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E v i d e n c e  for  I n w a r d  C a l c i u m  C u r r e n t  in  th e  A b s e n c e  of E x t e r n a l  S o d i u m  in  Rat  M y o c a r d i u m  

Since t he  o b s e r v a t i o n s  of GII~BISCH a n d  ~VEIDMANN 1 on  
vo l t age  c l amped  sheep ven t r i c l e  fibres,  t h e r e  ha s  been  a 
g rowing  we igh t  of ev idence  t h a t  a de l ayed  i n w a r d  c u r r e n t  
c o n t r i b u t e s  to  t h e  p l a t e a u  phase  of t h e  ca rd iac  ac t ion  
po ten t i a l .  This  c u r r e n t  is p r o b a b l y  car r ied  b y  Ca++ ions 2, 3. 
The re  is also ev idence  t h a t  ca lc ium ions m o v i n g  in d u r i n g  
the  p l a t eau  c o n t r i b u t e  di rect ly ,  or ind i rec t ly ,  to  t he  rise 
in free i n t r ace l lu l a r  ca lc ium t h r o u g h  inc reas ing  a n  i n t e r n a l  
re leasab le  s tore.  This  is t h o u g h t  to  be  respons ib le  for 
t en s ion  d e v e l o p m e n t  ill t h e  m y o c a r d i u m  4, 5. 

The  ev idence  for i n w a r d  ca lc ium c u r r e n t  has  come 
la rge ly  f rom s tudies  on  t r a b e c u l a r  t i s sue  f rom sheep ~ or 
frog 6 m y o c a r d i u m .  E x p e r i m e n t s  on  o t h e r  species such  as 
ea t  7 a n d  r a t  s h a v e  also been  repor ted .  

Our  i n t e r e s t  ha s  been  cen t r ed  on  t h e  r a t  m y o c a r d i u m ,  
p a r t i c u l a r l y  r a t  pap i l l a ry  muscle,  w h i c h  ha s  been  used 
ex t ens ive ly  as a mode l  s y s t e m  in i n t e r p r e t i n g  m y o c a r d i a l  
mechan ics  9-n.  Th i s  is p e r h a p s  u n f o r t u n a t e  s ince i t  is 
c lear  t h a t  t h e  r a t  h e a r t  b e h a v e s  d i f f e ren t ly  to  m o s t  o t h e r  
m a m m a l i a n  h e a r t s  in  severa l  respects .  I n c r e a s i n g  t he  
f r equency  of s t i m u l a t i o n  gives a nega t i ve  ino t rop ic  
response  u n d e r  m o s t  cond i t i ons  12. I t  is r e l a t ive ly  in-  
sens i t ive  to  ca rd iac  glycosides ~3 a n d  ha s  a sho r t  ac t ion  
p o t e n t i a l  w i t h  a l m o s t  no  p l a t e a u  phase  1~. A d i rec t  
c o m p a r a t i v e  s t u d y  ,of t h e  r a t  a n d  ca t  m y o c a r d i u m  led 
to t he  sugges t ion  t h a t  t he  in t r ins i c  con t ro l  mechan i c s  for  
c o n t r a c t i l i t y  in  t he  r a t  m a y  be  qu i t e  d i f fe ren t  14. Most  of 
these  di f ferences  p o i n t  to  t h e  poss ib i l i ty  t h a t  t he  r a t  
m y o c a r d i u m  b e h a v e s  as a 'c losed s y s t e m '  w i t h  respec t  to  
calc ium.  On t h e  o t h e r  h a n d  t h e  work  of LEOTY et  al. ~ 
c lear ly  shows a m a n g a n e s e - s e n s i t i v e  slow i n w a r d  c u r r e n t  
in  s t r ips  of r a t  m y o c a r d i u m .  W e  h a v e  a t t e m p t e d  to  f ind  
fureher  d i rec t  ev idence  for a p o t e n t i a l  d e p e n d e n t  Ca++ 
c h a n n e l  in t he  m y o c a r d i a l  m e m b r a n e  of r a t  vent r ic le .  

