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The transmembrane potential of a single quiescent cell isolated from rabbit ventricular muscle was
recorded using a suction electrode in whole-cell recording mode. The cell was then driven with a
periodic train of current pulses injected into the cell through the same recording electrode. When the
interpulse interval or basic cycle lengfBCL) was sufficiently long, 1:1 rhythm resulted, with each
stimulus pulse producing an action potential. Gradual decrease in BCL invariably resulted in loss of
1:1 synchronization at some point. When the pulse amplitude was set to a fixed low level and BCL
gradually decreased\+1:N rhythms (N=2) reminiscent of clinically observed Wenckebach
rhythms were seen. Further decrease in BCL then yielded a 2:1 rhythm. In contrast, when the pulse
amplitude was set to a fixed high level, a period-doubled 2:2 rhythm resembling alternans rhythm
was seen before a 2:1 rhythm occurred. With the pulse amplitude set to an intermediafedgvel

to a level between those at which Wenckebach and alternans rhythms werelseenwas a direct
transition from 1:1 to 2:1 rhythm as the BCL was decreased: Wenckebach and alternans rhythms
were not seen. When at that point the BCL was increased, the transition back to 1:1 rhythm occurred
at a longer BCL than that at which tH&:1—2:1} transition had initially occurred, demonstrating
hysteresis. With the BCL set to a value within the hysteresis range, injection of a single well-timed
extrastimulus converted 1:1 rhythm into 2:1 rhythm \ace versa providing incontrovertible
evidence of bistabilitythe coexistence of two different periodic rhythms at a fixed set of stimulation
parameters Hysteresis between 1:1 and 2:1 rhythms was also seen when the stimulus amplitude,
rather than the BCL, was changed. Simulations using numerical integration of an ionic model of a
single ventricular cell formulated as a nonlinear system of differential equations provided results
that were very similar to those found in the experiments. The steady-state action potential duration

restitution curve, which is a plot of the duration of the action potential during 1:1 rhythm as a
function of the recovery time or diastolic interval immediately preceding that action potential, was
determined. Iteration of a finite-difference equation derived using the restitution curve predicted the
direct {1:1—2:1} transition, as well as bistability, in both the experimental and modeling work.
However, prediction of the action potential duration during 2:1 rhythm was not as accurate in the
experiments as in the model. Finally, we point out a few implications of our findings for cardiac
arrhythmiage.g., Mobitz type Il block, ischemic alterngns© 1999 American Institute of Physics.
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The majority of cells in the heart are not spontaneously
active. Instead, these cells are excitable, being driven into
activity by periodic stimulation originating in a special-
ized pacemaker region of the heart containing spontane-
ously active cells. This pacemaker region normally im-
poses a 1:1 rhythm on the intrinsically quiescent cells.
However, the 1:1 response can be lost when the excitabil-
ity of the paced cells is decreased, when there are prob-
lems in the conduction of electrical activity from cell 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 arrhythmias can arise. In single quies-
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cent cells isolated from ventricular muscle, 1:1 rhythm
can be replaced by aN+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 model of a single cell formulated as a nonlinear
system of differential equations. We show that there is
hysteresis associated with this transition in both model
and experiment, and develop a theory for the bistability
underlying this hysteresis that involves the coexistence of
two stable fixed-points on a two-branched one-
dimensional map.

I. INTRODUCTION

During normal sinus rhythm, there is 1:1 synchroniza-
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noatrial node, and the ventricles: i.e., any particular ventricu-
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lar cell is activated at a relatively fixed latency following Il. METHODS
activation of the sinoatrial node. When the ability of ven- o Experimental techniques
tricular muscle to conduct the action potential is sufficiently

compromised(by, e.g., ischemia, hyperkalemjathis 1:1 Single ventricular cells were enzymatically isolated from

. New Zealand white rabbits following previously published
rhythm is lost and replaced by some new rhythm, such Fechniqueg*2” Procedures involving animals were approved

Wenckebach blocky’ 2:1 bIOCk_’&A alte_rnans rhyth, ™ or by the University’s Animal Care Committee and conformed
even complete block Alternatively, if one paces healthy 5 e requirements of the Canadian Council on Animal
multicellular ventricular muscle at a fast enough rate, onecare. Aliquots of the single-cell suspension were transferred
can also obtain 2:1 rhythifr**or alternans rhythmi?™*?In g a superfusion chamber mounted on the stage of an in-
Wenckebach block, there is an occasional skipping or dropverted microscopé22—24 °G. An amplifier (Axoclamp 2A,

ping of an action potential that is typically preceded by aAxon Instruments, Foster City, QAbridge-balanced and ca-
gradual beat-to-beat increase in the activation time of theacity compensated, was used in whole-cell recording mode
immediately preceding beats; in 2:1 block, there is block ofto record the transmembrane potential and to inject current
propagation of every second action potential; in alternan®ulses. Signals were recorded on a video-cassette recorder

rhythm, there is a beat-to-beat alternation in the morphologfftér A/D conversion at 22 or 44 kH@euro-Corder DR-
of the action potential or of the propagation time; and in484’ Neuro Data Instruments Corp., New York, N later

complete block, there is either a subthreshold response or ncz)ff-hne analysis. Data was then re-sampled at 1 Kiith

: . appropriate anti-alias low-pass filtering at 500) Hnd dis-
response at all detected at the recording site. bprop P g )

) , . played using the action potential capture and analysis pro-
All of the above references deal with work carried out in gram AP (Alembic Software, Montreal

multicellular preparations. In any such preparation, there are ) )

unavoidably intrinsic spatial factors that make it hard to de-B- Numerical techniques

termine the mechanisms underlying a particular rhythm. For We employed the Luo & RudyLR) model of space-
example, in the ischemic ventricle, there are several reportglamped ventricular membraigwhich is formally an eight-
that alternans in the action potential morphology is seen adimensional nonlinear ordinary differential equation. We
sites that are just adjacent to areas displaying 2:1 biset, implemented a simple integration scheme with a fixed inte-
e.g., Fig. 9 of Ref. 3; Fig. 5 of Ref.)4The alternans is then 9ration time step 4t) of 0.001 ms. The value of each acti-
quite possibly due to the fact that the input current to the cel at|or_1 or mactlvat!on var!abléi at tlmet.+ At was obtained
under study is itself alternating from beat to beat, due o om its value at timet using the analytic formufd
electrotonic coupling with the nearby site displaying 2:1  &(t+At) =& () —[&()—&(t)]e 27,

block. Should that be the case, the alternans cannot be said\ithere;(«) is the steady-state or asymptotic valuetpind

be intrinsically generated by the cell from which it is re- 7, is the time-constant of;, both of which are functions of
corded. Sorting out the mechanisms of alternans in inhomathe transmembrane potenti@/). A simple forward Euler
geneous multicellular preparations will, at a minimum, re-scheme was used to obtain the internal calcium concentration
quire recording the transmembrane potential from many site Ca" " 1;)

and also somehow measuring or estimating intercellular  [Ca"*];(t+At)=[Ca" "],(t)+(d[Ca" "];(t)/dt)At.

flows of current. , , , The external potassium concentration was set to the nominal
We, therefore, decided to first approach the simpleq g \a1ue of 5.4 mM. As pointed out recently there are

problem of what happens when 1:1 rhythm is lost in a singleertain internal inconsistencies within the Luo—Rudy article:
isolated ventricular cell when either the pacing frequency ign what follows, we use the equations appearing in Table 1
increased or the stimulus amplitude is lowered. Both Wenckof Luo and Rudy(1991).%° The value ofR T/F(R=Rydberg
ebach and alternans rhythms, which have been known fagas constantT=temperature(°K), F=Faraday constant
over a century in the intact heart, have been more recentlysed in calculating reversal potentials, is not given in Ref.
described in isolated ventricular cells, with the former occur-29. We useRT/F=26.5 mV in our program, which results in
ring at a considerably lower stimulus amplitude than the latEx

ter. In the former case one sees the transifii—Wenck- = —76.95 mV(vs value of—77 mV stated in Ref. 29and
ebach-2:1} as the pacing frequency is increa®&@or the ~ Ena=54.35 mV(vs 54.4 mV in Ref. 2pat the nominal LR
stimulus amplitude is decreas&iwhile in the latter one sees €mperature of 37 °C. The maximuiV in our simulations
the transition{1:1—alternans-2:1} as the pacing frequency in going from timet to imet-+ At (with At=0.001 m3 was

is increased®?"?8 Thus, other rhythms are encountered in ~0:35mv.

