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ABSTRACT -  CELLULAR Ca++ UPTAKE AND EXTRACELLULAR [Ca++]  DEPLETION

IN FROG VENTRICULAR MUSCLE by K arl D resdner.

Advisor:  Dr. Richard P. Kline

The e x t r a c e l l u l a r  calc ium ion c o n c e n t r a t io n  ([Ca++] Q) in

c o n t r a c t i n g  frog  v e n t r i c u l a r  myocardium was d i r e c t l y  and cont inuous ly  

measured with a Ca++ s e l e c t i v e  m ic roe lec t rode  (Ca-ISE). Frog (Rana 

p ip ie n s )  v e n t r i c u l a r  s t r i p s  were superfused  with 0.050 to  0 .20 m i l l im o la r
4* 4*Ca Ringers to  reduce muscle c o n t r a c t i o n .  A few exper iments  were 

success fu l  in h igher  Ca Ringers .  For some p o s i t i o n s  o f  the  Ca-ISE 

t i p ,  the  [Ca++] Q s i g n i f i c a n t l y  decreased dur ing the  a c t io n  

p o t e n t i a l .  As f a s t  r e p o l a r i z a t i o n  o f  the  membrane p o te n t i a l  occur red ,  

the  d e p le t io n  o f  [Ca JQ s topped. Following r e p o l a r i z a t i o n ,  the
4*4*

[Ca ] in c reased  ra p id ly  toward b a se l in e  sugges t ing  t h a t  the  t i p  of

the  Ca-ISE was p o s i t io n e d  in the small c l e f t s  surrounding the  c e l l s .  At

o th e r  Ca-ISE t i p  l o c a t i o n s  (presumably in  l a r g e r  c l e f t s ) ,  the  b e a t  to

b e a t  [Ca++] Q f l u c t u a t i o n s  were small o r  ab sen t .
+4- 2We e s t im a te d  the Ca flux/cm c e l l  membrane r e q u i r e d  to  generate

4*4*

d e p le t i o n .  The e s t im a te d  in c rease  in  the  i n t r a c e l l u l a r  [Ca ] which 

would r e s u l t  from the  transmembrane Ca++ i n f l u x  was 0 .5  to  8 .8

micromoles pe r  l i t e r  c e l l s  (with 0.050 to  1 .0  Ca++ R inge rs ) .  This i s  

comparable t o  the  quani ty  o f  Ca++ r e q u i re d  to  c a t a ly z e  muscle 

c o n t r a c t i o n .
4*4*

During acu te  inc rease  in  the  s t im u la t io n  r a t e ,  the  [Ca ] Q f e l l  

in  3 to  5 minutes  t o  a minimum l e v e l .  The minimum [Ca JQ was
+ 4*

a t t a i n e d  sooner when the [Ca ] d e p le t io n  was l a r g e ,  i n d i c a t i n g  t h a t
4*4* 4*4*

c e l l u l a r  Ca uptake tu rned  o f f  as  the  transmembrane [Ca ] g r a d i e n t



«as d i s s i p a t e d .  [Ca++] Q d e p le t io n  dur ing  r e p e t i t i v e  s t im u la t io n  was 

enhanced in  low Na+ Ringers  and reduced by manganese o r  nickel
r*io n s .  Catecholamines in c reased  the  r a t e  and magnitude o f  [Ca J 0 

d e p le t io n  and were blocked by p ro p ran o lo l ,  n i c k e l ,  o r  manganese io n s .  

Contrac ture  f l u i d  (high K+/low Na+ Ringers) caused s i g n i f i c a n t  

[Ca++] Q d e p le t i o n .  When in t e r v e n t i o n s  prolonged [Ca++] Q 

d e p le t io n  beyond 4 minutes  a c e l l u l a r  e f f l u x  o f  Ca++ was a c t i v a t e d  

which caused a prolonged p o s td r iv e  overshoot o f  [Ca++] Q.
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I INTRODUCTION

Over the  l a s t  cen tury  growing awareness o f  the  complex a c t io n s  o f

calcium ions  in  c e l l u l a r  fun c t io n  has s t im u la te d  b a s ic  re sea rch  on

calcium ion homeostasis in  b io lo g ica l  c e l l s  and t i s s u e s .  Many o f  the

b io lo g ic a l  a c t i o n s  o f  calc ium ions  were d iscovered  during f rog  h e a r t

s t u d i e s .  In 1883 Ringer d iscovered  t h a t  the  f rog  h e a r t  needed calcium

ions to  c o n t r a c t .  C o n t r a c t i l i t y  a l s o  in c reased  when the ba th ing  s o lu t io n

[Na+] was reduced. Clark (1S13) found t h a t  f rog  h e a r t  c o n t r a c t i l i t y

was p ropor t iona l  to  the  the  r a t i o  o f  [Ca++]/([Na+] + [K+]) in  the Ringers

s o lu t io n  . Wilbrant  and K o l le r  (1948) observed t h a t  the  c o n t r a c t i l i t y
++ + 2v a r ie d  with the  Ringers  s o lu t io n  [Ca ] / [Na  ] . Calcium was 

hypothesized  to  cause muscle c o n t r a c t io n  by binding  to  the  ca rd iac  c e l l  

membrane (Niedergerke,  1956).

This hypothes is  has been d isproven . The s i t e  o f  a c t io n  o f  calcium
-7 -5ions  i s  in  the  cytoplasm. Calcium ions  (10 to  10 molar)  bind to  

t roponin-C ,  a c y t o s o l i c  p r o t e in  a s s o c i a t e d  with  the  c o n t r a c t i l e  p ro te in s  

(Endo and Ebashi,  1968). This was shown by biochemical exper iments  with 

the i s o l a t e d  muscle p r o t e i n s .  Winegrad (1971) found a s i m i l a r  [Ca++] 

dependence to  the c o n t r a c t i o n  o f  EDTA-treated f rog  v e n t r i c u l a r  muscle 

s t r i p s .  EDTA t re a tm e n t  rendered  the c e l l  membranes completely  permeable 

t o  small molecules  and io n s  inc lud ing  Ca++. Frog v e n t r i c u l a r  muscle 

c o n t r a c t i o n  was a l s o  a c t i v a t e d  by 10"^ to  10”® molar [Ca++] Ringers 

in  mechanical ly  skinned muscle s t r i p s  (Fab ia to  and F a b ia to ,  1978).

- 1 -



These exper iments  in d i c a t e d  t h a t  muscle c o n t r a c t i o n  was c o n t r o l l e d  by the 

myoplasmic [Ca++] .

Transmembrane Ca++ Movements

Frog h e a r t  c e l l s  accumulate calcium ions  when depo la r ized  o r  exposed

to  low sodium Ringers .  During r e p e t i t i v e  t r a i n s  o f  a c t i o n  p o t e n t i a l s ,

c e l l u l a r  uptake o f  ^5Ca++ inc reased  in  p ropo r t ion  to  the  Ringers 
++ + 2

[Ca ]/[Na ] (Niedergerke,  1963b).  During continuous  membrane
“f*d e p o la r i z a t i o n  by high [K ] Ringers ,  c o n t r a c tu r e  tens ion  (Luttgau &

Niedergerke,  1958),  and c e l l u l a r  uptake o f  4^Ca++ were in c reased  in

p ropor t ion  to  the  Ringers [Ca++] / [Na+]^  (Niedergerke,  1963a).  Low

[Na+] Ringers a l s o  induced c o n t r a c tu r e s  (Luttgau and Niedergerke,
45 ++1958),  and in c reased  c e l l u l a r  Ca uptake in  p ropor t ion  to  the

Ringers [Ca++]/[Na+J^ (Niedergerke,  1963a).  When a low [Na+]

Ringers s o l u t i o n ,  caused a submaximal c o n t r a c t u r e ,  t ens ion  could be

in c reased  by membrane d e p o la r i z a t io n  (Luttgau and Niedergerke,  1958).

However, with zero  [Na+] Ringers ,  membrane d e p o la r i z a t i o n  could not

in c rease  the  tens ion  (Luttgau and Niedergerke ,  1958).

The l a r g e s t  c e l l u l a r  [Ca++] accumulations  during these  manuevers,
45 ++e s t im a te d  from Ca movements, was 1 .6  m i l l im o la r  (Niedergerke,  

1963a).  Since c o n t r a c tu r e  t en s io n  was t r a n s i e n t ,  the  f ree  cytoplasmic

[Ca++] o f  the  re laxed  t i s s u e  was e s t im a te d  to  be 0.1 micromolar,

a l though the  t o t a l  c e l l  [Ca++] was h igher .  Niedergerke (1963a)

concluded t h a t :  1) frog v e n t r i c u l a r  c e l l s  could  s to r e  l a rg e  amounts o f

calcium ions  in s id e  the c e l l s  in  an i n a c t iv e  s t a t e ,  and 2) a small

transmembrane Ca++ in f l u x  i s  a s s o c i a t e d  with a l l  p ro to co ls  which cause 

frog v e n t r i c u l a r  muscle t e n s io n .

-2 -



The average n e t  c e l l u l a r  calcium ion accumulat ion per  a c t i o n

p o t e n t i a l ,  e s t im a ted  from 45Ca++ uptake in  bea t in g  f rog  v e n t r i c l e s
++perfused  in  1 mM Ca Ringers ,  was 1 to  2 micromolar (Niedergerke ,

1963b).  I t  was e r ro n eo u s ly  assumed t h a t  accu ra te  measurements o f  the

average Ca++ uptake per b e a t  in  frog v e n t r i c u l a r  c e l l s  could be

obta ined  with t r a c e r  f lux  methods f o r  the fo llowing reasons .

F i r s t ,  in  an iso tope  uptake exper iment the e x t r a c e l l u l a r  f l u i d  would

i d e a l l y  be immediately e q u i l i b r a t e d  with  i s o to p e .  I d e a l ly  as  the

ra d io i so to p e  e n t e r s  the c e l l ,  i t  i s  i n f i n i t e l y  d i l u t e d  so t h a t  backf lux

of  i so tope  ou t  o f  the  c e l l  i s  no t s i g n i f i c a n t  (Attwell  e t  a l . ,  1979).
45 ++However, severa l  minutes were req u i red  before  the  Ca e q u i l i b r a t e d

in  the e x t r a c e l l u l a r  spaces in the f rog  exper iments  o f  Niedergerke (1957, 

1963a ,b) .  Isotope uptake was measured a f t e r  10 and 60 minutes  time when

the r a t e  of  uptake over time was markedly decreased in d i c a t i n g  the c e l l s
45 ++ 45 ++were approaching s a t u r a t i o n  with Ca . The backf lux  o f  Ca

from the c e l l s  would cause an underes t im at ion  o f  the  average b e a t  to  b e a t
++ .

Ca in f l u x .

Secondly,  in  f rog  v e n t r i c l e  r a d io i so to p e  ^ 5Ca++ exper im en ts ,  the

time r e s o lu t i o n  f o r  the  de te rm ina t ion  o f  the Ca++ uptake per  b e a t  was

not b e t t e r  than 10 to  20 seconds because o f  impeded simple d i f f u s io n  in

the  e x t r a c e l l u l a r  compartments o f  the  frog  v e n t r i c l e .  T ran s ien t  
45 ++Ca uptake l a s t i n g  l e s s  than 10 to  20 seconds would be missed 

(Niedergerke e t  a l . ,  1976).
45 ++T h i rd ly ,  assumptions were made regard ing  the  amount o f  Ca 

which was binding to  pass ive  f i b r e  s t r u c t u r e s  such as connective  t i s s u e ,  

in ju r e d  c e l l s ,  o r  c e l l  membranes (Niedergerke,  1957).  These assumptions 

arose from the observa t ion  t h a t  the a t ta inm en t  o f  tw i tch  tens ion  and
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++
e x t r a c e l l u l a r  [Ca ] e q u i l ib r iu m  was much s lower than t h e o r e t i c a l l y

expec ted  in  frog v e n t r i c u l a r  muscle s t r i p s .  The slow a t ta in m en t  o f

e q u i l ib r iu m  was probably due t o  c e l l u l a r  uptake o f  Ca++ as  i t  d i f f u s e d

i n t o  the  s t r i p s .  However, Niedergerke (1957, 1963b) a t t r i b u t e d  the  slow

a t t a in m en t  o f  e q u i l i b r iu m  to  e x t r a c e l l u l a r  adso rp t io n  o f  Ca++ to
45 ++membranes and connective  t i s s u e .  The c e l l u l a r  uptake o f  Ca was

45 ++reduced by about 25% when the  Ca t r a c e r  f lu x e s  were c o r r e c t e d  f o r

Ca assumed to  be bound to  connective  t i s s u e  and to  the  o u t e r

su r face  membranes o f  c e l l s  (Niedergerke,  1963a,b).

Several  y e a r s  l a t e r  i t  was r e a l i z e d  t h a t  the  e s t i m a te s  o f  Ca
45 ++in f lu x  i n to  frog v e n t r i c u l a r  c e l l s  pe r  a c t i o n  p o t e n t i a l ,  by Ca 

f lu x  s t u d i e s ,  were too  low to  account f o r  the  observed tens ion  

genera ted .  A l t e r n a t i v e l y ,  t h i s  e s t im a te  sugges ted  to  some i n v e s t i g a t o r s  

in  the  f i e l d  t h a t  i n t r a c e l l u l a r  Ca++ sources  might be involved in 

c o n t r a c t i o n  (Page and Niedergerke ,  1972, and Niedergerke e t  a l . ,  1976). 

About 10 micromolar c y t o s o l i c  [Ca++] per  a c t i o n  p o te n t i a l  was needed 

f o r  phys io log ica l  c o n t r a c t i o n  (Morad and Orkand, 1971; Niedergerke e t

a l . ,  1976).  This was about  f iv e  t imes l a r g e r  than the transmembrane
45 ++Ca f lu x  measurements.

Frog v e n t r i c u l a r  c e l l s  a re  organized in to  groups o f  10 to  100 c e l l s

and lo o se ly  surrounded by a sheath  o f  porous e n d o th e l i a l  c e l l s  (S ta ley

and Benson, 1968). The e n d o th e l i a l  c e l l  shea th  o f  these  t r a b e c u la  was

p re d i c t e d  to  func t ion  as  a b a r r i e r  to  the  f r ee  d i f f u s i o n  o f  ions  in

e x t r a c e l l u l a r  f l u i d  (Page and Niedergerke ,  1972).  An in s tan taneous

[Ca++] change in  the e x t r a t r a b e c u l a r  space (ETS) was c a l c u l a t e d  from

e l e c t r o n  micrographs to  e q u i l i b r i a t e  in  the  subendo the l ia l  e x t r a c e l l u l a r

f l u i d  ou ts ide  the c e l l  membranes by d i f f u s i o n  with a T 1/2  o f  2 .3  + 0 .8
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seconds (Page and Niedergerke ,  1972).  The ETS i t s e l f  would be expected 

to  e q u i l i b r a t e  with T 1/2  o f  1 to  2 minutes .  Chapman and Niedergerke 

(1970a) found t h a t  the tw i tch  tens ion  d ec l ined  with a rap id  exponent ia l  

phase (T 1 /2  = 3 to  10 seconds) and a slow exponen t ia l  phase (T 1 /2  = 50 

to  180 seconds) when the  Ringers [Ca++] was r a p id ly  decreased by the 

rap id  super fus ion  method o f  Lamb and McGuigan (1966).  The phase o f  r ap id  

ten s io n  dec l ine  was s i m i l a r  to  the time r e q u i re d  f o r  the [Ca++] to  

r e - e q u i l i b r a t e  in the  subendo the l ia l  space (SES). Using a cho l ine  gap 

voltage  clamp to  s t e p  the  membrane p o t e n t i a l ,  o f  a piece  o f  f rog  

v e n t r i c l e  to  0 mV f o r  10 seconds,  Kavaler (1974) showed, t h a t  a rap id
4*4'change in the Ringers [Ca ] a l t e r e d  muscle t e n s io n  in l e s s  than 10 

seconds.  The r a p id  c o n t r a c t i l e  s e n s i t i v i t y  o f  f rog  v e n t r i c u l a r  muscle to  

the  e x t r a c e l l u l a r  [Ca++] i n d i c a te d  t h a t  t h i s  Ca++ source was 

impor tant .

Hypodynamic Tension S ta t e

The i s o l a t e d  f rog  h e a r t  becomes hypodynamic. The v e n t r i c u l a r  

c o n t r a c t i o n s  weaken over severa l  hours (C la rk ,  1913) as  the h e a r t  muscle 

lo ses  s to red  Ca++ (Lieb and Loewi, 1918; Winegrad, 1973). The frog
4*4*v e n t r i c l e  can become hypodynamic more qu ick ly  i f  the  Ringers [Ca ] or 

the  h e a r t  r a t e  i s  lowered s u f f i c i e n t l y  (Chapman & Niedergerke,  1970b).  

The development o f  the  hypodynamic cond i t io n  i s  r a t e - l i m i t e d  by an 

i n t r a c e l l u l a r  r e a c t i o n ,  because the r a t e  o f  t h i s  process  was slower than
4̂*the r a t e  o f  exchange o f  the  e x t r a c e l l u l a r  Ringers  [Ca ] .  Proposed 

i n t r a c e l l u l a r  modulators  o f  frog v e n t r i c l u l a r  c o n t r a c t i l i t y  inc lude :  1) 

an i n t r a c e l l u l a r  molecular  complex with Ca++ (C la rk ,  1913; Chapman and 

Niedergerke ,  1970 a , b ) ;  2) Ca++ a s s o c i a t i o n  with the  in n e r  face o f  the
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Cell liicilibrailc (Orkand, 1968);  3) the i n t r a c e l l u l a r  [Na+] (Chesnais e t  

a l . ,  1978);  and 4) the  i n t r a c e l l u l a r  [Cycl ic  AMP]: [Cycl ic  GMP] r a t i o

(F l i t n e y  and Singh, 1978).

Role o f  Ion S e le c t iv e  E lec t rodes

Rapid,  a c c u r a t e ,  and continuous measurements o f  transmembrane ion 

f lu x  were needed. Potassium ion s e l e c t i v e  m ic ro e le c t ro d es  were developed 

by Walker (1971). These were used t o  measure r a p id  e x t r a c e l l u l a r  [K+] 

f l u c t u a t i o n s  in  nervous t i s s u e  (Neher and Lux, 1973; Pr ince  e t  a l . ,  1973) 

and in  f rog  v e n t r i c l e  (K l ine ,  1975; Kline and Morad 1976, 1978).

Using potassium ion s e l e c t i v e  m ic ro e lec t ro d es  Kline (1975) found t h a t  

the  f r ee  potassium ion c o n ce n t ra t io n  in  the  subendo the l ia l  space (SES) of  

f rog  v e n t r i c u l a r  muscle inc reased  dur ing the  c a r d iac  a c t io n  p o t e n t i a l .  

At s teady  s t a t e  the b e a t  to  b e a t  e x t r a c e l l u l a r  potassium accumulations  

were observed to  comple te ly  decay in  the time i n t e r v a l  between the a c t io n  

p o t e n t i a l s .  T r a n s i e n t ,  e x t r a c e l l u l a r  potassium ion c oncen t ra t ion  

o s c i l l a t i o n s  in  b ea t ing  f rog  v e n t r i c l e  are  caused by severa l  f a c t o r s :  1)

Narrow and to r tu o u s  e x t r a c e l l u l a r  spaces occur  between c a r d iac  c e l l s  and 

t r a b e c u l a .  The t r a b e c u l a r  e n d o th e l i a l  shea th  r e s t r i c t s  simple d i f f u s io n  

of  ions  (Page and Niedergerke ,  1972). The a t t a in m e n t  o f  e q u i l ib r iu m  o f  

the  LK+] in the e x t r a c e l l u l a r  spaces by d i f f u s i o n  i s  thus  p re d ic tab ly  

delayed (Johnson and Liebermann, 1971; Attwel l  e t  a l . ,  1979; Cohen and 

K l ine ,  1982). 2) The la rg e  r a t i o  o f  the  c a r d ia c  c e l l  membrane surface

a rea  to  e x t r a c e l l u l a r  c l e f t  volume in c r e a s e s  the  e x t r a c e l l u l a r  ion ic  

c o n ce n t r a t io n  f l u c t u a t i o n  f o r  a given membrane c u r r e n t  d e n s i ty  (Cohen and 

K l ine ,  1982).  3) The long du ra t io n  o f  the  frog  v e n t r i c u l a r  a c t io n

p o te n t i a l  causes  i n t e g r a t i o n  o f  the n e t  potassium ion e f f l u x  over a long
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pe r iod  of  time (Cohen and K l ine ,  1982).  4) Because the c o n ce n t ra t io n  o f

potassium ions ou ts id e  the myocardial  c e l l  i s  low i t  changes by a l a r g e r  

percentage  than the e x t r a c e l l u l a r  sodium ion c o n ce n t ra t io n  f o r  the  same

membrane f lu x  (Johnson and Liebermann, 1971; Attwell  and Cohen, 1979).
++ + +

When a Ca s e l e c t i v e  r e s i n  with low s e l e c t i v i t y  to  Na , K ,

and Mg++ was sy n thes ized  by Oehme, Kess le r  and Simon (1976) ,  calcium 

s e l e c t i v e  m ic ro e lec t ro d es  (CalSES) could be made and adapted to  p ro­

cedures  developed p rev io u s ly  f o r  potassium ion s e l e c t i v e  m ic roe lec t rodes  

(Walker, 1971; Lux and Neher,  1973; Pr ince  e t  a l . ,  1973; K l ine ,  1975). 

The measurement o f  the  e x t r a c e l l u l a r  [Ca++] by calc ium ion s e l e c t i v e  

m ic ro e lec t ro d es  would allow s tu d ie s  o f  the  n e t  transmembrane calcium ion 

f l u x .

Frog v e n t r i c u l a r  s t r i p s  were the  idea l  p r e p a ra t io n  f o r  t h i s  s tudy.

Kline and Morad (1976, 1978) and Martin and Morad (1982) have

c h a r a c t e r i z e d  the  major f e a tu r e s  o f  e x t r a c e l l u l a r  potassium ion 

accumulat ion and d e p le t io n  in  t h i s  p r e p a ra t io n .  The i r  da ta  ana lyses  were 

f a c i l i t a t e d  by the e a r l i e r  d e t a i l e d  s tu d i e s  o f  S ta le y  and Benson (1968) 

and Page and Niedergerke (1972) on the  h i s to lo g y  and the  t h e o r e t i c a l

d i f f u s i o n  o f  e x t r a c e l l u l a r  Ca++ ions  a c ro s s  the  t r a b e c u l a r  e n d o th e l i a l  

shea th .  In a d d i t i o n ,  Kline (1975) and Cohen and Kline (1982) have 

performed computer s im u la t io n s  o f  the subendo the l ia l  and e x t r a t r a b e c u l a r  

space [K+] changes during s in g le  and t r a i n s  o f  f rog  v e n t r i c u l a r  a c t io n

p o te n t i a l  s .

A d i r e c t  ro le  o f  the  e x t r a c e l l u l a r  calc ium ion co n cen t ra t io n  in  the 

p rocess  o f  e x c i t a t i o n - c o n t r a c t i o n  in  frog v e n t r i c l e  (versus  a d i r e c t  ro le  

o f  an i n t r a c e l l u l a r  calc ium source) i s  the p r e v a i l i n g  hypothes is  (Morad 

and Orkand, 1971; Morad and Goldman, 1973; Kavale r,  1974; Anderson e t  a l .
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1977; Fabia to  and F a b ia to ,  1978a,;  Kavaler e t  a l . ,  1978).  Tension i s  

a l t e r e d  in  10 to  20 seconds by changing the Ringers [Ca++] (Chapman and 

Niedergerke ,  1970a, b;  Kavale r,  1974; Anderson e t  a l . ,  1977; Chesnais e t  

a l . ,  1978; Kavaler,  1978).  In s k e l e t a l  and mammalian c a r d iac  muscle the  

sarcoplasmic  re t icu lum  i s  well developed and thought to  r e l e a s e  l a rge
■j |

q u a n i t i e s  of Ca during membrane d e p o l a r i z a t i o n .  In f rog  v e n t r i c l e  

the re  i s  o n e - f i f t h t e e n t h  the  volume o f  sarcoplasmic  re t icu lum  found in  

mammalian h e a r t  c e l l s  (Page e t  a l . ,  1971; Page and Niedergerke,  1972). 

Frog v e n t r i c u l a r  c e l l s  have a l a r g e r  su r face  a rea  t o  volume than 

mammalian ca rd iac  and s k e l e t a l  muscle c e l l s .  While these  o b serva t ions  

suppor t  the  hyp o th es i s ,  the  n e t  transmembrane Ca i n f l u x  per  a c t io n  

p o te n t i a l  (es t imated  to  da te  only by ^ C a ++ f lu x e s )  i s  ap p aren t ly  too 

low. T here fo re ,  new e s t i m a te s  o f  the frog v e n t r i c l e  ne t  transmembrane 

Ca++ in f l u x  per b e a t  are  needed.

Negative Twitch Tension S t a i r c a s e

Brown and Orkand (1968) have repor ted  t h a t  frog  v e n t r i c u l a r  s t r i p s  

produce a b ip h a s ic  tw i tc h  ten s io n  s t a i r c a s e  when the  s t r i p s  are 

superfused  in Ringer c o n ta in in g  l e s s  than one m i l l im o la r  calc ium.  A f te r  

a r e s t  pe r io d ,  r e p e t i t i v e  s t im u la t io n  evokes ,  a 1 to  3 minute per iod  o f  

subnormal tw i tch  ten s io n  (reduced by as  much as  60%) followed by a slowly 

developing p o s i t i v e  tw i tc h  t e n s io n  s t a i r c a s e .  The negat ive  tw i tch  

t e n s io n  phase occurs  even though the a c t io n  p o te n t i a l  du ra t ion  i s  not 

shor tened  by an inc rease  in  h e a r t  r a t e .  Maneuvers thought  t o  inc rease  

the  i n t r a c e l l u l a r  calc ium co n cen t ra t io n  a b o l i sh  the negative  tw i tch  

ten s io n  phase.  Brown and Orkand (1968) have proposed t h a t  a l t e r e d  

e x c i t a t i o n - c o u p l i n g  occurs  during the e a r l y  negat ive  phase o f  the
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s t a i r c a s e .  The p re s en t  stucjy p ro p o s i t io n  i s  t h a t  d ep le t io n  o f  the  

e x t r a c e l l u l a r  calc ium ion c o n ce n t ra t io n  was o c cu r r in g .  I f  so ,  the  e a r l y  

time course o f  e x t r a c e l l u l a r  [Ca++] d e p le t io n  should  c o r r e l a t e  with  the 

e a r l y  nega t ive  t ens ion  s t a i r c a s e  o f  f rog  v e n t r i c u l a r  muscle e l i c i t e d  by 

r e p e t i t i v e  s t im u la t io n  in  low bath  calcium s o l u t i o n s .

C er ta in  l i m i t a t i o n s  a re  p r e s e n t  in  the  exper imental  approach 

s e l e c t e d :  1) The calcium ion s e l e c t i v e  m ic roe lec t rode  response i s  slow

(time c o n s ta n t  0 .3  to  0 .6  seconds) .  2) The CalSE t i p  d iameter  (1 .5 -3  

microns) cannot e n t e r  small i n t e r c e l l u l a r  c l e f t s  w i thou t  causing 

s i g n i f i c a n t  d i s t o r t i o n .  In these  c l e f t s  the  l a r g e s t  e x t r a c e l l u l a r  ion ic  

f l u c t u a t i o n s  a re  expected  to  occur because the  c e l l  membrane surface  

a rea  : e x t r a c e l l u l a r  volume i s  the g r e a t e s t  (Kline and Morad, 1978; Cohen 

and K l ine ,  1982).  3) The Ringers calc ium ion concen tra ton  had to  be

lowered from normal (ImM) to  0 .05-0 .20  mM to  reduce the tw i tch  tens ion  

and permit  s t a b l e  and prolonged e x t r a c e l l u l a r  CalSE impalements.

In t h i s  d i s s e r t a t i o n  new and d i r e c t  evidence f o r  the  d e p le t io n  o f  the 

e x t r a c e l l u l a r  f l u i d  calc ium ion c o n ce n t ra t io n  in  b ea t ing  frog v e n t r i c u l a r  

muscle i s  p re sen ted .  Some of  the  phys io log ica l  consequences o f  t h i s  

e x t r a c e l l u l a r  [Ca++] d e p le t io n  have been i n v e s t i g a t e d .  In a d d i t i o n ,  

some o f  the  pharmacology o f  the  membrane t r a n s p o r t  o f  Ca++ was s tud ied  

by us ing  the  d e p le t io n  o f  the  e x t r a c e l l u l a r  [Ca++] as  the  contro l  

response .
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I I  METHODS

A. P rep a ra t io n  of  Frog V e n t r i c u la r  Muscle S t r i p s

Frogs {Rana p ip ie n s )  were ob ta ined  from Hazen & Co.,  Vermont, during 

March to  Decembef months, and were 2 .5  to  3 .5  inches  body l e n g th .  Frogs 

were s to re d  in  tap  w ater  a t  22-23°C (not fed)  and used w i th in  a month o f  

purchase .

To i s o l a t e  a v e n t r i c u l a r  muscle s t r i p ,  a f rog  was d e c a p i t a t e d  and i t s  

sp ina l  column was p i t h e d .  Once the v e n t r i c l e  was in  view by d i s s e c t i o n ,  

the  v e n t r i c u l a r  apex was he ld  by tw i s so r s .  The whole v e n t r i c l e  was f reed  

from the  body by a c u t  j u s t  dorsa l  to  the  a t r i o - v e n t r i c u l a r  j u n c t i o n .  

With 0 .2 - 1 .0  mM Ca++Ringers  the whole v e n t r i c l e  was r i n s e d  f ree  o f  

blood using a p a s te u r  p i p e t t e .  The apex and top  t h i r d  o f  the  v e n t r i c l e  

were d i sca rd ed .  The r in g  o f  m id v e n t r i c u la r  muscle was c u t  i n to  2 to  4 

s t r i p s  while p re se rv ing  the  v e n t r i c u l a r  wall t h i c k n e s s .  The dimensions 

o f  the s t r i p s  were 1-2 m i l l i m e t e r s  in  d iameter  and 2-4  m i l l i m e t e r s  long.

S t r i p s  were mounted (endocard ial  face up) in  a t r a n s l u c e n t  p l e x ig l a s s  

t i s s u e  bath  with s t a i n l e s s  s t e e l  i n s e c t  p ins  o r  under an overhead s i l k  

th read  g r i l l  so t h a t  deformation o f  the  muscle s t r i p  was minimal. In 

e a r l y  exper iments  the  bath  volume was 3 mis.  and the Ringers s o lu t io n  

flow r a t e  was 1 to  5 mis .  pe r  minute .  The l a t e r  exper iments  employed a 

bath  l i k e  t h a t  o f  Hodgkin & Horowicz (1959) with a volume o f  0 .2  mis .  A 

Ringers  s o lu t io n  flow r a t e  o f  1 to  5 mis .  pe r  minute was used t o  ob ta in  

complete bath  changes in  l e s s  than 20 seconds.

Before s t a r t i n g  the  exper iment with  a calc ium m ic roe lec t rode  the
' + +  

muscle s t r i p s  were con t inuous ly  superfused  with  0 .2 - 1 .0  mM Ca Ringers

s o lu t io n  a t  22°C f o r  30-60 minutes .  This was followed by super fus ion  in
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0 .0 5 -0 .2 0  mM Ca++Ringers s o l u t i o n  f o r  2 hours .  During t h i s  t ime, the 

muscle s t r i p s  were con t inuous ly  s t im u la ted  us ing  b r i e f  e l e c t r i c  shocks t o  

t r i g g e r  membrane a c t io n  p o t e n t i a l s  a t  a r a t e  o f  3-12 per minute .  The 

e l e c t r i c  shocks were d e l iv e r e d  by two Ag-AgCl w ires  which la y  near  and 

p a r a l l e l  to  the ou ts ide  o f  the muscle s t r i p s .  The f i e l d  s t im u la t io n  had 

a d u ra t io n  of  1 .5  to  10 m i l l i s e c o n d s  and a c u r r e n t  o f  1-10 m il l iamperes  

(about 150% the minimum re q u i re d  s t im u lu s ) .  Obvious c o n t r a c t i l e  motion 

in  the mounted muscle s t r i p s  slowly d isappeared  a f t e r  the  bath  calcium 

ion co n cen t ra t io n  was lowered from 1 .0  to  0 .05 -0 .20  mM.

B. Superfusion  So lu t io n s

In the e a r l y  exper iments  the  frog Ringers s o lu t io n  (Ringer,  1883; 

Kline and Morad, 1978) had the fo llowing composi t ion in  m i l l im o les  per 

l i t e r :  NaCl 116, KC1 3, NaHCÔ  2,  and CaCl2 0 .0 5 0 -1 .0 .  The pH was

8 .1 - 8 .3  before  a d d i t io n  o f  a small q u a n t i ty  o f  HC1 to  make the  pH 7 .4 - 7 .8  

a t  23°C. For prolonged s t im u la t io n  p r o to c o l s ,  Ringers s o lu t io n  with 

g lucose ,  oxygenation ,  and s t r o n g e r  pH b u f f e r i n g  has been recommended 

( E l l i s ,  1952; Bl inks and Koch-Weser, 1963, Mainwood and L u c le r i ,  1972; 

Mainwood and Worsley-Brown; 1975; Penefsky, 1982 personnel communi­

c a t i o n ) .  In the  l a t t e r  85% o f  the  exper im en ts ,  the  composit ion was ( in  

m i l l im o le s  per l i t e r ) :  NaCl 93, KC1 3,  NaHC03 25, NaH2P04 0 .5 ,

MgCl2 0 .02 ,  Glucose 5 .5 ,  and CaCl2 0 .0 5 0 -1 .0 .  I t  was con t inuous ly  

gassed with 5% C02/95% 02 gas a t  22-23°C to  o b ta in  a pH o f  7.25 +

0.05 as  p re d ic ted  by Burton (1975).

In some exper iments  the  composit ion o f  the  Ringers was f u r t h e r  modi­

f i e d ,  bu t  s o lu t io n  t o n i c i t y  was kep t  e s s e n t i a l l y  c o n s t a n t .  In low sodium 

exper im en ts ,  equimolar (pH 7 .3 ,  T r i s / T r i s +Cl ) was s u b s t i t u t e d .

- 11 -



In high potassium exper im en ts ,  sodium was lowered by an equimolar 

amount. The CaClg c o n ce n t r a t io n  was v a r ie d  from 0 .050 -1 .0  m i l l im ola r  

wi thou t  o th e r  ad ju s tm en ts .  When 1 mM manganese c h lo r id e  o r  nickel 

c h lo r id e  was added, 1 m i l l i l i t e r  a l i q u o t s  o f  1 M s tock  s o lu t io n s  were 

added w i thou t  o th e r  ad jus tm en ts .  Higher manganese ion c o n ce n t r a t io n s  

p r e c i p i t a t e d .  Epinephrine (P arke-D av is ) , i s o p r o t e r e r o l  ( E lk in s - S in n ) , 

and propranolo l (A y e r s t ) ,  purchased in  0.9% s a l i n e  a t  1 mg/ml 

c o n ce n t r a t i o n ,  were added to  the s tock  Ringers j u s t  p r i o r  t o  need t i l l  

the d e s i r ed  c o n ce n t r a t io n  was a t t a i n e d .

C. E l e c t r i c a l  Measurements

1.  Transmembrane P o te n t i a l  Difference

Transmembrane p o te n t i a l  (Vm) was measured with f i n e  t ip p ed  (d iamete r

l e s s  than 1 micron) B o r o s i l i c a t e  #7740 g l a s s  m ic ro p ip e t s  con ta in in g  a 3M

KC1 e l e c t r o l y t e  s o lu t io n  (Adrian ,  1956).  The f i l l e d  m ic ro e lec t ro d es  had

a r e s i s t e n c e  o f  8-20 megohms. The m ic ro p ip e t t e s  were p u l led  from 2
TMm i l l i m e t e r  (WPI-Quik-fi1 ) g la s s  c a p i l l a r i e s  on a v e r t i c a l  p o s i t i o n

p i p e t t e  p u l l e r  (Narishe PE-2).  Prolonged c e l l  membrane p o te n t i a l  

r e co rd ings  o f  more than 5 minutes were d i f f i c u l t  to  ob ta in  due to  the  

small s i z e  o f  frog v e n t r i c u l a r  muscle c e l l s  (average d iameter  about 5 

microns;  Page and Niedergerke ,  1972). M icroelec t rode  reimpalements were 

f r e q u e n t ly  necessary  dur ing  the  exper iments .  Severa l  muscle s t r i p s  of 

s i m i l a r  dimensions were ob ta ined  from the same reg ion  of  a h e a r t  and were 

super fused  a t  the  same time with f i e l d  s t i m u l a t i o n .  E s s e n t i a l l y  

i d e n t i c a l  a c t io n  p o t e n t i a l s  could be measured in  a l l  the  s t r i p s  of  each 

exper iment .  In o rd e r  to  no t  d i s t u r b  good impalements o f  the  calcium 

m ic ro e le c t r o d e ,  transmembrane p o te n t i a l  was u s u a l ly  recorded in  a
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se p a r a te  m uscle s t r i p  during  the  ex p er im en t.

2. E x t r a c e l l u l a r  Calcium Ion Concentra t ion

Calcium ion c o n c e n t r a t io n  was determined us ing  1 .5 - 2 .5  micron

diameter  t i p  s i n g l e - b a r r e l  (Oehme e t  a l . ,  1976),  and 2-4 micron d iameter

t i p  doub le -barre l  Ca++ ion s e l e c t i v e  m ic ro e le c t r o d es .  The end o f  the

m ic roe lec t rode  t i p  i s  the  [Ca++] sen so r .  The s h a f t  o f  the

microe lec t rode  i s  an e l e c t r i c a l  i n s u l a t o r .  These e l e c t r o d e s  are  f r a g i l e

and can be used f o r  only a day o r  two. The are  co n s t ru c te d  and

c a l i b r a t e d  j u s t  before  the  exper iment .  The p o te n t io m e t r i c  response o f  
++the  Ca m icroe lec t rode  to  the  f ree  e x t r a c e l l u l a r  [Ca ] obeys the  

Ners t  equat ion  which assumes t h a t  the e l e c t r o d e  i s  pure ly  s e l e c t i v e  f o r  

Ca++. At 23°C the Ners t  equa t ion  f o r  a Ca++ e l e c t r o d e  i s :

Elec trode  Output ( in  m i l l i v o l t s )  = Constant  + 29.3 log [Ca++] .

From the  i n i t i a l  e l e c t r o d e  p o t e n t i a l ,  (’E-j) ,  the  f i n a l  e l e c t r o d e  

p o t e n t i a l ,  (E2 ) ,  and the  i n i t i a l  e x t r a c e l l u l a r  calcium ion 

c o n ce n t r a t io n  [C a |+] ,  the  f in a l  calc ium ion c o n c e n t r a t io n ,  

[Ca2+] i s  c a l c u l a t e d  as  fo l lows :

E-j = Constant + 29.3 log  [C a |+] .

E2 = Constant + 29.3 log [Ca2+] .

[Ca2+] = [C a |+] x EXP]0 [(E1 -  E£ ) / 2 9 . 3 ] ) .

The change in  [Ca++] i s  [C a |+] -  [Ca2+] .

Since i t  was known t h a t  the  e x t r a c e l l u l a r  c l e f t s  in  which the calcium 

m icroe lec t rode  would be p laced ,  would vary in  f r ee  potassium ion 

c o n ce n t ra t io n  (Kline and Morad, 1978) and p o s s ib ly  in  f r ee  sodium ion
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c o n ce n t r a t i o n ,  the  calcium ion s e l e c t i v e  m ic ro e le c t ro d es  were t e s t e d  in 

c a l i b r a t i o n  s o lu t io n s  vary ing  in sodium and potassium c o n c e n t r a t io n .  The 

e x t r a c e l l u l a r  potassium dur ing  most exper im ents  with frog  v e n t r i c u l a r  

s t r i p s  never exceeded 10 m i l l i m o la r  (Kline and Morad, 1978) when the

Ringers potassium ion c o n ce n t ra t io n  was 3 m i l l i m o la r .  Assuming the

e x t r a c e l l u l a r  f l u i d  remained i s o t o n i c ,  the  e x t r a c e l l u l a r  [K+] would 

in c re a se  7 mM while the  [Na+] would decrease  from 118.5 t o  111.5

m i l l im o la r .  In o th e r  c a l i b r a t i o n  s o l u t i o n s  sodium and potassium ion

c o n ce n t r a t io n  were held  c o n s t a n t  while the  calc ium ion c o n ce n t ra t io n  was

v a r i e d .  The e f f e c t  o f  1 mM NiCl2 o r  MnCl2 a d d i t i o n  t o  the 10

micromolar calcium ion c a l i b r a t i o n  s o lu t i o n  was a l s o  examined as  were the 

e f f e c t s  of  ep in ep h r in e ,  i s o p r o t e r e n o l ,  and p ro p ran o lo l .  Bicarbonate  and 

phosphate ions  were excluded from s tan d a rd  c a l i b r a t i o n  s o l u t i o n s  but 

complete Ringers s o lu t io n  were t e s t e d  r o u t i n e l y  f o r  comparison. The

fo l lowing t a b l e  l i s t s  the  composit ion ( in  m i l l i m o l e s / l i t e r )  o f  the

s tandard  c a l i b r a t i o n  s o l u t i o n s  used to  t e s t  the  calcium m ic roe lec t rodes  

before  and a f t e r  each exper iment :

CaCl2 NaCl KC1 MgCl2 MnCl2 NiCl 2

A) 1 .0 118 3 0.02

B) 0 .10 118 3 0.02

C) 0.010 118 3 0.02

D) 0.010 101 20 0.02

E) 0.010 118 3 0.02 1

F) 0.010 118 3 0.02 1

G) 0.0050* 118 3 -
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*The 0.C05 mM Ca++ C a l ib r a t i o n  s o lu t io n  was made us ing 5 .0  mM 

CaCl2 bu f f e red  by 10 mM HEDTA ( a t  pH 7.03 b u f f e re d  by 10 mM 

Imidazole) .  MgClg was no t  p re s e n t  due to  i t s  high a f f i n i t y  

f o r  HEDTA (Marte ll  and Smith, 1974). All o t h e r  s o l u t i o n s  used 

dur ing exper iments  were t e s t e d  with  the  calc ium m icroe lec t rode  in

the  experimenta l  ba th  and were compared to  the con t ro l  Ringers

s o l u t i o n .

