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The transmembragpotentid of a single quiescencel isolatad from rabbt ventricula musck was
recordel using a suctim electroe: in whole-cel recordirg mode The cell was then driven with a
periodi train of currert pulsesinjected into the cel throudh the same recordirg electrode When the
interpule intervd or bast cycle lengh (BCL) was sufficiently long, 1:1 rhythm resulted with each
stimulus pulse producirg an action potential Gradud decreasin BCL invariably resultel in loss of
1:1 synchronizatia at sonme point When the pulse amplituce was sd to afixed low levd and BCL
gradualy decreasedN+1:N rhythms (N=2) reminiscen of clinically observel Wenckebach
rhythms were seen Furthe decreasin BCL then yielded a2:1 rhythm In contrast when the pulse
amplituce was sé to a fixed high level, a period-doubld 2:2 rhythm resembliry alternars rhythm
was sea before a 2:1 rhythm occurred With the pulse amplituce se to an intermedia¢ levd (i.e.,
to alevd betwea thos at which Wenckebak and alternars rhythnms were seen, there was adirect
transitian from 1:1 to 2:1 rhythm as the BCL was decreasedWenckebah and alternars rhythms
were not seenWhen at that point the BCL was increasedthe transitian bad to 1:1 rhythm occurred
at alonge BCL than tha at which the {1:1—2:1} transition had initially occurred demonstrating
hysteresisWith the BCL sd to a value within the hysteress range injection of a single well-timed
extrastimulg convertel 1:1 rhythm into 2:1 rhythm or vice versa providing incontrovertible
evidene of bistability (the coexistene of two different periodic rhythms at afixed se of stimulation
parameters Hysteress betwee 1:1 and 2:1 rhythnms was also sea when the stimulus amplitude,
rathe than the BCL, was changed Simulatiors using numericé integration of an ionic modd of a
single ventricula cell formulated as anonlinea systen of differentid equatiors provided results
that were very similar to those found in the experimentsThe steady-sta action potentid duration
restitution curve which is a plot of the duration of the action potentid during 1:1 rhythm as a
function of the recovey time or diastolc intervd immediatey precediny that action potential was
determinedlteration of a finite-differen@ equatio derived using the restitutian curve predicteal the
dired {1:1+2:1} transition as well as bistability, in both the experimenthand modelirg work.
However predictian of the action potentid duratian during 2:1 rhythm was not as accurag in the
experimerg as in the model Finally, we point out a few implicatiors of our findings for cardiac
arrhythmia (e.g, Mobitz type 1 block, ischeme alternang © 199 American Institute of Physics.
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The majority of cellsin the heart are not spontaneously
active. Instead, these cells are excitable, being driven into
activity by periodic stimulation originating in a special-
ized pacemake region of the heart containing spontane-
ously active cells This pacemake region normally im-
poses a 1:1 rhythm on the intrinsicall y quiescert cells.
However, the 1:1 respong can be lost when the excitabil-
ity of the paced cells is decreased when there are prob-
lems in the conduction of electrica activity from cel to
cell, or when the heart rate is raised. When 1:1 synchro-
nization is lost in the intact heart, one of a variety of
abnormal cardiac arrhythmia s can arise. In single quies-
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cernt cells isolated from ventricular muscle 1:1 rhythm
can bereplaced by a N+1:N rhythm (N=2), a period-
doubled 2:2 rhythm, or a 2:1 rhythm. We investigate be-
low the direct transition from 1:1 to 2:1 rhythm in ex-
periments on single cells and in numerical simulations of
an ionic modd of a single cel formulated as anonlinear
systan of differential equations We show that there is
hysteress associatel with this transition in both model
and experiment, and devel a theory for the bistability
underlying this hysteress that involves the coexistene of
two stable fixed-points on a two-branched one-
dimensiond map.

I. INTRODUCTION

During normd sinus rhythm, there is 1:1 synchroniza-
tion betwea the naturd pacemake of the heart the si-
noatrid node and the ventricles i.e., ary particula ventricu-
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lar cel is activatal at a relatively fixed lateng following
activation of the sinoatrid node When the ability of ven-
tricular musce to condud the action potentid is sufficiently
compromisd (by, e.g, ischemia hyperkalemig this 1:1
rhythm is lost ard replacel by sone new rhythm, sud as
Wenckebab block? 2:1 block2* alternars rhythm?=! or
even complee block?® Alternatively, if one pace healthy
multicellular ventricula musck at a fag enoudp rate one
can al obtan 2:1 rhythm®~* or alternais rhythm4-22 In

Wenckebal block, there is an occasionhskipping or drop-
ping of an action potentid tha is typically precedd by a
graduéd beat-to-betincreag in the activation time of the
immediatey precedig beats in 2:1 block, there is block of

propagatio of evely secom action potential in alternans
rhythm there is a beat-to-begalternatian in the morphology
of the action potentid or of the propagatio time; and in

complet block, ther is eithe a subthreshal respons or no
respone a all detecte at the recordirg site.

All of the abowe reference ded with work carried out in
multicellular preparationsin ary sud preparationthere are
unavoidaly intrinsic spatid factors that make it hard to de-
termine the mechanisra underlyirg a particula rhythm For
example in the ischeme ventricle there are severareports
that alternars in the action potentid morpholoy is see at
sites tha are just adjacemnto are& displayirg 2:1 block (see,
e.g, Fig. 9 of Ref. 3; Fig. 5 of Ref 4). The alternas is then
quite possiby due to the fact that the input currert to the cell
unde study is itseff alternatig from bea to beat due to
electroton¢ coupling with the nearly site displayirg 2:1
block. Shoutl tha be the case the alternars canna be sad to
be intrinsically generatd by the cel from which it is re-
corded Sorting out the mechanism of alternais in inhomo-
geneos multicellular preparatios will, at a minimum, re-
quire recordirg the transmembragpotentid from mary sites
ard also someh@v measurig or estimatirg intercellular
flows of current.

We, therefore decidel to first approab the simpler
problem of wha happes when 1:1 rhythm islost in asingle
isolated ventricula cel when eithe the pacirg frequeny is
increasd or the stimulus amplituck is lowered Both Wenck-
ebat and alternais rhythms which hawe been known for
over a centuy in the intad heart hawe been more recently
describé in isolated ventricula cells, with the former occur-
ring at a consideraby lower stimulus amplituce than the lat-
ter. In the former ca® one sees the transitian {1:1—Wenck-
ebach-2:1} as the pacirg frequeny is increasetf 2 or the
stimulus amplituce is decreased® while in the latter one sees
the transition {1:1—alternans-2:1} as the pacirg frequency
is increased®?"?8 Thus othe rhythns are encounterd in
the transitian from 1:1 to 2:1 rhythm when the stimulus am-
plitude is eithe high or low. We repot below that the tran-
sition from 1:1 to 2:1 rhythm cean be dired (i.e., no other
rhythms seen in single rabbt ventricula cells when the
stimulus amplituce is intermediag to those at which Wenck-
ebat and alternars rhythnms are seen.
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II. METHODS
A. Experimenta | techniques

Single ventricula cells were enzymatical isolated from
New Zealar white rabbits following previousy published
techniqueg*?’ Procedursinvolving animak were approved
by the University’s Anima Care Committee and conformed
to the requiremerg of the Canadia Councl on Animal
Care Aliquots of the single-cel suspensio were transferred
to a superfusio chambe mounteal on the stag of an in-
verted microscop (22—-24°C). An amplifier (Axoclamp 2A,
Axon InstrumentsFoste City, CA), bridge-balancé and ca-
pacity compensatedvas usel in whole-cel recordirg mode
to recod the transmembrag potentid ard to inject current
pulses Signak were recordel on a video-casse#t recorder
after A/D conversim at 22 or 44 kHz (Neuro-Corde DR-
484, Neum Data Instrumens Corp, New York, NY) for later
off-line analysis Data was then re-sampld at 1 kHz (with
appropria¢ anti-aliss low-pass filtering at 500 Hz) ard dis-
played using the action potentid captue and analyss pro-
gram AP (Alembic Software Montrea).

B. Numerica | techniques

We employel the Luo & Rudy (LR) modéd of space-
clampel ventricula membrané&? which is formally an eight-
dimension& nonlinea ordinay differentid equation We
implemente a simple integration schene with a fixed inte-
gration time step (At) of 0.00L ms The value of ead acti-
vation or inactivation variable¢; at time t+ At was obtained
from its value at time t using the analytc formula®

L(t+HAY)=&(0)—[&()—&(t)]e 20T,
whereé;(«) isthe steady-sta or asymptott value of & and
7; IS the time-constanhof &, both of which are functiors of
the transmembram potentid (V). A simple forward Euler

schene was usal to obtan the internd calcium concentration
([ca" "1y

[Ca "]i(t+At)=[Ca" " ];(t)+(d[Ca" " ];(t)/dt)At.

The externd potassim concentratia was se to the nominal
LR value of 54 mM. As pointed out recently®! there are
certan internd inconsistencigwithin the Luo—Rudy article:
In wha follows, we use the equatiois appearig in Table 1
of Luo ard Rudy (1991).?° The value of RT/F(R=Rydberg
gas constant T=temperatue (°K), F=Faradg constan,
usal in calculatirg reversé potentials is not given in Ref.
29. Weuse RT/F=265mV in our program which resulsin
Ex

=—-76.% mV (vsvalue of —77 mV statal in Ref. 29) and
Ena=54.3 mV (vs 544 mV in Ref. 29) at the nomind LR
temperatue of 37°C. The maximun AV in our simulations
in going from time t to time t+ At (with At=0.00L ms) was
~0.35 mV.