h tion f _ 21 rhyth hen the stimul The currents in the LR model are expressequiv uF;
the transition from 1:1 to 2:1 rhythm when the stimulus am-, \hat follows, we have taken a nominal cell capacitance of

plitude is either high or low. We report below that the tran-5 pf tg facilitate comparison with our experimental results.
sition from 1:1 to 2:1 rhythm can be diredte., no other oy standard initial conditions were obtained by recording
rhythms seenin single rabbit ventricular cells when the the values of the system variables after applying a condition-
stimulus amplitude is intermediate to those at which Wencking series of 50 stimuli at a basic cycle length of 450 ms
ebach and alternans rhythms are seen. (pulse amplitude225 pA, pulse durationl0 mg from the
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infinitely rested state. All programs were written in(®li- scanned a range of pulse amplitudes for each cell, until we
crosoft Visual G-+, Microsoft Corp. Redmond, WAusing  found the amplitude at which there was a direct transition
long floating point variableé~14 significant decimal digiys ~ from 1:1 to 2:1 rhythm.
At a pulse amplitude appropriate to obtaining the direct
{1:1—2:1} transition, the BCL was gradually decreased in
. RESULTS steps of 5, 10, 15, or 20 ms from a value sufficiently high to
A. The direct {1:1—2:1} transition generate 1:1 rhythm. At each BCL, stimulation was main-
tained for at least 20 stimuli to help dissipate any transients.
As BCL was reduced, there was eventually a transition to 2:1
rhythm. Figure 1A) shows an example of a direct transition

We stimulated a cell by delivering a train of fixed dura-
tion (range: 5—-20 mjscurrent pulses at a fixed pulse ampli-

tude and interpulse intervelbasic cycle length(BCL)L. o0 19 to 2:1 rhythm using the above protocol. The cell
When both amplitude and BCL were sufficiently large, a ceIIWas stimulated at a BCL of 450 ms, pulse duration of 5 ms,

generated an action potential of a fixed morphology for eaclgmd pulse amplitude of 850 pA, which resulted in 1:1 rhythm

injected pulse, resulting in a 1:1 rhythm. When BCL Was ¢ hreshold amplitude to obtain 1:1 rhythm at BE0O

gradually reduced, the cell at some point no longer "®ms was~800 pA in this cell. The BCL was then lowered in
sponded in a 1:1 fashion. Previous systematic studies o

: . . Hecrements of 10 ms. When the BCL was changed from 380
spontaneously beating aggregates of embryonic chick Vens 370 ms[arrow indicates beginning of first cycle at BCL
tricular cells have shown that there was eventually a transi—s-4 ms in Fig. 1A)], the 1:1 rhythm was replaced by a 2:1

tipn to a 2:1 rhythm, and that t'his transition could either berhythm, but only after a transient consisting of thirteen 1:1
directly from 1:1 rhythm or be interrupted by other rhythms . oj0¢ "puring the transient, the amplitude of the action po-

(alternans or Wenckebach-type rhythmdepending on the i iais decreased, while the beat-to-beat variability in am-

exact magnitude of the pulse amplitutfe” We, therefore, plitude increased. The exact form of this transient was highly
variable from cell to cell, and even from trial to trial within
the same cell.
A 380 ms 370 ms The average stimulus amplitude at which the direct
{1:1—2:1} transition was seen was1.2 times the threshold
0 amplitude needed to obtain 1:1 rhythm at BELOOO ms
(n=12). In all cells in which the diredtl:1—2:1} transition
was found, and in which an alternans or Wenckeback-like
-50 rhythm (e.g., 3:2 rhythmwas also encountered at a different
pulse amplitude, alternans occurred at a pulse amplitude
higher than that at which thfl:1—2:1} transition occurred
(e.g., alternans was seen in the cell of Fig. 1 at an amplitude
B 440ms 445 ms of 900 pA), while Wenckebach rhythm occurred at a lower
v pulse amplitude.

2000 ms

B. Hysteresis between 1:1 and 2:1 rhythms

Following the direct transition from 1:1 to 2:1 rhythm,
further decrease in BCL resulted in 2:1 rhythm being main-
tained over a range of BCL. The BCL was then gradually
4000 ms increased. In the experiment of Fig. 1, upon increasing BCL
from 440 to 445 ms, the cell converted back from 2:1 to 1:1
rhythm [Fig. 1B)]. Again, a transient was seen after the
BCL was changedarrow), this time consisting of several
2:1 cycles followed by several alternans cycles. As with the
{1:1—2:1} transition, the transient was not the same from
cell to cell or even from trial to trial, with the number of
transient 2:1 cycles being betweer? and ~15. The fact

340 330 420 450 that the{2:1—1:1} transition occurred at a longer BCL from

BCL (ms) that at which theg1:1—2:1} transition had initially occurred
demonstrates the existence of hysteresis. We shall refer to

FIG. 1. Hysteresis in{1:1<2:1} transition (experiment (A) {1:1—-2:1} this hysteresis between 1:1 and 2:1 rhythms as
transition. Transmembrane potential plotted vs time. Arrow indicates begin;

ning of first cycle with BCl=370 ms.(B) {2:1—1:1} transition. Arrow ! {1:1‘_’251} hyStereS|S-” F'gure. m) 'ShOWS the hysteregs
indicates beginning of first cycle with BGt445 ms.(C) Hysteresis loop.  loop, which was~75 ms wide in this cell. In each of five
Stimulus artefacts due to imperfect bridge balance retouchéd)iand(B) other cells in which the diredfl:1—2:1} transition was seen

and all subsequent experimental traces by erasing part of the deflection:th%d in which a search for hysteresis was made hysteresis
voltage during time of stimulus pulse injection is only an estimate made !

based on recordings from other cells with negligible stimulus artefact. PulsdVaS Observe(ﬂ_hyStereSiS ra_nge25—100 msn= 6).
amplitude=850 pA, pulse duratioa5 ms. One possible explanation for hysteresis is that the elec-

A

2:1

A 4
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A 420 ms 415 ms in BCL (arrow), there was only one transient 1:1 cycle. The
v transition from 2:1 to 1:1 rhythm occurred when BCL was
increased from 440 to 445 niEig. 2(B)]. Again in contrast
to the experimental result, this transition was much more
abrupt, with no transient 2:1 cycles being seen following the
change in BCL(arrow). The hysteresis range in the model
was ~30 ms at this pulse amplitud&ig. 2(C)].
2000 ms Our recordings of the transmembrane potential in Figs. 1
B 440 ms 445 ms and 2 lend support to the mechanisms put forth by Mines
v many years ago to explain tHé:1—2:1} hysteresis seen in
the contractile activity of frog ventricl® We now outline
0 these mechanisms, as proposed by Mines. As BCL is gradu-
mv ally reduced, the BCL becomes so short that a stimulus even-
-50 tually falls within the refractory period, producing a dropped
beat[first dropped beat in Figs.(A) and ZA)]. The next
stimulus falls well beyond the end of the refractory period,
2000 ms so that an action potential results. However, because this beat
c 1.1 had a much longer recovery time, its ARBction potential
duration is much longer than during the preceding 1:1
rhythm. In fact, the refractory period of this beat is now so
long that the next beat is blocked, the cycle starts over, and
2:1 rhythm is establishefFigs. AA) and ZA)]. Since the
_ . APD and refractory period are now much longer than during
40 420 430 440 450 1:1 rhythm at the same BCL, in order to obtain the transition
BCL (ms) back to 1:1 rhythm, the BCL at this point must be increased

FIG. 2. Hysteresis if1:1-2:1} transition (ionic mode). (A) {1:1—2:1} to a value hlghel’ than that at which t[‘@l—>2:1} transition

transition. Arrow indicates beginning of first cycle at BE415 ms.(B) had originally occurredFigs. 1B) and 2B)].
{2:1—1:1} transition. Arrow indicates beginning of first cycle at BEL45
ms. (C) Hysteresis loop. Pulse amplitud@25 pA, pulse duration10 ms.

21

C. Pulse-induced {1:1—2:1} flip

The existence of hysteresis shows that at any given BCL
trophysiological properties of the cell were slowly changingwithin the hysteresis zone there is the co-existence of two
as the experiment proceeded, due to the well-known “runstable periodic rhythmg‘bistability” ). This implies that the
down” of the calcium and other currents that occurs duringparticular rhythm seen at that BCL depends on the state of
recording with a patch-pipette in the whole-cell mdfle. the system at the point in time at which the BCL was
Thus the inevitable delay between the times at which the twahanged to that particular value. This further implies that a
transitions shown in Figs.(A) and 1B) occurred might put suitably chosen perturbation should be able to flip the system
the cell into a different state. We tested the possibility thafrom one rhythm to the othé?, with the perturbation taking
the hysteresis might be an artefact of rundown by makinghe state-point of the system from the basin of attraction of
runs in which the BCL was first increased and then latetthe limit cycle generating one rhythm to the basin of attrac-
decreased. We observed the same form of hystefesis tion of the limit cycle generating the other rhythm.