+ + - iThe response o f  the  calcium m icroe lec t rode  to  the  [Ca J in  the  

presence o f  o t h e r  c a t i o n s  i s  desc r ibed  by the  formalism o f  the  

I n t e rn a t io n a l  Union o f  Pure and Applied Chemists (IUPAC). At 23°C t h i s

more complete Ners t  equa t ion  (IUPAC, 1976) i s :

E= Constant  + 29.3  Log [a A + KA° B(aB)27zB + 

KA?C( a C) 2 / Z c  + * ' •  KM ( a N)2/ZN^

Where: aA i s  the  calcium ion a c t i v i t y ,  and a B, ac , - . . a u  a re  the

a c t i v i t i e s  o f  o t h e r  c a t i o n s  p re sen t .  The KA° B Ka° q . . .
PotK„ ., a re  the s e l e c t i v i t y  c o e f f i c i e n t s  o f  i n t e r f e r i n g  ions  (B, C , . .

N) on an e l e c t r o d e  s e l e c t i v e  f o r  ion A. The va lences  o f  the  i n t e r f e r i n g

ions  are  zB, zc , . .  zN.

Lee, e t  a l .  (1980) r e p o r te d :

y P o t
Ca++,Na+ 

kPot 
Ca++,K+ 

kP ° t
Ca++,Mg++

II 0
 1 4* • 1 1 0 " 5 ,

1•
U

)1oII 1 0 ‘ 6 ,

=  1 0 ‘ 6 * 3  - 1 0 " 7 * 3
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f o r  s in g le  b a r r e l ,  1 micron t i p  d iameter  calc ium ion s e l e c t i v e

m ic ro e lec t ro d es  using Simon e t  a l . ' s  (1978) n e u t ra l  c a r r i e r  calc ium 1on

exchange r e s i n .  S im i la r  s e l e c t i v i t y  c o e f f i c i e n t s  were obta ined  by Sheu and

Fozzard (1982).  The background i n t e r f e r i n g  io n s :  118 Na+ , 3 K+ , 0.02

Mg++ ( in  m i l l im o les  per  l i t e r )  genera te  a calcium e l e c t r o d e  ou tpu t

e q u i v a l e n t  in  the  wors t  case  to  a 0 .7  micromolar calc ium ion s o l u t i o n .  The

s o lu t io n  o f  101 Na+, 20 K+, 0 .02 Mg++ i s  e q u iv a l e n t  t o  a 0 .4
++micromolar calcium s o l u t i o n .  The Ca m icroe lec t rode  i s  10 t imes more

s e n s i t i v e  to  Na+ than K+ i n t e r f e r e n c e .  In the  presence o f  10 

micromolar calcium (see s tanda rd  c a l i b r a t i o n  s o l u t i o n s  C versus  D) the

change in  i n t e r f e r i n g  Na+ c o n ce n t ra t io n  (from 118 to  101 mM while the  

[K+] changed from 3 to  20 mM) was e q u iv a l e n t  to  changing the Ca++ 

c o n ce n t ra t io n  from 10.7 t o  10.4 micromolar.  This 3% [Ca++] decrease  

should cause a small - 0 .4  mV p o te n t i a l  change. In frog v e n t r i c u l a r  e x t r a ­

c e l l u l a r  c l e f t s  [Na+] f l u c t u a t i o n s  are  probably l e s s  than 10 mM ( l e s s

than 118 to  108m). T he re fo re ,  l e s s  than a 0 .3  mV Ca++ e l e c t r o d e  e r r o r  in
++10 micromolar Ca R ingers ,  and l e s s  than a 0.03 mV e r r o r  in  100

micromolar Ca++ Ringers s o l u t io n s  i s  expec ted .  Calcium e l e c t ro d e  

measurements in 10 micromolar [Ca++] c a l i b r a t i o n  s o l u t i o n s  (C versus  D, 

t a b l e  1) confirmed t h i s  p r e d i c t i o n .  The nega t ive  s h i f t  a t  s teady  s t a t e  

averaged l e s s  than 1 m i l l i v o l t  (see f ig u r e  1 ) .  In summary, the  neu t ra l  

c a r r i e r  calc ium ion s e l e c t i v e  m ic roe lec t rode  i s  a s e l e c t i v e  and s e n s i t i v e  

in s t rum en t  f o r  the  d e t e c t io n  o f  small changes in  the  calcium ion 

c o n ce n t r a t io n  in  the  e x t r a c e l l u l a r  c l e f t s  o f  f rog  v e n t r i c l e .

3. Construct ion  o f  Calcium Ion S e le c t iv e  Microelec t rodes  

Three kinds  o f  ion s e l e c t i v e  m ic roe lec t rodes  were used: s i n g l e - b a r r e l
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Figure  1 : Graph shows the  response o f  the  calcium ion s e l e c t i v e
m icroe lec t rode  ve rsus  calc ium ion c o n c e n t r a t i o n .  T es t  s o l u t io n s  
composit ion are  l i s t e d  in  methods. The dashed l i n e  has a slope of  29 
m i l l i v o l t s  per  ten  fo ld  calc ium c o n ce n t ra t io n  in c re a s e  and r e p re s e n t s  the 
Ners t  slope f o r  an e l e c t r o d e  with idea l  s e l e c t i v i t y  to  calcium ions a t  
23°C. The ac tua l  response o f  c o n s t r u c te d  Ca++ ion s e l e c t i v e  e l e c t r o d e s  
(n ^ 1 0 0 )  i s  Ners t ian  between 10“5 *3 -  10“3 mola r ,  the  range eiimloyed 
in  the exper iments  d e sc r ib e d .  The responses  seen a t  10~8, 10-7,  and 
10"6 molar f r e e  calcium ion co n ce n t ra t io n  a re  the r e s u l t s  o f  only a few 
e l e c t r o d e s .  EGTA-calcium b u f f e r s  were used to  make th e se  th r e e  s o l u t io n s  
accord ing  to  Lee e t  a l .  (1980) fo llowing  sugges ted  c o r r e c t i o n s  by Tsien 
and Rink (1980).

Bottom record  i s  the  c a l i b r a t i o n  o f  a Ca++ ion  s e l e c t i v e  
m ic roe lec t rode  in the  c a l i b r a t i o n  s o lu t io n s  and 0.20 and 0.050mM Ca++ 
Ringers s o lu t io n s .

I t  can be seen t h a t  the  e l e c t r o d e  a t t a i n s  a s teady  p o te n t i a l  in 1 to  
2 seconds.  The 0 .20  and 0.050 mM Ca++ s o l u t i o n s  were Ringers  
c o n ta in in g  phosphate and b i c a r b o n a te .  I t  appears  t h a t  the  Ca++ was not 
so s i g n i f i c a n t l y  complexed with  these  an ions  to  r e q u i r e  a c o r r e c t io n .
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CALCIUM ELECTRODE RESPONSE

1 2 0

Millivolts

6 0

- 4 0  ♦ -f— ■----- 1------1----1— 1 - i • 1 «——t
- 8 . - 7  ♦ - 6 . - 5 . -4  * - 3 ,

LOG CCA++3

- O -  DATA POINTS 
  THEORETICAL RESPONSE

Calibration CALCIUM ELECTRODE CALIBRATION RECORD 
Solution
[Ca++3 0 , 2  0 , 1  Q. Q5 0 ,  01 0.  01* 0. 01 0.  05 0.  1 0 . 2

30

Millivolts

60 Seconds

* The [Na+] = 101 mM, and the [K+] = 20 mM.
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Cd++ m ic ro e le c t r o d es ,  doub le -barre l  Ca++ m ic ro e le c t r o d e s ,  and
++ +t r i p l e - b a r r e l  Ca /K m ic ro e lec t ro d es .  Most o f  the  l a t t e r

++
exper iments  were performed with s in g le  b a r r e l  Ca e l e c t r o d e s .  For 

measurements o f  slow e x t r a c e l l u l a r  [Ca++] changes these  e l e c t r o d e s  were 

p re fe r a b l e  due to  t h e i r  s t a b i l i t y ,  small t i p s ,  and ease  o f  c o n s t r u c t i o n .

S in g l e - b a r r e l  Ca m ic ro e lec t ro d es  were made from a lu m in o s i l i c a t e  

c a p i l l a r y  g la s s  (1 m i l l i m e t e r  d iam eter ,  10% w a l l :  d iameter  r a t i o ,  V ic tor  

Palumbo, Glass Co. o f  America,  N . J . ) .  This c a p i l l a r y  g l a s s  was c leaned 

twice by b o i l i n g  in  d i s t i l l e d  w a te r .  The ends o f  the  c a p i l l a r i e s  were 

f i r e - p o l i s h e d .  M icro p ip e t te s  which slowly tap e red  a t  the  t i p  were 

c r e a te d  using a Narishige PE-2 v e r t i c a l  p i p e t t e  p u l l e r .  Batches o f  10 to  

20 two inch long m ic ro p ip e t t e s  were p u l le d  f o r  each exper iment .  Under a 

microscope (400x m a g n i f ic a t io n )  t h e i r  t i p s  were c a r e f u l l y  broken by a 

s i l v e r  wire to  between 1 .5  and 2 .5  microns.  At the same time the t i p  

diameter was determined by a c a l i b r a t e d  g r i d  in  the  microscope 

o b j e c t i v e .  M icrop ipe t tes  were then placed in a s i l a n i z e d  pyrex p e t r i  

d ish  and baked a t  120-160°C f o r  a t  l e a s t  one hour t o  remove a l l  

m ois tu re .  Then the tempera ture  was reduced to  110 + 10°C and severa l  

sma1! drops o f  c h lo r o t r i m e th y l s i l a n e  l i q u i d  (P ierce  Chem. Co.,  B .P t .  = 

57°C) were added by syr inge  to  the c losed  p e t r i  d i sh  th ru  a small hole .  

A f te r  severa l  hours the  d ish  was vented a t  115°C f o r  about 1 hour.  The 

d ish  was then covered again  t i l l  the  nex t  s t e p ,  t y p i c a l l y  the  next  day. 

Next, a m ic ro p ip e t te  was removed from the  d i s h ,  coo led ,  and then f i l l e d  

with a 100 mM CaC^ s o lu t io n  to  the t i p .  Using the  vacuum generated  by 

a 50 cc p l a s t i c  sy r in g e ,  Simon's neu t ra l  c a r r i e r  Ca++ ion s e l e c t i v e  

r e s in  (Fluka Chemical Co.,  L . I . ,  N.Y.),  was drawn 500-2000 microns up the 

t i p  o f  the  s i l a n i z e d  a l u m in o s i l i c a t e  m ic ro p ip e t t e .
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Double -barre l  Ca++ m ic roe lec t rodes  were made from #7740 

B o r o s i l i c a t e  t h e t a - s t y l e  doub le -ba r re l  c a p i l l a r i e s  (Glass  Co. o f  

America).  A f te r  c l e a n in g ,  f i r e p o l i s h i n g ,  and f a b r i c a t i o n  i n to  

m ic r o p ip e t t e s ,  one o f  two s i l a n i z a t i o n  procedures was used: the  "dip"

method o r  the  "gas" method.

A f t e r  f i l l i n g  one b a r r e l  with d i s t i l l e d  w a ter  to  the  t i p ,  the "dip" 

method o f  s i l a n i z a t i o n  involved dipping  the  d oub le -ba r re l  t i p  i n to  a 

s o lu t io n  o f  2.3% Dow Corning 200 f l u i d  ( v i s c o s i t y  100 c e n t i s t o k e s )  and 

97.7% Xylene, (v /v )  u n t i l  300-500 microns o f  s i l a n i z i n g  l i q u i d  had run up 

the  empty b a r re l  t i p  (K l ine ,  1975).  The p i p e t t e  was then allowed to  dry 

o v e rn ig h t .  By m i c r o l i t e r  syr inge  a small amount o f  Simon's Ca++ r e s i n  

was placed ins ide  the t a p e r in g  t i p  o f  the  s i l a n i z e d  b a r r e l .  Once Simon's 

Ca++ r e s i n  had s e t t l e d  in  the  m ic ro p ip e t te  t i p  the  b a r re l  was 

b a c k f i l l e d  with 100 mM CaCl2 s o l u t i o n .  The o th e r  b a r r e l ,  co n ta in ing  

the  d i s t i l l e d  w ater  a t  t h i s  p o in t ,  was then f i l l e d  with 100 mM NaCl or  a 

Ringers s o lu t io n .

When doub le -barre l  m ic ro p ip e t t e s  were to  be s i l a n i z e d  by the "gas" 

method, one b a r re l  was blocked quickly  with  some d i s t i l l e d  w a te r ,  while,  

the  e th e r  b a r re l  was exposed to  c h lo r o t r i m e th y l s i l a n e  gas a t  22°C. To do 

t h i s  the  b u t t  o f  the  doub le -b a r re l  e l e c t r o d e  was he ld  f o r  severa l  seconds 

in s id e  the neck o f  a 10 ml g l a s s  volumetr ic  f l a s k  co n ta in ing  severa l  

m i l l i l i t e r s  o f  t r i m e th y lc h o ro s i l a n e  l i q u i d ,  removed, and then allowed to  

dry f o r  severa l  minutes to  hours .  The s i l a n i z e d  b a r re l  t i p  o f  the  double 

b a r r e l  p i p e t t e  was f i l l e d  with  Simon's Ca++ r e s i n  and b a c k f i l l e d  with 

100 mM CaCl2 . The r e fe re n ce  s ide  was f i l l e d  with 100 mM NaCl o r  a 

Ringers  s o lu t io n .

T r i p l e - b a r r e l  Ca++/K+ m ic ro e le c t ro d es  were made from #7740 b o r o s i -
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l i c a t e  g la s s  t h e t a - s t y l e  t r i p l e - b a r r e l  c a p i l l a r i e s  ( th r ee  b a r r e l s  in  a 

l i n e ;  Glass Co. o f  America).  The o u te r  two b a r r e l s  were made in to  a 

Ca++ and a K+ e l e c t r o d e ,  whi le  the  c e n t r a l  b a r r e l  was f i l l e d  with 100
+  +  a|>

mM NaCl o r  a Ringers s o l u t i o n .  Although t r i p l e  b a r r e l  Ca /K ion

s e l e c t i v e  m ic ro e lec t ro d es  were more d i f f i c u l t  t o  make, the p r i n c i p l e s  

followed during  the  c o n s t r u c t i o n  o f  d oub le -ba r re l  Ca m ic ro e le c t r o d e s ,  

were a p p l i c ab le  to  the  c o n s t r u c t i o n  o f  the  t r i p l e - b a r r e l  Ca++/K+ 

m ic ro e le c t r o d es .  The K+ e l e c t r o d e  t i p  was f i l l e d  with potassium l i q u i d  

ion exchanger (Corning #477317). I t s  performance in  measuring e x t r a ­

c e l l u l a r  potassium ion c o n ce n t r a t io n  f l u c t u a t i o n s  has been desc r ibed  by 

Kline (1975) ,  and Kline and Morad (1976, 1978) in  d e t a i l .

S i n g l e - b a r r e l ,  d o u b l e - b a r r e l ,  and t r i p l e  b a r re l  ion s e l e c t i v e  

m ic ro e lec t ro d es  were e q u i l i b r a t e d  t i p  down in  Ringers s o lu t io n  f o r  about 

an hour to  a llow them t o  s t a b i l i z e .  Then they were t e s t e d  in  the

c a l i b r a t i o n  s o l u t i o n s .

4. E l e c t ro n ic s

The t i s s u e  bath  p o te n t i a l  was def ined  by p lac in g  one end o f  a 2M KC1 

-  1.5% Agar br idge  ( in  2 m i l l i m e t e r  polye thy lene  tub ing )  in  the  back o f  

the  b a th ,  and the o th e r  end in  a 2M KC1 s o l u t i o n .  A la rge  c o i l e d  Ag-AgCl 

wire e l e c t r o d e  in  the  2M KC1 s o lu t io n  was grounded to  a l l  the  equipment.

The ba th  ground system was r e l a t i v e l y  i n s e n s i t i v e  to  the  bath  l e v e l ,

[C l - ] v a r i a t i o n s  in  the  b a th ,  and provided a s t a b l e  re fe ren ce  p o t e n t i a l .

The transmembrane p o t e n t i a l  (or i n t r a c e l l u l a r )  m ic roe lec t rode  was 

connected v ia  a Ag-AgCl e l e c t r o d e  t o  a u n i ty  gain  e l e c t r o m e te r  ( 1 0 ^  

ohms in p u t  impedance, 100 khz frequency response ,  Model M-707, W-P 

In s t ru m en ts ) .  The e l e c t r o m e t e r  ou tpu t  was recorded on s to rag e  o s c i l l o ­
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scope (Tek tron ics  Model 5115) o r  on a paper c h a r t  r e c o rd e r  (Gould Model 

2400).

The ion s e l e c t i v e  m ic ro e lec t ro d es  were connected  v ia  Ag-AgCl wire

e l e c t r o d e s  t o  p r e a m p l i f i e r s  with  a d ju s t a b l e  capac i tance  n e u t r a l i z a t i o n
14( in p u t  impedance 10 ohms, Bloom A s s o c ia te s ) .  The p r e a m p l i f i e r  ou tpu t  

was connected to  a d i f f e r e n t i a l  a m p l i f i e r  (Design by K l ine ,  Bloom 

A s s o c i a t e s ) .  Local e x t r a c e l l u l a r  p o t e n t i a l  was recorded  by the  re fe rence  

b a r r e l  o f  double and t r i p l e  b a r r e l  ion s e l e c t i v e  e l e c t r o d e s  and was 

s u b t r a c t e d  a t  the d i f f e r e n t i a l  a m p l i f i e r  s tage  from the ion s e l e c t i v e  

b a r r e l ( s ) .  The d i f f e r e n t i a l  a m p l i f i e r  o u tp u t  was recorded  by the  s to rage  

o sc i l lo sc o p e  and c h a r t  paper  reco rd e r .

A wave gen e ra to r  (ATO Model F30) was used to  t e s t  the  e l e c t r i c a l  

response  time o f  the  ion s e l e c t i v e  e l e c t r o d e .  Output o f  the  wave 

g en e ra to r  (a t r i a n g l e  wave f u n c t io n ,  pe r iod  5-20 seconds) was connected 

to  the b ra id  o f  a s h o r t  segment o f  coaxia l  c a b l e .  This c a p a c i t i v e l y  

i n j e c t e d  a square wave pu lse  on the  wire l i n k i n g  the  Ag-AgCl wire  o f  the 

ion s e l e c t i v e  m ic roe lec t rode  to  the p r e a m p l i f i e r  i n p u t ,  (Neher and Lux, 

1973; K l ine ,  1975).  The response o f  the  ion s e l e c t i v e  e l e c t r o d e  in  the 

bath  o r  muscle e x t r a c e l l u l a r  space ,  to  the  c a p a c i t a t i v e l y  produced square 

pulse  was recorded a longs ide  the  t r i a n g l e  wave on the  paper  c h a r t  

r e c o r d e r ,  to  measure the e l e c t r o d e ' s  e l e c t r i c a l  t ime c o n s ta n t .

To miminize noise  severa l  p recau t ions  were t aken .  To reduce 

mechanical n o i s e ,  a s o l i d  marble t a b l e  supported  the reco rd ing  

a p p a r a tu s .  The super fus ion  b a th ,  e l e c t r o d e - p o s i t i o n i n g  micromanipula tors  

( N a r i s h ig e ) ,  and ion s e l e c t i v e  p r e a m p l i f i e r  s tands  were mounted on a 

heavy s t e e l  p l a t e  cushioned by a p a r t i a l l y - i n f l a t e d  b icy c le  t i r e  lay in g  

on the marble t a b l e  top .  Exogenous high frequency e l e c t r i c a l  no ise  ( i . e .
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60 cyc le  A.C.) was reduced by enveloping a l l  s i d e s  o f  the record ing  

appa ra tu s  w i th in  a Faraday cage (small mesh copper s c r e e n ) .  All appara ­

t u s  were grounded to  the  Faraday cage in c lu d in g  the ba th  suc t ion  

ou tf low.  C i r c u i t  loop d iameters  w i th in  the  Faraday cage were minimized 

to  reduce induced e l e c t r i c a l  n o i s e .  The gass ing  Ringers s o lu t io n  

r e s e r v o i r s ,  wave g e n e r a to r ,  d i f f e r e n t i a l  a m p l i f i e r ,  transmembrane 

p o t e n t i a l  e l e c t r o m e t e r ,  o s c i l l o s c o p e ,  f i e l d  s t i m u l a t o r ,  and paper  c h a r t  

r e c o rd e r  were kep t  o u t s id e  the  Faraday Cage (See f ig u r e  2;  E l e c t ro n ic s  

schem at ic ) .

The response o f  the  ion s e l e c t i v e  m ic roe lec t rode  to  d i f f e r e n t  Ringers

s o l u t i o n s  used in  the exper im ent was examined with the  m ic roe lec t rode  in

the  ba th .  In a d d i t i o n ,  before  the exper iment was begun, while the  s t r i p

was e q u i l i b r a t i n g  to low Ca Ringers in  the b a th ,  the  p rospec t ive  ion

s e l e c t i v e  m ic ro e lec t ro d es  were c a l i b r a t e d  in  a s ep a ra te  system. Dishes

o f  varying calc ium, sodium, and potassium ion c o n ce n t r a t io n  Ringers were

placed  in  a s t e e l  box se rv in g  as a second Faraday cage .  The t i p  o f  the

m ic roe lec t rode  and a Ag-AgCl ground wire were dipped in to  the d ishes  o f

c a l i b r a t i o n  s o l u t i o n s .  The o u tp u t  o f  the  ion s e l e c t i v e  m ic roe lec t rode

was connected v ia  a Ag-AgCl wire to  an a m p l i f i e r  with a d ju s t a b le
14capac i tance  n e u t r a l i z a t i o n ,  10 ohms in p u t  impedance, and x 50 gain 

(M etametr ics) .  The a m p l i f i e r  ou tpu t  was fed  to  a paper c h a r t  re c o rd e r  

(Gould Model 220) l o c a t e d  o u ts id e  the s t e e l  box.

I t  should be noted t h a t  the  methods employed t o  measure e x t r a c e l l u l a r  

calc ium ion co n ce n t ra t io n  f l u c t u a t i o n s  and membrane p o te n t i a l  in  bea t ing  

frog  v e n t r i c u l a r  muscle were adapted from the  methods r e p o r t e d  by Kline 

(1975) and Kline and Morad (1976, 1978) f o r  the  measurement o f

e x t r a c e l l u l a r  potassium ion c o n ce n t ra t io n  f l u c t u a t i o n s  and membrane
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Figure 2 : This i s  a schematic diagram o f  the  exper imental  equipment.
Muscle s t r i p s  (M) are  f i e l d  s t im u la te d  by s t im ulus  i s o l a t i o n  u n i t ( S ) .  
I n t r a c e l l u l a r  m ic roe lec t rode  membrane p o te n t i a l  (Vm) i s  am p l i f ied  by VA. 
IA am p l i f i e s  ion s e l e c t i v e  e l e c t r o d e  o u tpu ts  (VCa + Vo, Vo). I f  Vo i s  
no t  measured (as in  the  case  o f  s in g le  b a r re l  calc ium m ic ro e lec t ro d es )  
then the  Vo in p u t  o f  the  d i f f e r e n t i a l  a m p l i f i e r  (DA) i s  grounded. The 
Ramp wave g e n e ra to r  (R) i s  c a p a c i t a t i v e l y  coupled to  o u tp u t  of  ion 
s e l e c t i v e  m ic roe lec t rode  b a r r e l  to  t e s t  the  square pu lse  response o f  ion 
s e l e c t i v e  m ic ro e lec t ro d e .  This equipment design  was developed by Kline 
(1975).

Ground e l e c t r o d e  (G) i s  a AgAgCl wire in  2M KC1 connected to  the 
bath  (B) v ia  a 2m KC1-1.5% Agar b r id g e .  Data (Vm, Vo, VCa) are  viewed on 
the  s to rage  o sc i l lo sc o p e  and p l o t t e d  on up to  fou r  channels  o f  a paper 
c h a r t  re co rd e r  (not shown in  f i g u r e )

When a t r i p l e  b a r r e l  Ca++/K+ ion s e l e c t i v e  mic roe lec t rode  was 
used , an a d d i t io n a l  IA a m p l i f i e r  was used.
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Figure 3 : Top record  shows the  o u tp u t  o f  a calc ium ion s e l e c t i v e
m icroe lec t rode  ( t i p  in  ba th  f ig u r e  2) dur ing a doubling o f  the  bath 
Ca++ c o n ce n t ra t io n  f o r  16 seconds s t a r t i n g  a t  the  arrow ( ) and
rev e rs in g  a t  the nex t  arrow ( ) .  This shows t h a t  s o l u t i o n  changes can be 
performed in  t h i s  ba th  in  2-4 seconds.  Noise was caused when the 
ex p e r im en to r ' s  hand e n t e r e d  the Faraday cage to  o p e ra te  the  s o lu t io n
change valve.

Bottom p ane l ,  top record  i s  the  t r i a n g l e  wave used to  genera te  a 
square pulse on the calcium ion s e l e c t i v e  m ic ro e lec t ro d e .

Bottom record  i s  the  response o f  the  calc ium ion s e l e c t i v e  
m ic roe lec t rode  to  a square p u ls e .  The response o f  both s in g le  and double 
b a r re l  calcium ion s e l e c t i v e  m ic roe lec t rodes  was no t  monoexponential .
About 80% f u l l  response occurred  in  one second. Data from o th e r  
exper iments  i n d i c a t e s  t h a t  the approximate e l e c t r i c a l  response time 
c o n s ta n t  ranged between 300-600 m i l l i s e c o n d s .  T he re fo re ,  Ca++ 
e l e c t r o d e  responses  p o s s ib ly  underestimate  the  ac tua l  magnitude o f  the  
b e a t  t o  b e a t  e x t r a c e l l u l a r  calc ium ion d e p le t io n  and Vo by about  20%.
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p o te n t i a l  in  t h i s  p r e p a r a t io n .

5. Ion S e le c t iv e  Microelec t rode  A r t i f a c t s  and Precau t ions

Poss ib le  mechanical and e l e c t r i c a l  a r t i f a c t s  had to  be cons ide red :

1) During the frog v e n t r i c u l a r  a c t i o n  p o te n t i a l  tw i tch  t e n s io n  l i n e a r l y  

in c re a s e s  over time peaking a t  r e p o l a r i z a t i o n .  Tension then decays 

s l i g h t l y  more r a p id ly  than i t  developed (Brown and Orkand, 1968). This 

t en s io n  can a l t e r  the  e x t r a c e l l u l a r  p o s i t i o n  of  the e l e c t r o d e  t i p .

2) F ie ld  s t im u la t io n  can p o la r i z e  the  m ic ro e lec t ro d es  i f  the  s t im u la t io n  

i n t e n s i t y  o r  d u ra t io n  i s  e x c e s s iv e .

3) The evoked v e n t r i c u l a r  a c t i o n  p o te n t i a l  has a d e te c t a b l e  e x t r a c e l l u l a r  

s ignal  (VQ; K l ine ,  1975) o f  0 t o  10 mV amplitude  which must be 

a c c u r a t e ly  s u b t r a c te d  from the ion s e l e c t i v e  b a r re l  ou tp u t .

Mechanical a r t i f a c t s  were reduced in  severa l  ways: 1) The m a jo r i ty

o f  the  exper iments  were performed with weakly c o n t r a c t i n g  (hypodynamic) 

frog  v e n t r i c u l a r  muscle s t r i p s .  The hypodynamic s t a t e  was produced by 

prolonged exposure o f  the  muscle t o  subnormal Ca++Ringers  

c o n c e n t r a t i o n s .  One m i l l i m o la r  Ca++Ringers i s  normal (Niedergerke,  

1956).  In 0 .050-0 .20  mM [Ca++] tw i tch  ten s io n  i s  5-20% t h a t  caused by 

1 mM Ca++Ringers .  2) Evidence o f  a ten s io n  a r t i f a c t  can be seen 

occas iona ly  in  both the  ion s e l e c t i v e  and r e fe ren ce  b a r r e l  o u tp u t s .  The 

a r t i f a c t  i s  a f a s t ,  s h o r t - l i v e d  ( l e s s  than 500 m i l l i s eco n d  d u ra t io n )  

n ega t ive-go ing  spike a t  the  end o f  the  a c t i o n  p o t e n t i a l .  Sometimes i t s  

magnitude in c re a s e s  during r e p e t i t i v e  s t im u la t io n .  The t en s io n  a r t i f a c t  

could be the r e s u l t  o f  a t r a n s i e n t  c e l l  impalement,  a t r a n s i e n t  inc rease  

in  the  e x t r a c e l l u l a r  r e s i s t e n c e ,  o r  due to  a bending o f  the  mic ro­

e l e c t r o d e  t i p .  This a r t i f a c t  was avoided by s e l e c t i n g  m ic roe lec t rode
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impalements c a r e f u l l y .  Data was screened f o r  t h i s  a r t i f a c t .

A r t i f a c t s  due to  f i e l d  s t im u la t io n  appeared a t  the  o n s e t  o f  the

a c t io n  p o te n t i a l  and had a v a r i a b le  amplitude and d u ra t io n .  F ie ld

s t im u la t io n  e l e c t r o d e s  were used as  c lo se  as p o s s ib le  to  the s id e s  o f  the

muscle.  This decreased  the  r e q u i re d  du ra t io n  and c u r r e n t  i n t e n s i t y  o f  

the  s t im u lus .  The p o l a r i t y  o f  f i e l d  s t im u la t io n  was reve rsed  r o u t i n e ly  

dur ing  r e p e t i t i v e  s t i m u l a t i o n ,  when the ion s e l e c t i v e  mic roe lec t rode  t i p  

was in  the  b a th ,  to  be sure  t h a t  the  e l e c t r o d e  d id  no t  p o l a r i z e .  When 

the  m ic roe lec t rode  t i p  was in  the  m u sc le ' s  e x t r a c e l l u l a r  space ,  i t s

p o l a r i z a b i l i t y  was t e s t e d  with su b - th re sh o ld  f i e l d  s t im u la t i o n .  

E x t r a c e l l u l a r  [Ca ] d e p le t i o n  only occurred  when a c t io n  p o t e n t i a l s

were e l i c i t e d .

Due to  the high r e s i s t e n c e  o f  the t r a b e c u l a r  e n d o th e l i a l  shea th ,  some 

o f  the  e x t r a c e l l u l a r  spaces  w i th in  frog v e n t r i c u l a r  t r a b e c u l a ,  e x h i b i t  a 

1-10 m i l l i v o l t  e x t r a c e l l u l a r  a c t i o n  p o te n t i a l  (VQ a r t i f a c t  during the  

i n t r a c e l l u l a r  a c t i o n  p o t e n t i a l  (K l ine ,  1975).  I t  has the  d u ra t io n  o f  the 

r e g u l a r  a c t i o n  p o t e n t i a l .  VQ i s  d e tec te d  by the re fe rence  and ion 

s e l e c t i v e  b a r r e l s  o f  a doub le -ba r re l  Ca++ ion s e l e c t i v e  

m ic ro e le c t ro d e .  The r e fe ren ce  b a r re l  VQ i s  s u b t r a c t e d  from the  ion

s e l e c t i v e  b a r re l  VQ to  o b ta in  VCg++ the calc ium e l e c t r o d e  s igna l  a t

the  d i f f e r e n t i a l  a m p l i f i e r  s t a g e .  Due to  the  h ig h e r  r e s i s t e n c e  o f  the 

ion s e l e c t i v e  b a r re l  (lO-lOOOx h igher  than the r e fe ren ce  b a r r e l )  the  two 

b a r r e l s  do no t  d e t e c t  VQ i d e n t i c a l l y .  T he re fo re ,  the  VQ i s  not 

s u b t r a c t e d  a c c u r a t e ly  from the Ca++ ion  s e n s i t i v e  b a r r e l .  This i s  most 

e v id e n t  when the  VQ i s  l a r g e .  E x t r a c e l l u l a r  impalements o f  the  

m ic roe lec t rode  were s e l e c t e d  to  keep VQ small o r  a b se n t .  In a d d i t i o n ,  

e f f o r t s  were made to  lower the  r e s i s t e n c e  o f  the  ion s e l e c t i v e  b a r r e l .
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The t i p  diameter was in c re a s e d .  The high r e s i s t e n c e  e lement i s  Simon's 
++Ca r e s i n .  The h e ig h t  o f  t h i s  r e s i n  column was minimized. However,

i t  was e v id e n t  t h a t  the  ion s e l e c t i v e  b a r r e l  r e s i s t e n c e  could  no t  be

lowered s u f f i c i e n t l y  w i th o u t  making the  t i p  too l a r g e .  Also,  Ca++ ion

s e l e c t i v e  e l e c t r o d e s  with  l e s s  than 500 micron long r e s in  columns had

s h o r t  l i f e  t imes .  In view of  these  d i f f i c u l t i e s ,  i t  was r e a l i z e d  t h a t

only q u a l i t a t i v e  b e a t  to  b e a t  e x t r a c e l l u l a r  [Ca++] measurements can be

ob ta ined  with s t a t e  o f  the  a r t  Ca++ ion s e l e c t i v e  m ic ro e le c t ro d es .  The 
++

[Ca ] d e p le t io n s  were q u a n t i t a t i v e l y  s tu d ie d  in  the e x t r a b e c u l a r  

spaces  where VQ was a b se n t  (K l ine ,  1975). Thus, in  the  l a t t e r  

exper iments o f  the  p r e s e n t  s tudy ,  the  [Ca++] d e p le t io n  in  the  ETS was 

s tu d ied  with s in g le  b a r r e l  Ca++ ion s e l e c t i v e  m ic ro e lec t ro d es  s ince  the 

re fe rence  b a r re l  was no t  necessa ry .

Following the g u id e l in e s  developed by Kline (1975) and Kline and 

Morad (1976, 1978),  c e r t a i n  c r i t e r i a  were observed during the  measurement 

o f  the  e x t r a c e l l u l a r  calcium ion co n ce n t ra t io n  in  bea t in g  frog 

v e n t r i c u l a r  s t r i p s .

1. At the beginning o f  each exper iment ,  the  calcium m icroe lec t rode  

ou tpu t  was monitered w i th  the  e l e c t r o d e  t i p  in  the  bath  while the 

p re p a ra t io n  was s t im u la te d .  Elec trode  n o is e ,  d r i f t ,  p o l a r i z a b i l i t y ,  and 

the  e f f e c t s  o f  exper imental  s o lu t io n s  were determined. The bath  Ringers 

[Ca++] p o te n t i a l  was dete rmined,  and used as a re fe rence  p o in t .

2. Calcium ion s e l e c t i v e  m ic roe lec t rodes  were slowly i n s e r t e d  i n to  the 

muscle s t r i p  under the  c o n s t a n t  obse rva t ion  through a d i s s e c t i n g  micro­

scope to  minimize dimpling the  t i s s u e ,  to  minimize bending the m ic ro e lec ­

t rode  t i p ,  and to  e s t im a te  the e l e c t r o d e  t i p ' s  r a d i a l  depth in  the  s t r i p .
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3. A f te r  an e x t r a c e l l u l a r  space impalement in  the  muscle s t r i p ,  up to  

5-10 minutes t ime was given f o r  the  Ca++ e l e c t r o d e  p o te n t i a l  t o  r e tu r n  

back to  the p o t e n t i a l  observed in  the  ba th .  At the same time small

ad jus tments  in  the  depth o f  the  e l e c t r o d e  t i p  were made to  minimize VQ, 

t e n s io n  a r t i f a c t s ,  and f o s t e r  the  r e tu r n  o f  the  e l e c t r o d e ' s  p o t e n t i a l  to  

the  p o t e n t i a l  p rev ious ly  observed in  the ba th .

4. Shor t  t r a i n s  o f  r e p e t i t i v e  a c t i o n  p o t e n t i a l s  were used to  a s s e s s  the

impalement 's  s t a b i l i t y .  The magnitude o f  the  [Ca++] Q d ep le t io n  was
4*4

used to  confirm the  v i s u a l l y  e s t im a te d  r a d i a l  depth o f  the  Ca ion

s e l e c t i v e  mic roe lec t rode  t i p  in  the  muscle s t r i p .
++5. Five to  twenty minutes  were req u i red  f o r  [Ca ] e q u i l ib r iu m

a f t e r  a pe r iod  o f  r e p e t i t i v e  s t im u la t io n .  The p o te n t i a l  o f  the  Ca++

ion s e l e c t i v e  m ic roe lec t rode  in  the  bath  was used as  a r e fe rence  p o in t .

I f  t h i s  p o t e n t i a l  was no t  r e a t t a i n e d  dur ing  quiescence  following

r e p e t i t i v e  s t i m u l a t i o n ,  then th e re  was a problem. The Ca++

m icroe lec t rode  t i p  was withdrawn to  the  ba th .  This determined whether

the e l e c t r o d e  impalement was b locking the  d i f f u s i o n  path from the

m icroe lec t rode  t i p  to  the  ba th  o r  whether the  Ca++ e l e c t r o d e ' s
++p o t e n t i a l  had d r i f t e d .  The Ca m ic roe lec t rode  bath  p o te n t i a l  d r i f t e d  

from +0.6 to  +3 m i l l i v o l t s  per  hour on the average .  Poor e x t r a c e l l u l a r  

impalements caused a nega t ive  p o te n t i a l  d r i f t  as  c e l l s  were con t inuous ly  

i n j u r e d ,  reducing the  [Ca++]0 surrounding the  e l e c t r o d e  t i p .

6 . The e x t r a c e l l u l a r  Ca++ s ignal  had to  respond q u a n i t a t i v e l y  and a t
4 .4 .

an a p p ro p r ia t e  r a t e  to  changes in  the  bath  Ca c o n c e n t r a t io n .  (See 

f ig u r e  4 . )

7. Twenty to  t h i r t y  minutes  a f t e r  an exper iment ,  the  e l e c t r o d e  t i p  was 

withdrawn to  the bath  to  t e s t  t h a t  the  e x t r a c e l l u l a r  space and the  ba th
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gave the same calcium ion Ners t  p o t e n t i a l s  (wi th in  a m i l l i v o l t  o r  two).

8 . By us ing 100 mM CaCl2 in s t e a d  o f  Ringers s o l u t i o n  as  the  calcium 

e l e c t r o d e  b a c k f i l l ,  t h e re  was always an o v e r r id in g  e lec t rochem ica l  

p o t e n t i a l  (about ”80 mV in  a 0 .2  mM Ca++Ringers ba th)  which was

monitored dur ing  the exper iment .  Large p o s i t i v e  s h i f t s  in  t h i s  p o te n t i a l  

s ig n a l ed  sudden damage o r  decay of  the  Ca++ m ic ro e le c t ro d e .  When the

t i p  d iameter  exceeded 3 microns o r  had an i r r e g u l a r  t i p ,  the  Ca++

m icroe lec t rode  was r ep laced .

9.  S in g le - b a r r e d  Ca ion s e l e c t i v e  m ic ro e lec t ro d es  were used in  the

l a t t e r  exper im ents  i n s t e a d  o f  d o u b le -b a r r e l .  The s in g le  b a r re l  Ca++ 

m ic ro e lec t ro d es  were e a s i e r  to  make and l a s t e r  lo n g e r .  The t i p s  could be 

made sm a l le r .  Q u a l i t a t i v e  measurements o f  b e a t  t o  b e a t  [Ca**] 

d e p le t io n  in s id e  the t r a b e c u la  ( in  the  SES and IFS) were made. 

Q u a n t i t a t iv e  measurements o f  ETS [Ca++] d e p le t io n  were made.

