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Abstract

Antony J. Workman, Kathy A. Kane, Andrew C. Rankin. Ionic basis of a differential effect of

adenosine on refractoriness in rabbit AV nodal and atrial isolated myocytes

Objectives: Firstly, to compare effects of adenosine on membrane potential and refractoriness in AV nodal
and atrial cells. Secondly, to assess the contribution of the effects of adenosine on Ixaq, and I, to its effects
on the functional electrophysiological properties in the two cell types. Methods: The whole cell patch
clamp technique was used to record action potentials and ion currents in AV nodal and left atrial myocytes
isolated enzymatically from rabbit hearts. Results: Adenosine (10 pM) caused similar hyperpolarisation and
shortening of the action potential duration (APD) in both cell types: maximum diastolic potential was
hyperpolarised from -59+3 to -66+2 and from -70+2 to -76£2 mV (mean+=SEM) and APDy, was shortened
by 31+4 and 30+7 % in AV nodal (r=14) and atrial cells (n=8), respectively. Adenosine shortened the
effective refractory period (ERP) in atrial cells, from 124+15 to 98+14 ms (n=8). In contrast, ERP in AV
nodal cells was not significantly affected (112+13 vs 102+12 ms, n=14), and post-repolarisation
refractoriness was prolonged. By contrast, current injection, to induce an equal degree of hyperpolarisation
to that produced by adenosine, shortened APD and ERP in both cell types, suggesting an additional action of
adenosine in AV nodal cells. Adenosine (10 uM) did not affect peak I, in AV nodal cells, but significantly
altered the biexponential time course of recovery of I, from inactivation. The proportion of recovery in the
fast phase (time constant, t7=102+10 ms) was reduced from 71£3 to 55£5 %, with shift to the slow phase
(1=858+168 ms), without altering t in either phase. A similar effect of adenosine was seen in left atrial cells.
Conclusion: Adenosine caused hyperpolarisation, APD-shortening and slowing of recovery of I¢,. from
inactivation, in both AV nodal and atrial cells, but prolonged post-repolarisation refractoriness in AV nodal
cells only. This differential effect of adenosine on refractoriness in the two cell types could not be explained
by effects on Ixaqo, but may be due to slowed reactivation of Ic,;, which is the predominant inward current in

AV nodal but not left atrial cells.
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1. Introduction

Adenosine exerts complex electrophysiological effects on the myocardium, which are cell-type specific. In
most mammalian species, exogenous adenosine has no effect on ventricular action potentials, but exerts
various effects on action potentials recorded from supraventricular myocardium [1]. In the atrioventricular
(AV) node, adenosine has a negative dromotropic effect, evident electrophysiologically as conduction
slowing (prolongation of the atrio-His interval), or complete AV block with sufficiently high concentrations
of extracellular adenosine [2]. This forms the basis of the clinical anti-arrhythmic actions of adenosine. For
example, when injected as an intravenous bolus, adenosine converts the majority of paroxysmal

supraventricular tachycardias, which involve the AV node in a reentrant circuit, to normal sinus rhythm [3].

Adenosine-induced AV nodal conduction block may be mediated by a complex interaction of effects on AV
nodal excitability and refractoriness. In the intact node of the rabbit and guinea-pig, adenosine has been
demonstrated to prolong the AV nodal effective refractory period ERP [4]. The cellular basis of these
functional effects of adenosine has not been extensively studied. A single study [5], has shown that
adenosine depressed excitability and produced a small prolongation of ERP in single AV nodal cells. In the
atrium, in contrast to the AV node, adenosine shortens the ERP, in conjunction with shortening of the action
potential duration (APD) [5,6]. The first aim of the present study was to compare the effects of adenosine on

membrane potential and refractoriness in AV nodal and atrial cells.

With respect to the ionic basis of these functional effects, adenosine activates an inwardly rectifying K*
current (Ixaqo) in atrial [7] and AV nodal cells [8]. This current, shown at the single channel level to be the
same as that activated by acetylcholine [9], has been demonstrated to cause hyperpolarisation and shortening
of the APD in AV nodal cells [8] and in atrial myocytes [10]. In addition, adenosine exerts effects on the
Ca®™ current (I¢,). In particular, it has a marked anti-adrenergic effect on the L-type Ca>" current, Icq [11].
The effect of adenosine on basal (non -adrenergically stimulated) Ic,. in AV nodal cells is variable [8], or

required high concentrations of adenosine [5]. Thus, the second aim of the study was to assess the
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contribution of the effects of adenosine on Ixag, and Ic, to its effects on the functional properties of

membrane potential and refractoriness in AV nodal and atrial cells.
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2. Methods

