ity (Draper  and Weidmann,  1951; Weidmann,  1955). Similarly, in cul tured chick 
heart  cells increasing [Ca]0 had little influence on the contract ion f requency 
(Sperelakis and Lehmkuhl ,  1966). On  the o ther  hand,  decreasing extracellular 
sodium concentrat ion ([Na]0) diminished or  abolished pacemaker  funct ion in 
Purkinje fibers (Draper  and Weidmann ,  1951; Weidmann,  1955) leading to 
suggestions that Na was primarily responsible (Trautwein and Kassebaum, 1961) 
or  that both Na and Ca might  be implicated (Imanishi,  1971; Katzung,  1975). 
The  na ture  o f  the ionic basis for the depolar izing cur ren t  involved in automatic- 
ity has not therefore  been completely def ined,  a l though it is possible that the ion 
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involved may depend  on the tissue under  study, thereby account ing for  conflict- 
ing results obtained f rom differ ing preparat ions .  

Myocardial  cells cul tured f rom the hearts o f  neonatal  rats exhibit regular  and 
rhythmic  contractions in vitro which must  reflect the intrinsic automaticity o f  the 
prepara t ion .  Once a conf luent  monolayer  is fo rmed ,  contractions become syn- 
ch ronous  t h r o u g h o u t  the tissue. It has been stated that the contract ion rate o f  a 
monolayer ,  at any given time, reflects the automaticity o f  the most  rapidly 
contract ing cell (Harary  and Farley, 1963b; Mark and Strasser, 1966). It is 
probable,  however,  that the automaticity,  or  rate o f  diastolic depolarization,  of  
all cells in the culture is very similar because: (a) o f  the tight electrical coupl ing 
which exists between adjacent cells; and  (b) the excitation wave f ront  may change 
f rom beat to beat with little or  no change in contract ion f requency (Jongsma et 
al., 1975). For this reason it is felt that alterations in ionic exchange associated 
with changes in intrinsic automaticity o f  these cells will be reflective o f  processes 
involving all of  the cells o f  the monolayer  ra ther  than just  a few isolated 
"pacemaker"  cells. Previous studies (Sperelakis and Lehmkuhl ,  1966) have indi- 
cated that the enhanced  automaticity o f  chick hear t  cells in culture is due to a 
reduced  m e m b r a n e  K permeability (PK). In view of  the influence o f  [Na]0 and 
[Ca]0 on the funct ion o f  the sinoatrial node and Purkinje fibers, however,  
additional ionic determinants  of  automaticity o f  heart  cells in culture may also 
exist. T h e  present  studies, therefore ,  were carr ied out to investigate the possible 
roles o f  Ca and Na in the regulation of  the contract ion rate o f  spontaneously 
beating cul tured heart  cells. 

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

With the hearts of 1-2-day old rats, myocardial cell cultures were prepared by the method 
of Harary and Farley (1963 a). After removal of the hearts from the animal, however, the 
hearts were trimmed of all atrial tissue and only the ventricles used for culture prepara- 
tion to ensure, as nearly as possible, a homogeneous cell population. After disaggregation 
of the hearts to single cells, by repeated trypsinizations, the modifications of Blondel et al. 
(1971) to improve the percentage of myocardial cells present in the cultures were em- 
ployed. This step permitted the preparation of cultures containing at least 80% myocar- 
dial cells, a percentage similar to that obtained by both Blondel et al. (1971) and Langer 
and Frank (1975). After this, the cells were incubated at 37°C in growth medium (MEM) 
containing 10% calf serum for 4 days, by which time a satisfactory monolayer of some 1 x 
10 n cells per 6-cm diam Petri dish had formed. Before each study, randomly selected 
plates from each batch were examined under phase-contrast microscopy to determine the 
percentage of cells showing visible contractile shortening, and to ensure that contractions 
were synchronous. 

Since the pH of MEM depends on a controlled atmosphere of 5% CO2 in air, its 
stability could not be maintained during experiments in which plates were continually 
being removed from the incubator. Accordingly, all experiments were carried out with 
the cells in a balanced salt solution containing (mM): Na + 136.80; K + 5.35; Ca 2+ 2.25 
(ionized Ca 2+ 1.90); Mg 2+ 1.03; C1- 148.22; PO~- 0.43; glucose 11.10; plus calf serum 5% 
and phenol red 0.0002%. Regular spontaneous contractions of the cells can be maintained 
in this solution for at least 24 h. The cells were allowed to equilibrate in this solution for a 
period of 3 h before any measurements were made, although no change in the contrac- 
tion frequency of the cells was noted during this period. 

