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The alternt~ting contraction o r  the ventricle is not a simple pathological pl~enonie- 
not1 but rather a general pliysiological function, that makes its appcnr;tllce i n  many 
circutnstances, . . . . We have, i n  fact, to deal wit11 a capacity o f  the cardiac muscle 
w l l i c l~  ct~:tblcs t l ~ e  ventricle to go on with rhyt l~ni ical contractions even under 
abnort~ial conditions. 

Musketis (1907--08) 

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

Ucat t o  beat al ternat ion in the intensity o f  t l ie peripheral arter ial  pulse was 
l i rst  described using graphical recording techniques m o r e  than a century ago. 
'This al tcrt iat ioa is usually a t t r ibuted t o  a n  alternat ion in the force of 
contract ior i  o f  the left  ver~t r ic le  of t l ie  heart. Per l~aps  the sinlplest way in 
w l ~ i c l ~  altcrn:ltion cou ld  occur is  i f t l ~ e r c  wou ld  be a s in~ul taneous concordant  
al ternat ion of l l i e  lbrce of contract ion i n  a l l  cells of t l ie left  ventricle. I n  1882 
Gaskcl l  p u t  fo r t l i  a n  al ternat ive hypothesis stat ing that  a beat t o  beat 
t ~ l t c n i a t i o n  in the intensity of t l ~ c  l ieart  beat cou ld  be due t o  spatial 
inliotnogeneities in contract i le act iv i ty  i n  di l rerent areas of the ventricle: 'The 
explanation, therefore, of this al ternat ion in the force o f  the contract ions 
niust be sought f o r  i n  tl ie muscular tissue itself, a n d  i t  seems t o  m e  that  the 
Ccll lo  Ccll Sigllrlling: From CopyrigM C 19x9 Audemt  Frcu Limirrd 
l i r ~ ~ i ~ ~ i c n ~ r  I‘, 'I hcorc~ical M d c l s  An righu of tqmduclion in 
lSNN 0-12-287960-0 , 551 ram ,- 
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~ l l o s t~ j rob;~\ ) lccxl) l : r l~at ior~is I l la t  a larger a l l lou l l t  o f  tissue cotitri1cts when 

the beats :Ire I:~rgc tl1;111 WIICI~ tI1at tl lcrclbrc, ill all
t l ~ e y  are s~na l l ,  ;IIICI 

~ j roh :~ \ j i l i t y .c c r t ; ~ i ~ ~  respo~ ld  on ly  t o  every seco~ld 
por t ions o f  the v e ~ ~ t r i c l e  

' 
i ~ ~ ~ p u l s e ,  r c s p o ~ ~ dwll i lc ot l ler p o r t i o ~ ~ s  t o  every i111l)ulse'. A t l ~ i r d  possibility, 

tI1:1t tllere c o r ~ l d  be ;I2 :  1 respouse i n  t w o  dill'erent subpopu la t io~~s ,  
wit11 the 

c o ~ ~ t l u c t e t l  a l t c r~ la te  beats in the t w o  subpopulations, was 
beat occurr ing OII 


sr~ggestctl b y  M ines  (1913). 

W i t l i  the a d v e ~ ~ t  
ol 'electrical recording tecl~niqnes, electrical alternans was 


observed i n  w l ~ o l e  l lcarts us ing extracellular (I-lellerstein a n d  Liebow, 1950) 

a ~ l dintraccl lular (Down;~r  et trl., 1977) recording tecliniques. I n  the latter 

case, eve11 111ougl1 ol le recorrls the t r a ~ l s ~ l ~ c ~ l ~ b r ; ~ n e  o f  a single cell. i t  
p o t e ~ ~ t i a l  

is i ~ ~ ~ l ) v s s i b l e  t o  say WIIC~IIC~o r  1101 the b e i ~ t  t o  beat a l t e r n a t i o ~ ~  
i n  tlie 