2.1. Isolation of single AV nodal and atrial myocytes

Cells were isolated from both the AV nodal region and the left atrium of rabbit hearts, using a method
modified from that previously described [8]. 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). New Zealand white male rabbits (2-3.5 kg) were administered a lethal dose of anaesthetic
(100 mg/kg sodium pentobarbitone, intravenous injection), and heparinised with 335 U/kg heparin. The
heart was excised and retrogradely perfused via the aorta for 10 min, with a physiological salt solution (see
Solutions, below) at a constant flow rate of 25 ml/min, at 37°C. The heart was then perfused for a further 4
min, with 0.73 mg/ml collagenase (Type 1; 296 U/mg, Worthington), 0.1 mg/ml protease (Type XIV; 4.6
u/mg, Sigma) and CaCl, (67 uM) added, with the coronary effluent being recirculated after 1 min. The heart
was pinned out on a dissecting dish and the right atrium opened. The partially digested AV nodal region,
demarcated by the tricuspid valve inferiorly, the tendon of Todaro superiorly, the coronary sinus posteriorly
and central fibrous body anteriorly, was removed. The left atrial appendage was removed at this stage and
treated identically to, but separate from, the AV nodal region. The tissue to be digested was chopped into 1
mm’ pieces and placed into a flask containing 1.5 ml of recirculated enzyme solution with 1.5 % bovine
albumin (Fraction V, Sigma). Cells were then mechanically disaggregated using a shaking water bath (Grant
OLS 200), with orbital shaking (130 revolutions/min) at 37 °C. After 5 min, and then a further 5 min, the
cell suspension was filtered through nylon gauze (200 um mesh, Barr & Wray, Lanark, UK) and centrifuged
at 80 g for 2 min. Cells were resuspended in 3 ml of the physiological salt solution containing 0.5 mM CaCl,
plus 1.5 % albumin, and allowed to sediment for 15 min. The supernatant was replaced and the CaCl,
concentration was sequentially increased, to 1 mM after 15 min, then to 2 mM after a further 30 min.
Finally, cells were stored at room temperature for up to 18 hr in a culture medium containing 2 mM CaCl,

(M199, Gibco BRL).
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2.2. Solutions

All solutions were made with "ultrapure" water, treated by reverse osmosis (Milli-Ro Plus and Milli-Q,
Millipore) and using Analar grade chemicals. The solution for isolating cells contained (mM): NaCl (130),
KCl (5.4), MgCl,.6H,0 (3.5), NaH,PO,.H,0O (0.45), HEPES (5), glucose (11.1), taurine (20) and creatine
hydrate (10), bubbled with 100 % O,, pH 7.25. The cell superfusion solution contained (mM): NaCl (130),
KCl (4), CaCl, (2), MgCl, (1), glucose (10), HEPES (10), pH 7.36. Electrode filling solutions were either
aspartate-based, containing (mM): L-aspartic acid (110), KCI (20), MgCl, (1), EGTA (0.15), Na,ATP (4),
Na,GTP (0.4), HEPES (5), pH 7.25, or Cs-based, with the KCI and L-aspartic acid substituted with CsCl

(130 mM).

2.3. Electrical recording techniques

Aliquots of cell suspension were transferred by Pasteur pipette to a fast exchange (<10 s) perfusion chamber
of 200 pl volume (RC-24E, Warner), mounted on the stage of an inverted microscope (TMS, Nikon). Cells
were allowed to sediment for 10-15 min, before superfusing at 35-37 °C at approx. 1.5 ml/min, via an in-line
solution heater (SH-27G, Warner) with gravity feed. Action potentials and ion currents were recorded using
the whole cell patch clamp technique, with an Axopatch-1D amplifier (Axon Instruments). Microelectrodes
were pulled by gravity from thin walled, filamented borosilicate glass tubes (Clark Electromedical) to
resistances of 4-8 MQ, using a vertical micropipette puller (Narishige PP-83) and fire-polished. Action
potentials were stimulated and recorded by current clamping, using the aspartate-based pipette solution.
With this solution, a liquid junction potential of +7+0.3 mV (bath relative to pipette, n=6) was measured,
and compensated for prior to seal formation [12]. Stimulating pulses were 1.2x threshold strength, and of 5
ms duration. Ca>" currents were recorded by voltage clamping, using the Nystatin perforated patch technique
[13], because of previously observed rundown of I, using ruptured patches [8]. Nystatin (184 uM, Sigma)
was prepared hourly, and the Cs"-based pipette solution was used to abolish outward K" currents. With this

solution, no significant liquid junction potential occurred (+0.2+0.2 mV, n=5) and so no compensation was
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necessary. Following seal formation, a gradual reduction in the series resistance due to Nystatin pore
formation was continuously monitored, until stabilisation occurred (after approximately 7 min) at 3-8 MQ.
The series resistance was routinely electronically compensated for (by 67-84 %). The L-type Ca®* current
was activated with voltage pulses to +10 mV, from a holding potential of -40 mV. Cells were both
stimulated, and recorded from, using "WinWCP", a software program written by John Dempster, Strathclyde
University. Current and voltage signals were filtered at 5 kHz, monitored on an oscilloscope (Farnell DTS

20), and digitised (National Instruments LAB-PC A-D converter), for storage on a computer.

2.4. Experimental protocols

The cell input resistance was initially measured in each cell, by voltage clamping with a voltage ramp (from
-120 mV to +50 mV in 7 s), from the slope of the linear part of the resulting whole cell current, usually
between -90 and -120 mV. The AV nodal sample inevitably contained right atrial cells also, which may
show similar morphology and electrophysiology to atrio-nodal (A-N) AV nodal cells [14]. Therefore, since
AV nodal cells have a high input resistance (due to lack of inward rectifier current, Iy;), a high input
resistance was used to distinguish AV nodal cells from other cell types. In a previous study on rabbit AV
nodal cells the input resistance, also measured from the linear part of the current-voltage relationship, i.e.: at
potentials substantially more negative than the zero current potential, was approximately 230 MQ [5]. Based
on this, and on studies in which cells were identified as AV nodal also on the basis of their input resistances
[15,16], we accepted cells as AV nodal if their input resistance was >180 MQ. In contrast to some of the 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 maximum diastolic potential (MDP).