The low Na solutions were prepared by osmotic replacement of NaC1 with choline 
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chloride.  A direct  effect o f  the choline chlor ide on the cells, however,  was excluded by 
pe r fo rming  a duplicate set o f  exper iments  in which glucose was used as the NaCI 
replacement .  This  gave results essentially identical to those obtained with choline chlo- 
r ide,  indicat ing that the results obtained were a reflection o f  the low Na ra ther  than of  the 
Na-replacing agent.  Differing levels of  ionized Ca were obtained by adding  or  subtracting 
appropr ia t e  quantities of  anhydrous  CaC12 when the salt solution was p repa red ,  the 
ionized Ca levels being verified with an Orion biochemical ionized calcium analyzer 
model  SS-20 (Orion Research Inc. ,  Caambridge ,  Mass.). Since the contr ibut ion to the 
total osmolality o f  the solution from CaC12 is small, no a t tempt  at osmotic correction for 
Ca was made.  Verapamil  HC1 was freely soluble in the balanced salt solution, at the 
desired concentrat ions,  without the necessity o f  using a specific solvent. T h e  p H  of  all 
solutions was 7.2. 

Na influx was measured by methods detai led previously (Lamb and MacKinnon,  1971; 
Lamb and McCall, 1972). The  cells were exposed  to Z4Na, in balanced salt solution, for a 
per iod of  t ime, short  compared  to the total Na exchange t ime, and the influx was 
calculated f rom the equation: 

Mr, = d[C,J/dt" IOn~n, 

where M~ is the intqux in t~M/1011 cells/s, d[Cd is the amount  of  ion enter ing the cell 
(calculated from intracellular  radioactivity and the specific activity of  the soak solution) in 
time dt, and n is the cell number  (as a fraction o f  106 cells) per  plate. All measurements  o f  
Na influx were made  over a 15-s exposure  to 24Na (half-time of  Na exchange in these cells 
= 1.5 min [McCall, unpubl ished observation]). Since this is very short  compared  to total 
Na exchange time, it can be assumed that there  is negligible efflux of  t racer  in that t ime 
(Lamb, 1971), and no correction need be appl ied.  The  plates of  cells were gently agitated 
on a control led t empera tu re  warming plate at 370C dur ing  the influx per iod,  to ensure 
adequate  mixing and stability of  t empera tu re  th roughout  the exper iment .  Blank plates, 
containing no cells, were included with each exper iment  to de te rmine  background 
activity on the plates. Where the effect of  a d rug  on Na influx was measured,  the d rug  
was included in the radioactive influx solution. 

The  contraction rate o f  the cells in culture was recorded  by visual examinat ion of  the 
cells under  phase contrast  microscopy and counting the number  o f  contractions in a given 
t ime, and was expressed as contractions per  minute.  T h roughou t  the rate determinat ions  
the cultures were kept at a constant 37°C on the microscope stage by using a Sage Air  
Curtain incubator  (Sage Ins t ruments  Div., Orion Research Inc.,  Cambridge,  Mass.). 

The  24Na used was obtained from New England nuclear,  Waltham, Mass., and the 
te t rodotoxin  from Sigma Chemicals, St. Louis, Mo. Dr. Arno ld  Schwartz, Depar tment  o f  
Cell Biophysics, Baylor College o f  Medicine, Houston,  Tex. ,  kindly suppl ied the verapa- 
mil used in the present  exper iments .  All isotope count ing was carr ied out  with a Packard 
Tr icarb  Liquid Scintillation Spect rometer  (Packard Ins t rument  Co., Inc. ,  Downers 
Grove, Ill.) the ~4Na being counted without added  scintiilant. 

R E S U L T S  

Effect  o f  Tetrodotoxin 

In i t i a l  s t ud i e s  w e r e  c a r r i e d  o u t  in an  a t t e m p t  to  assess  how m u c h ,  i f  a t  al l ,  t h e  
c o n t r a c t i o n  r a t e  o f  t he se  cells was i n f l u e n c e d  by t e t r o d o t o x i n  ( T T X ) - s e n s i t i v e  
c u r r e n t s .  T h e  cells w e r e  e x p o s e d  to T T X ,  in  b a l a n c e d  salt  s o l u t i o n ,  in c o n c e n -  
t r a t i o n s  f r o m  10 -a to 2 x 10 -s  g /ml  f o r  p e r i o d s  o f  t i m e  f r o m  30 s to  30 m i n .  N o n e  
o f  t he  c o n c e n t r a t i o n s  o f  T T X  used  p r o d u c e d  m e a s u r a b l e  e f fec t s  o n  e i t h e r  t he  



5 4 0  T H E  J O U R N A L  OF  G E N E R A L  P H Y S I O L O G Y  " V O L U M E  68.  1 9 7 6  

contract ion f requency  or  the Na influx in these cells. It  should be pointed out ,  
however ,  that the present  study did not include electrophysiological recordings 
f rom the cells. These  data,  the re fore ,  a l though suggestive, do  not  absolutely 
prec lude  the existence o f  TTX-sensi t ive Na channels  in the prepara t ion .  T h e  
concentra t ion (2 × 10 -5 g/ml) used, however ,  was previously found  sufficient to 
abolish excitation in Purkinje fibers (Dudel et al., 1967), decreasing the beating 
rate o f  cardiac cell strands (Lieberman et al., 1975), and several orders  o f  
magni tude  grea ter  than that requi red  to abolish electrical activity in whole chick 
embryo  hearts (De Haan  et al., 1975). It is t he re fo re  felt that the present  results 
are strongly suggestive o f  a relative insensitivity o f  the cells to T T X .  