BCL shorter at the{1:1—2:1} transition than at the The hysteresis experiment of Fig. 1 was performed with
{2:1—-1:1} transition), thus demonstrating that the hysteresisthe cell initially being stimulated at a BCL of 500 nisame
is a phenomenon independent of rundown. pulse duration and amplitude as in Fig, tesulting in 1:1
Figure 2 gives the results of numerical simulations in therhythm. The BCL was then gradually dropped to 430 ms, at
LR ionic model using the same type of stimulation protocolwhich point 1:1 rhythm was still present. However, this BCL
as in the experiments. Starting out with our standard initiais within the hysteresis zongFig. 1(C)]. An extrastimulus
conditions (approximate steady-state conditions appropriatgulse was then injected during the repolarizing phase of an
to BCL=450 ms, pulse amplitude225 pA, pulse action potentialarrow in Fig. 3(A)]. This extrastimulus pro-
duration=10 mg, we drove the model with an additional longed the duration of that action potential just enough so
train of 20 stimuli at BCl=450 ms(threshold amplitude for that the next regularly scheduled stimulus fell within the re-
1:1 rhythm was~210 pA at this BCL.. The BCL was then fractory period, resulting in a skipped beat. This skipped beat
decreased in steps of 5 ms, injecting 20 stimuli at each BCLwas then followed by a very long recovery time, so that the
untii BCL=400 ms was reached. We then gradually in-next action potential had a much longer APD and refractory
creased the BCL in increments of 5 ms up to BE4A50 ms,  period than during the pre-existing 1:1 rhythm. Thus, the
injecting 20 stimuli at each BCL. Upon lowering BCL from next stimulus produced a subthreshold response, and 2:1
420 to 415 ms, there was a direct transition from 1:1 to 2:Irhythm was established. The perturbation thus flipped the
rhythm[Fig. 2(A)]. In contrast to the experimental data, the rhythm directly and immediately from a 1:1 to a 2:1 rhythm
transition was much more immediate—following the change(we shall refer to this effect as the{1:1—2:1} flip” ). The
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A A
Experiment AR Experiment v
0
0
52\0/ mV
-50
1000 ms 1000 ms
B B
Model Model v
Vv
0 0]
l mv l mV
-50 -50
1000 ms 1000 ms

FIG. 3.{1:1—2:1} flip (experiment and model(A) Experiment: BCl=430 FIG. 5. {2:1—1:1} flip (experiment and model(A) Experiment: BCl=425
ms, pulse amplitude850 pA, pulse duration5 ms. Same cell as in Fig. 1. ms, pulse amplitude850 pA, pulse duration5 ms. Same cell as in Figs. 1
(B) Model: BCL=430 ms, pulse amplituge225 pA, pulse durationl10 and 3A). (B) Model: BCL=430 ms, pulse amplituge225 pA, pulse
ms. Coupling interval of extrastimule250 ms. Initial conditions for this  duration=10 ms. Initial conditions for this run taken from the end of the ten
run taken from the end of the twenty 1:1 cycles at B€130 ms in the  2:1 cycles at BCE430 ms in the hysteresis run of FigQ (BCL increas-
hysteresis run of Fig.(Z) (with BCL decreasing Arrow indicates extra-  ing).

stimulus injection in(A) and(B).

[320—-420 ms, e.g., Fig.(B)] did not prolong the APD suf-
timing of the pulse was critical, since pulses delivered afficiently to produce a skipped beat on the following stimulus,
several different times earlier or later than the pulse shown irand so was incapable of precipitating the flip.

Fig. 3(A) did not produce the flip.

We next carried out the corresponding simulation of thep. pulse-induced {2:1—1:1} flip
{1:1—2:1} flip in the LR ionic model. During 1:1 rhythm at _ o
BCL=430 ms, which is in the middle of the hysteresis zone " @nother run with the same cell as in Figs. 1 ad)3
[Fig. 2(C)], injection of an extrastimulus pul$arrowin Fig. ~ Where 2:1 rhythm was seen at BEU25 ms|Fig. 1(C)],
3(B)] flipped the rhythm from 1:1 to 2:1. We next system- injection of a smgle extrastimulysrrow in F|g. 5A)] very
atically investigated the effect of coupling intervetime ~ SOON after a skipped beat produced an interpolated graded
from preceding action potential upstroke to pulse opset action potential and .resulte'd in an immediate flip f_rom ?:1to
changing it in steps of 10 ms. As in the experiments, thel,:l r'hythm'. We again carr!ed out the corresponding simula-
timing was critical for the flip to occur: The extrastimulus tion in the ionic model during 2:1 rhythm at BG1430 ms,

had to be delivered with a coupling interval within the rangeWhiCh is in the middle of the hysteresis zofiéig. 2C)].

180-310 mge.g., Figs. 48) and 4C)]. A stimulus that was Injecti(_)n of an e_xtrastimul_uEarrow in Fig. 5B)] produced
delivered too earlf10-170 ms, e.g., Fig.(A)] or too late an action potential, and flipped the rhythm from 2:1 to 1:1.
As for the{1:1—2:1} flip, careful selection of the coupling

interval is crucial to obtain th&:1—1:1} flip in both model
A 170 and experiment.

v C
310 0 . .
v l v E. Pause-induced {1:1—2:1} flip
m
e -50 Mines showed a long time ago that a pause in stimula-
tion produced by dropping two or three stimuli from the

periodic drive train could result in thid:1—2:1} flip in frog
ventricle!? We were able to reproduce this effect in only one

D 32 of many cells in which a search for it was made. A typical
v 0 unsuccessful trial is shown in Fig. 6, in which offeig.
l mV 6(A)] or two [Fig. 6(B)] stimuli were dropped. A 2:1 rhythm
-50 was not seen after the pause; instead there was transient al-
ternans, followed by asymptotic re-establishment of 1:1

5 rhythm. The flip was, however, seen in one cell in which six
500 ms stimuli were droppedFig. 6(C)]: a single transient 3:2
FIG. 4. Critical range of coupling intervals fét:1—2:1} flip (mode). The ~ Wenckebach cycle was seen, followed by a maintained 2:1
extrastimulus must fall within a critical intermediate range of coupling in- rhythm. The action potential duratio®PD) of the second

tervals to produce thél:1—2:1} flip. Coupling interva=170 ms(A), 180 ; : ; ; ; ;
ms (B). 310 ms(C), 320 ms(D). Same stimulation parameters as in Fig. action potential following resumption of stimulation was

3(B). These examples taken from a simulation in which the coupling inter-~10 MSs Io_nger than during_the pre-exist_ing 1:1 rhythm, so
val was changed systematically between 10 and 420 ms in steps of 10 m¢hat the third post-pause stimulus fell within the refractory
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Experiment A Experiment
A 0 or
mV ~ 320+
I-50 g
280}
B 0
'mV 2601 . . . . . .
=50 70 80 90 100 110 120 130 140
RT (ms)
C .
0 B Model
‘mv
l I -50 312} ]
1000 ms ’g? 308}
Model e
% 304}
D 0
mV 3m L 1 I L 1 L
I-so 115 120 125 130 135 140
RT (ms)
m FIG. 7. Steady-state action potential duration recovery cyARDRC)

from 1:1 rhythm(experiment and model(A) Experiment[data extracted
FIG. 6. Pause-inducefiL:1—2:1} flip (experiment and modgl (A)—(C): from runs in Fig. 1C)]. (B) Model [data extracted from runs in Fig(@)].
Experiment: OngA) or two (B) stimuli dropped from the basic drive train. APD measured from start of stimulus pulse to time at whieB0 mV
BCL=430 ms, pulse amplitude850 pA, pulse duration5 ms. Same cell ~ crossed on repolarizing limb of action potential. Recovery time measured
as in Figs. 1, 8), and FA). (C): Six stimuli dropped. Different cell from  from —60 mV on repolarizing limb of preceding action potential to start of
(A) and(B). BCL=345 ms, pulse amplitude1000 pA, pulse duratioal0 stimulus pulse. Curves are single-exponential fits to the data points.
ms. Time-calibration bar ifC) applicable to(A) and(B). (D) Model: BCL
=430 ms, pulse amplitude225 pA, pulse duration10 ms. One stimulus
dropped.

voltage on the repolarizing limb of the preceding action po-
period of the second beat, resulting in a dropped beat and f@ntial passed through-60 mV and the time at which the
flip to 2:1 rhythm. Dropping only one stimulus in this cell next stimulus pulse started. FiguréAJ shows a plot of APD
did not result in thg1:1—2:1} flip. In contrast, in the model vs RT determined from the experiment of Fig. 1, with APD
it is necessary to omit only one stimulus pulse from theand RT determined during 1:1 rhythm for 10 action poten-
periodic drive train to obtain th§l:1—2:1} flip [Fig. 6D)].  tials at each of the eight BCLs in the range 380-450 ms
We believe that the ability to obtain the flip in the experi- (filled circles. The data was well fit by a single exponential
ment depends on the presence of the transient outward cugurve

rent (1) in our rabbit cells(seeDiscussion.