D. Twitch Tension Measurements

In the l a b o ra to ry  o f  Dr. Zia Penefsky,  f rog  v e n t r i c u l a r  s t r i p  

i som e t r ic  ten s io n  was measured in severa l  exper iments  us ing  the appara tus  

desc r ibed  by Penefsky e t  a l . ,  (1981). A moving l i g h t  beam t r a n s d u ce r  was 

used to  d e t e c t  i so m e t r ic  t e n s i o n .  The t r a n s d u c e r s  o u tp u t  was recorded on 

a s to rage  o sc i l lo sc o p e  (Tektronix  Model 564) and on a paper c h a r t  

re c o rd e r  (Gould Model 220).  A 1 to  2 m i l l i m e t e r  d iameter  muscle s t r i p  

was t i e d  v ia  f in e  s i l k  th re a d  lo o p s ,  to  the  t r a n s d u c e r  moment arm and to  

a hook anchored in  the  b a th .  The muscle s t r i p  was s t r e t c h e d  

approximate ly  150% o f  i t s  r e s t i n g  l en g th .
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E. Data Analysis

Paper c h a r t  reco rds  and p o la ro id  photographs  from the  s to rage  

o sc i l lo sc o p e  were ga thered  dur ing  exper iments  and l a t e r  analyzed .  Data 

t a b l e s  were made using the  NIH-Prophet computer system. Derived t a b l e  

columns were used to  c a l c u l a t e  the e x t r a c e l l u l a r  ion c o n ce n t ra t io n  versus  

t im e. Data was then p re sen ted  g r a p h ic a l l y  o r  analyzed f u r t h e r .  The 

prophet computor ExpFi t  program was used t o  f i t  m ul t iexponen t ia l  

fu n c t io n s  to  the  d i g i t i z e d  data  p o i n t s .  This program inc luded a 

s t a t i s t i c a l  e v a lu a t io n  o f  the  f i t .  The accep ted  s ig n i f i c a n c e  l e v e l  o f  

a l l  curve f i t s  was p l e s s  than  0.001.

F. Experimental Groups

1. F lu c tu a t io n s  o f  the  e x t r a c e l l u l a r  calcium ion c o n ce n t ra t io n  occur ing 

dur ing each f rog  v e n t r i c u l a r  a c t i o n  p o t e n t i a l  were measured.  The 

v a r i a b l e s  s tu d ie d  were the  a c t io n  p o te n t i a l  d u r a t io n ,  super fusa te  calcium 

ion c o n c e n t r a t io n ,  amplitude o f  the  accompanying e x t r a c e l l u l a r  a c t i o n  

p o t e n t i a l .  The p o s i t i o n  o f  calcium m icroe lec t rode  t i p  ( i n t e r f i b r i l l a r  

space,  subendothe l ia l  space ,  o r  e x t r a t r a b e c u l a r  space) was e s t im a te d  from 

the  time c o n s ta n ts  o f  the  decay o f  the  d e p le t io n  fo llowing  the  a c t io n  

p o t e n t i a l .  A d d i t io n a l ly  e f f e c t s  o f  ca techo lam ines ,  p ropano lo l ,  mangan- 

e s e ,  and nickel ions  on b e a t  to  b e a t  [Ca ] d e p le t i o n s  were examined.

2. Slow d e p le t io n s  o f  the  e x t r a c e l l u l a r  calc ium ion  c o n ce n t r a t io n  with 

o r  w i thou t  b e a t  to  b e a t  calc ium d e p le t i o n s  were s tu d ied  during 1 to  4 

minute pe r iods  o f  r e p e t i t i v e  s t im u la t io n .  The v a r i a b l e s  s tu d ie d  were the
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h e a r t  r a t e ,  a c t i o n  p o t e n t i a l  d u r a t i o n ,  the  % t ime d e p o la r i z e d ,

su p e r fu sa te  calcium ion c o n c e n t r a t i o n ,  amplitude o f  the  accompanying

e x t r a c e l l u l a r  a c t i o n  p o t e n t i a l ,  and the  r a d i a l  depth o f  the  calcium

m icroe lec t rode  in  the muscle s t r i p .  Also,  slow e x t r a c e l l u l a r  calcium 

d e p le t i o n s  were s tu d ie d  in  low sodium Ringer,  in  high potass1um/low 

sodium Ringer ,  and in  Ringer con ta in in g  manganese, n i c k e l ,  o r  

ca techo lam ines .  The c e l l u l a r  [Ca++] accumulation per  a c t i o n  p o te n t i a l
r»

was e s t im a te d  from the  slow e x t r a c e l l u l a r  [Ca J d e p le t i o n s .

3. During prolonged r e p e t i t i v e  s t im u la t io n  l a s t i n g  from 4 to  30 minutes ,

the  e x t r a c e l l u l a r  [Ca++] was measured. Evidence o f  a slowly a c t i v a t i n g

Ca++ e x t r u s io n  process  was found. The e f f e c t  o f  t h i s  Ca++ e x t ru s io n

process  on e x t r a c e l l u l a r  [Ca++] d e p le t io n  was s tu d i e d .  The time course

of  a c t i v a t i o n  and d e a c t i v a t i o n  o f  the  Ca++ e x t r u s i o n  process  and the

Na+/K+ pump were compared by s imul taneous ly  measuring the  e x t r a c e l -  
+ ++

l u l a r  [K ] and [Ca ] .  I som etr ic  tw i tch  t en s io n  s t a i r c a s e  in  1 .0  and 

0.20mM Ca++ Ringers was s tu d ie d  a t  severa l  h e a r t  r a t e s .  The time 

course o f  the e a r l y  nega t ive  tw i tch  t e n s io n  s t a i r c a s e  was compared to  the
4*4*time course o f  e x t r a c e l l u l a r  [Ca ] d e p le t i o n .

- 3 4 -



I l l  RESULTS

A. E x t r a c e l l u l a r  Ca++ Elec t rode  Response in  Frog V e n t r i c u la r  Muscle

The [Ca++] in  the e x t r a c e l l u l a r  space o f  a f rog  v e n t r i c u l a r  s t r i p  i s
++

b e l ie v ed  to  be the same as  the  Ringers [Ca ] ba th ing  the  s t r i p .  To
++t e s t  t h i s  assumption,  the t i p  o f  a Ca ion s e l e c t i v e  m ic roe lec t rode  was 

i n s e r t e d  i n to  r e lax ed  f rog  v e n t r i c u l a r  muscle s t r i p s .  I n i t i a l l y  the

m icroe lec t rode  appeared to  cause some c e l l u l a r  damage. This was e v id e n t  

from the  negat ive  d e f l e c t i o n  o f  the  Ca++ m icroe lec t rode  p o te n t i a l  

i n d i c a t i n g  a f a l l  in  the  [Ca++] a t  the m ic roe lec t rode  t i p .  A f te r  5 to  

10 m inu tes ,  the m ic roe lec t rode  p o te n t i a l  slowly r e tu rn e d  back to  the value 

ob ta ined  when the m ic roe lec t rode  t i p  was in  the  Ringers .

When the  bath  Ringers  [Ca++] was in c reased  from 0.050 to  0 .20 

m i l l i m o la r ,  the  e x t r a c e l l u l a r  [Ca++] slowly in c re a s e d ,  a t t a i n i n g

e q u i l ib r iu m  in 20 m inu tes .  The time course  o f  the  e x t r a c e l l u l a r  [Ca++] 

inc rease  from 0.050 to  0 .20 mM i s  shown in f ig u r e  4.  The subsequent 

r educ t ion  o f  the  bath  Ringers [Ca++] from 0 .20  to  0.050 mM caused the 

e x t r a c e l l u l a r  [Ca++] to  slowly r e tu r n  to  0.050 from 0.20 mM. The 

changes in  the  e x t r a c e l l u l a r  [Ca++] were i n f e r r e d  from the  change in  the 

Ca++ m ic roe lec t rode  p o t e n t i a l  which had a l s o  been observed when the 

e l e c t r o d e  was t e s t e d  in  0.050 and 0.20 mM Ca++ Ringers .  These con tro l  

exper iments  i n d i c a t e  t h a t  the  e x t r a c e l l u l a r  space around the  Ca++ micro­

e l e c t r o d e  i s  in  d i f f u s i o n  e q u i l ib r iu m  with the  bath  and t h a t  the  q u a n t i -
- ' +4.

t a t i v e  measurement o f  the  e x t r a c e l l u l a r  [Ca ] i s  p o s s ib le  provided t h a t  

reasonab le  care  i s  taken .
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Figure  4 : P lo t  shows the  e x t r a c e l l u l a r  calc ium ion c o n ce n t r a t io n
measured over  time by a calc ium ion s e l e c t i v e  m ic roe lec t rode  t i p  in 
q u ie scen t  f rog  v e n t r i c u l a r  muscle s t r i p .  At time 0 ,  su p e r fu sa te  [Ca++] 
was inc reased  from 0 .05  t o  0.20 mM. Between 20-60 minutes time the 
supe r fusa te  [Ca++] was 0.050 mM. The calcium ion s e l e c t i v e  
m ic roe lec t rode  response in  muscle was the  same as ob ta ined  in  c a l i b r a t i o n  
s o lu t io n s  ( f ig u re  2) .
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B. Deplet ion o f  E x t r a c e l l u l a r  Calcium Associa ted  

with a Single Heart  Beat 

The tw i tch  ten s io n  o f  i s o l a t e d  f rog  v e n t r i c u l a r  s t r i p s  ba thed in  1 mM 

Ca++ Ringers  was r e a d i l y  observed dur ing e l e c t r i c  f i e l d  s t im u la t io n  a t  a 

r a t e  o f  3 to  12 per minute .  A f te r  one hour o f  super fus ion  with  0.05 or  

0 .2  m i l l im o la r  calcium Ringers s o l u t i o n ,  tw i tch  tens ion  could no t  be 

v i s u a l l y  d e tec te d  us ing  a 3x m agn i f ica t ion  d i s s e c t i n g  microscope. 

However, i n t r a c e l l u l a r  g l a s s  m ic roe lec t rodes  i n d i c a t e d  t h a t  s im i l a r  a c t io n  

p o t e n t i a l s  were e l i c i t e d  in  0.050 -  1 .0  mM Ca Ringers .  A ty p ic a l  frog 

v e n t r i c u l a r  a c t io n  p o te n t i a l  i s  shown in  the  top panel o f  f ig u re  5. The 

r e s t i n g  membrane p o te n t i a l  v a r ie d  from -75 to  -85 m i l l i v o l t s .  The ampli ­

tude o f  the  a c t io n  p o t e n t i a l  ranged between 100 and 120 m i l l i v o l t s .  The 

d u ra t io n  o f  the  frog v e n t r i c u l a r  a c t i o n  p o te n t i a l  v a r i e d  between 800 and 

1000 m i l l i seco n d s  a t  a h e a r t  r a t e  of  3 per minute .

In severa l  exper im ents  the  i som e t r ic  tw i tch  ten s io n  o f  frog

v e n t r i c u l a r  s t r i p s  was measured in  the l a b o ra to ry  o f  Dr. Zia Penefsky.
++

When the Ringers [Ca ] was lowered from 1 to  0 .2  m i l l i m o la r ,  the  peak 

tw i tch  tens ion  was dimin ished 5 f o ld .  The t ime to  peak tw i tch  t en s io n  was 

not changed but the r a t e  o f  tw i tch  ten s io n  development and r e l a x a t i o n  was 

p ro p o r t i o n a t e ly  slower in  the  0 .2  m i l l im o la r  calc ium Ringer as  shown in 

the  lowest panel o f  f ig u r e  5. The f i e l d  s t imulus  a r t i f a c t  can be seen as 

a f a s t  v e r t i c a l  spike a t  the  beginning o f  the  t e n s io n  reco rd .  Twitch 

t en s io n  development lagged about 100 to  200 m i l l i s e c o n d s  behind the 

ups troke  o f  the  frog v e n t r i c u l a r  a c t i o n  p o t e n t i a l .  T h e r e a f t e r ,  tens ion  

development proceeded l i n e a r l y  over  time in  low calcium and q u a s i - l i n e a r l y  

over time in  high calc ium Ringer.  The o n s e t  o f  tw i tch  t e n s io n  r e l a x a t i o n  

in  f rog  v e n t r i c l e  (superfused  with normal Ringers s o lu t io n )  a t  the  time of
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r a p id  a c t i o n  p o te n t i a l  r e p o l a r i z a t i o n  i s  well known (Niedergerke,  1956). 

The r a t e  o f  tw i tch  t e n s io n  r e l a x a t i o n  was s l i g h t l y  more r a p id  than the 

r a t e  o f  tw i tch  tens ion  development.

During continuous obse rv a t io n  under a 3x m agn if ica t ion  d i s s e c t i o n
++microscope, the  t i p  o f  a s i n g l e - b a r r e l  Ca s e l e c t i v e  m ic roe lec t rode  was

slowly i n s e r t e d  i n to  a weakly c o n t r a c t i n g  f rog  v e n t r i c u l a r  muscle s t r i p

and allowed to  e q u i l i b r a t e  as  d e sc r ib e d .  For some l o c a t i o n s  o f  the

calc ium e l e c t ro d e  t i p ,  a rep roduc ib le  b e a t  to  b e a t  voltage  f l u c t u a t i o n  was

measured. An average magnitude calc ium m ic roe lec t rode  vo l tage  f l u c t u a t i o n

i s  shown in  the middle panel o f  f ig u r e  5. The i n i t i a l  r a p id  sp ike i s  the

f i e l d  s t im ulus  a r t i f a c t .  This a r t i f a c t  may be used to  i n d i c a t e  the  o n s e t

o f  the frog v e n t r i c u l a r  a c t i o n  p o t e n t i a l .  The dura t ion  o f  the  p la te au

phase o f  the  evoked a c t i o n  p o te n t i a l  i s  s i m i l a r  t o  the  d u ra t io n  o f  the

pe r iod  o f  decrease  in  the  ou tpu t  o f  the  Ca e l e c t r o d e .  In the  midpanel

record  o f  f ig u r e  5,  t h i s  d e f l e c t i o n  has a v e r t i c a l  magnitude o f  - 3 .6  mV.

Background no ise  was 0 .2  mV. The f r ee  [Ca++] Q a t  the  t i p  o f  the

e x t r a c e l l u l a r  m ic roe lec t rode  decreased from 0.20 t o  0.15  mM during  the

f rog  v e n t r i c u l a r  a c t i o n  p o t e n t i a l .  The problems with using the  b e a t  to

b e a t  [Ca++] Q d e p le t io n s  f o r  q u a n t i t a t i v e  e s t i m a te s  o f  c u r r e n t  f lu x

w i l l  be d iscussed  l a t e r .  The measurement o f  b e a t  t o  b e a t  [Ca J Q

d e p le t i o n s  was probably underes t im ated  by 20% (See f ig u r e  3) due to  the
++slow response time o f  the  Ca ion s e l e c t i v e  m ic ro e lec t ro d e .

Following r e p o l a r i z a t i o n  o f  the  a c t i o n  p o te n t i a l  the  b e a t  t o  b ea t  

[Ca++] Q stopped f a l l i n g  and began to  i n c re a s e .  The minimum

[Ca ] Q never  occurred  before  r a p id  r e p o l a r i z a t i o n  was i n i t i a t e d  (n = 

40 expe r im en t s ) .  A f te r  r e p o l a r i z a t i o n ,  the  e x t r a c e l l u l a r  [Ca++] changed 

in  two phases:  a r ap id  [Ca ] Q in c rease  was followed by a slower
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[CaH+] Q i n c r e a s e .  When a c t i o n  p o t e n t i a l s  occur red  a t  h e a r t  r a t e s  l e s s

than one per minute ,  the  [Ca++] Q re tu rn e d  to  b a se l in e  before  the next

b e a t .  I n i t i a l l y  a t  h ig h e r  h e a r t  r a t e s ,  the  [Ca++] Q did  not have to

subside  before  the  nex t  b e a t .

The time c o n s t a n t  o f  the  slow phase o f  re v e r sa l  o f  b e a t  to  b e a t

calcium d e p le t io n  v a r ie d  between 1 t o  5 seconds .  This i s  s i m i l a r  t o  the

time c o n s ta n t  o f  e q u i l ib r iu m  o f  calcium ions  across  the  subendothe l ia l

shea th  e s t im a te d  by e l e c t r o n  micrographs (unco r rec ted  time c o n s t a n t  = 3 .3

+ 1 .2  seconds;  Page and Niedergerke,  1972).  This sugges ts  t h a t  the

calc ium m ic roe lec t rode  t i p  ( f o r  f ig u r e  5,  middle reco rd )  was measuring

e i t h e r  the subendo the l ia l  o r  the i n t e r f i b r i l l a r  space calc ium ion

c o n ce n t r a t i o n .  In s e c t io n  E o f  the  a n a l y s i s  s e c t i o n ,  the  b e a t  t o  b e a t

[Ca++] in the  subendo the l ia l  space was e s t im a te d  to  be 0.184 mM a t  the

end o f  the a c t i o n  p o t e n t i a l .  The corresponding  i n t e r f i b r i l l a r  space

[Ca++] ( f o r  the c e n t e r  o f  the  IFS) was e s t im a te d  to  be 0.120 mM. The

b e a t  to  b e a t  [Ca++] Q d e p le t io n  shown in  f ig u r e  5 was probably measured

somewhere in  the  i n t e r f i b r i l l a r  space.  This conclus ion  i s  suppor ted by
++

the  presence o f  a r a p id  phase o f  [Ca ] in c re a se  fo llowing membrane

r e p o l a r i z a t i o n  s ince  two d i s t i n c t  phases o f  [Ca++] Q in c rease  are
++

expec ted  in  the  IFS bu t  no t  in  the  SES. The Ca e l e c t r o d e  response i s  

too slow to  s ep a ra te  i t s  response time c o n s ta n t  from the  time c o n s ta n t  o f  

the  rap id  [Ca++] Q change (Tau about 0 .2  to  0 .4  seconds).  However, the

Ca++ e l e c t r o d e  response i s  f a s t e r  than the expec ted  SES time c o n s ta n t .

C. Cumulative Deple tion o f  E x t r a c e l l u l a r  Calcium during a R ep e t i t iv e  

Train  o f  Action P o t e n t i a l s  

As the  f i e l d  s t imulus  r a t e  i s  inc reased  from 1 per  minute to  h igher
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Figure 5 : Top panel shows ou tpu t  of  an i n t r a c e l l u l a r  m ic roe lec t rode  in
during a s in g le  a c t i o n  p o t e n t i a l .

Middle panel shows o u tp u t  o f  a s in g le  b a r re l  calcium ion s e l e c t i v e  
m ic roe lec t rode  p laced  in  the  b e a t  t o  b e a t  e x t r a c e l l u l a r  space o f  a frog 
v e n t r i c u l a r  muscle s t r i p  dur ing  a s in g le  a c t i o n  p o te n t i a l  (same e x p e r i ­
ment as  top p a n e l ) .  S im i la r  magnitude b e a t  t o  b e a t  [Ca++] 0 dep le ­
t i o n s  were ob ta ined  with doub le -barre l  Ca++ ion s e l e c t i v e  m ic roe lec ­
t r o d e s .

Bottom panel shows superimposed i som e t r ic  tw i tch  tens ion  records  
ob ta ined  every few minutes  dur ing a switch  o f  the  su p e r fu sa te  [Ca++] 
from 1 .0  to  0.20 mM. The time sca le  i s  expanded compared to  the  upper 
two pan e ls .  During the  frog  v e n t r i c u l a r  a c t i o n  p o t e n t i a l ,  tw i tch  tens ion  
development and b e a t  t o  b e a t  [Ca++] 0 d e p le t io n  appear c a u s a l ly  
r e l a t e d .  As the membrane r e p o l a r i z e s ,  tw i tch  ten s io n  i s  maximal, and the 
e x t r a c e l l u l a r  [Ca++] i s  a t  i t s  minimum.
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r a t e s ,  the  recovery o f  the  b e a t  to  b e a t  calcium dep le t ion  (dur ing 

d i a s t o l e )  i s  i n t e r r u p t e d  by the next b e a t .  As a r e s u l t  the  nex t  b ea t  

begins  with a lower e x t r a c e l l u l a r  calcium ion c o n c e n t r a t io n .  Over severa l  

b e a t s  t h i s  r e s u l t s  in  cumulative [Ca++] Q d e p le t io n  (see f i g u r e  6 ) .  

When these  bea ts  were followed by a pe r iod  o f  qu iesence ,  the  e x t r a c e l l u l a r  

calcium ion c o n ce n t ra t io n  stopped f a l l i n g  bu t  the  d ep le t io n  p e r s i s t e d  f o r  

a time longe r  than necessa ry  f o r  the  subendo the l ia l  space to  e q u i l i b r a t e  

with the  e x t r a t r a b e c u l a r  space .

When the  d ep le t io n  was caused by a t r a i n  o f  r e p e t i t i v e  a c t i o n  poten­

t i a l s  l a s t i n g  severa l  m inu tes ,  (see f ig u r e  6B) the  average cumulative 

[Ca++] Q d e p le t io n  time course  was exponent ia l  (time c o n s ta n t  = 60

seconds in a one m i l l i m e t e r  d iameter  muscle s t r i p ) .  The e x t r a c e l l u l a r  

calc ium ion c o n ce n t ra t io n  reached a minimum value in  severa l  minutes .  

A f te r  s t i m u l a t i o n ,  r e t u r n  o f  the  e x t r a c e l l u l a r  [Ca++] to  the  basal  level  

had a time c o n s ta n t  s i m i l a r  to  the d ep le t io n  phase when the magnitude o f  

the  [Ca++] Q d e p le t io n  was a small percentage o f  the  t o t a l  

e x t r a c e l l u l a r  [Ca++] .  Since slow [Ca++] Q d e p le t io n s  (dur ing 

r e p e t i t i v e  s t im u la t io n )  were seen with and w i thou t  accompanying b e a t  to  

b e a t  [Ca++]Q d e p le t io n  b u t  had s i m i l a r  slow time c o n s t a n t s ,  the  slow 

phase o f  e x t r a c e l l u l a r  calc ium d e p le t io n  must occur both in s id e  and 

o u t s id e  the t r a b e c u la  as  expec ted  (Cohen & K l ine ,  1982).

D. Calcium Depletion in  1 m i l l im o la r  Ca++ Ringers

Twitch ten s io n  o f  f rog  v e n t r i c u l a r  s t r i p s  superfused  in  1 m i l l im o la r  

calc ium Ringers was f i v e  t imes l a r g e r  than in  0 .2  m i l l im o la r  calcium 

Ringer.  A few measurements o f  e x t r a c e l l u l a r  calc ium c o n ce n t r a t io n  were 

success fu l  in 1 m i l l im o la r  calcium Ringer d e sp i t e  the  l a rge  tw i tch  te n s io n .
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Figure 6 : Top t r a c e  (Vm) i s  the  membrane p o te n t i a l  measured by a
conventional  i n t r a c e l l u l a r  m ic ro e lec t ro d e .  The s in g le  b a r r e l  Ca-ISE 
o u tp u t  i s  d isp layed  in  the second t r a c e  (Vca). The e x t r a c e l l u l a r  
[Ca*+] ,  decays from 0.20  to  0.14 mM during the  f i r s t  a c t i o n  p o t e n t i a l .  
Minimum [Ca++] 0 a t  r e p o l a r i z a t i o n  o f  l a s t  AP in  the t r a i n  o f  5 bea ts  
i s  0.12 mM. Negative going sp ikes  a t  the  s t a r t  o f  each AP f o r  both 
t r a c e s  a re  s t imulus  a r t i f a c t s .

Thi rd  t r a c e  (Vm) i s  membrane p o te n t i a l  measured s imul taneously  with a 
s in g le  b a r re l  Ca-ISE (Vca) shown in  fo u r th  t r a c e .  Vm d e p o la r i z a t i o n  
dur ing t h i s  t r a i n  i s  c o n s i s t e n t  with prev ious  f in d in g s  o f  e x t r a c e l l u l a r  
potassium accumulation (Kline and Morad, 1978).  Fourth t r a c e  (Vca) i s  
the  Ca-ISE ou tpu t .  I t  shows the e f f e c t  o f  an ab rup t  and more su s ta in ed  
change in  h e a r t  r a t e  from 3 to  30 (pe r  minute f o r  2 minutes).The slow 
envelope of  the  [Ca++] 0 d e p le t io n  i s  seen .  [Ca++] 0 decreased 
from a ba th  leve l  o f  50 to  30 micromolar.
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Figure 7 i s  a record  o f  the  e f f e c t  o f  an acu te  in c rease  of  h e a r t  r a t e  from

1 .3  t o  12/minute f o r  2 .3  minutes .  In 2 .3  minutes the  e x t r a c e l l u l a r  

calc ium c o n ce n t ra t io n  f e l l  by 32% from 1 to  0.68 m i l l im o la r .  Upon r e tu rn  

t o  1 .3  b e a t s  per minute the  e x t r a c e l l u l a r  calc ium c o n ce n t r a t io n  slowly 

in c reased  up to  the bath  l e v e l .  These r e s u l t s  show t h a t  e x t r a c e l l u l a r  

d e p le t io n  occurs  a t  phys io log ica l  [Ca++] .  The abso lu te  magnitude of  

d e p le t io n  in  1 m i l l im o la r  calc ium Ringers i s  much l a r g e r  than in  0.20 

m i l l im o la r  calcium Ringers .  The magnitude o f  e x t r a c e l l u l a r  calc ium dep le ­

t i o n  f o r  any given pro tocol inc reased  with in c re a s in g  i n i t i a l  e x t r a c e l l u ­

l a r  calc ium c o n ce n t r a t i o n .  Thus,  the  c e l l u l a r  uptake o f  calc ium and 

tw i tch  ten s io n  inc rease  as  the  e x t r a c e l l u l a r  calcium co n cen t ra t io n  i s  

in c reased .

E. Slow Deple tions  o f  Calcium versus  Slow Accumulations o f  Potassium

T r ip le  b a r re l  Ca /K ion s e l e c t i v e  e l e c t r o d e s  were used to  

compare the  well-known time course o f  the  e x t r a c e l l u l a r  potassium ion 

accumulat ion (Kline ,  1975; Martin and Morad, 1982) with the  time course of 

e x t r a c e l l u l a r  calcium ion d e p le t i o n .  The e l e c t r o d e  t i p  was placed in  the 

e x t r a t r a b e c u l a r  space according  to  c r i t e r i a  developed by Kline (1975) and 

Cohen and Kline (1982).  When h e a r t  r a t e  was in c reased  from 12 to  24 per 

minute f o r  2 .3  minutes ,  the  e x t r a c e l l u l a r  potassium ion co n cen t ra t io n  

in c reased  from 3.0 to  4 .0  m i l l im o la r  in  60 to  90 seconds and then began to  

decrease  dur ing s t im u la t io n  ( f ig u re  8 ) .  At the  same time the 

e x t r a c e l l u l a r  calcium ion c o n ce n t ra t io n  f e l l  from 0.20 to  0.13 m i l l im o la r ,  

b u t  s teady s t a t e  had not been reached.  Upon r e t u r n  to  a h e a r t  r a t e  o f  12 

pe r  minute ,  the  potassium accumulation d is sappeared  in  about 50 seconds 

while the  calcium d e p le t io n  recovered much more slowly.
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Figure  7 : Record o f  the  calcium ion s e l e c t i v e  mic roe lec t rode  ou tpu t
during  r e p e t i t i v e  s t im u la t io n  i s  shown. The e l e c t r o d e  was in  a muscle 
s t r i p  batned in  1 mM Ca++ Ringers .  When h e a r t  r a t e  was inc reased  from
1.3  t o  12 per minute f o r  2 .3  minutes ,  the  e x t r a c e l l u l a r  calcium ion
co n ce n t ra t io n  slowly f e l l  from 1 .0  to  0.68 mM (a 32% d e p l e t i o n ) .  Upon 
r e tu rn  to  the  p r i o r  r a t e  severa l  minutes were re q u i re d  before  the
e x t r a c e l l u l a r  calcium ion c o n ce n t ra t io n  re tu rn ed  to  ImM.
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Figure 8 : Top record  i s  the  ou tpu t  o f  the  calc ium ion s e l e c t i v e  b a r re l
o f  a t r i p l e  b a r re l  Ca++/K+ ion s e l e c t i v e  m ic ro e le c t ro d e .  The bottom 
record  i s  the  ou tpu t  o f  the  potassium ion s e l e c t i v e  b a r re l  o f  t h i s  
e l e c t r o d e .  As h e a r t  r a t e  was inc reased  from 12 to  24 per minute ,  the  
slow accumulation o f  e x t r a c e l l u l a r  [K+] approached s teady  s t a t e  sooner 
than the  c o in c id e n t  slow d e p le t io n  of  the e x t r a c e l l u l a r  [Ca*+] .
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F. E f f e c t  o f  Heart  Rate on Cumulative Calcium Depletion

Muscle s t r i p s  were e q u i l i b r i a t e d  in  0.050 o r  0 .20 m i l l im o la r  Ca++

Ringer .  At a low h e a r t  r a t e ,  (0 .9  per m in u te ) ,  b e a t  to  b e a t  calcium

d e p le t io n  in  some t r a b e c u l a  d id  no t  l a s t  more than one minute ( f ig u re  9,
++

v top r e c o r d ) .  In t h i s  re co rd  the magnitude o f  the  b e a t  t o  b e a t  [Ca ]

d e p le t io n  was about  14$ o f  the  t o t a l  calcium c o n ce n t r a t io n  (bea t  to  b e a t
*4*4*Vca = - 1 .8  mV). As h e a r t  r a t e  was in c re a se d  the  b e a t  t o  b e a t  [Ca ]

f l u c t u a t i o n s  remained around t h i s  value o f  about -1 .5 - 2  mV u n t i l  the  h e a r t
++r a t e  exceeded 24 per minute .  T h e r e a f t e r ,  the  b e a t  t o  b e a t  [Ca ]

f l u c t u a t i o n s  decreased in  magnitude.

As h e a r t  r a t e  was in c reased  from 0 .9  to  1 .5 ,  3,  6,  12, 24, and 48

b e a t s  per minute f o r  3 m inu tes ,  (see f ig u r e  9 ) ,  the  e x t r a c e l l u l a r  calcium

ion c o n ce n t ra t io n  f e l l  from 50 to  48,  41, 34, 25, 21, and 9 micromolar,
++

r e s p e c t i v e l y .  The f i n a l  [Ca ] d e p le t io n  in c reased  in magnitude a t

h ighe r  h e a r t  r a t e s  and the  time c o n s ta n t  o f  e q u i l i b r a t i o n  became sm al le r  

(see Analysis  Sec t ion  C).  Five to  f i f t e e n  minutes  o f  quiescence  was

necessa ry  between exper imental  ru n s ,  and the sequence o f  h e a r t  r a t e s  in

these  p ro to c o ls  was v a r i e d .  In a l l  frog v e n t r i c u l a r  s t r i p  p rep a ra t io n s  

t e s t e d  t h i s  general  pheneomena o f  s t imulus  r a t e  upon b e a t  to  b e a t  and slow 

[Ca++] Q d e p le t io n  was seen (n = 30).

Data from f iv e  complete exper imenta l  da ta  s e t s  was p l o t t e d  as  a func­

t i o n  o f  h e a r t  r a t e .  The Ringers calc ium c o n ce n t r a t io n  and the  ra d ia l  

depth o f  the  calcium m icroe lec t rode  t i p  in the  muscle s t r i p  were v a r i e d .  

The e x t r a c e l l u l a r  calc ium c o n ce n t r a t io n  ve rsus  h e a r t  r a t e  a f t e r  2 minutes 

was p l o t t e d  in f ig u re  10. The magnitude o f  calcium d e p le t io n  in  0.20 mM 

was 4x l a r g e r  than in  0.050 m i l l im o la r  calc ium s u p e r f u s a t e .  This was 

determined from the magnitude o f  the  s teady s t a t e  [Ca ] d e p le t io n .
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Figure 9 : Records o f  calcium ion s e l e c t i v e  ou tpu t  {VCa) a re  shown. A
Frog v e n t r i c u l a r  muscle s t r i p  (1 m i l l i m e t e r  d iameter )  was r e p e t i t i v e l y  
s t im u la te d  (from top to  bottom) a t  h e a r t  r a t e s  0 .9 ,  1 .5 ,  3,  6,  12, 24, 
and 48 per  minute f o r  3 minutes .  The records  show the  e x t r a c e l l u l a r  
calc ium ion d ep le t io n  which occurred  a t  the c e n t e r  o f  the  muscle s t r i p .  
S t r i p  was bathed in  0.050 m i l l im o la r  Ca++Ringers .  Noise leve l  = 0 .2  mV.
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Calcium d e p le t io n  was g r e a t e r  a t  deeper  r a d i a l  p o s i t i o n s  o f  the  Ca++ 

m ic roe lec t rode  t i p  (see  f ig u r e  10; compare c i r c l e s  to  diamonds).  The 

depth o f  the e l e c t r o d e  t i p  was e s t im a ted  from knowledge o f  the  l e n g th  o f  

calc ium neu t ra l  c a r r i e r  r e s i n  in the ion s e l e c t i v e  b a r r e l .  The % o f  the  

r e s i n  column bur ied  in  the  muscle was e s t im a ted  us ing  a c a l i b r a t e d  g r id  in  

the  eyepiece  o f  the  d i s s e c t i n g  microscope during the impalement.  The 

e l e c t r o d e  t i p  depth was checked again before  p u l l i n g  the  e l e c t r o d e  t i p  out 

o f  the  muscle and i n to  the bath  a t  the  end of  the  exper iment.

For small in c re a s e s  in  h e a r t  r a t e  (from low h e a r t  r a t e s )  the  change in 

e x t r a c e l l u l a r  calcium c o n ce n t ra t io n  was p ropo r t iona l  to  the  change in 

h e a r t  r a t e .  However, as h e a r t  r a t e  was in c reased  beyond 30 per  minute,  

the  change in  the  e x t r a c e l l u l a r  calcium ion c o n ce n t ra t io n  a f t e r  two 

minutes o f  b ea t in g  approached a maximum change. The maximum % change in 

the  e x t r a c e l l u l a r  calc ium c o n ce n t ra t io n  a f t e r  2 minutes o f  bea t ing  was 

-80% ( in  0.050 mM Bath Ca++) ,  and -75% ( in  0.20 mM Bath Ca++).  This % 

change inc reased  by the  t h i r d  minute o f  b e a t in g  to  -81% and -78%, re spec ­

t i v e l y ,  i n d i c a t i n g  t h a t  the  e x t r a c e l l u l a r  calcium ion co n cen t ra t io n  

recorded  a f t e r  2 minutes o f  b ea t ing  in  a 1 m i l l i m e t e r  d iameter  muscle 

s t r i p ,  had a t t a i n e d  n e a r ly  s teady  s t a t e  d i f f u s io n a l  e q u i l ib r iu m .  

Equi libr ium was a t t a i n e d  a f t e r  3-5 minutes o f  b e a t in g .

An examination o f  the  change in  a c t i o n  p o te n t i a l  d u ra t ion  as a 

fun c t io n  o f  h e a r t  r a t e  a f t e r  1-2 minutes revea led  two impor tan t  p o in t s .  

1) The change in  a c t i o n  p o t e n t i a l  d u ra t ion  (caused by an inc rease  in 

s t im ulus  frequency) was l a r g e ly  complete w i th in  the  f i r s t  few b e a t s .  

T h e r e a f t e r ,  sho r ten ing  o r  sometimes leng then ing  o f  the  a c t io n  p o te n t i a l  

d u ra t io n  took place  s lowly ,  amounting to  u s u a l ly  l e s s  than 10% o f  the 

t o t a l  a c t i o n  p o te n t i a l  du ra t io n  change. Thus,  the  percentage o f  the
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Figure 10: P lo t  shows the e x t r a c e l l u l a r  calcium ion co n ce n t ra t io n  in  1
m i l l i m e t e r  diameter f rog  v e n t r i c u l a r  muscle a t t a i n e d  a f t e r  2 minutes o f  
r e p e t i t i v e  s t im u la t io n  a t  h e a r t  r a t e s  1-60 per minute .  (X) r e p re s e n t s  
the  mean o f  3 o r  4 t r i a l s  with the same calcium m ic roe lec t rode  impalement 
( in  c e n t e r  o f  the  muscle s t r i p )  superfused  with 0 .20 mM Ca++ Ringer .  
(0) and {♦) r e p r e s e n t  the  pooled da ta  o f  two p r e p r a t i o n s .  In each 
p r e p a ra t io n  da ta  was ob ta ined  a t  the c e n t e r  o f  the  muscle s t r i p  and a t  
o n e -h a l f  the muscle s t r i p ' s  r a d ia l  depth.  S t r i p s  were superfused  with 
0.050 mM Ca+ Ringers .
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s t im u lus  i n t e r v a l  t h a t  the membrane was d e po la r ized  (% time depo la r ized )  

was approximate ly  c o n s ta n t  during two minutes o f  b ea t ing  a t  a new r a te  

(wi th  excep t ion  f o r  the f i r s t  5 bea ts  a t  h e a r t  r a t e s  g r e a t e r  than 30 pe r  

m inu te ) .  This o b se rva t ion  has been r e p o r t e d  by Kline (1975) and Kline and 

Morad (1978).  2) In 0 .050-0 .20  m i l l im o la r  Ca++ Ringers ,  a t  h e a r t  r a t e s

3-30 pe r  minute ,  a c t i o n  p o te n t i a l  d u ra t io n  averaged 940 + 40

m i l l i s e c o n d s .  Thus a t  h e a r t  r a t e s  3-30 per  minute ,  the  % time depo la r ized  

in c re a se d  in  d i r e c t  p ro p o r t io n  with h e a r t  r a t e  ( f ig u re  11).  At h igher  

h e a r t  r a t e s  the  a c t io n  p o te n t i a l  d u ra t io n  sho r tened .  For example,  a t  

h e a r t  r a t e s  36, 42,  48,  54, and 60 per minute ,  a c t i o n  p o t e n t i a l  du ra t ion

shor tened  t y p i c a l l y  to  t o  850, 840, 760, 750, and 670 m i l l i seco n d s

r e s p e c t i v e l y .  A s i m i l a r  t r e n d  was r e p o r te d  by Kline (1975) and Kline and 

Morad (1978).

Membrane pe rm eab i l i ty  t o  calcium ions  i s  inc reased  during the e n t i r e  

p la t e au  o f  the frog v e n t r i c u l a r  a c t i o n  p o t e n t i a l  ( f ig u re  5 ) .  Therefore ,

e x t r a c e l l u l a r  calcium d e p le t io n  should be c o r r e l a t e d  b e t t e r  with the %

time membrane d e p o la r i z a t i o n  than to  the  h e a r t  r a t e .  This was not 

necessary  f o r  h e a r t  r a t e s  3-30 per  minute where h e a r t  r a t e  and % time

dep o la r ized  were l i n e a r l y  r e l a t e d  ( f ig u re  11,  top p a n e l ) .  However, a t  

h ighe r  h e a r t  r a t e s  where a c t i o n  p o te n t i a l  du ra t io n  shor tened ,  the  change 

in  e x t r a c e l l u l a r  calc ium ion c o n ce n t ra t io n  ought t o  be more l i n e a r l y  

r e l a t e d  to  the  % time d e po la r ized  than to  the h e a r t  r a t e .  A comparison of  

f ig u r e  10 versus  f ig u r e  11 (bottom panel)  i n d i c a t e s  t h a t  % time d e p o la r ­

iz ed  was an improvement over  h e a r t  r a t e  as  the  independent v a r i a b le  in 

0 .20  mM Ca++ Ringers s ince  the p l o t  became more l i n e a r .  However, the

da ta  in 0.050 mM Ca++ Ringers  was no t  improved. The graph p o in t s  f o r

0-20% time depo la r ized  sugges t  a t r e n d  which e x t r a p o l a t e d  f o r  longe r  %
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time membrane d e p o l a r i z a t i o n ,  would have the  e x t r a c e l l u l a r  calc ium ion

c o n ce n t r a t io n  f a l l  to  zero a f t e r  2 minutes a t  40-60% time d e po la r ized  (see

f ig u r e  11,  bottom p a n e l ) .  Total d e p le t io n  was u n l ik e ly  to  occur  because

calcium ions  can d i f f u s e  in  from the ba th .  Also,  a s  the  e x t r a c e l l u l a r

calcium ion c o n c e n t r a t io n  approached z e r o ,  the  transmembrane calcium

g r a d ie n t  would f a l l .  This would reduce the  n e t  r a t e  o f  calcium ion uptake

by the  muscle c e l l s .  This second p o s s i b i l i t y  was t e s t e d  by examining the

time course o f  the  calcium d e p le t io n s  a t  d i f f e r e n t  % time depo la r ized  ( f o r
++the  same impalement and ba th  Ca c o n c e n t r a t i o n ) .

