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=Abstract=The rabbit AV node was isolated and dissected into small strips of 0.3 mm
width to apply two microelectrode voltage clamp technique. Then, slow inward current (i),
hyperpolarization activated inward current (i) and pump current were recorded and their
kinetic properties were analysed.

The results obtained were as follows:

1. The isolated AV node continued to beat, but the rate was slower than that in the SA
node. The configuration of action potential showed regional difference. Small AV node
preparations also showed spontaneous action potentials whose configurations were similar to
those in the SA node. Resting membrane potential was about -40 mV.

2. On depolarization from the holding potential of -40 mV to various potential level, slow
inward current (ig) was recorded. It was disappeared by adding 2 mM Mn™ " and increased
remarkably by 10~ ®M adrenaline. Current-voltage relationship, steady-state inactivation and
recovery from inactivation were also studied and considered similar to those in other cardiac
tissues.

3. In response to hyperpolarizing voltage clamp pulse, the current i; was activated. The
reversal potential was about -25 mV. 0.5 mM Cs* decreased i; in a voltage-dependent
manner. 107 %M adrenaline showed little effect on iy

4. The activity of electrogenic Na®™ pump was demonstrated by K*-induced transient
outward current or transient hyperpolarization after pre-treatment with K -free Tyrode solu-
tion. The pump activity was affected by duration of pre-treatment, K* concentration in
recovery solution and Ca* ™ concentration in K*-free Tyrode solution.
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INTRODUCTION

The atrioventricular node has been considered
as the sole pathway of the impulse propagation
from the atrium to the ventricle. Delayed conduc-
tion in the AV node makes the heart function as an
efficient pump. Also it serves as a filter which pre-
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vents as excessive number of impulses from
reaching the ventricle during supraventricular
tachycardia (Leclercq and Coumel 1983). In addi-
tion, the AV node has the automaticity and acts as
a subsidiary pacemaker of the heart when the SA
node fails to controf the cardiac rhythm (Watanabe
and Dreifus 1968). In spite of these essential phy-
siological functions of the AV node, the underlying
ionic mechanism remains unclear and informations
on the current system have been obtained mostly
by analysis of the action potential.

The AV nodal cell was first impaled with mic-
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roelectrode in 1957 (Hoffman et al. 1958) followed
by the demonstration of the nodal delay associated
with a slow waveform of the action potential (Hoff-
man et al. 1959). Using TTX and Mn™", Zip
and Mendez (1973) suggested that the slow inwa
current was responsible for the slow action pote!
tial in N cells (Paes de Carvalho and Almeia
1960) of the AV node. It was also supported b
experiments using acetyicholine (Ten-Eick et a
1976), catecholamine (Rougier et al. 1969) anc
Ca™* channel blocker (Wit and Cranefield 1974)
However, existence of TTX-sensitive upstroke com-
ponent was also reported by Ruiz-Ceretti and
Ponce Zumino (1971).

In 1980, Kokubun et al. suggested that spon-
taneously active small AV node specimen (0.5 X
0.5mm) served as an unique material for the study
on the underlying mechanism of the spontaneous
activity of AV node. Thereafter, Noma et al. (1980)
and Kokubun et al. (1982) found that the voltage
clamp technique used in the SA node cell could be
applied to the small AV node preparation. They
discovered the presence of various ionic current
systems which were similar to those in other car-
diac tissues, especially in the SA node. But further
studies about channel properties and kinetic analy-
sis of individual channel system are still necessary.

On the other hand, there have been arguments
about cell coupling in the AV node. Its existence
was denied by Pollack (1976), and high coupling
resistance enough to explain very slow conduction
was proposed by Lieberman et al. (1973). DeMello
(1977) and Kokubun (1982) suggested that elec-
trical coupling was fairly reasonable and electroto-
nic interaction between cells could occur. However,
it is difficult to evaluate the importance of the elec-
trotonic interaction as a factor involved in the func-
tion of the AV node. Furthermore, inhomogeneity of
the AV node structure (Paes de Carvalho and
Almeida 1960; Mendez and Moe 1966) seems to
make the problem more complicated.

In the present study, the slow inward current
(i), the hyperpolarization activated inward current
(i) and the pump current in the AV node were
demonstrated using two microelectrode voltage
clamp technique and the kinetic analyses were
performed.

MATERIALS AND METHODS

Preparation of AV node
Rabbits of either sex weighing about 1 Kg were
used in the present experiment. Animals were kill-

Fig. 1. AV node and surrounding structure. AV node is
located between the ostium of the coronary sinus
and the leaflet of the tricuspid valve. SA: sinoat-
rial node. IVC: inferior vena cava. FO: fossa ova-
lis. CS: opening of coronary sinus. AV: atrioven-
tricular node. TV: tricuspid valve. IVS: interven-
tricular septum (A: See Results Section 1).

ed by a blow on the hind neck and exsanguinated.
Chest was opened, and heart was extracted quickly
and transferred into a dissection chamber contain-
ing oxygenated Tyrode soluton.

Right atrium and part of right ventricle were
separated from the rest of the heart and cut open
through the atrioventricular orifice followed by the
exposure of the AV node. The region between the
ostium of the coronary sinus and the leaflet of the
tricuspid valve was regarded as the AV node and
its size was approximately 5 mm X 3 mm. It was
dissected along the dashed line shown in Fig. 1
with fine scissors. The isolated AV node usually
continued to beat spontaneously. After the recovery
for one hour, the specimen was used either for
observation of action potential and its conduction
or for the following procedure to make small strips
for the voltage clamp study.

With a fine razor blade, the isolated AV node was
cut parallel to the tricuspid valve into 2 or 3 strips
of 0.5 mm width. These strips were further dis-
sected to the reduced width of about 0.3 mm.
These small strips did not show spontaneous activ-
ity for a while but followed this with resumption of
beating.



