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Abstract

During atrial fibrillation, ventricular rate is determined by atrioventricular nodal (AVN) conduction, which
in part is dependent upon refractoriness of single AVN cells. The aims of this study were to investigate the rate-
dependency of the action potential duration (APD) and effective refractory period (ERP) in single myocytes
isolated from the AV node and atrium of rabbit hearts, using whole cell patch clamping, and to determine the
contribution of the 4-aminopyridine (4-AP)-sensitive current, Ito, to these relations in the two cell types. AVN
cells had a more positive maximum diastolic potential (-60+1 vs -71£2mV), lower V. (8£2 vs 144+17V/s) and
higher input resistance (420+£46 vs 65+£7MQ) [mean=S.E., P<0.05; n=9-33]), respectively, than atrial myocytes.
Stepwise increases in rate from 75 beats/min (bpm) caused activation failure and Wenckebach periodicity in
AVN cells (at around 400bpm), but 1:1 activation in atrial cells (at up to 600bpm). Rate reduction from 300 to
75bpm shortened the ERP in both cell types (from 155+7 to 135+11ms in AVN cells [P<0.05, n=6] and from
130+£8 to 106+7ms in atrial cells [P<0.05, n=10]). Rate increase from 300 to 480 and 600bpm shortened ERP in
atrial cells, by 12+4% (n=8) and 26+7% (n=7), respectively (P<0.05). By contrast, AVN ERP did not shorten at
rates >300bpm. In atrial cells, rate reduction to 75bpm caused marked shortening of APDs, (from 5146 to
29+6ms, P<0.05). 4-AP (ImM) significantly prolonged atrial APDs, at 75bpm (P<0.05, n=7), but not at 300 or
400bpm. In AVN cells, in contrast, there was less effect of rate change on APD, and 4-AP did not alter APDs,
at any rate. 4-AP also did not affect APDy, or ERP in either cell type. In conclusion, a lack of ERP-shortening
at high rates in rabbit single AVN cells may contribute to ventricular rate control. Ito; contributed to the APDs,

rate relation in atrial, but not AVN cells and did not contribute to the ERP rate relation in either cell type.

Keywords: Atrioventricular node; Rate; Isolated myocyte; Atrium; Action potential; Refractory period;
Transient outward potassium current; Wenckebach periodicity; Rabbit.

List of Abbreviations used: 4-AP: 4-aminopyridine; APD: action potential duration; APDs, and APDyy: APD
at 50 and 90% repolarisation, respectively; AV: atrioventricular; AVN: AV nodal; bpm: beats/min; ERP:
effective refractory period; Icq : L-type Ca®" current; Ix: delayed rectifier K™ current; Ix;: inward rectifier K*
current; I, rapidly activating component of I, Ix,,: ultrarapid component of Iy, Ixs: slowly activating
component of Iy; Ito: transient outward K" current; I7o;: 4-AP-sensitive component of Iro; Irp;: 4-AP-insensitive

component of Irp; MDP: maximum diastolic potential; R;: input resistance; V,,x: maximum rate of rise of action
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potential upstroke.
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Introduction

The atrioventricular (AV) node of the heart has a protective role during high rate atrial arrhythmia, in
particular atrial fibrillation, by periodically blocking the transmission of atrial impulses, and thus preventing
life-threatening ventricular tachyarrhythmias. The mechanisms underlying the control of ventricular rate by the
AV node, however, are not fully understood."” Rate-dependent activation failure of the AV node exhibits a
periodic nature, known as Wenckebach periodicity.’ This may be related to the refractoriness of the least
excitable element in a heterogeneous AV nodal conduction pathway.* In support of this hypothesis,
Wenckebach periodicity has been demonstrated in single cells of the AV node.’ The effect on AV nodal
refractoriness of increasing the stimulation rate may be variable, however, with reports of both prolongation®’
and reduction®. Such effects may depend upon interactions between AV nodal recovery, facilitation and
fatigue.” The effective refractory period (ERP) of the intact AV node may also be influenced by the intra-nodal
conduction velocity but is at least partly determined by the longest ERP among single refractory elements of the
conduction pathway.® In addition, we have previously shown differences in the refractory periods of AV nodal
cells which may correspond to different cell types: "slow V,,.." AV nodal cells'’ (which may be of mid-nodal
origin,"") have a longer ERP than "fast Vi." cells,"’ and might therefore have the greatest influence on the
intact nodal ERP. 1t is therefore important to understand the relation between stimulation rate and the ERP in
single cells of the AV node, and this has not previously been studied.

The rate-dependency of atrial refractoriness is also of importance, since this may influence the maximum
rate of impulses reaching the AV node. There have been several studies in intact atria and atrial tissues on the
rate-relation of both the action potential duration (APD) and the ERP. These have generally shown that,
similarly to the ventricle, increasing rate causes shortening of both APD'? and ERP."> However, reports on the
relation between stimulation rate and action potential configuration in atrial single isolated myocytes are few,"*
and only rates of 120 beats/min (bpm) or lower have been studied. Moreover, to our knowledge, the rate-
dependency of the ERP has not been studied in atrial isolated myocytes.

The ionic mechanisms underlying APD-shortening at fast rates are not fully understood."” However, APD-
shortening resulting from low rates of stimulation, as demonstrated in hearts of both the rabbit'® and rat,'” has
been correlated with a slow reactivation of I7p;, the 4-aminopyridine (4-AP)-sensitive component of the

transient outward K* current, Iro."*'®" The reactivation kinetics of I is species-dependent,”® which may
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explain the lack of APD-shortening at low rates in human,'? in contrast to rabbit myocardium. Moreover, in the
rabbit, the contribution of It to the APD rate-relation in the AV node might be expected to be less than in the
atrium, due to the relatively small Iy, in mid-nodal cells.'"*' Additionally, ionic mechanisms which may

. Lo . L2223
influence late repolarisation secondarily to Ito modulation,

might be expected to influence the ERP. An
investigation into the contribution of It to the rate relation of either the APD or the ERP has not yet been
carried out in AV nodal cells.