The da ta  from f ig u r e  9 p lus  3 minute t r a i n s  a t  36 and 54 pe r  minute

were conver ted  to  e x t r a c e l l u l a r  calc ium ion c o n c e n t r a t io n  as a fun c t io n  of

time and p l o t t e d  to g e th e r  on the  same graph, shown in  f ig u r e  12 ( top

p a n e l ) .  In t h i s  p l o t  the  time course  o f  e x t r a c e l l u l a r  calc ium ion

d e p le t io n  fo r  % t imes: 47,  61, and 68%, superimposed. This graph was

then transformed to  the  p l o t  below i t  (middle p ane l ,  f ig u r e  12) by f i r s t

conver t ing  the e x t r a c e l l u l a r  calcium ion c o n ce n t r a t io n  change to  pe rcen t

maximum change. Then (100% minus % change in  the  e x t r a c e l l u l a r  calc ium

ion c o n cen t ra t io n )  was p l o t t e d  as  a func t ion  o f  t ime. This p l o t  al lowed

the  time courses  o f  the  e x t r a c e l l u l a r  calc ium ion c o n ce n t r a t io n  d e p le t i o n s

dr iven  by d i f f e r e n t  % time membrane d e p o l a r i z a t i o n ,  to  be compared.
++

Normalized [Ca 30 d e p le t io n  time courses  ought to  superimpose i f  

the  n e t  r a t e  o f  c e l l u l a r  calcium uptake per  second o f  membrane d e p o la r ­

i z a t i o n  was only a fu n c t io n  o f  d r ive  r a t e  and dur ing  the  t r a i n  was 

c o n s ta n t .  Also,  the  time course should be exponent ia l  s ince  the  s teady 

s t a t e  calc ium c o n c e n t r a t io n  in  the compartment measured by the  calcium 

m ic roe lec t rode  t i p  r e p r e s e n t s  a ba lance between e f f l u x  i n t o  the 

cytoplasmic  compartment and in f l u x  by d i f f u s i o n  from an ad jo in in g
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Figure 11: Top panel shows a p l o t  o f  % time membrane depo la r ized  (per
c a r d i a c  cyc le )  as  a fu n c t io n  o f  h e a r t  r a t e  per minute .  I f  the  a c t io n
p o te n t i a l  du ra t ion  (APD) i s  c o n s ta n t  a t  a l l  h e a r t  r a t e  (HR) and equa ls
950 m i l l i s e c o n d s ,  the  dashed l i n e  i s  ob ta ined .

% Time membrane depo lar ized  = (APD x HR) x 100%
( p e r  c a r d i a c  c y c l e )  5U

Bottom Panel shows a p l o t  of  e x t r a c e l l u l a r  calcium ion c o n ce n t ra t io n  
a f t e r  2 minutes o f  r e p e t i t i v e  s t im u la t io n  as a func t ion  of  the  % membrane 
time d epo la r ized .  This p l o t  i s  based upon da ta  from f ig u r e  9 where the  X 
a x i s  (h e a r t  r a t e )  was transformed to  % time d e po la r ized  using  da ta  from 
the  top panel o f  t h i s  f i g u r e .
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e x t r a c e l l u l a r  compartment o f  h igher  calcium ion c o n ce n t r a t i o n .

Since the  normalized e x t r a c e l l u l a r  [Ca++] d e p le t io n  time courses  o f

f ig u r e  12 (middle panel )  d id  no t  superimpose,  the  r a t e  o f  e q u i l i b r a t i o n  o f

the  e x t r a c e l l u l a r  [Ca++] was no t  c o n s t a n t  f o r  a l l  h e a r t  r a t e s  during 2

minutes  o f  b e a t in g .  At h ighe r  % time dep o la r ized  (o r  h igher  h e a r t  r a t e )

the  time to  apparen t  s teady  s t a t e  decreased .  On a semilog p l o t  (bottom

p a n e l ,  f ig u r e  12) the  exponent ia l  i t y  o f  the  t ime course  o f  the

e x t r a c e l l u l a r  calcium d e p le t io n s  o f  f ig u r e  11 (middle panel)  can be seen.

In general  the  f i r s t  80% o f  the  e x t r a c e l l u l a r  calc ium d e p le t io n  proceeds

with an approximately monoexponential time course having a time c o n s ta n t

ranging between 10-60 seconds.  S u f f i c i e n t  e x t r a c e l l u l a r  calc ium ion

c o n ce n t ra t io n  d e p le t io n  lowers  the  transmembrane calcium ion g ra d ie n t
++

enough to  cause a decrease  in  the  n e t  c e l l u l a r  Ca in f l u x .  At h igher  

h e a r t  r a t e s  (o r  high % time d e p o la r i z e d ) ,  the r a t e  a t  which c e l l u l a r  Ca++ 

in f l u x  approaches s teady s t a t e  i s  a c c e l e r a t e d .  Thus the e x t r a c e l l u l a r  

calc ium ion c o n ce n t ra t io n  a t t a i n s  s teady  s t a t e  sooner  and with l e s s  f i n a l  

d e p le t io n  than would have occurred f o r  c o n s t a n t  i n f l u x .  This observa t ion  

helps  to  ex p la in  the c u r v i l i n e a r  p l o t s  o f  f ig u r e  11 (bottom p a n e l ) .  These 

r e s u l t s  were observed in f iv e  p re p a ra t io n s  ( th ree  in  0.050 mM, and two in 

0.20 mM Ca++R1ngers).

G. Slow A c t iva t ion  o f  a Cell Membrane Ca++ Ext rus ion  Process  During 

Sus ta ined  C e l l u l a r  Uptake o f  Calcium Caused by Prolonged 

Repe t i t ive  S t im ula t ion  

The r e p e t i t i v e  s t im u la t io n  o f  f rog  v e n t r i c u l a r  muscle bathed in  

0 .050 -1 .0  m i n i m o l a r  calc ium Ringers causes  e x t r a c e l l u l a r  calc ium ion 

c o n ce n t ra t io n  dep le t ion  and n e t  cytoplasmic  calc ium ion accumulation.
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Figure  12: Top panel shows a p l o t  o f  the  time course  o f  the
e x t r a c e l l u l a r  calc ium ion co n ce n t ra t io n  measured con t inuous ly  by a 
calc ium ion s e l e c t i v e  m ic roe lec t rode  as  the  h e a r t  was d r iven  a t  r a t e s  
0 . 9 ,  1 .5 ,  3, 6, 12,  24, 36,  48,  and 54 per  minute f o r  180 seconds.  This 
d a ta  was ob ta ined  from the  same source as f ig u r e  8.  Data f o r  h e a r t  r a t e s  
36,  48, and 54 per minute superimposed.

Middle panel shows a t r an s fo rm a t io n  o f  upper panel da ta  to  (100% -  % 
e x t r a c e l l u l a r  calcium c o n ce n t r a t io n  change) dur ing  3 minutes a t  h e a r t  
r a t e s  3 ,  6, 12,  24,  36,  and 48 per minute .  The time s ca le  i s  the  same as
upper p a n e l .

Bottom panel shows a semi log p l o t  o f  the  middle panel p l o t  f o r  90-98% 
o f  the e x t r a c e l l u l a r  calcium change which occu r red .  Note t h a t  the  time 
s ca le  (x -ax i s )  i s  expanded s l i g h t l y  compared to  the  o th e r  pane ls .  See 
the  Analysis  s e c t io n  f o r  an i n t e r p r e t a t i o n  o f  the  cause o f  the  decrease  
in  time c o n s ta n t s  o f  t h i s  p l o t  f o r  h ighe r  h e a r t  r a t e s  and g r e a t e r  Ca++ 
d e p le t i o n s .
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During two to  f iv e  minutes  of  r e p e t i t i v e  s t im u la t io n  the  e x t r a c e l l u l a r  

calc ium ion co n ce n t ra t io n  in  v e n t r i c u l a r  muscle s t r i p s  f a l l s  t o  a minimum 

value ( f i g u r e s  6,  7,  8,  9,  and 12) .  When s t im u la t io n  i s  prolonged f o r  

t imes longe r  than 3-4 minu tes ,  evidence o f  a c t i v a t i o n  o f  a c e l l  calcium 

e x t r u s i o n  process  ( f lu x  outward) i s  apparen t  ( f i g u r e  13,  top  p a n e l ) .  When 

s t im u la t io n  i s  s topped ,  the  leve l  o f  e x t r a c e l l u l a r  calc ium ions  r e t u r n s  to  

the  su p e r fu sa te  Ca++ le v e l  and then proceeds to  inc rease  above i t .  This 

e x t r a c e l l u l a r  calc ium ion c o n ce n t ra t io n  overshoo t  may be prolonged f o r  

10-30 minutes  ( f ig u re  13,  bottom p a n e l ) .  The minimum dura t io n  o f  s t im u la ­

t i o n  req u i red  to  observe the  [Ca++30 overshoot  i s  a l s o  i n d i c a t e d  by a 

s l i g h t  re v e r sa l  o f  the  e x t r a c e l l u l a r  [Ca++] d e p le t i o n  minima, seen a t

4-5 minutes  t ime .  The minimum e x t r a c e l l u l a r  Ca le v e l  a t t a i n e d  during 

r e p e t i t i v e  s t im u la t io n  a t  a high r a t e  (from a low basal  s t im u la t io n  r a te  

o f  0-3 per minute) r e p r e s e n t s  an e q u i l ib r iu m .  A slowly a c t i v a t i n g  Ca++

e f f l u x  w i l l  s h i f t  the  e q u i l ib r iu m  e x t r a c e l l u l a r  [Ca++] to  h ighe r  and
++h ighe r  e x t r a c e l l u l a r  calc ium ion c o n c e n t r a t io n s  as  the  Ca e f f l u x  

in c r e a s e s  in  magnitude (see  f ig u re  13 lower p a n e l ) .  Prolonged s t im u la t io n  

r e s u l t e d  in  a slow r e t u r n  o f  the  e x t r a c e l l u l a r  [Ca++] to  the  supe r fusa te  

[Ca++] .  A f te r  about 16 minutes  o f  r e p e t i t i v e  s t im u la t io n  the r e tu r n  was 

2 /3 rds  complete ( f ig u re  13,  lower p a n e l ) .  The subsequent [Ca++] Q 

overshoot  reached 0.066 m i l l i m o la r  (an overshoot  o f  0.016 m i l l im o la r  a f t e r  

16 minutes  o f  s t i m u l a t i o n ) .  A sm al le r  [Ca++] Q overshoot  o f  0.060 m i l ­

l im o la r  occurred  a f t e r  4 minutes  o f  s t im u la t io n .  Thus prolonged r e p e t i ­

t i v e  s t im u la t io n  a c t i v a t e s  a Ca++ e x t r u s io n  process  ( s i g n i f i e d  by a 

h ighe r  [Ca++]Q ove rshoo t ,  and l e s s  e x t r a c e l l u l a r  Ca++ d e p le t io n  a t  

the  time s t im u la t io n  i s  s topped) .  I t  i s  impor tan t  to  emphasize t h a t  

s u s t a in e d  e x t r a t r a b e c u l a r  space [Ca++] d e p le t io n  i n d i c a t e s  on going ne t
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Figure 13 : Top panel i s  a p l o t  o f  an exper iment measuring the e f f e c t  o f
s t im u la t io n  d u ra t io n  on e x t r a c e l l u l a r  calc ium ion c o n ce n t r a t i o n .  The 
s t im ulus  d u ra t io n s  were 1,  2,  and 4 minutes .  The h e a r t  r a t e  was 48 per 
minute .

Bottom panel i s  a p l o t  o f  the  e x t r a c e l l u l a r  calcium ion co n cen t ra t io n  
dur ing  16 minutes o f  r e p e t i t i v e  s t im u la t io n  a t  48 pe r  minute followed by 
a 25 minute r e s t  p e r io d .  Note t h a t  the  i n i t i a l  LCa++] 0 leve l  i s  high 
s ince  the exper iment was s t a r t e d  before  the  [Ca++] 0 overshoot  from 
the  4 minute t r a i n  (top p ane l )  had d i s s i p a t e d .
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c e l l u l a r  Ca++ accumulation.

The c ap a c i ty  o f  c a r d ia c  c e l l s  to  s to r e  calcium ions must be f i n i t e .

There fo re ,  a t  s teady s t a t e  c e l l u l a r  calcium ion homeostasis im pl ies  the

n e t  transmembrane f l u x  o f  calcium ions  pe r  c a r d iac  cycle  i s  zero .

Prolonged s t im u la t io n  must l e ad  to  a s teady  s t a t e  and e v e n tu a l ly  t o  zero

cumulative e x t r a c e l l u l a r  d e p le t io n  o f  calc ium. In f ig u re  14,  prolonged

r e p e t i t i v e  s t im u la t io n  f o r  25-30 minutes r e s u l t e d  in  gradual d isappearance
++

o f  the e x t r a c e l l u l a r  [Ca ] d e p le t io n .

Calcium d ep le t io n  d id  not p r im ar i ly  reve rse  because the v e n t r i c u l a r

c e l l s  became f i l l e d  up with  Ca++ such t h a t  the  u n d i re c t io n a l  i n f l u x  was
+ + - 1decreased .  Rather  as  in d i c a t e d  by the  subsequent [Ca ] overshoo t ,  

the  u n id i r e c t io n a l  Ca++ e f f l u x  from c e l l s  was inc reased  t i l l  i t  was 

equal to  the  u n id i r e c t io n a l  c e l l u l a r  Ca++ i n f l u x .  This i s  supported  by 

the  f a c t  t h a t  the  maximum d ep le t io n  a t  about 4 minutes time (0.050 to

0.032 mM; -  0 .018mM) i s  s i m i l a r  t o  the  maximum [Ca++] Q overshoot

(accumulation) a t  40 minutes  time (0.052 t o  0.076 mM; 0.024 mM) seen in 

f ig u re  14. For f u r t h e r  d e t a i l s  see s ec t io n  B o f  Discussion .
++ +

Sim i la r  r e s u l t s  were ob ta ined  using a t r i p l e  b a r r e l  Ca /K ion 

s e l e c t i v e  m ic roe lec t rode  in  a v e n t r i c u l a r  s t r i p  bathed  in  0 .20 m i l l im o la r  

Ca++, 3 m i l l im o la r  K+Ringers  ( f ig u re  15).  A f te r  in c re a s in g  the  h e a r t  

r a t e  from 6 t o  24 pe r  minute the  e x t r a c e l l u l a r  [K+] in c reased  to  a 

maximum in  60 to  90 seconds and then proceeded t o  d ec rea se ,  as  shown in 

f ig u r e  15. The e x t r a c e l l u l a r  [Ca++] d e p le t io n  f e l l  a lmost to  minimum in  

3-5 minu tes ,  and slowly decreased  f o r  a no the r  6 minutes .  The [Ca ] 

began to  inc rease  a f t e r  11 minutes and o n e - t h i r d  o f  the  [Ca ] d e p le ­

t i o n  had reve rsed  a t  24 minutes .  The [K+] Q accumulation was two-

t h i r d s  reve rsed  a t  24 minutes .  When the h e a r t  r a t e  was slowed from 24 to
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Figure 14 : P lo t  i s  o f  the e x t r a c e l l u l a r  calcium ion co n cen t ra t io n  versus
tlme^ R ep e t i t i v e  s t im u la t io n  occur red  from 0 t o  33 minutes  a t  18 per 
minute .  In the subsequent  q u ie se n t  pe r iod  an e x t r a c e l l u l a r  [Ca*+] 
overshoot  occur red .  Data was not from the same p rep a ra t io n  as used f o r  
f i g u r e  12. Note t h a t  some Ca++ m ic roe lec t rode  d r i f t  o f  about 4 
micromolar pe r  hour (or  1 mV/hour) i s  p re sen t .
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Figure  15; Top panel p l o t s  show e x t r a c e l l u l a r  Ca++ c o n ce n t r a t io n  
( t h i c k  TTne) and K+ c o n c e n t r a t io n  ( th i n  l i n e )  o f  a f rog  v e n t r i c u l a r  
muscle s t r i p  during an in c re a s e  in  the  r a t e  o f  s t im u la t io n  from 6 to  24 
per  minute f o r  24 minu tes .  Basal r a t e  was 6 per minute .  Ca++ Ringers 
was 0.20mM. A f te r  1 minute o f  s t i m u l a t i o n ,  [K+] 0 in c reased  to  a 
maximum o f  5.9mM. A f t e r  11 minutes [Ca++] 0 f e l l  t o  minimum o f  
0.093mM. A f te r  24 minutes  [K+] 0 was 3.9mM and [Ca++] 0 was 
0.14mM. Data was ob ta ined  with t r i p l e  b a r r e l  Ca++/K+ ion s e l e c t i v e  
m ic ro e le c t ro d e .

Bottom panel p l o t s  show the  e f f e c t  o f  decreas ing  the  s t imulus  r a t e  
from 24 back, to  6 pe r  minute .  [K+] 0 f a l l s  from 3 .9  t o  2 .9  mM in  2 
minutes .  [Ca++] 0 i n c r e a s e s  more slowly over 6 minutes from 0.14 to  
0.28mM. A f te r  45 minutes  [K+] p has r e tu rn e d  to  3.2mM and [Ca++30 
i s  0.20mM. Following a change in  s t im ulus  r a t e ,  [K+] q e q u i l ib r iu m  in  
e x t r a t r a b e c u l a r  spaces (ETS) i s  more r a p id  than [Ca++] 0 e q u i l i b r a t i o n  
in  the ETS. This i s  probably in  p a r t  due to  the f a s t e r  d i f f u s i o n  
c o e f f i c i e n t  f o r  K+ ve rsus  Ca*+ in  f r ee  s o l u t i o n .  Dk+ = 2 .5  DCa++ 
(Wang, 1953, Friedman and Kennedy. 1955).
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6 per  minute a t  24 minutes time the  [K+] Q ra p id ly  f e l l  below 3mM while 

the  [Ca++]Q in c reased  above 0.20mM. The e x t r a c e l l u l a r  [Ca++] 

in c reased  to  a maximum le v e l  in  6 to  7 minutes  whi le  the  [K+] Q f e l l  to  

a minimum in  2 minutes .  Twenty one minutes a f t e r  the  r e tu r n  to  a s lower 

h e a r t  r a t e  the e x t r a c e l l u l a r  [Ca++] had r e tu rn e d  to  the bath  [Ca++] 

while the  tX+] 0 was s l i g h t l y  e l e v a t e d .  The s l i g h t l y  e l e v a t e d  

[K ] was an e r r o r  due to  e l ec t r o d e  d r i f t  (see page 31).  During long 

p ro to c o ls  some d r i f t  o f  i o n - s e l e c t i v e  m ic roe lec t rode  p o t e n t i a l s  was 

i n e v i t a b l e .

To examine the consequences o f  calcium e f f l u x  a c t i v a t i o n  on s h o r t

t r a i n s  o f  r e p e t i t i v e  s t im u la t i o n  and the  subsequent  q u ie sc e n t  pe r iods  when

the  e x t r a c e l l u l a r  [Ca++] r e tu rn e d  to  the bath  l e v e l ,  f rog  v e n t r i c u l a r

muscle s t r i p s  were b e a t  a t  48 per minute f o r  1 minute followed by 1 minute

o f  quiescence .  This two minute cycle  was repea ted  w i thou t  i n t e r r u p t i o n  11

times  in  a row. In a protocol o f  t h i s  de s ign ,  the  s teady s t a t e  u n i d i r e c -
«('

t i o n a l  e f f l u x  should in c rease  t i l l  i t  e q u a l s  the  n e t  c e l l u l a r  Ca

i n f l u x  averaged over  the  pe r iod  o f  the  p r o t o c o l ' s  cyc le  ( in  t h i s  case the

per iod  was 2 m inu tes ) .  At 48 b e a t s  pe r  minute the  % time depo la r ized  was

about 60% ( f ig u re  11, top  p a n e l ) .  In a 2 minute c y c l e ,  the membrane would

be depo la r ized  on the average dur ing 30% o f  the  2 minute c y c le .  This %

time depo lar ized  (30%) was e q u iv a l e n t  to  a pe r iod  o f  continuous r e p e t i t i v e
++

s t im u la t io n  a t  18 per  minute (see f ig u r e  11, top  p a n e l ) .  Thus Ca 

e f f l u x  a c t i v a t i o n  should r e s u l t  in  a s teady  s t a t e  Ca++ e f f l u x  p ropor­

t i o n a l  t o  the c e l l u l a r  Ca++ in f l u x  caused by s t im u la t io n  a t  18 per  

minute .  Since the c e l l u l a r  Ca++ uptake occurs  due to  membrane d ep o la r ­

i z a t i o n ,  p r im ar i ly  during the  f i r s t  h a l f  o f  the  c y c l e ,  s teady s t a t e  e x t r a ­

c e l l u l a r  calcium l e v e l s  should o s c i l l a t e  slowly w i th in  each cy c le .
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Figure 16 : Sequentia l  reco rds  from the  ou tpu t  o f  a s in g le  b a r re l  calcium
m icroe lec t rode  are  shown. F i r s t ,  a run o f  48 per  minute f o r  1 minute 
(con t ro l  run) i s  shown. Next the  same h e a r t  r a t e  was performed f o r  30 
seconds.  Note the long t ime req u i red  f o r  e x t r a c e l l u l a r  [Ca++] r e tu rn  
t o  the  bath  level  ( i n d i c a t i n g  a time c o n s ta n t  of  around 60 seconds).

Next 11 c y c le s  o f  48 b e a t s  pe r  minute f o r  1 minute followed by a 1 
minute r e s t  were recorded. A f te r  a 24 minute r e s t  per iod  (20 minutes o f  
i t  a re  shown), ano ther  c on t ro l  run was performed. Some d r i f t  ( in  upward 
d i r e c t i o n )  o f  about 1 .5  mV occurred in  the hour o f  t h i s  exper iment bu t  
evidence o f  r e v e r s i b l e  Ca++ e f f l u x  a c t i v a t i o n  i s  shown. The Ca++ 
e x t ru s io n  process  a c t i v a t i o n  and d e a c t iv a t io n  a re  s lower than 
e x t r a c e l l u l a r  d i f f u s i o n  e q u i l ib r iu m .  (See f i g u r e s  13 and 14 . )
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In f ig u r e  16, records  o f  the  calcium m icroe lec t rode  ou tpu t  during t h i s

pro tocol a re  shown. The 2 minute pro tocol was rep ea ted  11 t imes .

I n i t i a l l y ,  n e t  d e p le t io n  was seen a t  the  end o f  each c y c le .  The n e t

d e p le t io n  per cyc le  soon became negative  in  value and the average e x t r a -  
++c e l l u l a r  [Ca ]  slowly r ev e r sed ,  o s c i l l a t i n g  in  each cycle  a lthough

++
t h e re  was no n e t  e x t r a c e l l u l a r  [Ca ] d e p le t io n  per  c y c l e .  In the

prolonged quiescence l a s t i n g  24 minutes which followed the 11th c y c l e ,  the
++ne x t r a c e l l u l a r  calcium ion co n cen t ra t io n  ove rsho t  the  Ringers [Ca J 

leve l  by about 8 micromolar ( s i m i l a r  to  the  change in  the  magnitude o f  

[Ca++]Q d e p le t io n  seen a f t e r  1 minute in the  1 s t  versus  11th cyc le s  

(20 versus  14 micromolar) .  A subsequent s t im u la t i o n  o f  48 pe r  minute f o r  

1 minute ( f ig u re  16,  lower most) in d i c a t e d  t h a t  calc ium e f f l u x  a c t i v a t i o n  

had subsided with  prolonged quiescence o f  the  p re p a r a t io n .

A p l o t  o f  the  r e s u l t s  o f  t h i s  11 cycle  pro tocol inc lu d in g  the  e a r l y
•H*p o s td r iv e  [Ca ] overshoo t  i s  shown in  f ig u r e  17. The 2nd and 3rd

cycle  [Ca++] Q d e p le t i o n s  s t a r t e d  from a lower i n i t i a l  [Ca++] Q and

were sm a l le r  in  magnitude than the  1 s t  d e p le t i o n .  By the 11th cyc le  the 

magnitude o f  the  [Ca++] Q d e p le t io n s  had in c reased  although i t  was

n o t ic a b ly  sm al le r  than t h a t  o f  the  1 s t  c y c le .

Several  segments o f  t h i s  exper iment were examined in  g r e a t e r  d e t a i l .  

A con t ro l  calc ium d e p le t i o n  ( top run o f  f ig u r e  16) was compared t o  the 

e lev e n th  d ep le t io n  o f  f i g u r e  16, (both having the same i n i t i a l  e x t r a ­

c e l l u l a r  calc ium l e v e l ) .  Each d ep le t io n  was f i t  w ith  a s in g le  expone t ia l  

p lu s  a c o n s ta n t .  The r a t e  o f  calcium ion d e p le t io n  o f  the  11th run was 

si  owe t" due to  c oncu r ren t  antagonism by calcium e f f l u x  a c t i v a t i o n .  The 

e x t r a c e l l u l a r  calcium ion c o n ce n t ra t io n  a f t e r  the l a s t  run approached a 

c o n s t a n t  leve l  150% f a s t e r  than in  the con t ro l  run which d ep le ted  more.
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Figure  17 : Data from reco rd s  o f  f ig u r e  16 ( s e r i e s  o f  11 cyc le s  o f
U a ++J0 d e p le t io n )  i s  p l o t t e d .  Open c i r c l e s  are  the  e x t r a c e l l u l a r  
[Ca++] a t  the  s t a r t  o f  r e p e t i t i v e  b ea t in g  a t  48 per minute .  So l id  
c i r c l e s  i n d i c a t e  the e x t r a c e l l u l a r  [Ca++] a f t e r  1 minute o f  r e p e t i t i v e  
s t im u la t i o n  a t  48 per minute .  A f te r  22 minutes  the  e x t r a c e l l u l a r  
[Ca++] in c reased  above the  Ringers [Ca++] .  The l a s t  14 minutes o f  
the  [Ca++] overshoot a re  no t  shown because upward calcium e le c t ro d e  
d r i f t  obscured the  f a l l i n g  phase o f  the  [Ca++] 0 ove rshoo t .
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Figure 18 : Top panel shows the  time course o f  a d ep le t io n  before  and
a f t e r  l a t+  e f f l u x  a c t i v a t i o n  (taken from da ta  o f  f ig u r e  15) .  Control 
p o in t s  a re  (+) while p o in t s  o f  a calc ium d e p le t io n  in  the  presence o f  
calcium e f f l u x  a c t i v a t i o n  are  (* ) .  The s o l i d  l i n e s  are  computor f i t s  
where X i s  in  u n i t s  o f  seconds.  The con t ro l  f i t  i s :

[Ca++](+ )  = ([0.021 EXP (-0 .044X)] + 0.027) mM [Ca++] .

The calcium d e p le t io n  ( in  presence o f  calcium e f f l u x  a c t i v a t i o n )  was f i t  
by the  equa t ion :

[Ca++] ( * )  = ( [0 .013  EXP (-0.067X)] + 0.033) mM [Ca++] .

Lower panel shows the t ime course of  e x t r a c e l l u l a r  calcium during a 
r e s t  per iod  before  and a f t e r  calcium e f f l u x  a c t i v a t i o n .  (+) are  con tro l  
p o i n t s ,  while (*) a re  p o i n t s  o f  r e s t  pe r iod  with Ca++ e f f l u x  a c t i ­
v a ted .  The p o in t s  were f i t :

[Ca++](+)  = ( [ -0 .0 1 3  EXP (-0 .011X)]  + 0.048) mM [Ca++] .

[Ca++] ( * )  = ( [ -0 .0 2 2  EXP (-0 .015X)] + 0.055) mM [Ca++3.

During 60 seconds o f  b e a t in g ,  6 micromolar more [Ca++] 0 dep le ted  
in  the absence o f  Ca++ e f f l u x  a c t i v a t i o n .  In the r e s t  pe r iods  which 
followed (us ing da ta  w i th  the  same [Ca++] 0 leve l  j u s t  a f t e r  the 
s t im u la t io n )  the  e x t r a c e l l u l a r  [Ca++3 was about 8 micromolar h ighe r  in  
the  presence of  Ca++ e f f l u x  a c t i v a t i o n .
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+ 4*
The magnitude o f  the  e l ev e n th  run [Ca ] Q d e p le t io n  was about two- 

t h i r d s  the  c o n t r o l s .  This i s  shown in  f ig u r e  18, top  p a n e l ,  where the 

computer exponent ia l  f i t  i s  the s o l i d  l i n e .  In the lower panel o f  f ig u r e  

18, the  time course  o f  the  decay o f  the  e x t r a c e l l u l a r  d e p le t io n  i s  shown. 

Calcium e f f l u x  a c t i v a t i o n  in c reased  by 130%, the  r a t e  a t  which the  

e x t r a c e l l u l a r  calc ium ion c o n ce n t ra t io n  dur ing  the p o s t  d r ive  pe r iod  

approached a q u a s i - s t e a d y  s t a t e  leve l  . The e x t r a c e l l u l a r  calc ium leve l  

in  the  r e s t i n g  p re p a ra t io n  o f  the  l a s t  run was a l s o  h ighe r  due to  

concu r ren t  calcium e f f l u x  a c t i v i t y  versus  i t s  absence in  the c o n t r o l .

These r e s u l t s  show t h a t  the  e q u i l ib r iu m  o f  transmembrane calcium 

f lu x e s  i s  mediated by a c t i v a t i o n  o f  a membrane calcium e x t ru s io n  p rocess .  

Ca++ e f f l u x  a c t i v a t i o n  perm i ts  h ighe r  u n d i r e c t io n a l  c e l l u l a r  calcium 

uptake when the  h e a r t  b e a t s  f a s t e r  by p reven t ing  ch ron ic  calcium 

d e p le t i o n .  During the 20-30 minutes o f  t r a n s i t i o n ,  su s ta in e d  

e x t r a c e l l u l a r  calc ium d e p le t io n  occurs  and i s  a s s o c i a t e d  with  a reduced 

n e t  i n f l u x  o f  calc ium. Once the e x t r a c e l l u l a r  calcium ion co n cen t ra t io n  

d ep le t io n  i s  e l im in a te d  by enhanced calc ium e f f l u x ,  more calc ium can be 

d e l iv e re d  to  f rog  v e n t r i c u l a r  c e l l s .  (This i s  shown by measuring the 

magnitude o f  the  e x t r a c e l l u l a r  calc ium ion c o n ce n t r a t io n  d e p le t io n  o f  the 

2nd cycle  versus  11th cyc le  in  f ig u re  17 .)

H. E f f e c t  o f  Low Na+Ringers  on E x t r a c e l l u l a r  [Ca++] Deple tions

Low Na+ Ringers p o t e n t i a t e s  c o n t r a c t i l i t y  (Ringer,  1883; Brown & 

Orkand, 1968) in  frog v e n t r i c l e  and should th e r e f o r e  p o t e n t i a t e  e x t r a ­

c e l l u l a r  [Ca++] d e p le t i o n .  The Ringers sodium c o n ce n t ra t io n  was lowered 

to  50 and 25% o f  the  normal c o n c e n t r a t io n .  The sodium s u b s t i t u t e  was 

equimolar pH 7.3 T r i s / T r i s + C l - .  When the p r e p a ra t io n  was q u ie sc e n t  in
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++
0.060 mM Ca Ringers ,  the  low Na s o l u t i o n s  caused a slow and small 

d e p le t io n  o f  the  e x t r a c e l l u l a r  [Ca++] (da ta  no t  shown). A f te r  a l lowing 

30-60 minutes f o r  the  p re p a ra t io n  to  e q u i l i b r i a t e  in  a low Na+ s o l u t i o n ,  

the  muscle was r e p e t i t i v e l y  s t im u la te d  a t  24 b e a t s  pe r  minute f o r  12 

minu tes .  The 50% Na+ Ringers decreased a c t i o n  p o t e n t i a l  d u ra t io n  a t  24 

per  minute from 1000 + 40 to  430 + 10 m i l l i s e c o n d s  (a 57% d e c r ea se ) .  The 

magnitude o f  the  s teady s t a t e  [Ca++] Q d e p le t io n  i s  dependent upon the 

% time membrane d e p o la r i z a t i o n  ( f ig u re  11) in  normal Na+ Ringers .  Since 

the  % time membrane d e p o la r i z a t i o n  i s  decreased  from 40% to  17% by 50%
+ +4*

Na Ringers ,  the  magnitude o f  [Ca ] might have p ro p o r t i o n a t e ly  

decreased .  However, the  normal Na+ Ringers  and 50% Na+ Ringers 

[Ca++] Q d e p le t io n s  ( f i g u r e  19) were s i m i l a r  dur ing  the f i r s t  50 

seconds o f  the  run.  T h e r e a f t e r ,  the con t ro l  d e p le t io n  reached a minimum 

o f  7 inicromolar (ba th  [Ca++] was 50 micromolar) while the  50% Na+ 

Ringers caused d e p le t io n  t o  12 micromolar ( f i g u r e  19).  In s p i t e  o f  a 57% 

decrease  in  the  % time membrane d e p o l a r i z a t i o n ,  the  [Ca++] Q d ep le t io n  

in  50% Na+ Ringers was s i m i l a r  in  time course  and magnitude to  t h a t  in
•f*

normal Na Ringers .

In 25% Na+ Ringers the  a c t i o n  p o te n t i a l  d u ra t io n  was shortened  to  90 

+ 10 m i l l i s e c o n d s  (9% as l a rg e  as  t h a t  observed in  normal Na+ R ingers ) .  

The normal Na+ Ringers d e p le t io n  was 43 micromolar (50 to  7 uM). The 

25% Na+ Ringers was expec ted  on the b a s i s  o f  the  % membrane time

d e p o la r i z a t i o n  t o  cause a 4 micromolar [Ca++] Q d e p le t io n  (50 t o  46
+ ++ 

uM). However, in  25% Na Ringers the  [Ca ] d e p le t io n  was 22

micromolar (50 to  28 uM) only h a l f  as  l a r g e  as  the  d e p le t io n  in  normal

Na+ Ringers .

The normal Na+ Ringers  was t e s t e d  again  ( p o s t - c o n t r o l ) .  Action
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Figure  19 : The e x t r a c e l l u l a r  calcium ion c o n ce n t r a t io n  versus  time was
p l o t t e d  during r e p e t i t i v e  s t im u la t io n  (24 per minute f o r  12 minutes) in  a 
muscle s t r i p  superfused  in  100$, 50$, and 25$ Na+ Ringers .  The
v e n t r i c u l a r  s t r i p  d iameter  was 2 m i l l i m e t e r s  and the  calcium ion 
s e l e c t i v e  m ic roe lec t rode  t i p  depth in  the  s t r i p  was about  1 m i l l i m e t e r .  
The symbols key f o r  the curves  i s  l i s t e d  below the graph.  E x t r a c e l l u l a r  
calc ium ion d e p le t io n  in  low Na+ Ringers was g r e a t e r  than expected 
a f t e r  c o r r e c t i n g  f o r  the  f a c t  t h a t  low Na+ Ringers s i g n i f i c a n t l y  s h o r t ­
ened the a c t io n  p o te n t i a l  du ra t io n .
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p o t e n t i a l  d u ra t ion  in c reased  from 90 + 10 m i l l i s e c o n d s  to  920 + 80 

m i l l i s e c o n d s .  The e x t r a c e l l u l a r  calcium leve l  f e l l  by 46 micromolar in 

the  p o s t -c o n t ro l  versus  43 micromolar in  the  i n i t i a l  c o n t r o l .  Thus the

r e s u l t s  were no t  due to  a change in  the  l o c a t i o n  o f  the  m ic roe lec t rode

t i p .

These exper iments  in  low Na+ Ringers i n d i c a t e  t h a t  lowering the

[Na+] Q which sho r tens  the  a c t io n  p o te n t i a l  d u r a t io n ,  does no t  reduce
++

the  magnitude o f  the  [Ca ] Q d ep le t io n  as expec ted  on the b a s i s  o f  the

% time membrane d e p o l a r i z a t i o n .  The low Na Ringers  appears  to
++

i n c r e a s e s  the  [Ca ] Q d e p le t io n  f o r  a given % time membrane

d e p o l a r i z a t i o n .  (See s e c t io n  D o f  D iscu s s io n . )  A l t e r n a t i v e l y ,  the
++

m a jo r i ty  o f  the  c e l l u l a r  uptake o f  CaQ may occur  in  the  beginning

20% o f  the  a c t io n  p o t e n t i a l .  (See s e c t io n  D o f  A n a ly s i s . )  F u r th e r

t e s t i n g  o f  t h i s  hypo thes i s  was no t  a t tempted  s ince  the  Ca++

m icroe lec t rode  response time was too slow (see f ig u r e  3) .

I .  E f f e c t  o f  Prolonged Membrane D epo lar iza t ion  upon E x t r a c e l l u l a r  

Calcium Depletion

The r a t e  and magnitude o f  e x t r a c e l l u l a r  calc ium ion d e p le t io n  (or

c e l l u l a r  calcium ion up take)  in  v e n t r i c u l a r  muscle s t r i p s  ba thed  in

Ringers  s o lu t io n  has been shown to  be a fun c t io n  o f  the  p e rc en t  time 

membrane d e p o la r i z a t i o n  ( f o r  0-70% time membrane d e p o la r i z a t i o n  caused by 

t r a i n s  o f  a c t i o n  p o t e n t i a l s ) .  A f te r  each v e n t r i c u l a r  a c t i o n  p o te n t i a l  the 

c e l l  membrane p o te n t i a l  r e p o l a r i z e d .  Most p r e v a i l i n g  models o f  calcium 

channel behavior propose t h a t  prolonged d e p o la r i z a t i o n  causes  i n a c t i v a t i o n  

o f  most o r  a l l  o f  the calc ium c u r r e n t  (Scheuer and Kass, 1983).  This 

model was t e s t e d  by exposing the muscle s t r i p  to  high potassium Ringers to
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cause prolonged membrane depolarization. The ex trace llu la r  [K+] was 

increased from 3 to 63 mM. Assuming the in t r a c e l lu la r  [K+] i s  120 mM 

(Walker, 1971), the membrane po ten tia l  would be -16 mV in 63mM [K+] 

Ringers fo r a membrane p rinc ipa lly  permeable to K+ (Adrian, 1956). To 

keep the Ringers to n ic i ty  and ionic strength  constant, the Ringers sodium 

ion concentration was lowered as the potassium ion concentration was 

elevated. To control fo r  the e ffe c ts  of the low [Na+] in the Ringers, 

the muscle s t r ip  was te s te d  in a low Na+ Ringers. The sodium su b s ti tu te  

was equimolar pH 7.3 T r is /T r is+Cl“ .

The low Na+ Ringers caused a small and variable ex tra ce llu la r  

calcium depletion a t  res t in g  membrane p o ten t ia l .  The low Na+/T r is+ 

Ringers and low Na+/high K+ Ringers were a l te rn a t iv e ly  run thru the 

bath with the calcium microelectrode t ip  in  the bath as a control. The 

low Na+ Ringers consis ten tly  caused a positive  voltage a r t i f a c t  of 1-2 

m il l iv o l ts .  The low Na+/high K+ Ringers caused a negative voltage 

a r t i f a c t  of 6-8 m il l iv o l ts .
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The calcium microelectrode t ip  was placed in  an e x tra ce llu la r  c le f t  in  

a ven tr icu la r  muscle s t r i p .  This was confirmed by induction of 

[Ca++]0 depletion during re p e t i t iv e  stim ulation. Superfusion with the 

low Na+/high K+ Ringers caused the Ca++ microelectrode signal to
4

s h i f t  positive  to  +2 mV fo r  about 2 minutes (minutes 3 to  5 on figure 20) 

followed then by a negative s h i f t  to -16 mV (at time 7 minutes, figure  

20). The maximum a r t i f a c tu a l  p o ten tia l  was -6 to  -8 mV. Therefore, a 

conservative estimate of the calcium depletion would be -8 mV (the 

equivalent molar [Ca++] change would be 0.20 to  0.11 mM). After 30 

minutes exposure time to the low Na+/high K+ Ringers, the calcium 

electrode p o ten tia l  was only about -6 mV. This -6 mV was probably the
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Figure  20: Top panel shows calcium m icroe lec t rode  ou tpu t  ve rsus  t im e.
At 2 minutes  t im e ,  the  su p e r fu sa te  was changed from normal (3mM K+, 
118mM Na+ ) Ringers t o  (63mM K+, 58mM Na*) Ringers  t i l l  time 32 
m inu tes ,  when the su p e r fu sa te  was changed back to  normal Ringers .  The 
calcium e l e c t r o d e  o u tp u t  r a t h e r  than calcium ion c o n ce n t ra t io n  was shown 
s ince  th e re  was some u n c e r t a in t y  concerning the time course o f  the 
e x t r a c e l l u l a r  e q u i l i b r a t i o n  o f  the  low Na+/h ig h  K+ Ringers .  A 
c o r r e c t i o n  in  t h i s  t ime course  f o r  the  -6 to  -8  mV a r t i f a c t  caused by the 
low Na+/h ig h  K+ Ringers could  not be simply de term in ted .

S o l id  l i n e  i s  p l o t  o f  the  slow change in  e x t r a c e l l u l a r  calcium 
c o n ce n t r a t io n  dur ing  r e p e t i t i v e  s t im u la t io n  a t  36 per  minute f o r  4 
minutes .  At 15 minutes t im e ,  the  ab rup t  s h i f t  i n  the  measured calcium 
ion c o n ce n t r a t io n  was caused by removal o f  the  calcium m icroe lec t rode  t i p  
from the e x t r a c e l l u l a r  l o c a t i o n  in  the  t i s s u e  and i t s  placement in  the 
s u p e r fu sa te .
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forementioned low Na+/high K+ Ringers so lu tion  a r t i f a c t .  Hence a f te r  

30 minutes time, the e x tra ce llu la r  [Ca++] a t  the microelectrode t ip  was 

presumably the same as the bath [Ca++] while the c e l l  membrane was 

depolarized to -16 mV. Upon switching back to  normal Ringers, there  was 

an ex trace llu la r  [Ca++] overshoot of about +7 mV (0.20 to  0.35 mM). 

This [Ca++3Q overshoot la s ted  about 35 minutes. Thus, the steady 

s t a te  e x tra ce llu la r  [Ca++] during prolonged continuous membrane 

depolarization was contro lled  by a slowly ac tiva ting  calcium extrusion 

process.