The currens in the LR modé are expressé in A/ uF;
in wha follows, we hawe taken anomind cell capacitane of
50 pF to facilitate comparisa with our experimenthresults.
Our standad initial conditiors were obtainal by recording
the values of the systen variables after applying a condition-
ing series of 50 stimuli at a bast cycle lengh of 450 ms
(pulse amplitude=225 pA, pulse duration=10 ms) from the
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infinitely restal state All prograns were written in C (Mi-
crosof Visud C++, Microsoft Corp. RedmongWA) using
long floating point variables (~14 significart decima digits).

IIl. RESULTS
A. The direct {1:1—2:1} transition

We stimulatel a cell by delivering atrain of fixed dura-
tion (range 5—20 ms) current pulses at a fixed pulse ampli-
tude and interpule intervd [bast cycle lengh (BCL)].
When both amplituce ard BCL were sufficiently large acell
generatd an action potentid of a fixed morpholog for each
injectad pulse resultirg in a 1:1 rhythm When BCL was
gradualy reduced the cell a sone point no longe re-
spondd in a 1:1 fashion Previols systemati studies on
spontaneouyl beatirg aggregate of embryon¢ chick ven-
tricular cells have shown tha there was eventualy a transi-
tion to a 2:1 rhythm, and that this transition could eithe be
directly from 1:1 rhythm or be interruptel by othe rhythms
(alternais or Wenckebach-typ rhythms, dependig on the
exat magnituc of the pulse amplitude3?>3 We, therefore,

380 ms 370 ms
A v
0
mv
-50
2000 ms
B 440 ms 445 ms
v
0
mvV
-50
4000 ms
c 1:1 <
2:1 >
340 380 420 460
BCL (ms)

FIG. 1. Hysteress in {1:1<2:1} transition (experiment (A) {1:1—2:1}
transition Transmembra@potentiad plotted vs time. Arrow indicates begin-
ning of first cycle with BCL=370 ms (B) {2:1—1:1} transition Arrow
indicates beginnirg of first cycle with BCL=445 ms. (C) Hysteress loop.
Stimulus artefacs due to imperfed bridge balane retouché in (A) and (B)
ard all subsequerexperimenthtraces by erasiry patt of the deflection thus
voltage during time of stimulus pulse injection is only an estimae made
basel on recording from othe cells with negligible stimulus artefact Pulse
amplitude=850 pA, pulse duration=5 ms.
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scannd a range of pulse amplitudes for ead cell, until we
found the amplituce at which there was adired transition
from 1:1 to 2:1 rhythm.

At a pulse amplituce appropria¢ to obtainirg the direct
{1:1—2:1} transition the BCL was gradualy decrease in
steps of 5, 10, 15, or 20 ms from avalue sufficiently high to
generat 1:1 rhythm At ead BCL, stimulation was main-
tained for at leag 20 stimuli to help dissipag ary transients.
AsBCL wasreducedther was eventualy atransition to 2:1
rhythm Figure 1(A) shows an exampe of a dired transition
from 1:1 to 2:1 rhythm using the abowe protocol The cell
was stimulatel at a BCL of 450 ms, pulse duratian of 5 ms,
ard pulse amplituce of 850 pA, which resultad in 1:1 rhythm
(the threshotl amplituce to obtan 1:1 rhythm at BCL=500
ms was ~800 pA in this cell). The BCL was then lowered in
decremerg of 10 ms When the BCL was change from 380
to 370 ms [arrow indicates beginnirg of first cycle at BCL
=370 msin Fig. 1(A)], the 1:1 rhythm was replacel by a2:1
rhythm but only after a transiem consistirg of thirteen 1:1
cycles During the transient the amplituce of the action po-
tentiak decreasedwhile the beat-to-betavariability in am-
plitude increasedThe exad form of this transier was highly
variabk from cell to cell, ard even from trial to trial within
the sane cell.

The averag@ stimulus amplituce at which the direct
{1:1—2:1} transiticn was se& was ~1.2 times the threshold
amplituce needd to obtan 1:1 rhythm at BCL=1000 ms
(n=12). In all cellsin which the dired {1:1—2:1} transition
was found, ard in which an alternas or Wenckeback-like
rhythm (e.g, 3:2 rhythm) was also encountere at a different
pulse amplitude alternais occurral at a pulse amplitude
highe then tha at which the {1:1—2:1} transition occurred
(e.g, alternars was se@ in the cel of Fig. 1 at an amplitude
of 900 pA), while Wenckebah rhythm occurrel at a lower
pulse amplitude.

B. Hysteresi s between 1:1 and 2:1 rhythms

Following the dired transitian from 1:1 to 2:1 rhythm,
further decreas in BCL resulta in 2:1 rhythm being main-
tained over a range of BCL. The BCL was then gradually
increasedIn the experimen of Fig. 1, upan increasiig BCL
from 440 to 445 ms, the cell convertel badk from 2:1 to 1:1
rhythm [Fig. 1(B)]. Again, a transien was sea after the
BCL was changé (arrow), this time consistirg of several
2:1 cycles followed by severa alternais cycles As with the
{1:1—-2:1} transition the transiem was not the sane from
cel to cel or even from trial to trial, with the numbe of
transiem 2:1 cycles being betwea ~2 ard ~15. The fact
that the {2:1—1:1} transition occurrel at alonge BCL from
that at which the {1:1—2:1} transition had initially occurred
demonstrate the existene of hysteresisWe shal refer to
this hysteresis between 1:1 and 2:1 rhythms as
“{1:1-2:1} hysteresis.’ Figure 1(C) shows the hysteresis
loop, which was ~75 ms wide in this cell. In ead of five
othe cells in which the dired {1:1—2:1} transition was seen
ard in which a seart for hysteress was made hysteresis
was observe (hysteress range=25-100 ms n=6).

One possibé explanation for hysteress is that the elec-
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FIG. 2. Hysteress in {1:1~2:1} transitian (ionic mode). (A) {1:1—2:1}
transition Arrow indicates beginnirg of first cycle a8 BCL=415 ms (B)
{2:1—1:1} transition Arrow indicates beginnirg of first cycle at BCL=445
ms (C) Hysteress loop. Pulse amplitude=225 pA, pulse duration=10 ms.

trophysiologicé properties of the cel were slowly changing
as the experimem proceededdue to the well-known “run-
down” of the calcium and othe currens tha occuis during
recordirg with a patch-pipet in the whole-cel mode3*
Thus the inevitabk delay betwee the times at which the two
transitiors shown in Figs 1(A) ard 1(B) occurral might put
the cel into a different state We testal the possibility that
the hysteress might be an artefa¢ of rundown by making
runs in which the BCL was first increasd and then later
decreasedWe observe the sane form of hysteress (i.e.,
BCL shorte at the {1:1—2:1} transiticn than at the
{2:1—1:1} transition), thus demonstratig tha the hysteresis
is a phenomeno independenof rundown.

Figure 2gives the resuls of numericé simulatiors in the
LR ionic modé using the samne type of stimulatian protocol
as in the experiments Startirg out with our standad initial
conditiors (approximaé steady-sta conditiors appropriate
to BCL=450 ms, pulse amplitude=225 pA, pulse
duration=10 ms), we drove the modéd with an additional
train of 20 stimuli at BCL=450 ms (threshotl amplituce for
1:1 rhythm was ~210 pA at this BCL). The BCL was then
decreasein steps of 5 ms, injecting 20 stimuli at ead BCL,
unti BCL=400 ms was reached We then gradualy in-
creasd the BCL in incremens of 5 ms up to BCL=450 ms,
injecting 20 stimuli at eady BCL. Upon lowering BCL from
420 to 415 ms there was adired transition from 1:1 to 2:1
rhythm [Fig. 2(A)]. In contras to the experimenthdatg the
transitian was much more immediate—followirg the change
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in BCL (arrow), there was only one transien 1:1 cycle The
transitian from 2:1 to 1:1 rhythm occurrel when BCL was
increasd from 440 to 445 ms [Fig. 2(B)]. Again in contrast
to the experimenthresult this transitim was much more
abrupt with no transiet 2:1 cycles being see following the
chang in BCL (arrow). The hysteres range in the model
was ~30 ms at this pulse amplituce [Fig. 2(C)].

Our recording of the transmembrampotentid in Figs 1
ard 2 lend suppot to the mechanism put forth by Mines
mary yeass ago to explan the {1:1+2:1} hysteres see in
the contractie activity of frog ventricle!> We now outline
the mechanismgsas proposeé by Mines As BCL is gradu-
ally reducedthe BCL becoms so shot tha a stimulus even-
tually falls within the refractoy period producirg adropped
bed [first droppel bed in Figs 1(A) ard 2(A)]. The next
stimulws falls well beyord the erd of the refractol period,
so tha an action potentiad results However becaus this beat
had a much longe recovey time, its APD (action potential
duration is muc longe than during the precedig 1:1
rhythm In fact, the refractoy periad of this bea is now so
long that the next bea is blocked the cycle stars over, and
2:1 rhythm is establishd [Figs 1(A) and 2(A)]. Since the
APD and refractoy periad are now much longe than during
1:1 rhythm at the sane BCL, in orde to obtan the transition
bad to 1:1 rhythm, the BCL at this point mug be increased
to avalue highe than tha at which the {1:1—2:1} transition
had originally occurrel [Figs 1(B) and 2(B)].