In one hour, two ligatures were tied around a
beating portion using unravelled fine cotton thread
to produce a preparation with a tiny node of appro-
ximately 0.3 mm in length and 0.3 mm in width.
This small preparation was placed in experimental
chamber which was being perfused with oxygen-
ated Tyrode solution, and was held by fine entomo-
logical pins and a tungsten wire loop.

Experimental chamber and temperature control

Experimental chamber, internal dimesions of
which were 22mmXx 9mmX3mm, was made of
Perspex. Through drippers, its inlet was connected
with the solution bottle and the outlet with the suc-
tion apparatus. The chamber was electrically iso-
lated from solution bottle and outflow stream by
using drippers.

The solution bottle had a water jacket which was
connected with constant temperature circulator
bath (Haake FE). The flow rate was set to about 1
ml per minute by the height of solution bottle.

Experimental temperature was maintained at ab-
out 35°C and monitored with thermistor before ev-
ery experiment.

Voltage clamp technique

A two microelectrode voltage clamp method was
used. The current was mcasured with Ag/AgCl
electrode in the bath connected to virtual ground
amplifier. The voltage was measured with a
3M-KCI filled glass microelectrode. As an indiffe-
rent electrode, Ag/AgCl electode was used. The vol-
tage clamp apparatus had two voltage outputs. This
made it possible either to record voltages from two
microelectrodes, or to use one microelectrode as a
current injector and another as a voltage recorder.
Results were recorded on a pen-recorder (De-
vices). An oscilloscope (Advance) was used to dis-
play the results during the experinient. For record-
ing voitage and passing currents, glass microelec-
trodes were made by pulling fibre-filled borosilicate
capillary tubes with external diameter of 1.5 mm
with a vertical type electromagnetic puller
(Narishige). The current passing electode was be-
velled from an initial resistance of 45 MQ to 15 M
Q in a thick slurry beveller containing 20% alumi-
na in 3 M KCL.

A current injecting electrode was inserted as
centrally as possible in the preparation so that the
voltage drops in the periphery would be minimal.
Another microelectrode for voltage recording was
inserted as near the first electrode as possible.
When the preparation was spontaneously active,
the two microelectrodes showed completely super-

—213—

e—o———o Vm

Fig. 2. Simplified scheme of the electrical circuit for vol-
tage clamp. A: amplifiers. R: Ag/AgCl reference
electrode. C: Ag/AgCl current recording electrode.
Ec: glass-microelectrode for current injecion. Ev:
glass-microelectrode for voltage recording. P: pre-
paration, PG: pulse generator. Vm: membrane vol-
tage. |, membrane current.

imposable voltage recordings.

When the preparation was clamped, the square-
ness of membrane potential in response to com-
manding pulses was considered as success of the
experiment. The voltage was held at zero-current
level which was mostly around -40 mV.

The electrical circuit for voltage clamp was

shown schematically in Fig. 2.
Solutions

Normal Tyrode solution contains NaCl 140 mM,
KCI '3 mM, CaCl, 2 mM, MgCl, 1 mM, Dextrose 5
mM. With 5 mM Tris-HCI, pH was adjusted to 7.4
at 35°C.

In order to control K™ concentration in the range
of 0-13 mM, K™ was simply removed from or
added to normal Tyrode solution,

Drugs or chemicals used in this experiment were
adrenaline, isoprenaline, diltiazem, ouabain, CsCl
and MnCl..

RESULTS

1. Spontaneous action potentials

When the AV node was isolated, it usually con-
tinued to beat. The rate of spontaneous beat was in
the range of 50-60 per minute, which was slower
than that of SA node.

Action potentials were recorded from two points
simultaneously, and their conduction pattern in the
isolated AV node was able to be estimated by using
one point as reference. Action potential was initi-
ated in region A (Fig. 1) which seemed to be NH
region. Then, it spreaded through the node in re-
trograde direction with the conduction velocity of
about 0.05m/second.

The action potentials in various regions showed
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Fig. 3. Action potenitials recorded in various areas of the
isolated AV node. A, B and C seem to correspond
to NH, N and AN region, respectively.

different configurations. The action potentials
shown in Figs. 3A, 3B and 3C were regarded as
those of the node-His (NH), nodal (N) and
atrionodal (AN) region, respectively.

When the AV node was dissected into small
strips, each part resumed beating in a few minutes.
A few examples of the action potentials in small AV
node strips were shown in Fig. 4. The average rate
was 150/min and it was faster than 50/min in the
isolated whole AV node. The configuration of action
potential was different from that in Fig. 3. They
showed larger pacemaker potential, and the overall
configuration was similar to that of action potential
in the SA node. The average values were as fol-
lows: amplitude 96 mV, maximum diastolic poten-
tial -70 mV, overshoot +26 mV. It seemed that
regional difference found in isolated AV node was
abolished after dissection.

2. Resting membrane potential

Resting membrane potential in spontaneously
active cell was estimated in two ways. Firstly, the
potential of zero-current level at which the clamp
was performed was measured. Secondly, spon-
taneous activity was ceased by Ca™* channel
blocker, 5x 10°M diltiazem. Resting membrane
potentials measured by two methods appeared to

100 msec

Fig. 4. Action potentials in small AV node preparation. it
appears similar to the action potential of the SA
node.

be similar and around -40 mV.

Sometimes, spontaneous beating was not found.
In the quiescent preparation, resting membrane
potential (RMP) seemed to be more negative and
around -50 mV,

The effect of K™ concentration on RMP was stu-
died using the quiescent preparation. Change of
the perfusate from normal Tyrode to 1 mM K™
-Tyrode solution made RMP hyperpolarized by 9
mV. By increasing K™ concentration from 1 mM to
43 mM step by step, RMP became depolarized by
36 mV.

