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Analysis of the effects of vagal stimulation on the
sinus venosus of the toad

F. R. EDWARDS, NARELLE J. BRAMICH a~np G. D. S. HIRST
Department of Zoology, University of Melbourne, Parkville, Victoria 3052, Australia

SUMMARY

In amphibians and mammals, vagal stimulation leads to the release of acetylcholine, ACh, which causes
bradycardia. However, the responses to nerve stimulation are not well mimicked by exogenously applied
ACh. These observations have led to the suggestion that there are subpopulations of muscarinic
receptors on pacemaker cells and that during vagal stimulation neuronally released ACh caused slowing
by suppressing inward current flow during diastole. After the generation of action potentials has been
prevented by applying an organic calcium antagonist, vagal stimulation causes a hyperpolarization and
an increase in membrane resistance: this observation suggests that the hyperpolarization results from a
supression of inward, presumably Na*, current flow.

In this study we describe the effects of vagal stimulation on membrane potentials recorded from
arrested and beating hearts by using a computer model. The model of Noble & Noble (Proc. R. Soc.
Lond. B 222, 295 (1984)) was modified to describe the shape of amphibian pacemaker action potentials.
A voltage-dependent Na conductance was included as well as two voltage-independent conductances, a
background Na conductance and a background K conductance. Subsequently the hypothesis that the
changes in membrane potential recorded during vagal stimulation from arrested preparations resulted
from a reduction in Na conductance and this represented the sole action of vagally released ACh, was
tested. If this were so, the changes in membrane conductance that occur during vagal inhibitory junction
potentials recorded from arrested preparations should produce changes in pacemaker action potentials
similar to those recorded experimentally from beating preparations. This was found to be the case. Thus
the analyses are consistent with the idea that vagal inhibition of pacemaker cells results solely from a
suppression of thc two pacemaker sodium currents.

diastole was insufficient to drive the membrane poten-

1. INTRODUCTION tial to threshold for the initiation of an action

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

In both amphibians and mammals, vagal stimulation
leads to the release of acetylcholine, ACh, which
causes bradycardia. When recordings were made from
cardiac pacemaker cells, a characteristic sequence of
membrane potential changes was observed. Trains of
low frequency vagal stimuli increased the peak diasto-
lic potential and reduced the rate of diastolic depolari-
zation but had little effect on the amplitudes of
pacemaker action potentials (Bywater et al. 1989;
Campbell et al. 1989). Similar membrane potential
changes were recorded following brief trains of high-
frequency stimuli (Hutter & Trautwein 1955, 1956;
Toda & West 1966; Shibata et al. 1985). With long
trains of high frequency stimuli, the generation of
pacemaker action potentials stopped and the mem-
brane potential settled at a value positive of the peak
diastolic potential (Bywater et al. 1989; Campbell et al.
1989). I'rom these observations it was suggested that
during vagal stimulation neuronally released ACh
suppressed inward current flow during diastole and
slowed the rate of diastolic depolarization (Bywater et
al. 1989; Campbell et al. 1989). Cessation of beating
would then occur when the inward current during
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potential. Although the effects of vagal stimulation
were readily abolished by the muscarinic antagonist
hyoscine, the responses were not readily mimicked by
bath-applied ACh (Bywater et al. 1989; Campbell et
al. 1989). Applied ACh also slowed the rate of
discharge of pacemaker cells by activating a muscari-
nic receptor but this was associated with a large
increase in peak diastolic potential and a shortening of
the duration of action potentials. When a concentra-
tion of ACh, sufficient to stop beating, was applied the
membrane potential settled to a value negative of the
peak diastolic potential. Presumably ACh, applied in
this way, activates a different subset of muscarinic
receptors which leads to an increase in potassium
conductance.

In amphibians and mammals, after the generation
of action potentials has been prevented by applying a
calcium antagonist, vagal stimulation causes mem-
brane hyperpolarization (Hartzell 1979; Jalife & Moe
1979; Bywater ¢t al. 1989, 1990; see also Del Castillo &
Katz 1955). In these preparations, the voltage-depen-
dent channels involved in pacemaking activity essen-

tially are inactivated. Although similar membrane

© 1993 The Royal Society

Printed in Great Britain 149

[ ¢
% ¢
The Royal Society is collaborating with JSTOR to digitize, preserve, and extend access to V2

Philosophical Transactions: Biological Sciences. MIN®RY
WWW.jstor.org


http://rstb.royalsocietypublishing.org/

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.org

150 F. R. Edwards and others

potential changes to those produced by vagal stimula-
tion were produced by the applied ACh, the responses
could be differentiated by adding barium ions, Ba?*,
to the physiological saline. With Ba?* present, the
responses to applied ACh were much reduced but
those to vagal stimulation persisted. Furthermore, the
membrane resistance of arrested sinus venosus prep-
arations increased during a vagal hyperpolarization
and fell during the application of ACh (Bywater et al.
1990). Clearly the increase in membrane resistance
during vagal stimulation could have been a conse-
quence of the hyperpolarization itself. Alternatively,
the hyperpolarization and increased membrane resis-
tance may both result from a supression of inward,
presumably Na*, current flow.