Effect of Verapamil on Contraction Rate 

Although relatively insensitive to T T X ,  the contract ion rate o f  the cells was 
ex t remely  sensitive to the addit ion o f  verapamil .  This  effect  o f  verapamil  was 
dose -dependen t  (Fig. 1 a) and had an almost immedia te  onset.  A max imum 
effect  o f  each concentra t ion o f  verapamil  on the rate o f  beating was observed 
within 15 s of  addit ion of  the drug ,  the reaf te r  showing no fu r the r  t ime-depend-  
ent  effect  no r  any tendency  to spontaneous  recovery in the cont inued  presence 
of  the drug .  With verapamil  the beat rate (contractions per  minute)  decreased 
f rom a control  o f  122.10 - 2.37 (SEM) to 104.50 - 1.20 (SEM) (P < 0.001) and to 
36.10 -+ 2.43 (SEM) (P < 0.001) in 10 -9: M and 2 × 10 -7 M, respectively. All 
spontaneous  contractions o f  the cells were abolished by concentra t ions  of  vera- 
pamil o f  5 × 10 -r M and greater .  From the data shown in Fig. l a  the half- 
maximal inhibitory dose (IDs0) for  verapamil  on contraction f requency was of  
the o rde r  of  7.5 × 10 -S M. 

Effect of Verapamil on Na Influx 

Verapamil ,  in addit ion to having a p r o n o u n c e d  effect  on the contract ion rate o f  
these cells, markedly  affected the Na influx. As in the case o f  the rate effect ,  the 
verapamil- induced reduct ion in Na influx was immedia te  upon  addit ion o f  the 
d rug  and showed no fu r the r  t ime-dependen t  changes in magni tude  between 15 s 
and 1 h. With increasing concentrat ions o f  verapamil  there  was a progressive 
decrease in Na influx,  dose -dependen t  along a sigmoid log dose-response curve 
(Fig. 1 b). T h e  Na influx (/xM/1011 cells/s) decl ined f rom a control  value of  30.08 
-+ 1.10 (SEM) to 26.41 - 0.68 (SEM) (P < 0.01) and to 8.44 -+ 0.25 (SEM) (P < 
0.001) in 10 -9~ M and 10 -5 M verapamil ,  respectively. Maximal inhibitory effect  
on the Na influx occurs with verapamil  in concentra t ions  f rom 10 -e M to 10 -5 M 
with an IDs0 at 5 × 10 -s M, very similar to the IDs0 for  the verapamil- induced 
rate effect.  

T h e  results indicate that approximate ly  72% of  the Na influx in these cells is 
abolished immediately upon  the addit ion of  verapamil ,  in concentra t ions  of  10 -6 
M or  greater ,  to the bathing solution. It was the re fo re  possible to divide the Na 
influx,  u n d e r  various condit ions,  into its verapamil-sensitive and verapamil- 
insensitive components ,  by measur ing the flux in the absence and in the pres- 
ence o f  10 -5 M verapamil .  

T h e  relat ionship between the rate and Na-influx effects of  verapamil  was o f  
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some interest .  I t  was found  that  there  existed close l inear  relat ionships between 
total Na influx and  cont rac t ion  rate ,  and  be tween  verapamil-sensi t ive inf lux and  
cont rac t ion  ra te .  For  total Na  inf lux the re la t ionship  could be  descr ibed  by the 
equat ion y = 5.89x-50.0 (r = 0.99; P < 0.001), and  for  verapamil-sensi t ive influx 
by the equat ion y = 5.77x-0.20 (r = 0.99; P < 0.001)(in each case y = contract ion 
f r equency  and  x = Na influx).  

Na inf lux changes  associated with changes  in the contract ion rate  o f  the cells 
may be a reflection o f  changes  in e i ther  the electrical or  the mechanical  activity 
o f  the p repa ra t ion .  T h e  lat ter  possibility deserves  serious considerat ion in view 
o f  the f indings o f  McLean et al. (1974), in cu l tured  chick hear t  cells, that  
ve rapami l  p r o d u c e d  e lec t romechanica l  uncoup l ing  within 3-5 min ,  r a the r  than  a 
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The effect of the immediate application of various concentrations of 
verapamil (log scale) on (a) the spontaneous contraction frequency and (b) Na influx 
of monolayers of myocardial cells. Points are mean -+ SEM (n = 20 for contraction 
frequency measurements; n = 10 for flux measurements). Verapamil effect on rate 
significant, P < 0.001 at all concentrations shown. For Na influx effect, P < 0.01 at 
10-gM and P < 0.001 at 5 × 10-gM and greater. 

de te r io ra t ion  of  slow Na cur ren t .  I t  was o f  interest ,  however ,  that  in the p resen t  
studies,  l a n t h a n u m  chloride (5 x 10 -4 M) which has been  shown to uncouple  
excitat ion f r o m  contract ion in m a m m a l i a n  hear t  muscle (Sanborn  and  Langer ,  
1970) and  cu l tured  hear t  cells (Langer  and  Frank ,  1972), resul ted in comple te  
cessation of  all contracti le activity but  had no apprec iable  effect  on Na  influx.  