The aims of the present study were, firstly, to investigate the rate-dependency of the APD and ERP in

single myocytes isolated from both the AV node and atrium of rabbit hearts and, secondly, to determine and

compare the contribution to these relations in the two cell types, of the 4-AP-sensitive current, I1o,.
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Materials and methods
Isolation of single AV nodal and atrial myocytes

The investigation conforms with the Guide for the Care and Use of Laboratory Animals published by the
US National Institutes of Health (NIH Publication No. 85-23, revised 1996). Cells were isolated from the AV
nodal region and the left atrium of rabbit hearts, using a modification of methods described previously.'***
Briefly, male New Zealand White rabbits (2.0-2.8kg) were administered a lethal dose of anaesthetic (sodium
pentobarbitone, 80mg/kg) with added heparin (335U/kg), by intravenous injection. The heart was excised and
retrogradely perfused via the aorta for 4min at 20ml/min, with a solution containing (mM): NaCl (130), KCl1
(4.5), CaCl, (0.75), MgCl, (3.5), NaH,PO, (0.4), HEPES (5), glucose (10); bubbled with 100% O,; pH 7.25;
37°C. CaCl, was included for the first 4min to aid blood clearance through myocardial contraction, but was
substituted with EGTA (100uM) for a further 8min perfusion, to reduce [Ca®'],. The heart was then perfused
for 4min with collagenase (Type 1, Worthington: 216U/ml) and protease (Type XIV, Sigma: 0.54U/ml), with
EGTA re-substituted by 240uM CacCl,. The coronary effluent was recirculated after 1min of perfusion with
enzymes. The heart was then pinned out on a dissecting dish and the right atrium opened. The partially digested
AV nodal region was removed using anatomical landmarks: the tricuspid valve inferiorly, the tendon of Todaro
superiorly, the coronary sinus posteriorly and the central fibrous body anteriorly. The left atrial appendage was
removed at this stage and treated identically to, but separated from, the AV nodal region. The tissue to be
digested was chopped into approximately 1mm’ pieces and placed into a flask containing 1.5ml of recirculated
enzyme solution with 2% bovine albumin (Fraction V, Sigma). Cells were then mechanically disaggregated
using a shaking water bath (Grant OLS 200), with orbital shaking (130revs/min) at 37°C, for periods of 5, 10
and 15min. After each stage, the cell suspension was filtered through 200um nylon mesh into 1.5ml of a high
[K'], low [Ca*"] solution ("KB"*’), containing 3% BSA, before being centrifuged at 80g for 2min. The
supernatant was then replaced with Iml KB (20°C) and the cells centrifuged for a further 1min, before being
resuspended in KB for 30min sedimentation. Finally, cells were stored for up to 12hr in a physiological salt

solution containing 2mM CacCl,, as used to superfuse cells during recording (see below).

Electrical recording technique
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Action potentials and ion currents were recorded using the whole cell patch clamp technique, with an
Axopatch-1D amplifier (Axon Instruments). Aliquots of cell suspension were transferred to a fast exchange
(<10s) perfusion chamber of 200ul volume (RC-24E, Warner), mounted on the stage of an inverted microscope
(TMS, Nikon). Cells were allowed to sediment for 10min, before being superfused under gravity at 1.5ml/min,
with a physiological salt solution containing (mM): NaCl (130), KCI (4), CaCl, (2), MgCl, (1), glucose (10),
HEPES (10), pH 7.36. This was heated to 35-37°C, using an in-line solution heater (SH-27G, Warner).
Microelectrodes were pulled by gravity from thin walled, filamented borosilicate glass tubes (Clark
Electromedical) to resistances of 4-8M(2, using a vertical micropipette puller (Narishige PP-83) and fire-
polished. The pipette solution contained (mM): L-aspartic acid (110), KCl (20), MgCl, (1), EGTA (0.15),
Na,ATP (4), Na,GTP (0.4), HEPES (5), pH 7.25. With this solution, a liquid junction potential of +7+£0.3mV
(bath relative to pipette, n=6) was measured, and compensated for prior to seal formation.”® Action potentials
and ion currents were both stimulated and recorded by current- and voltage-clamping, respectively, using the
software program "WinWCP" (John Dempster, Strathclyde University). Current and voltage signals were
filtered at SkHz, monitored on an oscilloscope (Farnell DTS 20), and digitised (Digidata 1200, Axon

Instruments), for storage on the hard disc of a computer.

Experimental protocols

Identification of AV nodal cells. The cell input resistance (R;) was initially measured in each cell, by
voltage clamping with a voltage ramp (from -120mV to +50mV in 7s), from the slope of the linear part of the
resulting whole cell current, usually between -90 and -120mV. The AV nodal sample inevitably contained right
atrial cells also, which may show similar morphology and electrophysiology to atrio-nodal AV nodal cells.""
Since AV nodal cells have a high R; (due to the absence of inward rectifier K™ current, I,), this was used to
distinguish AV nodal cells from other cell types. As reported previously, based on our own experience'® and
that of others,”’ we accepted cells as AV nodal if their R; was >180MQ. We studied only those cells in which

Vax at 300bpm stimulation <15V/s (defined previously'

as "slow V" AV nodal cells) since these are most
likely of mid-nodal origin.

Action potential recording. The stimulus current magnitude required to cause a regenerative action potential

response (the threshold current) was determined in each cell by progressively increasing the amplitude of a 5ms
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duration current pulse, from zero, in steps of S0pA (with pulses delivered at 2s intervals) until an action
potential occurred. All subsequent action potential stimulation protocols used stimulus pulses of Sms duration
and 1.2x threshold strength, with the exception of selected cells (detailed in Results), in which "just-threshold"
pulses were used. The stimulus strength was kept constant for control, intervention and recovery protocols.

ERP measurement. The ERP was determined by stimulating cells with trains of 8 conditioning current
pulses (S;), delivered at pre-determined rates (between 75 and 600bpm), with each train being followed by a
premature pulse (S,) of the same magnitude. The S-S, interval was shortened by 10ms intervals and the ERP
was defined as the longest S;-S, interval which failed to elicit an S, action potential of amplitude >80% of the
preceding S; action potential. Rate-dependent activation failure was investigated by stimulating with trains of
20 S; pulses delivered at various rates between 75 and 600bpm, but with no test pulses.