The ERP was determined using a train of 8 conditioning current pulses (S;), delivered at a rate of 300
beats/min, preceding a premature pulse (S;) of the same magnitude. The S;-S, interval was shortened by 10
ms 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. The stimulus current magnitude required
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to cause a regenerative action potential response (the threshold current) was determined using a stimulation
protocol similar to that for measuring ERP, except that the S;-S, current pulse interval was kept constant at
200 ms (the same as the S;-S; interval), and the magnitude of the S, pulse was progressively increased from
zero, in steps of 50 pA, until an action potential occurred. The maximum rate of rise of the action potential
upstroke (dV/dt)max is referred to throughout as V,,.x. This was measured after any initial upstroke artifact
caused by the current pulse. In a few cells, V ,,,, measurement was not attempted due to possible interference
from a current pulse artifact. The Axopatch-1D is a current follower, providing accurate measurement of
Vinax 0f <60 V/s. V.x measurements >60 V/s, however, may have been underestimated by the use of this

amplifier.

The effect of hyperpolarisation on action potentials, ERP and threshold current was determined by injecting
a hyperpolarising current, in current clamp mode. The magnitude of this current was measured in each cell
prior to performing the current clamp protocols, by iteratively adjusting the holding current, until the
required degree of hyperpolarisation was attained. Cells were then allowed to recover for 1 min. Current
injection was started 30 s before recordings were made, and recovery was assessed 30 s after current

injection was ceased.

The magnitude of peak Ic,. and the time course of recovery of Ic,; from inactivation were determined using
a double voltage pulse protocol. An initial 1 s conditioning voltage pulse to +10 mV was followed by a 300
ms test pulse. The interpulse interval, ¢ was progressively reduced from 3 s to 20 ms, in steps of 20 or 50 ms
(see inset of Fig. 4B). There was a 6 s delay between applying each pulse pair. Current kinetics data were

analysed using curve-fitting, with the following equation:

Y=Ymax[1-exp(-x/t;)]+Ymax,[ 1-exp(-x/1,)],

where Y=Ic, amplitude (% of maximum value, recorded at interpulse interval of 3 s); Ymax; and

Ymax,=plateaux of Ic,. amplitude in the 1st and 2nd phases of recovery, respectively (% of maximum value,

10
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recorded at interpulse interval of 3 s); x=time (ms), and 1, and T,=time constants (ms) for 1st and 2nd phases

of recovery, respectively.

Protocols were repeated (except for hyperpolarising current injection) after superfusing cells for 90 s with
adenosine (10 uM), and again 180 s after removal of adenosine from the recording chamber. This
concentration of adenosine was chosen because previous work [8] has shown that 10 uM is a sub-maximally

effective concentration in rabbit AV nodal cells.

2.5. Data analysis and statistics

Voltage and current traces were analysed "off-line" using the software program "WinWCP", written by John
Dempster, Strathclyde University, UK. 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+SEM. Differences between values were assessed using two-tailed paired or unpaired
Student's ¢ tests, as appropriate. Differences in goodness of fit were assessed when using non-linear

regression, using an F test. P<0.05 was regarded as statistically significant.

11
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3. Results

3.1. Electrophysiological characteristics of AV nodal and left atrial myocytes

Differences in the electrophysiology of AV nodal and left atrial myocytes are illustrated in the left hand
panels of Fig. 1A. The last action potential of the conditioning trains from an AV nodal (Fig. 1Ai) and an
atrial myocyte (Fig. 1Aii), followed by the first action potentials evoked by the test pulses, are shown. The
longest coupling interval which failed to elicit a response is shown in each case, and reflects the ERP. It can
be seen that the AV nodal action potential had a slower upstroke velocity and a lower amplitude compared
to that of the atrial myocyte. The maximal rate of rise was 50+10 versus 162+£16 V/s (P<0.05) and the
amplitude was 84+4 versus 121£5 mV (P<0.05) for the AV nodal cells (#=35) and left atrial cells (n=20),
respectively. The AV nodal cells had a more positive maximum diastolic potential (-57£2 mV, n=35) than
the left atrial cells (-70+1 mV, n=20, P<0.05), and a higher input resistance (421+39 vs 105+15 MQ,
P<0.05). In none of the atrial cells was the input resistance >180 MQ. The action potential duration at both
50 and 90 % repolarisation (APDs, and APDy,, respectively), was similar in AV nodal cells and left atrial
cells (left hand panels of Fig. 1A). Mean APDs, was 4343 and 45+6 ms in AV nodal and left atrial cells,
respectively, while mean APDgy, was 82+4 and 917 ms, in AV nodal and atrial cells (n=35 and 20),
respectively. Non-electrophysiological characteristics also differed between the two cell types. The AV
nodal cells, the majority of which appeared "spindle-shaped", were thinner and usually shorter than the atrial
cells. AV nodal cell mean maximum width (91 pm, n=24) and length (974 wm, n=24) were significantly
(P<0.05) lower than the corresponding values in atrial cells (1441 and 1204 pum, »=30). This was
associated with a significantly smaller capacity in AV nodal cells (56£2 pF, »=39) than atrial cells (8343 pF,

n=34; P<0.05).