C. Pulse-induce d {1:1—2:1} flip

The existene of hysteress shows tha at arny given BCL
within the hysteress zore ther is the co-existene of two
stabk periodic rhythms (“bistability” ). This implies that the
particula rhythm see at tha BCL depend on the stae of
the systen at the point in time at which the BCL was
changé to tha particula value This further implies tha a
suitabl chosa perturbatio shout be able to flip the system
from one rhythm to the other!? with the perturbatim taking
the state-poim of the systemn from the basn of attraction of
the limit cycle generatiig one rhythm to the bash of attrac-
tion of the limit cycle generatig the othe rhythm.

The hysteres experimem of Fig. 1 was performal with
the cel initially being stimulatel at a BCL of 500 ms (same
pulse duration and amplituck as in Fig. 1), resultirg in 1:1
rhythm The BCL was then gradualy droppel to 430 ms at
which point 1:1 rhythm was still presentHowever this BCL
is within the hysteress zore [Fig. 1(C)]. An extrastimulus
pulse was then injectad during the repolarizirg phag of an
action potentid [arrow in Fig. 3(A)]. This extrastimuls pro-
longal the duratian of that action potentid just enoudn so
that the next regulary scheduld stimulus fell within the re-
fractory period resulting in a skippeal beat This skipped beat
was then followed by a very long recovey time, so that the
nex action potentid had amuch longea APD and refractory
periad then during the pre-existig 1:1 rhythm Thus the
nex stimulus producel a subthreshal responsgand 2:1
rhythm was established The perturbatio thus flipped the
rhythm directly and immediatey from a1:1 to a 2:1 rhythm
(we shal refer to this effed as the “ {1:1—2:1} flip” ). The
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A
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FIG. 3. {1:1—2:1} flip (experimenhand mode). (A) Experiment BCL=430
ms, pulse amplitude=850 pA, pulse duration=5 ms. Sane cel asin Fig. 1.
(B) Model: BCL=430 ms, pulse amplitude=225 pA, pulse duration=10
ms Coupling intervd of extrastimulus=250 ms. Initial conditiors for this
run taken from the erd of the twenty 1:1 cycles at BCL=430 ms in the
hysteress run of Fig. 2(C) (with BCL decreasing Arrow indicates extra-
stimulws injection in (A) ard (B).

timing of the pulse was critical, sinee pulses delivered at
severddifferert times earlie or later than the pulse shown in
Fig. 3(A) did nat produe the flip.

We nex carried out the correspondig simulatian of the
{1:1—2:1} flip in the LR ionic model During 1:1 rhythm at
BCL=430 ms which is in the middle of the hysteress zone
[Fig. 2(C)], injection of an extrastimuls pulse [arrow in Fig.
3(B)] flipped the rhythm from 1:1 to 2:1. We nex system-
atically investigate the effed of coupling intervd (time
from precedilg action potentid upstrole to pulse onsel,
changimy it in ste of 10 ms As in the experimentsthe
timing was critical for the flip to occur The extrastimulus
had to be deliverad with a coupling intervd within the range
180-310 ms|e.g, Figs 4(B) ard 4(C)]. A stimulus tha was
delivered too early [10-170 ms e.g, Fig. 4(A)] or too late

A 170

v C
310 0
v
lmV
e -50
B 180 D
v 32
v 0
lmV
-50

500 ms

FIG. 4. Critical range of coupling intervak for {1:1—2:1} flip (mode). The
extrastimulis mug fall within a critical intermedia¢ range of coupling in-
tervak to produe the {1:1—2:1} flip. Coupling interval=170 ms (A), 180
ms (B), 310 ms (C), 320 ms (D). Sarre stimulation parametes as in Fig.
3(B). These example taken from a simulatian in which the coupling inter-
va was change systematicajl betwea 10 and 420 ms in stegs of 10 ms.
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FIG. 5. {2:1—1:1} flip (experimenand mode). (A) Experiment BCL=425
ms, pulse amplitude=850 pA, pulse duration=5 ms. Sane cel asin Figs 1
and 3(A). (B) Model: BCL=430 ms pulse amplitude=225 pA, pulse
duration=10 ms Initial conditiors for this run taken from the end of the ten
2:1 cycles at BCL=430 msin the hysteress run of Fig. 2(C) (BCL increas-
ing).

[320-420 ms e.g, Fig. 4(D)] did nat prolong the APD suf-
ficiently to produe askipped bed on the following stimulus,
ard so was incapabé of precipitatirg the flip.

D. Pulse-induce d {2:1—1:1} flip

In anothe run with the sane cel asin Figs 1 and 3(A),
where 2:1 rhythm was seen at BCL=425 ms [Fig. 1(C)],
injection of a single extrastimuls [arrow in Fig. 5(A)] very
som after a skippal beda producel an interpolatel graded
action potentid and resultel in an immediae flip from 2:1 to
1:1 rhythm We agah carried out the correspondig simula-
tion in the ionic modd during 2:1 rhythm at BCL=430 ms,
which is in the middle of the hysteress zore [Fig. 2(C)].
Injection of an extrastimuls [arrow in Fig. 5(B)] produced
an action potential ard flipped the rhythm from 2:1 to 1:1.
As for the {1:1—2:1} flip, carefu selectiom of the coupling
intervd is crucid to obtan the {2:1—1:1} flip in both model
ard experiment.

E. Pause-induce d {1:1—2:1} flip

Mines showel a long time ago tha a pau® in stimula-
tion producel by droppirg two or three stimuli from the
periodic drive train could resut in the {1:1—2:1} flip in frog
ventricle!? We were able to reprodue this effed in only one
of mary cells in which a seart for it was made A typical
unsuccesslutrial is shown in Fig. 6, in which one [Fig.
6(A)] or two [Fig. 6(B)] stimuli were dropped A 2:1 rhythm
was not seen after the pause instea there was transien al-
ternans followed by asymptott re-establishmenof 1:1
rhythm The flip was however sea in one cell in which six
stimuli were droppel [Fig. 6(C)]: a single transien 3:2
Wenckebak cycle was seen followed by a maintainel 2:1
rhythm The action potentid duration (APD) of the second
action potentia following resumptiamn of stimulation was
~10 ms longe than during the pre-existirg 1:1 rhythm, so
that the third post-paus stimulus fell within the refractory
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A 0
I mV
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B 0
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FIG. 6. Pause-induad {1:1—2:1} flip (experimen and mode). (A)—(C):
Experiment One (A) or two (B) stimuli droppel from the bast drive train.
BCL=430 ms pulse amplitude=850 pA, pulse duration=5 ms. Sane cell
asin Figs 1, 3(A), and 5(A). (C): Six stimuli dropped Different cel from
(A) and (B). BCL=345 ms pulse amplitude=1000 pA, pulse duration=10
ms Time-calibration bar in (C) applicabé to (A) ard (B). (D) Model: BCL
=430 ms, pulse amplitude=225 pA, pulse duration=10 ms One stimulus
dropped.

periad of the secoml beat resultirg in a droppel bed ard a
flip to 2:1 rhythm Dropping only one stimulws in this cell
did nat resut in the {1:1—2:1} flip. In contrastin the model
it is necessar to omit only one stimulus pulse from the
periodic drive train to obtain the {1:1—2:1} flip [Fig. 6(D)].
We beliewe that the ability to obtain the flip in the experi-
mert depend on the presene of the transiem outwad cur-
rert (1) in our rabbt cells (see Discussion.

F. Actio n potentia | duratio n recover y curve

The existene of hysteresisas well as the pulse and
pause-induagflips, has previousy been attributed to the de-
pendene of the action potentid duration and refractoy pe-
riod on the prior history of stimulation? One way of char-
acterizig the well-known dependene of APD and
refractoy periad on BCL isto plot APD vsrecovey time or
diastolc intervd at each BCL.*®% The action potentid du-
ration (APD) was measurd from the stat of the injected
stimulus pulse to the point in time on the repolarizirg limb of
the action potentid at which the transmembram voltage
crossé —60 mV. The diastolc intervd or recovey time
(RT) associaté with aparticula action potentid was defined
as the time intervd betweea the point in time at which the
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FIG. 7. Steady-st& action potentid duration recovey curve (APDRC)
from 1:1 rhythm (experimen ard mode). (A) Experimen [dat extracted
from runsin Fig. 1(C)]. (B) Modd [data extracte& from runs in Fig. 2(C)].
APD measurd from stat of stimulus pulse to time at which —60 mV
crosseé on repolarizirg limb of action potential Recovey time measured
from —60 mV on repolarizirg limb of precedimg action potentid to stat of
stimulus pulse Curves are single-exponentidfits to the daia points.

voltage on the repolarizirg limb of the precediy action po-
tentid passd through —60 mV ard the time at which the
nex stimulus pulse started Figure 7(A) shows a plot of APD
vs RT determine from the experimen of Fig. 1, with APD
ard RT determine during 1:1 rhythm for 10 action poten-
tials at eat of the eight BCLs in the range 380-450 ms
(filled circles. The dat was well fit by a single exponential
curve

APD=g(RT)=A—Be RTRTmid/7 RT=RT,, (1)

where A=352.4D14 ms B=73.3%24 ms, r=55.73027
ms and RT,,= 740 ms8®=8 The paramete A can be in-

terpretel as the asymptott value of APD (i.e., APD in the
limit RT—), 7 as the time constant of recovery of APD,
ard RT,,, as the shortes RT possibé at the smalle$ BCL

for which ther is 1:1 rhythm The paramete B gives the
range of APD obtainable We shal refer to the curve in Fig.