Resting and action potential measurements. The maximum diastolic potential (MDP) was measured
between the end of the 7th and the start of the 8th S; action potentials. In contrast to some spontaneously active
AV nodal cells, all atrial cells were quiescent, and the maximum diastolic and resting potentials, respectively,
of these cell types, is referred to throughout as the MDP. The maximum rate of rise of the action potential
upstroke (dV/dt)max (referred to throughout as V,,.x) was measured from the action potential evoked by the 8th
S, pulse, after any initial upstroke artifact caused by the current pulse. The Axopatch-1D is a current follower,
which accurately measures V,,,x of <60V/s. However, V ,,x measurements >60V/s may have been
underestimated by the use of this amplifier. The APD was measured at both 50 and 90% repolarisation (APDs,
and APDy, respectively).

Effects of 4-AP. Cells were superfused with 4-AP (1mM), and recordings were made 90s after drug
addition, and again 180s after drug removal. This concentration of 4-AP was chosen because previous work has

shown it to produce 90% block of I1o in rabbit atrial isolated rnyocytes.]4

Data analysis and statistics

Action potential recordings were analysed using the WinWCP software. Electrophysiological changes due to
interventions were included in the analysis only if these could be shown to be reversible on removal of the
intervention. Values were expressed as mean+S.E.. Differences between values were assessed using two-tailed

paired or unpaired Student's ¢ tests, as appropriate. P<0.05 was regarded as statistically significant.
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Results
Differences between AV nodal and atrial isolated cells

AV nodal and left atrial cells displayed distinct electrophysiological characteristics, which were consistent
with previously reported data from our laboratory."® For example, AV nodal cells (which had a significantly
higher R;: 420146 M, n=23, than the atrial cells: 65+7 M£2 n=33, consistent with the AV nodal cell selection
criteria used) had a significantly more positive MDP than left atrial cells, at -60£1 compared to -71+2 mV, and
a slower V., at 842 compared to 144+17 V/s (P<0.05, n=11 and 19, respectively; all cells stimulated at 300

bpm).

Comparison of rate-dependency of activation in AV nodal and atrial cells

The effect of increasing the stimulation rate on the pattern of action potential activation was investigated
in single AV nodal and left atrial cells. In each cell studied, the rate of a succession of 20 current pulses (1.2x
threshold strength) was changed from 75 to 300, 400, 480, 520, 560 and 600bpm. Typical patterns of action
potential responses that resulted are shown in Fig 1. In a single atrial cell (left hand traces), during steady-state
activation, action potentials were evoked by each of the stimuli (ie: 1:1 activation), even at the fast rate of
600bpm. A similar activation pattern was seen in 3 other atrial cells studied, with 1:1 activation up to rates of
560 or 600bpm. Additional rate-related effects were observed, with an initial transient rise in the action
potential amplitude, a sustained rise in the plateau amplitude, and at fast rates, a subsequent fall in the action
potential amplitude.

The AV nodal cells, by contrast, displayed activation failure at rates as low as 400bpm. The AV nodal cell
shown in Fig 1 (right hand traces) beat spontaneously at approximately 260bpm, but stimulation at 300bpm
resulted in 1:1 activation. When the rate was increased to 480bpm, the 9th action potential of the train failed,
and there was subsequent regular 2:1 activation failure. Further rate increases to 520, 560 and 600bpm resulted
in the same pattern of activation failure. On returning to 300bpm, 1:1 activation was regained. Similar patterns
of rate-dependent activation failure were observed in 2 other AV nodal cells. In a further 2 AV nodal cells, the
effect of stimulation with "just-threshold" current pulses was examined, and under these conditions, periodic
rate-dependent activation failure was clearly demonstrated (Fig 2). There was 1:1 activation at 300bpm, but on

changing to 400bpm (lower trace), there was a progressive reduction in the V,,x of successive action potentials
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following the first response. This was associated with prolongation of activation delay (latency) until the
response to the 4th pulse failed. The responses stabilised, with 3:2 activation failure. Upon returning to

300bpm, 1:1 activation resumed.

Rate-dependency of ERP in atrial isolated myocytes

Fig 3A illustrates the effect on the ERP of increasing the stimulation rate from 75bpm, in a single isolated
left atrial cell. Superimposed action potentials evoked by the last 2 conditioning (S;) pulses are shown,
followed by responses to the increasingly premature test (S,) pulses. The longest S-S, interval at which the S,
action potential failed (the ERP) is shown at each conditioning pulse rate. The ERP lengthened when the rate
was increased from 75 to 300bpm, and then shortened as the rate was increased further to 600bpm, the latter
effect reversing on return to 300bpm. The rate-induced changes of ERP, APDy, and APDs in the same cell are
shown in Fig 3B. There was a biphasic rate-relation of these parameters with shortening at both low and high
rates. The fast rate-induced shortening of ERP and APDy, was more pronounced than that of APDs,.

To avoid effects of current "run-down" during the relatively long ERP stimulation protocols, the ERP was
measured in the majority of cells using only one rate change per cell. A control rate of 300bpm was chosen,
since the longest ERP and APD values were recorded at this rate, and the recovery of any ERP-shortening
intervention would then be most clearly detectable after returning to 300bpm. By reducing the total time spent
recording from each cell in this manner, all effects of rate change on ERP, APDyy and APDs, were reversible
upon returning to 300 bpm stimulation. Fig 4 shows the effect on the mean ERP of a rate change to either 75,
400, 480 or 600bpm (filled columns), compared to 300bpm, investigated in groups of 7-10 left atrial cells. A
rate reduction to 75bpm caused significant and fully reversible shortening of the ERP, from 130+8 to 106+7ms
(P<0.05, n=10). An increase of rate to 400bpm had no significant effect on the atrial cell ERP. However,
further rate increases, to 480 and 600bpm, respectively, caused significant and reversible ERP-shortening to
below the 300bpm value. This histogram clearly confirms the biphasic nature of the ERP rate-relation in these

cells, with ERP-shortening at rates both faster and slower than 300 to 400bpm.
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Rate-dependency of ERP in AV nodal isolated cells