AV nodal cells, in contrast to left atrial cells, displayed marked post-repolarisation refractoriness, as shown
in Fig. 1A. In the AV nodal cell (Fig. 1Ai) the first action potentials to fire in response to the premature

stimuli (S;) occur well after full repolarisation of the preceding action potentials. In the left atrial cell,

12
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however (Fig. 1Aii), the first action potentials fire earlier after the last action potential of the conditioning
train, before full repolarisation. The mean values of the ERP were similar (14047 ms, =35 in AV nodal
cells, and 12547 ms, n=20 in the left atrial cells). However, the mean ratio of ERP/APDy,, an index of post-
repolarisation refractoriness, was significantly greater in AV nodal, than in left atrial cells (1.71+0.06 vs

1.45+0.07, P<0.05).

The V. value of individual AV nodal cells was variable (n=35). In 15 of these cells, V,.x was <15 V/s,
suggestive of nodal (N), or nodal-His (N-H) cells. Therefore, the population of AV nodal cells was
subdivided into "slow V" cells (Vimax <15 V/s, n=15), eg: Fig. 1Ai (Vi = 4.5 V/s), and "fast V" cells,
which may correspond to A-N cells (Vi >15 V/s, n=20), to see if these two cell populations displayed
different responses in subsequent experiments. The mean V,,,, values of the slow and fast V,,,x AV nodal
cells were 7.3+0.9 and 82+13 V/s, respectively. The slow V. cells had a more positive maximum diastolic
potential than the fast V,, cells, at -51£2 vs -62+2 mV (P<0.05) and also had a smaller amplitude (71+4 vs
9445 mV; P<0.05). The APDsy and APDy, of the slow V..« cells, at 49+3 and 88+3 ms, respectively, were
not significantly different from those of the fast V ,,, cells (3945 and 78+6 ms, respectively). However, both
the ERP and the ERP/APDy, ratio of the slow V,, cells, at 166+6 ms, and 1.91£0.09, respectively, were
significantly greater that those of the fast V,,, cells (120£10 ms and 1.57+0.06, respectively; P<0.05). This
indicated pronounced post-repolarisation refractoriness in the slow V ,, cells. The fast V..« AV nodal cells
were clearly distinct from the left atrial cells, with a slower V., (8213 vs 162+15 V/s; P<0.05) and a

higher input resistance (366439 vs 103+28 MQ; P<0.05).

3.2. Effects of adenosine on action potentials and ERP

Adenosine (10 uM) hyperpolarised the maximum diastolic potential and shortened APD, in both AV nodal
and left atrial cells (right hand panels of Fig. 1A). The mean maximum diastolic potential was significantly
hyperpolarised from -59+3 to -66£2 mV in AV nodal cells (P<0.05, n=14), and from -70£2 to -76+2 mV in

left atrial cells (P<0.05, n=8) (Fig. 1B). Adenosine significantly shortened the mean APDy, by 31+4 %

13
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(P<0.05, n=14) and 30+7 % (P<0.05, n=8), in AV nodal and left atrial cells, respectively. This was
associated with a corresponding decrease in the ERP in the left atrial cell (Fig. 1Aii), but not in the AV
nodal cell (Fig. 1Ai). The mean ERP of left atrial cells was significantly shortened by adenosine, from
124415 to 98+14 ms (P<0.05, n=8), but there was no significant effect of adenosine on the mean ERP of
AV nodal cells (112+13 vs 102+12 ms, n=14). This differential effect of adenosine on the mean ERP of AV
nodal and atrial cells, in the presence of hyperpolarisation in both cell types, is illustrated in Fig. 1B. In
contrast to the effect on left atrial cells, adenosine significantly increased post-repolarisation refractoriness
in AV nodal cells: the ERP/APDy, ratio increased from 1.65+0.09 to 2.22+0.12 (P<0.05, n=14). In both fast
and slow V.x AV nodal cells, adenosine caused a similar significant hyperpolarisation and APD-shortening,
but with a similar lack of an effect on the ERP. In both types of AV nodal cell, there was also a similar
significant increase in post-repolarisation refractoriness: the ERP/APDy, ratio was increased by adenosine
from 1.54+0.13 to 2.13+0.15 (P<0.05, n=8) in the fast V,,, cells, and from 1.79+0.13 to 2.33+£0.22 (P<0.05,

n=6) in the slow V.x AV nodal cells, respectively.

3.3. Effect of hyperpolarisation on AV nodal and atrial cell refractoriness

Fig. 2A shows the effects of injecting hyperpolarising current into an AV nodal and a left atrial cell. This
current was intended to mimic the effect on membrane potential of the adenosine-induced current, Ix a4, and
its magnitude was adjusted to hyperpolarise each cell by the mean value recorded in response to 10 uM
adenosine, ie: by approximately 7 mV. The AV nodal cell illustrated may have been a transitional cell, since
hyperpolarisation caused an increase in V., presumably by recruiting previously unavailable Na" channels.
The mean current injected in AV nodal cells (n=7) and left atrial cells (#=8) was 1445 and 22+4 pA,
respectively. The mean magnitude of hyperpolarisation which resulted (Fig. 2B) was similar to that caused
by adenosine in both groups of cells (Fig. 1B). Hyperpolarising current, like adenosine, shortened APDy, in
both cell types, but the effect on APD was not as marked as that of adenosine: the APDy, shortened by 14+6
% (P<0.05, n=7) in AV nodal cells, and by 1543 % (P<0.05, n=8) in left atrial cells. As with adenosine,

there was associated shortening of mean ERP in left atrial cells. However, in contrast to the action of

14
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adenosine, hyperpolarising current significantly shortened the ERP in AV nodal cells also. This is shown in
Fig. 2B (compare with Fig. 1B). Mean ERP in AV nodal and left atrial cells was 146+12 (n=7) and 124+6
ms (n=8), respectively and hyperpolarising current significantly reduced this in both cell types, to 121+13
and 104+6 ms (P<0.05), respectively. Also, in contrast to actions of adenosine, hyperpolarisation did not
modify post-repolarisation refractoriness in AV nodal cells: the ERP/APDy, ratio was 1.53+0.06 (n=7) in the

absence of hyperpolarisation and 1.45%0.09 in its presence (n=7).