APD=g(RT)=A-Be RT-Rmn/7 RT=RT_,, (1)
F. Action potential duration recovery curve

The existence of hysteresis, as well as the pulse- andhere A=352.42014 msB=73.356 24 ms,r=55.73027
pause-induced flips, has previously been attributed to the dens, and RT,,=74.0 ms'33¢~38The parameteA can be in-
pendence of the action potential duration and refractory peterpreted as the asymptotic value of ARe., APD in the
riod on the prior history of stimulatiot?. One way of char- limit RT—x), 7 as the time constant of recovery of APD,
acterizing the well-known dependence of APD andand RT,, as the shortest RT possible at the smallest BCL
refractory period on BCL is to plot APD vs recovery time or for which there is 1:1 rhythm. The parameter B gives the
diastolic interval at each BCt®® The action potential du- range of APD obtainable. We shall refer to the curve in Fig.
ration (APD) was measured from the start of the injected7(A) as the steady-state action potential duration recovery
stimulus pulse to the point in time on the repolarizing limb of curve (APDRC). We also determined the APDRC in the LR
the action potential at which the transmembrane voltagenodel from the runs used to construct the hysteresis loop of
crossed—60 mV. The diastolic interval or recovery time Fig. 2(C) [Fig. 7(B)]. The APDRC was well fit by Eq(1),
(RT) associated with a particular action potential was definedvith A=366.127 64 msB=62.09352 ms,7=174.740 28
as the time interval between the point in time at which thems, and RT,,=116.067 ms in the mod¢Fig. 7(B)].
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Experiment Model
BCL=450ms BCL=480ms
A 30 D
. , , g TR 1
APD, RT,. APD,
i i+1 : i+1 300 0 S k
BCL )
FIG. 8. Derivation of one-dimensional map. Diagram used in derivation of 310 BCL=44:%OIT’S
one-dimensional map: see text for further description. E 51 "
g
G. Derivation of a one-dimensional map from the -Qt 320k A 0 )
recovery curve & 30 .
We shall now show how, under certain assumptions, the @} ™ 50 ot
APDRC obtained during 1:1 rhythm can be used to predict . 70 30 540 ~ 30 30 30
the response to periodic stimulation at any arbitrary BCL. BCL=350ms BCL=400ms
This involves deriving a one-dimensional finite-difference C F
equation or “map” and carrying out iterations of that 340 21 21
35,39 @ -
map’ £
Denote the APD of théth action potential obtained dur- ¥ 320 \ A 20 | \
ing periodic stimulation by APPand its associated recovery g
time by RT,. Let us first assume that during periodic stimu- 300 3o |
lation at an arbitrary BCL, the duration of any action poten-
tial is determined only by the preceding RT, in a manner that T30 0 M0 30 320 30
is governed by the functiog in Eg. (1). One can then write APDj(ms) APDj(ms
APD;;1=0(RT1). 2 FIG. 9. Iteration of maps derived from the recovery cuteeperiment and

. BT . . . ... _mode). (A)—(C): Experiment.(A): BCL=450 ms: Iteration leads to a 1:1
However, during periodic stimulation, one has, by deﬁmtlonrhythm, independent of initial condition (ARB310 ms, 340 ms illus-

of APD; and RT,; (Fig. 8), that BCL=APD;+RT;,; and  yated. (B): BCL=400 ms: lteration leads to either a 1:1 or 2:1 rhythm
SO depending on choice of initial conditiofe.g., APQ=310 ms, 340 ms,
respectively. (C): BCL=350 ms: Iteration leads to a 2:1 rhythm, indepen-
RT;;1=BCL—-APD;. () dent of initial condition (APR=310 ms, 340 ms illustratgdRange of APD
L . attainable at this BCL is from-279.1 ms to~352.4 ms in(A)—(C). (D)—
Substituting Eq(3) into Eq. (2), one has (F): Model. (D): BCL=480 ms: 1:1 thythm(E): BCL=440 ms: 1:1 and 2:1
rhythms.(F): BCL=400 ms: 2:1 rhythm. Range of APD is from303.7 ms
APD;,1=g(RT;.1)=g(BCL—APD)), (4 ynme® y g

to ~331.6 ms.
Equations(3) and (4) are true provided that there are no
skipped beats, i.e., RT;=RT;,, the minimum possible
RT, or equivalently, from Eq.(3), that APD<BCL difference equation or map, since APD is a function of
—RTin- APD; alone. At a specific BCL, Eq(7) can be iterated to
Let us now consider what happens when a skipped bedenerate the dynamics, starting out from any initial condition
occurs. We now need to make our second assumption: in thePD;, since the functiorg is known from Eq.(1).
event of a skipped beat the subthreshold membrane response
does not affect the duration of the following action potential.H. terations of the map
If the (i +1)%! action potential is thus preceded by a skipped

beat, we can therefore replace E8) with Figures 9A)—9(C) shows maps derived from the AP-

DRC obtained in experimertFig. 7(A)]. At a very long
RTi1=2BCL-APD; (5  BCL [Fig. 9A)] the map (stippled curvg¢ has only one
and Eq.(4) with _br_a_nch(the_l_:l branch given by Eq.(4). Starting out at an
initial condition (APD;) of 310 ms, iterates asymptotically
APD;,;=0(RT;;1)=9(2BCL-APD), (6)  approach the stable steady statefixed point or equilibrium
for BCL—RT,;;<APD,<2BCL—RT,. point) at APD,;=APD;=324 ms, corresponding to 1:1
The general equation is thus rhythm (the condition for local stability of a steady state is
that the slope of the map at the steady state be less than one
APD; ;1 =9(RTi,1)=g(m(BCL)~APD;)=f(APD)), in absolute value This steady state is also globally attract-
(7 ing, since iterates from all initial conditions asymptotically
with (m—1) being the number of skipped beats that oc-approach this steady stafe.g., APO=340 ms is also
curred in RT, 1. This equation is a one-dimensional finite- shown in Fig. 9A)]. Because of the negative slope of the
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map at the fixed point, the iterates approach this point in ar Experiment
alternating fashion, i.e., successive iterates fall on opposit T T T T —
sides of the fixed pointsee also Fig. 4 in Refs. 16 and)39 A 500+ T I I I I 8
This fact accounts for the transient alternans following the 1 1 i I 1
pause in Figs. @) and §B), following the flip to 1:1 rhythm 450+ 2:1
in Fig. 5A), and immediately preceding the establishment of
1:1 rhythm in Fig. 1B) (see also Fig. 18 of Ref. 12

As BCL is lowered, the map becomes discontinuous,
with a second branclithe 2:1 brancfy given by Eq.(6), 350 ]
appearing to the right of the 1:1 bran¢Rig. 9B)]. This
discontinuity at APD=BCL— RT,,, occurs because BCL is T e & =
now small enough so that a sufficiently long APB now 300F 1= [
followed by an RT,; that is less than RJ,, so that a 30 370 390 410 430 450
skipped beat can occur at this BCL. Thus, for APD BCL (ms)
>BCL—RT,,, [€.9., AP =340 ms in Fig. 8B)], all iter-
ates fall on the 2:1 branch, asymptotically approaching the B 380
second stable steady state at APBb2 ms, corresponding to
2:1 rhythm. Since the 2:1 branch also has a negative slope 2:1
the approach to this steady state is again alterndtimg 360
visible on scale of Fig. @)]. For APD,<BCL—RT,,,[€.9.,
APD; =310 ms in Fig. ®B)], successive iterates fall on the 340
1:1 branch, and the steady state at APED3 ms, corre-
sponding to 1:1 rhythm, is asymptotically approached in an
alternating fashion®3°® There is thus now the co-existence 141
of two stable steady statdbistability), one corresponding eisesiiie srmeue
to 1:1 rhythm and the other to 2:1 rhythm, each with its 300 7
own basin of attractionAPD;<BCL—-RT,,, and APDQ
>BCL—RT,,n, respectively. As BCL is decreased further,
the point of discontinuity in the map moves to the left, so
that eventually the 1:1 branch, and thus its steady state, are
no longer preserjFig. AC)]. The period-1 fixed point on the FIG. 10. Bifurcation diagrams obtained from iterations of map derived from

2:1 branch, Corresponding to 2:1 rhythm, is now g|0ba||yrecovefy curves(e>_<periment and mod}ell(A): Experiment.(B): Model.
attracting Gray circles: Predicted APD from iterations carried out from 100 evenly
. ) . spaced values of APDat each BCL. First 1000 iterates discarded to allow
Figures 9D)—9(F) shows that the maps derived from the yransients due to initial conditions to pass. Increment in B&LO ms. Solid
APDRC of the model have dynamics that are qualitativelycircles: Data taken from periodic stimulation runs of Fig&C)land 2C),
similar to that of the maps derived from experiment. with BCL decreasing for 1:1 points, increasing for 2:1 points(An, solid
circles are mean APD of ten action potentials at each BCL; barstdre
standard deviation. At the shortest BCL on the 1:1 branchAin iterates
from some initial conditions have not yet approached the steady state: how-
ever, they do so when iteration is continued beyond 1000 iterations.