The effect on the ERP of both decreasing and increasing the stimulation rate from 300bpm was determined
in groups of AV nodal cells, in the same way as for the atrial cells. An example of the effect of such an
intervention in a single isolated AV nodal cell is shown in Fig 5, in which rate reduction to 75bpm reversibly
shortened the ERP. The effects of rate change on the mean ERP data, from groups of 5-6 AV nodal cells (1
group/rate intervention) are shown in Fig 6. Similarly to the atrial cells, rate reduction (from 300 to 75bpm)
caused significant ERP-shortening (from 155+7 to 135+11ms, P<0.05; n=6). Studies of the rate-dependency of
ERP at higher rates in AV nodal cells were restricted by activation failure. In those cells allowing 1:1
activation, a rate increase to 400bpm had no effect on the ERP, and, in contrast to the atrial cells, a further rate
increase to 480bpm did not cause significant shortening of the ERP (P=0.25, n=5). An effect on the ERP of a
rate increase to 600bpm could not be measured in AV nodal cells, since 1:1 activation could not be achieved
during the conditioning train. It may be noted that the tendency to shortening of the control (300bpm) ERP
values with the fast intervention rate groups was more marked in these AV nodal cells compared to that
observed in atrial cells (Fig 4). For example, with the AV nodal cells, the control ERP in the 480bpm
intervention group was significantly different from that of the 75bpm group (P<0.05), whereas in atrial cells,
the differences were not significant. This supports the difference in rate-response of refractoriness between the
cell types, with a lack of shortening of ERP in AV nodal cells preventing stimulation at high rates. Only those
cells with inherent relatively shorter refractoriness could therefore be included in the studies of higher
intervention rates. For example, the mean ERP at 300bpm in the AV nodal cells (of the 75bpm intervention
group) was 155+7ms, (n=6) which would require to shorten to allow stimulation at 480bpm, which is a cycle
length of 125ms. The rate-dependency of the ERP in AV nodal isolated cells, with shortening at the low rate of
75bpm, but a lack of significant shortening at rates >400bpm, is clearly different from the biphasic ERP rate

relation observed in the atrial cells.

Rate-dependency of APD and other action potential parameters in AV nodal and atrial isolated cells
The effects of rate change on various action potential measurements, in the same AV nodal and atrial cells
used for the ERP measurements, are shown in Table 1. The rate relation of the APDyy was similar in both cell

types to that of the ERP, with significant shortening in response to a reduction in rate from 300 to 75 bpm (by

11
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15+4% and 13+5%, in AV nodal and atrial cells, respectively). There was also a marked and significant
shortening of APDgy below the 300 bpm value (by 27+5% at 600 bpm), in the atrial cells stimulated at the
fastest rates, but less marked changes in APDyy in the AV nodal cells. However, AV nodal and atrial cells
differed in another respect: in response to rate decrease, the degree of shortening of the APDs, was much
greater in the atrial than the AV nodal cells. These changes in absolute APDs, are shown in Table 1, and the
reduction in the atrial cells, of 46+7%, was significantly greater (P<0.05) than the 20+5% reduction seen in

the AV nodal cells.

Contribution of rate-dependency of I to rate-response of APD and ERP in AV nodal and atrial cells

Fig 7A shows superimposed recordings of action potentials, each stimulated by the last pulses of the
conditioning train (delivered at either 75bpm [left panels] or 300bpm [right panels]) in both the presence and
absence of 4-AP (1mM). In the atrial cell stimulated at 75bpm (upper left panel), the action potential had a fast
phase 1 repolarisation, associated with a short APDsg, and 4-AP caused marked APD-prolongation at this level
of repolarisation. In the same atrial cell in the absence of 4-AP, the APDs, was already prolonged at the faster
rate (upper right panel), and 4-AP had no additional effect. In contrast, in the AV nodal cell stimulated at
75bpm (lower left panel), APDs, was longer than in the atrial cell and 4-AP had no effect on action potential
repolarisation. Similarly to the atrial cell, 4-AP had no effect on repolarisation of the action potential stimulated
at 300bpm. 4 small hyperpolarisation of MDP was observed in some cells. The mean APD data from atrial
cells are illustrated in Fig 7B. 4-AP caused prolongation of APDs, in atrial cells stimulated at 75bpm (from 7+1
to 22+4ms, n=7; P<0.05), but had no significant effect at 300bpm (Fig 7B, lower panel). There was no effect of
4-AP on APDy, at either rate (upper panel). In a group of 4 left atrial cells stimulated at 400bpm, 4-AP was also
shown to have no significant effect on repolarisation: APDs, was 41£5 and 374+3ms, in the absence and
presence, respectively, of 1mM 4-AP. In AV nodal cells 4-AP had no effect on APDs, or APDy, at either rate
(n=5). The rate-dependency of effects of 4-AP on other action potential characteristics, including refractoriness,
was investigated in the same cells, at stimulation rates of 75, 300 and 400bpm. Despite the marked effect of 4-
AP on the APDs in atrial cells stimulated at 75bpm, 4-AP had no significant effect on the ERP in either atrial

or AV nodal cells, at any of the rates studied.

12
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Discussion

This study has shown, for the first time, that isolated AV nodal cells exhibit unique rate-dependent
properties, which are consistent with the role of the intact AV node in the control of ventricular response to
high atrial rates. The lack of shortening of action potential duration and refractory period at high stimulation
rates in AV nodal cells was in contrast to the shortening of these parameters observed in atrial cells. This
difference was reflected in the failure of activation shown at high rates in AV nodal, but not atrial, myocytes.
Thus, the refractoriness of single AV nodal cells may contribute to the block of conduction through the AV
node. However, it is likely that the relationship between the properties of individual cells and the function of
the intact AV node is complex.