Verapami l  blocks slow cu r r en t  responses ,  initially cons idered  to be due  to 
specific blockage o f  an inward  Ca cu r r en t  (Koh lha rd t  et al., 1972). More  re- 
cently,  however ,  the d r u g  has been  shown to inf luence slow Na cur ren t s ,  as well 
as Ca cur ren t s  (Shigenobu et al., 1974) in embryon ic  chick myocardia l  cells. T h e  
possible implicat ions o f  this latter observat ion to the p resen t  s tudy were  investi- 
ga ted  by assessing the effect  o f  both  [Ca]0 and  [Na]0 on the contract ion rate  of  
the cells. 
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Effect of [Ca]o on Contraction Rate 

T h e  monolayers  o f  myocard ia l  cells were exposed  to various concentra t ions  of  
ionized Ca in balanced salt solution. Changes  in [Ca]0 between 0.3 mM and 3.0 
m M  had no inf luence on the contract ion rate  o f  the p repa ra t ion  (Fig. 2). As the 
[Ca]0, however ,  was r educed  below 0.3 m M  the spon taneous  rate  declined 
rapidly  f r o m  the control  level. Th i s  (Fig. 2) would indicate that  extracel lular  Ca 
is r equ i red  to mainta in  a no rma l  beat ing  rate ,  but  such that  ha l f -maximal  
activation occurs at a [Ca]0 o f  0.15 mM,  the maximal  effect  occur r ing  with 0.3 
mM [Ca]0. I t  t he re fo re  requires  a very low [Ca]0 to inf luence the contract ion rate 
of  cells and  that  changes  in [Ca]0 between 0.3 mM and 3.0 mM do not appreci-  
ably inf luence the automatici ty  of  the p repara t ion .  
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FIGURE 2. Spontaneous contraction frequency of cells at different levels of [Ca]0. 
Each point is mean - SEM of six observations. 

Effect of [Na]o on Contraction Rate 

In  cont ras t  to the effect  o f  changes  in [Ca]0, even small changes  in [Na]o had  a 
significant effect  on the cells' contract ion rate  (Fig. 3). When  [Na]0 was decreased  
below 40 mM all spon taneous  contract ions ceased. T h e  relat ionship between 
[Na]0 and  contract ion f requency  could be descr ibed by a single l inear  regression 
(r = 0.99; P < 0.001) as shown in Fig_ 3. Despite the close adhe rence  to the 
calculated l inear  regress ion,  however ,  the da ta  points shown (Fig. 3) suggest  that  
above 150 mM [Na]0 the rate o f  beat ing is reaching  a pla teau with respect  to 
[Na]0. T h e  results indicate a close re la t ionship be tween extracel lular  Na and  
spon taneous  contracti le activity of  hear t  cells in cul ture .  T h e  effect  o f  [Na]0 on 
cont rac t ion  ra te  was immed ia t e  upon  addi t ion  o f  the low Na solutions,  and  
p rom p t l y  reversed  by r e tu rn ing  the cells to the control  solution. 

Effect of [Na]o on Na Influx 

As would be expec ted ,  r educ ing  [Na]0 reduces  the Na influx (Fig. 4) immedia te ly  
upon  addi t ion o f  the low Na solutions to the cells. T h e  Na influx was measu red  
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in t he  a b s e n c e  a n d  p r e s e n c e  o f  v e r a p a m i l  (10 -~ M) at  each  o f  t h e  [Na]0 va lues  
s h o w n  (Fig .  4), a l l o w i n g  s e p a r a t i o n  o f  t h e  f l ux  in to  its v e r a p a m i l - s e n s i t i v e  a n d  
n o n s e n s i t i v e  c o m p o n e n t s .  I t  is o f  i n t e r e s t  (F ig .  4) t ha t  fo r  va lues  o f  [Na]0 o f  25 
m M  a n d  b e l o w  no  v e r a p a m i l - s e n s i t i v e  N a  i n f l u x  c o u l d  be  r e c o r d e d .  T h e r e  w e r e ,  
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FIGURE 3. Spontaneous  contraction frequency of  cells at d i f te ren t  levels of  [Na]0. 
Each point  is mean -+ SEM of  10 observations. Line shown is calculated regression 
line (P < 0.001) together  with cor responding  regression equation.  
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FIGURE 4. Effect o f  [Na]0 on Na influx,  myocardial  cells. At each [Na]0 value, 
inf lux measured  in presence and absence of  verapamil  (10 -~ M), allowing derivat ion 
of  verapamil-sensitive and insensitive components .  Each point  is mean -+ SEM of  10 
observations. Lines are calculated regression lines which are described by the 
following equations. For total Na influx, y = 0.21x - 1.20 (r = 0.99, P < 0.001); for 
verapamil-sensitive Na influx, y = 0.18x - 2.69 (r = 0.99, P < 0.001); for 
verapamil-insensit ive Na influx, y = 0.04x + 1.09 (r = 0.94, P < 0.001). 
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however, close linear correlations between [Na]0 and total, verapamil-sensitive 
and verapamil-insensitive Na fluxes throughout  the range of  [Na]0 values tested 
(for each r = 0.94 or greater; P < 0.001). With the exception of the verapamil- 
sensitive Na influx, the calculated regression lines in each case pass very close to 
the intersect of  ordinate and abscissa. 