After the low Na+/high K+ Ringers experiment with the same Ca++ 

microelectrode impalement, the muscle s t r ip  was re p e t i t iv e ly  stimulated a t  

36 per minute fo r A minutes. The rep e t i t iv e  stimulation was in i t i a te d  

before the [Ca++]Q overshoot from the p r io r  experiment had 

dissappeared. During the stimulation the e x tra ce llu la r  calcium ion 

concentration f e l l  from 0.25 to 0.040 millimolar in  two minutes (figure 

20, lower panel). The large magnitude of th is  [Ca++]0 depletion 

ind icates tha t the electrode t ip  impalement was near the center of the 

preparation. I t  also  enables us to  quan ti ta t ive ly  compare the depletions 

caused by stimulation versus those due to prolonged high K+ induced 

depolarization. The post stimulation e x tra c e llu la r  [Ca++] increased 

beyond the bath [Ca++]. This [Ca++]0 overshoot was not e le c t r i c a l  

d r i f t .  When the calcium micro- electrode was pulled in to  the bath, the 

calcium microelectrode signal f e l l  from 0.31 mM a t  time 15 minutes to  bath 

Ca++ leve l of 0.20 mM (see figure 20, bottom panel).

J. Effect of Manganese Ion upon Slow E xtrace llu lar  [Ca++] Depletion

Manganese ions are thought to  block calcium channels and sodium depen­

dent calcium exchange. Manganese ions should then block e x tra ce llu la r
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calcium ion d ep le t io n  in  f rog  v e n t r i c l e .  The con t ro l  pro tocol was to  

r e p e t i t i v e l y  s t im u la te  the  p repa ra t ion  f o r  2 minutes  a t  30 per  minute .  

The e x t r a c e l l u l a r  [Ca++] f e l l  from 0.20 to  0.115 m i l l im o la r  (an 85 

micromolar d e p l e t i o n ) .  Figure 21, top panel shows a t y p ic a l  reco rd .  The 

magnitude o f  these  con tro l  runs was p l o t t e d  in  the lowest panel o f  f ig u re  

21 a t  t imes 0 to  60 minu tes .  Five con t ro l  runs  were performed to  

e s t a b l i s h  r e p r o d u c i b i l i t y .  A f te r  about a 30 minute exposure to  1 m i l l i ­

molar manganese, the  a c t i o n  p o te n t i a l  d u ra t ion  ( a t  30 b e a t s  pe r  minute) 

was reduced from 930 + 70 to  790 + 50 m i l l i s e c o n d s  (n = 4 ) .  The p la teau  

o f  the  a c t i o n  p o t e n t i a l  was lowered. While a c t i o n  p o te n t i a l  du ra t io n  was 

reduced by 14 + 2%, the  magnitude o f  the  e x t r a c e l l u l a r  [Ca++] d ep le t io n  

was reduced by 56 + 9% (n = 5 ) .  This i s  shown in  f ig u r e  21. Twenty 

minutes fo llowing manganese ion washout the  r a t e  and magnitude o f  the 

[Ca++]Q d e p le t io n s  had in c reased  n ear ly  back to  con t ro l  ( f ig u re  20, 

t h i r d  vs.  f i r s t  p a n e l s ) .  In the lowest  panel o f  f ig u re  21 the diamond 

p o in t s  i n d i c a t e  the magnitude o f  e x t r a c e l l u l a r  [Ca++] d e p le t io n  caused 

by a 2 minute t r a i n  o f  a c t i o n  p o t e n t i a l s .  The p o in t s  under the  black bar  

i n d i c a t e  the  pe r iod  of  manganese exposure .  The a c t i o n  o f  manganese was 

n o t  t e s t e d  a t  h igher  manganese c o n ce n t ra t io n s  due to  the p r e c i p i t a t i o n  o f  

the  h igher  manganese c o n ce n t r a t io n s  with b ic a rb o n a te .

++
K. E f f e c t  o f  Catecholamines on E x t r a c e l l u l a r  [Ca ] Deplet ions

Catecholamines should  in c rease  e x t r a c e l l u l a r  calc ium ion co n cen t ra t io n  

d e p le t io n  s ince  catecholamines  a re  known to  in c rease  tw i tch  ten s io n  and 

the  v o l t a g e - s e n s i t i v e  calc ium c u r r e n t .  In p re l im ina ry  exper iments  in 

0 .2  mM Ca++ Ringers ,  5 micromolar ep inephr ine  markedly in c reased  the 

force  o f  c o n t r a c t i o n  o f  the  v e n t r i c u l a r  s t r i p s .  Experiments had to  be
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Figure 21; Top, second, and t h i r d  panels  show calcium m ic roe lec t rode  
o u tp u t  during r e p e t i t i v e  s t im u la t io n  a t  30 per  minute f o r  2 minutes (A) 
in  c o n t r o l ,  (B) during manganese, and (C) in  post-manganese pe r iods  
r e s p e c t i v e l y .  Regular p a t t e r n  o f  the v e r t i c a l  sp ikes  i s  caused by the 
e l e c t r i c a l  f i e l d  s t imulus  whi le  the  o th e r  sp ik es  a re  a r t i f a c t s  due to  the 
su c t i o n  p i p e t t e  method used to  remove the  su p e r fu sa te  from the ba th .  
V er t ic a l  c a l i b r a t i o n  mark i s  5 m i l l i v o l t s  and the  h o r izon ta l  c a l i b r a t i o n  
mark i s  1 minute .

Bottom panel (D) p l o t s  the  magnitude o f  the  calcium d e p le t i o n s .  
There were 5 con t ro l  d e p le t io n s  ( a t  t imes 0-60 m in u te s ) ,  during manganese 
ion exposure (time in t e r v a l  covered by the  b la ck b a r ,  4 d e p le t io n s  were 
performed),  and a f t e r  manganese washout th e re  were 5 p o s t  con tro l  
d e p le t io n s  ( a t  time 150-210 m inu tes ) .  Manganese ion (1 .0  mM in  presence 
o f  0.20 m i l l im o la r  Ca++Ringers in  t h i s  exper iment reduced e x t r a c e l l u l a r  
Ca++ d e p le t io n  from 85 to  about  35 micromolar (59% i n h i b i t i o n )  while 
decreas ing  a c t io n  p o te n t i a l  d u ra t io n  by only 14%.
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performed in  0.10 and 0.050 mi H i  molar Ca++Ringers to  reduce the compli ­

c a t io n  o f  ten s io n  a r t i f a c t s .

Five micromolar ep inephr ine  (Parke Davis) doubled the  r a t e  o f  e x t r a ­

c e l l u l a r  calcium d e p le t io n  in  v e n t r i c u l a r  s t r i p s  superfused  with 0.10 mM 

Ca++Ringers during  s h o r t  t r a i n s  o f  r e p e t i t i v e  s t im u la t io n  a t  12 and 24 

b e a t s  pe r  minute ( f ig u re  22,  top p a n e l ) .  The r a t e  was determined as  the  

time necessary  f o r  the  e x t r a c e l l u l a r  calcium c o n ce n t ra t io n  to  f a l l  from

0.10 to  0.070 mil l i 'molar.  The drug was washed in  f o r  30 minutes a t  a 

h e a r t  r a t e  of  3 per  minute before  s t a r t i n g  the exper iment .  During t h i s  

time su b t l e  in c re a s e s  in  the  magnitude o f  b e a t  t o  b e a t  d e p le t io n  were seen 

and a c t io n  p o te n t i a l  d u ra t io n  was observed to  in c rease  from 850 to  1250 

m i l l i s e c o n d s .

The pro longa t ion  o f  a c t i o n  p o te n t i a l  d u ra t io n  was examined and 

c o r r e l a t e d  with the s u p e r fu sa te  ep inephr ine  c o n c e n t r a t io n .  Data from 23 

f rogs  ( a t  ep inephr ine  doses  0.1 to  120 micromolar) was pooled to  generate  

an ep inephr ine  log  dose- response  curve f o r  the  % a c t i o n  p o te n t i a l  du ra t io n  

p ro longa t ion .  Frog v e n t r i c u l a r  s t r i p s  were ba thed  in  0.050 mM Ca++ 

Ringers and s t im u la te d  a t  a c o n s ta n t  h e a r t  r a t e  o f  3-12 per  minute ( f ig u re  

22, bottom p a n e l ) .  The primary purpose o f  t h i s  D/R curve was to  e s t a b l i s h  

the  s u i t a b l e  dose o f  ep ineph r ine  to  e f f e c t  a 50-90% response .  Using the 

prophet computer " L o g i s t i c s "  program, da ta  from 12 d i f f e r e n t  ep inephr ine  

dose-response  p o in t s  were f i t  with a sigmoidal curve (see f ig u r e  22, lower 

p a n e l ) .  I t  was assumed t h a t  s imple ,  r e v e r s i b l e  mass a c t i o n  between drug 

and r e c ep to r  was invo lved .  The curve f i t  KD was 20 micromolar,  with 

slope o f  1 .2 ,  and a Vmax equal t o  120% o f  the  maximum observed response .  

The low a f f i n i t y  o f  the ep inephr ine  r e c e p to r  prec luded the use o f  

ep inephr ine  doses much above 100 micromolar.  A dose o f  50 micromolar
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Figure 22: Top panel shows t h a t  ep inephr ine  i n c r e a s e s  the  r a t e  o f
e x t r a c e l l u l a r  [Ca*+] d e p le t i o n .  In the  con t ro l  [Ca++] 0 dep le ted  
from 0.10 to  0.070 mM in  4 minutes when h e a r t  r a t e  was in c reased  from 0 
t o  12 per minute ( s o l i d  l i n e ) .  A f te r  30 minutes exposure to  5 micromolar 
e p in e p h r in e ,  the  r a t e  o f  [Ca++] 0 d e p le t io n  a t  h e a r t  r a t e  12 per
minute was doubled ( s o l i d  t r i a n g l e s )  r e l a t i v e  to  con t ro l  ( s o l i d  l i n e ) .  
[Ca++]0 d ep le ted  from 0 .10  to  0 .70 mM in  70 seconds when h e a r t  r a t e  
was inc reased  from 0 to  24 per minute (dashed l i n e ) .  Five micromolar 
ep inephr ine  doubled the  r a t e  o f  [Ca++] 0 d e p le t i o n s  ([Ca++]p f e l l  
from 0.10 to  0.070 mM in  35 seconds a t  h e a r t  r a t e  24 per minute ,  snown by 
s o l i d  sq u a res ) .

Bottom panel p l o t s  the  % change in  the  f rog  v e n t r i c u l a r  s t r i p  a c t io n  
p o te n t i a l  du ra t io n  a s  a fun c t io n  o f  the  l o g a r i t h im  o f  the  c o n ce n t ra t io n  
o f  su p e r fu sa te  ep inephr ine  co n cen t ra t io n  (Parke-Davis ) .  The p o in t s  are  
each the mean o f  1 to  12 exper iments .  Where a p p l i c a b le  s tanda rd  d e v ia ­
t i o n  bars  were used.  The s o l i d  l i n e  i s  the  p rophe t  computer " L o g is t i c s "  
f i t  t o  the  p o i n t s .  The e s t im a te d  Kg = 20 micromolar (s lope  = 1 .2  and
Vmax = 120%). Bath Ca++ c o n ce n t ra t io n  was 0.050 mM.
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ep inephr ine  was s e l e c t e d  to  be used in  the  subsequent exper iments .

When 50 micromolar ep inephr ine  was washed i n to  a slowly bea t in g  (3 per
++

minute) v e n t r i c u l a r  muscle s t r i p  superfused  with 0.050 m i l l i m o la r  Ca

Ringers ,  a c t i o n  p o te n t i a l  d u ra t io n  and a c t io n  p o te n t i a l  p la teau  h e ig h t

s i g n i f i c a n t l y  i n c re a se d .  At the  same time the  magnitude o f  the  b e a t  to

b e a t  [Ca++]Q d e p le t i o n s  in c re a s e d .  Ten to  t h i r t y  minutes were needed

to  reach s teady s t a t e  (see f ig u r e  23, top 2 p a n e l s ) .  Compared to  c o n t r o l ,  
++

b e a t  to  b e a t  [Ca ] d e p le t i o n s  dur ing ep inephr ine  in c reased  3 - f o ld  in

r a t e  and the  magnitude o f  the  b e a t  to  b e a t  [Ca ] d e p le t io n s

inc reased  5 - f o ld  (see f i g u r e  23, lower pane ls  and f ig u r e  24,  top p a n e l ) .

The magnitude o f  these  e x t r a c e l l u l a r  [Ca++] d e p le t io n s  was in c reased

from about  5 micromolar to  about 25 micromolar in  some i n s t a n c e s .  The

magnitude o f  the  response d id  no t  change much with repea ted  ep inephr ine

exposures  provided t h a t  s u f f i c i e n t  time was given f o r  the a t t a in m en t  o f

e x t r a c e l l u l a r  d i f f u s i o n  e q u i l i b r iu m  o f  the  superfused  drug. Since the

r a t e  o f  the  calcium m icroe lec t rode  response to  a change in  calc ium ion
++

c o n ce n t ra t io n  was s i m i l a r  to  the  ac tua l  r a t e  o f  e x t r a c e l l u l a r  [Ca ] 

d e p le t i o n ,  these  o b se rv a t io n s  w i l l  be cons ide red  q u a l i t a t i v e .

The magnitude and r a t e  o f  b e a t  to  b e a t  e x t r a c e l l u l a r  [Ca++] d e p le ­

t i o n s  were p l o t t e d  in f i g u r e  24 (top panel)  as  a func t ion  o f  the  a c t i o n  

p o te n t i a l  du ra t io n  dur ing  the  washin and washout o f  a 50 micromolar 

ep inephr ine  dose.  The magnitude o f  [Ca++] d e p le t io n  dur ing  the  f i r s tU
second o f  the  a c t i o n  p o t e n t i a l  was used to  determine the  average i n s t a n -

++
taneous r a t e  o f  [Ca ]Q d e p le t i o n .  As the a c t i o n  p o te n t i a l  du ra t io n

in c reased  from 850 to  about  1600 m i l l i s e c o n d s ,  the  r a t e  and magnitude o f  
++

[Ca ] Q d e p le t io n  in c re a se d  by the same p ro p o r t io n .  The average 

ep inephr ine-dependen t  a c t i o n  p o te n t i a l  du ra t io n  was 2300 m i l l i s e c o n d s ,  a t
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Figure  23: Top 2 panels  show the  e f f e c t  o f  50 micromolar ep inephr ine
upon the magnitude and r a t e  o f  b e a t  to  b e a t  [Ca++] 0 d e p le t io n  shown 
as  VCa ( h e a r t  r a t e  was 3 pe r  minute) as  t h i s  drug d i f f u s e s  i n to  a frog 
v e n t r i c u l a r  s t r i p .  A slow cummulative [Ca++j 0 d e p le t io n  develops 
while a l a rg e  inc rease  in  the  magnitude and r a t e  o f  the  e x t r a c e l l u l a r  
b e a t  to  b e a t  [Ca++] 0 d e p le t i o n s  occurs .

Bottom panel shows the  calcium m icroe lec t rode  o u tp u t  (VCa) record ing  
( a t  a h igher  c h a r t  speed and ga in )  o f  s in g l e  b e a t  to  b e a t . [Ca++] 0 
d e p le t io n s  ( h e a r t  r a t e  3 pe r  minute) and the fo l lowing  d i a s t o l i c  pe r iod  
o f  recovery from the  [Ca++] 0 d e p le t io n .  In the  f i r s t  r e c o rd ,  the  
response  to  50 micromolar ep inephr ine  i s  shown. The second record  i s  the  
post-Epi washout c o n t r o l .  The t h i r d  record  i s  the  e f f e c t  o f  the  second 
exposure  to  50 micromolar ep in ep h r in e .  The fo u r th  record  i s  the  
subsequent  pos t-Epi washout c o n t r o l .  The f i f t h  record  i s  the  e f f e c t  o f  
the  t h i r d  exposure to  50 micromolar ep in ep h r in e .  These records  in d ic a te  
t h a t  ep inephr ine  in c re a s e s  both the  r a t e  and magnitude o f  b e a t  t o  b e a t  
e x t r a c e l l u l a r  [Ca++] d e p le t io n  in  a r e v e r s i b l e ,  rep roduc ib le  manner. 
The [Ca++] in  the Ringers was 0.050 m i l l im o la r .
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Figure  24: Top panel p l o t s  the  magnitude ( s o l i d  l i n e )  and r a t e  (do t ted
l i n e )  o f  b e a t  t o  b e a t  calc ium d e p le t io n  (micromolar) in  frog v e n t r i c u l a r  
muscle s t r i p s  exposed to  50 micromolar ep inephr ine  ve rsus  a c t i o n  po ten­
t i a l  d u ra t io n .  As t h i s  drug washed i n to  the  muscle s t r i p  the  a c t io n  
p o te n t i a l  d u ra t io n  in c re a s e d .  The lower r e s p e c t iv e  curves  o f  the 
h y s t e r s i s  loop were caused during ep inephr ine  washin whi le  the  e f f e c t  o f  
drug washout fo l lows  the  upper  cu rves .  The change in  [Ca++] 0 
d e p le t io n  magnitude and r a t e  o f  [Ca++] 0 d e p le t i o n  appear  t o  lag  
behind the changes in  the  a c t i o n  p o te n t i a l  d u ra t io n .  The [Ca++] o f  the  
Ringers was 0.050 m i l l im o la r .

Lower panel p l o t s  the  magnitude o f  the  b e a t  t o  b e a t  [Ca++] 0 
d e p le t io n  versus  a c t i o n  p o t e n t i a l  du ra t io n  during washin o f  50 micromolar 
ep ineph r ine  (open c i r c l e s ) .  Subsequently a mixture  o f  50 micromolar 
ep ineph r ine  p lus  50 micromolar propranolol  was washed in  ( s o l id  
diamonds). The b e a t  to  b e a t  [Ca++] 0 d e p le t io n  and a c t io n  p o te n t i a l  
d u ra t io n  p o t e n t i a t i o n  due to  ep inephr ine  were blocked by p ro p rano lo l .  
The [Ca++j  in  the  Ringers was 0.050 m i l l im o la r  and h e a r t  r a t e  was 3 per 
minute.
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h e a r t  r a t e  3/minute .  A 270 + 50% a c t io n  p o te n t i a l  du ra t ion  inc rease  was 

ty p ic a l  f o r  t h i s  ep inephr ine  dose.  As the ep ineph r ine  was washed o u t ,  the  

r a t e  and magnitude o f  the  b e a t  t o  b e a t  [Ca++] Q d ep le t io n  lagged behind 

the  decrease  in  a c t i o n  p o te n t i a l  d u ra t io n .  The washin and washout 

response showed h y s t e r e s i s .  Thus, e p i n e p h r i n e ' s  a c t i o n  upon a c t io n  poten­

t i a l  du ra t io n  seemed to  occur  and to  d i s sa p p e a r  more r a p id ly  than e p in e ­

p h r i n e ' s  a c t i o n  upon e x t r a c e l l u l a r  b e a t  to  b e a t  [Ca++] Q d e p le t io n  (see 

f ig u r e  24,  upper p a n e l ) .  This h y s t e r e s i s  may have been due to  asymmetry 

o f  e x t r a c e l l u l a r  drug d i f f u s i o n  in  the muscle.

Since catecholamines  a re  known to  s t im u la te  Beta ad renerg ic  r e c e p t o r s ,  

t h e re  must be a dose o f  Beta ad renerg ic  r e c e p to r  a n ta g o n i s t  which can 

completely  reverse  the  a c t i o n  o f  a dose o f  e p in ep h r in e .  Since frog 

v e n t r i c l e  f u n c t io n a l ly  l a c k s  a lpha  adrenergec r e c e p to r s  (Morad e t  a ! . ,  

1981),  i t  i s  most l i k e l y  t h a t  ep inephr ine  a c t s  a t  Beta ad renerg ic  

r e c e p t o r s .  As shown in  f ig u r e  24, bottom p an e l ,  propranolol  (50 

micromolar;  Ayerst)  comple te ly  reversed  both responses  o f  50 micromolar 

e p in e p h r in e .  Action p o te n t i a l  d u ra t ion  p ro longa t ion  and the inc rease  in 

the  magnitude o f  e x t r a c e l l u l a r  b e a t  to  b e a t  [Ca++] Q d e p le t io n  were 

r e s to r e d  to  con t ro l  v a lu e s .  F i f t y  micromolar propranolo l was chosen s ince  

the  Ka o f  propranolo l (es t im ated  from pre l im ina ry  a n ta g o n i s t  

exper iments)  was between 0.1 and 1 micromolar. Hence, 50 micromolar 

propranolo l was expec ted  t o  cause between a 51 and 501 fo ld  decrease  in 

the  apparen t  r e c e p to r  a f f i n i t y  f o r  e p in ep h r in e .  With ep inephr ine  p lus  

propranolo l the  a c t i o n  p o t e n t i a l  du ra t io n  decreased from 3000 t o  600 

m i l l i s e c o n d s  (lower p ane l ,  f ig u r e  24) .  The magnitude o f  the  b e a t  to  b e a t  

e x t r a c e l l u l a r  calcium d e p le t i o n s  decreased a long the  same curve genera ted  

by the e f f e c t  o f  ep inephr ine  a lone .  Since the  e f f e c t s  o f  ep inephr ine  were 

antagonized f u l l y  by an a p p ro p r ia t e  dose o f  Beta ad renerg ic  r e c e p to r
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a n t a g o n i s t ,  the  s t im u la t io n  o f  the r a t e  o f  e x t r a c e l l u l a r  calcium ion 

c o n c e n t r a t io n  d ep le t io n  by ep in ep h r in e ,  was a sc r ib e d  to  Beta ad renerg ic  

r e c e p to r  s t im u la t io n .

The e f f e c t s  o f  n ickel and manganese ions  as  a n t a g o n i s t s  o f  the 

ep ineph r ine  augmented b e a t  to  b e a t  [Ca++] Q d e p le t io n  were s tu d i e d .  A 

c o n t ro l  d e p le t io n  ( h e a r t  r a t e  3 per  minute) i s  shown in  the  upper panel o f  

f i g u r e  25. The e f f e c t  o f  50 micromolar ep ineph r ine  i s  shown in  the middle 

panel o f  f ig u r e  25. One m i l l im o la r  manganese blocked 30% o f  the  ep ineph­

r in e  s t im u la te d  b e a t  to  b e a t  dep le t ion  and a c t io n  p o t e n t i a l  d u ra t io n .  One 

m i l l i m o la r  n ickel ion  blocked the  ep in ep h r in e  induced b e a t  to  b e a t  

[Ca++] Q d e p le t io n  by 70% while a c t i o n  p o t e n t i a l  du ra t ion  was only 

s l i g h t l y  reduced. Unlike manganese i o n s ,  the  a c t i o n  o f  nickel ions  was 

slowly r e v e r s i b l e ,  r e q u i r in g  up t o  2 hours .  One m i l l im o la r  manganese o r  

n ickel ions  caused about a 0 .5  m i l l i v o l t  a r t i f a c t  (a 4% s ignal e r r o r )  in

the  10 micromolar Ca++ Ringers  c a l i b r a t i o n  s o l u t i o n .  This did no t  a l t e r

the  r e s u l t s .

Prolonged exposure (20-40 minutes) with catecholamine o f ten  r e s u l t e d  

in  an a t t e n u a t e d  b e a t  t o  b e a t  calcium d e p le t io n  response (most e v id e n t  

with the l a r g e r  doses o f  ca techo lam ine) .  Evidence o f  cumulative b e a t  to  

b e a t  e x t r a c e l l u l a r  calc ium d e p le t io n  due to  ca techolamines  can be seen in 

f i g u r e  23 (top  panel )  and f i g u r e  26 ( top p a n e l ) .  In f ig u re  26 ( top panel)  

the  time course o f  e f f e c t  o f  washing in  9 micromolar i so p ro te re n o l  (a 

maximum dose) i s  shown. The b e a t  to  b e a t  [Ca++] Q d e p le t io n s  were 

i n c reased  about  s i x  fo ld  in  magnitude a f t e r  10 minutes ( f ig u re  26).  Heart  

r a t e  was 3/minute .  T h e r e a f t e r ,  the  cumulative [Ca++] Q d ep le t io n

slowly decreased  and was zero  a f t e r  40 minutes  o f  drug exposure .  The

magnitude o f  the b e a t  to  b e a t  calcium d e p le t io n  a t  40 minutes was two
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Figure  25 : Top record  shows a con t ro l  calc ium m icroe lec t rode  ou tpu t
{ h ea r t  r a t e  3 per minute ,  ba th  Ca++ = 0.050 mM).

Middle record  shows the  e f f e c t  of  50 micromolar ep inephr ine  on the  
[Ca++]0 d e p le t io n  (b e a t  to  b e a t )

Bottom record  shows the  e f f e c t  o f  subsequent washin o f  1 m i l l im o la r  
n ickel p lu s  50 micromolar e p in ep h r in e .

In a l l  th re e  reco rds  the  i n i t i a l  sp ike marks the  s t imulus  a r t i f a c t .  
The second a r t i f a c t  (a l i t t l e  notch o r  bump) in  the  [Ca++] 0 d ep le t io n  
phase o f  the  reco rd  c o in c id e s  with the end o f  the  a c t io n  p o te n t i a l  
d u ra t io n .  ( I t  may be caused by a combination o f  e x t r a c e l l u l a r  a c t i o n  
p o t e n t i a l  and mild  t e n s i o n  a r t i f a c t s ) .  One m i l l im o la r  n ickel  ion can 
s u b s t a n t i a l l y  an tagonize  the  b e a t  to  b e a t  [Ca++] 0 d e p le t io n  while 
keeping the  a c t i o n  p o t e n t i a l  du ra t io n  c o n s t a n t ,  un l ike  manganese ion 
(da ta  no t  shown). The a c t i o n  p o te n t i a l  p la te au  i s  lowered by e i t h e r  
Ni++ o r  Mn++.
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Figure  26 : Top records  o f  a calc ium m icroe lec t rode  shows the  e f f e c t  o f  9 
micromolar i so p ro te re n o l  upon b e a t  t o  b e a t  [Ca++] 0 d ep le t io n
(Hear t  r a t e  = 3/minute) . As in  f ig u r e  22 (top  pane l)  with e p in e p h r in e ,  
i s o p ro te r e n a l  causes  a s i g n i f i c a n t  inc rease  in  the  magnitude of  b e a t  to 
b e a t  LCa++] 0 d e p le t io n  and n o t i c i b l e  slow cumulative [Ca++] 0 
d e p l e t i o n .  A f te r  40 minutes  o f  drug exposure  the  small cumulative 
[Ca++]p d e p le t io n  was gone and the  b e a t  to  b e a t  [Ca++] 0
d e p le t i o n s  were sm al le r .

Bottom p l o t s  two c u rv e s .  So l id  l i n e  i s  the  e x t r a c e l l u l a r  [Ca++] 
j u s t  before  each b e a t  versus  time o f  exposure to  9 micromolar
i s o p r o t e r e n o l .  Nine micromolar i so p ro te re n o l  was added to  the Ringers a t  
t ime 0 minutes .  The s o l i d  l i n e  a l s o  t r a c e s  the  "slow cumulative 
[Ca++] 0 d e p le t io n " .  The dashed l i n e  p l o t s  the  minimum e x t r a c e l l u l a r  
[Ca++] .  Thus the  d i f f e r e n c e  ([Ca++] 0 leve l  a t  s o l i d  l i n e  minus 
[Ca++] 0 level  a t  dashed l i n e )  i s  the change in magnitude o f  the  bea t  
to  b e a t  [Ca++] 0 d e p le t i o n s .  Since a small [Ca++] 0 overshoot
occur red  when the  i s o p ro te r e n o l  was washed o u t ,  the  d a ta  sugges ts  t h a t  
some Ca++ e f f l u x  a c t i v a t i o n  occur red .  Hence the  slow cumulative 
[Ca++] 0 dep le t ion  over time observed f o r  30 to  40 minutes ( s o l i d  
l i n e )  may have been ab o l i sh ed  by gradual [Ca++] 0 e f f l u x  The n e t  b e a t  
t o  b e a t  [Ca++] 0 d e p le t io n  was a l s o  reduced ( so l id -d a sh ed  l i n e s )  over 
t ime.  This i s  e v id e n t  dur ing  the t imes 10 to  40 minutes as  [Ca++] 0 
e f f l u x  e l im in a te d  the slow [Ca*+] 0 d e p le t i o n .
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t h i r d s  as  l a rge  as  the  b e a t  to  b e a t  [Ca++] Q d e p le t io n  a t  10 minutes .  

This r e s u l t  i n d i c a t e s  t h a t  prolonged catecholamine s t im u la t io n  a t  a low 

h e a r t  r a t e  caused i n t r a c e l l u l a r  calc ium ion accumulation and Ca 

e f f l u x .  Evidence o f  Ca++ e f f l u x  was a l s o  i n d i c a t e d  when the removal o f  

the  catecholamine evoked a small [Ca++] Q overshoot .

L. Isometr ic  Twitch Tension during R ep e t i t i v e  S t im u la t ion  o f  0 .2  and

l.QmM Ca++ Ringers Superfused Frog V e n t r i c u l a r  Muscle S t r i p s  
+ +In 1 mM Ca Ringers  a f rog  v e n t r i c u l a r  s t r i p  o f  d iameter  1

m i l l i m e t e r  was s t r e t c h e d  150% r e s t i n g  le n g th .  The muscle tw i tch  genera ted

about 1000 mil l ig ram s  o f  i som e t r ic  tw i tch  t e n s io n  a t  h e a r t  r a t e  6 per
++

minute a t  s teady  s t a t e .  When bath  [Ca ] was lowered to  0.20 m i l l im o la r  

during b ea t ing  a t  6 pe r  minute ,  tw i tch  t en s io n  f e l l  to  approximate ly  200 

mil l ig ram s in 30-60 m inu tes ,  as expec ted .  At l e a s t  60 minutes t ime was 

re q u i re d  f o r  a rep roduc ib le  s teady  s t a t e  t e n s io n  response .  Since the 

magnitude of  the  e x t r a c e l l u l a r  calcium d e p le t io n  in  0 .2  mM Ca++ Ringers  

v a r i e s  between 0-75% a f t e r  2 minutes o f  acute  r a p id  s t im u la t io n ,  i t  was 

im por tan t  to  i n v e s t i g a t e  p o s s ib le  temporal c o r r e l a t i o n s  between e x t r a -  

c e l l u l a r  [Ca ] d e p le t io n  and the peak tw i tch  t e n s io n  during  t r a i n s  o f  

a c t i o n  p o t e n t i a l s  ( t e n s io n  s t a i r c a s e  ) .

When the h e a r t  r a t e  was inc reased  from 6 to  30 per  minute ( in  0.20 mM 

[Ca ] Ringers) a b ip h a s i c  tw i tch  ten s io n  s t a i r c a s e  occurred ( f ig u re  27,  

top  p a n e l ) .  The tw i tch  t e n s io n  f e l l  by 30% in  15-30 seconds and t h e r e ­

a f t e r  slowly in c reased  over  the  next 26.5 minutes to  2 .8  t imes con t ro l  

tw i tch  t e n s i o n .  At 2 minutes time tw i tch  t e n s io n  was s i m i l a r  to  c o n t r o l .

The la rge  in c rease  in tw i tch  ten s io n  observed in  f igu re  27 (top  panel)  

was reduced when the increment in  h e a r t  r a t e  was reduced. In f ig u r e  27
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(middle p a n e l ) ,  h e a r t  r a t e  was inc reased  from 6 to  12 per  minute ( r a t h e r  

than 30) f o r  27 minutes .  At steady s t a t e ,  the tw i tch  ten s io n  a t  12 per 

minute was the same as  observed a t  6 pe r  minute .  There was a negat ive  

t e n s io n  s t a i r c a s e  f o r  about 14 minutes .  The maximum tw i tch  ten s io n  

depress ion  was 20% and occur red  in the f i r s t  20 seconds o f  the  t r i a l .

A f te r  27 minutes ,  the h e a r t  r a t e  was re tu rn ed  to  6 per minute .  In about

20 seconds,  tw i tch  t e n s i o n  was in c reased  by 21% over  the  con t ro l  tw i tch  

t e n s io n .  The ten s io n  overshoot  then decayed by 63% in about 7 minutes .  

Thus, a t  a low h e a r t  r a t e  where the p o s i t i v e  i n o t r o p ic  e f f e c t  o f  r e p e t i ­

t i v e  s t im u la t io n  was minor,  the  i som e t r ic  tw i tch  ten s io n  time course 

seemed to  p a r a l l e l  the  t ime course o f  e x t r a c e l l u l a r  calc ium ion concen­

t r a t i o n  d ep le t io n .  The magnitude o f  the  change in  t e n s io n  during i t s  

depress ion  and overshoot (20,  and 22%) were s i m i l a r  t o  each o t h e r  and to  

the  % change in  the e x t r a c e l l u l a r  calcium ion co n ce n t ra t io n  observed in 

t h i s  s ize  v e n t r i c u l a r  muscle s t r i p  a t  h e a r t  r a t e  12 per  minute (see f ig u r e  

10) .  I t  should be noted t h a t  the  a c t i o n  p o te n t i a l  du ra t ion  did  no t

sho r ten  in  0.20 mM Ca Ringers s ince  h e a r t  r a t e  was changed between 

0-30 per minute .  The presence o f  a frog v e n t r i c u l a r  muscle nega t ive

tw i tch  ten s io n  s t a i r c a s e  was f i r s t  r epo r ted  by Brown and Orkand (1968) f o r  

s t r i p s  superfused  in  low Ca++ Ringers .
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V

Figure 27 : Top record  i s  the  i so m e t r ic  tw i tch  t en s io n  o f  a frog
v e n t r i c u l a r  muscle s t r i p  a s  the  h e a r t  r a t e  ( a t  the  arrow) was inc reased  
from 6 to  30 per minute .  S t r i p  i s  in  0 .20 mM Ca++Ringers .  A b iphas ic  
tw i tch  tens ion  s t a i r c a s e  i s  seen.  Final  tw i tch  t en s io n  a t  27 minutes was 
sketched in  ink and was 2 .8  t imes t e n s io n  a t  6 pe r  minute .  Maximum
depress ion  o f  tw i tch  t e n s io n  a t  30 b ea t s  per minute was 30% and occurred 
in  15-30 seconds .  Tension a t  30 per  minute was more nega t ive  than 
con t ro l  only f o r  the  f i r s t  2 minutes o f  the  high r a t e  o f  s t im u la t io n .

Middle record  i s  the  i so m e t r ic  t ens ion  o f  the  s t r i p  ba thed  in  0.20 mM 
Ca++Ringers .  When the  muscle s t r i p  h e a r t  r a t e  was in c reased  from 6 to  
12 per  minute a nega t ive  t e n s io n  s t a i r c a s e  was seen.  The minimum tens ion  
occurred  a t  20 seconds and maximum te n s io n  depress ion  was 20%. Tension 
r e tu rn e d  to  c on t ro l  only a f t e r  14 minutes .  S t im u la t io n  was mainta ined  
f o r  27 minutes ,  bu t  t e n s io n  never exceeded c o n t r o l .

Bottom reco rds  shows the  e f f e c t  o f  r e v e r sa l  o f  the  r a t e  o f  
s t im u la t i o n  (from 12 to  6 per minute) a f t e r  27 minutes o f  bea t ings
( fo l lows  middle r e c o r d ) .  Tension overshoots  the  s teady  s t a t e  leve l  by
22% about  20 seconds a f t e r  the  h e a r t  r a t e  change. Tension was e l e v a te d  
f o r  more 10 minutes .  The t e n s io n  overshoot  had decayed by 63% in  7 
minutes .  In none of  the  i so m e t r ic  ten s io n  s t u d i e s  was th e re  any depres ­
s ion  o r  inc rease  in  b a se l in e  t e n s io n  c a u s a l ly  r e l a t e d  to  these  changes in  
tw i tch  t e n s io n .  For a l l  the  records  shown the muscle s t r i p  was 
e q u i l i b r a t e d  a t  about 150% o f  i t  r e s t i n g  len g th  be fo re  the exper iment .
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IV ANALYSIS SECTION

Analysis  o f  the  exper imental  da ta  was accomplished with  eq ua t ions  

developed with Dr. Richard Kl ine .  Since the  a p p l i c a t i o n  o f  these  

eq u a t io n s  to  e x t r a c e l l u l a r  [Ca++] d ep le t io n  in  f rog  v e n t r i c l e  has not 

been r e p o r t e d ,  t h e i r  d e r iv a t io n  i s  desc r ibed .

There are  th re e  d i s t i n c t  e x t r a c e l l u l a r  spaces in  f rog  v e n t r i c l e  (see 

f ig u re  28).  The i n t e r f i b r i l l a r  space (IFS) l i e s  immediately e x te r n a l  to  

the  c a r d ia c  muscle c e l l  membrane. C lu s t e r s  o f  muscle c e l l s  are  s u r ­

rounded by a subendo the l ia l  space (SES). A s t ep  change in  the  SES 

[Ca++] Q e q u i l i b r a t e s  in  the  IFS with an e s t im a te d  time c o n s t a n t  (Ti)  

o f  250 m i l l i s e c o n d s .  The SES i s  surrounded by a sheath  o f  e n d o th e l i a l  

c e l l s  which are  a d i f f u s io n  b a r r i e r  and d e l in e a t e  each v e n t r i c u l a r  muscle 

trabeculum. Muscle trabeculum are  sep a ra ted  from each o t h e r  by e x t r a -

t r a b e c u l a r  space (ETS). A s t e p  change in  the  ETS [Ca++] e q u i l i b r a t e s  

in  the SES with a time c o n s ta n t  o f  severa l  seconds.  A s t e p  change in  the  

bath  [Ca++] e q u i l i b r a t e s  in  the  ETS o f  a 1 m i l l i m e t e r  d iameter  muscle 

s t r i p  in  about 20 minutes (see  f ig u r e  4 ) .  For f u r t h e r  d e t a i l s  see

s e c t io n  A of  Discussion . This to p ic  was a l s o  d iscussed  by Cohen & Kline 

(1982) f o r  e x t r a c e l l u l a r  [K+] e q u i l ib r iu m  in f rog  v e n t r i c l e .

A. C a lcu la t io n  of  Subendothelia l  Space Vo Amplitude

I t  i s  impor tan t  to  know the  amplitude o f  the  e x t r a c e l l u l a r  a c t i o n  

p o te n t i a l  (Vo) in  the  subendo the l ia l  space (see f ig u r e  28) .  The absence
■f ■(

o r  presence o f  a Vo he lps  to  i n d i c a t e  the  l o c a t i o n  o f  the  Ca ion

s e l e c t i v e  m ic roe lec t rode  t i p .
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The amplitude o f  the Vo i s  c a l c u l a t e d  as  fo l low s .

The terms a r e :

Y s = Subendothelia l  space d i f f u s i o n  time c o n s t a n t  ( in  seconds) .  
Vo = E x t r a c e l l u l a r  a c t i o n  p o te n t i a l  amplitude ( in  m i l l i v o l t s ) .  
Vm = Action p o t e n t i a l  amplitude ( in  m i l l i v o l t s ) .
Rm = Total  v e n t r i c u l a r  membrane r e s i s t a n c e  ( in  ohms).

Rsh = T rabecu lar  e n d o th e l i a l  sheath  r e s i s t e n c e  ( in  ohms).
Dca++ = Ca++ d i f f u s i o n  c o e f f i c i e n t  in  f r ee  s o lu t io n  (Wang, 1953). 

A = Total e n d o th e l i a l  c l e f t  a rea  f o r  d i f f u s i o n .
S = I n t e r e n d o th e l i a l  c e l l  c l e f t  l en g th  f o r  d i f f u s i o n .

Vs = Subendothelia l  space volume.
p = E x t r a c e l l u l a r  f l u i d  r e s i s t i v i t y  (Chapman & F ry ,  1978).
Z = T rabecu lar  ax ia l  l en g th .
Dj = Trabecu lar  d iameter  ( in  mic rons ) .

R* = V e n t r i c u la r  membrane r e s i s t e n c e  x Membrane a r e a .
Dj i  = Subendothelia l  muscle c e l l  core  d iameter  ( in  mic rons) .
Am = Total  c e l l  membrane a re a .
Dc = Average f rog  v e n t r i c u l a r  c e l l  d iameter  ( in  mic rons ) .
C$es= [Ca++J in  the subendo the l ia l  space .
CETS= £Ca++3 in  the e x t r a t r a b e c u l a r  space.
75 = % c e l l u l a r  t i s s u e  space (Page & Niedergerke,  1972).
85 = % t r a b e c u l a r  space (Page & Niedergerke,  1972).

Assuming t h a t  the p o t e n t i a l  i s  d i s t r i b u t e d  p r o p o r t i o n a l ly  with the 

r e s i s t e n c e  o f  each segment in  the  pa th :

Vm/Rm = Vo/Rsh and thus  Vo = Vm x Rsh/Rm.

ETS

SES

Subendothelia l  Sheath

X.S. Trabeculum
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Since the d i f f u s io n  time c o n s t a n t  o f  the  shea th  (Ys) i s  known, we use 

i t  t o  c a l c u l a t e  Rsh. 

d(CsES)/dt  = - (1 /Ys)  x (C s e s - C e T S )  and Y$ = S x Vs/(Dca++ x A),

(Page & Niedergerke,  1972).