The steady-state values of ERP recorded from isolated AV nodal myocytes in this study were similar to
those reported from intact superfused AV nodal preparations from the rabbit heart.® The effect of rate increase
on refractoriness in the intact AV node, however, may be variable: previous reports indicate no change,
shortening, or prolongation of the ERP.** The refractoriness of the intact AV node is influenced by conduction
time, and identification of the effects of rate is complicated by associated changes in this.”® Moreover, the
effects of rate increase on AV nodal conduction and refractoriness are dependent upon interactions between the
processes of recovery, facilitation and fatigue,” the cellular counterparts of which are incompletely understood.

In the present study, rate-related responses were observed in single AV nodal cells that may correlate with
rate-related properties of the intact node. Decreasing recovery times with short coupling intervals or high
stimulation rates was associated with increased latency between the stimulus and the upstroke of the action
potential in AV nodal, but not atrial, cells. In AV nodal cells, activation failure occurred which exhibited a
beat-to-beat increase in activation delay (latency) until failure occurred, with subsequent repetition of the cycle,
i.e. Wenckebach periodicity. This phenomenon is most commonly observed in the AV nodal transmission
system, and has been reported from a single previous study of ellipsoid quiescent cells from the region of the
AV node.” It can also be demonstrated in other cardiac tissues, provided that the recovery of excitability
follows a slow time course that outlasts repolarisation. Indeed, production of such post-repolarisation
refractoriness, by using critically timed stimuli of low amplitude, allowed the demonstration of Wenckebach
periodicity in single ventricular myocytes.” In the present study, the AV nodal cells displayed marked post-

repolarisation refractoriness, and activation failure was detected at cycle lengths of about 400bpm. This was
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consistent with the stimuli (delivered at a cycle length of 150ms) encroaching on the refractory period of these
cells (155ms at 300bpm). The phenomenon of increasing latency, although observed during standard protocols
(e.g. figure 1), was most apparent when "just threshold" stimuli were used (figure 2), since refractoriness in
cardiac cells is a function of the amplitude of the test pulse.* Prolongation of activation delay by the premature
pulse reduced the recovery time for the subsequent beat, which lead to an even longer activation delay until,
eventually, activation failure occurred.

The mechanisms underlying the function of the AV node in the control of ventricular rate during atrial
fibrillation are complex and multiple, of which refractoriness of single AV nodal cells is just one component.
Rate-dependent heart block requires adjacent regions of AV nodal tissue with differing electrical properties
such that, at critical cycle lengths, impulse delay occurs at the boundary between such regions. This delay is
determined by the recovery of excitability of the less excitable element or elements in the tissue.* The lack of
shortening of the AV nodal cell ERP in the present study may, therefore, be considered likely to play an
important mechanistic role in the limitation of excessively high ventricular rates during fast atrial rate”.
However, anatomical and electrophysiological properties of the intact AV node, including the presence of
multiple atrial inputs to the node,” cell-to-cell coupling’ and electrotonic modulation of propagation,* are also
important.

In the atrial myocytes, in contrast to those from the AV node, we demonstrated that the ERP and APD
shortened as the rate was increased, and stimulation at cycle lengths even as short as 100ms was possible. This
is consistent with studies on the rate relation of APD, measured in intact atrial'* and ventricular’"*
preparations and also in isolated myocytes, from both the atrium® and ventricle®*. The rate relation of
refractoriness had been measured previously only from intact myocardium and, in line with the changes in the
APD, was found to shorten at fast rates, both in the atria of dogs' and the ventricles of patients’. The ability of
the atrial APD and ERP to shorten at fast rates is of importance, allowing propagation of rapid rate impulses
originating from a high rate ectopic focus, or a sufficient reduction in the minimum path-length of reentrant
circuits to sustain multiple reentrant tachyarrhythmias such as atrial fibrillation.

In the present study, there was a biphasic rate relation of both the ERP and APD in the atrial isolated
myocytes, with shortening at rates slower, as well as faster, than 300-400bpm, which is the upper end of the

normal range for the rabbit.”> Shortening of the APD at low rates has been reported previously from studies on
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intact myocardium, both atrial'®***” and ventricular,”® and more recently from isolated myocytes, again atrial"*
and ventricular."” In addition to demonstrating shortening of the APD at slow rate, in the present study we
showed that the ERP shortened also. However, importantly, we found that in the atrial cells, there was a
significantly greater degree of shortening of the APDs, than of either the ERP or late repolarisation.

It has been shown that Iro is responsible for phase 1 repolarisation, and shortening of APD at low rates has
previously been correlated with the kinetics of recovery from inactivation of this current.'*'” Slow reactivation
of Io is species-dependent and accounts for the APD-shortening at slow rates which occurs in those tissues of
certain species (rabbit and rat) in which ;o is a major repolarising current.'**° Since Iro both activates and
inactivates rapidly in the potential range of phase 1, it might not be expected to contribute to later phases of
repolarisation. Nevertheless, previous studies have indicated that Ito may influence late repolarisation
indirectly, through secondary effects on additional ion currents, such as the L-type Ca’" current, Ic,,”” and K
currents.” Tn the present study, there is evidence that slow reactivation of Ito; was responsible for the marked
shortening of APDs, observed at low rates in atrial cells but not in AV nodal cells. However, Ito was not
involved in the rate response of either late repolarisation or refractoriness at low or high rates in either cell

type. Whilst I has been reported in some studies of AV nodal cells, "

the present data are consistent with a
lower I, density in rabbit AV nodal than atrial cells.”*’ In a study on distinct AV nodal cells types from the
rabbit,'" It was found to exist in only 42% of mid nodal or nodal-His cells.