2:1

APD (ms)

ms)

21

APD (
8
o

410 420 430 440 450
BCL (ms)

I. Bifurcation diagrams

Figure 9 showed individual examples of maps selected
to illustrate the evolution in the qualitative features of thedicted APD(gray circle$ during 2:1 rhythm is considerably
map as the BCL was changed. These examples were takémwer than the actual APDsolid circles in both model and
from calculations in which the BCL was systematically experiment.
changed over a wide range Wwia 1 msincrement in BCL. In This discrepancy in the model is due to the fact that the
the search for bistability, iterations were carried out from 100fit of the APDRC was made using data with RT40 ms
evenly spaced initial conditions at each BCL. The first 100qFig. 7(B)], and this fit[dashed line in Fig. 1®)] sharply
iterates were discarded in order to allow transients to passinderestimates the APD at the much longer RTs encountered
Plotting the predicted steady-state APD as a function of BClduring 2:1 rhythn{solid curve in Fig 11A) shows fit to data
yields a bifurcation diagrarfgray circles in Fig. 1D Super-  (filled circleg computed during 1:1 rhythm over a much
imposed on these predictions are the actual results of perwider range of BCL: 420—1000 ms in Fig. @) vs 420—
odic stimulation runs(solid circleg. In the case of 1:1 450 ms in Fig. ¥B)]. Thus, the predicted APD during 2:1
rhythm, the data from the periodic stimulation runs are veryrhythm in Fig. 10B is substantially less than the observed
close to the predictions of the map derived from the APDRCAPD. lIterations using the APDRC fit to the data obtained
However, this agreement must exist, since the predictionsver the wider range of BClsolid curve in Fig. 11A)]
were generated using the single exponential fit to data fronproduce much better agreement for the APD during 2:1
periodic stimulation runs resulting in 1:1 rhythm. While the rhythm [Fig. 11(B)]. The fact that the predicted APD is so
iterative technique predicts the presence of bistability in botttlose to the actual APD during 2:1 rhythm demonstrates that
experiment[Fig. 10A)] and model[Fig. 10B)], the pre- the two fundamental assumptions underlying the formulation
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A range(~60 ms vs~20 m9. This discrepancy is due to the
fact that although RJ;, was assumed to be a constant in our
iterative scheme, it is actually a function of BCL. While
RT,, was defined as the RT encountered during steady-state
1:1 rhythm at the shortest BCL allowing 1:1 rhytHigs.
7(B) and 11A)], an S1-S2 premature stimulation protocol
revealed that the refractory period and the minimum possible
RT were functions of the S1-S1 interval during 1:1 rhythm:
as the S1-S1 interval increased, the APD and refractory pe-
riod of the basic beat increased while the minimum possible
. . . : . . RT decreased. In particular, a premature stimulation protocol
B - carried out during 1:1 rhythm at an S1-S1 interval of 880 ms
e 2:1 (corresponding to the effective cycle length prevailing in the
middle of the predicted range of 2:1 rhythm in Fig.(BL
2x440 ms demonstrated that the minimum RT was in fact
only 90.1 ms at that S1-S1 interval. It is thus not surprising
that the iterations in Fig. 1B) predicted that the 2:1 rhythm
- should be maintained out to a longer BCL than in the simu-
lations, since these calculations assumed a significantly
400 420 440 460 480 500 higher value of RT;, (~116.1 m$. When RT,;, was set to
BCL (ms) 90.1 ms and the iterations redone for the 2:1 branch of the
C . r , r r r bifurcation diagram, the upper border of the 2:1 zone was
] predicted to be at BCE450 ms[Fig. 11(C)]. The iterative
2:1 technique thus worked extremely well in the ionic model,
predicting the APD almost perfectly within the 2:1 zone, and
the location of the upper end of that zone to within 5—10 ms.
] 11 1 However, when RT;,=90.1 ms was used in the calcu-
P lation of the 1:1 zone, the left-hand border of that zone was
- el 7 at BCL=385 ms, since RJ;, was then unrealistically short
L L L . L L for the briefer APD encountered at the lower BCL. Prema-
ture stimulation protocols showed that not only did the mini-
mum RT depend on the BCL, but so did the detailed shape of
FIG. 11. APDRC determined over wider range of BCL and bifurcation the APD restitution curve. Thus, future extensions of the
diagram(mode). (A): Steady-state APD vs RT data determined from runs atiterative technique should incorporate a parametric fit of the
BCL=420-1000 m#filled circles. Solid curve is a single-exponential fitto  cycle-length-dependence of Rl and the other parameters
the data[A=366.127 64 msp=62.09352 msy=174.74028 ms, and i, g (1) describing the APD restitution curve. The unfor-
RTin=116.067 ms in Eq.1)]. Dashed line indicates fit to restricted data set . .
of Fig. 7(B) (BCL=420—450 mj (B): Bifurcation diagram computed using tUnate cost of such an endeavor might be the loss of the nice
APDRC of solid curve ifA). Gray symbols: Iterations carried out from 100 one-dimensional nature of the map, with its easily visualized
evenly spaced values of ARt each BCL. First 1000 iterates discarded to dynamics(Fig. 9).

allow transients due to initial conditions to pass. Increment in BCIO ms. ; ; ; o
Filled symbols: Data taken from periodic stimulation ru¢@): Bifurcation The d|screpancy between the iterative predlctlons and

diagram computed as i{B), except that RJ;,=90.1 ms is used in comput- the actual APD during 2:1 rhythm is much larger in experi-
ing the 2:1 branch with the iterative technigféae old value of R, ~ ment than in the moddFig. 10, with the predictions over-
(116.067 msis still used in the exponent in Egl) to preserve the same estimating the measured APD by115-145 ms. This dis-
dependence of APD on RT parity is largely due to the fact that there is indeed an effect

of the blocked stimulus during the experiments that is ne-

glected in the iterative scheme. At any BCL within the 2:1
of the map are essentially correct in the LR model over theange of BCL shown in Fig. 1@) (350-440 my the
range of BCL investigated heréi) APD; is controlled by  blocked stimulus falls on the repolarizing limb of the action
RT; alone: i.e., little or no APD “memory,®®3¢404.which  potential, prolonging the duration of that action potential
is also the case for closely related ventricular modefsfii)  [see, e.qg., first part of trace of Figi]. During the transient
the subthreshold deflection caused by a stimulus that dodbkat occurs immediately following the conversion of 1:1 to
not produce an action potentié “blocked” stimulug has  2:1 rhythm, the blocked stimulus falls after the action poten-
no effect on the APD of the subsequent action potential. tial, and thus no prolongation effect is sdeng., Figs. 1A)

The one discrepancy now remaining in Fig(BJlLis that and 3A)]. As stimulation proceeds, however, the APD

the upper limit of BCL to which 2:1 rhythm is predicted to gradually prolongs until the blocked stimulus falls on the
occur (gray symbol$ in the ionic model is significantly action potential, as in Fig.(B). This prolongation effect
higher than that at which it actually occurs in the periodicdoes not occur in the model over the range of BCL investi-
stimulation rungsolid symbol$. This leads to the predicted gated abovdit does, however, occur at a higher pulse am-
hysteresis range being significantly wider than the observeglitude).

§ 8 8
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-

: 8

APD (ms)
w
S
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g
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For an action potential in which the prolongation effect A 578 pA 576 pA
occurs, let us denote the extrapolated intrinsic APD, neglect- v
ing the prolongation effect, by APD so that
APD=APD' +P, where P is the prolongation caused by the ?nv
blocked stimulus. Let us now assume that the effect of the g U -50
blocked stimulus is simply to delay or postpone recovery g
from refractoriness, so that the start of the recovery time g 591 pA ™ 596 pA
(RT) can be taken, as before, from the time at which the u%-
voltage crosses through60 mV on the repolarizing limb of
the action potential“reset” effect).*® Let us then assume as ,?,V
before that the intrinsic APD is controlled by the preceding L_ L -50
RT, so that APD, ;=g(RT;,1)=9g(2BCL—-APD,). Substi- - -
tuting APO,,=APD;,,;—P, one then has APD; 4000 ms
=g(2BCL—APD,) +P. Since P is on the order of several B 223.5 pA 223 pA
tens of milliseconds in our experiments, the prolongation ef- v
fect accounts for only a part of the discrepan@l5-145 0
ms) between the predicted and actual APD in Fig(A)0 "gg

It is possible that the residual discrepancy is due to the _
same two factors producing the discrepancy in the model 3
(i.e., APDRC determined over too narrow a range of BCL, §° 224.5 pA v 225 pA
thus underestimating the APD at the longer RTs encountered
during 2:1 rhythm[as in Fig. 11A)]; RT,,, dependent on 0
BCL). However, since our stimulation protocol in the experi- '2\6
ments was not set up to systematically explore longer BCL's,
nor to determine the nature of the dependence of the mini- 5000 TS

mum RT on BCL during 1:1 rhythm, we are unable to verify
that this is also the case in the experiments. Indeed, it is OUFIG. 12. Amplitude hysteresigexperiment and modgl (A) Experiment.
impression that carrying out such a definitive systematic prOUpper trace {1:1—2:1} transition when stimulus amplitude lowered from

. 78 to 576 pA.Lower trace {2:1—1:1} transition when stimulus amplitude
tocol would take so long that serious concerns about th as later increased from 591 to 596 pA. BEB0O0 ms, stimulus

stationarity of the single-cell preparation in the classicquration-10 ms. (B): Model. Upper trace {1:1-2:1} transition when
whole-cell recording mode would be raised, due to dialysisstimulus amplitude lowered from 223.5 to 223.0 pAower trace

of intracellular contents against the pipette fluid and Ccm_{2:1ﬂl:1} transition when stimulus amplitude later increased from 224.5 to
tinual rundown of current%“ However. three bits of evidence 225.0 pA. BCL=450 ms, stimulus duratienl0 ms. From our standard
o ! g initial conditions(seeMethods the stimulus amplitude was increased from

suggest that the resolution of the discrepancy in the exper2s pa to 230 pA for 20 stimuli, and then lowered down to 223 pA in steps

ments might be similar to that given above in the case of thef0.5 pA, injecting 20 stimuli_ at ea_lch ampli_tude_; then it was in_creased up to

ionic model. First. we know that the fitted experimental AP- 225 pA in steps of 0.5 pA, injecting 20 stimuli at each amplitude. Arrow
. ! . oints to time at which pulse amplitude was changed.

