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Abstract — At the Purkinje (P) - ventricular (V) junction a zone
of “transitional (T)” cells is found. In the present study we inves-
tigated the role of these T cells in P-to-V conduction. Using the
“model clamp” technique, an experimentally recorded rabbit P
cell was coupled to a phase-2 Luo and Rudy (LR) model cell,
which in turn was coupled to a strand of phase-2 LR model cells.
In our experiments, the single LR model represents the T cell,
while the strand of LR models represents subendocardial V cells.
This approach enabled us to change selectively coupling conduc-
tance (G.) between cells, presence of T cell, and relative size of
cells. We demonstrated that: 1) a decrease of G, between P-T
and T-V increases the delay of V activation, 2) the delay of V
activation is importantly due to conduction between T and V
cells, 3) there is a critical G, for successful conduction at the P-V
junction, 4) the critical value of G, for conduction at the P-V
junction is lower in presence (11.0+0.7 nS) than in absence
(13.7£0.8 nS) of the T cell, and 5) enlargement of the T zone size
hampers successful P-to-V conduction.

Keywords — Heart, electrophysiology, gap junction, Purkinje-
ventricular junction, conduction

1. INTRODUCTION

At the junction between Purkinje (P) fibers and ventricular
(V) myocardium a tiny zone is found populated with cells that
are called “transitional (T)” [1,2]. The P fibers are connected
via short thin branches to sheets of these T cells, which in
turn are connected via short thin branches to the V myocar-
dium [3]. This anatomic arrangement is thought to form a
high-resistance barrier [3], which may benefit P-to-V
conduction by shielding a relatively small P fiber from the
electrical load imposed by a relatively large V mass [4]. In
addition, it is thought to contribute to the discontinuous
conduction at the P-V junction [4,5]. In the present study, we
measured the effects of the presence of T cells on action
potential transfer at the P-V junction. Using an extended
version of the “model clamp” technique [6], we electrically
coupled an isolated rabbit cardiac P cell by any desired value
of “gap junctional conductance” to a strand of ventricular
cells of the phase-2 Luo and Rudy (LR) model [7]. In
between, we can add another LR model cell, representing in
our experimental set-up the T cell. This approach allowed us
to study selectively the importance of T cells in conduction at
the P-V junction.

II. METHODOLOGY

Cell preparation. Single P cells were isolated from rabbit
hearts by enzymatic dissociation. Hearts were quickly
removed from anaesthetized rabbits (I ml’kg Hypnorm),
mounted on a Langendorff perfusion apparatus, and perfused
with the followin§ solutions: 1) Tyrode’s solution for 10 min;
2) nominally ‘Ca*’-free’ Tyrode’s solution for 10 min; and 3)
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nominally ‘Ca**-free’ Tyrode’s solution with collagenase (59
U/L type B and 150 U/L type P; Boehringer) and 250 mg/L
trypsin inhibitor (Boehringer) for 30 min. Subsequently, free-
running P fibers, free from ventricular tissue, were excised
from both ventricles and agitated in nominally ‘Ca*'-free’
Tyrode’s solution to obtain single P cells. All solutions were
oxygenated and temperature was maintained at 36+1°C.

Electrophysiological recording. Using the whole-cell
patch-clamp technique, action potentials were recorded from
P cells in Tyrode’s solution (36+1°C) containing (mM): 140
NaCl, 5.4 KCl, 1.8 CaCl,, 1.0 MgCl,, 5.5 glucose, and 5.0
HEPES (pH 7.4 with NaOH). Patch pipettes were pulled from
borosilicate glass and filled with a solution containing (mM):
125 K-gluconate, 20 KCl, and 10 HEPES (pH 7.2 with
KOH). Series resistance and pipette capacity was compen-
sated up to ~80%. The majority of the enzymatically isolated
P cells were quiescent, which agrees with many previous
studies on single cardiac Purkinje cells [8, and primary refs.
therein]. In all experiments, except one, we used quiescent P
cells. Action potentials were elicited at 1 Hz (unless other-
wise mentioned), and they were corrected for the estimated
13 mV change in liquid junction potential before starting the
coupling experiments. Cell size was determined as we
described in detail previously [6].