The relationship of the outside concentration of
K™ and RMP was plotted in semilog paper and
shown in Fig. 5. RMP was little changed in re-
sponse to change of K™ concentration in the range
of 1-23 mM. Then, the curve was far deviated in
the direction of the depolarization from the line pre-
dicted by Nernst equation.

3. Slow inward current (ig)

The slow inward current was investigated by the
application of step depolarization from holding
potential of -40 mV in small AV node specimen
(Fig. 6).

This holding potential was chosen for the pur-
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Fig. 5. Relationship between resting membrane potential

(RMP) and K' concentration. Dotted line repre-
sents the theoretical one predicted by Nernst
equation. Abscissa: K' concentration (mM) in
semilog scale. Ordinate: resting membrane poten-
tial (mV).

pose of inactivating the fast inward Na current
(Noma et al. 1977; Colatsky 1980: Brown et al.
1981).

On depolarization to -25 mV, outward capacitive
current was followed by activation of inward going
current which became inactivated soon. In succes-
sion, outward current was activated and reached
steady level. The magnitude of inward current in-
creased when test pulse was increased to -15 mV,
and then decreased on further depolarization. This
inward going current change was abolished by 2
mM Mn* ™ (Fig. 7). Therefore, it could be re-
garded that this current system in the AV node was
same as the slow inward current (iy) recorded in
other tissues (Beeler and Reuter 1970, Noma et al.
1977).

Current-voltage relationship

From the results of Fig. 6, current-voltage rela-
tionship of i, was plotted in Fig. 8. Open circles
indicated the maximum inward current or mini-
mum outward current during the various depolariz-

—215—

-30 -25 -20 -15 mv
— —— ——
HP -40mV - — — — —_ —
50nA |\ L ' —
A — — L — — T~ —
(T
200 msec
-10 -5 0 +t5 mv
~__ L- Se——
HP -40mV-— — — i — . -
. ' ' —
N —f — ) - ] —

Fig. 6. Membrane currents in AV node in response to
depolarizing voltage clamp pulses in normal
Tyrode solution (Upper trace: voltage recording,
Lower trace: current recording). Pulse duration is
200 msec. The numbers above the figure repre-
sent voltage level of the test pulse.

NT 2 Mn
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Fig. 7. Mnt T effect on iy, in AV node. Slow inward current
in normal Tyrode solution (NT) is abolished by
addition of 2 mM Mn* *.

ing test pulse. General contour showed typical bell
shaped relation. Closed circles indicated the cur-
rent amplitude at the end of the test pulse. These
represented activation of outward potassium cur-
rent, which increased as the test pulse became
more positive.

Since the current change of iy overlapped the
outward current activation, it was difficult to deter-
mine the current magnitude of pure ig. In this
study, it was regarded that outward current was
little activated at 100 msec after application of de-
polarization step. Then, the difference from the
value at that time was considered as pure i (Isen-
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Fig. 8. Current voltage relationship of i,,. Open circle: Max-
imum inward current or minimum outward cur-
rent in response to the various depolarizing pulse.
Closed circle: current amplitude at the end of the
test pulse. Triangle: pure inward current.

berg and Klockner 1982; Coraboeuf 1980).

With this method, peak amplitudes of i, at va-
rious test potential were measured and plotted in
triangles. It was regarded as a true current-voltage
refationship of is; and appeared to cross abscissa at
far positive potential,

Steady-state inactivation

In Fig. 9, the way to determine the steady-state
value of inactivation parameter (f) as the function
of membrane potential was shown. The membrane
was depolarized at different levels by conditioning
prepulses long enough for the inactivation gate to
reach its new steady-state of opening. Then, the
second depolarizing pulse, which was sufficient to
open the activation gate completely and allowed an
inward current to cross membrane, was applied in
succession. The amplitude of the inward current in
response to the second pulse was considered to be
proportional to the degree of opening of the in-
activation gate at the end of the prepulse.

The ratio of the amplitudes of these currents to
those without prepulses were regarded as f and
plotted against the prepulse potential in Fig. 10.

The curve showed steep voltage dependency
and reached 50% inactivation at -26 mV. The top

-10 mV

HP -40 mV —
w O] —
-40- — ' —
w O
| S
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Fig. 9. The pulse protocol (top) to obtain the steady state
inactivations of i,,. Conditioning prepulse for in-
activating i, is given from -55 mV to -15 mV by 5
mV step and 500 msec duration. One example of
voltage clamp recording is shown in the bottom
figure.
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Fig. 10. Steady state inactivation (f). Abscissa: membrane
potential. Ordinate: fraction of the gate (f) which
remains open after inactivation reaches steady
state by 500 msec prepulse.
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Fig. 11. Pulse protocol and two examples of current re-
cording to observe the recovery process from
inactivation.

of the curve bent slightly downward because the
amplitudes of i, decreased after the hyperpolariz-
ing prepulses.

Removal of inactivation

In order that inactivated channel is used again,
removal of inactivation process must be occurred.
Considering the fact that the upstroke and the con-
duction of action potential in the AV node are con-
tributed by iy, the kinetics of recovery process
might be important.

To find its time course, two identical depolarizing
pulses separated by periods of repolarization of
varying durations(d,) were applied (Fig. 11). Then,
the differences in amplitudes of i, triggered by two
pulses were measured and considered to indicate
the degree of inactivation remained. In Fig. 12,
these differences were plotted as a function of d,
on a semilogarithmic scale, and the time constant
of the removal Jf inactivation ( z,) could be deter-
mined at the given membrane potential between
two pulses. It was 270 msec at -40 mV, which was
close to the result of Kohlhardt et al. (1975) in the
cat papillary muscle (r, was 300 msec at -10
mV).