3.4. Effect of adenosine and hyperpolarisation on threshold current

The effects of adenosine (10 uM) and hyperpolarising current on cell excitability, assessed by the magnitude
of stimulus current required to reach threshold, are shown in Fig. 3. In both the AV nodal and the left atrial
cell, adenosine and hyperpolarising current caused an increase in this threshold current (Fig. 3A). The AV
nodal cell illustrated may have been an A-N cell, owing to its to its relatively fast V.. The mean threshold
current in the absence of an intervention was 139+28 pA (n=10) in AV nodal cells and 219+£86 pA (n=8) in
left atrial cells. Fig. 3B shows that adenosine increased the mean threshold current in left atrial cells (n=8).
A similar trend was seen in AV nodal cells (n=7). However, the effect of adenosine was not consistent in all
cells: in 3 cells, the threshold current actually decreased. The resulting scatter of data meant that the effect
on the mean threshold current did not reach significance. Fig. 3B also shows that hyperpolarising current

caused a significant increase in the mean threshold current in AV nodal cells (n=10) and in left atrial cells

(n=8).

3.5. Effects of adenosine on Ic, in AV nodal cells

Fig. 4A shows recordings of Ic,; from a representative AV nodal cell. The voltage clamp protocol used is
shown above the current traces, and is represented diagrammatically in Fig. 4B (inset). The 1 s long
conditioning pulse ("c¢", of Fig. 4A) was used to activate, then completely inactivate I, . As the interval

between this pulse and a subsequent 300 ms long test pulse (eg: "t,", of Fig. 4A) was progressively

15
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increased, the amplitude of I, evoked by the test pulse increased, as I, recovered from inactivation. The
magnitude of peak Ic,. was measured 3 s after the end of the conditioning pulse (eg: at "=3 s" in Fig. 4A), at
which time Ic,; had fully recovered in all cells studied, and was averaged in each cell, from 3 recordings.
The mean current density of peak I, was 30.3+3.8 pA/pF in a group of AV nodal cells (n=5). In the
presence of adenosine (10 uM), this was not significantly different, at 27.943.7 pA/pF (P=0.101). Following
washout of adenosine, the current density was 24.0+3.1 pA/pF. In each cell studied, no reduction by
adenosine of peak I, could be distinguished from the small degree of current rundown which was observed

over the course of each 20-30 min experiment.

In contrast to the lack of effect of adenosine on the amplitude of peak Ic,, the time course of recovery of
Ica from inactivation was altered by adenosine. There was a reduction by adenosine in the amplitude of Ic,.
at short interpulse intervals, in contrast to the effect with a 3 s interval (Fig. 4A). For each of the AV nodal
cells studied, peak Ic,; amplitude was plotted graphically at each interpulse interval, as a function of the
maximum peak amplitude recorded. Each resulting curve, representing the recovery of Ic,; from
inactivation, displayed a biexponential time course. The data for each curve closely fitted a biexponential
curve described by the equation given in Methods. The mean time course of recovery of I, from
inactivation in AV nodal cells is shown in Fig. 4B. The first (fast) phase of recovery of Ic,. from
inactivation had a time constant (z;) of 10210 ms (#=5), and 71£3 % of the recovery occurred in this phase.
The second (slow) phase of recovery of Ic,. from inactivation had a time constant (7;) of 858+168 ms (n=5),

and 31£3 % of the recovery occurred in this phase.

The effect of adenosine (10 uM) on the mean time course of recovery of I, from inactivation in AV nodal
cells (n=5), and its complete reversal following washout of adenosine is shown in Fig. 4B. In each AV nodal
cell, adenosine (10 uM) had little or no effect on the time constant of either the fast or slow phase of
recovery of I, from inactivation, but reduced the proportion of recovery from inactivation within the fast
phase, and increased the proportion of recovery within the slow phase. This is illustrated in Fig. 5B, which

shows the lack of effect of adenosine on the mean time constant in each phase of recovery of I, from

16
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inactivation. In contrast, adenosine caused a significant shift in the mean proportion of recovery of I, from
inactivation from the fast, to the slow phase (Fig. 5A). At intervals corresponding to the AV nodal ERP, the
magnitude of Ic,; was significantly reduced by adenosine (eg: by 17.8+£3.6 %; P<0.05, at 100 ms, and by
14.1+3.5 %; P<0.05, at 120 ms; see Fig. 4B inset). Similar results were obtained from left atrial cells: as
with the AV nodal cells, adenosine did not alter the time constant of either the fast or slow phases of
recovery of I, from inactivation (81+£3 and 888+343 ms, respectively; n=4), but shifted the proportion of
recovery of I, from inactivation, from 81£3 to 50+£5%, and from 21£2 to 53+5%, in the fast and slow

phases, respectively (n=4, P<0.05).