In this study we set out to see if the effects of vagal
stimulation on membrane potentials recorded from
arrested and beating hearts could be described by
using a computer model. As a starting point the model
describing the sino-atrial node, formulated by Noble
& Noble (1984) and DiFrancesco & Noble (1985),
was used to describe the shape of amphibian pace-
maker action potentials. Appropriate modifications
were made to allow an adequate description of
amphibian pacemaking activity. We subsequently
made the assumption that the changes in membrane
potential recorded during vagal stimulation from
arrested preparations represented the sole action of
vagally released ACh. If this were the case, the
changes in membrane conductance that occur during
vagal inhibitory junction potentials recorded from
arrested preparations (see Bywater et al. 1990) should
produce changes in pacemaker action potentials simi-
lar to those recorded experimentally from beating
preparations (see Bywater et al. 1989). With this
approach the analyses are consistent with the idea
that vagal inhibition of pacemaker cells results solely
from a suppression of pacemaker sodium currents.

2. METHODS
(a) Collection of physiological data

Intracellular recordings were made from preparations
of sinus venosus of toads, Bufo marinus. Toads were
anaesthetized by using an aqueous solution of 0.5%,
tricaine methanesulfonate. Preparations, consisting of
the sinus venosus in continuity with the two atria,
with attached left and right vago-sympathetic trunks,
dissected back to the intracranial vagal roots, were
pinned out in a shallow recording chamber. Vagal
fibres alone were stimulated by drawing the two
intracranial roots, some 3 mm central to the vagal
ganglion, between a pair of stimulating electrodes
(stimulation voltages 3-10V, pulse width 1.0 ms).
The selectivity of vagal stimulation was checked by
using the muscarinic antagonists atropine, hyoscine

dEy/dt= — (&4 tx + iK1 + 2K + i,Na + 2,0 + &p + INaCa T INa + i) [ Cony

and 4-DAMP and the nicotinic antagonist tubo-
curarine. Each of these agents in appropriate concen-
trations entirely abolished the response to vagal
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stimulation, suggesting that muscarinic receptors were
being activated and that the vagal pathway was
interrupted by a ganglionic synapse. The preparations
were continuously perfused at a rate of 6 ml min~*
(bath volume 1 ml) with a physiological saline (com-
position in millimoles per litre: NaCl, 115; KCl, 3.2;
NaHCOs, 20; NaHoPOy, 3.1; CaCly, 1.8; MgCl, 1.4,
glucose, 16.7; gassed with 959, oxygen: 59, carbon
dioxide); all experiments were carried out at room
temperature, 20-25°C. In some experiments nicardi-
pine (1 x 10~%m) was added to this solution to prevent
the spontancous generation of cardiac action poten-
tials. In some experiments the external concentration
of chloride ions was reduced by exchanging sodium
chloride with sodium isethionate and in others with
sodium methyl sulphate.

Membrane potentials were recorded from cells
which lay in the exposed centre of the dorsal wall of
the sinus venosus, some 5-7 mm distant from the sino-
atrial aperture, using conventional techniques with
fine glass micro-electrodes (resistances 80-150 MQ,
filled with 0.5 M KCl). Pacemaker cells were selected
on the basis that the diastolic depolarization led
smoothly into the upstroke of the pacemaker action
potential. Recordings were taken from a number of
muscle bundles until such recordings were obtained.
All membrane potential records were low-pass fil-
tered, cut-off frequency 1 kHz, digitized and stored on
disk for later analysis. For further details see Bywater
et al. (1989, 1990).

(b) Description of computer simulation of
pacemaker action potentials

The generation of pacemaker action potentials, as
recorded from the toad sinus venosus, was described
by using the model provided by Noble & Noble
(1984) for pacemaking activity in the mammalian
sinoatrial node. The equations used to define the
various membrane currents along with their voltage
and time dependencies are given in DiFrancesco &
Noble (1985). Where necessary, the equations were
amended on the advice of Professor D. Noble; we
express our gratitude. The nomenclature follows that
of Dil'rancesco & Noble (1985). More recent ex-
pressions to describe the gating of ik and 7 given by
Noble et al. (1989) were used. The equation used to
describe ik ach is that given by Egan & Noble (1987).

(¢) Description of variables specifically related to
the toad sinus venosus preparation

The description of pacemaking activity is based on
the assumption that the cells are closely coupled
electrically so that the syncytium may be considered
isopotential (sce Bywater et al. 1990). The membrane
potential, £, under isopotential conditions is given by

(1)

where C,, is the membrane capacitance and the
individual currents are designated as follows: iy

the hyperpolarization-activated inward current; i,
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the delayed rectifier K current; ix;, the inward
rectifier current; 7,x, the voltage- and time-indepen-
dent background K current; i,n., the voltage- and
time-independent background Na current; 7, c,, the
voltage- and time-independent background Ca cur-
rent; z,, the Na/K exchange pump current; ixaca, the
Na/Ca exchange current; in,, the voltage-dependent
Na current; ic, s, the voltage-dependent Ca current.