Effect of adrenaline

In the small AV node preparation, adrenaline
effect was manifested by the increase of the spon-
taneous discharge rate and the amplitude of action
potential (Son 1985). To discover whether slow in-
ward current was responsible for adrenalirie action,
the adrenalin effect on iy in AV node was studied.

The results were shown in Fig. 13. The ampli-
tude of i increased greatly, and the potential at
which the amplitude of i reached a peak value
became more negative (-25 mV) with 10°M adre-

Tr = 270 msec

201

1 T T T T
200 400 600 800 1.000 msec

Fig. 12. Time course of removal of inactivation. It clearly
showed that recovery from inactivation was also
time-dependent and might obey first order kine-
tics.

naline. The magnitude of current was so large in
10°M adrenaline solution that membrane potential
was not well controlled. Therefore, guantitative
comparison was impossible.

Outward shift of current at holding potential was
also observed, which might contribute to the in-
crease of maximum diastoiic potential. Above
changes were completely reversible (Fig. 13B).
Effect of Ca™ "

Increase in i, has been known to contribute to
positive chronotropic effect. On the other hand, it
has been reported that increase in Ca® " concen-
tration made the spontaneous dischange rate slow
in small preparations of SA node and AV node (Son
1985).

Current recordings at various depolarizing pulses
in normal Tyrode solution and 6 mM Ca™ ™ -Tyrode
solution were shown in Fig. 14. In 6 mM Ca™~
-Tyrode solution, i, reached maximum value at
-25 mV as in control, but decreased more rapidly
than control. The maximum amplitude in 6 mM
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Fig. 13. Effect of adrenaline on i,. A: Remarkable in-
crease of i, is seen by adding 10™°M adrena-
line. The numbers (-30, -25, -15) represent
the potential of test pulse. Pulse duration: 200
msec. NT: normal Tyrode solution. B: The
change is completely reversible by washing with
normal Tyrode solution. Outward shift of holding
current also returns to the control level.

Ca™™ was almost same as that in control, and
amplitude of current at further depolarization was
much smaller in 6 mM Ca* ™.
A curious response

During the voltage clamp study about iy, some
preparation showed different findings from the
others. One of the cases was presented in Fig. 15,
in which inward current was activated very slowly
by step depolarization to -32 mV in the presence
of 2 mM Mn™ 7. With the increase of the test
pulse, the inward current appeared sooner.
Whether this is a slow Mn™ ™ curent or slow com-
ponent of i, (Noble 1984) is uncertain.

4. Hyperpolarization activated current (i)
Kinetics of i
Currents in responses to hyperpolarizing voltage

-30 -25 -20 -15 m¥
WP -40myV-—" —- — — - —
N —n v —’VV—\ ——”/‘V" Jf/\}mona
6Ca —’W— ——f'//—\/\ _/Wl(——f\ __/\/,—V-—\
J -
-10 -5 0 +5
— = "‘. o
Wo-m-— e = — _
W T T S VT
6Ca —f\yf”[—‘ —/\ff—\T —/\-/‘f—\_,
200 msec

Fig. 14. Effect of Ca* " on i, The amplitude of iy Is
decreased by 6 mM Ca ++ when depolarization
is over -10 mV.

2mM M~
-35 -32
HP -45 mV -— N — —
L _—‘\\\/r} 50 nA
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—
100 msec

Fig. 15. One example of different response to depolariz-
ing test pulse in the presence of 2 mM Mn* ©.

clamp pulses were shown in Fig. 16. From the hold-
ing potential of -40 mV, hyperpolarizing test pulses
of 3 sec duration were applied in 10 mV step. A
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Fig. 16. Currents (lower trace) in response to hyperpolarizing voltage clamp pulses in normal Tyrode solution.

surge of inward capacitive current was seen at the
beginning of each hyperpolarizing pulse followed
by development of inward current in the voltage
range negative to -70 mV. As the magnitude of the
hyperpolarizing pulse was increased, the magni-
tude of current activation became larger in the in-
ward direction and the time to reach the steady
state was faster. The current did not show any
tendency to reach a reversal potential at the max-
imum hyperpolarizing pulse which was near to K*
equilibrium potential. At the end of each pulse, a
surge of outward capacitive current was followed by
the fast inward change which seemed to show the
activation of iy, and ig; and by slow deactivation tail
current.

Above inward current activated by hyperpolariza-
tion was regarded as the same current system as
ir (Brown et al. 1980) or i,, (Yanagihara and Irisawa
1980) in SA node and designated as is in this
study.

In most of the experiments, the amplitude of i; in
normal Tyrode was small and current tail was
mixed with iy, and iy activation, which made the
analysis of channel kinetics difficult. To circumvent
the above problem, 2 mM Mn**. 13 mM K7
-Tyrode solution was used. Fig. 17. showed is in 2
mM Mn** 13 mM K™ -Tyrode solution at various
hyperpolarizing pulses. The result of this experi-
ment was used for measurements of the time con-
stant and steady state activation.