IIIO~-pllology o f  t l ~ e  : ~ c t i o ~ ~  see11 i n  t l ~ a t  t o  the cell o r  is 
p o t c ~ ~ t i a l  cell is i ~ ~ t r i r ~ s i c  

due t o  :III clect roto~l ic  i ~ ~ j c c t i o ~ ~  cells that are 
o f  current f r o m  ~ ~ e i g l ~ b o u r i ~ ~ g  

coul j lcd t o  the cell i n  c l u c s t i o ~ ~  g a p - j u n c t i o ~ ~ a l  111
b y  low- rcs is t ;~~~ce  p i ~ t l ~ w a y s .  

the I ;~tter case. t l ~ c  ; ~ l t e r n i ~ r ~ s  be at  least p :~r t ly  due t o  tl ie fact that  the 
C:III 

s t i~nu lus  c l ~ r r e l ~ t  i ndelivered t o  the cell is  i tsel f  a l tcrn;~t i~ lg .  F o r  e x a ~ ~ ~ p l e ,  

v ir tual ly a l l  types o f  cardiac tissue, a l t e r ~ ~ a t i o ~ ~  p o t e ~ ~ t i a l 
o f  a c t i o ~ ~  ~ ~ ~ o r p l ~ o -
logy ca l l  be see11 i n  the region o f  b lock w l i e ~ ~  2: 1 b lock occurs (see Guevara, 

1984, I b r  refereaccs). Mode l l i ng  w o r k  i l idicates that  i n  one such instance 

a l t e r ~ ~ : ~ t i o ~ ~  current
is i l ldeed secontlary t o  the fact that  the l l o w  o f  s t i~ l l u lus  

i n t o  tl lc region o f  b lock f r o m  regious distal  t o  the site o f  b lock is itself 

a l t e r ~ ~ ; ~ t i ~ ~ g : 
the a l tern;~ l ion is thus n o t  i l l t r i l ls ic t o  the cells ill question 

(Cinevari~. 1988, l igure 3D). 


In l ight  o f  the :~bove consitlerations, i t  seemed t i ~ n e l y  fo r  us t o  investigate: 

( i )  w l~e t l l e ro r  ~ i o t  a single, isolated, quiescent v e ~ ~ t r i c u l a r  cell cou ld  be made 

t o  displ:~y al ter~lans; ( i i )  wl let l ler o r  n o t  a l t e r n a ~ ~ s  seen
cou ld  be ill a 

~ l ~ a t l l e ~ n a t i c a l  membrane.
1110del o f  a patch o l ' i sopo te~~t ia l  

METHODS 

E x p e r i m e n t a l  

Single v e ~ ~ t r i c u l a rcells are isolated f r o m  rabb i t  hearts using standard 
tec l~niques (Giles a n d  van G i n ~ l e k e n ,  1985; Gi les a n d  I n ~ a i z u ~ n i ,  1988). The  

l ~ e a r t  is  r e ~ n o v e d  fro111 the a ~ ~ i n ~ a l ,  
a n d  the coro l lary  arteries perfused w i th  a 

heated (37°C). oxyge~~ated ,  f lowing t l l rough the aor ta 
bu l lered salt s o l u t i o ~ i  

i n  t l ie retrograde direct ion. ' l ' l~e heart is l i rst  perfuscd using a s o l u t i o ~ i  w i t h  a 

p l~ys io log ica l  Ca2.* c o ~ l c e ~ ~ t r a t i o ~ i  t o  wash o u t  the b l o o d  f r o m  the 
(2.2 mt.1) 

coro l lary  bed, t l ~ e n  wit11 a low-Ca2+ solution, and  l i ~ l a l l y  wit11 a low-Ca2+ 

s o l u t i o t ~  c o ~ ~ t a i ~ ~ i ~ ~ g  
a nixl lure o f  the ellzylnes collagenase (Signla, type I A :  
5UU U/IIII) i111d t r Y P s i ~ < ( ~ i g ~ ~ ~ a .  l ' l l c  low-Ca2+ s o l u l i o ~ ~  type 1 1: 249 U/III~). is 