The  overall relationship between Na influx and contraction rate at different 
levels of  [Na]0 did not conform to a single linear regression. For values of total 
Na influx (ftM/10 II cells/s) between 0 and 26.2 the relationship to contraction 
rate followed a linear progression described by the equation y = 4.80x-5.26 (r = 
0.98; P < 0.001). At values greater than 26 ttM/101I cells/s the relationship 
deviated considerably from the previous line, the contraction frequency reach- 
ing a plateau with respect to Na influx. 

An almost identical relationship between verapamil-sensitive Na influx and 
rate, with variation in [Na]0, existed. The  slope o f  the linear regression (y = 
5.92x+0.52; r = 0.99), however, was different from that pertaining to total Na 
influx, and the upper  limit of  the linear portion in this case was 19.5 ~M/10 ~' 
cells/s Na influx. 

Since changing [Na]0 has an immediate effect on contraction frequency, the 
present data indicate a highly significant interdependence between rate of  Na 
entry and contraction frequency in cultured heart cells. The  overall relationship 
between the verapamil-sensitive Na influx for both verapamil effects and [Na]0 
effects is shown in Fig. 5. This indicates that as the verapamil-sensitive Na influx 
increases toward 20 ~M/10 II cells/s, it correlates linearly with an increase in the 
beating rate of  the cells. Further  increases above 20 t~M/101' cells/s result in a 
much lower progression of contraction rate, the points (Fig. 5) being strongly 
suggestive of  saturation with a maximal influence on rate occurring somewhere 
between 25 and 30/~M/10 '1 cells/s. From Fig. 5 it can also be seen that the half- 
maximal effect occurs with a verapamil-sensitive Na influx of around 14 ~M/10 II 
cells/s. This would correspond to a verapamil concentration of  around 2 x 10 -8 
M (cf. Fig. 1 a and a value for [Na]0 around 100 mM (cf. Fig. 3). 

Subsequent studies using 42K and 4SCa as tracers for intracellular K and Ca, 
respectively, demonstrated that (a) decreasing [Na]0 had no measurable effect on 
intracellular K concentation over a 1-h period, and that (b) a measurable increase 
in intracellular Ca could only be detected after 10 min exposure to the low [Na]0 
(50 mM; 75 mM; 100 mM) solutions. These findings would indicate that the 
immediate effects of decreasing [Na]0 are primarily due to the [Na]0 itself, rather 
than being mediated via secondary changes in intracellular K or Ca. 

D I S C U S S I O N  

In addition to possessing the general advantages inherent  in the use of  cultured 
cells for ion flux studies (Cheneval et al., 1972) heart cells in culture permit an 
evaluation of  the action of cardioactive drugs at a cellular level, free from any 
neurogenic or hemodynamic influences. For this reason such cells have become 
popular  as an investigational preparation, despite the significant electrophysiol- 
ogic differences between these cells and adult mammalian heart  (Sperelakis, 
1967). Because of  this, it should be appreciated that caution must be exercised in 
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a t t emp t ing  to ex t rapo la te  data  r e g a r d i n g  m e m b r a n e  funct ion in these cells 
direct ly to that  in the adul t  m a m m a l i a n  hear t .  

In  the p resen t  studies no m e a s u r e m e n t s  o f  cellular electrical activity were  
made ,  and  it was t he re fo re  impossible to def ine  specific m e m b r a n e  ion cur ren ts  
directly. T h e  contract ion f requencies  o f  the cells were  una f fec ted  by T T X  in 
concent ra t ions  u p  to 2 x 10 -5 g/ml,  the concent ra t ion  which would be expec ted  
to abolish spon taneous  electrical activity in Purkinje  f ibers  (Dudel  et al., 1967). 
A l though  not  conclusive,  these data  do  suggest  that  fast Na cur ren t s  are o f  lesser 
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FIGURE 5. Overall relationship between verapamil-sensitive Na influx and con- 
traction frequency from both verapamil (solid symbols) and [Na]0 (open symbols) 
studies. Mean values only shown. The broken line represents the calculated linear 
regression, for values of Na influx between 0 and 20/~M/10 n cells/s, given by the 
equation y = 6.02x - 0.95 (r = 0.99, P < 0.001). The solid line is fitted to the 
remaining points by eye. 

i m p o r t a n c e  in the ma in tenance  o f  no rma l  activity in these cells. Insensit ivity o f  
hea r t  cells in cul ture  to T T X ,  at least in young  cul tures ,  has been  previously 
r e p o r t e d  by o the r  workers  (L ieberman  et al., 1975; De H a a n  et  al., 1975; 
Sperelakis  et al., 1975). Th is  is t hough t  to be due  to a loss o f  fast Na  channels  and  
a gain o f  slow Na channels ,  suggestive o f  revers ion o f  the cells to a y o u n g e r  
embryon ic  state (Sperelakis e t  al., 1975). 