7(A) as the steady-sta action potentid duratian recovery
curve (APDRCO). We also determine the APDRC in the LR

mode from the runs used to construt the hysteress loop of

Fig. 2(C) [Fig. 7(B)]. The APDRC was well fit by Eq. (1),

with A=366.1764 ms B=62.0852 ms, r=174.74028
ms, and RT,i,=116.06 ms in the modé [Fig. 7(B)].
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APD, RT.;  APD,,

BCL

FIG. 8. Derivation of one-dimensiorlamap Diagran usel in derivatian of
one-dimensioriamap see text for further description.

G. Derivatio n of a one-dimensiona | map from the
recovery curve

We shal nhow shav how, unde certan assumptionsthe
APDRC obtainel during 1:1 rhythm can be usel to predict
the respone to periodic stimulatian at ary arbitray BCL.
This involves deriving a one-dimensiorafinite-difference
equatiom or “map’ ard carrying out iteratiors of that
map?’5'39

Denot the APD of the ith action potentid obtaineal dur-
ing periodic stimulatian by APD; and its associate recovery
time by RT;. Let us first assune tha during periodic stimu-
lation at an arbitraly BCL, the duratian of any action poten-
tial is determine only by the precedig RT, in amanne that
is governel by the function g in Eq. (1). One can then write

APD;;1=0(RT;;1). )

However during periodic stimulation one has by definition
of APD, ard RT; ., (Fig. 8), tha BCL=APD;+RT,,, and
o]

RT;.,=BCL—APD;. 3
Substitutirg Eq. (3) into Eq. (2), one has
APD; ;1=9(RT;;1)=9g(BCL—APD)). (4)

Equatiors (3) ard (4) are true provided tha ther are no
skippel beats i.e., RT;,1=RT,,, the minimum possible
RT, or equivalently from Eg (3), tha APD,<BCL
—RThin-

Let us now conside wha happes when askippal beat
occurs We now nedal to make our secom assumptionin the
evert of a skippal bed the subthreshal membrae response
does not affed the duratian of the following action potential.
If the (i +1)S! action potentid is thus precedd by a skipped
beat we can therefoe replae Eg. (3) with

RT,,,=2BCL—-APD, (5)
and Eqg. (4) with
APD; ;1 =9(RT;,1)=g(2BCL-APD)), (6)

for BCL—RT,in<APD;<2BCL—RT,.
The gener& equatia is thus
APD; ;1 =9(RT;,1)=g(m(BCL)—~APD)) = f(APD)),
(7
with (m—1) being the numbe of skippel beat tha oc-
curred in RT;, 1. This equatia is aone-dimensiorafinite-
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FIG. 9. Iteration of mays derived from the recovey curve (experimen and
mode). (A)—(C): Experiment (A): BCL=450 ms lteration leads to a 1:1
rhythm, independenof initial condition (APD,;=310 ms 340 ms illus-
trated. (B): BCL=400 ms lteration leads to eithe a 1:1 or 2:1 rhythm
dependig on choice of initial condition (e.g, APD;=310 ms 340 ms,
respectively. (C): BCL=350 ms lteration leads to a 2:1 rhythm, indepen-
dert of initial condition (APD; =310 ms, 340 msillustrated. Range of APD
attainabé at this BCL is from ~2791 msto ~3524 msin (A)—(C). (D)—
(F): Model. (D): BCL=480 ms 1:1 rhythm (E): BCL=440 ms 1:1 ard 2:1
rhythms (F): BCL=400 ms 2:1 rhythm Rang of APD isfrom ~3037 ms
to ~3316 ms.

differene equation or map sine APD, . ; is a function of
APD; alone At a specifc BCL, Eq. (7) can be iterated to
generat the dynamics startirg out from ary initial condition
APD,, since the function g is known from Eq. (1).

H. Iteration s of the map

Figures 9(A)-9(C) shows maps derived from the AP-
DRC obtainal in experimen [Fig. 7(A)]. At a very long
BCL [Fig. 9(A)] the map (stippled curve has only one
brand (the 1:1 branch, given by Eq. (4). Startirg out at an
initial condition (APD;) of 310 ms iterates asymptotically
approab the stabk steaq stae (or fixed point or equilibrium
point) at APD,, ;=APD;=324 ms correspondig to 1:1
rhythm (the condition for locd stability of a steag stae is
that the slope of the map at the steag stak be less than one
in absolue value. This steag stak is also globally attract-
ing, since iterates from all initial conditiors asymptotically
approab this steay stat [e.g, APD;=340 ms is also
shown in Fig. 9(A)]. Becaus of the negatie slope of the
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map at the fixed point, the iterates approab this point in an
alternating fashion i.e., successig iterates fall on opposite
sides of the fixed point (see alo Fig. 4 in Refs 16 and 39).
This fact accouns for the transien alternams following the
pau®in Figs 6(A) ard 6(B), following the flip to 1:1 rhythm
in Fig. 5(A), and immediatey precedimg the establishmeinof
1:1 rhythm in Fig. 1(B) (see also Fig. 18 of Ref. 12).

As BCL is lowered the mg becoms discontinuous,
with a secom brand (the 2:1 branch, given by Eg. (6),
appearig to the right of the 1:1 brand [Fig. 9(B)]. This
discontinuiy at APD;=BCL— RT,,, occuss becaus BCL is
now smal enoudp so tha a sufficiently long APD, is now
followed by an RT,,; tha is less than RT,,,, so tha a
skippad bea can occu at this BCL. Thus for APD,
>BCL—RT,,, [e.9, APD;=340 ms in Fig. 9(B)], all iter-
ates fall on the 2:1 branch asymptoticaly approachig the
secoml stabk steay stae at APD=352 ms, correspondig to
2:1 rhythm Since the 2:1 brand also has anegatie slope,
the approab to this steag stat is agan alternatimy [not
visible on scak of Fig. 9(B)]. For APD;<BCL—RT,,,[€.9.,
APD; =310 ms in Fig. 9(B)], successig iterates fall on the
1:1 branch and the steag stakt at APD=303 ms, corre-
spondirg to 1:1 rhythm, is asymptoticaly approaché in an
alternatirg fashion®° Ther is thus now the co-existence
of two stabk steag states (bistability), one corresponding
to 1:1 rhythm ard the othe to 2:1 rhythm ead with its
own bash of attractiom (APD;<BCL—-RT,,, and APD;
>BCL—RT,,n, respectively. As BCL is decrease further,
the point of discontinuiy in the mgp moves to the left, so
tha eventualy the 1:1 branch and thus its steag state are
no longe presen[Fig. 9(C)]. The period-l fixed point on the
2:1 branch correspondig to 2:1 rhythm is now globally
attracting.

Figures 9(D)—9(F) shows that the maps derived from the
APDRC of the modd hawe dynamic that are qualitatively
similar to that of the maps derived from experiment.

I. Bifurcatio n diagrams

Figure 9 showel individud exampls of maps selected
to illustrate the evolution in the qualitative features of the
map as the BCL was changed Thee examplas were taken
from calculatiors in which the BCL was systematically
change over awide range with a Imsincremetiin BCL. In
the seart for bistability, iteratiors were carried out from 100
eveny space initial conditiors at eat BCL. The first 1000
iterates were discardeé in orde to allow transiens to pass.
Plotting the predictel steady-sta APD as a function of BCL
yields a bifurcation diagran (gray circles in Fig. 10). Super-
imposeal on thes predictiors are the actua resuls of peri-
odic stimulatian runs (solid circles. In the cae of 1:1
rhythm the dat from the periodc stimulatian runs are very
close to the predictiors of the mgp derived from the APDRC.
However this agreemenmud exist, since the predictions
were generatd using the single exponenti&fit to dat from
periodic stimulation runs resultirg in 1:1 rhythm While the
iterative techniqe predics the presene of bistability in both
experimen [Fig. 10(A)] and modé [Fig. 10(B)], the pre-
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FIG. 10. Bifurcation diagrans obtainel from iteratiors of map derived from
recovey curves (experimen and mode). (A): Experiment (B): Model.
Gray circles Predictel APD from iteratiors carried out from 100 evenly
space values of APD, at eat BCL. First 1000 iterates discarde to allow
transiens due to initial conditiors to pass Incremetiin BCL=1.0 ms Solid
circles Data taken from periodic stimulatian runs of Figs 1(C) ard 2(C),
with BCL decreasig for 1:1 points increasimgy for 2:1 points In (A), solid
circles are mean APD of ten action potentiat at eat BCL; bars are +1
standad deviation At the shortes BCL on the 1:1 brand in (A), iterates
from somre initial conditiors hawe not yet approache the steay state how-
ever, they do so when iteration is continuel beyord 1000 iterations.

dicted APD (gray circles during 2:1 rhythm is considerably
lower than the actud APD (solid circles in both modé and
experiment.