~ n a d e  b y  adding I 5  pln Ca2+ t o  a n o ~ n i n a l l y  Ca2+-free solution. The 
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c o ~ ~ i l ) o s i t i o ~ ~  o f  ti le ~ ~ o ~ l i i n a l l y  121, K C 1  (HIM) zero [Ca2+]  so lu t io t~  is: N;ICI 
5.0, MgCI, 1.0, N a l l C O ,  15, Na,lll'O, l.U, Na-C11,COOI 1 2.8, glucose 5.5. 
A l l  solutions :Ire gassetl w i t h  carbogen (95"/n 0,-5% CO,). St1 ips o f  tissue are 
t11e11 cut  0111 o f  t l ~ c  r ight  ventricle. I ' l lese strips are cu t  i n t o  cllnnks, which are 
placed i l l l o  :Iheated (37°C) b a t h  c o ~ i t a i n i n g  low-Ca2+ s o l ~ ~ t i o n  si t t ing o n  a 
gyr:rting table ro ta t ing  at  70 r.p.nI.. Th is  combined m e c l ~ a ~ ~ i c a l  and  c l ien~ ica l  
d i g e s t i o ~ ~  up, yielding a suspensio~i o f  s i ~ ~ g l e  breaks the c l l u ~ ~ k s  cells. 

The  cells are then placed i l l t o  a chamber s i t t ing at  roo111 telnperature (24- 
27°C) OII the stage o f  a n  inverted microscope. l ' he  above isolat ion procedure 
produces quiescent, rod-shaped cells wl i ich are 'calcium-tolerant', i.e. whic l i  
d o  1101 d ie wl len the experimental cl iamber is perfused w i t h  solut ion a t  a 
p l~ys io log ica lCa2+ c o ~ ~ c e n t r a t i o n  o f  2.2 m M .  A glass suct ion ~ i~ ic roe lec t rode  
is t l ~ e n  l losi t ioned using a n i ic rch ian ipulator  t o  come i n t o  contact wit11 t l ie 
m e n i b r a ~ ~ e  seal o f  resistance 2- o f  a cell, w l~ereupon  a n  electrode-niembrane 
I 5  GlIl is f o r ~ n c r l  u p o n  appl icat ion o f  slight suction. A suct ion pulse then 
disrupts the palch o f  ~ l ~ e ~ ~ i b r a ~ ~ e  sealed o l r  b y  the t i p  o f  the n~icroelectrode. 
Since the electrolytic solut ion w i t l ~ i n  the pipette (composi t ion (111t.t):K C 1  140, 
ECi l 'A 5. CaCI, 1.54, MgCI,  I,Na,A?'P 5, H E P E S  5, bulPered t o  p H  =7.0 
w i t l i  K O H )  is then contiguous wit11 the intracel lular fluid, the potent ial  
t l i l lere~lce between the niicroelectrode and  a second electrode placed i n  the 
b a t l ~ i ~ ~ gl lu id  s u r r o u ~ l d i n g  the cell can  then be measured. l ' l i i s  potent ia l  
d i l l e rc~ lccis the t r a t ~ s ~ i ~ e n ~ b r a n e  A periodic t ra in  o f  current pulses p o t e ~ ~ t i a l .  
o f  c o ~ ~ s t a ~ ~ t  can then be delivered t o  the cell througl i  t l ie same a ~ ~ ~ p l i t u d e  
n~icroelectrode t o  stinlulate the cell. 

N u m e r i c a l  

W e  k n o w  o f  n o  published ion ic  models o f  the rabb i t  ven t r i c i~ la r  heart cell. 
F o r  this reason, we investigate the mode l  o f  Beeler and  Reuter (1977) which 
describes ungulate ventr icular libres. There are five ion ic  currents in this 
model: the fast i nward  sodiuni  current (I,,), the slow inward  calcium current  
(I,), t l ie time-dependent ou tward  potassium plateau current (I,,),and the 
time-il ldependent potassium a n d  sodium leakage currents (I,,,I,,,).Nu-
merical integrat ion is carr ied o u t  in single precision (approximately seven 
s ig~i i f icant  decimal digits) o n  a Hewlett-Packard min icomputer  (model  
IUUUF) using a n  e l l ic ie~ i t  variable time-step Euler a l g o r i l h ~ n  (Vic tor r i  et al., 
1985) previously used b y  us in a model l ing study o f  phase-resetting in 
Purk in je  fibre (Guevara a n d  Shrier, 1987). l ' h e  m a x i m u m  change in the 
t ransme~nbranepotent ial  AV al lowed in i terat ing f r o m  t ime t t o  t ime t + At is 
0.4 mV.  Wl ien  a value o f  AV larger than  this upper l i m i t  results, the 
i ~ ~ t e g r a t i o ~ ~t in ie  step At is successively halved and  the calculations redone 
u n t i l  A V i s  less i l l a n  0.4 m V .  Wl ien  A V is less than  0.2 nlV, At i s  doubled fo r  
the fo l lowing i terat ion. Under  these conditions, the value o f  At ranges 
between Ips a n d  8.192 ms, a n d  the voltage waveform is very close t o  that 