In  view o f  the p r e p o n d e r a n c e  o f  slow cu r r en t  activity in cul tured  hear t  cells 
(Sperelakis ,  1972) the effects  o f  ve rapami l  on bo th  contract ion f r equency  and  Na 
inf lux in the presen t  expe r imen t s  are  o f  some interest .  Both were  marked ly  
decreased  within 15 s o f  exposu re  to verapami l .  Th is  differs  f r o m  the f indings of  
McLean et al. (1974) indicat ing that  in cu l tured  chick hear t  cells ve rapami l  
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produced  electromechanical  uncoupl ing  within 3-5 rain, but  did not  result  in 
deter iora t ion o f  the slow Na cur ren t .  In o u r  cells the effects o f  verapamil  
appea red  to be much  more  r a p i d . T h e  reason for  the appa ren t  differences 
between the present  findings and those o f  McLean et al. (1974) is unclear ,  but  
may well represen t  a contrast  o f  the effects o f  verapamil  on mammal ian  as 
opposed  to avian tissue. It  cannot  be assured,  however ,  that the present  effects 
did not  represent  electromechanical  uncoupl ing ,  despite the appa ren t  differ-  
ences between the effects of  verapamil  and those o f  l an thanum in this prepara-  
tion. 

It  should be pointed out,  however ,  that f rom the electrophysiologic stand- 
point,  the actions o f  ne i ther  verapamil  no r  l an thanum can be regarded  as 
specifically inhibitory to an inward Ca cur ren t .  Kass and Tsien (1975) demon-  
strated significant effects of  both l an thanum and the verapamil  analogue,  D600, 
on m e m b r a n e  K currents .  Both agents modif ied  the K cu r r en t  associated with 
the action potential  plateau.  In addit ion,  l an thanum (5 x 10 -4 M) caused a shift 
in the pacemaker  K cu r r en t  associated with a s teepening o f  pacemaker  depolari-  
zation (Kass and Tsien,  1975). On the o the r  hand ,  D600 had no effect  on 
pacemaker  K currents  in concentrat ions up  to 9.6 × 10 -e M (Tsien, 1975; Kass 
and Tsien,  1975). In the present  studies, no acceleration o f  contract ion fre- 
quency was seen upon  addit ion o f  l an thanum to the cultures,  and the verapamil  
analogue D600 does not appea r  to influence pacemaker  K cur ren t  in o ther  
preparat ions  (Kass and Tsien,  1975; Tsien,  1974). It is the re fore  unlikely that the 
effects o f  l an thanum or  verapamil  in this study represen t  effects on membrane  
K currents ,  a l though this possibility does exist and has to be considered in the 
overall in terpreta t ion o f  the data. 

It has also been recently shown that racemic verapamil  and D600 may have a 
measurable effect  on fast Na currents  (Bayer et al., 1975) predominant ly  reflect- 
ing the action o f  the (d) isomer.  T h e  concentrat ions necessary for  this effect  
however  were considerably in excess of  those found  to have a significant effect  in 
this p repara t ion ,  and there fore  it is unlikely that this mechanism was operat ive,  
expecially in view of  the insensitivity o f  the prepara t ion  to T T X .  

Al though the actions o f  verapamil  cannot  the re fore  be rega rded  simply as 
resulting f rom specific blockade o f  a slow inward cur ren t ,  it is unlikely that the 
effects o f  the agent  seen in this prepara t ion  are due  to effects on ei ther  
membrane  K, or  fast Na, currents .  

Approximate ly  70% of  the Na influx of  the cells is abolished by the immediate  
application o f  10 -5 M verapamil .  This  represents  22 /xM/10 n cells/s or,  f rom the 
volume and area measurements  o f  these cells (derived f rom Jongsma  and Van 
Rijn, 1972), approximate ly  10 pmol /cm 2. s -1 of  verapamil-sensitive Na influx. I f  
this were all associated with the electrical activity o f  the cells, beating at a rate o f  
120/min and having an action potential  dura t ion o f  120 ms (Hyde  et al., 1972), 
then the Na influx per  beat, above base line, would be o f  the o rd e r  of  41 pmol/  
cm 2- s -1, similar to that found  by Conn  and Wood (1959) in whole dog hear t .  

T h e  enhanced  automaticity o f  cul tured hear t  cells appears  to d ep en d  pr imar-  
ily on a low membrane  K conductance (Sperelakis and Lehmkuhl ,  1966). T h e  
data presented  here  indicate a d ep en d en ce  also on [Ca]0 and [Na]0, especially the 
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latter.  Decreasing [Ca]0 below 0.3 mM has a p r o n o u n c e d  effect  on contract ion 
frequencies o f  the cells. It was not  possible to obtain an absolutely Ca-free salt 
solution conta ining serum,  because o f  the Ca contr ibut ion f rom the serum,  but  
in a Ca- and se rum-f ree  solution the cells ceased contract ing spontaneously.  As 
[Ca]0 was increased f rom 0.3 mM towards 3.0 mM no fu r the r  increase in 
contract ion f requency  occur red ,  a f inding similar to that of  Sperelakis and 
Lehmkuh l  (1966). 