A limitation of the present study is the unknown site of origin within the AV node of the cells studied, since
there is evidence of a differing contribution of distinct regions of the AV node to refractoriness, e.g.: the ERP
at slow basic rate originates in the proximal node, and fatigue effects are observed particularly in the central
node.” Moreover, it is acknowledged that electrotonic interaction between different cell types within the AV
node may limit the extrapolation of data from single AV nodal cells to the intact node. In addition, at the fastest
stimulation rates, the study is restricted to data from cells with relatively short control ERP values, in both the
AV node and atrium, and the data on refractoriness must be interpreted in the context of the intrinsic
electrophysiological heterogeneity of both tissues.""*" Another limitation of the study is that the only ionic
mechanism examined was the 4-AP-sensitive component of Iro. Given that the higher rate stimulus intervals

investigated were shorter than the recovery time for I, it will be necessary to extend the study to include

additional currents, such as the Ca’ -activated CI' current, I'p,." It should also be noted that 4-AP at ImM
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cannot be considered to block Irp; solely, since block of the ultrarapid component of the delayed rectifier, Iy,,,
has been demonstrated in human atrium by 4-AP at 50 uM, with substantial prolongation of APD without
changing the action potential morphology.”

The mechanisms underlying APD- and ERP-shortening during high frequency stimulation in atrium or
ventricle are presently unclear,” but may include rate-dependent changes in ion currents, as well as in
concentrations of extracellular ions. The delayed rectifier K current, Iy, may contribute to rate-dependent
APD-shortening, since accumulation of Iy activation at fast rates has been shown to shorten APD.” However,
this property of I relates to slow deactivation kinetics of the slow component of the current (Iy,), and rabbit
myocardium may contain only the rapid component (Iy,) of the delayed rectifier K current.” In rabbit heart I,
deactivation in AV nodal myocytes was relatively fast compared to ventricular cells,” thus reducing the
potential for APD-shortening at fast rates in AV nodal cells. Other currents which may be involved include
Iro,, which has fast reactivation kinetics in the rabbit atrium, and has been shown to be responsible for a small
degree of APDyy-shortening at fast rates.”® The slow reactivation kinetics of Ica,'’ may also contribute to
shortening of APD and ERP at faster rates. In addition, in AV nodal cells, because of the absence of the rapidly
reactivating Iy, " the kinetics of Ic, may contribute to post-repolarisation refractoriness, Wenckebach
periodicity and the lack of ERP-shortening. In atrial cells in-vivo, the inward rectifier K current, Iy, may also
contribute indirectly to high rate-related shortening of late repolarisation and ERP, due to its dependence on
[K'],, which is known to increase during high rate stimulation.” Thus, the ionic mechanisms underlying
differences between AV nodal and atrial cells' functional responses to fast rate stimulation are likely to be
multiple and complex.

In conclusion, a lack of shortening of refractoriness at high rates in single AV nodal cells may contribute
to the properties of the AV node that control the ventricular response to high atrial rates. Ito contributed to the
rate relation of APDs, in rabbit atrial, but not AV nodal, cells and did not contribute to the rate relation of

refractoriness in either cell type.

Acknowledgements.
We gratefully acknowledge Julie Russell for isolating the cells and assisting with data analysis, and the

British Heart Foundation for financial support.

16



Workman AlJ et al. Rate-dependency of APD and ERP in AV nodal cells (Manuscript # 0A 990418)

References

Meijler FL, Janse MJ. Morphology and electrophysiology of the mammalian atrioventricular node.

Physiol Rev 1988;68:608-647.

Rankin AC, Workman AJ. Rate control in atrial fibrillation: role of atrial inputs to the AV node.

Cardiovasc Res 1999;44:249-251.

Wenckebach KF. Analyse des unregelmassigen Pulses. II. Ueber den regelmassig intermittirenden Puls.

Zeitschr Klin Med 1899;37:475-488.

Delmar M, Jalife J. Wenckebach periodicity: From deductive electrocardiographic analysis to ionic

mechanisms. In: Zipes DP, Jalife J (eds): Cardiac electrophysiology: from cell to bedside. Philadelphia,

WB Saunders, 1990, pp 128-138.

Hoshino K, Anumonwo J, Delmar M, Jalife J. Wenckebach periodicity in single atrioventricular nodal

cells from the rabbit heart. Circulation 1990;82:2201-2216.

Nayebpour M, Billette J, Amellal F, Nattel S. Effects of adenosine on rate-dependent atrioventricular

nodal function: potential roles in tachycardia termination and physiological regulation. Circulation

1993;88:2632-2645.

Denes P, Wu D, Dhingra R, Pietras RJ, Rosen KM. The effects of cycle length on cardiac refractory

periods in man. Circulation 1974;49:32-41.

17



10.

11.

12.

13.

14.

15.

Workman AlJ et al. Rate-dependency of APD and ERP in AV nodal cells (Manuscript # 0A 990418)

Nattel S, Talajic M, Quantz M, Deroode M. Frequency-dependent effects of amiodarone on

atrioventricular nodal function and slow-channel action potentials: evidence for calcium channel-

blocking activity. Circulation 1987;76:442-449.

Billette J, Nattel S. Dynamic behavior of the atrioventricular node: a functional model of interaction

between recovery, facilitation and fatigue. J Cardiovasc Electrophysiol 1994;5:90-102.

Workman AJ, Kane KA, Rankin AC. Ionic basis of a differential effect of adenosine on refractoriness in

rabbit AV nodal and atrial isolated myocytes. Cardiovasc Res 1999;43:974-984.

Munk AA, Adjemian RA, Zhao J, Ogbaghebriel A, Shrier A. Electrophysiological properties of

morphologically distinct cells isolated from the rabbit atrioventricular node. J Physiol 1996;493:801-818.

Dawodu AA, Monti F, Iwashiro K, Schiariti M, Chiavarelli R, Puddu PE. The shape of human atrial

action potential accounts for different frequency-related changes in vitro. Int J Cardiol 1996;54:237-249.

Cagin NA, Kunstadt D, Wolfish P, Levitt B . The influence of heart rate on the refractory period of the

atrium and A-V conduction system. Am Heart J 1973;85:358-366.

Giles WR, Imaizumi Y. Comparison of potassium currents in rabbit atrial and ventricular cells. J Physiol

1988;405:123-145.

Ravens U, Wettwer E. Electrophysiological aspects of changes in heart rate. Basic Res Cardiol 1998;93;

Suppl. 1:60-65.

18



16.

17.

18.

19.

20.

21.

22.

23.