By apply ing Ohm's law to  t h i s  th re e  dimensional ca se :

Rsh = S x p/A and we see t h a t  Rsh and Ys are  r e l a t e d  

through the  term S/A s ince  S/A = (Ys x Dca++)/Vs = Rsh/p.

f en ce ,  Rsh = Ys x Dca++ x p/Vs.

All the  v a r i a b l e s  in  the  equa t ion  above are known excep t  Vs which i s  

ob ta ined  from knowing t h a t  Vs = T rabecu lar  volume -  C e l l u l a r  volume

= K x Z x  C(DT/2 ) 2  _ (Dj - / 2 ) 2 ] .

Thus, Rsh = Ys x Dca++ x p/TT x Z x [1 /4  (Dj2 -  D j ' 2 ) ] .

The c a l c u l a t i o n  o f  Rm i s  based upon the  fo llowing r e l a t i o n s :

Rm = R*/Am, where Am = ( su r face  a r e a / c e l l  o f  leng th  Z) x 

( c e l l s / t r a b e c u lu m  in  c ro s s  s e c t io n )  and R* = (membrane r e s i s t a n c e ) .  Frog 

v e n t r i c u l a r  c e l l s  are  long and narrow with l i t t l e  membrane a rea  ab u t t in g  

a t  the  ends (Page & Niedergerke ,  1972).  I t  i s  a good approximation o f  

the c e l l  membrane a rea  to  t r e a t  the  c e l l s  as  c y l in d e r s  with  neg l igab le  

area  a t  the  ends.

Hence, Am = ( TT x Z x Dc) x ( c e l l s / t r a b e c u lu m  in c ro s s  s e c t i o n ) .

The c e l l s  per t rabecu lum /cross  s e c t io n  can be ob ta ined  from the 

fo l lowing e q u iv a l e n t :

The ( c e l l u l a r  c r o s s - s e c t i o n a l  a rea / t rabecu lum ) = the  c e l l s  per trabeculum, 
( c r o s s - s e c t io n a l  a re a / c e l  1)

in  c r o s s - s e c t i o n  where the c e l l u l a r  c r o s s - s e c t i o n a l  a rea / t rabecu lum  i s

ob ta ined  from knowing t h a t  i t  i s  75 /85 ths  o f  the  c r o s s - s e c t i o n a l  a rea  of

a trabeculum (Page & Niedergerke ,  1972).
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Thus, the % c e l l u l a r  t i s s u e  space x c ro s se c t io n a l  area  
^ t r a b e c u l a r  t i s s u e  space trabeculum

= 75/85 x ( TT /4 )  DT 2.

Since the s in g le  c e l l  c r o s s - s e c t i o n a l  a rea  = ( T T / 4 )  Dc2 , then

combining the l a s t  two eq u a t io n s  one o b ta in s  the number o f  f rog

v e n t r i c u l a r  c e l l s / t r a b e c u l a r  c ro s s  s e c t io n :

[ (75 /85)  x ( IT / 4 )  DT 2] / [  ( ' fT/4)  Dc2]

= (75/85) x (DT/Dc )2 .

M ult ip ly ing  the su r face  a rea  per c e l l  by the c e l l s  per t r a b e c u l a r

c r o s s - s e c t i o n  one o b ta in s  Am as fo l lows:

Am = ( *rr x Z x Dc) x (75/85) x (DT/D c)2

= IT x Z x 75/85 x (DT) 2/Dc .

Since Rm equa ls  R* d iv ided  by Am then one o b ta in s  t h a t :

Rm = R* x (85/75) x Dc/[ IT x Z x(Dx)2] .

Knowing now Rm and Rsh and (Vm; e x p e r im e n ta l ly ) one can c a l c u l a t e  Vo

from the  fo l lowing:  Vo = Vm x Rsh/Rm

= Vm x CYs x Dca++ x p /  ( IT x Z/4 x (Dj2 -  D t ' 2 ) ) ]
T F T W T T x  Dc’7 ( TT "x"7 k' D j 2 )------------------------------

= (3 .5  x Vm x Ts x Dca++ x p x (D j)2 ) /

(R* x Dc x C(DT)2 -  ( DT• )2] ) .

Now plugging in ac tua l  va lues  f o r  the  v a r i a b l e s  a llows an e s t im a t io n

o f  Vo:

L e t . .  Vm = 130 m i l l i v o l t s
D ca ++= 8 x 10 cm.2/ s e c .  (Wang, 1953). 

p = 70 ohm-cm (Chapman & Fry,  1978).
Dy = 49 microns (Page & Niedergerke ,  1972).
R* = 4000 ohm-cm2 (Chapman & Fry,  1978).
Dc = 5 x 10-4 cm. (Page & Niedergerke,  1972).

Dj '  = 46 microns (Page & Niedergerke,  1972).
Ts = 1 .6  t o  3 .4  seconds (Page & Niedergerke,  1972),  (see

s e c t io n  E of  A na lys is ) .
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Hence: Vo = 3.5 x 130 x (8 x 10-6) x 70 x Ts x (49)2 /

(4000 x (5 x 10-4) x [ (49 )2  - ( 4 6 )2 ] )

= 2 to  4 m i l l i v o l t s .

The Ca ion s e l e c t i v e  m ic roe lec t rode  a t t a i n s  80% response to  an 

e l e c t r i c a l  square pu lse  in  one second. '  Therefore  only 80% o f  the  2 to  4 

m i l l i v o l t s  Vo should be d e tec te d  during  a one second a c t io n  p o t e n t i a l .  

Less than a one m i l l i v o l t  Vo (the  in s ta n teo u s  jump fo l lowing the s t imulus  

a r t i f a c t )  i s  e v id en t  in  f ig u re  5 and 6 (top pane l ) .  See s e c t io n  C-5 of  

Methods f o r  p recau t ions  in  the  i n t e r p r e t a t i o n  o f  the Vo magnitude.  Kline 

(1975) has measured Vo magnitudes o f  5 m i l l i v o l t s  in  the subendothe l ia l  

space .

++B. Magnitude of I n t e r f i b r i l l a r  Space [Ca ] Depletion per  Beat 
++The Ca ion s e l e c t i v e  m ic roe lec t rode  response time i s  slow (time 

c o n s ta n t  i s  0 .3  to  0 .6  seconds) .  Thus we probably  underes t im ate  the 

magnitude o f  the subendo the l ia l  space and i n t e r f i b r i l l a r  space b e a t  to  

b e a t  [Ca++] d e p le t i o n s .  The da ta  o f  f igu re  5 and 6 (top panel)  sugges t  

exper im en ta l ly  t h a t  b e a t  to  b e a t  [Ca ] d e p le t io n s  o f  50 to  60 

micromolar occur .  The expec ted  magnitude o f  the  i n t e r f i b r i l l a r  space 

b e a t  to  b e a t  [Ca++] d e p le t io n s  can a l so  be c a l c u l a t e d  from the 

c h a r a c t e r i s t i c s  o f  the  e x t r a t r a b e c u l a r  space [Ca++] d e p le t i o n .  These 

c a l c u l a t i o n s  suppor t  our experimenta l  f i n d i n g s .  We have measured the 

d e p le t io n s  in  the  e x t r a t r a b e c u l a r  space (ETS) and know from Page & 

Niedergerke (1972) the  dimensional and membrane su r face  a rea  to  volume 

r a t i o  o f  t h i s  space.  From analogous s o lu t i o n s  to  the  h e a t  equat ion  

(Carslaw & J a e g e r ,  1959, page 204, equat ion  7 .9 .1 )  we can e x t r a p o la t e  to  

the d e p le t io n s  in  any o th e r  e x t r a c e l l u l a r  space ,  from the geometry and
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surface  a rea  t o  volume r a t i o  o f  t h a t  space ,  in  t h i s  case  the i n t e r -
++f i b r i l l a r  space ( IFS) .  Since we know t h a t  a l l  the  Ca f l u x  leav ing  

the ETS Was f i r s t  removed from the IFS, the  r a p id  d e p le t i o n s  o f  [Ca J 

in  the IFS should r e l a t e  to  the ETS d e p le t io n s  we measure as fo l lows:

1) The Ca++ f lu x  (M) per e x t r a c e l l u l a r  volume i s  p ropo r t iona l  to 

the  su r face  a rea  t o  volume r a t i o  o f  the  space .  At s teady  s t a t e  the

Ca++ f lu x  per  su r fa ce  a rea  O C  where M =

A  [Ca++] Q x V and A  [Ca++] IF$ x VIps c x A  A . l t e +\ l s x

VETS’ and hence A  [Ca ] j FS A  [Ca ] ETS x

^VETS^VIFS^‘ ^VETS^VIFS^ = 26 ^Page & Niedergerke,  1972).

2) The magnitude o f  the f i n a l  [Ca++] Q d e p le t io n  i s  p ropor t iona l  

to  the  time c o n s ta n t  o f  the time course  o f  the  d e p l e t i o n .  From the 

s o lu t io n  to  the  s tandard  s in g le  compartment d i f f u s i o n  e q u a t io n :

A  £ca++3(t ) = JTVr (1 - E X P ( - t / T ) , (Page & Niedergerke,  1972).
"H" 2[Ca ?  J y ^ a n d  s ince  VP  o C  (compartmental r a d iu s )

(Carslaw & J a e g e r ,  1959, eqn . 7 . 9 . 1 . )  and '“T  (the

t o r t u o s i t y ) 2 , (Nicholson,  1980).

A £Ca ] j t= 3Y )  O C [ r a dius  x (£|), ] 2 . The time c o n s t a n t  o f  the  ETS and 

IFS are  Te and Ti r e s p e c t i v e l y .

3) Although we assumed t h a t  the  transmembrane Ca++ f lu x  was

continuous  in our ETS model,  in  a c t u a l i t y  i t  only occurs  dur ing the
++

a c t i o n  p o t e n t i a l .  Thus to  g e t  the  a p p ro p r ia t e  IFS Ca f lu x  which 

causes  d e p le t io n  during a s in g le  a c t i o n  p o t e n t i a l ,  we must m u l t ip ly  our 

time averaged ETS f lu x  by the  r a t i o  o f  the  s t imulus  i n t e r v a l  ( S . I . )  to
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the  a c t i o n  p o t e n t i a l  du ra t io n  (APD).

Thus, Mips O C  Mets x s . l .  s ince  APD was c o n s t a n t  in  the
(t=3T)) ( t= 3 le )  A7F.U7'

range o f  % time d e p lo r i z a t i o n  (0-40%) employed in  t h i s  c a l c u l a t i o n  (see

f ig u r e  11) .  The S . l .  x A  [Ca++] ETs = c o n s t a n t  f o r  % time d e p l o r i -

z a t i o n s  up t o  40% (see f i g u r e  11) .  ^

Combining e q u a t io n s  from s t e p s  1,  2, and 3:

A  CCa++] i p s  A  CCa+'pETSX s ince  AIFS = AETS
(t=3Tj)  (t=3T^) 7 | fs

f o r  compartmental f lu x  exchange and s ince  r a d iu s  IES f  r a d i u s ETS and

© I F S  4 ®  ETS, then

A C C a + t ] i Fs  o e A t C a ^ E T S  x VfT5 x and
(t=3Ti) (t=3Te) Vips l^ETS x VgfcETSl

Since the f lu x  from the  IFS i n to  c e l l s  occurred  only dur ing  the  a c t io n

p o t e n t i a l s  then ;

A C Ca++3lFS = A [ C a ++]ETS x Vets x l r IFS x - l § t l F s \ 2 x s . i . _
(t=3T>) ( t=3T |)  " V ip s  ^ ets * " ^ # etsJ a . p . d.

Using t h i s  formula we e s t im a te d  the average s teady  s t a t e  [Ca++]

d e p le t io n  in the  i n t e r f i b r i l l a r  space from exper imental  da ta  and the

anatomical da ta  o f  Page & Niedegerke (1972).

a . )  In 0.050 mM Ca++Ringer:

The change in  the  [Ca++] E i s ( t  = 3 ^ )  = 9 micromolar.
Action p o te n t i a l  du ra t io n  = 950 m i l l i s e c o n d s .
St imulus  i n t e r v a l  = 20 seconds.
( E x t r a c e l l u l a r  space v o l u m e / I n t e r f i b r i l l a r  space volume) = 26. 
The r a d iu s  o f  the  i n t e r f i b r i l l a r  space = 23 microns .
The r a d iu s  o f  the  e x t r a c e l l u l a r  space = 500 microns.
The t o r t u o s i t y  (@) o f  the  e x t r a t r a b e c u l a r  space i s  1 .0 .
The t o r t u o s i t y  (@) o f  the  i n t e r f i b r i l l a r  space i s  1 .5 .

Thus, the  IFS [Ca++] d e p le t io n  = 9 x (20/0 .95)  x 26 x (23 x 1 .5 /5 0 0 ) 2

= 23 micromolar.

-117-



b . ) In 0.20 mM Ca++Ringers:

The change in [Ca++]ETs( t  = Stfe) = 2 3  micromolar.
The a c t io n  p o te n t i a l  du ra t io n  = 900 m i l l i s e c o n d s .
The s t imulus  i n t e r v a l  = 20 seconds.
All o th e r  v a r i a b le  are  the  same as  above in  a . ) .

Thus, the IFS [Ca++] d e p le t io n  = 22 x (20/0 .90) x 26 x (23 x l . 5/500)2 .

= 64 micromolar.

c . )  In 1 .0  mM C a^ R in g e rs :

The change in  [ C a ^ E T S ^  = 3Tfe) = 320 micromolar.
The a c t i o n  p o te n t i a l  d u ra t ion  = 800 m i l l i s e c o n d s .
The s t imulus  i n t e r v a l  = 5 seconds.
All o th e r  v a r i a b l e s  a re  the  same as  above in  a . ) .

Thus, the IFS [Ca++] d ep le t io n  = 320 x (5 /0 .80)  x 26 x (23 x 1 .5 /500)2

-  250 micromolar.

Hence, in  0.20 mM Ca++Ringers ,  a f t e r  an ETS [Ca++] d ep le t io n  o f  

75% (0 .20 mM to  0.050 mM [Ca++])  the b ea t  to  b e a t  IFS [Ca++]

d e p le t io n  w i l l  have decreased from 64 to  23 micromolar.  A decrease  in  the 

b e a t  to  b e a t  [Ca++] Q d e p le t io n  magnitude during l a r g e  ETS [Ca++] 

d e p le t io n s  was exp e r im en ta l ly  observed.

There a re  two sources  o f  e r r o r  in  the  e s t im a t io n  o f  IFS [Ca++] 

d e p le t io n .

1. )  I f  the  t i p  o f  the Ca++ ion s e l e c t i v e  m ic roe lec t rode  was a t

1 /2  r a d iu s  depth in  the muscle s t r i p  in s t e ad  o f  1 r a d iu s  depth as
++

es t im a te d  dur ing the  exper im ent ,  then the  IFS [Ca ] d e p le t io n  i s

underest imated  by 33%, (Carslaw & J a e g e r ,  1959, eqn. 7 . 9 . 1 . ) .

2 . )  The maximum p o s s ib le  o ve res t im at ion  o f  the  IFS d e p le t io n  i s  

when the t o r t u o s i t y  o f  the  IFS i s  maximum and the t o r t u o s i t y  o f  the  ETS 

i s  minimum. L e t t in g  the IFS = VT/2 = 1.57 and the  ETS = 1 .0 ,  then 

the maximal t o r t u o s i t y  f a c t o r  i s  246% o f  the minimum f a c t o r  (K l ine ,  1975).
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C. Change in  the ETS [Ca++] Depletion Time Course Time Constant 

The magnitude o f  the  ETS [Ca++] d e p le t io n  in  v e n t r i c u l a r  muscle 

s t r i p s  i s  no t  p ropor t iona l  to  the  % time membrane d e p o la r i z a t i o n  a t  high 

h e a r t  r a t e s  (see f ig u r e  11) however, f i n a l  magnitudes o f  d e p le t io n  appear 

to  have s a t u r a t e d .  The time c o n s ta n t  o f  the  time course  o f  [Ca++] Q 

d e p le t io n  a l s o  decreased  a t  high h e a r t  r a t e s  ( f ig u re  12).  Both r e s u l t s  

could  be exp la ined  by proposing t h a t  the  [Ca++] Q d e p le t i o n  causes  a 

decrease  in  the transmembrane Ca++ in f l u x  during the  ra p id  s t im u la ­

t i o n .  This r e l a t i o n s h i p  w i l l  be de r ived  below us ing  a 3 compartment 

model (A t tw e l l ,  E i sn e r ,  & Cohen; 1979).

ECS BathCELL
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The c e l l u l a r  Ca++ i n f l u x  w i l l  be assumed to  depend upon two v a r i a b l e s ,  

the h e a r t  r a t e  and the e x t r a c e l l u l a r  [Ca j .  The f r e e  cytoplasmic  

[Ca++] i s  assumed e s s e n t i a l l y  no t  changed s ince  basal  t e n s io n  d id  not 

in c rease  {see f ig u r e  27) ,  thus  th e re  i s  always a lower [Ca++] in s id e  

the  c e l l  r e l a t i v e  to  o u t s id e .

The new terms a re :

J = c e l l u l a r  Ca++ i n f l u x  t h a t  v a r i e s  with h e a r t  r a t e .
J c = c e l l u l a r  Ca++ in f l u x  t h a t  v a r i e s  with  the

e x t r a c e l l u l a r  [Ca++] .
C0 = the  e x t r a c e l l u l a r  [Ca++] .
Cb = the  bath  [Ca++] .
'Te = time c o n s t a n t  o f  ETS [Ca++] e q u i l ib r iu m .

This same case i s  t r e a t e d  in  Carslaw & Jaege r  (1959) f o r  a c y l in d e r  

and with the same q u a l i t a t i v e  conclus ions  (see page 405, equa t ion  

1 5 .7 .1 3 ) .  We wi l l  o u t l i n e  the one dimensional t r e a tm e n t  below to  show 

t h a t  the  time c o n s ta n t  and magnitude o f  the  d e p le t io n  change by the  same 

amount. The r a t e  o f  change o f  CQ depends on both the f lu x  terms and 

d i f f u s i o n .

Thus, dCQ/ d t  = -1/Yfe (CQ -  Cb ) + J cCQ + J .

I f  J = 0 and then

dCQ/ d t  = -d/ 'Tfe) CQ + (J + Cb/ f e ) .

The s o lu t i o n  f o r  t h i s  d e p le t io n  i s :

c0 ( t )  = Cb -  jTfe Ll -  Exp ( - t / T e ) ] .

I f  j  does no t  equal 0,  then the equat ion  becomes 

dCQ/ d t  = [ J c -  1 / f e ]  CQ + (J + Cb/Tfe).

This equa t ion  i s  analogous to  the equa t ion  above i t  excep t  t h a t  the 

c o e f f i c i e n t  m u l t ip ly in g  CQ has been changed from -1/Te t o  [ J c -1/Te] 

o r  -[1 /Te  -  J CJ.
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This then changes the  s o lu t io n  to :

Co ( t )  = cb “ tJ /H/Tfe  -  J c )]  x [1-EXP (-tCl/Tfe -  J c ] ) ] .

Thus, the  new time c o n s t a n t  i s  sm a l le r  by a f a c t o r  o f  

[ l / 'Tfe] /LlAb -  0 1. The f i n a l  d e p le t io n  i s  sm a l le r  by the  same
i

amount. In c y l i n d e r i c a l  c o o r d in a t e s ,  t h i s  i s  shown by Carslaw & J aeg e r  

(1959) 15 .7 .13 .  .

4*4"
D. The Ins tan taneous  Rate o f  C e l l u l a r  [Ca ] Accumulation in a 

C y l in d r ica l  Frog V e n t r i c u la r  Muscle S t r i p

The e x t r a c e l l u l a r  space o f  a frog v e n t r i c u l a r  s t r i p  can be modeled to  

approximate a long c y l in d e r  in  which the muscle c e l l s  a re  homogeneously 

d i sp e r sed  to  occupy about 75% o f  the  c y l i n d r i c a l  volume. The c e l l s ,

c l u s t e r e d  as  t r a b e c u l a ,  in c re a se  the  t o r t u o s i t y  o f  the e x t r a c e l l u l a r

space bu t  do no t  a l t e r  the  b a s ic  equa t ion  o f  d i f f u s i o n  in  c y l i n d r i c a l  

c o o rd in a te s .  For s i m p l i c i t y  the  f rog  v e n t r i c u l a r  s t r i p  i s  modeled to

have ra d ia l  [Ca++] Q g r a d ie n t s  bu t  no azimuthal and no ax ia l
+"f

[Ca ] Q g r a d i e n t .  The c e l l s  throughout the  c y l in d e r  a re  assumed to

u n i f o r m l y  take u p  and r e l e a s e  Ca . The [Ca ] Q a t  the  su r face  of

the  c y l i n d e r  i s  main ta ined  a t  a c o n s t a n t  c o n c e n t r a t io n  (Cb). The

[Ca++]Q in  the ETS a t  s teady  s t a t e  i s  used in  the model to  r e f l e c t

the  [Ca++] Q o f  the  e x t r a c e l l u l a r  space (a one compartment model)

a l though the SES and IFS [Ca++] Q a re  always s l i g h t l y  lower dur ing

prolonged r e p e t i t i v e  s t im u la t io n  (see f ig u r e  29).  In the  model the

[Ca++] Q in  the  c y l in d e r  e q u i l i b r a t e s  to  have a s teady s t a t e  r a d ia l

dependence.  Maximal [Ca++] Q d ep le t io n  occurs  a t  the c e n t e r  a x i s  of
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the  c y l i n d e r .  The [Ca++] 0 d e p le t io n  a t  the su r face  o f  the  c y l in d e r  

i s  zero .

The d i f f u s i o n  eq u a t io n  f o r  r a d i a l  [Ca++] Q e q u i l i b r iu m  in

c y l i n d r i c a l  co o rd in a te s  a t  s teady  s t a t e  i s :

DCa++ ( ^  Cq + 1  bCo)  -  J j  = 0
~ y 7 z  r  I  r

where J j  = in s tan tan eo u s  decrease  in  Co due to  n e t  Ca++ up take
in to  the c e l l s  (Co = [Ca++] 0 in  the c y l i n d e r ) .

DCa++ = d i f f u s i o n  c o e f f i c i e n t  o f  Ca++ in  aqueous s o l u t i o n ,  
r  = c y l i n d r i c a l  r a d iu s .

The boundary c o n d i t io n s  a re  t h a t  the [Ca++] Q a t  the  su r face  o f  the

c y l in d e r  i s  c o n s t a n t ly  main ta ined  a t  Cb.

At s teady s t a t e  the  equa t ion  f o r  the  Co in the c y l in d e r  i s  analogous to  

the equa t ion  f o r  a model f o r  c o n s t a n t  h ea t  genera t ion  in  a long c y l i n d e r  

with z e r o ,  c o n s ta n t  su r face  temperature  (Carslaw & J a e g e r ,  1959, equat ion  

7 .2 .1 7 ) .  This s teady s t a t e  h e a t  equa t ion  i s :  V = Ao x a2 -  r 2

where V = temperature  (analogous to  Cb -  Co).
Ao = r a t e  o f  hea t  gen e ra t io n  (analogous to  J j ) .
K = thermal c o n d u c t iv i ty  (analogous to  Dca++» Carslaw & J a e g e r ,  

1959, page 28).  
a = c y l i n d r i c a l  r a d iu s .
r  = r a d ia l  p o s i t i o n  such t h a t  r=o a t  the  c e n t e r  and r=a a t  the 

su r face  o f  the  c y l i n d e r .

The analogous equa t ion  f o r  e x t r a c e l l u l a r  [Ca++] d i f f u s i o n a l  e q u i l i -
++

brium in  a c y l i n d e r  o f  f rog  v e n t r i c l e  during c o n s t a n t  Ca uptake by

the  muscle c e l l s  i s :

-  (Cb -  Co) = J t x (a2 -  r 2 ) and a t  the  c e n t e r  o f  the  c y l i n d e r
 *-------

where Co was measured a t  r=o, so t h a t

-  (Cb -  Co) = J t x (a2/ 4 ) .
T5ca++
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The h e a t  equa t ion  time dependent term i s  (Carslaw & J a e g a r ,  1959, 

equa t ion  7 . 9 . 1 ) :  «.

-  2 Ao S  I exp l(-KO<nt) Jo (ro<n) I I 
I T  n " \  I  7rZr(*oCn)\J

L“  c * n  - 1

where pC n  are  the  p o s i t i v e  ro o t s  o f  Jo (aOC) = 0.
The i n i t i a l  and f i n a l  su r face  temperature  = 0 and Co = Cb a t  t  = 0.

The time c o n s t a n t  o f  the  major  component ( 1 s t  Bessel term) f o r  r=0 i s :

= a 2/(K x (2 .4048)2 ) hence a 2/K = T  x (2 .4048)2.

The analogous r e l a t i o n s h i p  f o r  e x t r a c e l l u l a r  [Ca 3 d i f f u s i o n  in  the

frog c y l i n d e r  i s :  T  x (2 .4048)2 = a^/DQa++. The second term o f

the  t ime-dependent h ea t  eq u a t io n  was examined and i t  d id  no t  a l t e r  the

r e s u l t s  s i g n i f i c a n t l y .

-  (Cb -  Co) x 4 / J t  = a2/Dca++ = T  x (2.4048)2 hence

J t = -(Cb -  Co) x 4 = -(Cb -  Co)
f " x T Z . 4 '0 ? 8 7 2 Y x  1.45'

To o b ta in  Jy / seco n d ,  the  time averaged ETS Ca++ f lu x  i s  m u l t i p l i e d  by

the  s t im ulus  i n t e r v a l / a c t i o n  p o te n t i a l  d u ra t io n .  Thus the  average

in s tan tan eo u s  e x t r a c e l l u l a r  space [Ca++] change pe r  second dur ing  an

a c t io n  p o t e n t i a l ,  induced by the  i n f l u x  i s  given by:

JT = The change in [Ca++3 ETS x S . l .
Tau0 b S x  1 . 4 5  APD.

The terms a r e :

Jt = E x t r a c e l l u l a r  r a t e  o f  change o f  [Ca++3.
[Ca++] = The e x t r a c e l l u l a r  Ca++ c o n c e n t r a t io n .
Tau0hs = Observed time c o n s ta n t  o f  d e p le t io n  time course  ( T ) .

1 .45 = (The f i r s t  r o o t  o f  the  Bessel f u n c t i o n . ) z/ 4
S . l .  = Stimulus  I n t e r v a l .

APD = Action P o te n t i a l  Duration.
3 = The i n t r a c e l l u l a r  e x t r a c e l l u l a r  volume r a t i o .
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++ ++ The e x t r a c e l l u l a r  [Ca ] d e p le t io n  i s  assumed to  r e s u l t  from Ca
++

ion e n t r y  i n to  c e l l s .  Thus, the  average in s t a n teo u s  c e l l u l a r  [Ca ] 

accumulation per  second ([Ca++] i / s e c o n d )  = J y / 3 ,  and i s  ob ta ined  

simply by m u l t ip ly in g  the  inverse  volume r a t i o  o f  the  spaces  by Jy .  We 

now plug exper imental  va lues  from the  da ta  f o r  m u l t ip l e  t r i a l s .  

S p e c i f i c a l l y  we had to  o b ta in  i )  the  change in  the  ETS [Ca++] ,  i i )  

the  observed time c o n s t a n t  c a l c u l a t e d  by the  Prophet computer "Expfi t"  

Subrou t ine ,  i i i )  the  s t imulus  i n t e r v a l ,  and iv )  the  a c t i o n  p o t e n t i a l  

d u ra t io n .

In 0.050 mM Ca++ Ringers the  [Ca++]-j/second = 0 .6  + 0.1 micromolar,
(n = 14).

In 0.20 mM Ca++ Ringers the  [Ca++] 1- /second = 1 .9  + 0 .4  micromolar,
(n = 15).

In 1 .0  mM Ca++ Ringers the [Ca++]-,-/second = 7 .9  + 0 .9  micromolar,
(n = 5 ) .  ++

The average in s tan tan eo u s  n e t  transmembrane Ca ion f lu x  in
o

picomoles/cm /second can be c a l c u l a t e d .  The surface  a r e a / l i t e r  o f  f rog
-1 15 2 15v e n t r i c u l a r  c e l l s  i s  about 1 micron (o r  10 microns / 1 0

"3 2
microns" ) ,  (Page & Niedergerke,  1972).  One picomole/cm i s

-12 8 2 “5 15e q u iv a l e n t  to  10" moles/10 microns (o r  10" moles/10
2 2 microns ) .  Hence, each picomole/cm o f  ion f l u x  w i l l  cause a 10

micromolar cytoplasmic  [ Ion ]  i n c r e a s e .  Thus,  in  0.050 to  1 .0  mM Ca++
*n*Ringers ,  a 0 .5  to  8 .8  micromolar c y t o s o l i c  [Ca ] in c rease / seco n d  can 

occur by a 0.05 to  0 .88 picomole/cm /second n e t  Ca i n f l u x .  The

inverse  of  F a rad ay 's  c o n s t a n t ,  1 /(96 ,487  coulombs/mole) = 10"6 moles

per coulomb. (o r  ten  p icomoles/10-6 coulombs/second) .  Hence, 10

pi comoles/second o f  monovalent c a t i o n s  i s  a 1 microampere inward
++ 2c u n e n t .  In the case  o f  Ca , a picomole/cm /second f lu x  i s  0 .2

2 2 nvicrcampere/cm (or 200 nanoamperes/cm ) inward c u r r e n t .  The re fo re ,
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the in s tan taneous  average Ca++ c u r r e n t  in  0.050 to  1 .0  mM Ca++
2 ++Ringers would be 10-170 nanoamperes/cm (assuming Ca i n f l u x  occurs

e n t i r e l y  v ia  Ca++ ch an n e ls ) .

In f rog  a t r i a l  t r a b e c u la  a calcium and sodium c u r r e n t  has been
2

measured which has a magnitude o f  3 to  4 microamperes/cm and a dura-
++t i o n  o f  about 20 to  50 m i l lseconds  in  1 .8  Ca Ringers (F i schm e is te r  & 

Horackova, 1983). I f  t h i s  c u r r e n t  f lu x  had occurred  over  a second (3.5  

uA/cm2/50 msec to  3 .5  uA/cm2/20  msec = 0 .07 -0 .18  uA/cm2 ),  then i t s  

f lu x  would be s i m i l a r  to  the  c u r r e n t  magnitude o f  t h i s  s tudy .  Due to  the 

slow response r a t e  o f  the  Ca++ ion s e l e c t i v e  m ic ro e le c t r o d e ,  the  ac tua l  

du ra t io n  o f  the  transmembrane Ca++ f lu x  could no t  be q u a n i t a t i v e l y  

e s t a b l i s h e d .  However, the  c o n s i s t e n t  synchron iza t ion  o f  the  te rm ina t ion  

o f  the  b e a t  to  b e a t  e x t r a c e l l u l a r  [Ca++] d e p le t io n s  with the  end o f  the
1) 'I'

a c t io n  p o te n t i a l  p la teau  s t ro n g ly  sugges ts  t h a t  the  Ca in f l u x  

p e r s i s t s  during the  e n t i r e  a c t i o n  p o te n t i a l  p la t e a u .

E. Ins tan taneous  and Steady S ta te  Subendothelia l  Space [Ca*+] 

Depletion

The subendothel ia l  space (SES) i s  3 microns wide on the average ,  and 

surrounds the  t r a b e c u l a r  core  o f  muscle c e l l s  (Page & Niedergerke,  

1972).  I t  i s  surrounded by the t r a b e c u l a r  e n d o th e l i a l  c e l l  sheath  which 

i s  the o u te r  most border  o f  each trabeculum. Changes in  the  i n s t a n t a n ­

eous e x t r a c e l l u l a r  [Ca++] /second  a re  l a r g e r  in  the  SES ve rsus  ETS by 

26/10 (the  e x t r a c e l l u l a r  space:SES volume r a t i o ) .  The e n d o th e l i a l  shea th  

de lays  ion d i f f u s i o n  e q u i l ib r iu m  between the ETS and SES with time 

c o n s ta n t  Ts.  The change in  the  ECa++]$ES over  t lme l s :

[Ca++]sEs(t) = x 2‘6 x ^  x C1 " EXp(“t r̂s)]-
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The mean Y s was e s t im a te d  to  be 3 .3  + 1 .2  seconds by Page &

Niedergerke ,  (1972) who suggested t h a t  t h e i r  e s t im a te  was too  high by 20 

to  30%. So a mean Y s o f  2 .5  + 0 .9  seconds was used here and in  s e c t io n  A 

o f  A na lys is .  Page and Niedergerke (1972) found g r e a t  h i s t o l o g i c a l

v a r i a b i l i t y  in  frog v e n t r i c l e .  The e s t im a te d  Y s ranged from 0 .3  t o  4

seconds.  In one second tCa++]sES = 2,14 J T (where was

determined in  Analysis  s e c t io n  D). A f te r  one second the  [Ca++] d e p le ­

t i o n  magnitude in  the SES would be -4 ,  -12 ,  and -49 micromolar lower than 

the  r e s p e c t iv e  ETS [Ca++] s  o f  0 .050, 0 .20 ,  and 1 .0  mM Ca++Ringers .

At s teady  s t a t e ,  [1 -  E X P ( - tA s ) ]  = 1 .  This occurs  in  about 4 time

c o n s ta n t s  o r  10 seconds on the average.

The [Ca ]$ESj (t=10 seconds) = 2 .6  x J T x Y* = 6 .5  J T. 

T he re fo re ,  the  s teady s t a t e  SES [Ca++] d e p le t io n  i s  -12 ,  -37 ,  and -150 

micromolar lower than the  re s p ec t iv e  ETS [Ca++] s  o f  0 .050,  0 .20 ,  and

1 .0  mM Ca++ Ringers .  But t h i s  would only occur  during a vo l tage  clamp 

o r  high [K+]Q c o n t r a c tu r e  s ince  the a c t io n  p o te n t i a l  d u ra t io n  i s  

approximate ly  1 second.

A t a b l e  summarizing the e s t im a ted  changes in the  e x t r a c e l l u l a r  

[Ca++] in the  ETS, SES, and IFS i s  shown below f o r  1 m i l l i m e t e r

d iameter  f rog  v e n t r i c u l a r  s t r i p s .  The da ta  was determined f o r  t imes 1, 

10 and 240 seconds fo l lowing i n i t i a t i o n  o f  r ap id  r e p e t i t i v e  s t im u la t io n

with  0 .050, 0 .20 ,  and 1 .0  mM Ca++ Ringers .  This da ta  i s  p l o t t e d  in

f ig u r e  29.
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Time Bath Maximum ETS Maximum SES Maximum IFS
(seconds) [Ca++] [Ca++] d e p le t io n  [Ca++] d e p le t io n  [Ca++] dep le t ion

1 50 -1 (49) -4  (45) -23 (22)

1 200 -4  (196) -12 (184) -64 (120)

1, 1000 -6 (994) -50 (944) -250 (694)

10 50 -6 (44) -12 (32) -14 (18)

10 200 -24 (176) -37 (139) -44 (95)

10 1000 -50 (950) -150 (800) -225 (575)

240 50 -42 (8) -2 (6) -3  (3)

240 200 -160 (40) -7 (33) -11 (22)

240 1000 -320 (680) -100 (580) -145 (435

In the above t a b l e ,  a l l  [Ca++] are  micromolar.  In the  3 columns

la b e l ed  Maximum ETS, Maximum SES, and Maximum IFS, the  b racke ted  numbers
++

a re  the e x t r a c e l l u l a r  [Ca ] in the space a t  the  r e s p e c t iv e  t ime.  The

number l i s t e d  in each o f  the  th re e  columns, t o  the  l e f t  o f  the  bracketed

number, i s  the  [Ca++] Q g r a d ie n t  between t h a t  column's space and the

column to  i t s  l e f t .  The t a b l e ' s  numbers were determined as  fo llows:
++1) The l i s t e d  maximal ETS [Ca ] d e p le t io n s  a f t e r  240 seconds o f  rap id  

s t im u la t io n  are  exper imental  o b s e r v a t io n s .  At 1 to  10 seconds time the 

ETS [Ca++] d e p le t io n s  a re  (1 -EXP-1/60) = 0.02 and (1-EXP-10/60) = 0.15 

f r a c t i o n s  o f  the  maximal ETS [Ca++] d e p le t i o n .  2) The SES [Ca++] 

g r a d i e n t  a t  10 seconds t ime was c a l c u l a t e d  in  Analys is  s e c t io n s  D and E
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from exper imental  d a ta .  At 1 second the  SES [Ca++] g r a d i e n t  i s  (1 -

Exp - 1 / 2 . 5 )  = 0.33 f r a c t i o n  o f  the  10 second SES [Ca++] g r a d i e n t .  At

240 seconds,  the  SES [Ca++] g r a d ie n t  i s  assumed to  be the  p roduct  o f

the  10 second SES [Ca++] g r a d i e n t  and the % ETS [Ca++] d e p le t i o n .  3)

The IFS [Ca++] g r a d i e n t  a t  1 second was c a l c u l a t e d  in  Analysis  Sec t ion

C from exper imental  d a t a .  The IFS [Ca++] g r a d i e n t  a t  10 and 240
+ + - 1seconds i s  assumed to  be the  product o f  the  1 second IFS [Ca j  g ra ­

d i e n t  and the  % SES [Ca++] d ep le t io n  a t  10 and 240 seconds t ime.
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V DISCUSSION

The v a r i a t i o n s  in  the  calcium ion c o n ce n t ra t io n  o f  the  e x t r a c e l l u l a r  

spaces  in  bea t ing  frog v e n t r i c u l a r  muscle s t r i p s  were s tu d ie d  us ing 

Ca++ ion s e l e c t i v e  m ic ro e le c t r o d es .  Experimental p ro to c o ls  known to  

cause muscle c o n t r a c t i o n ,  a l s o  caused s i g n i f i c a n t  t r a n s i e n t  o r  prolonged 

e x t r a c e l l u l a r  calcium ion d e p le t io n  depending upon the  e x t r a c e l l u l a r  

l o c a t i o n .  E x t r a c e l l u l a r  [Ca ] d ep le t io n  measurements were used to  

develop a mechanis t ic  model o f  e x t r a c e l l u l a r  [Ca++] d e p le t io n  based on 

upon f rog  v e n t r i c l e  h i s t o l o g y .  The membrane t r a n s p o r t  o f  Ca++ was 

s tu d ied  using  t h i s  model.

A. Mechanism o f  E x t r a c e l l u l a r  [Ca++] Deplet ion

The e x t r a c e l l u l a r  space o f  the  f rog  v e n t r i c l e  has been s tu d ie d  in 

d e t a i l  using  e l e c t r o n  microscopy by Page and Niedergerke (1972).  They 

desc r ibed  th ree  d i s t i n c t  e x t r a c e l l u l a r  compartments:  the  i n t e r f i b r i l l a r

space ( IFS) ,  subendothe l ia l  space (SES), and e x t r a t r a b e c u l a r  space (ETS) 

which are  found in s e r i e s  between the muscle c e l l  membrane, and the f l u i d  

o u ts ide  the wall o f  the  v e n t r i c l e .  This i s  d ep ic ted  in  f ig u r e  28. The 

SES and ETS [Ca ] p ro g r e s s iv e ly  e q u i l i b r a t e  by simple d i f f u s io n  in 

response to  the  lowering (d e p le t io n )  o f  the  [Ca ] in  the  IFS. The IFS
4 .4 .

i s  the  immediate e x t r a c e l l u l a r  Ca source t o  most o f  the  muscle c e l l  

membranes. Comprising 4% o f  the e x t r a c e l l u l a r  space ,  the  IFS i s  formed 

by the  a p p o s i t io n  o f  border ing  v e n t r i c u l a r  muscle c e l l s .  As a conse­

quence the IFS i s  0.01 to  1 micron wide and t o r t u o u s .  The sausage-shaped 

muscle c e l l s  are  packed, 10 to  100 per  t r a b e c u la  and occupy 74% o f  the
4*4*t i s s u e  volume. During the a c t i o n  p o te n t i a l  the  c e l l s  accumulate Ca
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Figure  28: Based upon ob se rv a t io n s  of  Page and Niedergerke (1972) four
drawings o f  f rog  v e n t r i c u l a r  anatomy a re  p resen ted  in  c r o s s - s e c t i o n  to  
the  long a x i s  o f  the muscle c e l l s .

In the  upper l e f t  panel the contour o f  a 1 m i l l i m e t e r  f rog  v e n t r i ­
c u l a r  muscle s t r i p  i s  shown.

In the upper r i g h t  panel i s  shown a small reg ion  o f  the muscle s t r i p  
with the e x t r a t r a b e c u l a r  space (ETS: e x t r a c e l l u l a r  space surrounding 
muscle t r a b e c u l a ) .  Note the  v a r i a b i l i t y  o f  c l e f t s  and t r a b e c u l a r  shapes .

Lower l e f t  panel shows a s in g le  t r a b e c u l a  with a sheath  o f  porous 
e n d o th e l i a l  c e l l s .  The shaded region i s  the subendothe l ia l  space (SES; a 
1-5 micron wide e x t r a c e l l u l a r  space surrounding the  t i g h t l y  packed core  
o f  muscle c e l l s ) .  Trabecula  are  20-60 microns in  d iameter .