To assess the effect of hyperpolarisation of the membrane on the recovery of Ic,; from inactivation, the
holding potential was shifted from -40 mV to -47 mV in a separate group of AV nodal cells (n=5). The
proportion of recovery of I¢, from inactivation was unaffected by the change in holding potential in either
phase of recovery (65+10 and 36+10 % at -40 mV, and 68+4 and 35+4 % at -47 mV, in the fast and slow
phases, respectively). There was a decrease in the time constant of the fast phase, from 84+7 to 61+1 ms
(P<0.05), but no significant shift in the time constant of the slow phase. The magnitude of I, at intervals
corresponding to the ERP was not significantly altered by these changes (P>0.05, n=5). A potential
contamination by other inward currents (Iy, or T-type Ca>" current) at the more negative holding potential
was excluded, since 5 uM nifedipine (n=>5 cells) abolished I¢, in each cell, with no additional inward

currents evident at either holding potential.
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4. Discussion

We have demonstrated a differential effect of adenosine on refractoriness in AV nodal and atrial cells,
which related to different consequences in the two cell types of actions of adenosine on Ixaq, and Ic,.
Adenosine, whilst causing marked and comparable shortening of APD in both cell types, shortened the ERP
in left atrial cells, but not in the AV nodal cells. Thus, a novel finding of this study, is that post-
repolarisation refractoriness, which is a property of AV nodal cells [14], was increased by adenosine, and
may be related to a slowing by adenosine of the recovery of Ic,. from inactivation. The ERP-shortening
effect of adenosine in the atrial cells is consistent with the shortening of the APD which we and others [7]
have observed. Wang et al. 5], in a study of AV nodal cells, showed that adenosine, 1 uM caused a small
prolongation of ERP. In our study an adenosine-induced prolongation of ERP was not observed, but post-
repolarisation refractoriness was increased by adenosine. One difference between the two studies was that
we used a higher concentration of adenosine, 10 uM, which caused a marked shortening of APD in the AV

nodal cells which may have counteracted any prolongation of the ERP.

The AV nodal cells of the present study originated from the region of the AV node, and hence contained a
heterogeneous mixture of AV nodal cell types, including mid-nodal, as well as transitional cells. The AV
node is recognised to have a highly non-uniform structure, both in terms of cell morphology and
electrophysiology [17] and a correlation between AV nodal single cell morphology, action potential shape
and ion current characteristics has been reported [14]. Various morphological types of AV nodal cells have
been described, including "ovoid-shaped" [14], as well as "spindle"- and "rod"- shaped cells [8,11,14,18,19].
Cell morphology and action potential shape may be similar in A-N and right atrial cells [14]. Thus, it was
crucial to distinguish between AV nodal and atrial cells in the present study, and therefore the input
resistance, which has consistently been demonstrated to be higher in AV nodal than atrial cells [5,8,14-16]
(due to the lack of inward rectifier current, I;), was used for this purpose. The AV nodal cells we observed
were "spindle" or "rod"-shaped, in agreement with previous data from our laboratory [8,11]. We did not

observe "ovoid" cells, as described by Munk ef al. [14]. The "fast V..," AV nodal cells may be similar to the
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A-N cells of that study, and the "slow V" cells may have been more mid-nodal in origin. The response to

adenosine in both of these AV nodal cell subdivisions, was similar.

The present results provide insights into the ionic basis of the differential effect of adenosine on AV nodal
and atrial cell refractoriness. It has been shown that adenosine-induced hyperpolarisation and APD
shortening are associated with activation of a time-independent potassium conductance, Ixq,, in atrial [7]
and AV nodal [8] myocytes. It might be expected that the degree of adenosine-induced hyperpolarisation
would differ in AV nodal and atrial cells, owing to the differing input resistance of these cell types.
However, we observed a similar degree of hyperpolarisation in the atrial and AV nodal cells, which may
indicate differences in the signal transduction mechanism of adenosine, including A; adenosine receptor
density and reserve, or efficacy of G-protein coupling [20]. The contribution of Iy q4,-induced
hyperpolarisation to the functional effects of adenosine was evaluated in the two cell types, by inducing an
equal degree of hyperpolarisation to that produced by adenosine using current injection, thus isolating the
hyperpolarising effects of Ixaq, activation from actions of adenosine on other membrane currents such as Ic,.
Hyperpolarising current produced shortening of the APD, but to a lesser degree compared to the effect of
adenosine. This may reflect the fact that hyperpolarising current injection, whilst mimicking the effect of
adenosine on resting membrane potential, would be unlikely to reproduce all of the consequences of
activation of Ixag,, Which has a non-linear current voltage relationship. However, most importantly, there
were corresponding reductions in ERP in both cell types, not just in left atrial cells, without changes of post-
repolarisation refractoriness in AV nodal cells, in contrast to the increase with adenosine. Shortening of
APD has been shown to be strongly correlated with activation of Ixaq, and weakly correlated with inhibition
of Ic, in guinea-pig atrial cells [10]. However, the differing responses of AV nodal refractoriness to
hyperpolarising current and adenosine suggest an effect of adenosine on currents additional to

hyperpolarising current, and may involve other currents, such as Ic,.