http:r.p.nI.
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: ~ p p c a r i ~ ~ g  o f  the ~ ~ ~ o d c l  ill the original d e s c r i p t i o ~ ~  (Ileeler and  Renter. 1977). 
I n  a d v a n c i ~ ~ g  f r o m  t i ~ n e  t t o  tinie r + Ar, the con t r ibu t ion  o f  the lransnieln- 
br:~~:ec a r r e ~ l t  t o  A V  is c a l c ~ ~ l a t e d  i n  footnote 2 using the f o r ~ i i u l a  i ~ p p e a r i n g  
o f  V ic to r r i  er ul. (1985). Since the t ime step is variable, i t  IIIUS~ be adjusted 
w11e11 current pulses are delivered so that the current starts and stops at  
exactly the r ight  times. T h e  t i n ~ e  constants and  asy~ i ip to t i c  values o f  the 
various :~ct ivat ion and  inact ivat ion variables (III. /I,,/, [ I , / ;  .yI) are stored i n  a 
table at steps o f 0 . 2  I~IV ;111d l inear i ~ ~ t e r p o l a t i o n  is used t o  extract ou t  their 
valr~es at a l ly  given volt:~ge V .  L'Hbpi la l 's  ru le  niust be appl ied when 
necessary i n  c a l c u l a t i ~ ~ g  In i t i a lthe rate co~ ls ta l l t  u,,, and the current I,!. 
c o ~ ~ d i t i o ~ ~ s  and  inact ivat ion variables were those appropriate to  o n  a c t i v a t i o ~ ~  
the n i e ~ ~ ~ b r : ~ n e  resting at V =  - the84 n i V  fo r  an  inf ini tely long  time, a ~ ~ d  . 
i ~ ~ i t i a l  o n  [Ca2+ j  was [Cal+]=O.l  p ~ .Th is  voltage o f  c o ~ ~ t l i t i o n  i ~ i t e r ~ ~ a l  
-84 I~ IV  is close t o  the resting potelltit11 i n  the niodel. 

R E S U L T S  

E x p e r i r i i e n t a l  

I T o r  the pulse a ~ ~ ~ p l i t u d c  o ~ ~ l y( A )  sull iciently low, one o b t : ~ i ~ i s  a s u b t l ~ r e s l ~ o l d  
rcsl)cmsc t o  c i ~ c l ~  s l i n ~ r ~ l u so f  the ~ ~ ~ l s c  ' l ' l ~ i s  1:0 respollsc cal l  be s c c ~ ~  I~:I~II. at 


between s t i t ~ ~ u l i .  a t  a given r,, 
any value ofr,, the t i t ~ ~ e  F o r  A sull iciently l ~ i g l ~  Fig. 1. Allernans i n  an isolated rabbit ventricular cell. The transrnernbrane 
t l ~ es t i ~ n r ~ l r ~ s  and  so one cal l  obta in  a c t i o ~ ~  potential is s l ~ o w n  as a function of tirne. (A) 1: l  rhythm. t,=700ms. (B) 2:2is s u p r i ~ t l ~ r e s l ~ o l t l ,  potentials. I n  
t l ~ : ~ tc:lse, I'or r, sull iciently large, one sees a i n  w l i i c l ~  each I:I r h y l l ~ ~ n ,  rhythm, t,=430 rns. (C) 2:l rhytllni, t,=350 rns. Pulse amplitude=l.O nA, pulse 