Model clamp technique. Real P cells were electrically
coupled with a wvariable effective conductance (G.) to a
detailed mathematical model of a cardiac cell using the model
clamp technique [6] (Fig. 1). In brief, the time-varying
membrane potential of the real P cell (Vp) is fed into a 1-GHz
AMD Athlon computer through the A/D converter of a data
acquisition board (DigiData 1200, Axon Instruments). Next, a
current input, —/,, is computed and supplied dynamically
through the D/A converter to the real P cell, to produce the
effect of the interaction with the model cell, whereas the
membrane potential of the model cell (Vy,) is computed with
the current input for this cell, +/,, as an additional ionic
current to produce the effect of the interaction with the real P
cell. The effective size of real cell was changed by a factor zp
by replacing the current input for this cell, /., with —//zp.
The size of the real P cell was thus normalized to the size of
the model cell. We coupled an isolated P cell to the LR
model, representing the T cell. This LR model in turn was
coupled to a strand of 19 or 7 cells of the LR model, repre-
senting the subendocardial V cells. Fig. 2A, inset, shows a
diagram of this geometry (not all subendocardial V cells are
depicted). We have focused our experimental work with this
technique mainly on the role of T cells in success or failure of
conduction in situations of extreme uncoupling. For each
determination, we use a 2-s period of uncoupling followed by
6-s of coupling at any desired value of G., which was
followed by another 2-s period of uncoupling.
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Fig. 1. Model clamp technique. The membrane potential of the real P cell, V5,
is recorded using an amplifier in the current clamp mode, and sampled into a
microcomputer (PC). The coupling current, /., is computed according to /. =
G X (Vm — Vp), and a command voltage for the V-to-/ converter is generated
such that a current input —//zp is supplied to the real P cell. zp is a factor by
which the effective size of the P cell can be changed. G, is the coupling con-
ductance, which can be varied over a wide range. The membrane potential of
the model cell, Vy, is computed from the mathematical model with the
current input for this cell, +/,/zy, as an additional ionic current.

III. RESULTS

Effects of low G. around T cells. The zone with T cells is
thought to form a high-resistance barrier [3], which favors P-
to-V conduction by shielding the relatively small P fiber from
the electrical load imposed by a relatively large V mass [4].
In a first experiment, we tested this hypothesis. Fig. 2 illus-
trates the effects of low G, around the T cell on conduction at
the P-V junction. P cell size was normalized to the size of the
LR model, and G, within the strand of 19 LR model cells was
fixed at a relatively high value of 50 nS to simulate a large V
mass. G, between P-T and T-V was symmetrized and varied
in the range from 6 to 24 nS (Fig 2, insets). At G, < 6 nS,
conduction failed from P-to-T (Fig. 2A). At G, > 8 nS, con-
duction from P-to-T succeeded, but conduction from T-to-V
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failed (Fig. 2B). Conduction from P-to-T-to-V was present at
G, > 20 nS (Figs. 2C and 2D). It must be noted that in case of
successful P-to-T-to-V conduction, increasing G, required
much higher current pulses for eliciting P action potentials.
Effects of presence of T cells on critical G.. In the typical
example of Fig. 2, the lowest value of G, for which action
potentials during the coupling period were successfully
conducted to the strand of V cells was 20 nS. This value was
defined as the critical value of G, for propagation at the P-V
junction. In a second experiment, we analyzed the role of the
T cell on this critical G.. Therefore, action potential transfer
was measured in presence and absence of the T cell. Fig. 3
shows a typical example. The size of the P cell was equal to
the size of the LR model cell, and the G, between all cells
was varied in a range of 10 to 15 nS. When the T cell was
present, conduction from P-to-T-to-V succeeded at G, > 11
nS (Figs. 3A and 3C). When the T cell was absent, conduc-
tion from P-to-V failed at G, of 11 nS (Fig. 3B), but
succeeded at G, > 13 nS (Fig. 3D). Similar effects were
observed in another two experiments. The average critical
value of G, was 13.7£0.8 and 11.0£0.7 nS (n=3; P<0.05, #-
test) in absence and presence of the T cell, respectively. In
one experiment, we tested the effect of stimulus frequency on
conduction in absence and presence of T cells. In this experi-
ment, the P cell size was equal to the LR model size, and G,
between all cells was 12 nS. In the complete stimulus
frequency range tested (2.0, 1.0, 0.67, and 0.5 Hz), action
potentials were successfully conducted to the V cells in
presence, but never in absence of the T cell (data not shown).
Effects of T cell size. In a final experiment, we tested the
effects of the size of T cells on conduction at the P-V
junction. Fig. 4 illustrates the role of T cell size in case of a
spontaneously active P cell. The P cell was coupled to the T
cell, which in turn was coupled to a strand of 7 V cells. P cell
size was 20 times that of the LR model. G, between P-T was
20 nS, while that between T-V and within the strand was 10
nS. Action potential propagation from P-to-T-to-V succeeded
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Fig. 2. Effect of low G, around T cell for P-V conduction. A, B, C, and D: P cell is coupled to a T cell, which in turn is coupled to a strand of 19 V cells.
Within the strand, cells were coupled at a fixed G, of 50 nS. G, between P-T and T-V were 6 nS (A), 8 nS (B), 20 nS (C), and 24 nS (D).
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Fig. 3. Effects of T cell on critical G.. A, and B: Cells were coupled at a G, of 11 nS in presence (A) and absence (B) of T cell. Strand contained 19 V cells C,
and D: Cells were coupled at a G of 13 nS in presence (C) and absence (D) of T cell. Strand contained 19 V cells.