This discrepang in the modé is due to the fact that the
fit of the APDRC was mace using dai with RT<140 ms
[Fig. 7(B)], ard this fit [dashé line in Fig. 11(A)] sharply
underestimatethe APD at the much longe RTs encountered
during 2:1 rhythm [solid curve in Fig 11(A) showsfit to data
(filled circles compute during 1:1 rhythm over a much
wider range of BCL: 420-1000 ms in Fig. 11(A) vs 420—
450 ms in Fig. 7(B)]. Thus the predictel APD during 2:1
rhythm in Fig. 10B is substantial} less than the observed
APD. lteratiors using the APDRC fit to the dat obtained
over the wider range of BCL [solid curve in Fig. 11(A)]
produ@ mudc bette agreemen for the APD during 2:1
rhythm [Fig. 11(B)]. The fact tha the predictel APD is so
close to the actud APD during 2:1 rhythm demonstratethat
the two fundamenthassumptioa underlyirg the formulation
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FIG. 11. APDRC determiné over wider range of BCL and bifurcation
diagran (mode). (A): Steady-staAPD vs RT datadeterminé from runs at
BCL=420-1000 ms (filled circles. Solid curve is a single-exponentidit to
the daa [A=366.17 64 ms B=62.0852 ms, 7=174.740 28 ms, and
RTmin=116.06 msin Eq. (1)]. Dashel line indicates fit to restrictel data set
of Fig. 7(B) (BCL=420—-450 ms). (B): Bifurcation diagran computel using
APDRC of solid curvein (A). Gray symbols Iteratiors carried out from 100
eveny space values of APD; at ead BCL. First 1000 iterates discarde to
allow transiens due to initial conditiors to pass Incremetiin BCL=1.0 ms.
Filled symbols Data taken from periodic stimulatian runs (C): Bifurcation
diagran computel as in (B), exceph tha RT,;,=90.1 msis usel in comput-
ing the 2:1 brand with the iterative techniqe [the old value of RT,
(116.067 my) is still used in the exponenin Eq. (1) to presere the same
dependereof APD on RT].

of the mgp are essentialf corred in the LR modéd over the
range of BCL investigate here (i) APD, is controlled by
RT, alone i.e, little or no APD “memory,” 1836404 yhich
is also the ca for closey relatel ventricula models*243(ii)
the subthreshal deflection cause by a stimulus tha does
not produ@ an action potentid (a “blocked” stimulug has
no effed on the APD of the subsequenaction potential.
The one discrepang now remainirg in Fig. 11(B) isthat
the uppe limit of BCL to which 2:1 rhythm is predictel to
occu (gray symbols in the ionic modé is significantly
highe then that at which it actualy occuss in the periodic
stimulatian runs (solid symbols. This leads to the predicted
hysteress range being significanty wider than the observed
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range (~60 ms vs ~20 ms). This discrepang is due to the
fact that althoudh RT,,;, was assumd to be aconstamin our
iterative scheme it is actually a function of BCL. While
RT,,in was definal as the RT encountere during steady-state
1:1 rhythm at the shortes BCL allowing 1:1 rhythm [Figs.
7(B) and 11(A)], an S1-2 prematue stimulatian protocol
revealel tha the refractoy period and the minimum possible
RT were functiors of the S1-Sl intervd during 1:1 rhythm:
as the S1-9l intervd increasedthe APD ard refractoy pe-
riod of the bast bea increasd while the minimum possible
RT decreasedn particular a prematue stimulatian protocol
carried out during 1:1 rhythm at an S1-Sl interve of 880 ms
(correspondig to the effective cycle length prevailing in the
middle of the predictal range of 2:1 rhythm in Fig. 11(B):
2X440 ms) demonstrate that the minimum RT was in fact
only 901 ms at that S1-9l interval It is thus not surprising
that the iteratiors in Fig. 11(B) predicteal that the 2:1 rhythm
shoutl be maintainel out to alonge BCL than in the simu-
lations sinee thes calculatiors assumd a significantly
highe value of RT,jy (~1161 ms). When RT,,, was s€ to
90.1 ms ard the iteratiors redore for the 2:1 brand of the
bifurcation diagram the uppe borde of the 2:1 zore was
predictel to be at BCL=450 ms [Fig. 11(C)]. The iterative
techniqee thus worked extremey well in the ionic model,
predictirg the APD almog perfectly within the 2:1 zone and
the location of the uppe erd of that zone to within 5—-10 ms.

However when RT,;;;=90.1 ms was usal in the calcu-
lation of the 1:1 zone the left-hard borde of tha zore was
at BCL=385 ms since RT,,, was then unrealisticaly short
for the briefer APD encounteré at the lower BCL. Prema-
ture stimulatian protocok showel tha not only did the mini-
mum RT deperl on the BCL, but so did the detailed shape of
the APD restitutin curve Thus future extensios of the
iterative techniqe shoutl incorporaé aparamets fit of the
cycle-length-dependeaof RT,,,, and the othea parameters
in Eqg. (1) describiry the APD restitutian curve The unfor-
tunat cod of such an endeavo might be the loss of the nice
one-dimensiorianatue of the map with its easily visualized
dynamic (Fig. 9).

The discrepang betweea the iterative predictiors and
the actud APD during 2:1 rhythm is mua large in experi-
mert than in the modé (Fig. 10), with the predictiors over-
estimatiny the measurd APD by ~115-145 ms This dis-
parity is largely due to the fact that there is indeal an effect
of the blocked stimulus during the experimers tha is ne-
glecta in the iterative scheme At ary BCL within the 2:1
rangge of BCL shown in Fig. 10(A) (350—440 ms), the
blocked stimulus falls on the repolarizirg limb of the action
potential prolongirg the duration of tha action potential
[seee.qg, first patt of trace of Fig. 5(A)]. During the transient
tha occus immediatey following the conversia of 1:1 to
2:1 rhythm the blocked stimulus falls after the action poten-
tial, and thus no prolongatia effed is seen [e.g, Figs 1(A)
ard 3(A)]. As stimulation proceeds however the APD
gradualy prolongs until the blocked stimulus falls on the
action potential as in Fig. 5(A). This prolongatio effect
does not occu in the modé over the range of BCL investi-
gated abowe (it does however occu at a highe pulse am-
plitude).
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For an action potentid in which the prolongation effect
occurs let us denot the extrapolatd intrinsic APD, neglect-
ing the prolongation effect, by APD’, so that
APD=APD' +P, wher Pis the prolongatim cause by the
blocked stimulus Let us now assune tha the effed of the
blocked stimulus is simply to delay or postpor recovery
from refractorinessso tha the stat of the recovey time
(RT) can be taken as before from the time at which the
voltage crosss through —60 mV on the repolarizirg limb of
the action potentid (“reset” effect.*® Let us then assune as
before tha the intrinsic APD is controlled by the preceding
RT, so that APD/, ;=9g(RT; 1) =g(2BCL—APD,). Substi-
tuting APD/_ ,=APD;, . ,—P, one then has APD,;,
=g(2BCL—APD;) +P. Sinee P is on the orde of several
ters of milliseconds in our experimentsthe prolongation ef-
fect accouns for only a part of the discrepang (115-145
ms) betwee the predictal ard actua APD in Fig. 10(A).

It is possibé tha the residu4 discrepang is due to the
sane two factors producirg the discrepang in the model
(i.e, APDRC determine over too narrav a range of BCL,
thus underestimatig the APD at the longe RTs encountered
during 2:1 rhythm [as in Fig. 11(A)]; RT, dependenon
BCL). However since our stimulatian protocd in the experi-
ment was naot se up to systematicalt explore longe BCL's,
nor to determire the natue of the dependene of the mini-
mum RT on BCL during 1:1 rhythm, we are unabk to verify
tha thisis also the ca® in the experimentsindeed it is our
impressim that carrying out sud adefinitive systemat pro-
tocd would take so long tha seriows conceris abou the
stationariy of the single-cel preparatio in the classic
whole-cel recordirg mocde would be raised due to dialysis
of intracellula contens agains$ the pipete fluid ard con-
tinua rundown of currents>* However three bits of evidence
suggestha the resolution of the discrepang in the experi-
ments might be similar to tha given abowe in the cas of the
ionic model First, we know tha the fitted experimentb AP-
DRC [curve in Fig. 7(A)] underestimate the actua APD
during 1:1 rhythm at BCL=1000 ms, since we hawe dat in
sone cells at this one long BCL (the stimulus threshodl for
1:1 rhythm reportel on earlie was obtainal at this BCL).
Second the fit also sharpy underestimate APD’ at the
mudah longe RTs encountere during 2:1 rhythnt for the 2:1
dat points shown in Fig. 10(A), mean RT=230—-400 ms and
mean APD’'=420-440 ms in contras the fit predicts
APD'=350 ms ove this entire range of recovey time.
Third, it iswell known that the refractoy periad is afunction
of BCL in multicellular ventricula muscle!®