Adenosine had no effect on peak I, in AV nodal cells. Previous reports have indicated variable effects on

peak Ic, . For example, in a study on rabbit AV nodal cells [8], a small reduction of I¢,; was observed in
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some cells, but with no significant effect on the mean Ic, . Also in rabbit AV nodal cells, a depression of I,
was demonstrated when using adenosine at concentrations higher than that required to activate Iiag, [5]-
Reduction in I¢,. magnitude in atrial cells has been reported in guinea-pig [21] and human [22]. Such
reduction in peak inward current would slow conduction through intact nodal tissue, by depression of V.«
[6], and may contribute to the negative dromotropic action in vivo, but an effect on peak Ic,. did not underlie
the actions of adenosine on the refractoriness of single myocytes. The known indirect action of adenosine on
catecholamine-stimulated Ic,; [11] may also be expected to have a contributory effect on the AV node in
vivo, especially under conditions of elevated levels of catecholamines. It is of interest to note that the
amplitude of I, was higher in AV nodal cells in this study, than that previously reported [5,8,14,19]. These
studies used the ruptured patch technique, and from our own experience with AV nodal cells [8], Ic,. was

smaller and exhibited rapid rundown compared to the present results with Nystatin-permeabilised patches.

In contrast to the lack of effect of adenosine on I¢,; amplitude, adenosine caused slowing of the recovery of
Ica from inactivation. The recovery time course was biexponential, with characteristics similar to those
reported previously [19,23]. We found that adenosine had no effect on the time constant of either phase of
recovery in AV nodal cells, in agreement with reports on guinea-pig atrial myocytes [21] and a sinoatrial
nodal multicellular preparation [24]. However, adenosine altered the proportion of recovery of I, which
occurred in each phase, causing a shift from a fast, to a slow recovery phase. Since such slowing of recovery
occurred at intervals which correspond to the ERP in these cells, this may underlie the observed actions of
adenosine on AV nodal refractoriness. Adenosine's hyperpolarising effect might offset this action on Ic,, by
reducing the time constant of the fast phase of recovery from inactivation. However, such an offset would
only be partial, since shifting the holding potential from -40 to -47 mV had no significant effect on the
proportion of recovery which occurred either in the fast and slow phases of recovery, nor on the magnitude
of Ic,. recorded at intervals corresponding to the ERP.

The recovery of I, from inactivation is a complex process, dependent on time, voltage and [Ca®];, with
Ca®™ channels displaying several states of gating activity, including a long lived inactivated state which may

last several seconds [25]. The two phases of recovery we observed may correspond to the distinct fast and
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slow gating processes reported for Ca>" channels of ventricular myocytes [26]. Single channel recordings of
Ic, from isoprenaline-stimulated ventricular myocytes have shown that adenosine, without altering unitary
conductance, prolonged the time spent in an inactivated state. The transition rate from an activated to the
inactivated state was enhanced and the recovery rate from the inactivated to the activated state was
decreased [27]. Adenosine may have altered the gating of Ca®* channels in the AV nodal cells in a similar
manner. Stabilisation of the inactivated state of Ca®* channels without change in unitary conductance also
underlies use-dependent properties of Ca®" channel blockers [28], some of which have similar effects on the
AV node to adenosine [29]. In the present study, a direct effect of adenosine on channel gating, such as
caused by Ca®" antagonists, may have occurred but a mechanism requiring intracellular modulation of

channel recovery kinetics, such as described by Kato ef al. [27] seems more likely.

The effect of adenosine on I, was similar in AV nodal and atrial cells, but may have had different
consequences in the two cell types because of the differing role of I, in the action potential of AV nodal
cells. There is electrophysiological and histochemical evidence that I, is the predominant inward current
during depolarisation in these cells [6,30]. Therefore, slowing of recovery of Ic,. from inactivation by
adenosine may affect refractoriness in AV nodal cells, in contrast to atrial cells, in which Iy, is the main
inward current. Adenosine would not be expected to substantially alter ERP in atrial cells, due to the fast
recovery of Iy, from inactivation [31]. Our findings support the suggestion, from studies of intact hearts, that
an effect of adenosine on recovery of Ic,; from inactivation is likely to contribute to the negative
dromotropic action of adenosine on the AV node [4]. One further factor to be considered is the unknown
effect of adenosine on the T-type Ca’" current (Icar). The magnitude of ¢, in atrial cells was not altered by
adenosine [21], but an effect on the time course of recovery of I¢,r has not been studied. Slowing of Ic,r may
be the basis of "electrotonic inhibition" in the AV node [15] and such an action of adenosine might
contribute to negative dromotropism in the AV node.

In addition to these effects on refractoriness, the effect of Ixaq4, activation on excitability may contribute to
the negative dromotropic effect of adenosine. Hyperpolarisation increased the threshold current in both cell

types, indicating that adenosine-induced hyperpolarisation can decrease their excitability. In the intact node,
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particularly with a high adenosine concentration, such an effect might account for the ability of adenosine to
block impulse conduction. However, we observe that the effect of adenosine-induced hyperpolarisation on
the excitability of single cells from the region of the AV node was variable. Due to the heterogeneous nature
of the AV nodal cell population, some of the AV nodal cells would undoubtedly have contained Na*
channels, of varying density, with absence of Iy, in cells from the compact node [30]. This is in contrast to
the population of atrial cells studied, in which Iy, would always have been present. The increased
excitability with adenosine in some cells may be related to this variation in the magnitude of Iy, between AV
nodal cells from different regions [14]. Hyperpolarisation of a transitional cell, for example, whose diastolic
potential is relatively depolarised compared to atrial cells, may result in the recruitment of previously
unavailable Na" channels, increasing its excitability. In the intact node, this effect may be offset by the
decreased excitability and increased refractoriness of adjacent nodal cells. It is acknowledged that
electrotonic interaction among the different cell types within the AV node [32], as well as its complex three
dimensional structure and pattern of depolarising wave input [33] require that caution be applied when

extrapolating data obtained from single AV nodal cells, to the AV node in situ.