when the T cell size was 2 times that of V cells (Fig. 4A), but
failed when it was 5 times that of the V cells (Fig. 4B).
Comparable effects were observed when we used stimulated
cells. In the typical example of Fig. 4, action potential
duration was decreased under both conditions of successful
and failing action potential transfer (Fig. 4C), while
membrane oscillations, due to early afterdepolarizations
(EADs), were abolished. In addition, the phase of diastolic
depolarization was prolonged (Fig. 4D), but the frequency
was not changed much (Fig. 4C).

IV. DISCUSSION

The aim of the present study was to investigate the role of
T cells in action potential transfer at the P-V junction. Using
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the model clamp technique, we coupled a real rabbit cardiac P
cell to a single LR model cell, which in turn was coupled to a
strand of LR model cells. The single LR model represents in
our experiments a T cell, while the strand of LR model cells
represents a layer of subendocardial V cells. The present
study thus extends the previous studies of Huelsing et al.
[9,10,11] and Verkerk et al. [12] to conditions more closely
representing those of the anatomically complex P-V junction.
In those previous studies, the “analog coupling clamp”
technique was used to study interactions between one real P
cell and one real V cell [9,10] or a real P cell, with or without
EADs, coupled to a resistance-capacitance circuit, which
represented a passive V cell [11,12].

Cell models. In our experiments, we used the LR model of
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Fig. 4. Effects of T cell size on conduction at P-V junction. A, and B: P cell is coupled to a T cell, which in turn is coupled to a strand of 7 V cells. Size of the
T cell is 2 (A) and 5 (B) times the size of the V cell to which it is connected. C, and D: Effects of coupling on action potential duration and EADs (C), and
diastolic depolarization phase (D) of the P cell. Depicted are the P action potentials of panel A and B, and those recorded under uncoupled conditions.
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a guinea pig V cell to simulate the T cell. Using micro-
electrodes, it was found that T cells have several electro-
physiologic parameters intermediate between those of P fibers
and the V myocardium [1]. These electrophysiologic charac-
teristics, however, are largely variable, most likely due to a
heterogeneous coupling between P fibers and V myocardium
[3]. This coupling and the extremely thin zone of T cells
make exact determination of electrical properties of T cells
impossible. In addition, we used the LR model to simulate
subendocardial V cells. The LR model has no transient out-
ward K" current comparable to subendocardial V cells of
many species.

EADs and spontaneous activity. We found that EADs were
abolished in the real P cell upon coupling to a detailed cardiac
cell model (Fig. 4). This effect is comparable to previous
studies, where real cells showing EADs were coupled to a
passive RC circuit [11-14]. In our experiments, however, we
additionally demonstrated that this occurs under conditions of
failing as well as successful action potential propagation (Fig.
4C). In addition, we demonstrated that the diastolic depolari-
zation rate decreased upon coupling and this effect was found
under both conditions of failing and successful action poten-
tial propagation (Fig. 4D). This effect is comparable to
coupling a spontaneously active sinoatrial node model cell to
a real atrial cell [15], and is most likely due to the electrotonic
load of the transitional cell.

Role of T cells. The zone with T cells is thought to form a
high-resistance barrier between the P fibers and the V mass,
which may favor P-to-V conduction [3,4]. In the present
study, we focused mainly on the role of the T cell in success
or failure of conduction in situations of extreme uncoupling.
We demonstrated that: 1) a decrease of G, between P-T and
T-V increases the delay of V activation (Figs. 2C and 2D), 2)
the delay of V activation is importantly due to conduction
between the T cell and the strand of V cells (Figs. 2A, 2B,
and 3A), 3) there is a critical G, for successful conduction at
the P-V junction (Fig. 2), 4) the critical value of G, for
conduction at the P-V junction is lower in presence (11.0+0.7
nS) than in absence (13.7£0.8 nS) of the T cell, and 5)
enlargement of the T zone size hampers successful P-to-V
conduction (Figs. 4A and 4B).

V. CONCLUSION

In situations of extreme uncoupling, the presence of the T
cell favors P-to-V conduction. The conduction delay at P-V
junction is importantly due to action potential transfer
between T and V cells.
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