Mater ia l  and methods. P a p i l l a r y  muscles  t a k e n  f rom 
the  left  ven t r i c l e  of r a t s  were equ i l i b r a t ed  in T y r o d e  
so lu t ion  of t he  fol lowing compos i t i on  Na,  149.2; K, 5.4; 
Mg, 0.5; H2PO 4, 0.4; HCO 3 11.9; C1 146.9 meq/1 a n d  
glucose 5 g/l, e q u i l i b r a t e d  w i t h  5% CO2, 95% O 2. W h e n  
tris so lu t ions  were used, all  N a  was rep laced  b y  tris or 
tris + Ca a n d  t he  p H  a d j u s t e d  w i t h  HC1, o the r  buf fers  
(HCO~ a n d  H2PO~)were  e l imina t ed  a n d  t he  so lu t ion  
gassed w i t h  o x y g e n  T he  sucrose so lu t ion  was m a d e  b y  
a d d i n g  100 g sucrose  a n d  5 g glucose to  1 1 d is t i l led  
water .  The  c h a m b e r  c o n t a i n e d  a single,  c en t r a l  sucrose 
gap  1.5 m m  wide w h i c h  was s e p a r a t e d  f rom t h e  2 end  
c o m p a r t m e n t s  b y  t h i n  r u b b e r  m e m b r a n e s .  T he  muscle  
was  sucked  in to  a t h i n  p las t i c  c a n n u l a  w h i c h  was  passed  
t h r o u g h  t he  holes  in t he  two r u b b e r  m e m b r a n e s  a n d  
gen t ly  w i t h d r a w n  to leave  t h e  t ip  of t h e  pap i l l a ry  
m u s c l e  p r o j e c t i n g  in to  t he  vo l t age  m e a s u r i n g  c o m p a r t -  
m e n t .  C u r r e n t  pulses  passed  t h r o u g h  t h e  f ibres  in t he  
sucrose  gap  f rom the  base  of t h e  muscle  could  be  used  to  
change  t h e  p o t e n t i a l  of f ibres  in  t he  t ip  of t h e  pap i l l a ry  
muscle .  A l t e rna t i ve l y ,  c u r r e n t  f rom a f eedback  ampl i f i e r  
could  be  used to  con t ro l  t r a n s m e m b r a n e  p o t e n t i a l  in t he  
t ip  of t he  p a p i l l a r y  muscle  m e a s u r e d  b y  a microe lec t rode .  
The  a r r a n g e m e n t  was s imi la r  to  t h a t  descr ibed  b y  
~IEBISCH and WEIDMANN 16. 

After perfusing the 3 chambers with Tyrode solution 
for i h, one end of the muscle was stimulated and potentials 
between the end compartments were measured. Action 
potentials of about 30 mV were reached at this time. The 
centre compartment was then perfused with sucrose. The 
trans gap potential increased during the next 20 min until 
the ratio of the trans gap action potential to the trans- 
membrane potential recorded by microelectrode reached 
about 0.95. This corresponds with the average value of 

0.94 r epo r t ed  b y  McGuIGAN I7 us ing  sheep a n d  calf h e a r t  
t r abecu lae .  The  ra t io  decreases  s lowly w i t h  t i m e  to  r each  
a level  of a b o u t  0.8 a f t e r  2 h. U n d o u b t e d l y  t h i s  is due to  
the  p rogress ive  rise in i n t e r n a l  l o n g i t u d i n a l  r es i s t ance  as 
r e p o r t e d  b y  KLEBER ls. Th i s  f u r t h e r  compl i ca t e s  t he  
i n t e r p r e t a t i o n  of c u r r e n t  vo l tage  r e l a t ionsh ips  in p ro longed  
expe r imen t s .  The  t r a n s m e m b r a n e  vo l tage  change,  in  
response  to  square  c u r r e n t  pulses was m e a s u r e d  a t  
d i f fe ren t  i n t e rva l s  a long  t he  p r o j e c t i n g  t ip  w i t h  a micro-  
e lectrode.  