The magnitude of current due to i activation was
attributed to total current change minus initial time
independent step change. Steady state value was
designated by i.c. The semilogarithmic plots of I
activation during various hyperpolarization were
shown in Fig. 18. The curves fitted single exponen-
tial well. The activation time constant was deter-

2Mn. 13K-Tyrode

-60 ~70 -75
HP -40mV - — —_— — h— — —
0 -— — — — — :
nA ( \ ' ’/h—
50 -
| I—
1sec
-80 -85 -90

o

- - *‘\ l\
AR

Fig. 17. Currents in response to hyperpolarizing voltage
clamp pulses in 2 mM Mn* ™, 13 mM K*-Tyr-
ode solution.

mined by the time during which the current
change reached 63% of i, The time constant
became shorter as the test pulse became more
negative. It was 1,020 msec at -70 mV, 660 msec
at -80 mV, and 370 msec at -90 mV. The time
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Fig. 18. Semilogarithmic plot of i; current activation at
different test pulse potentials. The curves fit
single exponential well. Abscissa: duration of
clamp pulse. Ordinate: membrane current.

constant of i in normal Tyrode solution, which was
determined in only one case at -90 mV, was 800
msec. It was much longer than that in 2 mMMn ™"
13 mM K™ -Tyrode solution.

To obtain steady state activation of I, which was
designated as 1-s.., the amplitude of inward cur-
rent tail was measured and its relative value to that
at -90 mV was plotted against test pulse potential
in Fig. 19. The result showed that the activation
threshold was about -60 mV and 50% activation
was obtained at about -74 mV.

Fully activated |-V relationship

The fully activated current-voltage realtionship
for iy was measured from the value of i, and
1-s.. The amplitude of i; at steady state was
determined by the product of the fully activated
current () and 1-s,, at a given test pulse. Then,

imaX:TfX(]ﬁS_{)
_If:‘lmax/(l‘s,i,,)

The values of i, and 1-s.. were available from

Fig. 17 and Fig. 19, respectively. The calculated

-.6

.4

T T T T It
mvy -90 -80 -70 -60 -50 O
Fig. 19. Activation curve of i;. Abscissa: test pulse poten-

tial. Ordinate: fraction of open gate at steady
state (1-s.).

value of Ty was plotted in Fig. 20. In this case, the
points could fit a straight line, and the line crossed
abscissa at -28 mV.

Reversal potential

The reversal potential is one of the important
indicators of the ionic nature of a current system.

To observe the potential at which the direction of
current tail was reversed, the membrane potential
was returned to various potential after the test
hyperpolarizing pulse (Fig. 21). At -30 mV, inward
current tail was observed, and at -20 mV, current
tail became outward decaying. At -25 mV the cur-
rent decay was not observed in either direction and
regared as reversal potential of ir in 2 mM Mn* ™.
13 mM K* -Tyrode solution. This observed value
was quite similar to the estimated value from the
fully activated 1-V relationship.

Effect of Cst on i

In Fig. 22, the effect of 0.5 mM Cs™ on the
same preparation in Fig. 17 was shown.

Initial current jump on hyperpolarizing test pulse
was not affected, but slowly activated inward cur-
rent was greatly reduced to 47%, 38% and 35% of
control value at -70 mV, -80 mV and -90 mV,
respectively. Not only the magnitude of activation
but also the speed of activation were greatly re-
duced. Time constant of i; activation was prolonged
from 660 ms to 920 ms at -80 mV, and from 370
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Fig. 20. Fully activated current-voltage relationship for i in 2 mM Mn* ' 13 mM K™ -Tyrode solution. The values

were calculated by 1,,,/(1-s.), and fitted a straight line.
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Fig. 21. Voltage clamp study to observe reversal potential
of ir. Returning to -25 mV, the current does not
change in either direction. Upper trace: pulse
protocol. Lower trace: current in response to
each pulse.

msec to /50 msec at -90 mV.

Compared with the decrease of i, activation,
change in amplitude of tail was somewhat different.
At -70 mV, the amplitude of tail in 0.5 mM Cs™*
was only 43% of that in control. At -80 mV and
-90 mV, it was 66% and 85% of the control, re-
spectively.

Effect of isoprenaline

The current, i;, has been known as a pacemaker
current, but its small size and slow time course of
development in the pacemaker range have cast

doubt on the extent to which i; contributed to pace-
maker activity.

On the other hand, adrenaline has a potent posi-
tive chronotropic effect on the AV node. Knowing
whether the adrenaline effect is attributed to in-
creased Iy or not, may give a suggestion about the
contribution of iy to pacemaker activity.

In this experiment shown in Fig. 23, 10°M isop-
renaline increased slightly the amplitude of i dur-
ing hyperpolarizing test pulse to -60 mV and -70
mV. But at more negative pulse the current did not
increase with isoprenaline. The time course of
activation did not change significantly.

5. Pump current

The presence of electrogenic Na* pump in the
AV node was observed and its general properties
were investigated.

To stimulate Na pump, 13 mM K™ -Tyrode solu-
tion was reperfused after having treated with
K™ -free Tyrode solution of 10 minutes.

In Fig. 24A, membrane current was recorded
under the voltage clamp condition. Change of
perfusate from K™ -free to 13 mM K" -Tyrode
solution resulted in transient increase of outward
current followed by inward shift. It seemed that this
current transient directly reflected the activity of an
electrogenic Na™ pump. Therefore it might be call-
ed as pump current.

Electrogenicity of Na* pump could be detected
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Fig. 22. Effect of 0.5 mM Cs* on hyperpolarization activated current.
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Fig. 23. Effect of 10™°M isoprenaline on hyperpolarization
activated current.

by recording transmembrane potential change
which reflected underlying current change well if
the current-voltage relatonship was linear. After the
perfusate was changed from K™ -free to 13 mM
K™ -Tyrode solution, AV node cell hyperpolarized
beyond the steady state value by 20 mV. This

13K

0K [ — NT
-40my
A
fm T RER (T‘J{"\-J%M
o i
0K 13K
I 1 NT
B
j/__'__]_40“‘|v
-80 mv
| I
1min

Fig. 24. Electrogenic Na " pump activity is revealed by
pretreatment of K™ -free solution (OK) for 10
min. A: Under the voltage clamp condition, out-
ward current transient resulted from 13 mM K
-Tyrode solution (13K). B: In quiescent prepa-
ration made by adding 5x 10°M diltiazem,
same procedure was repeated. Transient hyper-
polarization with the time course similar to that
of current transient was noticed.

hyperpolarization was followed by depolarization to
the control resting potential within a few minutes
(Fig. 24B).