Workman AlJ et al. Rate-dependency of APD and ERP in AV nodal cells (Manuscript # 0A 990418)

Tanaka I, Tosaka T, Saito K, Shin-mura H, Saito T. Changes in the configuration of the rabbit atrial

action potential after various periods of rest. Jpn J Physiol 1967;17:487-504.

Shigematsu S, Kiyosue T, Sato T, Arita M. Rate-dependent prolongation of action potential duration in

isolated rat ventricular myocytes. Basic Res Cardiol 1997;92:123-128.

Wang Z, Fermini B, Feng JL, Nattel S. Role of chloride currents in repolarizing rabbit atrial myocytes.

Am J Physiol 1995;268:H1992-H2002.

Kukushkin NI, Gainullin RZ, Sosunov EA. Transient outward current and rate dependence of action

potential duration in rabbit cardiac ventricular muscle. Pfliigers Arch 1983;399:87-92.

Fermini B, Wang Z, Duan D, Nattel S. Differences in rate dependence of transient outward current in

rabbit and human atrium. Am J Physiol 1992;263:H1747-H1754.

Nakayama T, Irisawa H. Transient outward current carried by potassium and sodium in quiescent

atrioventricular node cells of rabbits. Circ Res 1985;57:65-73.

Kaab S, Nuss HB, Chiamvimonvat N, O'Rourke B, Pak PH, Kass DA, Marban E, Tomaselli GF. Ionic

mechanism of action potential prolongation in ventricular myocytes from dogs with pacing-induced heart

failure. Circ Res 1996;78:262-273.

Shibata EF, Drury T, Refsum H, Aldrete V, Giles W. Contributions of a transient outward current to

repolarization in human atrium. Am J Physiol 1989;257:H1773-HI1781.



24.

25.

26.

27.

28.

29.

30.

31.

Workman AlJ et al. Rate-dependency of APD and ERP in AV nodal cells (Manuscript # 0A 990418)

Hancox JC, Levi AJ, Lee CO, Heap P. A method for isolating rabbit atrioventricular node myocytes

which retain normal morphology and function. Am J Physiol 1993;265:H755-H766.

Isenberg G, Klockner U. Calcium tolerant ventricular myocytes prepared by incubation in a "KB

medium". Pfliigers Arch 1982;395:6-18.

Neher E. Correction for liquid junction potentials in patch clamp experiments. Methods Enzymol

1992;207:123-131.

Wang D, Shryock JC, Belardinelli L. Cellular basis for the negative dromotropic effect of adenosine on

rabbit single atrioventricular nodal cells. Circ Res 1996;78:697-706.

Ferrier GR, Dresel PE. Relationship of the functional refractory period to conduction in the

atrioventricular node. Circ Res 1974;35:204-214.

Delmar M, Glass L, Michaels DC, Jalife J . Ionic basis and analytical solution of the Wenckebach

phenomenon in guinea pig ventricular myocytes. Circ Res 1989;65:775-778.

Meijler FL, Jalife J, Beaumont J, Vaidya D. AV nodal function during atrial fibrillation: The role of

electrotonic modulation of propagation. J Cardiovasc Electrophysiol 1996;7:843-861.

Carmeliet E. Influence du rythme sur la durée du potentiel d'action ventriculaire cardiaque. Archs Int

Physiol Biochim 1955;63:222-232.

20



32.

33.

34.

35.

36.

37.

38.

39.

Workman AlJ et al. Rate-dependency of APD and ERP in AV nodal cells (Manuscript # 0A 990418)

Boyett MR, Jewell BR. Analysis of the effects of changes in rate and rhythm upon electrical activity in

the heart. Prog Biophys Molec Biol 1980;36:1-52.

Li GR, Nattel S. Properties of human atrial Ic, at physiological temperatures and relevance to action

potential. Am J Physiol 1997;272:H227-H235.

Li GR, Yang B, Feng J, Bosch RF, Carrier M, Nattel S. Transmembrane /¢, contributes to rate-dependent

changes of action potentials in human ventricular myocytes. Am J Physiol 1999;276:H98-H106.

Green CJ. Animal anaesthesia. London: Spottiswood Bellantyne; 1982. 138p.

Vaughan-Williams EM. A study of intracellular potentials and contractions in atria, including evidence

for an after potential. J Physiol 1959;149:78-92.

Nilius B, Boldt W, Schiittler K. Pacing-interval dependent properties of the repolarization phase in the

mammalian atrial myocardium. Gen Physiol Biophys 1982;2:117-134.

Gibbs CL, Johnson EA. Effect of changes in frequency of stimulation upon rabbit ventricular action

potential. Circ Res 1961;9:165-170.

Mitcheson JS, Hancox JC. Characteristics of a transient outward current (sensitive to 4-aminopyridine) in

Ca’"-tolerant myocytes isolated from the rabbit atrioventricular node. Pfliigers Arch 1999;438:68-78.

21



40.

41.

42.

43.

44.

45.

46.

Workman AlJ et al. Rate-dependency of APD and ERP in AV nodal cells (Manuscript # 0A 990418)

Giles W, van Ginneken A. A transient outward current in isolated cells from the crista terminalis of rabbit

heart. J Physiol 1985;368:243-264.

Anyukhovsky E P, Rosenshtraukh L V. Electrophysiological responses of canine atrial endocardium and

epicardium to acetylcholine and 4-aminopyridine. Cardiovasc Res 1999;43:364-370.

Wang Z, Fermini B, Nattel S. Sustained depolarisation-induced outward current in human atrial

myocytes. Evidence for a novel delayed rectifier K' current similar to Kv1.5 cloned channel currents.

Circ Res 1993;73:1061-1076.

Jurkiewicz NK, Sanguinetti MC. Rate-dependent prolongation of cardiac action potentials by a

methanesulfonanilide class 11l antiarrhythmic agent: specific block of rapidly activating delayed rectifier

K current by dofetilide. Circ Res 1993;72:75-83.

Duan D, Fermini B, Nattel S. Potassium channel blocking properties of propafenone in rabbit atrial

myocytes. J Pharmacol Exp Thera 1993;264:1113-1123.