2 was e s t i m a t e d  b y  f i t t i ng  curves  for a sealed end  
cable  t9 to  t he  obse rved  da ta .  E s t i m a t e s  of 0.9 m m  for 
depola r iz ing  pulses  a n d  0.8 m m  tor  hype rpo l a r i z i ng  pulses  
were ob ta ined .  The  p ro j ec t i ng  t i p  of t he  p a p i l l a r y  muscle  
m u s t  the re fo re  be  no  more  t h a n  0.5 m m  in order  to  o b t a i n  
spa t i a l  vo l t age  con t ro l  of 4- 10% w h e n  t he  mieroe lec t rode  
impa les  t h e  cen t r a l  region of t he  p ro j ec t i ng  f ibres  a n d  
w h e n  t r a n s m e m b r a n e  res i s t ance  (Rm) is un i fo rm  a n d  close 
to  t h a t  seen in t h e  r e s t ing  s ta te .  W h e n  p o t e n t i a l  d e p e n d e n t  
changes  in Rm occur,  c u r r e n t  flow d i s t r i b u t i o n  will become  
non-un i fo rm.  The  r ange  of t r a n s m e m b r a n e  vo l t age  over  
which  ionic channe l s  open  will  t h u s  be  sub jec t  to  con- 
s iderab le  er rors  in  m e a s u r e m e n t .  The  m e t h o d  is sti l l  
h o w e v e r  v a l u a b l e  in  i den t i fy ing  c u r r e n t  channe l s  w h e n  
d i f fe ren t  ions are  s u b s t i t u t e d  in t he  e x t e r n a l  solut ion.  

Resul ts  and discussion. Using  sho r t  muscle  l eng ths  
(0.4-0.5 mm)  c u r r e n t  vo l t age  re la t ions  were m e a s u r e d  in 
d i f fe ren t  e x t e r n a l  solut ions .  I n  Tyrode ,  p e a k  i n w a r d  
c u r r e n t  showed  a n  a b r u p t  t r a n s i e n t  increase  to a m a x i m u m  
va lue  w i th  s tep  depo l a r i za t i on  f rom the  r e s t ing  p o t e n t i a l  
( - -70  to  - -80 mV) to  a b o u t  - -50 m V  (Figure  1). T h e  
s h a r p  increase  in c u r r e n t  is a l m o s t  c e r t a in ly  a re f lec t ion  of 
poor  spa t i a l  con t ro l  of p o t e n t i a l  a t  t he  p o i n t  where  sod ium 
c o n d u c t a n c e  s t a r t s  to  increase  2~ A n e t  in i t ia l  i n w a r d  
c u r r e n t  pers is t s  up  to  s tep  depo la r i za t ions  of a b o u t  
+ 20 mV.  At  th i s  poin t ,  ou twa rd  c u r r e n t  exceeds i n w a r d  
c u r r e n t  a n d  e s t ima te s  of i nward  c u r r e n t  become  d e p e n d e n t  
u p o n  t he  e s t i m a t e d  t i m e  course of o u t w a r d  cur ren t .  The  
cu rve  shown  in F igure  1B is ba sed  on t he  a s s u m p t i o n  t h a t  
t h e r e  is a s t e a d y  n e t  o u t w a r d  cu r ren t ,  i n d e p e n d e n t  of 
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t ime,  d u r i n g  t h e  150 msec depola r iz ing  pulse.  This  
p r o b a b l y  resu l t s  in  some u n d e r e s t i m a t e  of t h e  i n w a r d  
c u r r e n t  since t h e r e  appea r s  to  be  a sma l l  in i t ia l  t r a n s i e n t  
o u t w a r d  c u r r e n t  c o m p o n e n t  a f te r  sod ium has  been  
w a s h e d  ou t  (Figure 1A, co lumn  2). 