The time course of this transient hyperpolariza-
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Fig. 25. K' -induced hyperpolarization in spontaneously active AV nodal cell. Transient hyperpolarization
followed by depolarization to new steady level in 13 mM K'-Tyrode was seen.
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Fig. 26. Ouabain effect on K' -induced hyperpolarization. Transient hyperpolarization as

shown in Fig. 24B was not found.
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Fig. 27. Effect of decreasing Na' concentration. A: control recording showing K ' -induced transient hyperpolariza-
tion. B: Pre-treated with K' -free, 30% Na (70% Na' was substituted by Tris) Tyrode solution, transient

hyperpolarization was not found.

tion was very similar to that of current transient. It
was observed in both the spontaneous active cells
(Fig. 25) and the quiescent cells which were made
by adding 5x 10™"M diltiazem.

To prove that electrogenic sodium pump was re-
sponsible for this transient hyperpolarization, the
preparation was treated with 10™M ouabain for 30
minutes and above procedures were repeated. As

shown in Fig. 26, transient hyperpolarization was
not found. Therefore, two other procedures known
to inhibit the Na pump were employed: decreasing
Na concentration (substituted by Tris) and cooling
the tissue (Keynes and Swan 1959; Thomas 1972).

After recording a control of K° -induced hyper-
polarization in a quiescent AV node cell (Fig. 27A),
the same cell was pretreated with K™ -free, 30%
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Fig. 28. Effect of low temperature. Lowering temperature from 35°C to 25°C,
K* -induced hyperpolarization is decreased remarkably.
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Fig. 29. Effect of the duration of pre-treatment with K"
-free Tyrode. The periods of pre-treatment were
5 min (upper), 10 min (middie) and 15 min
(lower), respectively. The amplitude of transient
hyperpolarization increased with proionging the
pre-treatment.

Na ™ -Tyrode (Fig. 27B). Change of the perfusate to
13 mM K*-Tyrode solution did not result any
transient hyperpolarization. Fig. 28 showed effect of
low temperature on the transient hyperpolarization
in the spontaneously active cell. At 25"C transient
hyperpolarization as shown in Fig. 25 was hardly
seen.
Effect of the duration of pre-treatment

It has been well known that the rate of Na™

extrusion by the Na™ pump increased following the
increase of internal Na™* concentration and satura-
tion occurred at high internal Na™ concentration
(Thomas 1972).

To find the effect of [Na™*], on Na™ pump activ-
ity, duration of pre-treatment by K* -free Tyrode
solution was varied. As shown in Fig. 29, the am-
plitude of hyperpolarization increased by 16, 28
and 32 mV when pre-treatment period was 5, 10
and 15 min, respectively. The rate of hyperpolari-
zation also increased.

Effect of KT concentration in recovery solution

For the activation of Na™ pump, certain kinds of
external cation, so called activator cation, were re-
quired. There are K*, Rb* and NH;™, for exam-
ple. Increasing the concentration of activator cation
was expected to cause promotion of Na™ extrusion.

When K™ concentration in recovery solution was
increased from 1 mM to 3, 13, 23 mM after 10
min pre-treatment of K* -free solution, the result-
ing hyperpolarization was recorded in Fig. 30. The
amplitude of hyperpolarization increased from 8
mV to 18, 26 mV and 28 mV with increasing K™
concentration from 1 to 3, 13 mM and 23 mM,
respectively.

About the decay rate of hyperpolarization, gquan-
titative comparison was difficult in this experiment
but increasing tendency was observed clearly.
Effect of Ca™t

If the intracellular Na™ concentration was related
to extracellular Ca™* concentration by Na®/Ca* ™

‘exchange mechanism, [Ca®™ '], might have an

effect on Na™ pump activity.

After 10 minutes pre-treatment with K*-free
Tyrode solution of various Ca* ™ concentration,
transient hyperpolarizations in 13 mM K™ -Tyrode
solution were observed (Fig. 31). After pretreatment
with Ca™t " -free, K" -free Tyrode solution, the am-
plitude of transient hyperpolarization was remark-
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Fig. 30. Effect of K' concentration in recovery solution.
After pretreatment with K' -free Tyrode for 10
min, recovery solution with various K' concen-
tration (from upper to lower panel 1 mM, 3 m,
13 mM and 23 mM K Tyrode, respectively) was
perfused.

ably diminished. But in case of 8 mM Ca™ ™ and 2
mM Ca™ ", the differences were not significant.

DISCUSSION

|dentification of AV node

By Paes de Carvalho and Aimeida (1960) the AV
node was divided functionally into three regions:
atrionodal (AN), nodal (N) and node-His (NH).
Subsequently, some investigators have demon-
strated morphologically distinct zones (transitional,
midnodal and lower nodal) which appeared to be
compatible with those zones described electrophy-
siologically (DeFelice and Challice 1969), and
attempted a direct comparison by performing elec-
trophysiological and maorphological studies on the
same preparation(Anderson et al. 1974). They tried
to correlate the activation sequence of the node
with its architecture and draw activation map dur-
ing antegrade and retrograde conduction.