Changing  [Na]0 had an immedia te  effect  on contract ion rate,  suggesting a 
pr imary  effect  o f  Na ions, the time being insufficient to p roduce  secondary 
effects on K or  Ca exchange via an influence on the cellular content  o f  those 
ions. Two  possibilities the re fo re  exist. First, decreasing [Na]0 may, by influenc- 
ing the Na equi l ibr ium potential  or  m em b ran e  rest ing potential ,  p roduce  
changes in GK to account  for  the rate changes seen, or  alternatively, r e n d e r  the 
cells less excitable. Second,  [Na]0 may primarily control  an inward Na cu r ren t  
which, coupled  to a low GK, may control  the automaticity of  the prepara t ion .  At 
this time it is not  possible, by the methods  employed ,  to distinguish between 
these two possible mechanisms.  It is o f  interest,  however ,  that the relat ionship 
between verapamil-sensitive Na influx and contract ion f requency  is the same for  
both the verapamil  effect  and the [Na]0 effect.  This  constant  relationship,  which 
appears  to reach a plateau at the h igher  values o f  Na influx,  would suggest a 
c o m m o n  mechanism of  action o f  both  verapamil  and [Na]0. This  mechanism 
could well be rep resen ted  by an effect  on a verapamil-sensitive inward Na flux, 
thereby inf luencing the spontaneous  automaticity o f  the prepara t ion .  

This work was supported in part by a grant from the Southwestern Ohio Chapter of the American 
Heart Association. 

Received for publication 5 April 1976. 

R E F E R E N C E S  

BAYrR, R., D. KALUSCHE, R. KAUFMANN, and R. MANNHOLD. 1975. Inotropic and 
electophysiological actions of verapamil and D600 in mammalian myocardium. III. 
Effect of the optical isomers on transmembrane action potential. Naunyn-Schmiedebergs 
Arch. Pharmacol. 290:81-97. 

BLONDEL, B., I. ROIJEN, and J. P. CHENEVAL. 1971. Heart cells in culture: A simple 
method for increasing the proportion of myoblasts. Experentia (Basel). 27:356-358. 

BROOKS, C., and H. Lu. 1972. The Sino-Atrial Pacemaker of the Heart. Charles C. 
Thomas, Publisher, Springfield, Ill. 

CHENEVAL, J .  P., A. HYDE, B. BLONDEL, and L. GIRARDIER. 1972. Heart  cells in culture: 
metabolism, action potential and transmembrane ionic movements. J. Physiol. (Par/s). 
64:413-430. 

CONN, H. L., and J. c .  WOOD. 1959. Sodium exchange and distribution in the isolated 
heart of the normal dog. Am. J. Physiol. 197:631-636. 

DEHAAN, R. L., T. F. McDONALD, and H. G. SACHS. 1975. Development of tetrodotoxin 
sensitivity of embryonic chick heart cells in vitro. In Developmental and Physiological 
Correlates of Cardiac Muscle. M. Lieberman and T. Sano, editors. Raven Press, 155- 
168. New York. 



548 THE JOURNAL OF GENERAL PHYSIOLOGY " VOLUME 68 • 1976 

DRAPER, M. H. ,  and S. WEIDMANN. 1951. Cardiac resting and action potentials recorded 
with an intracellular  electrode. J. Physiol. (Lond.). 115:74-94. 

DUDEL, J . ,  K. PEPER, R. RUDEL, and W. TRAUTWEIN. 1967. Effect of  tetrodotoxin on the 
membrane  cur ren t  in cardiac muscle (Purkinje fibers). Pfluegers Arch. Eur. J. Physiol. 
295:213-226. 

HARARY, I.,  and B. FARLEY. 1963 a. In vitro studies of  single beating rat hear t  cells. I. 
Growth and organization.  Exp. Cell. Res. 29:451-465. 

HARARY, I. ,  and B. FARLEY. 1963 b. In vitro studies of  single isolated beating heart  cells. 
II .  Intercel lular  communicat ion.  Exp. Cell. Res. 29:466-477. 

HYDE, A.,  J.  P. CHENEVAL, B.  BLONDEL, and L. GIRARDIER. 1972. Electrophysiological 
correlates of  energy metabolism in cultured rat hear t  cells. J. Physiol. (Paris). 64:269- 
292. 

IMANISHI, S. 1971. Calcium-sensitive discharges in canine Purkinje f ibers.Jpn.  J. Physiol. 
21:443-463. 

JONGSMA, H. J . ,  M. MASSON-PEVET, C. C. HOLLANDER, and J.  DE BRUYNE. 1975. Syn- 
chronization of  the beating frequency of  cul tured rat hear t  cells. In Developmental  and 
Physiological Correlates of  Cardiac Muscle. M. Lieberman and T.  Sano, editors.  Raven 
Press, New York. 185-196. 