Howarth FC, Levi AJ, Hancox JC. Characteristics of the delayed rectifier K current compared in

myocytes isolated from the atrioventricular node and ventricle of the rabbit heart. Pfliigers Arch

1996,431:713-722.

Petrecca K, Amellal F, Laird DW, Cohen SA , Shrier A. Sodium channel distribution within the rabbit

atrioventricular node as analysed by confocal microscopy. J Physiol 1997;501:263-274.

22



Workman AlJ et al. Rate-dependency of APD and ERP in AV nodal cells (Manuscript # 0A 990418)

23



Workman AlJ et al. Rate-dependency of APD and ERP in AV nodal cells (Manuscript # 0A 990418)

Table 1. Effects of rate change on action potential parameters of left atrial and AV nodal isolated myocytes.
Values are means+S.E.; bpm=beats/min; APDs, and APDgy=action potential duration at 50 and 90%
repolarisation (ms), respectively; MDP=maximum diastolic potential (mV); APA=action potential amplitude
(mV); Vi—maximum rate of rise of action potential upstroke (V/s). In some cells, it was not possible to
measure V., due to interference by the stimulus artifact (and this accounts for the absence of data from AV
nodal cells at 480bpm). The 300bpm data is pooled from that obtained in all rate intervention (75, 400, 480 and
600bpm) control experiments, but for statistical analyses, intervention data were compared only with the
appropriate corresponding 300bpm control groups (ie: obtained from same cells); *=P<0.05 vs corresponding
control group (paired students #-test, n=7-10 atrial and 5-6 AV nodal cells/rate); §=recordings not made as no

1:1 activation during conditioning train.

Rate (bpm) 75 300 400 480 600
Left atrial

APDx 20+6%* 53+4 424£5%  4245%  2544%*
APDy, 76+7* 90+4 73+6%  T1£5%  5145%
MDP -69+2 -66+1 -67+1 -67+1 -63+3*
APA 110+£8%* 105+4 99+10  97+4*  83+9%
V max 146£21%* 96+14 68+27  79+17  82+19
AV nodal

APDs, 414£3%* 5344 48+£5%  3344%* §
APDy, 70+5% 86+5 78+4* 71+6 §
MDP -57+1 -61+2 -63+1 -66+4 §
APA T8+2 92+5 84+4 97+11 §

V e 942 942 542 - §
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Figure legends

Fig 1. Comparison of rate-dependent activation between atrial and AV nodal isolated cells.

Action potentials recorded during repetitive stimulation at progressively increasing rates (indicated above each
trace) in a single left atrial and AV nodal cell. Recordings show 1:1 activation of the atrial cell during repetitive
stimulation at up to 600 bpm, but activation failure (2:1) in the AV nodal cell, within 1 s of stimulation at 480

and 520 bpm. Dotted lines=0 mV. Calibration bars apply to all traces.

Fig 2. Rate-dependent activation delay and failure (Wenckebach periodicity) in a single AV nodal cell.

Action potential recordings from a single AV nodal cell, showing activation delay and failure following an
increase in stimulation rate from 300 to 400 bpm. Activation delay was evident 2 beats after stimulation onset,
and beat-to-beat delay increased progressively until activation failure occurred, which settled into a
Wenckebach pattern with stimulus to response ratio of 3:2. Dotted lines=0 mV. Calibration bars apply to both

traces.

Fig 3. Effects of rate change on action potentials and refractoriness in a single left atrial myocyte.

(A) Superimposed action potentials elicited by the 7th and 8th S; current pulses of an 8-beat conditioning train
delivered at rates indicated, followed by increasingly premature test pulses. ERP is indicated by solid bars.
Dotted lines=0 mV. Calibration bars apply to all traces. (B) Line graph showing effects of a progressively
increasing stimulation rate on ERP and APD in the same atrial cell as (A), with reversal of changes to ERP and

APDyy, but not APDs, upon returning to 300 bpm control rate ("Recovery").

Fig 4. Rate-dependency of ERP in atrial isolated myocytes.

Histogram showing effects on ERP of both an increase and decrease in stimulation rate from 300 bpm, in
groups of 7-10 left atrial myocytes, obtained from 4-7 rabbits, respectively. Values are means=S.E.. * indicates
significant difference between intervention rate value and corresponding control (P<0.05). For each rate
shown, open column (C) indicates the ERP at 300 bpm (control), filled column, ERP at the intervention rate;

open column (R), ERP on return to 300 bpm (recovery).
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Fig 5. Effect of rate change on action potentials and refractoriness in a single AV nodal cell.

Action potentials evoked by the 7th and 8th S, current pulses of conditioning trains, followed by increasingly
premature test pulses, in a representative AV nodal cell. Traces show effects on APD and ERP of rate change
from 300 to 75, then back to 300 bpm. ERP is indicated at each rate by solid bars. Dotted lines=0 mV.

Calibration bars apply to all traces.

Fig 6. Rate-dependency of ERP in AV nodal isolated cells.
Histogram to show effects on ERP of both an increase and decrease in stimulation rate from 300 bpm, in
groups of 5-6 AV nodal cells, obtained from 4-6 rabbits, respectively. Values are means+S.E.. * indicates

significant difference between intervention rate value and corresponding control (P<0.05). For each rate

shown, open column (C) indicates ERP at 300 bpm (control), filled column, at intervention rate; open column

(R), on return to 300 bpm (recovery). ERP could not be recorded at 600 bpm due to activation failure.

Fig 7. Rate-dependent effect of 4-aminopyridine on APD in atrial and AV nodal isolated myocytes.
(A) Superimposed action potentials from a single left atrial and AV nodal cells stimulated at rates indicated, i

the absence (C), presence (4-AP) of 1 mM 4-AP. Calibration bars apply to all traces. (B) Histograms of atrial

n

mean (£S.E.) APDyy and APDs, at different rates (n=7 or 9 cells/rate) in the absence (open bars) and presence

(hatched bars) of 1 mM 4-AP. * indicates significant difference between 4-AP and control data.
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