DRC [curve in Fig. TA)] underestimates the actual APD P P P 9

during 1:1 rhythm at BCE1000 ms, since we have data in

some cells at this one long BOlthe stimulus threshold for s amplitude Since the(2:1—1:1} transition occurred at
1:1 rhythm reported on earlier was obtained at this BCL 5 nigher stimulus amplitude than tHe:1—2:1} transition,
Second, the fit also sharply underestimates ARD the  here was amplitude hysteresis. Similar behavior was also
much longer RTs encountered during 2:1 rhythm: for the 2:1566n in the LR moddlFig. 12B)]. As in the case of fre-
data points shown in Fig. 18), mean RE230-400 ms and  q,ency hysteresis, there was a rather long delay between the
mear APD=420-440 ms; in contrast the fit predicts change in stimulus amplitude and the switch from one
AP_D %3_50 ms over this entire range Of_ recovery t'fne-rhythm to the other in the experimentsSig. 12A)], but not
Third, it is well known that the refractory period is a function the model[Fig. 12B)]. Just as the stimulus amplitude
of BCL in multicellular ventricular muscle’ must be well chosen to obtaifi:1—2:1} frequency hyster-
esis, the BCL must also be carefully selected to obtain
{1:1-2:1} amplitude hysteresis: e.g., if the BCL is set to
1000 ms, one typically obtains Wenckebach rhythms in our
While the {1:1-2:1} transitions seen in Figs. 1 and 2 rabbit ventricular cells instead of the direct transition to 2:1
above were produced by changing the BCL or equivalentlyhythm as pulse amplitude is decreadgd.
the frequency of stimulation“frequency hysteresis),?’ We now outline the mechanisms we deduce underlying
hysteresis could also be produced by changing the stimulud:1—2:1} amplitude hysteresis. During 2:1 rhythm at a
amplitude at a fixed BCl(“amplitude hysteresis}.?’ A di- given BCL, the APD is longer than during 1:1 rhythm estab-
rect {1:1—2:1} transition[Fig. 12A), upper pandland a lished at that same BCL at a higher pulse amplitddet
direct {2:1—1:1} transition [Fig. 12B), lower pane] oc- lying within the amplitude hysteresis rangé&herefore, dur-
curred with a change in stimulus amplitude when the BCLing 2:1 rhythm, the recovery time from the end of an action
was set appropriatelyarrows indicate first stimulus at new potential to the beginning of the following subthreshold re-

J. Amplitude hysteresis
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sponse is shorter than the corresponding RT during 1:these mechanisms suggested by Mines. We are not aware of
rhythm. Since the stimulus producing the subthreshold reany previous reports dfl:1—2:1} frequency hysteresis in an
sponse during 2:1 rhythm falls within the relative refractoryionic model.
period of the preceding action potential, increase of stimulus
amplitude will eventually convert that response into an acC- {1:1—2:1} amplitude hysteresis
tion potential, thereby producing 1:1 rhythfprovided that We know of one prior report of1:1<2:1} amplitude
the BCL be appropriate to the diref2:1—1:1} transition.  pysteresis in cardiac tissue, in experiments carried out on
However, due to the smaller recovery time prevailing deingPurkinje fibre*® Perhaps most interestingly, “negative” hys-
the initial 2:1 I’hythm, in order to obtain the conversion to 1:1teresiS, associated with “relative” Supernorma| excitab”ity,
rhythm, it is necessary to raise the pulse amplitude to a valugouyld be seen in several preparations: i.e., the transition from
higher than that needed to maintain a 1:1 rhythm already:1 to 2:1 rhythm occurred at higher stimulus amplitude
established at that BCL. than the reverse transition. A multivariable difference-
differential model using the recovery curves for APD and
excitability (together with a slowly changing memory func-
IV. DISCUSSION tion for APD) could produce either positive or negative hys-
A. The direct {1:1—2:1} transition teresis, depending on parameter valtfesvhile the addi-
tional memory-dependent terms with long time constants are
apparently necessary to generate the amplitude hysteresis de-
%cribed in this model, this is not the case for the frequency
hysteresis seen by us. We are not aware of any prior reports
€of {1:12:1} amplitude hysteresis in an ionic model.

There are several cardiac preparations in which the di
rect{1:1—2:1} transition has been documented in respons
to decreasing BCI?1325:32:33444% stimulus amplitudé*#®
In other experimental reports, the BCL or stimulus amplitud
was not changed with a fine enough decremnerg., 50 or
100 ms decrement in BCL used in Ref)1d guarantee that D. The extrastimulus-induced  {1:1—2:1} and {2:1—1:1}
the transition was diredf.e., that no intermediary Wenck- flips

ebach, alternans, or other rhythms existethere have also While there are experimental and clinical reports of

been wo repqrts of the.<_j|ret{:1:1—.>2:1} transition in ionic extrastimulus-induced flips in experimental and clinical
models: one in a modified version of the Beeler—Reuter

: . work, we are not aware of any such reports in an ionic
model of space-clamped ventricular membré&hide other in y P

. ) o model.
a or!e-dlmen_slonal Purkinje flber caffein l.)Oth (.)f the_se We know of only one report of an extrastimulus-induced
studies, and in the one experimental study in which stimulu

amplitude was systematically changgd, the direct ?1:1—>2:1} flip, in a patient with 2:1 atrioventricular heart

) ) o . . block*® Injection of a sufficiently premature atrial or ven-
{1:1—2:1} transition was seen at a stimulus amplitude lower, . : . : I

. tricular extrastimulus during sinus rhythm resulted in infra-

than that at which alternans rhythm was produced. In addi,. . .

. .. Hisian block of that beat. Following the resultant post-extra

tion, Wenckebach rhythms were seen at a lower amplitude

. o Systolic ventricular pause, the next sinus beat conducted, but
(very close to threshojdn ventricular ionic model&®as > P

well as in the Purkinje fiber cable model when the fast so—the next one did not, thus setting up a rhythm of 2:1 block.

dium current (o) was removed and intercellular coupling The extrasFimqus, .therefore., induces a pa_u;e—dependent
decreased Wh'i\lCh had the effect of reducing excitability an 1:1-2:1} flip essentially equivalent fo that originally seen

. . ) . y Mines in frog ventricl&? and later on by us in the ionic
the effective amplitude of the stimulus curréhtwe find model [Fig. 6D)]. In the pulse-inducedl:1—2:1} flips of
that lowering the pulse amplitude in the modified LR model g : P e P

below that which we have used above leads to Wenckebac F_|gs. 3 and 4, it is not a post-extrasystolic pause that is

type rhythms when BCL is decreasésee also Ref. 29 involved, but rather a pause associated with a skipped beat

. ST . caused by extrastimulus-induced prolongation of APD.
while raising it leads to a sustained alternans rhythm. Thus; There are two reports of thd2:1-1:1} flip, one

all of the available experimental and modeling evldenceexperimente%l2 and one clinicaf® Our results in Fig. 5 are in
points to the same conclusion: when BCL is changed, th

. o . %greement with the mechanisms recently deduced from His-
e o oo Seer o e 0 1 e recodings of te(z 11 i the post
' extrasystolic pause cannot be too long, otherwise the APD of
the next action potential would be so long that the stimulus
following that action potential would be blocked, thus rees-
tablishing 2:1 block® While this reasoning implies that the
Frequency hysteresis involving 1:1 and 2:1 rhythms ha®\PD of the extrasystole cannot be too short, we also wish to
been described previously in three different cardiac prepargsoint out that it cannot be too long either, otherwise the
tions: Frog ventriclé?* dog ventricle!® and aggregates of stimulus following the extrasystole might block, reinstituting
embryonic chick ventricular cel&**The first of these stud- 2:1 block. The{2:1—1:1} flip shown in Fig. 5 is different
ies was carried out almost a century ago by Mines, whdrom that of Minest?in that here the APD of the extrasystole
recorded contractions in frog ventricléeMines’ explanation is short enough so that the next beat is not blocked, as in
for the hysteresiggiven in Resultsabove lay in the depen- Mines’ scenario, resulting in a more immediate transition to
dence of the refractory period on BCL. Our recording of the2:1 rhythm here than in Mines’ case. Traces corresponding
transmembrane potential in isolated cells lends credence to Mines’ case can, however, be seen in our single cells