In conclusion, we have demonstrated that adenosine caused hyperpolarisation, APD-shortening and slowing
of recovery of I, from inactivation, in both AV nodal and atrial cells, but prolonged post-repolarisation
refractoriness in AV nodal cells only. This differential effect of adenosine on refractoriness in the two cell
types could not be explained by effects on Ixaq,, but may be due to slowed reactivation of I, , which is the

predominant inward current in AV nodal but not left atrial cells.
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Figure legends

Fig. 1. Electrophysiology of AV nodal and left atrial isolated myocytes, and effects of adenosine. (4) Action
potential recordings from (i) an AV nodal and (if) a left atrial isolated myocyte, in the presence (right) and
absence (left) of adenosine (10 uM). Superimposed action potentials elicited by the last of a train of 8
conditioning current pulses, S, delivered at a rate of 300 beats/min are shown. These are followed by
increasingly premature stimuli, S,, including the longest S;-S, intervals to fail to elicit action potentials
(ERP). Dashed lines=0 V. (B) Histograms showing mean effects of 10 uM adenosine (black columns),
compared to control (open columns) on the maximum diastolic potential (MDP) and the ERP, from 14 AV
nodal and 8 left atrial cells. The adenosine ERP data has been normalised to the control (100 %). Error bars

denote SEM. * = a significant difference from control (P<0.05).

Fig. 2. Effects of hyperpolarising current on ERP in AV nodal and atrial myocytes. (4) Superimposed action
potential traces, recorded in response to the S;-S, stimulation protocol, from (i) an AV nodal and (i7) a left
atrial cell, with (right) or without (left) hyperpolarising current. Dashed lines=0 V. (B) Histograms showing
mean effects of hyperpolarising current (black columns), compared to control (open columns) on the
maximum diastolic potential (MDP) and the ERP, from 7 AV nodal and 8 left atrial cells. The ERP data has
been normalised to the control (100 %). Error bars denote SEM. * = a significant difference from control

(P<0.05).

Fig. 3. Effects of adenosine and hyperpolarising current on threshold current. (4) Superimposed membrane
potential responses evoked by progressively increasing (in 50 pA steps; 2 subthreshold, 2 suprathreshold)
current pulses of 5 ms duration in AV nodal and left atrial cells. Control recordings=C; recordings in the
same cell, with adenosine 10 uM=Ado, and hyperpolarising current=Hyp. Numbers beneath the voltage
traces indicate the threshold current (pA) recorded in that experiment. Dashed lines=0 V. (B) Histograms
showing effects of adenosine and hyperpolarising current on the mean threshold current, from groups of 7-

10 AV nodal cells and groups of 8 left atrial cells. Abbreviations are the same as in A. Control and
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intervention data are indicated by open and filled columns, respectively. All threshold current data has been
normalised to the control (100 %). Error bars denote SEM. * = a significant difference from control

(P<0.05).

Fig. 4. Effect of adenosine on the time course of recovery of I, from inactivation in AV nodal cells. (4)
Superimposed voltage and current traces from an AV nodal cell showing effects of adenosine (10 uM) on
Ica evoked during a voltage clamp experiment. Upper panel shows superimposed voltage traces from the
end of conditioning pulses (c) of 1 s duration, followed, at varying intervals, from 20 ms to 3 s, by test
pulses (eg: t;) of 300 ms duration. Dashed line=0 V. Superimposed recordings of Ic,; are shown below,
illustrating the reduction in peak I, as the interval between the conditioning and test pulses is progressively
diminished. Recordings of fully recovered I, (ie, at =3 s) are shown, following breaks (//) in the traces.
Recordings are shown in the absence of adenosine (Control) and following superfusion with 10 uM
adenosine for 90 s (Ado). (B) Effect of adenosine (10 uM) on the time course of recovery of Ic, from
inactivation in AV nodal cells. Values are means (n=5) of peak Ic,. recorded at interpulse interval ¢ (see
voltage clamp protocol inset), expressed as a percentage of the maximum peak I, (recorded at /=3 s). Data
for control (open circles), adenosine treatment (closed circles) and recovery after adenosine removal (closed
squares) were fitted by curves with biexponential timecourses (see Methods for curve equation). An

expansion of the time-scale for the first 150 ms is shown in inset. Error bars denote SEM.

Fig. 5. Effect of adenosine on the characteristics of recovery of I, from inactivation. (4) Effect of
adenosine (10 uM) on the proportion of recovery of I¢,. from inactivation which occurred in the fast and
slow phases, respectively (n=5). Ymax; and Ymax, represent the I, amplitude plateaux, derived from the
biexponential equation detailed in Methods. (B) Lack of effect of adenosine (10 uM) on the time constants
(7; and 1) for the fast and slow phases of recovery of Ic,. from inactivation, respectively (n=5). Data
(means, with error bars denoting SEM) are shown for control (open columns), adenosine treatment (black
columns) and recovery after washout of adenosine (hatched columns). * = a significant difference between

control and adenosine-treated groups (P<0.05).
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Fig 3B
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Fig 4B
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