In this study, the area of AV node was decided
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Fig. 31. Effect of Ca’ ' concentration. During the pre-
treatment with K ' -free Tyrode, Ca' ' concen-
tration was also varied (upper. 2 mM, Middie: O
mM, lower: 8 mM). When same recovery solu-
tion was perfused, difference in resulting hyper-
polarization was noticed.

between the ostium of the coronary sinus and the
leaflet of the tricuspid valve. To confirm whether
this region was genuine AV node or not, action
potential was recorded and compared to typical ac-
tion potential of AV node. The result revealed that
the preparations used in this study were a part of
the AV node containing functionally different zones.
When the small preparations were used, the zone
from which they were removed was not considered.

In two cases, morphological study was performed
after electrophysiological study, and nodal cell with
histological characteristics of specialized conduc-
tion tissue was identified.

Differences between isolated AV node and
small preparation

The region in which spontaneous activity of iso-
lated AV node was initiated seemed to be anterior
lower node (Fig. 1) or region in the functional
aspect. The impulse initiated at this area might be
conducted retrograde to AN region through N re-
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gion. If spontaneous activity in intact heart is also
initiated in NH region (Childers 1977: Moore
1966), it is to be conducted downward to His bun-
dle and at the same time conducted retrograde
direction. The effect of the reverse conduction on
the cardiac rhythm is not clear yet.

Configuration of action potential and its rate were
different in isolated AV node and in small prepara-
tion. After dissection of AN node, the rate of beat
was increased (from about 60/min to 150/min), the
configuration of action potential became similar to
that of SA node, and regional difference as shown
in isolated AV node was abolished.

Kokubun et al. (1980) reported that resting
membrane potential decreased after dissection and
that it might be attributed by loss of electrical cou-
pling with adjacent tissue which had a more nega-
tive resting potential and was expected to hyper-
polarize the AV nodal cell. In this experiment, rest-
ing membrane potential was not tried to compared
in both intact and small preparation but their re-
sults suggested a probable explanation that de-
crease in resting membrane potential should be
responsible for increase in the spontaneous dis-
charge rate. Also change in RMP influences the
degree of activation in voltage dependent ionic
channel, and may cause change in action potential
configuration.

In the SA node functional and morphological in-
homogeneity have been widely investigated (Mas-
son-Pevet et al. 1978). Functonal differences were
shown not only in the action potential configuration
but also in responses to change in temperature or
Ca™ * concentration and to vagal stimulation (Bou-
man et al. 1978; Mackaay et al. 1980). In the AV
node, above effects have not been studied, but the
regional difference in configuration of action poten-
tial was only demonstrated. Whether the regional
differences were disappeared after dissection into
small preparations was not studied systematically,
but the tendency was observed. This result sug-
gested that cell-to-cell interaction in the whole
heart should be important in manifesting functional
iInhomogeneity.

Although the effects resulting from dissection
seem to be complex and are not fully understood,
preparation of small strips is useful experimental
procedure for the electrophysiological study, espe-
cially for the voltage clamp technique, and widely
used. Therefore, the resulting effects, whether they
are advantages or not, must be considered. Firstly,
small preparation enables a stable impalement of

microelectrode due to minimum contractile move-
ment. Secondly, the membrane potential could be
easily controlled by injecting currents through a
second intracellular microelectrode. These are im-
portant advantages. 1t is unlikely that membrane
structure and properties are changed by dissection,
thus there might be no serious problem in studying
the membrane channels or ionic mechanism with
small preparation.

In the functioning whole heart, there exist prob-
able importance of electrical coupling as well as
ionic mechanism (Paes de Carvalho 1983). It might
be thought that the small preparation would reveal
its intrinsic properties free from the influence of
adjacent tissue (Kokubun et al. 1980) or that the
preparation would lose its intrinsic role in the whole
organ. Although it is difficult to directly apply the
results obtained from small preparations to the in-
terpretation of the phenomena in the intact AV
node or in the whole heart, informations about
membrane current system obtained from small pre-
paration could be essential for our understanding
of the function of the AV node.

Kinetic study of i

The kinetic analysis of i; was done with the ex-
periment performed in 2 mM Mn™ %, 13 mM K*
-Tyrode solution. Mn™*, which was used as i
blocker because the deactivation process of iy was
usually superimposed on i activiation, has been
known to affect current-voltage relationship for i
and to increase the magnitude of i; (Kimura 1982).
The effect of K concentration of i; system was
also reported by DiFrancesco (19€1a). He prop-
osed increased slope conductance following the in-
crement of K™ concentration.

Although these ions had effects on i itself, 2 mM
Mn™* 13 mM K*-Tyrode solution seemed to be
useful for studying i;. By using this solution, the
amplitude of i; was increased, deactivation of pot-
tassium current which was mixed on i activation
might be decreased and current tail became clearly
noticed. Therefore, the kinetic analysis appeared to
be performed relatively easily and could be used
widely for studying the underlying mechanism of
certain factors which affected i.

In this study using 2 mM Mn™* " 13 mM K™
-Tyrode solution, current response to the hyperpo-
larizing pulse seemed to well represent i; activation
from the point of view that it fitted single exponen-
tial. Moreover, activation curve and fully activated
current-voltage relationship could be obtained suc-
cessfully by measuring i...« and tail amplitude and
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Fig. 32. Voltage dependent blockage of Cs' on i; repre-
sented in fully activated |-V relationship. The
control curve which was shown in Fig. 20 was
drawn by broken line.

by using simple equation.

In the results, i; in the AV node had similar prop-
erties to that in the SA node (Yanagihara and Irisa-
wa, 1980) and that in the Purkinje fibre (DiFran-
cesco 1981a). But there have been some different
results about the reversal potential of I;. Earm
(1983) and Brown et al. (1982) proposed more
negative value.

Voltage dependent blockage of Cst on i

Perfusion with 0.5 mM Cs™ reduced the current
activated during the negative pulse. The more the
pulse was negative, the more the current was re-
duced. However the tail was less affected after the
larger pulse. The result suggested that Cs™ in-
duced blockage was voltage-dependent.