B. {1:1+2:1} frequency hysteresis
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when a stimulus pulse is delivered later than in Figh)5s0  =1000 ms*® The absence df,, in the LR model means that
as to produce a longer action potential. However, the extrathe above effects will not be present. Due to its long time
stimulus cannot be too late, otherwise the second StimU|U§onstantj 1 IS Not likely to be a key player in our preparation
following the extrastimulus also finds itself in the refractory during behavior occurring at short BCLs and recovery times
period and the flip does not occur. (e.g., the hysteresis itself and the pulse-induced)flips
While we have not attempted to obtain flips within the

hysteresis range produced by changing stimulus amplitudg; |onic mechanisms underlying  {1:1<-2:1} bistability

we predict that they should exist: e.g., injecting a premature ] ) ) ) .
stimulus during 2:1 rhythm following a skipped beat should ~ TWo basic electrophysiological properties underlie the
result in a flip to 1:1 rhythm in a manner similar to that {1.:1<—>2:1} bistability in thg model..F|rst, at the stimulus am-
shown in Fig. 5, provided that the APD of the prematurePlitude used here, there is effectively an all-or-none thresh-
action potential be sufficiently brief in duration, and drop- ©/d, which in a ventricular cell hinges on a competition be-

ping one or more stimuli during 1:1 rhythm might result in atween the depolarizing influence of the fast inward current
flip to 2:1 rhythm. (Ina) and the repolarizing influence of the inwardly rectify-

ing potassium currentl ¢;)*° (see Ref. 50 for a detailed in-
vestigation in the Hodgkin—Huxley model of squid axon
E. The pause-induced {1:1—2:1} flip Second, as in the Beeler—Reuter model from which the LR
model is derived, there is a time-dependent recovery of APD,
Yuhich hinges on two time-dependent processes: activation of
the delayed rectifier current) and recovery from inactiva-
tion of the slow inward calcium current §).%*?Indeed, in

We are aware of two experimental studies documentin
a pause-inducefl:1—2:1} flip.*233For these results, and for
our modeling resul{Fig. 6(D)], Mines’ initial explanation

St.'" holds: the first action potential foII_owmg the pause in isolated rabbit ventricular cells studied at room temperature
Fig. 8D) has an APD and refractory period longer than thosqn the whole-cell mode, the time constant for recovery of

of action potentials during the pre-existing 1:1 rhythm; WhenAPD was very close to the time constant for recovery from
the pause is sufficiently long, the refractory period associateg} ) i\ ation of the calcium curreff.While our understand-
with this be.at will be so Iong that the. second stimulus deliv-ing of the ionic basis underlying the ventricular action po-
ereq following the pause \.N'" rgsult na blocked beat, PrO-tential and the restitution of APD is still very much incom-
ducing a 2:1 CYCIE' The third stimulus W'l,l then'b'e preceqedplete, it is clear that mechanisms not expressly included in
by a recovery time long enough to allow it to elicit an action o | r model[e.g., Na—Ca exchang®% Na—K pump®
potential. The APD and refractory period of this beat will ;oo oina e ey 02 also contribute to vary,ing

ariso bhe Iofng, k;]eca_usel of thgllrelatwlely long reb0ﬁver3r/] tllr(;]e, S8xtents in different species. Future modeling work investi-
that the Og” f“”;]“ U result in a su dtz_rfsho | 1" gating the ionic basis of bistability and hysteresis should thus
sponse, and so forth, resulting in a sustained 2:1 rythm. i, 5 species-specific “second-generation” model incor-

l_ln contra}st o (Inur mIOd.e“Pg resuﬂF_g. G(dD)] 3nd tq porating the Na—Ca exchanger, the Na—K pump, and addi-
ear:e_r elxperlrrl:grzljtg resuhts n rotg t\)/entn Sn tem brtyc')m?h tional currents such ds,. However, the problems of drift
ventricular cells, = we have not been able 1o oblain e ;.4 degenerate equilib?f’” now known to exist in the

{1:1_>.2:1} flip by dropping one or two stlmulu§ pulses in our original formulation of this class of models will have to be
expe_nmen;s. T_he APD of the f_|rst beat following resumpt'onaddressed before this approach can be taken.

of stimulation in the cell of Figs. &) and 8B) was only
weakly dependent on the previous RT. The APD of this bea
did not prolong enough to cause block of the next beat an
thus induction of 2:1 rhythnfunlike the model, Fig. @)]. Our derivation of a one-dimensional map obtained from
However, following the very long recovery time produced bythe APDRC provides a theoretical framework in which one
dropping several stimu[iFig. 6(C)], the first post-pause beat can considefl:1+2:1} bistability (see also Refs. 14 and ¥6

had a more prominent phase-1 early repolarization, and th€his approach allows a quantitative test of Mines’ explana-
APD of the second post-pause beat was about 10 ms longéon that the essential mechanism underlying {hd«—2:1}

than during 1:1 rhythm, so that its refractory period washysteresis, as well as the extrastimulus- and pause-induced
extended and the third beat was blocked. When a singl8ips, is the dependence of APD and refractory period on
stimulus is dropped in rabbit ventricular cells during 1:1BCL. It also supports the interpretation that tflel—2:1}
rhythm at the longer BCL of 1000 ms, there is a more promi-hysteresis is a consequence of the predicted coexistence of
nent phase-1 repolarization of the first action potential and atwo stable equilibrium points on the mdfigs. 94B) and
increase in the duration of the second action poteri§aé  9(E)]. In the succinct words of Mines: “It is seen that over a
Fig. 2 of Ref. 26. We have attributed these two changes toquite considerable range of frequencies of excitation, there
the presence of the transient outward curreép) (which has  exist two possible equilibria, stable so long as the heart con-
an extremely long time-constafit-7 9 for recovery from tinues beating regularly and without interruptiof?”
inactivation in our cell€® In fact, it is this current that is The {1:1+2:1} bistability hinges on the APDRC having
largely implicated in generating Wenckebach rhythms: —a nonzero, but not too large, slope. Should the APDRC be
the 3:2 cycle occurring right after the pause in FigC6 perfectly flat(i.e., no time-dependence of APD restitutipn
bears a striking resemblance to a cycle of maintained 3:2here would still be a direc{1:1—2:1} transition, but no
Wenckebach rhythm of the kind we have reported at BCLbistability. As the APDRC is made increasingly curved, one

. {1:1+2:1} bistability on the map
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would see{1:1-2:1} bistability and the range of BCL over J. Other forms of bistability in cardiac

which this bistability occurs would initially increase. In our electrophysiology

simple iterative scheme, when the APDRC steepens to the \yhile we have concentrated above fin1—2:1} bista-
pomt where .there. IS a region of slopel,_ there will be &  pility, several other forms of bistability involving two differ-
period-doubling blfurcatzog,zoc%rzggé)gndmg to a wransitiongpt periodic rhythms have been described in experimental
from 1:1 to 2:2 rhy;hm? Ce However, a recent  cardiac electrophysiology. In particular, there are several ex-
report shows the existence of the dirgttl—2:1} transition amples involving 1:1, 2:2, and 2:1 rhythms.

in a two-dimensional mayincorporating APD memory as The transition{1:1—2:2—2:1} is seen when our cells are

the second variableeven when the slope of the steady-state,;ceq with a stimulus amplitude higher than that used above.
APDRC exceeds 1 over some rarigeNevertheless, the |, that situation, the 2:1 rhythm is bistable with either the 1:1
{1:1<—>_2:1} transition cagsk%g accounted for by a two-branched; the 2:2 rhythm, depending on the BCL, with both hyster-
one-dimensional mag.™ esis and flips being seéhThis form of hysteresis has also
been more recently reported in frog ventritfeln a one-
dimensional cable model of ventricular muscle, either a 2:1
or 2:2 rhythm is seen, dependent on initial conditions, thus
directly demonstrating bistabilit? Before it was described

A long transient is seen in our experiments between then experiments and ionic models, this form of bistability in-
time at which BCL is changed and the time at which a switchyolving the {1:1—-2:2—2:1} sequence of transitions was
between 1:1 and 2:1 rhythms is observ&dgs. 1 and 12 theoretically predicted to exist based on iterations of a one-
There is also a transient immediately following the switch todimensional magRef. 35; see also Refs. 14, 58, and.59
1:1 rhythm([Fig. 1(A)] or immediately after thg2:1—1:1} In frog ventricle, there was a transition from 1:1 to what
flip [Fig. 3(A)], with the APD slowly prolonging to the point was described as one of two different 2:2 rhythitasour eye
where the subthreshold deflection eventually rides on the aghey look more like a 2:2 rhythm and either a 2:1 or 4:2
tion potential, as in Fig. @). Such prolonged transients are rhythm), depending on the exact point in time at which the
not seen in the ionic modéFigs. 2A), 2(B), 3(B), 5(B), and  BCL was lowered? Iterations of a one-dimensional map
6(D)] or in the one-dimensional map. These transients indipptained from consideration of an ionic model also predicted
cate the presence of processes with long time constants. It {fe existence of two stable 2:2 rhythiff&gs. 5 and &) of
thus possible that including effects extending over severakef. 59: see also Fig.(B) of Ref. 58. An interesting form of
beats that are not presently incorporated into the ionic modehultistability or neutral stability occurs in mechanical alter-
(e.g., pumps, exchangers, time-varying ionic concentrationshans: at a fixed BCL, the amplitude of the contraction can
or into the simple one-dimensional m&p.g., memory of  attain many different values, depending on the length of a
excitability and APD* 304041454680 8ight replicate such single longer-than-average cycle that is inseffeginally,
long transients. However, there are practical experimentaliines gives a very beautiful example in which a well-timed
difficulties (e.g., rundown of currentsnherent in sorting out  extrastimulus converts 2:1 bilateral bundle branch block into
these slow phenomena in the single-cell preparation. an alternating bundle branch block vice versa?