s t i ~ ~ ~ ~ ~ l r ~ s  (1-ig. I A ) .  ( A n  N : A l  r l ~ y l l ~ n i  duration=lOms. Ternperature=26"C. Sufficient tirne has been allowed to  let protlrlccs a l l  : ~ c l i o n  ~ ~ o l e n t i a l  is a 
pcriot l ic ~ > i l t t c r ~ ~  c o ~ ~ s i s t i ~ ~ gof'~.cpe:~tingN : M  cycles e:icl~ COII~:I~II~II~ Ns t i n ~ u l i  transients pass. Sliniulus artefact retouched. 

: ~ n d  A4 : ~ c t i o ~ ~  o l ' t l ~ epotenlials. I ' h c  pcr iod o f r c p c t i t i o ~ ~  wave lor^^^ is thus Nr,. 
' l ' l ~ c  At act ion ~ > o t e ~ ~ l i : ~ l s  11:ivc M di l lc rcnt  111ol-pholopies.) w i l l  ill g c ~ ~ c r a l  

F o r  A chosen correctly, :IS r, is tlccrc:~sctl. t l ~ e  I:I r l ~ y t l ~ n i  seen at a p:~rt icul:~r a n ~ p l i t u d ea t  fixed r, depends o n  whether A was increased w i l l  bc converted 
direct ly i l l t o  a 2:2 r l ~ y t l ~ ~ ~ ~ .  o r  decreased t o  arr ive a t  that value. If a well-t i l l led extra s t i~ i i u lus  pulse is w i t l ~ o u t  any o t l ~ e r  patter11 being seen. F igure I D  
s l ~ o w san cx;~ri~ple s l ~ o w i ~ ~ g  i n  the ~ n o r p l i o l o g y  added t o  the basic current pulse train, i t  is possible l o  convert a 2:l rhythrn o f a  2:2 r l i y l l ~ ~ ~ ~ ,  a l l  a l t c r ~ ~ a ~ i s  
o f  the act in^^ potential. W l ~ i l c  Il lere is a l l  al ternat ion ill Inany o f  tlie i n t o  a 2:2 o r  a 1:1 r l i y t t i ~ i i .  In ject ing a n  extra st imulus o r  d ropp ing  one 

o f  tl ie periodic dr ive t ra in  can also convert a I:I o r  2:2 rhyt l i rn  i n t o  a I):tra~llctcrs t l ~ i ~ t  potential, the al ternat ion is s t i ~ n r ~ l u scal l  be usctl t o  describe an  a c t i o ~ ~  
probably  ~ i i o s t  s t r ik ing ill act ion potent ial  anipl i tude and  durat ion. A s  r, is 2:l r h y t l ~ n i .  Th is  i l lustrates that bistabi l i ty is present, w i t h  [l ie cell being 

decrcascd furtl ier, the a l t c r ~ ~ a ~ ~ s  ' 
capable o f  suppor t ing two  d i f k r e n t  periodic rhy thms a t  a fixed conib inat ion becon~es Inore niarked, w i th  tl ie a ~ n p l i t u d e  

and  t l u r a t i o ~ ~  Eventually, t l ie 2:2 o f  A and  r,. o f  the s~nal ler  :~c l ion  potent ial  decreasi~~g.  
r h y t l ~ n ~  i l l t o  a 2:l longerc o ~ ~ v e r t s  r l ~ y t h n i ,  wit11 every second s l i~ i i u lus  IIO 

producing an  act ion potent ial  (F ig .  IC). M o d e l l i n g  
I 'hcrc  is b o t h  I~ysteresis : ~ n d  bistabi l i ty present ill the bchaviour shown i n  