JONGSMA, H. J . ,  and H. E. VAN RIjN. 1972. Electrotonic spread of  cur rent  in monolayer  
cultures o f  neonatal  rat hear t  cells. J. Membr. Biol. 9:341-360. 

KASS, R. S., and R. W. TSIEN. 1975. Multiple effects of  calcium antagonists on plateau 
currents  in cardiac Purkinje f ibers .J .  Gen. Physiol. 66:169-192. 

KATZUNG, B. 1975. Effect of  extracellular calcium and sodium on depolar izat ion-induced 
automaticity in guinea pig papillary muscle. Circ. Res. 37:118-127. 

KOHLHARDT, M.,  B. BAUER, H.  KRAUSE, and A. FLECKENSTEIN. 1972. Differentiation of  
the t ransmembrane  Na and Ca channels in mammal ian  cardiac fibers by the use of  
specific inhibitors. Pfluegers Arch. Eur. J. Physiol. 335:309-322. 

LAMB, J.  F. 1971. Radioisotopes compar tmenta l  analysis in cellular exchanges. In Radio- 
nuclides in Pharmacology.  (I .E.P.T.  Sect. 78, Vol. 1). Y. Cohen, editor.  Pergamon 
Press, New York. 489-521. 

LAMB, J.  F., and D. McCALL. 1972. Effect of  prolonged ouabain t reatment  on Na, K, C1 
and Ca concentrations and fluxes in cultured cells. J. Physiol. (Lond.). 225:599-617. 

LAMB, J.  F., and M. G. A. MACKINNON. 1971. Effect of  ouabain and metabolic inhibitors 
on the Na and K movements,  and nucleotide contents o f  L cells. J. Physiol. (Lond.). 
215:665-682. 

LANGER, G. A. ,  and J.  S. FRANK. 1972. Lanthanum in hear t  cells culture. Effect on 
calcium exchange correlated with its localization.J.  Cell. Biol. 54:441-455. 

LANGER, G. A., and J.  S. FRANK. 1975. Calcium exchange in cultured cardiac cells. In 
Developmental  and Physiological Correlates of  Cardiac Muscle. M. Lieberman and T.  
Sano, editors. Raven Press, New York. 117-126. 

LIEBERMAN, M., T .  SAWANOBORI, N.  SHIGETO, and E. A. JOHNSON. 1975. Physiologic 
implications of  heart  muscle in tissue culture. In Developmental  and Physiological 
Correlates of  Cardiac Muscle. M. Lieberman and T. Sano, editors. Raven Press, New 
York. 139-154. 

MCLEAN, M. J . ,  K. SHIGENOBU, and N. SPERELAKIS. 1974. TWO pharmacological  types of  
cardiac slow Na + channels as dist inguished by verapamil .  Eur. J. Pharmacol. 26:379-382. 

MARK, G. E., and F. E. STRASSER. 1966. Pacemaker activity and mitosis in cultures of  
newborn rat hear t  ventricle cells. Exp. Cell. Res. 44:217-233. 



MCCALl_ Verapamil, Ca, and Na Effects on Heart Cells 549 

SANBORN, W. G., and G. A. LANGZR. 1970. Specific uncoupl ing o f  excitation and 
contraction in mammal ian  cardiac tissue by lanthanum.  J. Gen. Physiol. 56:191-217. 

SHIGENOBU, K., J .  A. SCHNEIDER, and N. SPERELAmS. Verapamil  blockade o f  slow Na + 
and Ca ++ responses in myocardial  cells. J. Pharmacol. Exp. Ther. 190:280-288. 

SVERELAKIS, N. 1972. The  electrical propert ies  o f  embryonic  hear t  cells. In Electrical 
Phenomena in the Heart .  W. C. deMello,  editor .  Academic Press, Inc. ,  New York. 1- 
61. 

SPERELAKIS, N., and D. LEHMKUHL. 1966. Ionic interconversion of  pacemaker  and non- 
pacemaker  cultured hear t  cells. J. Gen. Physiol. 49:867-895. 

SPrRELAKIS, N., K. SHIGENOBO, and M. J.  McLEAN. 1975. Membrane  cation channels- -  
changes in developing hearts,  in cell culture and in organ culture. In Developmental  
and Physiological Correlates of  Cardiac Muscle. M. Lieberman and T. Sano, editors. 
Raven Press, New York. 209-234. 

TRAUTWEIN, W., and D. G. KASSEBAUM. 1961. On the mechanism of  spontaneous 
impulse generat ion in the pacemaker  of  the hea r t . J .  Gen. Physiol. 45:317-330. 

TSlEN, R. W. 1974. Effects of  ep inephr ine  on the pacemaker  potassium current  of  cardiac 
Purkinje fibers. J .  Gen. Physiol. 64:293-319. 

WEIDMANN, S. 1955. Effects of  calcium ions and local anesthetics on electrical proper t ies  
of  Purkinje fibers. J. Physiol. (Lond.). 129:568-582. 

WEST, T.  D. 1972. Electrophysiology of  the sino-atrial node.  In Electrical Phenomena in 
the Heart .  W. C. de Mello, editor.  Academic Press, Inc.,  New York. 191-217. 