Another form of bistability is{1:1~1:0} bistability.
When the denervateih situ canine heart is paced from the
right ventricle, there is hysteresis in that 1:1 ventricular cap-
ture is attained and lost at different frequencies of

As mentioned earliefseeResulty, we are not sure of the stimulation!® There is also amplitude hysteresis in the
reasois) underlying the failure of the iterative technique to threshold for “capture” when an electronic pacemaker is
more accurately predict the APD during 2:1 rhytHFig. inserted into a patient: i.e., the threshold current is slightly
10(A)]. One possibility not mentioned thus far is that incor- higher when stimulus amplitude is increased slowly from a
poration of slow processdg.g., APD memorywould help  subthreshold value than when it is decreased from a suprath-
in resolving this discrepancy. However, a model incorporat+eshold valué* While it has been suggested that the de-
ing APD memory [but not explicit BCL-dependence of creased threshold found when slowly decreasing stimulus
RTmin, as in Fig. 11C)] also has significant discrepancies in amplitude during 1:1 rhythm is due to the higher coronary
its predictiong(e.g., predicted APD too lardes too small in  blood flow then preserif: this {1:1—1:0} hysteresis can also
Fig. 10A)] during 2:1 rhythm; predicted upper end of 2:1 be seen in isolated slow-response rabbit atriwhere it has
range at much too long a BGE? In that study on frog ven- been termed “excitation hysteresis® isolated papillary
tricle, blocked stimuli fall on the repolarizing limb of the muscle?® single guinea-pig ventricular ceff$,a modified
action potential during 2:1 rhythrfFig. 1(b) of Ref. 14.  version of the LR modéi® an “analytic” model®! and a
Depolarizing pulses injected into ventricular muscle can redifferential-difference modéf In sheep papillary muscfg,
sult in either a prolongation or shortening of the APD, de-as well as in the modified version of the LR moflInjec-
pending on the amplitude, duration, and timing of the stimu-tion of an additional stimuluévhich is, however, subthresh-
lus, as well as the specié$Should shortening of APD occur old) during 1:1 rhythm can produce tHé:1—1:0} flip; an
in frog ventricle, incorporation of such a “reset” effect into additional suprathreshold stimulus delivered during 1:0
the iterative scheme might help in improving the predictionsrhythm can produce thél:0—1:1} flip in the modelf? To
as in our work above and in an ionic mod&p® obtain{1:1-1:0} bistability in the LR model, it is apparently

H. Slow transients and memory

I. Shortcomings of the iterative technique
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essential to add a slow gating process to the inward rectifidne due to electrotonic coupling with a nearby area showing
current («;).% In contrast, we have shown that it is not 2:1 block(see, e.g., Fig. 10 of Ref. 3 and Fig. 5 of Ref, 4
necessary to add any extra slow process to the original LResulting in “secondary” alternarff. Recent modeling work

model to obtain{1:1-2:1} bistability. with the LR model supports the secondary origin of the al-
ternans in ischemi®

K. Implications for arrhythmias There are instances in which alternans first appears dur-

1. Atrioventricular block ing ischemia immediately after a spontaneous or externally

Two types of second-degree atrioventricula¥ ) block e.licited. premature \{entricular contractidit or foIIowing a
have been described. In Mobitz type | or Wenckebach bIocI@,'ngIe intentionally inserted long cycleThe most obvious
there is a beat-to-beat increment of the PR interval precedinBOSSib“ity to account for this finding is that there is bistabil-
the skipped beat; in Mobitz type Il block, there is an occa-ity between 1:1 rhythm and primary alternans in the ischemic
sional dropping of a ventricular beat with no detectable trencirea, as can occur in maps derived from ionic motfels.
in the PR intervals of the beats immediately preceding thélowever, since both excitability and intercellular stimulation
dropped beat. A unified hypothesis for the two forms of Mo-current are reduced in ischemia, and ischemia flattens the
bitz block has been proposed, with dropped beats in MobitAPDRC determined from a premature stimulation
type Il block occurring within the proximal His—Purkinje protocol®®®"°one might expect to see tH&:1—2:1} bista-
system actually being preceded by very small increments imjjity in ischemic muscle[Indeed, when agents that flatten
conduction time(“millisecond Wenckebach).®® As the de-  the APDRC and suppress alternans are uged., DAM,
gree of block worsens, the increments in the PR interva4t +_channel blockeds? one might also expect a similar

increase to the point where frank Mobitz type 1 block iS gfect14) It is thus possible that when “triggered alternafis”

readily |d_en'§|f|ed._ . . follows a premature ventricular contraction, the premature
Our findings in single ventricular cells show several cor- _. P . . ) .

. . stimulus is flipping an area showing marginal 1:1 conduction
respondences with AV block. First, we see Wenckebacr% 21 duction. thus induci d it i th
rhythms only at a pulse amplitude lower than that at which® < co_n uction, _us inducing s_ecc_)n ary a ernaﬁr;s in the
the direct{1:1—2:1} transition is seen. Second, during the surroundln.g. aregor v.|ce versaabollshlng alternans )
{1:1-2:1} transition produced by gradually lowering the [N addition, spatially discordant alternafaiternans in
stimulus amplitude at fixed BCL, there is a very slight in- @nti-phase at two locatiopswhich is more malignant than
crease in latency — which would probably translate into arconcordant alternani$;*+?'can be transformed into the latter
increase in conduction time in a multicellular preparation —during ischemia by a premature ventricular contractien
preceding the transition to 2:1 rhythfiFig. 12A), upper ther spontaneous or stimulaje@ reduction of the BCL for
panel. Third, a slight lowering of the stimulus amplitude one cycle, or a pauseAgain, it is possible that flips between
after the{1:1—2:1} transition has occurred following a de- 1:1 and 2:1 rhythms might somehow be involved: e.g., if the
crease in stimulus amplitude results in a transition to 1:®ut-of phase alternans seen during discordant alternans is
block, which agrees with the propensity for paroxysmal com-secondary(i.e., each of the two types of alternans is associ-
plete AV block to occur following Mobitz type Il block in  ated with its own area of 2:1 blogkflipping one area of 2:1
the His-Purkinje systerf®” Finally, a very recent clinical pjock to 1:1 rhythm would result in a conversion from dis-
report shows that a single extrastimulus can ir;duce flips froRordant to concordant alternans. However, a simple model
1:1 conduction to 2:1 AV block andice versd’ using the concept of a critical phase-reversal point during
primary alternans shows how a suitably timed extrastimulus
can flip concordant to discordant alternansviare versg®

Alternans rhythm is commonly seen in the ischemic vensuggesting bistability between two different spatially orga-
tricle, often immediately preceding the phase of induction ofnized primary alternans rhythnfisee also Fig. 5 of Ref. 16,
malignant arrhythmias such as ventricular tachycardia angtig. 6 of Ref. 39, Fig. &) of Ref. 58, and Figs. 5 and @) of

fibrillation.3~** On the clinical electrocardiogram, alternation Ref. 59 for coexistence of two different primary alternans
of either the ST-segment or the T-wat@ both has been rhythms]

the most commonly described form of alternans during

. . ’6’8 . .

ischemial Ind_eed,_ Instrumentation to chec_k for OCC[.JIt rhythms, {1:1-2:1} and {1:1-1:0}, have been systemati-
T-wave alternation in the clinical electrocardiogram using : . . - : T

power spectral analysis is presently being evaluated in alc;]ally investigated in periodically stimulated cardiac tissue. It
attempt to identify patients at an increased risk of suddef OL.” ex.pectatlon .that other forms of bistability, or even
cardiac deatiCH 2000 Cardiac Diagnostic System Cam- Multistability (the simultaneous presence of three or more
bridge Heart Ind.® The alternation in the T-wave of the rhythmsg, will be found in the futuréperhaps even involving

electrocardiogram may be due to an intrinsic beat-to-bedi€€ntrant rhythms In particular, if there is indeed a causal
alternation in the action potential duration in the ischemicconnection between alternans and malignant ventricular ar-

area, being essentially equivalent to the “primary” rhythmias in the setting of acute myocardial ischemia, the
alternan®’ seen in a periodically stimulated isolated ven- ability to replace one rhythm with anothésr one form of
tricular celP>?"?8and in ionic models of space-clamped ven- alternans with a less malignant forrby injecting a well-
tricular membrané’#2“3 Alternatively, the alternans might timed stimulus might eventually be of some clinical use.

2. Ischemic alternans

In conclusion, only two forms of bistability of periodic
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