Fig. I. If r, is first decrc i~sed and  t11e11 illcreased so that tl ie border between Figure 2 A  shows that, for  r, and  A suflicieril ly large, 1:1 synci i ronizat ion 
two  pa t tc r r~s  is tr:~versed twice, the v:~lue o f t ,  a t  which tl ie transit ion occurs is results. A s  r, is decreased, tl ie p o i n t  is arr ived a t  where one begins t o  see a n  
d i l l e r c ~ ~ t ,t l c p c ~ ~ d i ~ ~ g  o f  c l ~ a ~ ~ g e  l ' l i i s  'frequency nlternat ion o f  a c t i o ~ i  potent ial  morphology.  F igure 2 B  shows an  example o f  up011 the d i r e c t i o ~ ~  o f  r,. 
hysteresis' has a counterpar t  ill 'amplitude hysteresis', in which tl ie pattern s u c l ~a 2:2 r l i y t l i ~ n .  A s  i n  t l ie case o f  the experimental work, the al ternat ion is 
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pcrh:tps triost obvious i n  action potcnti:tl : ~ ~ ~ ~ p l i t u d e  and duratiot~, and 
b e c o ~ ~ ~ e s  tnore n~arkecl as I ,  is decreased. Eventually, as in the experimental 
work. :I 2: 1 r l ~ y t l ~ ~ ~ ~  rcsi~lts (Fig. 2C). - Assun~ i~~g  a typic:~l :~pparcItt ~ ~ ~ c ~ n b r a ~ t e  surfi~cc nrea of 5200 lt1n2 and an 
app:trcnt specilic c:tpacitiince of 1.4 IIF/CIII~ for a single rabbit ventricular cell 
(Giles and Imaizu~ni. 1988). one can calculate that the current of I nA used in 
Fig. I corresponds to ;I truc current dcnsity of :tbout 14 ~ A / C I I I ~ ,  provided 
tI1:tt thc true spccilic cap:~citnnce is I ~r l : /cn~~ in tlte absence of i~~lbldings in 
the ccll membrane. For a 20 ms duratio~l pulse, an equivalent ell'ect would be 
produced at a current density of about 7 pA/cm2. wl~ich is quite close to the 
3 pA/cm2 actually used in the model in Fig. 2. I'he current density ernployed 
ill the tiiodel also conlpares well with experi~~iental results in isopotential 
spontaneously beating (Guevara, 1984) and quiescent (Guevara er a/., 1984) 

Fig. 2. Alternarls in the Beeler-Reuter model. The transmembrane potential (V )  
is shown as a function of time ( r ) .  (A) 1:l rhythm, tS=375ms. (B) 2:2 rhythm, 
t,=355 ms. (C) 2:l rhythm. t,=250 rns. Pulse amplitude=3 pA/cm2. pulse dura- 
tion=20 ms. The first ftimulus pulse is injected at t=0, and 5 s are allowed to let 

transients pass. 

aggregates of e~nbryonic chick ventricular cells, where a current density of 
about 6pA/cm2 is needed to produce alternans when current pulses of 
duration 20ms are used (aggregate diameter2:100pm, total surface 
area 2: 2.5 x 10-' cm2, pulse amplitude 2.16 nA). 

DISCUSSION 

Alternans in ventr icular  t i s sue  

The trace shown in Fig. IB answers more than a century later a question 
raised in the work ofGaskell(1882). it demonstrates that it is indeed possible 
to obtain intrinsic alternation in a single, quiescent, ventricular myocyte. 
However, it does not answer the question of what is happening in the left 
ventricle during electrical alternans. There are relatively few recordings of the 
transn~enibrane potential in that circumstance, either in the intact ventricle 
or in isolated pieces of ventricular niuscle. In most such experiments, only 
one i~npale~rtent is made, and so one docs not know if all cells are alternating 
in a 2:2 rhythm. One experiment in which four simultaneous intracellular 
i~npalett~ents were made during ischaemia indicates that a I:I pattern was 
present in the non-iscl~aernic myocardium, while 1:0, 2:l and 2:2 patterns 
were present in the iscliaemic area (Downar er al., 1977, figure 10). In that 
case, the pattern of alternation that would be ascribed to the ventricle as a 
whole is due to the existence of an alternating rhythm in one subpopulation 
of cells as well as a 2:1 rhythm of block in yet another subpopulation. The 
existence of either one of these supopulations alone would tlieoretically be 
sulliciertt to generate an overall alternation in the ventricle. When both 2:2 
and 2:l rl~ythnis occur together, it is i~npossible to decide which ofthese two 
rhyth~ns would be the more important in generating alternation of the QRST 
complex of the surface electrocardiogram or mechanical alternans, since this 
would depend both on the relative sizes of the two subpopulations and also 
on the degree of alternatiori present in the 2:2 response. Since mechanical 
alternation is sometimes discordant with electrical alternation, with the 
larger action potential producing the weaker contraction (Spear and Moore, 
1971). one might even imagine a situation in which an overall mechanical 
alternans might not be seen, provided that the balance between the 2:2 and 
2:l subpopulations was just right. 