J. Amplitud e hysteresis

While the {1:1+2:1} transitiors see in Figs 1 and 2
abowe were produce by changirg the BCL or equivalently
the frequeny of stimulatin (“frequency hysteresis?,?’
hysteress could also be producel by changiry the stimulus
amplituce at a fixed BCL (“amplitude hysteresis’.?” A di-
red {1:1—2:1} transition [Fig. 12(A), uppe panel and a
direa {2:1—1:1} transition [Fig. 12(B), lower panel oc-
curred with a chang in stimulus amplituce when the BCL
was se appropriatef (arrows indicat first stimulus at new
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FIG. 12. Amplitude hysteress (experimeh and mode). (A) Experiment.
Uppe trace {1:1—2:1} transition when stimulus amplituck lowered from

578 to 576 pA. Lowe trace {2:1—1:1} transiticn when stimulus amplitude
was later increasd from 591 to 596 pA. BCL=600 ms stimulus
duration=10 ms (B): Model. Uppe trace {1:1—2:1} transitim when
stimulus amplituce lowered from 2235 to 2230 pA. Lowe trace

{2:1-1:1} transition when stimulus amplituck later increasd from 2245 to

2250 pA. BCL=450 ms stimulws duratior=10 ms From our standard
initial conditiors (see Method$ the stimulus amplituce was increasd from

225 pA to 230 pA for 20 stimuli, ard then lowered down to 223 pA in steps
of 0.5 pA, injecting 20 stimuii at eacd amplitude then it was increase up to

225 pA in steps of 0.5 pA, injecting 20 stimul at ead amplitude Arrow

points to time at which pulse amplitude was changed.

pulse amplitudg. Since the {2:1—1:1} transition occurrel at
a highe stimulus amplituce than the {1:1—2:1} transition,
there was amplituce hysteresis Similar behavio was also
se@ in the LR modé [Fig. 12(B)]. As in the cas of fre-
queng hysteresisthere was arathe long delay betwea the
chang in stimulus amplituce ard the switch from one
rhythm to the othe in the experimens [Fig. 12(A)], but not
in the modé [Fig. 12(B)]. Jug as the stimulus amplitude
mug be well chose to obtain {1:1-2:1} frequeng hyster-
esis the BCL mug alo be carefuly selecte to obtain
{1:1-2:1} amplituce hysteresise.g, if the BCL is sé to
1000 ms, one typically obtairs Wenckebah rhythms in our
rabbt ventricula cells instea of the dired transitian to 2:1
rhythm as pulse amplituce is decreased®

We now outline the mechanisra we dedu@ underlying
{1:12:1} amplituce hysteresis During 2:1 rhythm at a
given BCL, the APD islonge than during 1:1 rhythm estab-
lished at that sane BCL at a highe pulse amplituce (but
lying within the amplituce hysteress range. Therefore dur-
ing 2:1 rhythm, the recovey time from the end of an action
potentid to the beginnirg of the following subthreshal re-
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spong is shorte than the correspondig RT during 1:1
rhythm Since the stimulus producirg the subthreshal re-
spong during 2:1 rhythm falls within the relative refractory
periad of the precediy action potential increag of stimulus
amplituce will eventualy convet tha respons into an ac-
tion potential therely producirg 1:1 rhythm (provided that
the BCL be appropria¢ to the dired {2:1—1:1} transition).
However due to the smalle recovey time prevailing during
theinitial 2:1 rhythm, in orde to obtan the conversim to 1:1
rhythm, it is necessarto raise the pulse amplituce to a value
highe than tha needé to maintan a 1:1 rhythm already
establishd at that BCL.

IV. DISCUSSION
A. The direct {1:1—2:1} transition

There are severé cardia preparatios in which the di-
red {1:1—2:1} transiticn has been documentd in response
to decreasig BCL%1325:32:33444%¢ stimulus amplitude?*#®
In othe experimenthreports the BCL or stimulus amplitude
was not change with afine enoudn decremeh(e.g, 50 or
100 ms decremehin BCL usal in Ref. 14) to guarante that
the transition was dired (i.e., tha no intermediay Wenck-
ebach alternansor othe rhythms existed. There haw also
bee two repors of the dired {1:1—2:1} transitian in ionic
models one in a modified versi of the Beele—Reuter
modé of space-clampéventricula membrané? the othe in
a one-dimensiorlaPurkinje fiber cable?” In both of these
studies and in the one experimenthstudy in which stimulus
amplitude was systematically changed® the direct
{1:1—2:1} transition was see at a stimulus amplituce lower
than tha at which alternars rhythm was produced In addi-
tion, Wenckebah rhythms were sea at a lower amplitude
(very close to threshold in ventricula ionic models?>?° as
well as in the Purkinje fiber cable modé when the fag so-
dium currert (1, was removel and intercellula coupling
decreasedwhich had the effed of reducirg excitability and
the effective amplituce of the stimulus current?” We find
tha lowering the pulse amplituce in the modified LR model
belown tha which we hawe usal abowe leads to Wenckebach-
type rhythms when BCL is decrease (see alo Ref. 29),
while raising it leads to a sustaind alternais rhythm Thus,
all of the availabk experimenth and modelirg evidence
points to the same conclusion when BCL is changed the
direa {1:1—-2:1} transition is see only when the effective
stimulation amplituce is at an intermedia¢ level.

B. {1:1+2:1} frequenc y hysteresis

Frequenyg hysteress involving 1:1 and 2:1 rhythns has
bee describé previousy in three differert cardia prepara-
tions Frog ventricle!?* dog ventricle!® and aggregats of
embryont chick ventricula cells3223 The first of the= stud-
ies was carried out almog a centuy ago by Mines, who
recordel contractios in frog ventricle!? Mines explanation
for the hysteress (given in Resuls above lay in the depen-
dene of the refractoy periad on BCL. Our recordirg of the
transmembram potentid in isolatel cells lends credene to
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thee mechanisr suggestd by Mines We are not awaie of
ary previows repors of {1:1—2:1} frequeng hysteressin an
ionic model.

C. {1:1<2:1} amplitud e hysteresis

We know of one prior repot of {1:1+2:1} amplitude
hysteres in cardia tissue in experimens carried out on
Purkinje fibre *6 Perhag mog interestingly “negative” hys-
teresis associaté with “relative’” supernormiaexcitability,
could be sea in severa preparationsi.e., the transitian from
1:1 to 2:1 rhythm occurrel at a highe stimulus amplitude
than the reverg transition A multivariabke difference-
differentid modé using the recovey curves for APD and
excitability (togethe with a slowly changirg memoy func-
tion for APD) could produe eithe positive or negatie hys-
teresis dependig on paramete values?® While the addi-
tiond memory-dependérierms with long time constars are
apparentl necessarto generat the amplituce hysteress de-
scribed in this model| this is nat the cas for the frequency
hysteress seen by us We are nat awaee of ary prior reports
of {1:1+2:1} amplituce hysteress in an ionic model.

D. The extrastimulus-induce d {1:1—2:1} and {2:1—1:1}
flips

While ther are experimenth and clinical repors of
extrastimulus-induag flips in experimenth and clinical
work, we are not awae of ary sud repors in an ionic
model.

We know of only one repot of an extrastimulus-induced
{1:1—2:1} flip, in a patiert with 2:1 atrioventricula heart
block® Injection of a sufficienty prematue atrid or ven-
tricular extrastimuls during sinus rhythm resultel in infra-
Hisian block of tha beat Following the resultan post-extra
systolic ventricula pausethe nex sinus bed conductedbut
the next one did not, thus settirg up a rhythm of 2:1 block.
The extrastimulus therefore induces a pause-dependent
{1:1—2:1} flip essential} equivalen to that originally seen
by Mines in frog ventricle? and later on by us in the ionic
modeé [Fig. 6(D)]. In the pulse-inducd {1:1—2:1} flips of
Figs 3 and 4, it is not a post-extrasystati pau® that is
involved, but rathe a pau® associaté with a skippeal beat
cause by extrastimulus-induagprolongation of APD.

Ther are two repors of the {2:1—-1:1} flip, one
experimentdf ard one clinical.*® Our resuls in Fig. 5 are in
agreemenwith the mechanismrecenty deduce from His-
bunde recording of the {2:1—1:1} flip: the post-
extrasystolt pau® canna be too long, otherwis the APD of
the next action potentid would be so long that the stimulus
following that action potentid would be blocked thus rees-
tablishirg 2:1 block*® While this reasonig implies tha the
APD of the extrasysta canna be too short we also wish to
point out tha it cannad be too long either, otherwie the
stimulus following the extrasystad might block, reinstituting
2:1 block The {2:1—1:1} flip shown in Fig. 5 is different
from tha of Mines!?in tha here the APD of the extrasystole
is shot enoudn so tha the nex bea is not blocked as in
Mines scenarig resultirg in a more immediage transitian to
2:1 rhythm here than in Mines case Traces corresponding
to Mines ca® can however be sea in our single cells
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when a stimulus pulse is deliveread later than in Fig. 5(A), so
as to produ@ a longe action potential However the extra-
stimulus cannad be too late, otherwise the secom stimulus
following the extrastimuls also finds itself in the refractory
periad and the flip does not occur.