Lower r i g h t  panel shows 10 muscle c e l l s  and t h e i r  e x t r a c e l l u l a r  c l e f t
space known as  the i n t e r f i b r i l l a r  space ( IFS) .  Due to  the l a rge  c e l l
membrane a rea : IF S  volume, the  IFS [Ca++] d e p le t io n s  a re  very la rg e  
r e l a t i v e  to  those in  the  SES and ETS f o r  s h o r t  t im es .  The IFS c l e f t s  are  
0.01-1 micron wide.

Labels to  Figure 28:
A = 1000 micron wide Frog V e n t r i c u l a r  muscle s t r i p  in c ro s s  sec t ion
B = (200 micron wide c l u s t e r  o f  t r a b e cu la  + ETS)
C = (S ingle  t r a b e c u la  co n ta in in g  SES + 30 muscle c e l l s )
D = (10 muscle c e l l s  + IFS)
E = S ingle  muscle c e l l  (average diameter = 5 microns,  c e l l s  are  74*

t i  ssue vol ume)
ETS = E x t r a t r a b e c u la r  space (15* t i s s u e  v o l . ,  [Ca++]0 d i f f u s iv e  

e q u i l ib r iu m  Tau = 60 s e c . )
SES = Subendothel i a l  space (10* t i s s u e  v o l . ,  [Ca++^ d i f f u s i v e  

e q u i l ib r iu m  Tau = 0 .3 -4  s e c . )
IFS = I n t e r f i b r i l l a r  space (1* t i s s u e  v o l . ,  [Ca++]0 d i f f u s i v e  

e q u i l ib r iu m  Tau = 0.25 s e c . )
Sheath = Defines the t r a b e c u l a .  I t  i s  made o f  e n d o th e l i a l  c e l l s  and has 

narrow i n t e r c e l l u l a r  c l e f t s .

Drawing based upon o b se rv a t io n s  by Page and Niedergerke (1972).
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from the  IFS, lowering the  IFS [Ca++] .  The SES occupies  38% o f  the  

e x t r a c e l l u l a r  space and surrounds the  pe r im e te r  o f  the  muscle c e l l s  

in s id e  each t r a b e c u l a .  As the IFS [Ca++] f a l l s  during the  a c t io n  

p o t e n t i a l ,  Ca++ from the  SES d i f f u s e s  i n to  the IFS, down [Ca++] 

g r a d i e n t s  in  the c l e f t s  o f  the  IFS. The SES i s  severa l  microns wide and 

i s  bounded by a sheath  o f  e n d o th e l i a l  c e l l s  which are  the  o u te r  sur face  

o f  each t r a b e c u l a .  The e n d o th e l i a l  shea th  delays  the a t t a in m en t  o f  ion ic  

d i f f u s i o n  e q u i l ib r iu m  between the  SES and ETS. The SES [Ca++] f a l l s  

e s t a b l i s h i n g  a [Ca++] g r a d i e n t  a c ro ss  the e n d o th e l i a l  shea th .  

E ig h ty - f iv e  pe rcen t  o f  the  v e n t r i c u l a r  wall  volume i s  occupied by 

t r a b e c u la  and 15% by ETS. The ETS i s  58% o f  the e x t r a c e l l u l a r  volume. As 

Ca++ leaves  the  ETS by d i f f u s i o n  through pores  in the  e n d o th e l i a l  

shea th  and e n t e r s  the  SES, ETS [Ca++] d e p le t io n  takes  p la c e .  The 

t h i c k e r  the  v e n t r i c u l a r  w a l l ,  the  lower the  ETS [Ca++] a t  the  c e n t e r  o f  

the  wall may become. Based upon experimenta l  measurements and e x t r a p o ­

l a t i o n  performed in  the Analysis  s e c t i o n ,  f ig u r e  29 was genera ted .  Figure 

29 shows the [Ca++] in the  IFS, SES and ETS a f t e r  1,  10 and 240 seconds 

o f  rap id  bea t ing  in  0 .050 ,  0 .2 0 ,  and 1 .0  m i l l im o la r  [Ca++] Ringers .  

Concep tua l ly ,  t h i s  model i s  der ived  from the  model o f  e x t r a c e l l u l a r

[K+] accumulation in f rog  v e n t r i c l e  r e p o r te d  by Kline (1975) and Cohen 

and Kline (1982).

The IFS, SES and ETS [Ca++] f a l l  (d e p le te )  a t  d i f f e r e n t  r a t e s  and 

to  d i f f e r e n t  s teady  s t a t e  c o n c e n t r a t io n s  a s  c e l l u l a r  Ca++ uptake

o ccu rs .  Kline (1975) p re d i c t e d  t h a t  the  c e l l u l a r  e f f l u x  o f  K+ would 

cause ra p id  [K+] e l e v a t i o n  (accumulation) in the  IFS with a time

c o n s ta n t  o f  approximate ly  100 m i l l i s e c o n d s .  The time c o n s ta n t  o f  the IFS 

[Ca++] d e p le t io n  i s  e s t im a te d  to  be 250 m i l l i s e c o n d s  s ince  the r e l a t i v e
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Figure  29: Model o f  e x t r a c e l l u l a r  [Ca++] d e p le t io n  a t  1 ,  10, and 240
seconds time a f t e r  r a p id  r e p e t i t i v e  s t im u la t io n .  This i s  shown f o r  0.05
mM (top  p a n e l ) ,  0.20 mM (middle p a n e l ) ,  and l.OmM Ca++ Ringers (bottom
panel)  f o r  a f rog  v e n t r i c u l a r  muscle s t r i p  (1 m i l l i m e t e r  d iam e te r ) .  This 
i s  drawn in c ro s s  s e c t io n  to  i n d i c a t e  the  r a d ia l  dependence o f  the  e x t r a ­
c e l l u l a r  [Ca++] d e p le t i o n .  L e f t  Y-axis i s  [Ca++]p in  micromolar u n i t s  
while r i g h t  Y-axis i n d i c a t e s  the  % e x t r a c e l l u l a r  [Ca*+] d e p le t i o n .

Figure  29 Labe ls :
A = Center o f  IFS and c e n t e r  o f  v e n t r i c u l a r  muscle s t r i p  
B = SES o f  t r a b e cu la  
C = Endothelia l  sheath  o f  t r a b e c u la
ETS = E x t r a t r a b e c u la r  space no t  drawn to  s ca le  with r e s p e c t  to  o th e r  

r a d ia l  wid ths .

In each o f  the  th re e  pane ls :

Top curve shows the  e x t r a c e l l u l a r  [Ca++] in  ETS, shea th  g r a d i e n t ,
SES, and IFS a f t e r  a one second a c t io n  p o t e n t i a l .  Note the l a r g e s t  
[Ca++] d ep le t io n  i s  in  the  IFS because o f  the  l a rg e  c e l l  membrane 
su r face  a rea : IF S  c l e f t  volume ( r a t i o  i s  26 t imes g r e a t e r  than the ETS).

Middle curve i s  the  e x t r a c e l l u l a r  [Ca++] a f t e r  10 seconds o f  rap id  
b e a t i n g .  Note the SES [Ca++] i s  now s i g n i f i c a n t l y  dep le ted  and ETS 
[Ca++] i s  j u s t  beginning t o  f a l l .  Because o f  the  SES Ca++ d e p le t i o n ,  
the  IFS [Ca++] may f a l l  to  a new lower l e v e l .

Lowest curve i s  the  e x t r a c e l l u l a r  [Ca++] a f t e r  240 seconds o f  rap id  
b e a t i n g ,  when ETS [Ca++] a t t a i n s  d i f f u s i v e  e q u i l ib r iu m  with the  bath.  
The [Ca ] d ep le t io n  in  the  ETS i s  a r a d ia l  fu n c t io n  and the  g ra d ie n t s  
in  o t h e r  e x t r a c e l l u l a r  compartments f o r  t r a b e c u la  a t  the  c e n t e r  o f  the  
s t r i p ,  are  sm al le r  a t  t h i s  t ime.
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r a t e  o f  K+ :Ca++ d i f f u s i o n  i s  2 .5  (DK+/DCg++ = 2 .5 ;  Wang, 1953;

Friedman and Kennedy, 1955).  In Analysis  s e c t io n  B, the  [Ca++] a t  the

c e n t e r  o f  the IFS was c a l c u l a t e d  to  be 250 micromolar lower than the SES 

[Ca++] a f t e r  a one second a c t io n  p o te n t i a l  when the  bath  [Ca++] i s

1 .0  m i l l im o la r .

The SES [Ca++] has been e s t im a ted  by Page and Niedergerke (1972) to  

e q u i l i b r a t e  with time c o n s t a n t  o f  0 .3  t o  4 .4  seconds (average value

c o r r e c t e d  f o r  25% o v e re s t im at ion  i s  2 .5  seconds) a f t e r  an in s tan taneous
++ ++ 

change in  the ETS [Ca ] .  In Analysis  s e c t io n  E, the  SES [Ca ] was

c a l c u l a t e d  to  be 50 micromolar lower than the  ETS [Ca++] a f t e r  a one

second a c t io n  p o t e n t i a l  when the  ba th  [Ca++] i s  1 .0  m i l l i m o la r .  The

SES [Ca++] a t  s teady s t a t e  would be about 150 micromolar lower than the

ETS [Ca++] ,  a f t e r  10 seconds of  cont inuous  membrane d e p o la r i z a t i o n  when

the  bath [Ca++j  was 1 .0  m i l l im o la r .
+ +The ETS [Ca ] e q u i l i b r a t e d  with  an average time c o n s ta n t  o f  60

seconds,  in  1 m i l l i m e t e r  d iameter  f rog  v e n t r i c u l a r  s t r i p s  ba thed in  

0 .050 -1 .0  m i l l im o la r  [Ca++] Ringers .  At the c e n t e r  o f  such s t r i p s ,  the 

ETS [Ca++] f e l l  by 80% a f t e r  3 to  5 minutes o f  rap id  b ea t ing  with a

bat!-. [Ca++] o f  0 .050-0 .20  m i l l im o la r .  The s teady  s t a t e  magnitude o f  

the  ETS [Ca++] d ep le t io n  was l e s s  a t  sha l lower  r a d ia l  depths bu t  the 

time c o n s ta n t  o f  the  d e p le t io n  was u su a l ly  the  same. Exceptions t o  t h i s  

p o in t  were desc r ibed  in  Analys is  s e c t io n  C. The l im i t e d  data  ob ta ined  

in  1 .0  mM [Ca++] Ringers i n d i c a te d  t h a t  ETS [Ca++] d e p le t io n s  o f  a t  

l e a s t  33% occur .  The o v e ra l l  p r i n c i p l e  i s  t h a t  as  the  ETS [Ca++] 

f a l l s ,  the  SES [Ca++] f a l l s  lower a l lowing the  IFS [Ca++] to  f a l l  

even f u r t h e r .
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B. Experimental R esu l ts  Suppor ting the Model 
++E x t r a c e l l u l a r  [Ca ] d ep le t io n  was predominantly s tu d ied  in  the

ETS, but evidence o f  [Ca++] d e p le t io n  in b e a t  to  b e a t  l o c a t io n s  (SES

and IFS) was o f ten  ob ta in ed .  The Ca++ ion s e l e c t i v e  m ic roe lec t rode  t i p

i s  sm al le r  than the  width o f  the  average ETS and SES c l e f t s .  The

k i n e t i c s  o f  the  e x t r a c e l l u l a r  [Ca++] d e p le t io n s  and the  e x t r a c e l l u l a r  
++

[Ca ] inc rease  fo llowing s t im u la t io n  were c o n s i s t e n t  with the model.

The large magnitude o f  some o f  the beat to  beat [Ca++3 dep letions and

f a s t  time constants o f  the decay t a i l s ,  q u a l i ta t iv e ly  suggested that the

microelectrode t ip  was sometimes s itu a ted  in the IFS ,

The a t t a in m en t  o f  the  s teady  s t a t e  ETS [K+] should occur  2 to  3

times f a s t e r  than the  time f o r  a t t a in m en t  o f  the  s teady s t a t e  ETS

[Ca++] according to  simple d i f f u s io n  p r i n c i p l e s  (Wang, 1953; Friedmann

and Kennedy, 1955).  Kline and Morad (1978) and Martin  and Morad (1982)

observed that the ETS [K+] atta ined  a quasi-steady s ta te  lev e l  in 1 to
++

2 minutes .  In the p re s en t  s tudy the ETS [Ca ] a t t a i n e d  a q u a s i - s te a d y

s t a t e  leve l  in 3 to  5 m inu tes ,  2 to  3 t imes longe r  than the time requ i red
+ + + 

for  [K 3 accumulation. When the Na /K ATPase was in h ib ited  by

IC"6n Ouabain o r  80 mM Li+ , the time to steady s ta te  [K+3 accumula­

tion  was not s ig n i f ic a n t ly  a ltered  (Martin and Morad, 1983).  Activation  

o f  the Ca++ extrusion  process a f te r  4 to 5 minutes o f  r e p e t i t iv e  stimu­

la t io n  was miminal. Simultaneous measurements o f  the [K+3 and 

[Ca++3 during prolonged s tim u lation , q u a l i ta t iv e ly  confirmed separate 

measurements o f  the ETS [K+3 and ETS [Ca++3 time courses. Thus the 

r e la t iv e  rates  o f  the attainment o f  the steady s ta te  e x tr a c e l lu la r  [K+3 

and [Ca++3 are c o n s is te n t  with a model o f  e x tr a c e l lu la r  [ion3  

equilibrium by simple d if fu s io n  before a c t iv a t io n  o f  ion pumps has
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s i g n i f i c a n t l y  begun.

When the e x t r a c e l l u l a r  Ca++ ion s e l e c t i v e  mic roe lec t rode  t i p  i s  no t  

in  the  ETS, then i t  must be e i t h e r  in  the  SES o r  IFS. Since the IFS i s  

narrower than the  m ic roe lec t rode  t i p ,  only  d i s t o r t e d  IFS [Ca ] 

measurements can be o b ta ined .  S tab le  SES [Ca++] measurements are  

p o s s ib le  because the SES i s  1 to  5 microns wide (Page and Niedergerke,  

1972).  In 0.20 mM [Ca++] Ringers b e a t  to  b e a t  d e p le t io n s  o f  the  e x t r a ­

c e l l u l a r  [Ca++] were f r e q u e n t ly  observed with  a magnitude o f  50-60 

micromolar.  This magnitude i s  in between the  magnitude o f  e x t r a c e l l u l a r  

[Ca++] d e p le t io n s  expec ted  in the SES and c e n t e r  o f  the  IFS (see 

Analysis  s ec t io n  E). The time course o f  the  b e a t  to  b e a t  [Ca++] Q 

in c rease  (o r  [Ca++] Q d e p le t io n  decay t a i l )  fo llowing membrane r e ­

p o l a r i z a t i o n  was mathemat ica l ly  the  sum o f  two ex p o n en t i a l s  p lus  a 

c o n s t a n t .  From the  a n a l y s i s  o f  these  [Ca++] 0 d e p le t io n  decay t a i l s ,  

average time co n s ta n ts  o f  0 .2 - 0 .4  and 1 .7 - 3 .9  seconds (n=7) were ob ta ined  

f o r  the  r a p id  and slow phases o f  the [Ca++] Q d e p le t io n  decay t a i l .  

The slower  tin® c o n s t a n t  was in the  range p re d ic t ed  f o r  the  time c o n s ta n t  

o f  the SES [Ca++] d e p le t io n  decay t a i l .  Since the  f a s t e r  time c o n s ta n t  

i s  s i m i l a r  to  the  time c o n s ta n t  o f  the  response ,  o f  the  Ca ion 

s e l e c t i v e  m ic roe lec t rode  to  an e l e c t r i c a l  square p u l s e ,  i t  has l i t t l e  

q u a n t i t a t i v e  meaning. However, the  presence o f  t h i s  time c o n s ta n t  which 

i s  10 - fo ld  f a s t e r  than the  SES [Ca++] time c o n s t a n t  sugges ts  t h a t  the  

m ic roe lec t rode  t i p  may have been in  the IFS. Although the  Ca++ 

m icroe lec t rode  d id  no t  permit  q u a n t i t a t i v e  measurements o f  the  IFS 

[Ca++] d e p le t i o n s ,  the  q u a l i t a t i v e  b e a t  to  b e a t  [Ca++] d e p le t io n s  

were c o n s i s t e n t  with the  model. The l a r g e s t  and f a s t e s t  decaying b e a t  to  

b e a t  [Ca++] d e p le t io n s  are  expected in  the IFS. During an a c t io n
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p oten tia l  the IFS [Ca++] depletion w i l l  be superimposed upon the 

smaller and slower decaying SES [Ca ] d ep letions which have a time 

constant o f  several seconds. The SES beat to  beat [Ca++] d ep letions  

w il l  have a smaller magnitude with a monoexponential decay t a i l  o f  

several seconds when the m icroelectrode t ip  1s In the SES not IFS.

The beat to  beat IFS and SES [Ca++] d ep le tion s  ride on a much 

slower [Ca ] Q dep letion  during r e p e t i t iv e  s t im u lation . The slow

[Ca++30 depletion  phase i s  observed with no beat to  beat [Ca++] Q 

depletion  when the microelectrode t ip  i s  in the ETS. The [Ca++] in the 

IFS and SES depend upon the SES and ETS [Ca++] .  During an action  

poten tia l the IFS [Ca++] would a t ta in  steady s ta te  i f  the SES [C a ^ ]  

was constant . However, because the SES [Ca++] f a l l s  during an action  

p o t e n t ia l ,  the IFS [Ca++] a lso  f a l l s  with the time constant o f  the 

SES. Since the maximum % change 1n the ETS [Ca++] a f t e r  10 seconds o f

rapid stim ulation  i s  only about 10%, the steady s ta te  SES [Ca++] deple­

t io n s  can o ften  be observed. When stim ulation  i s  stopped the SES 
++[Ca ]  depletion  decays with a time constant o f  several seconds. For

more prolonged periods (several minutes) o f  r e p e t i t iv e  s t im u lation , the 

beat to beat [Ca++30 d ep letion s  superimpose upon a slower time course o f  

ETS [Ca++3 depletion  . A s im ilar  observation was made by Kline and

Morad (1976, 1978) regarding the beat to  beat accumulation o f  [K 3Q. 

The beat to  beat e x tr a c e l lu la r  [K+3 increases  did not f u l ly  decay 

during the interval between the action  p o ten t ia ls  a t  high heart r a te s .m

The e x tr a c e l lu la r  [K+3 accumulation had SES and ETS time constants o f  

about 1 and 25 seconds r e sp e c t iv e ly  (KUne, 1975).  A s im ilar  slow time 

constant for  [^ - .a c c u m u la t io n  was observed without beat to  beat [K+3^v O

f l  uctu ations.
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Membrane r e p o l a r i z a t i o n  s to p s  the  b e a t  t o  be-at [Ca++] 0 d e p le t i o n s .  

S im i la r  f in d in g s  were observed f o r  e x t r a c e l l u l a r  [K+] accumulat ion in  

t h i s  p re p a ra t io n  by Kline (1975).  I t  i s  e v i d e n t  t h a t  membrane r e p o la r ­

i z a t i o n  tu r n s  o f f  c e l l u l a r  Ca++ in f l u x  which was a c t i v a t e d  by membrane 

d e p o la r i z a t i o n  during the  a c t io n  p o t e n t i a l .  The f rog  v e n t r i c u l a r  muscle 

a c t i o n  p o te n t i a l  r e p o l a r i z e d  in  l e s s  than 100 m i l l i s e c o n d s .  I t  i s  l i k e l y  

t h a t  the c e l l u l a r  I n f lu x  o f  Ca++ i s  t i g h t l y  c o n t r o l l e d  by the  membrane 

p o t e n t i a l  in  f rog  v e n t r i c l e  (Morad and Orkand, 1971).  When the  c e l l u l a r  

Ca++ i n f l u x  i s  tu rned  o f f  in  l e s s  than 100 m i l l i s e c o n d s ,  the  IFS 

[Ca++] r a p id ly  In c re a s e s  towards the ba th  [Ca++] due to  the  d i f f u s io n  

o f  Ca++ down the SES -  IFS [Ca++] g r a d i e n t .  Because the  SES -  IFS 

[Ca++] g r a d i e n t  r a p id ly  c o l l a p s e s  the  SES [Ca++] d e p le t io n  i s  slowed 

as  the  membrane r e p o l a r i z e s .  The SES [Ca++] then  r i s e s  with a time 

c o n s t a n t  of  severa l  seconds .  During s in g le  a c t i o n  p o t e n t i a l s  the  ETS 

[Ca++] may f a l l  by 1 to  2%. A f te r  an a c t i o n  p o t e n t i a l  the  slow 

d isappearance  o f  SES [Ca++] d e p le t io n  1s caused by the  d i f f u s i o n  o f  

Ca++ down the ETS -  SES [Ca++] g r a d i e n t  ( e s t a b l i s h e d  ac ro ss  the  

e n d o th e l i a l  sheath  o f  each t r a b e c u l a ) .  This g r a d i e n t  produces small 

sometimes d e t e c t a b l e  b e a t  to  b e a t  ETS [Ca**] d e p le t i o n s  (see  f ig u r e  8) 

which continue  to  f a l l  beyond membrane r e p o l a r i z a t i o n  f o r  a second before  

they s top  and then slowly d i s ap p ea r .  S im i la r  behav io r  f o r  b e a t  to  b e a t  

ETS [K*] accumulation was observed ( f ig u re  8) and was computor modeled 

by Kline (1975).  See a l s o  Cohen and Kline (1982).

While the  l o c a t i o n  o f  the  calcium ion s e l e c t i v e  m ic roe lec t rode  t i p  

was not determined d i r e c t l y ,  the  measurements o f  e x t r a c e l l u l a r  [Ca ] 

f l u c t u a t i o n s  were c o n s i s t e n t  with a m echan is t ic  model Involv ing  th ree  

e x t r a c e l l u l a r  compartments (see f ig u r e  29).  This model was generated
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from e x t r a c e l l u l a r  calcium i o n - s e l e c t i v e  m ic roe lec t rode  record ings  and 

knowledge o f  frog v e n t r i c u l a r  h i s to lo g y  (Page & Niedergerke ,  1972).  The 

p r e s e n t  model ' s  p r i n c i p l e s  were e x t r a c t e d  from the model o f  [K+] 0 

accumulation in  frog v e n t r i c l e  generated  by Kline (1975).

K l i n e ' s  model was based upon d e t a i l e d  evidence o f  b e a t  to  b e a t  

e x t r a c e l l u l a r  [K+] accumulation measured by Kline (1975) and Kline and 

Morad (1976, 1978).  The e x t r a c e l l u l a r  [K+] accumulation model was 

r e a d i l y  conver ted to  a model o f  e x t r a c e l l u l a r  [Ca++] d e p le t io n  f o r  two 

reasons .  F i r s t  both c e l l u l a r  K e f f l u x  and Ca in f l u x  appear to  

occur cont inuous ly  during  the a c t io n  p o t e n t i a l .  Secondly,  the de te rm i­

n a t ion  of  the  model ' s  k i n e t i c s  was f a c i l i t a t e d  by knowledge o f  the  f ree  

d i f f u s i o n  c o n s ta n t s  o f  K+ (Friedmann and Kennedy, 1955) and Ca++ 

(Wang, 1953).

The model of  e x t r a c e l l u l a r  [Ca++] d e p le t io n  has t o  be modified  to

e x p la in  the a l t e r a t i o n  in the  time c o n s ta n t  o f  the  time cou rse ,  o f  la rg e

[Ca++] d e p le t io n s  in  0.050 and 0 .20 mM Ca++Ringers (see f ig u re  12 and

see Analysis  s ec t io n  C). As the  % time t h a t  the  membrane i s  depo la r ized

i s  in c reased  by in c re a s in g  the h e a r t  r a t e ,  the  r a t e  o f  ETS [Ca++]

de p le t io n  should p ro p o r t i o n a t e ly  i n c re a s e .  This r e l a t i o n  holds  f o r  low

h e a r t  r a t e s ,  bu t  a t  high h e a r t  r a t e s ,  l e s s  than p ro p o r t io n a t e  i n c re a se s  
++i n  ETS [Ca ] d e p le t io n  occur (see f i g u r e s  10-12) .  The time c o n s ta n t

o f  the  ETS [Ca++] d e p le t io n s  in  0 .050-0 .20  mM Ca++ Ringers ,  decrease

with in c re a s in g  h e a r t  r a t e .  I t  i s  proposed t h a t  a p o r t io n  o r  a l l  o f  the
++c e l l u l a r  uptake o f  Ca from the  IFS depends upon the  IFS/cytoplasmic 

[Ca ] g r a d i e n t .  As t h i s  g r a d i e n t  decreases  the  r a t e  o f  c e l l u l a r  

Ca++ accumulat ion should decrease .  When the g r a d i e n t  was d i s s i p a t e d  

r a p id ly  a t  h igher  h e a r t  r a t e s ,  the time c o n s t a n t  o f  the  time course o f
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e x t r a c e l l u l a r  [Ca++] d e p le t io n  was l e s s .  In 0.050 mM Ca++ Ringers
++the  time c o n s ta n t  o f  ETS [Ca ] dep le t ion  shor tened  more than in  0.20

mM Ca++ Ringers .  Recent ly  i t  has been hypothesized t h a t  i n t r a ­

c e l l u l a r  [Ca++] accumulation during the f rog  h e a r t  a c t io n  p o te n t i a l  

would not tu rn  o f f  the  slow inward calcium c u r r e n t  measured by vo l tage  

clamp (F ischm eis te r  and Horackova, 1983). However, [Ca++] Q d e p le t io n  

may reduce the  transmembrane in f l u x  o f  Ca++ when the  f rog  v e n t r i c l e  i s  

superfused  with low [Ca ] Ringers .

Additional suppor t  f o r  t h i s  view was the in f luence  o f  the super fusa te  

[Ca++] on the magnitude o f  tw i tch  tens ion  as the f rog  v e n t r i c u l a r  h e a r t  

r a t e  was acu te ly  in c re a se d  (see f ig u r e  27).  I t  was shown by Brown and

Orkand (1968) t h a t  r e p e t i t i v e  s t im u la t io n  o f  f rog  v e n t r i c u l a r  s t r i p s  

super fused  in  l e s s  than 1 mM Ca++ Ringers produced a ra te -dependen t  

decrease  in  tw i tch  t e n s io n  followed by an in c re a se  in tw i tch  te n s io n .  

Lowering the su p e r fu sa te  [Ca++] inc reased  the  amount o f  tw i tch  tens ion  

d ep ress ion .  At the  same time the a c t io n  p o t e n t i a l  du ra t io n  was not 

shor tened .

In Dr. Penefsky 's  l a b o ra to ry  we n o t iced  t h a t  the dura t ion  o f  the

negat ive  tw i tch  t e n s io n  s t a i r c a s e  was g r e a t e r  a t  low h e a r t  r a t e s  versus

h ighe r  h e a r t  r a t e s  (see f ig u r e  27).  There was l e s s  tw i tch  tens ion
++

depress ion  a t  the  low r a t e s .  While e x t r a c e l l u l a r  [Ca ] d ep le t io n  was 

g r e a t e r  a t  high h e a r t  r a t e s  and was su s ta in ed  beyond severa l  minutes ,  the  

depress ion  o f  tw i tch  t e n s io n  was more t r a n s i e n t  a t  high h e a r t  r a t e s .  One 

impor tan t  f a c t o r  of  f rog  v e n t r i c u l a r  c o n t r a c t i l i t y  appears  to  be an 

i n t r a c e l l u l a r  calc ium s t o r e  which d i s s i p a t e s  when the transmembrane 

Ca++ i n f l u x  i s  low (Orkand, 1968; Chapman and Niedergerke,  1970 a , b ) .  

While the  time course o f  e x t r a c e l l u l a r  [Ca++] d e p le t io n  c o r r e l a t e s  with
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the  negative  phase o f  s t a i r c a s e  t en s io n  in  f rog  v e n t r i c u l a r  s t r i p s  

superfused  in  low Ca R ingers ,  e x t r a c e l l u l a r  [Ca ] d e p le t io n  may be 

l e s s  consequent ia l  in  exper im ents  conducted in  h igher  than 1 mM Ca++ 

Ringers .  However, measurement o f  e x t r a c e l l u l a r  [Ca++] d e p le t io n  in 

frog  v e n t r i c u l a r  s t r i p s  superfused  with g r e a t e r  than 1 mM [Ca++] 

Ringers was not p o s s ib le  due to  the s t rong  tw i tch  t e n s i o n .  The abso lu te  

s i z e  o f  the  d e p le t io n s  in  h ighe r  [Ca++] Ringers i s  l i k e l y  to  in c rease  

t o  some maximum va lue .  At the  same time the % o f  the  t o t a l  e x t r a c e l l u l a r
4*4*[Ca ] t h a t  d e p le t e s  w i l l  decrease  as  the magnitude o f  the  t r a n s -

+4*membrane Ca f lu x  per  a c t i o n  p o t e n t i a l  approaches i t s  maximum.

C. Role o f  E xtrace llu lar  [Ca++3 in Frog Ventricular Muscle 

Contraction

The small s i z e  of  f rog  v e n t r i c u l a r  muscle c e l l s  (average diameter i s  

5 microns ;  S ta le y  & Benson, 1968; Page and Niedergerke ,  1972),  the slow 

o nse t  and then continuous  development o f  tw i tch  t e n s io n  dur ing membrane 

d e p o la r i z a t i o n  (Orkand, 1968; Morad and Orkand, 1971),  and the  rap id  and 

high s e n s i t i v i t y  o f  the  tw i tch  t en s io n  to  the  e x t r a c e l l u l a r  [Ca++] 

(Luttgau & Niedergerke,  1968; Kavale r,  1974) a re  c o n s i s t e n t  with the 

hypo thes i s  t h a t  e x t r a c e l l u l a r  f l u i d  Ca++ i s  the  major source o f  Ca++ 

used to  a c t i v a t e  c o n t r a c t i o n  during each a c t i o n  p o te n t i a l  (Morad & 

Goldman, 1973).  The idea  t h a t  Ca++ more r e a d i l y  e n t e r s  depo la r ized  

c e l l s  i s  a t  l e a s t  25 y e a r s  o ld .  In 1957 Hodgkin and Keynes found t h a t  

the  nerve a c t io n  p o te n t i a l  caused a d d i t io n a l  n e t  i n f l u x  o f  e x t r a c e l l u l a r  

45Ca++ in to  axoplasm. The accumulation in c reased  as  the e x t r a ­

c e l l u l a r  [Ca++] in c re a s e d .  A 10 to  20 - fo ld  in c rease  in  c e l l u l a r  
45 4*4*Cs uptake was observed by Niedergerke (1963b) us ing r e p e t i t i v e l y
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dep o la r ized  frog v e n t r i c l e s .  In h i s  1963 study and a l a t e r  1968 study 

(Niedergerke e t  a l . )  e s t im a te d  the  transmembrane Ca++ f lu x  per  a c t io n
J .J , o

p o te n t i a l  in  1 mM [Ca ] Ringers t o  be 0.13 to  0 .2  pi comoles/cm .

This was e q u iv a l e n t  to  a c e l l u l a r  accumulation o f  1 .3  t o  2 micromolar
++-I 45 ++[Ca J per a c t i o n  p o t e n t i a l .  A 1970 Ca uptake study by Sands

 ̂i|
and Winegrad determined t h a t  the  frog v e n t r i c l e  transmembrane Ca f lux

4*+ 2per  a c t i o n  p o te n t i a l  in  0 .3  mM [Ca ] Ringers was 0.08 picomoles/cm

(or a c e l l u l a r  accumulation o f  0 .8  micromolar [Ca++] per a c t i o n
45 4*4*p o t e n t i a l ) .  In a d d i t i o n ,  frog  v e n t r i c l e  c e l l u l a r  Ca accumulation 

was inc reased  by Ringers with  low [Na+] o r  high [K+] (Niedergerke ,

1963a) o r  low [K+] (Thomas, 1960).  All o f  these  s o lu t io n s  caused 

muscle c o n t r a c t i o n s .
4 .4 .

The amount of  Ca needed to  t r i g g e r  a phys io log ica l  c o n t r a c t i o n  in 

frog v e n t r i c l e  has been e s t im a te d .  Katz (1970) e s t im a te d  t h a t  50 to  60 

micromoles o f  Ca++/k i log ram  wet weight o f  c e l l s  was needed to  s a tu r a t e  

the  Troponin-C Ca++ b inding  s i t e s  o f  the  c a r d iac  muscle c o n t r a c t i l e  

p r o t e i n s .  Using chemica l ly -sk inned  frog v e n t r i c u l a r  c e l l s ,  with  buffered  

[Ca++] Ringers ,  Winegrad (1971) determined t h a t  the  f r ee  [Ca++] in 

the  cytoplasm during phys io log ica l  c o n t r a c t i o n s  was 10 micromolar.  Five 

to  s ix  t imes more frog  v e n t r i c u l a r  muscle t e n s io n  than i s  phys io log ica l  

could be generated  by Winegrad's  skinned c e l l  method o r  by the vol tage 

clamp technique (Morad and Orkand, 1971).  The normal f rog  v e n t r i c u l a r  

c e l l  [Ca++J accumulat ion per  a c t i o n  p o t e n t i a l  i s  expec ted  to  be 10

micromolar/kilogram wet v e n t r i c u l a r  we igh t ,  equal t o  a 1 picomole per
2 4*4*cm per  a c t i o n  p o te n t i a l  transmembrane Ca f lu x .  I t  was e v id e n t  in

the e a r l y  19701s t h a t  the  e s t im a te  o f  b e a t  to  b e a t  cytoplasmic  [Ca++]
45 ++accumulation (determined by the ra d io i so to p e  Ca f lu x )  was
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underes t im ated  i f  t h i s  transmembrane Ca++ f lu x  was to  supply a l l  the  

a c t i v a t o r  Ca++ (Niedergerke and Orkand, 1966; Chapman and Niedergerke,  

1970a).
++

Using e x t r a c e l l u l a r  [Ca ] d e p le t i o n ,  e s t i m a te s  o f  the  average 

in s ta n tan e o u s  i n t r a c e l l u l a r  [Ca++] accumulation have been made iii t h i s  

s tudy ( f o r  d e t a i l s ,  see a n a l y s i s  s ec t io n  D). At s teady s t a t e ,  1 mM 

[Ca++] Ringers superfused  f rog  v e n t r i c u l a r  muscle i s  known to  generate  

100% phys io log ica l  tw i tch  tens ion  (Niedergerke,  1956; Luttgau and 

Niedergerke ,  1958; Morad and Orkand, 1971).  In the  p re s e n t  study the 

i n s t a n ta n e o u s ,  average c e l l u l a r  [Ca++] accumulation per second was
+4*c a l c u l a t e d  to  be 6 .7  to  8 .8  micromolar in 1 .0  mM [Ca ] Ringers ,  1 .5  to

2 .3  micromolar in 0.20  mM [Ca++] Ringers ,  and 0 .5  to  0 .7  micromolar in
■ 111|

0.050 mM [Ca ] R ingers .  These e s t i m a te s  are  s i m i l a r  to  the  q u a n t i ty  

proposed to  be needed. These measurements a l s o  show t h a t  the  i n s t a n t ­

aneous,  average b e a t  to  b e a t  Ca++ in f l u x  in c r e a s e s  as the e x t r a c e l l u l a r  

[Ca J in c re a se s  from 0.050 to  1 .0  mM. Twitch ten s io n  in c re a se s  

l i n e a r l y  as the Ringers [Ca++] i s  inc reased  in t h i s  range (Niedergerke 

e t  a l . ,  1976; Chesnais e t  a l , 1978; Kavaler e t  a l , 1978). The e s t im a te s
4*+ 4*4*o f  transmembrane Ca f lu x  by the  ETS [Ca ] d e p le t io n  method (see

s e c t io n  D o f  Analys is )  suppor t  the hypothes is  t h a t  the m a jo r i ty  o f  

a c t i v a t o r  Ca++ in  f rog  v e n t r i c l e ,  under phys io log ica l  c o n d i t io n s ,  

a r i s e s  from an e x t r a c e l l u l a r  Ca++ pool ,  r a t h e r  than from an
+4*i n t r a c e l l u l a r  Ca pool during the a c t io n  p o t e n t i a l .  This hypothesis  

was no t  s t ro n g ly  supported  by ^ C a ++ f lu x  s tu d i e s  (Niedergerke,  

1963b). The r e l i a b i l i t y  o f  rad io i so tope  t r a c e r  f lu x  s tu d i e s  has been

q ues t ioned  (Niedergerke e t  a l , 1976; Attwell  e t  a l . ,  1979).  In a d d i t i o n ,  

evidence has in d ic a te d  t h a t  f rog  v e n t r i c u l a r  i n t r a c e l l u l a r  pools o f
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4*4* +4*Ca are  i n s u f f i c i e n t  o r  i n a c t iv e  sources  o f  a c t i v a t o r  Ca .

The mitochondr ia  and the  sarcoplasmic  re t i cu lum  o f  f rog  v e n t r i c u l a r

c e l l s ,  a re  the  only i n t r a c e l l u l a r  Ca++ pools  observed by Winegrad

(1973) to  accumulate Ca++ (o r  Sr++).  In a d d i t i o n ,  t h i s  only occurred

when the d i v a l e n t  ion c o n ce n t r a t io n  was in  the m i l l i m o la r  range.
++I s o l a t e d  c a r d ia c  mitochondria  r e l e a s e  Ca when the i n t r a c e l l u l a r  

[Na+] ,  5 to  7 mM (Lee and Fozzard,  1975; E l l i s ,  1977; Sheu e t  a l . ,

1980) i s  in c reased  to  8 mM (Crompton e t  a l . ,  1976). Since the  s teady

s t a t e  f rog  v e n t r i c u l a r  transmembrane [Na ] i n f l u x  can no t  s i g n i f i c a n t l y
4* 2exceed the  [K ] e f f l u x  pe r  a c t i o n  p o te n t i a l  o f  10-30 picomoles/cm

(Johnson, 1957;Kline ,  1975) ,  the  cytoplasmic  [Na+] in c re a se  per b e a t
4 .

may not exceed 0 .3  m i l l i m o la r .  Thus, the  c y t o s o l i c  [Na 3 in c rease  per 

a c t i o n  p o te n t i a l  i s  i n s u f f i c i e n t  to  s t im u la te  Ca++ e f f l u x  from ca rd iac  

mitochondria .  In a d d i t i o n ,  f rog  v e n t r i c u l a r  mitochondria  accumulate 

Ca*4 with a Km of  30 micromolar (Scarpa & G r a z i o t t i ,  1973). Thus,
4*+

these  mitochrondr ia  lack  the c a p a b i l i t y  to  lower the  c y t o s o l i c  [Ca ] 

enough to  cause complete tw i tch  tens ion  r e l a x a t i o n .

Frog v e n t r i c u l a r  sarcoplasmic  re t icu lum  (SR) occupies  only 0 .5$ o f  

the  c e l l  volume, while mammalian SR occupies  about 7.5% o f  the mammalian 

h e a r t  c e l l u l a r  space (Page e t  a l . ,  1971; Page and Niedergerke ,  1972). 

The t - t u b u l e  system i s  absen t  in  f rog  v e n t r i c u l a r  c e l l s  (Page and 

Niedergerke ,  1972).  The t - t u b u l e  system i s  b e l ie v ed  to  coord ina te  

membrane d e p o la r i z a t i o n  and SR Ca++ r e l e a s e  in  s k e l e t a l  muscle and in  

mammalian c a r d ia c  muscle c e l l s  (Morad & Goldmann, 1973; Chapman, 1979).  

The SR Ca++ s t o r e s  are ,  b e l iev ed  to  be the major source o f  a c t i v a t o r  

Ca++ in  mammalian c a r d ia c  muscle (Solaro  & B r iggs ,  1974; K irchberger ,  

1974; Fab ia to  and F a b ia to ,  1978; Levitsky  e t  a l . ,  1981).  The Fab ia tos
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(1978) have shown t h a t  skinned mammalian c a r d i a c  c e l l s  o f  many s p e c i e s ,

tw i tch  upon exposure t o  a small amount o f  Ca . Skinned f rog

v e n t r i c u l a r  c e l l s  do no t  tw i tch  with the  Fab ia to  p ro to c o l .  Skinned

c a r d iac  muscle c e l l s  from a v a r i e t y  o f  v e r t e b r a t e  animals  have the  same

[Ca++}. dependence to  genera te  muscle t e n s io n  (Fabia to  & Fabia to ,

1978).  The p r e v a i l i n g  hypo thes i s  i s  t h a t  a c t i o n  p o te n t i a l  dependent

transmembrane Ca++ f lu x e s  o f  mammalian h e a r t  c e l l s  a re  too small to

cause more than 10% o f  the  observed tw i tch  t e n s io n  (Chapman, 1979).  The 
++

small Ca in f l u x  by mammalian h e a r t  c e l l s  i s  hypothesized  to  t r i g g e r

the  r e l e a s e  o f  l a rg e  SR Ca s t o r e s  which a c t i v a t e  the  tw i tch  t e n s io n

(Chapman, 1979).