W i t h i n  1-2 ra in  of t he  s t a r t  of t h e  wash  ou t  w i t h  
sodium-f ree  tris so lu t ion  t he  in i t i a l  i n w a r d  t r a n s i e n t  
d i sappears .  I t  m a y  b e  a rgued  t h a t  a sma t l  de layed  
inward  cu r r en t  r ema ins  even  a f te r  10 m i n  soak ing  in Na-  
free so lu t ion  s ince o u t w a r d  c u r r e n t  passes  t h r o u g h  a 
m i n i m u m  a t  a b o u t  50 msee. For  t he  sake  of comple teness ,  
t h i s  c o m p o n e n t  was  ca lcu la ted  a s suming  a s t e a d y  o u t w a r d  
c u r r e n t  equa l  to  t he  ne t  c u r r e n t  a t  t he  end  of t h e  pulse.  I n  
th i s  e x p e r i m e n t  a smal l  a m o u n t  of ca lc ium (0.1 m M )  was  
added  to t h e  tris solut ion.  Th i s  he lped  to  m a i n t a i n  
s t a b i l i t y  of m e m b r a n e  p o t e n t i a l  du r ing  t he  p ro longed  
wash  ou t  periods.  

U p o n  r e p l a c e m e n t  of th i s  tris so lu t ion  w i t h  a so lu t ion  
c o n t a i n i n g  large a m o u n t s  of ca lc ium (10-50 m M )  large 
inward  cu r r en t s  b e c a m e  a p p a r e n t  w i t h i n  1-2 m i n  a n d  
pers i s t ed  for  as long  as t he  e x p e r i m e n t  c o n t i n u e d  (30 min) .  

Here  a g a i n  t h e r e  is ev idence  of poo r  spa t i a l  con t ro l  a t  
c l amp p o t e n t i a l s  b e t w e e n  - -20 m V  an d  zero. T h e  s u d d e n  
increase  in  i n w a r d  c u r r e n t  b e t w e e n  - -20 m V  a n d  - -10 m V  
a n d  t h e  smal l  h u m p  in  t h e  vo l t age  r ecord  are  t y p i ca l  
i nd ica to r s  of this .  Whi l e  these  a r t e fac t s  are  an  undes i r ab le  
f ea tu re  for precise c l amp ana lys i s  t h e y  neve r the l e s s  are a 
consequence  of t h e  r a t h e r  large ca lc ium d e p e n d e n t  
i n w a r d  cur ren t .  N e t  i n w a r d  c u r r e n t  was  aga in  on ly  
m a i n t a i n e d  for  p o t e n t i a l s  up  to  a b o u t  + 20 mV.  At  
h igher  p o t e n t i a l s  t he re  a p p e a r e d  to be  a n  in i t ia l  i n w a r d  
c u r r e n t  c o m p o n e n t  supe r imposed  on  a s t e a d y  o u t w a r d  
cur ren t .  T h e  i n w a r d  c o m p o n e n t  pe rs i s t ed  even  a t  vo l t age  
s teps  of + 80 mV.  

T h e  a r g u m e n t s  ag a i n s t  t h e  i nward  c u r r e n t  c o m p o n e n t  in  
Ca-tr/s so lu t ion  be ing  due to  sodium,  seem considerable .  
Finest t h e  i n w a r d  c u r r e n t  d i sappear s  w i t h i n  1-2 ra in  of 
swi tch ing  to Na-f ree  tris golnt ions i n d i c a t i n g  a r e a s o n a b l y  
r ap id  sod ium wash  out .  Secondly  t h e  t i m e  course  of t he  
i n w a r d  c u r r e n t  in h i g h  Ca is qu i te  d i f fe ren t  to  t h a t  in  
h igh  sod ium a n d  t h i r d l y  t h e  a p p a r e n t  r eve r sa l  p o t e n t i a l  of 
t h e  i n w a r d  c u r r e n t  in  t h e  presence  of ex t e rna l  Ca is so 
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Fig. 1. A) Typical current and 
voltage records from rat papillary 
muscle (see text). Lower trace; 
microelectrode recording of trans- 
membrane potential during step 
depolarizations. Upper trace; cur- 
rent records. After washing out 
tyrode solution with tris, the 
initial inward current component 
disappears (column 2). After 
20 rain, the 0.1 mM Ca-iris solu- 
tion is replaced by 50 mM Ca-tris. 
Large inward currents appear 
within a few minutes and persist 
for at least 30 min after the change 
(column 3). B) A plot of inward 
current (zlI ; see inset) as a function 
of transmembrane potential in the 
3 different solutions, sequence as 
in A. 
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Fig. 2. Recordings of membrane 
potential responses to depolariz- 
ing pulses in rat papillary muscle. 
At zero time the tyrode solution 
was replaced by 10 mM Ca-tris 
soiution. Subsequent changes as 
indicated. 

h igh tha t  i t  would exceed the  sodium equi l ibr ium potent ia l  
even if no sodium were washed out  of the  extracel lu lar  
space in 50 rain. 