Further description of voltage-dependence of
Cs* action was given by plotting activation curve
and fully activated 1-V relationship.

As shown in Fig. 32, fully activated |-V rela-
tionship showed current depression which in-
creased with the membrane polarizaiton. According
to the single-ion channel model of Woodhull
(1973), the phenomenon was considered to be ex-
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Fig. 33. Effect of Cs' on activation curve of ir. Broken
line: the control curve shown in Fig. 19.

plained by assuming that the blocking ion entered
the channel and ran a fraction of membrane thick-
ness before blocking the channel itself. At more
negative voltage, the probability that the inner site
occupied by the blocking ion was augmented, and
the current reduced progressively with negative
membrane potential.

Cs™-induced blockage of K*-permeable chan-
nels has been extensively investigated in skeletal
muscle (Gay and Stanfield 1977), the node of Ran-
vier (Dubios and Bergman 1977) and the squid
axon (Adelman and French 1978). In cardiac mus-
cle Cs™ has been known to have blocking action of
I In Purkinje fibre and the SA node (DiFrancesco
and Geda 1980; DiFrancesco 1981b) and its vol-
tage dependent manner was fully studied by DiF-
rancesco (1982). He reported the i; current reduc-
tion at negative potential similar to our result, and
insisted that the current became larger in the far
positive range. He also suggested acceleration of
the time course of activation in Cs™. But time
course seemed to be decelerated by 0.5 mM Cs™
in this study.

Furthermore, the slope of activation curve ap-
peared to decrease as shown in Fig. 33, and the
potential at which 50% activation was achieved be-
came more negative by about 5 mV than control.
This result suggested that Cs™ influenced the vol-
tage dependence of the gate molecule as well as
blocked the channel.

Recovery from the inactivation for isi

It has been noticed that in the AV nodal cell
recovery of excitability was delayed well beyond re-
polarization and that frequency-dependent de-
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pression of nodal conductivity was related to
cumulative effects upon excitability (Merideth et al.
1968). Because the AV nodal action potential was
mainly contributed by slow inward current, excita-
bility seemed to be related to the activation state of
is; and recovery of excitability to the recovery of i
from inactivation.

Recovery time course was proved to be much
longer than inactivation time course in the ventricu-
lar muscle fibre by Kohlhardt et al. (19/5). Then,
they proposed the third gating parameter which
was inactivated and reactivated later than gate f.
This seemed to be also the case in this study. The
time constant of recovery process was 270 msec,
which was similar to the result of Kohlhardt et al.
(1975). And significant amount of inactivation re-
mained at 500 msec after returning to holding
potential, which seemed to be related to the fact
that diastolic threshold was not attained in nodal
cell until 0.2 to 0.5 seconds after restoration of
resting membrane potential (Merideth et a/. 1968)
Pump current

In this experiment, Na/K activated pump was
identified by electrophysiological manner in the AV
node. It could hyperpolarize membrane potential
over 30 mV depending upon a situation.

The effect of K™ concentration in recovery solu-
tion on transient hyperpolarization was studied by
Eisner and Lederer (1980) and Gadsby (1980).

They showed that the decay rate constant of the
electrogenic Na™® pump current transient de-
pended on extracellular K™ concentration and was
a good measure of the degree of activation of exter-
nal site of the Na™ pump. The decay rate of hyper-
polarization tended to increase in this experiment
but the difference was too small for guantitative
analysis.

Gadsby (1980) reported the pump was half-
maximally activated by about 1 mM K™. In this
experiment 1 mM K* was not enough to activate
pump to that extent.

Pacemaker mechanism

Since the decay of a Na™ outward current in
combination with the inward background current
was suggested as the basis for the pacemaker de-
polarization in Purkinje fibre (Dudel and Trautwein
1958; Vassalle 1966), every current system has
been considered to be able to participate in the
generation of the pacemaker potetial (Yanagihara
and Irisawa 1980). But which current system is
mainly contributing to pacemaker activity is not yet
clarified.

The importance of ii; in generation of the pace-
maker depolarization has been emphasized by lIri-
sawa's group (lrisawa and Noma 1982; Noma ef al.
1980; Yanagihara and Irisawa 1980). They insisted
that i, took an active role in the latter half of the
pacemaker depolarization and their computer mod-
el suggested the presence of I, during the entire
diastolic depolarization. They also suggested I,
mediate the positive chronotropic effect of
epinephrine.

On the other hand, Brown and Difrancesco
(1980) presented experimental evidence that i was
important not only in normal pacemaking but also
in mediating the acceleratory effects of adrenaline
and temperature.

Noble (1984) proposed that i, inactivation had a
key role for the pacemaker depolarization in the SA
node, and i; and other background inward current
systems played supporting actions on it.

In this experiment pacemaker mechanism in
spontaneously active AV nodal cell was not directly
investigated. Considering the similarity between SA
node and AV node (low resting membrane poten-
tial, pacemaker depolarization, slow action poten-
tial), it is suggested that pacemaker mechanism
should also be similar in both tissue.

The extent of contribution of i, and I; was stu-
died indirectly by comparing the effect of adrena-
line on iy and i; (Fig. 13, 23). Considering the fact
that the amplitude of i; in normal Tyrode solution
was small in pacemaker range and was little in-
creased by adrenaline, i did not seem to play a
significant role in pacemaking and mediating chro-
notropic effect of adrenaline in the AV node. In
contrast, I was increased remarkably and seemed
to be important in positive chronotropic effect of
adrenaline. However, this cannot be a general con-
clusion because there may exist regional differ-
ences in current amplitude and adrenaline effect.
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