While we hawe nat attempté to obtan flips within the
hysteress range produce by changiry stimulus amplitude,
we predid that they shoull exist e.g, injecting a premature
stimulus during 2:1 rhythm following a skippel bed should
resut in aflip to 1:1 rhythm in a manne similar to that
shown in Fig. 5, provided tha the APD of the premature
action potentia be sufficiently brief in duration and drop-
ping one or more stimuli during 1:1 rhythm might resut in a
flip to 2:1 rhythm.

E. The pause-induce d {1:1—2:1} flip

We are awae of two experimenthstudies documenting
apause-induag{1:1—2:1} flip.*>**For the= results and for
our modelirg resut [Fig. 6(D)], Mines initial explanation
still holds the first action potentia following the pau® in
Fig. 6(D) has an APD ard refractoy periad longe than those
of action potentias during the pre-existirg 1:1 rhythm when
the pau® is sufficiently long, the refractoy periad associated
with this bea will be so long tha the secoml stimulus deliv-
ered following the pau® will resut in a blocked beat pro-
ducing a 2:1 cycle The third stimulus will then be preceded
by arecovey time long enoudy to allow it to elicit an action
potential The APD ard refractoy period of this bea will
also be long, becaus of the relatively long recovey time, so
that the fourth stimulus will resut in a subthresha re-
sponseand so forth, resultirg in asustaind 2:1 rhythm.

In contras to our modelirg resut [Fig. 6(D)] and to
earlig experimentaresuls in frog ventricleé” and embryonic
ventricula cells®23% we hawe not been able to obtain the
{1:12—2:1} flip by droppirg one or two stimulws pulsesin our
experimentsThe APD of the first bea following resumption
of stimulatian in the cel of Figs 6(A) ard 6(B) was only
weakly dependenon the previows RT. The APD of this beat
did not prolong enoudh to cau® block of the nex bea and
thus induction of 2:1 rhythm [unlike the model Fig. 6(D)].
However following the very long recovey time producel by
droppirg severastimul [Fig. 6(C)], the first post-paus beat
had a more prominen phaset early repolarization and the
APD of the seconl post-paus bea was abou 10 ms longer
then during 1:1 rhythm so tha its refractoy period was
extendd and the third bed was blocked When a single
stimulus is droppel in rabbt ventricula cells during 1:1
rhythm at the longe BCL of 1000 ms, there is a more promi-
nert phasel repolarizatio of the first action potentid and an
increa® in the duration of the secom action potentid (see
Fig. 2 of Ref. 26). We haw attributal thes two changs to
the presene of the transien outwad currert (I,,), which has
an extremey long time-constah (~7 s) for recovey from
inactivatin in our cells?® In fact, it is this currert tha is
largely implicated in generatig Wenckebak rhythms —
the 3:2 cycle occurrirg right after the pau in Fig. 6(C)
beas a striking resemblane to a cycle of maintainel 3:2
Wenckebah rhythm of the kind we hawe reportel at BCL
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=1000 ms?® The absene of |, in the LR modé mears that

the abowe effects will not be present Due to its long time

constantl,, isnat likely to be akey playe in our preparation
during behavia occurrirg at shot BCLs and recovey times
(e.g, the hysteres itself ard the pulse-inducd flips).

F. lonic mechanism s underlyin g {1:1+2:1} bistability

Two bast electrophysiologidaproperties underle the
{1:1+2:1} bistability in the model First, at the stimulus am-
plitude usel here ther is effectively an all-or-nore thresh-
old, which in a ventricula cell hinges on a competition be-
tween the depolariziry influene of the fag inward current
(Ina) and the repolarizirg influence of the inwardly rectify-
ing potassim currert (I;)*° (see Ref 50 for a detaila in-
vestigation in the Hodgkin—Huxley modé of squd axon.
Second as in the Beele—Reute modéd from which the LR
modé isderived thereis atime-dependerrecovey of APD,
which hinges on two time-dependédmprocessesactivatian of
the delayal rectifier currert (1) and recovey from inactiva-
tion of the slow inward calcium currert (I).°*?Indeed in
isolated rabbt ventricula cells studied at room temperature
in the whole-cel mode the time constan for recovey of
APD was vely close to the time constai for recovey from
inactivatian of the calcium current” While our understand-
ing of the ionic bass underlyirg the ventricula action po-
tentid and the restitution of APD is still very much incom-
plete it is clea tha mechanism not expresst included in
the LR modéd [e.g, Na—Ca exchangef®®® Na—K pump®*
transien outwad currert (1,,)%°] also contribue to varying
extens in different species Future modelirg work investi-
gating the ionic bass of bistability and hysteress shout thus
utilize a species-specifi‘‘second-generation’mode incor-
poratirg the Na—Ca exchangerthe Na—K pump and addi-
tiond currens sud as |,. However the problens of drift>®
and degenera equilibrid®®” now known to exig in the
origind formulation of this class of modek will hawe to be
addresse before this approab can be taken.

G. {1:1+2:1} bistabilit y on the map

Our derivation of a one-dimensiorlamgp obtaineal from
the APDRC provides atheoretich framewok in which one
can conside {1:1—2:1} bistability (see also Refs 14 and 46).
This approab allows a quantitative teg of Mines explana-
tion tha the essentihmechanim underlyirg the {1:12:1}
hysteresisas well as the extrastimulus and pause-induced
flips, is the dependere of APD ard refractoy period on
BCL. It also suppors the interpretation that the {1:1—2:1}
hysteress is aconsequereof the predicta coexistene of
two stabk equilibrium points on the map [Figs 9(B) and
9(E)]. In the succing¢ words of Mines “l t is sea tha over a
quite consideral# range of frequencis of excitation there
exig two possibe equilibria, stabk so long as the heat con-
tinues beatiry regulary and without interruption.”?

The {1:1+2:1} bistability hinges on the APDRC having
a nonzero but nat too large slope Shoutl the APDRC be
perfectly flat (i.e., no time-dependereof APD restitution,
there would still be adired {1:1—-2:1} transition but no
bistability. As the APDRC is mack increasingy curved one
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would see {1:1+2:1} bistability and the range of BCL over

which this bistability occuis would initially increaseln our

simple iterative scheme when the APDRC steepen to the

point where there is aregion of slope >1, there will be a

period-doublig bifurcation correspondig to a transition

from 1:1 to 2:2 rhythm1416:203542.385% 5vever a recent

repott shows the existene of the dired {1:1—2:1} transition

in a two-dimensionamgp (incorporatiy APD memoy as

the secoml variable, even when the slope of the steady-state
APDRC exceed 1 over sore range'* Neverthelessthe

{1:1+2:1} transitin can be accountd for by atwo-branched

one-dimensiorlamap?’4>°8

H. Slow transient s and memory

A long transier is sea in our experimers betwea the
time at which BCL is change and the time at which aswitch
betwea 1:1 ard 2:1 rhythns is observe (Figs 1 ard 12).
There is alo atransiemh immediatey following the switch to
1:1 rhythm [Fig. 1(A)] or immediatey after the {2:1—1:1}
flip [Fig. 3(A)], with the APD slowly prolongirg to the point
whete the subthreshal deflection eventualy rides on the ac-
tion potential as in Fig. 5(A). Sud prolongel transiens are
not sea in the ionic modé [Figs 2(A), 2(B), 3(B), 5(B), and
6(D)] or in the one-dimensiorlamap The transiens indi-
cake the presene of processgwith long time constantslt is
thus possibe tha including effecs extendig over several
beas tha are not presenty incorporaté into the ionic model
(e.g, pumps exchangerstime-varyirg ionic concentrations
or into the simple one-dimensionamap (e.g, memoy of
excitability and APD)4:36:40:41.45.46662 mighy replicae such
long transients However there are practica experimental
difficulties (e.g, rundown of current$ inherer in sorting out
thee slow phenomea in the single-cel preparation.

I. Shortcoming s of the iterativ e technique

As mentionel earlier (see Result$, we are not sure of the
reasois) underlyirg the failure of the iterative technigwe to
more accurate} predid the APD during 2:1 rhythm [Fig.
10(A)]. One possibility not mentionea thus far is that incor-
poratin of slow processg (e.g, APD memory would help
in resolvirg this discrepancyHowever a modeé incorporat-
ing APD memoy [but not explicit BCL-dependene of
RTmin, @ in Fig. 11(C)] also has significart discrepancigin
its predictiors (e.g, predictel APD too large [vs too smal in
Fig. 10(A)] during 2:1 rhythm predictel uppe erd of 2:1
range at much too long a BCL).!* In tha study on frog ven-
tricle, blocked stimuli fall on the repolarizirg limb of the
action potentid during 2:1 rhythm [Fig. 1(b) of Ref. 14].
Depolarizirg pulses injected into ventricula musck can re-
sult in eithe a prolongatian or shortenilg of the APD, de-
pendirg on the amplitude duration ard timing of the stimu-
lus, as well as the specie$® Shout shortenimy of APD occur
in frog ventricle incorporatio of sud a“reset” effed into
the iterative schene might help in improving the predictions,
as in our work abowe and in an ionic model#3>°
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J. Other forms of bistabilit y in cardiac
electrophysiology

While we hawe concentrateé aboe on {1:1~2:1} bista-
bility, severaothe forms of bistability involving two differ-
ert periodic rhythms hawe been describe in experimental
cardia electrophysiologyln particular there are severa ex-
amples involving 1:1, 2:2, ard 2:1 rhythms.