I t  follows tha t  the  large inward currents  seen in the  
high calcim-n-tris solut ion should lead to regenera t ive  
spikes if large enough depolar izat ion pulses are passed 
th rough  the  prepara t ion .  The  typica l  act ion po ten t ia l  in 
response to small  depolar iza t ion pulses (15-20 mV, 
2 msec) disappears  wi th  the  same t ime  course as t ha t  
required for the  disappearance of the  t rans ien t  inward 
current  when  Tyrode  is replaced wi th  tris solutions. If  
the  dura t ion  of the  depolar izing pulse is increased .to 
about  30 msec and the  ampl i tude  of the  pulse progres- 
s ively  increased, a po ten t ia l  is reached at  which regener- 
a t ive  spikes appear.  A typ ica l  exper iment  is shown in 
F igure  2. A t  t ime  zero, Tyrode  is exchanged for tris + 10 
m M  Ca. The spikes are genera ted  by an init ial  depolariza-  
t ion  of about  50 mV and can stil l  be generated after  about  
30 rain in this solution, wi th  a sl ight decrease in peak  
ampl i tude .  After  washing wi th  tris conta in ing no calcium, 
the  regenera t ive  spikes d isappear  in about  5 rain and 
cannot  be obta ined  wi th  larger depolar iz ing pulses. 
Membrane  po ten t ia l  begins to decline s lowly af ter  about  
10 rain. Upon  readmission of Ca-iris, regenera t ive  spikes 
can again be elicited and have  been observed for a t  least  
ano the r  40 rain. 

The  Calcium dependency  of bo th  the  inward current  in 
the  c lamp condi t ion  and the  regenera t ive  spikes in 
non-c lamped t issue seem to preclude the  possibi l i ty  t h a t  
the  inward current  is carried by o ther  ions. The possibi l i ty  
t h a t  the  inward current  is carr ied by  tris ions seems 
unl ikely  as such a channel  would  have  to be dependent  
upon ex te rna l  ca lc ium levels. 

Two quest ions remain  unanswered,  a) Is there  still  a 
considerable inward Ca++ current  ill the  presence of the  
normal  cons t i tuents  of Tyrode  solut ion ? b) W h y  does the  
ra t  myocard ia l  act ion po ten t ia l  have  such a brief 
p la teau  in the  presence of an inward calcium current  ? 
Our observat ions  on s teady  s ta te  current  suggest  t h a t  
the  range of anomalous  rect i f ica t ion is considerably  less 
in ra t  m y o c a r d i u m  t h a n  in o ther  species. The larger 

ou tward  potass ium current  m a y  account  for the  brief 
act ion po ten t ia l  even in the  presence of inward calcium 
current .  

The exper iments  repor ted  here provide  fur ther  suppor t  
for the  existence of a channel  in the  ra t  myocard ia l  
membrane  which carries an inward calc ium current .  I n  
Ca-Iris solutions an inward current  is genera ted  at  
depolar iza t ion steps above  about  --20 inV. I t  remains  
to be seen how i m p o r t a n t  this current  is, as a componen t  
of the  normal  ra t  myocard ia l  act ion potent ia l .  

Zusammen[assung: An Papi l la rmuske ln  yon  Ra t t en -  
herzen ist  bet Depolar isa t ion  mi t te ls  Spannungsk lemme 
ein betr~ichtlicher Einw~irtsstrom messbar,  dessen St~irke 
in Na+-freier  L6sung yon der  extrazellul~iren Ca~+-Kon - 
zent ra t ion  abh~ingt. Die kurze Dauer  des Akt ionspoten-  
rials kleiner Nage t ie re  wird darauf  zuriickgefiihrt ,  dass 
die K+-Kondukt iv i t~ i t  bet Depolar isa t ion  der Zel lmem- 
bran  nicht  so s tark  abs inkt  wie bet den meis ten  andern  
Herzen.  
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