In !lie case when 1: 1, 2:2 and 2: 1 rhythms are seen in dinrent  areas of the 
ventriclc, i t  is possible that the 2:l pattern is due to block of propagation of 
the cardiac impulse, with the 2:2 pattern being seen in the region of block. 
The 2:2 pattern seen in this circunlstance is due to decremental conduction 
and can be seen when 2: 1 block occurs in tissue taken frorn virtually all areas 
o f  the heart (see Guevara, 1984, for references). The possibility then exists 
that the 2:2 pattern in the region of block is partly due to electrotonic 
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i t i ject io~i  o f  current from the distal 2:l region, i n  a manner recently 
dc~iionstrated i n  ~riodell i t ig work ot i  a one-t l i t i ie~~sio~ial  strand o f  Purkitije 
l ibre (Guevara, 1988). I ' l i e  question o f  wlietlier o r  no t  i t  is possible t o  obtain . a ventricle wi t l i  a 2:2 pattern i n  a11 cells, o r  a 2:2 pattern i n  one circumscribed 
area and a I:I pattern everywhere else. remains open. 'This question can be 
answered only when techniques that al low recording o f  tl ie transtiiembrane 
pote~ i t ia l  frotn many sites s i~ i iu l ta~ieously (e.g. using potential-sensitive 
optical dyes) would be applied. 

Ionic b a s i s  of a l t e r n a n s  

'I'lie ionic basis o f  the response sliown in Fig. I U reniains undelerciiined. 
Howcvcr, the elcctropliysiologiceI origi i i  o f  the 2:2 rhytl i t i l  is essentially due 
to  the fact that, at the s t i ~ i~u la t i o t i  rates e~i ip loyed i n  Fig. I, the duration o f a n  
action potcciti:il decreases ~ i~o r i o to r~ i ca l l y  wi t l i  :i decrease i n  recovery tinie 
since the imniediately preceditig action potential (klauswirth el al., 1972; 
Boyerr ancl Jewell, 1978: Guevara cr rtl.. 1984). Since i n  niodelling work one 
can plot  out  riot only tlie trans~iieri ibrt~ne potetitial, bu t  also tlie various 
currents, activation variables arid i ~ ~ a c t i v a t i o ~ i  variables, i t  wi l l  be possible i n  
f r~ ture  work t o  de te r~ i i i ~ i e  tlie ionic mecliariis~iis producing the 2:2 response 
shown in Fig. 2. 

L o s s  of 1:1 s y n c h r o n i z a t i o n  

We liave shown above that the sequence o f  r l iyt l ims {I:! 42:2+21) can be 
seer1 as I, is decreased (Fig. I). However, tl i is occurs only at a suniciently li igli 
st ir~iulus atnplitucle. We have also observed o n  several occasions i n  isolated 
cells a direct transition rrotn a I : I to  a 2: 1 rhythm. w i th  n o  evidence o f  tlie 2:2 
r l i y t l i~ i i .  w l i e ~ l  I, is cli:uiged i n  steps o f  10 111s. (I'erliaps tlie earliest delinilive 
exa~iiple o f  a direct {I:I +2:I) transition is t o  be found i n  the work o f  Mines 
( 1913). who studied the :itropinized ventricle o f  the frog.) In addit ion t o  this 
direct {I : 1 4 2 :  I) sequence. one can also see Wetickebacli-like rhythms 
between the I: I and 2: 1 rl iytlirns a t  i, is decreased, provided that tlie stimulus 
atiiplitude is just supratliresliold and r ,  is quite large (Guevara e i  al., 1989a). 
The existence o f  these three qualitatively dill'eretit ways i n  which I:! 
syt~cl i rot~izat iot i  can be lost has been previously described i n  periodically 
stiniul:itetl. spontaneously beating, erilbryoriic cliick ventricular heart-cell 
aggregates w i th  the {l:1+2:2) transition occurring at l i ig l i  stiniulus ampli- 
lade. the {I:I +2:1) tratisition at intermediate amplitude, and Wenckebach 
rhythms a t  low.amplitude (Guevara, 1984; Guevara et al., 1989b). 