Thetransition {1:1—2:2—2:1} is seen when our cellsare
pacal with a stimulus amplituce highe than that usead above.
In that situation the 2:1 rhythm is bistabk with eithe the 1:1
or the 2:2 rhythm, dependig on the BCL, with both hyster-
esk ard flips being seer?’ This form of hysteress has also
been more recenty reportal in frog ventricle!* In a one-
dimensionh cabk modéd of ventricula muscle eithe a 2:1
or 2:2 rhythm is seen dependenon initial conditions thus
directly demonstratig bistability >® Before it was described
in experimens and ionic models this form of bistability in-
volving the {1:1—2:2—2:1} sequene of transitiors was
theoreticaly predictal to exig basel on iteratiors of a one-
dimensionhmap (Ref. 35; see alo Refs 14, 58, and 59).

In frog ventricle there was atransitian from 1:1 to what
was describe as one of two differert 2:2 rhythms (to our eye
they look more like a 2:2 rhythm and eithe a 2:1 or 4:2
rhythm), dependig on the exad point in time at which the
BCL was lowered?® Iteratiors of a one-dimensiorlamap
obtaineal from consideratia of an ionic modé also predicted
the existene of two stabk 2:2 rhythms [Figs 5 ard 6(d) of
Ref. 59; see also Fig. 8(b) of Ref. 58]. An interestirg form of
multistability or neutra stability occuss in mechanichalter-
nans at a fixed BCL, the amplituce of the contraction can
attan mary different values dependig on the lengh of a
single longer-than-averagcycle tha is inserted®® Finally,
Mines gives avety beautifu exampé in which awell-timed
extrastimulg convers 2:1 bilaterd bundk brand block into
an alternatirg bundke brand block or vice versa'?

Anothe form of bistability is {1:1~1:0} bistability.
When the denervatd in situ canire heat is pacal from the
right ventricle ther is hysteress in that 1:1 ventricula cap-
ture is attainel and lost at different frequencis of
stimulation'® There is also amplituce hysteress in the
threshotl for “capture” when an electronc pacemake is
insertel into a patient i.e., the threshotl currert is slightly
highe when stimulus amplituce is increasd slowly from a
subthreshal value than when it is decrease from asuprath-
reshotl value®* While it has been suggeste tha the de-
creasd threshotl found when slowly decreasig stimulus
amplituce during 1:1 rhythm is due to the highe coronary
blood flow then presenf? this {1:1—1:0} hysteress can also
be sea in isolated slow-responsrabbi atrium (where it has
been termal “excitation hysteresis’,®° isolatel papillary
muscle?® single guinea-pj ventricula cells®* a modified
versim of the LR model®? an “analytic’’ model®! ard a
differential-differene model® In she@ papillaly muscle®®
as well as in the modified versia of the LR model®? injec-
tion of an additiona stimulus (which is, however subthresh-
old) during 1:1 rhythm can produe the {1:1—1:0} flip; an
additiond suprathreshal stimulus delivered during 1:0
rhythm can produe the {1:0—1:1} flip in the model®® To
obtan {1:1—1:0} bistability in the LR model it is apparently
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essentibto add a slow gating proces to the inward rectifier
currert (1x;).%? In contrast we hawe shown tha it is not
necessar to add any extra slow proces to the origind LR
mode to obtan {1:1—2:1} bistability.

K. Implication s for arrhythmias
1. Atrioventricular block

Two types of second-degeeatrioventricula (AV) block
hawe been describedln Mobitz type | or Wenckebak block,
there is abeat-to-betincremet of the PR intervd preceding
the skippel beat in Mobitz type Il block, ther is an occa-
siond droppirg of aventricula bed with no detectal# trend
in the PR intervak of the beas immediatey preceding the
droppel beat A unified hypothess for the two forms of Mo-
bitz block has been proposedwith droppel beas in Mobitz
type Il block occurring within the proximd His—Purkinje
systen actually being precedd by very smal incremens in
conductio time (“millisecond Wenckebach).?® As the de-
gree of block worsens the incremens in the PR interval
increag to the point where frank Mobitz type | block is
readily identified.

Our findings in single ventricula cells shav severacor-
respondence with AV block First, we see Wenckebach
rhythms only at a pulse amplituce lower than that at which
the dired {1:1—2:1} transitin is seen Second during the
{1:1—2:1} transiti:mm producel by gradualy lowering the
stimulus amplituce at fixed BCL, ther is a very slight in-
creag in lateny — which would probaby translae into an
increa® in conductia time in a multicellular preparatio —
precedig the transitian to 2:1 rhythm [Fig. 12(A), upper
panel. Third, a slight lowering of the stimulus amplitude
after the {1:1—-2:1} transitin has occurrel following a de-
creag in stimulus amplituce resuls in a transition to 1:0
block, which agree with the propensiy for paroxysmacom-
plete AV block to occu following Mobitz type Il block in
the His-Purking systenf®®” Finally, a very recen clinical
repot shows tha a single extrastimulg can induce flips from
1:1 conductia to 2:1 AV block and vice versa*®

2. Ischemic alternans

Alternars rhythm is commony see in the ischemc ven-
tricle, often immediatey precedig the pha® of induction of
malignart arrhythmia sud as ventricula tachycarda and
fibrillation.3"** On the clinical electrocardiogramalternation
of eithe the ST-segmenor the T-wawve (or both) has been
the mog commony describe form of alternars during
ischemia>®® Indeed instrumentatia to ched for occult
T-wave alternation in the clinical electrocardiogna using
powe spectra analyss is presenty being evaluate in an
attemp to identify patiens at an increasd risk of sudden
cardia deah (CH 2000 Cardia Diagnostc System Cam-
bridge Heat Inc.). The alternatim in the T-wave of the
electrocardiogna may be due to an intrinsic beat-to-beat
alternatian in the action potentid duration in the ischemic
area being essentialf equivalen to the “primary”
alternan$’ sea in a periodicaly stimulatel isolatel ven-
tricular cell®®?"?8ard in ionic modek of space-clampiven-
tricular membrané&/ 4243 Alternatively, the alternars might
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be due to electroton¢ coupling with a nearly area showing
2:1 block (see e.g, Fig. 10 of Ref. 3 and Fig. 5 of Ref 4),
resultirg in “secondary’ alternang.’” Recem modelirg work
with the LR modd suppors the seconday origin of the al-
ternars in ischemia®

There are instancs in which alternas first appeas dur-
ing ischema immediatey after a spontaneasior externally
elicited prematue ventricula contraction®® or following a
single intentionaly insertel long cycle® The mog obvious
possibility to accoun for this finding is that there is bistabil-
ity betwea 1:1 rhythm ard primaly alternais in the ischemic
area as can occu in mays derived from ionic models??>°
However since both excitability and intercellula stimulation
currert are reducel in ischemia and ischema flatters the
APDRC determined from a premature stimulation
protocol®%%7%one might expet to see the {1:12:1} bista-
bility in ischeme muscle [Indeed when agens tha flatten
the APDRC and suppres alternars are usel (e.g, DAM,
Ca' "-channé blockers,?? one might also exped¢ a similar
effect!?] It is thus possibe that when “triggered alternans®
follows a prematue ventricula contraction the premature
stimulwsis flipping an area showirg margina 1:1 conduction
to 2:1 conduction thus inducing secondayr alternas in the
surroundily area (or vice versa abolishirg alternans®®°

In addition spatially discordah alternais (alternars in
anti-phag at two locationg, which is more malignarn than
concordanalternans2**?’can be transforme into the latter
during ischema by a prematue ventricula contractio (ei-
ther spontaneosior stimulated, a reductio of the BCL for
ore cycle or apause’. Again, it is possibeé that flips between
1:1 and 2:1 rhythims might somehaev be involved e.qg, if the
out-o pha® alternas seen during discordan alternars is
seconday (i.e., eah of the two types of alternais is associ-
ated with its own area of 2:1 block), flipping one area of 2:1
block to 1:1 rhythm would resut in a conversio from dis-
cordan to concordah alternans However a simple model
using the concep of a critical phase-reversgpoint during
primaly alternais shows how a suitably timed extrastimulus
can flip concordan to discordan alternars or vice versa®®
suggestig bistability betwea two differert spatialy orga-
nized primary alternars rhythns [see also Fig. 5 of Ref. 16,
Fig. 6 of Ref. 39, Fig. 8(b) of Ref. 58, ard Figs 5 ard 6(d) of
Ref 59 for coexistene of two differert primaly alternans
rhythms]

In conclusion only two forms of bistability of periodic
rhythms {1:1-2:1} and {1:1+1:0}, haw bee systemati-
cally investigate in periodically stimulatel cardia tissue It
is our expectatio tha othe forms of bistability, or even
multistability (the simultaneos presene of three or more
rhythms, will be found in the future (perhajs even involving
reentram rhythmsg. In particular if ther is indeal a causal
connectio betwea alternars and malignan ventricula ar-
rhythmizs in the settirg of acue myocardia ischemia the
ability to repla@ one rhythm with anothe (or one form of
alternars with a less malignan form) by injecting a well-
timed stimulus might eventualy be of sone clinical use.
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