The a v a i l a b l e  exper im enta l  evidence p o in t s  to  d i f f e r e n t  pathways f o r  

the  Ca++ a c t i v a t i o n  o f  f ro g  v e n t r i c l e  c o n t r a c t i o n  versus  the  mammalian 

v e n t r i c l e  c o n t r a c t i o n .  The long f rog  v e n t r i c u l a r  a c t i o n  p o te n t i a l  

permits  s i g n i f i c a n t  transmembrane Ca++ i n f l u x .  While much remains t o  

be l e a rn ed  about the  cy toplasmic  handl ing  o f  Ca++ 1n f rog  v e n t r i c l e

c e l l s ,  the  mitochondria  and sarcoplasmic  re t i cu lum  do not seem t o  be 

impor tan t  f a c t o r s  in  the  s h o r t  term o f  a s in g l e  c o n t r a c t i o n / r e l a x a t i o n  

c y c le .  Somewhere w i th in  the  f rog  h e a r t  c e l l  t h e re  i s  a compartment which 

can s to r e  hundreds o f  micromoles o f  Ca++/ p e r  l i t e r  o f  c e l l s .  In 

a d d i t i o n  the re  must be a mechanism f o r  tw i tch  t e n s io n  r e l a x a t i o n  which i s  

no t  s o l e l y  dependent upon c e l l u l a r  Ca++ e x t r u s i o n .  The Ca++ 

e x t r u s i o n  process  t a k e s  minutes  to  f u l l y  a c t i v a t e  while ten s io n  r e la x es  

in  only a second.

-146 -



++D. Evidence and Role o f  a Ca Extrusion  Process

Frog v e n t r i c u l a r  c e l l s  can s to r e  m il lm olar  q u a n t i t i e s  o f  calcium ions

w i thou t  apparen t  harm when dr iven  by r e p e t i t i v e  s t im u la t io n  (Niedergerke,

1963b; Sands and Winegrad, 1970) ,  which r e s u l t s  in  e x t r a c e l l u l a r  [Ca++]

d e p le t i o n  (Dresdner e t  a l . ,  1982, Dresdner and K l ine ,  1983).  During t h i s

t im e ,  the  tw i tch  t e n s io n  e v e n tu a l ly  i n c re a s e s  in  amplitude bu t  the

b a s e l in e  t e n s io n  does n o t  in c rease  (N iedergerke ,  1956, Chapman &

Niedergerke ,  1970a, b ) .  The cytoplasmic  [Ca++J must be submicromolar

between c o n t r a c t i o n s  (Winegrad, 1971, Lee e t  a l . ,  1980, Sheu and Fozzard,

1982).  Hence most o f  the  b e a t  t o  b e a t  cy toplasmic  Ca accumulation

must be seques to red  w i th in  the c e l l  in  an i n a c t i v e  s t a t e  (Niedergerke ,
a*; ++

1963a).  Niedergerke (1963a) observed t h a t  both Ca i n f l u x  and

e f f l u x  r a t e s  were in c reased  during  r e p e t i t i v e  s t im u la t io n  to  near ly  the

same amount. Since the  c ap a c i ty  o f  f rog  v e n t r i c u l a r  c e l l s  to  s to re

Ca++ must be f i n i t e ,  1 t  i s  reasonable  to  p r e d i c t  t h a t  a membrane Ca++

e x t r u s i o n  mechanism e x i s t s  to  p r o t e c t  the  c e l l  from an i n t r a c e l l u l a r
++

[Ca ] over load .

Evidence was ob ta ined  during measurements o f  the  e x t r a c e l l u l a r  
++ ++

[Ca ] o f  a Ca e x t r u s i o n  process .  When r e p e t i t i v e  s t im u la t io n  was

prolonged beyond 4 m inu tes ,  the  ETS [Ca++] began t o  s h i f t  from a leve l  

o f  maximum d ep le t io n  to  l e s s  d e p le t i o n .  This can only occur i f  the 

s teady  s t a t e  n e t  transmembrane [Ca++] i n f l u x  i s  d ec rea s in g .  When 

s t im u la t io n  was s topped ,  the  ETS [Ca++] in c re a se d  back t o  the  

s u p e r fu sa te  [Ca++] and then slowly in c re a se d  above 1 t .  When r e p e t i t i v e  

s t im u la t io n  was prolonged f o r  20 to  30 m inu tes ,  the  ETS [Ca++] d e p le ­

t i o n  e v e n tu a l ly  d isappeared .  When s t im u la t io n  was then  s topped ,  the  ETS 

[Ca++] g r e a t l y  in c reased  above the  su p e r fu sa te  [Ca++] .  These
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exper iments  in d i c a t e d  t h a t  a c t i v e  Ca++ e x t r u s i o n  could  be a c t i v a t e d .  

The p o s t -d r iv e  ETS [Ca++] overshoot  in c reased  f o r  longe r  pe r iods  o f  

r e p e t i t i v e  s t im u la t io n  u n t i l  I t s  abso lu te  magnitude was the same as  the  

magnitude o f  the  ETS [Ca++] d e p le t io n  observed a f t e r  3 to  4 minutes.  

Also,  the  time r e q u i re d  f o r  f u l l  a c t i v a t i o n  o f  the  ETS [Ca ] overshoot  

was s i m i l a r  t o  the  t ime r e q u i re d  f o r  the  ETS [Ca++] overshoot  t o  decay 

(20-30 m inu tes ) .

The c h a r a c t e r i s t i c s  o f  the  a c t i v a t i o n  o f  Ca e f f l u x  a re  s i m i l a r  t o  

the  b a s ic  f e a t u r e s  o f  the  Na+/K+ ATPase pump a c t i v a t i o n  de sc r ibed  In
4  4

t h i s  p re p a ra t io n  by Martin  & Morad, 1982. Frog v e n t r i c l e  Na /K pump 

a c t i v a t i o n  occurs  s lowly l i k e  Ca++ e f f l u x  a c t i v a t i o n .  Na+/K+ pump 

a c t i v i t y  depends upon the  e x t r a c e l l u l a r  [K ] and I n t r a c e l l u l a r  [Na ] 

(Skou, 1957, 1965; Thomas, 1972; Deitmar and E l l i s ,  1978; E isne r  and 

Lederer ,  1980; Gasby, 1980; Cohen e t  a l . ,  1981; G l i t s ch  e t  a l . ,  1981; 

Martin  and Morad, 1982).  Na+/K+ pump a c t i v i t y  a l s o  depends on the
4 4

i n t r a c e l l u l a r  ATP, ADP, P i ,  and Mg c o n c e n t r a t io n s  (Wang e t  a l . ,  

1977).  In c a r d iac  muscle ,  r e p e t i t i v e  s t im u la t io n  in c re a s e s  the 

i n t r a c e l l u l a r  [Na+] (Cohen, C . J . e t  a l . ;1 9 8 2 ;L ee  and Dagost ino,  1983) 

and the e x t r a c e l l u l a r  [K+] (K l ine ,  1975; Kline and Morad, 1976, 1978; 

Kunze, 1977; Kline e t  a l . ,  1980; Kline and Kupersmith, 1982; Mar tin  and 

Morad, 1982).  In the p r e s e n t  study r e p e t i t i v e  s t im u la t io n  Inc reased  the
4 4  4 4n e t  c e l l u l a r  [Ca ] and a c t i v a t e d  Ca e f f l u x .  The i n t r a c e l l u l a r  

[Ca++] must be an Im por tan t  f a c t o r  s ince  Ca++ must b ind to  the  in n e r  

c e l l  membrane Ca++ e f f l u x  process  s i t e .  The Ca++ e f f l u x  Inc reased  

t i l l  i t  matched the  Ca++ In f lu x  per s t im ulus  I n t e r v a l .  S im i l a r ly ,  K+ 

e f f l u x  1s balanced by K+ uptake (Kunze, 1977; Kline e t  a l . ,  1980; 

Martin and Morad, 1982).
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P r e v a i l i n g  evidence from s tu d ie s  o f  nerve and muscle c e l l s  sugges ts  

t h a t  Na+ dependent Ca++ exchange and /o r  a Ca++ ATPase a re  Ca++ 

e x t r u s io n  p rocesses .  The transmembrane [Na+] g r a d i e n t  has been shown 

to  in f luence  the r a t e  o f  Ca e f f l u x  from squ id  axons (Baker,  1972; 

B la u s t e in ,  1974) b u t  1 t  i s  a complex, h igh ly  r e g u la te d  process  

(B la u s t e in ,  1977; M ul l in s ,  1977). In c a r d iac  muscle where the  ac tua l
4* +4*

transmembrane [Na ] and [Ca ] g r a d ie n t s  a re  l e s s  r e a d i l y  c o n t r o l l e d  

than in  the squid  axon exper im en ts ,  evidence o f  a r e v e r s i b l e  Na+
4*4*dependent Ca e f f l u x  was demonstrated by Reuter and S e i t z  (1968) with

guinea p ig  a u r i c l e s  and v e n t r i c u l a r  t r a b e cu la e  o f  sheep and c a l f  h e a r t s .

The app a ren t  s to ich io m et ry  o f  the  Ca++ e f f l u x  was 2 Na+ in  pe r  Ca++

pumped o u t  o f  the  c e l l s .  Lowering the  e x t r a c e l l u l a r  [Na ] in c reased

the  i n t r a c e l l u l a r  [ 45Ca++] and decreased the  r a t e  o f  45Ca++

e f f l u x .  Lowering the e x t r a c e l l u l a r  [Ca++] a l s o  decreased  the  r a t e  o f

45Ca++ e f f l u x .  The g r e a t e s t  i n h i b i t i o n  o f  45Ca++ e f f l u x

(pumping) occurred  with zero  e x t r a c e l l u l a r  [Na+] and [Ca++] ,  The 
45 4>4’Ca e f f l u x  had a Q1q o f  1.35 and was no t  reduced by d i n i t r o -  

phenol (an ATP s y n th e s i s  i n h i b i t o r ) .  These o b s e r v a t io n s  i n d i c a t e d  t h a t  

ATP was no t  d i r e c t l y  r e q u i r e d  as  an energy sou rce .  In s tead  the  energy 

was ob ta ined  from the  transmembrane [Na+] g r a d i e n t .  Reuter and S e i t z  

(1968) i n t e r p r e t e d  t h e i r  d a ta  in  terms o f  a b i d i r e c t i o n a l ,  f a c i l i t a t e d  

Ion exchange mechanism.
- 4* + 4-

The b a s ic  problem with  the  hypo the t ic a l  Na dependent Ca

exchanger was I t s  thermoc(ynamics. Only enough Na+ g r a d i e n t  energy was 

a v a i l a b l e  to  t r a n s p o r t  Ca++ ou t  o f  the  c e l l  when the  cytoplasmic

[Ca++] was g r e a t e r  than 16 micromolar (G U tsch  e t  a l . ,  1970).  

Controversy grew over t h i s  i s sue  and the q ues t ion  o f  whether a
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2Na+:lCa++, 3Na+:lCa++, o r  4Na+:lCa++ ion exchange s t o i c h i o ­

metry could be k i n e t i c a l l y  determined (M ul l ins ,  1979).  Evidence o f  

r e g u la t i o n  o f  the  r e s t i n g  cytoplasmic  [Ca++] by the  e x t r a c e l l u l a r  

[Na+] was demonst rated by Lee e t  a l .  (1980) in  r a b b i t  p a p i l l a r y  muscles
v

and by Bers & E l l i s  (1981) in  sheep pu rk in je  f i b e r s .  These exper iments
+ ++sugges ted  t h a t  the  Na /Ca exchange s to ic h io m e t ry  was g r e a t e r  than

2Na :lCa because the  cytoplasmic  [Ca ] was submicromolar.  A 

d e t a i l e d  study o f  the i n t r a c e l l u l a r  [Na ]  and [Ca ] ,  membrane po ten­

t i a l  and t e n s io n  by Sheu and Fozzard (1982) proposed t h a t  the  empir ica l  
+ ++

Na /Ca ion exchange s to ich io m et ry  was 2 .4  to  2 .6 .

Bridges and Bassingwaighte (1983) s tu d i e d  the  s to ich io m et ry  of  

Na /Ca exchange in  r a b b i t  v e n t r i c l e  and ob ta ined  a 3Na :lCa

s to ich iom et ry  in  an exper im ent where the  Ca pump d i r e c t i o n  was 

reversed  by rev e r s in g  the Na+ g r a d i e n t .  F i r s t ,  the  c e l l u l a r  potassium 

co n ce n t ra t io n  was lowered from 132 to  38 mM while the  c e l l u l a r  sodium

co n ce n t ra t io n  was in c reased  from 15 to  111 mM. This was accomplished by

re t rog rade  super fus ion  o f  whole r a b b i t  h e a r t s  w ith  10 micromolar ace ty l  

s t ro p h a n th id in  and 50 micromolar [Ca++] Tyrodes s o lu t io n  f o r  90

minutes .  Five to  f i f t e e n  minutes a f t e r  the  Tyrode 's  [Ca++] was

in c reased  to  12 mM, the i n t r a c e l l u l a r  [Na+] f e l l  from 105 to  84 mM 

while the  i n t r a c e l l u l a r  [Ca++] inc reased  from 6 .2  to  13.1 mM. The 

i n t r a c e l l u l a r  [Na+] f e l l  by 21 mM while  the  i n t r a c e l l u l a r  [Ca++] 

in c reased  7 mM.

D e ta i l ed  s tudy o f  a Na+/Ca++ exchange process  was beyond the

scope o f  t h i s  t h e s i s .  However, a s t im u la to r y  e f f e c t  o f  low [Na+] tf 

Ringers  on [Ca++]Q d e p le t io n  in  frog v e n t r i c u l a r  muscle during r e p e t i ­

t i v e  t r a i n s  of  a c t i o n  p o t e n t i a l  was observed (see f ig u r e  19) and t h i s
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r e s u l t  i s  c o n s i s t e n t  w ith  the Na /Ca exchange hyp o th e s i s .  D e ta i led  

s t u d i e s  by Luttgau and Niedergerke (1958) and Niedergerke (1963a) 

i n d i c a t e  an impor tan t  ro l e  o f  the  Na+/Ca++ composi t ion o f  the  

Ringers .  Na+/Ca++ exchange may have severa l  fu n c t io n s  s ince  a

s to ich io m et ry  o f  3Na+ :lCa++ makes i t  a v o l t a g e - s e n s i t i v e  Ca++ 

t r a n s p o r t  system. During membrane d e p o la r i z a t i o n  Na+/Ca++ exchange 

may br ing  Ca++ i n to  c e l l s .  Membrane r e p o l a r i z a t i o n  may reverse  t h i s  

p ro c e ss ,  sending Ca++ o u t  o f  c e l l s  (M ul l ins ,  1979).  R ep e t i t iv e  s t im ­

u l a t i o n  d i s t u r b s  the  i n t r a c e l l u l a r  [Na+] and [Ca++] ,  and e x t r a -
++ ++ 

c e l l u l a r  [Ca ] ,  and may a l t e r  the  n e t  Ca f l u x e s  c a r r i e d  by

Na+/Ca++ exchange a t  a l l  membrane p o t e n t i a l s .
++ ++A Ca s t im u la te d  Mg ATPase has been d e te c te d  in  the frog h e a r t

sarcolemma (Morcos, 1981).  This Ca++ pump i s  en e rg ize d  by ATP,
++ ++

dependent upon the  i n t r a c e l l u l a r  [Ca ] and [Mg ] ,  bu t  independent

o f  the  i n t r a c e l l u l a r  [Na+] and [K+] (Caroni & C a r o f o l i ,  1980; Morcos, 

1981; Beage e t  a l . ,  1981).  To d a t e ,  in format ion  on the  Ca++ ATPase has 

a r i s e n  mostly from membrane v e s ic le  s t u d i e s .  The c a r d iac  i n t r a c e l l u l a r  

[Mg++] may be r e l a t i v e l y  c o n s ta n t  a t  about 3mM (Hess and Weingart,  

1981; Hess e t  a l . ,  1982).  One problem has been t h a t  the  Ca++ ATPase 

s t u d i e s  have used subphysio log ica l  [Mg ] where the  Ca ATPase

s e n s i t i v i t y  to  Ca++ i s  g r e a t e r .  A second problem i s  the  lack  o f  a 

s p e c i f i c  Ca++ ATPase i n h i b i t o r .  Caroni and Caro fo l i  (1980; 1981)

i n h i b i t e d  the Ca++ ATPase in  v e s i c l e s  with o r thovanada te ,  lanthanum, o r  

t r i f l u o r o p e r a z i n e ,  drugs known to  have m u l t ip l e  s i t e s  o f  a c t i o n .  The 

a v a i l a b l e  exper imenta l  s t u d i e s  on c a r d iac  Ca++ ATPase are  i n s u f f i c i e n t  

t o  a s se s s  i t s  ro le  in  the  f rog  v e n t r i c l e .
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E. Pharmacological  M odif ica t ion  o f  the  Transmembrane Ca Flux
| |

The e f f e c t  o f  in o rg an ic  Ca a n t a g o n i s t s  and ca techolamines  upon

e x t r a c e l l u l a r  [Ca++3 d e p le t i o n  was examined to  he lp  t o  v a l i d a t e  the
| |  | |

measurement o f  e x t r a c e l l u l a r  [Ca 3 using Ca ion s e l e c t i v e  micro­

e l e c t r o d e s  and t o  t e s t  assumptions  concern ing these  a g e n t s .  P r ev io u s ly ,
45 ++te n s i o n ,  membrane c u r r e n t  and Ca uptake measurements have been
| |

used to  s tudy the  transmembrane Ca i n f l u x  1n a l e s s  d i r e c t  manner.
++One m i l l im o la r  managanese ions  blocked [Ca 3© d e p le t io n  

recorded  in  the  ETS - b y  56+9% in  5 exper iments  in  0 .20  mM

[Ca++3 Ringers .  Chapman and E l l i s  (1977a) o b ta in ed  about a 75%
|  | |  

i n h i b i t i o n  o f  low Na c o n t r a c tu r e  t e n s io n  when the  r a t i o  o f  [Ca 30

t o  LMn++30 was 0 .2  in  f rog  a t r i a l  t r a b e c u la e .  The block o f  e x t r a ­

c e l l u l a r  [Ca++3 d e p le t i o n  by Mn++ I s  c o n s i s t e n t  w i th  the  hypothes is
| |  | |  

t h a t  Mn com pe t i t iv e ly  an tagonizes  the transmembrane Ca i n f l u x .
| |

Mn has long been known to  I n t e r f e r e  with membrane ion t r a n s p o r t  ( F a t t

and Ginsborg,  1958; Hagiwara & Nakajlma, 1966; Rongier e t  a l , 1969;

Kohlhardt e t  a l . ,  1973; Chapman and E l l i s ,  1977a; Hagiwara and Byerly

1981; Reuter ,  1983).  One mechanism i s  t h a t  Mn++ b locks  the
|  | |

vo l tage-dependent  slow inward c u r r e n t  c a r r i e d  by Na and Ca in  f rog  

a t r ium (Rougier e t  a l ,  1969) and in  c a t  v e n t r i c l e  (Kohlhardt e t  a l . ,  

1973) w i thou t  s i g n i f i c a n t l y  In f lu en c in g  the  f a s t  Na+ c u r r e n t  (Rougier 

e t  a l . ,  1969).  As a r e s u l t  the  f a s t  ups troke  o f  the  f rog  v e n t r i c u l a r  

a c t i o n  p o te n t i a l  i s  no t  a l t e r e d  very much f o r  moderate [Mn++3 (Hagiwara
m

and Nakajima, 1965) b u t  the  p la teau  h e ig h t  and a c t i o n  p o te n t i a l  du ra t io n  

are  reduced. Manganese ion b locks  potass ium c u r r e n t  (Kass and Ts ien ,  

1975).  Mn++ a l s o  b locks  f rog  h e a r t  t e n s io n  development caused by 

a c t i o n  p o t e n t i a l s ,  low Na+ , and high K+ Ringers (Rougier e t  a l . ,  1969;
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Kohlhardt e t  a l . ,  1973; Chapman and E l l i s ,  1977; Anderson e t  a l . ,  1977).

Mn++ a l so  slows tens ion  r e l a x a t i o n  (Roule t  e t  a l . ,  1979). When high
++ ++

[Mn ] i s  used,  some Mn may e n t e r  f rog  h e a r t  c e l l s  and cause

c o n t r a c t i o n  (Chapman and E l l i s ,  1977b).  Kavaler e t  a l .  (1978) have shown

t h a t  Mn++ ra p id ly  b locks  tw i tch  tens ion  in  frog  v e n t r i c l e  w i thou t  a

s i g n i f i c a n t  change in  a c t i o n  p o te n t i a l  d u ra t io n .  In the  p re s e n t  study

a c t io n  p o te n t i a l  du ra t io n  was reduced by only 14%. Mn++ was a good

agent  to  use to  t e s t  the  v a l i d i t y  o f  the  technique developed in  t h i s

study because i t  was r a p i d l y  r e v e r s i b l e .

Ni a l s o  blocked e x t r a c e l l u l a r  [Ca ] d e p le t io n  bu t  the  p o s t -
++ ++

drug con t ro l  [Ca ]<, d e p le t i o n s  were d i f f i c u l t  to  ob ta in  s ince  Ni

was slow to  wash o u t .  Ni i s  known to  have a l l  the a c t i o n s  o f  Mn

plus  an i n h i b i t o r y  a c t i o n  on the i n a c t i v a t i o n  of  the  f a s t  sodium channel

(Babskii  & Donskikh, 1968; Kohlhardt e t  a l . ,  1973; Chapman & E l l i s ,

1977).  Ni++ prolongs the  frog v e n t r i c u l a r  a c t i o n  p o te n t i a l  du ra t ion

and lowers the p la teau  (Babskii  and Donskikh, 1968; Kline ,  1975; Morad e t

a l . ,  1981). The p ro longa t ion  of  the  f rog  v e n t r i c u l a r  a c t i o n  p o te n t i a l  i s

thought  t o  be due to  decreased  i n a c t i v a t i o n  o f  the  sodium channel

conductance (Babskii and Donskikh, 1968) and a decreased  r a t e  o f  K+

e f f l u x  (Kline and Morad, 1978). Thus Ni and Mn are  nonspec i f ic

Ca++ a n t a g o n i s t s .

Catecholamines have a p o s i t i v e  i n o t r o p ic  e f f e c t  (O l ive r  & Schafe r ,  

1895; E l l i o t ,  1905; Graham and Lamb, 1968; Niedergerke e t  a l . ,  1976; 

Morad e t  a l . ,  1981) in the  f rog  h e a r t .  The frog  v e n t r i c u l a r  tw i tch
i| ■[

t e n s io n  in 0 .3  mM Ca Ringers may inc rease  over ten  t o l d  with moderate 

doses o f  ep inephr ine  (Graham and Lamb, 1968).  In the  p re s en t  study 50 

micromolar ep inephr ine  in c re a se d  the magnitude and r a t e  of  e x t r a c e l l u l a r
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[Ca++] d e p le t io n  4 to  5 f o l d .  At the same time the  a c t io n  po ten t ia l  

d u ra t io n  was t r i p l e d  and the h e ig h t  o f  the  p la te au  was in c reased  (see 

Niedergerke e t  a l . ,  1976; Morad e t  a l . ,  1981).  The e f f e c t  o f  ep inephr ine  

on f rog  v e n t r i c u l a r  a c t i o n  p o te n t i a l  p ro longa t ion  had an ED^q o f  20 

micromolar.  This ED5Q i s  s i m i l a r  to  the  frog  v e n t r i c l e  be ta  r e c e p to r  

Kp determined in  com pet i t ive  binding exper im ents  with  [3H] d ihydro-  

a lp re n o lo l  by Hancock e t  a l .  (1979).  The EDjq  o f  ep inephr ine  in  the  

f rog  a t r ium  i s  10-100 t imes  lower  (Stene-Larsen and H e l le ,  1978.)  The 

p o s i t i v e  i n o t r o p ic  a c t i o n  o f  ep inephr ine  in  f rog  v e n t r i c l e  i s  n e i t h e r  

blocked by alpha a n t a g o n i s t s  i . e .  phetolamine (Morad e t  a l . ,  1981) nor do 

a lpha  a g o n i s t s  have any I n o t r o p ic  e f f e c t s .  Propranolol blocked the 

a c t i o n s  o f  ep inephr ine  i n  the  p re s en t  s tudy .  This was c o n s i s t e n t  with 

the  hypothes is  t h a t  ep ineph r ine  s t im u la t e s  Beta ad ren e rg ic  r e c e p to r s  in 

the f rog  v e n t r i c l e  (S tene-Larsen  and H e l le ,  1978; Morad e t  a l . ,  1981). 

I sop ro te reno l  was about ten  t imes more p o te n t  than ep inephr ine  in  the  

p re s e n t  study and in  the  r a d io l ig a n d  b inding  s tudy o f  Hancock e t  a l .

(1979).

Morad e t  a l . (1981) found t h a t  the  r e l a x a n t  e f f e c t  o f  catecholamines  

in  the f rog  v e n t r i c l e  predominated over  the  i n o t r o p ic  e f f e c t  a f t e r  1 

second o f  prolonged membrane d e p o la r i z a t i o n .  The p r e s e n t  study i n d i c a t e s  

t h a t  the  r e l a x a n t  e f f e c t  o f  catecholamines  in  the  frog v e n t r i c l e  i s  no t  

due t o  a n e t  re v e r sa l  in  the  transmembrane Ca++ f lu x  dur ing  a c t i o n  

p o t e n t i a l s  exceeding a one second d u ra t io n  (see f i g u r e s  23 and 24). 

Secondly,  the  p re s en t  stucty s p e c i f i c a l l y  demonstra tes  f o r  the  f i r s t  time 

t h a t  the  transmembrane Ca++ f lu x  i s  in c reased  a l though i t  has been 

known f o r  a long time t h a t  the  c a r d ia c  slow inward c u r r e n t  i s  Inc reased  

by ca techolamines  (Vassor t  e t  a l . ,  1969; Reuter ,  1974; Reuter & Scholz ,
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1977) .  There has been no r e p o r t  sugges t ing  t h a t  any e f f e c t  o f  c a te c h o l ­

amines i s  mediated v ia  Na+/C a ++ exchange. The e f f e c t  o f  ep inephr ine  

was e a s i l y  r e v e r s i b l e  and the p re p a ra t io n  d id  no t  appear  to  d e s e n s i t i z e  

t o  the  ca techolamine.

The p r e v a i l i n g  general  hypothes is  o f  catecholamine a c t io n  in  ca rd iac  

muscle invo lves  th r e e  s i t e s  o f  a c t i o n .  Catecholamines 1) in c re a se  the 

slow inward calc ium c u r r e n t ,  2) in c rease  the  Ca++ c a p a c i ty  o f  the  

sarcoplasmic  re t icu lum  and 3) decrease  the  a f f i n i t y  o f  the  c o n t r a c t i l e  

p r o t e i n s  f o r  Ca++ (Rinald i  e t  a l . ,  1982; LePeuch e t  a l . ,  1980, 1981 ; 

So laro  e t  a l . ,  1976; Mope e t  a l , 1980; McClellan and Winegrad, 1978, 

1980; K irchberger  e t  a l . ,  1974; Reuter ,  1983).  In a l l  th ree  cases  

p ro t e in  a t  the  s i t e  o f  a c t i o n  i s  phosphoryla ted  by a Cycl ic  AMP a c t i v a t e d  

p r o t e i n  k inase  (Tsien ,  1977).  The i n t r a c e l l u l a r  [Cycl ic  AMP]:[Cyclic 

GMPJ r a t i o  i s  no t  c o n s t a n t  dur ing  s in g le  f rog  v e n t r i c u l a r  a c t i o n  

p o t e n t i a l s  (Wollenberger e t  a l . ,  1973; Brooker,  1973).  During tw i tch  

t e n s io n  development the  i n t r a c e l l u l a r  [Cycl ic  AMP] in c re a s e s  and the  

i n t r a c e l l u l a r  [Cyclic  GWP] f a l l s .

Singh e t  a l . , (1 9 7 8 )  have found t h a t  i so p ro te r e n o l  causes  a su s ta in e d  

in c re a se  In the  i n t r a c e l l u l a r  [Cycl ic  AMP] while t r a n s i e n t l y  decreas ing  

the  i n t r a c e l l u l a r  [Cyc l ic  GMP]. The ten s io n  in c rease  due to  c a t e c h o l ­

amine s t im u la t io n  i s  l i n e a r l y  p ropor t iona l  t o  the  % change in  the  i n t r a ­

c e l l u l a r  [Cyc l ic  AMP]/% change 1n the  [Cyclic  GMP] (Singh e t  a l . ,  1978). 

I n t e r e s t i n g l y ,  F l i t n e y  e t  a l . ,  (1977) have shown t h a t  the  development o f  

the  f rog  v e n t r i c u l a r  hypodynamic s t a t e  1s accompanied by a decrease  in 

the  i n t r a c e l l u l a r  [Cycl ic  AMP]:[Cyclic GMP] r a t i o .  The a p p l i c a t i o n  o f  

i n t r a c e l l u l a r  c y c l i c  n u c le o t id e s  can mimic the  a c t i o n  of  catecholamines  

l l s i e n  e t  a l . ,  1972; Nargeot e t  a l . ,  1983).  Thus, the  p r in c ip a l  e f f e c t
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o r  catechol  amine binding  to  Beta r e c ep to r s  i s  to  inc rease  the  r a t e  o f  

s y n th e s i s  o f  i n t r a c e l l u l a r  Cycl ic  Amp (Ramussen and Goodman, 1977; Ts ien ,  

1977).  The i n t r a c e l l u l a r  [Cyclic  AMP] i s  r e g u la ted  in  p a r t  by the

i n t r a c e l l u l a r  [Cyclic  GMP] (F l i tn e y  and Singh, 1981).

The r e l a t i o n s h i p  between the drug c o n ce n t r a t io n  and the i n t r a c e l l u l a r  

c y c l i c  nuc leo t ide  c o n c e n t r a t io n  i s  a c u r r e n t  a rea  o f  i n t e n s iv e  pharmaco­

lo g ic a l  re s ea rc h .  I t  i s  known t h a t  ca techolamines  e l e v a t e  the  c y t o s o l i c  

c o n ce n t r a t io n  o f  c y c l i c  n u c le o t id e s  which i n d i r e c t l y  in c rease  the  slow
■j*

inward Ca c u r r e n t  and decrease  the  s e n s i t i v i t y  o f  the  c o n t r a c t i l e
++

e lements  to  the i n t r a c e l l u l a r  [Ca ] .  The e f f e c t s  o f  catecholamines  on 

the  f rog  h e a r t  c e l l  SR are  unknown.

Catecholamines in c re a se  the r a t e  o f  r e l a x a t i o n .  This e f f e c t  i s  s t i l l  

e v id e n t  in  sodium f r e e  Ringers  (Roule t  e t  a l . ,  1979).  This sugges ts  t h a t  

ca techolamines  may s t im u la te  a (Na+- independent)  Ca++ e x t r u s io n  p ro ­

ces s  i f  h e a r t  c e l l s  must ex t rude  Ca++ to  r e l a x  t e n s i o n .  The r e l a x a n t

e f f e c t  i s  a l s o  e v id e n t  in catecholamine exper iments  with  aequorin  (Allen

& B l inks ,  1978).  The i n t r a c e l l u l a r  [Ca++] i s  e s t im a te d  from the  l i g h t

emission of  f rog  a t r i a l  c e l l s  i n j e c t e d  with the  calc ium s e n s i t i v e  photo-
++

p r o t e i n ,  aequor in .  The i n t r a c e l l u l a r  [Ca ]  and ten s io n  f a l l  a t  a much 

g r e a t e r  r a t e  in  c a techo lam ine-s t im u la ted  ve rsus  con t ro l  frog a tr ium 

(Allen and B l inks ,  1978).

The e f f e c t  o f  ep in ep h r in e  on e x t r a c e l l u l a r  b e a t  t o  b e a t  [Ca++] Q 

d e p le t io n  was blocked p a r t i a l l y  by 1 m i l l im o la r  Mn++ and more com­

p l e t e l y  by 1 m i l l im o la r  Ni++. The a c t io n  p o t e n t i a l  was only s l i g h t l y  

shor tened  with Ni++, i n d i c a t i n g  t h a t  Ca++ in f l u x  can be blocked 

w i thou t  causing s u b s t a n t i a l  sho r ten ing  o f  the  a c t i o n  p o te n t i a l  d u ra t io n .  

This approach would be a usefu l method in fu tu r e  s t u d i e s  to  d i s s e c t  out
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th e  im por tan t  f e a t u r e s  o f  catecholamine s t im u la t i o n .  For example,  i s  the  

enhanced Ca in f l u x  more impor tant  than the change in  the i n t r a ­

c e l l u l a r  [Cyc l ic  AMP]? Ni++ has been shown to  block the  p o s i t i v e  

i n o t r o p i c  e f f e c t  o f  e p in ep h r in e  and the  slow Inward c u r r e n t  (Morad e t  

a l . ,  1981).

The measurement o f  the  e x t r a c e l l u l a r  [Ca++] in  f rog  v e n t r i c u l a r  

muscle has provided r e s u l t s  which i n t e r p r e t e d  w i th  c a u t i o n ,  a l low the  

r e l a t i o n s h i p s  between the  transmembrane [Ca++] f l u x ,  tw i tch  t e n s io n  and 

a c t i o n  p o t e n t i a l  d u ra t io n  to  be s tu d ie d .  The o b se rv a t io n s  o f  the present 

s tudy suppor t  many o f  the  hypotheses  concern ing the  f rog  v e n t r i c l e .  The 

new technique de sc r ibed  in  t h i s  t h e s i s  demonstrates  t h a t  the  transmem­

brane Ca++ f lu x  can be s p e c i f i c a l l y  s tu d ie d  in  a r a p id  and continuous 

manner in  i n t a c t  c a r d ia c  t i s s u e .  The importance o f  the  h i s to lo g y  o f  the  

t i s s u e  can be b e t t e r  unders tood.  L a s t ly ,  t h i s  approach can be used to  

s tudy c e l l u l a r  Ca++ e f f l u x  w i thou t  regard  to  whether t h i s  e f f l u x  

g enera te s  membrane c u r r e n t .
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VI SUMMARY

1. E x t r a c e l l u l a r  calc ium ion co n cen t ra t io n  was measured in  the  e x t r a ­

c e l l u l a r  spaces  o f  frog  v e n t r i c u l a r  muscle s t r i p s  with  a Ca++ s e l e c t i v e
++

m icroe lec t rode  (time c o n s t a n t  0 .3  -  0 .6  seconds; Fluka Ca neu t ra l  

c a r r i e r  exchange c o c k t a i l ,  Simon e t  a l ; 1978; o f  t i p  d iameter  1 . 5 - 3  

m ic rons ) .  The e x t r a c e l l u l a r  p o t e n t i a l  (V0 ) was measured when double o r  

t r i p l e  b a r r e l  ion s e l e c t i v e  m ic ro e lec t ro d es  were used.  The transmembrane 

p o t e n t i a l  was measured with a conventional  3M KC1 f i l l e d  m icroe lec t rode  

in the i n t r a c e l l u l a r  space o f  a sepa ra te  f rog  v e n t r i c u l a r  muscle s t r i p .

2. The e x t r a c e l l u l a r  [Ca++] was monitored dur ing  the course o f  a 

s in g l e  a c t i o n  p o t e n t i a l ,  bu t  the  measured change was probably under-  

e s t im a te d  by 20%. [Ca ] d e p le t io n s  o f  up to  50 micromolar (from 

0 .20  to  0.15 mM) were seen.

3. During the a c t io n  p o te n t i a l  the  e x t r a c e l l u l a r  [Ca ] continued 

to  f a l l  i n d i c a t i n g  n e t  c e l l u l a r  Ca++ uptake .  R ep o la r i za t io n  stopped 

the  d e p le t io n  which then subsided with a t ime c o n s t a n t  o f  1-5 seconds.

4. During sudden in c r e a s e s  in  h e a r t  r a t e  (from 1 to  3-60 per minute)

th e  [Ca++] Q d e p le t io n  seen dur ing s in g le  a c t i o n  p o t e n t i a l s  summed,

r e s u l t i n g  in  a slowly e q u i l i b r a t i n g  d e p le t io n  compared with the  more 

r a p i d l y  e q u i l i b r a t i n g  e x t r a c e l l u l a r  [K+] accumula tion.  The slow

[Ca++] Q d e p le t io n s  were g r e a t e r  a t  h ighe r  h e a r t  r a t e s ,  ba th  [Ca++] ,  

and a t  deeper depths in the  t i s s u e  e x t r a c e l l u l a r  space .
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5. At high h e a r t  r a t e s  the  [Ca++] Q d e p le t i o n  s a t u r a t e d  and the 

t ime c o n s t a n t  o f  the  d e p le t io n  decreased s e v e r a l - f o l d  (from 60 to  10 

seconds) .  I t  i s  hypothesized  t h a t  the  transmembrane Ca++ f lu x  v a r i e s  

with  [Ca++] Q.

6. A f te r  3-4 minutes  o f  r e p e t i t i v e  s t i m u l a t i o n ,  the  slow [Ca++] Q 

d e p le t io n  a t t a i n e d  a minimum leve l  and t h e r e a f t e r  slowly subsided during 

the  nex t  20-30 minutes o f  s t im u la t io n .  When s t im u la t io n  was stopped the 

[Ca++] Q in c reased  f o r  20-30 minutes above the ba th  [Ca**] by 

roughly  the  magnitude o f  the  d e p le t i o n .  During b r i e f  r e p e t i t i v e  

s t i m u l a t i o n ,  [Ca++] Q d e p le t io n  and i t s  time c o n s ta n t  were decreased 

when the  Ca e x t r u s io n  p rocess  had been a l ready  a c t i v a t e d .

7. Low Na* Ringers markely shor tened  the a c t io n  p o te n t i a l  du ra t ion  

b u t  [Ca**]Q d e p le t i o n s  were no t  p ro p o r t i o n a t e ly  reduced. E i th e r  low 

Na+ Ringers in c r e a s e s  c e l l u l a r  Ca++ uptake o r  c e l l u l a r  Ca** uptake 

occurs  l a r g e l y  in  the e a r l y  phase of the a c t i o n  p o t e n t i a l .

8.  Continuous membrane d e p o la r i z a t i o n  by low Na*/high k+ Ringers
*4**4* *4**4*

caused prolonged [Ca ] d e p le t io n  and a c t i v a t e d  a Ca e x t ru s io n
++ ++ 

process .  Prolonged [Ca ] Q d e p le t io n  i n d i c a t e s  t h a t  c e l l u l a r  Ca

uptake i s  no t  completely  i n a c t i v a t e d  by membrane d e p o la r i z a t i o n .

9. Manganese ion r e v e r s i b l y  blocked [Ca**]Q d e p le t i o n .  Nickel

ion  blocked [Ca**]Q d e p le t io n  bu t  was l e s s  r e v e r s i b l e .
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10. Catecholamines in  0.050 mM Ca++ Ringers prolonged the  a c t io n

p o te n t i a l  d u ra t ion  s e v e r a l - f o l d  and inc reased  the r a t e  and magnitude of  
++

b e a t  to  b e a t  [Ca ] d e p le t io n s  s e v e r a l - f o l d .  The e f f e c t  o f  ep inephr ine

was completely  an tagonized  by propranolol i n d i c a t i n g  t h a t  [Ca++] Q

d e p le t io n  and the  a c t i o n  p o te n t i a l  du ra t io n  a re  modulated by a Beta

ad ren e rg ic  r e c e p to r .  The r e l a x a n t  e f f e c t  o f  catecholamines  (Morad e t

a l . ,  1981) i s  no t  due to  a r eve rsa l  in  the  transmembrane Ca++ f lux

a f t e r  1 second of  membrane d e p o la r i z a t io n .  Nickel ion antagonized the
++

augmentation o f  b e a t  to  b e a t  [Ca ] d e p le t io n  induced by 

ca techol amines.

11. The negat ive  phase o f  tw i tch  t e n s io n  s t a i r c a s e  in  low Ca++ 

Ringer (Brown & Orkand, 1968) co inc ided  with the time course o f
++ 4*+[Ca ] d e p le t io n .  The % tw i tch  tens ion  depress ion  and % [Ca ] 

d e p le t io n  were s i m i l a r .  For small increments in h e a r t  r a t e ,  tw i tch

ten s io n  depress ion  i s  prolonged. A f te r  s u f f i c i e n t  time has passed to  

a c t i v a t e  Ca e f f l u x ,  r e t u r n  to  a slower h e a r t  r a t e  caused a prolonged 

tw i tch  ten s io n  overshoot  with a magnitude and du ra t io n  s i m i l a r  t o  the 

t e n s io n  dep ress ion .  I t  i s  concluded t h a t  e x t r a c e l l u l a r  [Ca++] dep le ­

t i o n  has a ro le  in the  hypodynamic f rog  v e n t r i c l e  tw i tch  t en s io n  response .

++ 2
12. The e s t im a te d  n e t  transmembrane Ca inf lux/cm c e l l  membrane

++ 2 
in  0.050 -  1 .0  mM Ca Ringers (0 .05 -  0 .88 p icom oles /cm /second)

i n c re a s e s  the cy toplasmic  [Ca++] to  0 .5  -  8 .8  micromolar.  I t  i s

concluded t h a t  s u f f i c i e n t  e x t r a c e l l u l a r  Ca++ e n t e r s  f rog  v e n t r i c u l a r

muscle c e l l s  dur ing the  a c t io n  p o te n t i a l  to  d i r e c t l y  cause the  observed

c o n t r a c t i o n .
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