R e d u c t i o n  t o  a o n e - d i m e n s i o n a l  m a p  

We liave sliown previously tliat dyriainics similar t o  that sliown i n  Fig. 1 seen 
i n  periodically stimulated, quiescent cl i ick ventricular aggregates can be 
reduced to  the study o f  the iteration o f  a one-dirnensiotial finite-direrence 
equation o r  map  (Guevara et al.. 1984). This map  gives the i t h  action 
potellrial duration as a function o f  the imniediately preceding one and is 
obtained f ron i  consideration o f  the curve describing how action potential 
duration is restored as a function o f  the recovery time since the immediately 
preceding action potential. I n  t l iat case, i t  can be shown that alternans occurs 
when tlie slope o f  the map  a t  tl ie fixed point  becomes more negative than - 1, 
leading t o  a period-doubling bifurcation (Guevara er a/.. 1984, figure 4). The 
sequelice o f  r l iyt l ims predicted frotn tlie map is then {I:! +2:2+2:1), which 
agrees wi th what is seen experinlentally. A similar analysis sliould be possible 
i n  the case o f  Figs I and 2. The first analysis o f  electrical alternans 
lbrmulated using an ilerative leclinique seems t o  have been that o f  Nolasco 
arid Dahleti (1968). wlii le mechanical alternans has been similarly studied 
(Mnhler and Rogel, 1970). 

When the recovery o f  action potential duration is su l l i c i e t i t l ~  rapid, a l l  
points o n  the map have a slope more positive than - I, and so a period- 
doubling bifurcation cannot occur. I n  t l iat circumstance, one obtains a direct 
{1:1+2: 1) transition. Note  t l iat i n  tl i is instance, tl ie transition is no t  due to  a 
period-doubling bifurcation (cr. Chialvo and Jalife. 1987). The 2:l rhythm 
corresponds t o  a period-I orbi t  o n  the map, while the 2:2 rhythm seen i f  the 
map  is sufliciently steep corresponds t o  a period-doubled period-2 orbi t  
(Guevara el al., 1984, figure 4). I 'he transition {2:2+2:1) seen i n  a simple 
model o f  a limit-cycle oscillator (Guevara and Glass, 1982) and i n  experi- 
mental work o n  spontaneously beating heart-cell aggregates (Guevara, 1984, 
ligure 5-16) is due t o  a change i n  rotat ion number. 

A s  nientioned previously, when stimulating wi th large i, (- 1 s) and small 
A, Wenckebach rhy t l i~ns  can be observed a t  values of t ,  intermediate t o  those 
a t  which I:I and 2:1 r l iyt l ims occur. A t  sucli l ow  stiinulation frequencies i n  
tlie rabbit ventricle, the action potential duration shortens wi th increasing 
recovery time (Saxon and Safronova, 1982; Giles and I~naizumi, 1988) - i t  
does no t  prolong as at the higher stimulation frequencies employed in Fig. 1. 
One thus obtains a d i k r e n t  class o f  maps which have two branches, each o f  
which has positive slope everywhere (Guevara et al., 1989a). Thus, a period- 
tloubling bifurcation cannot occur. These maps predict the existence o f  
Wenckebach rhythms, and are qualitatively similar t o  a class o f  maps derived 
i n  recent work o n  Wenckebacli rhythms i n  the human atrioventricular node 
(Shrier er al., 1987). Wenckebacli rhythms can also be seen in periodically 
stimulated, spontaneously beating, embryonic chick ventricular aggregates 

. (Guevara er al., 1988); in t l iat case, one can sometimes reduce the dynamics 
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