(1) Principal currents present in the arrested heart, g, i Na, p
After preventing the generation of action potentials
with an organic calcium antagonist, sinus venosus cells
have stable membrane potentials of —35 mV, their
membrane time constants are about 500 ms (Bywater
et al. 1990). Furthermore, the membrane potential is
unchanged by the addition of agents which block i,
ix1, i and in,. If it is assumed that the principal ion
pathways across the membrane consist of background

aq = 30(E,, + 49)/{1 — exp[ — (E, + 49)/0.4]} cf. equation 41

(@) Em = —a0 = 120
bq
(bd)Em=——49 = 120

Il

4 = 2.08(E,, + 59) [{exp[ (Em + 59)/1.33] — 1}

(@) pm — — 50 = 8.33

b= 16.67/{1 + exp[ — (B + 49)/1.33]}

ohmic K channels and Na channels together with a
Na/K exchange pump, values for gpna. of 0.082 uS
(equation (19), DiFrancesco & Noble 1985), for g, x of
0.114 uS (see equation (60), DiFrancesco & Noble
1985) and for 7, of 29 nA (equation (21), DiFrancesco
& Noble 1985) simulate the experiment observations
and maintain the specified intracellular ionic condi-
tions (see Initial Conditions). The value for back-
ground K current is given by

K =gbK (Em— Ex), (2)

where Ex is the potassium equilibrium potential.

(ii) Characterization of hyperpolarization activated inward
current, i:

Stimulation of the vagus hyperpolarizes the mem-
branes of arrested sinus preparations. The hyperpolari-
zation resulting from intense vagal stimulation, after a
delay, appears to activate ¢; leading to some recovery
of membrane potential during continued stimulation.
(figure 6b). This view is based on the finding that
recovery is blocked by adding Cs™ to the physiological
saline (figure 76). Our estimates of the magnitude and
temporal characteristics of ¢ are based on the differ-
ence between vagal responses recorded in the presence
and absence of Cs*. Peak values of ggx and ggna were
set to 600 pS (equation 3, DiFrancesco & Noble
1985). The rate coeflicients of gating variable y, used
to describe kinetics of opening and closing of i, were
set to

a,=0.002 exp (—En/27) (3)
cf. equation 9 (Noble et al. 1989)
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12(E,, + 49)/[exp(Ep, + 49) — 1]

F. R. Edwards and others 151

by=1.95 exp (£n/28.5) 4)
cf. equation 10 (Noble et al. 1989).

Compared with the mammalian model, the kinetics
were slowed by a factor of 10 and the voltage
sensitivity of the activation process was reduced.

(iii) Description of inward currents, icarand inaca

In the toad, the addition of TTX to a beating sinus
venosus slows the rate of generation of action poten-
tials presumably by blocking in, channels (figure 2).
The slowed action potential then results from the
activation of icay, iNaca, i and i acting upon a
composite of the currents present during arrest.

To fit data, the permeability factor, P, for ic,r was
set at 30 nA mm~! (equation 38 and 39, DiFrancesco
& Noble 1985) and the voltage dependencies of the
activation and inactivation processes were modified as
shown in the following equations:

(5)
(6)
(7)
cf. equation 42a  (8)
(9)
10)
11)

cf. equation 41a

cf. equation 42

cf. equation 44
cf. equation 44a (10
ct. equation 45 (11
(all in DiFrancesco & Noble 1985).

These modifications result in ic, ¢ having a threshold
for activation 25 mV more negative than the mam-
malian model, primary inactivation slowed by a factor
of 3 and increased voltage sensitivity of the activation
and inactivation processes.

The Na/Ca exchange current was computed using
equation 26 (DiFrancesco & Noble 1985) and the
scaling factor, knac., was made 0.1.

(iv) Treatment of delayed rectifier current, ix

The delayed rectifier scaling value, ik max, was made
91 (equation 8, DiFrancesco & Noble 1985). The
voltage dependencies of the activation and deactiva-
tion processes (equations 4 and 5, Noble et al. 1989)
were modified by changing the coefficients from 2.1 to
0.55 and 0.96 to 0.17, respectively. The activation of
ix proceeds about four times more slowly than the
mammalian model and deactivation about six times
more slowly.

(v) Contribution of a voltage-dependent sodium current, i,
Although a voltage-dependent sodium current is
generally thought to be absent during pacemaking
activity, in the toad TTX, 1x107°wM, consistently
slows the rate of generation of pacemaker action
potentials. This finding is dealt with in detail in the
Results section. On the assumption that this effect of
TTX results from its ability to block voltage-depen-
dent Na channels, a current in,, has been included in
the simulations. The fast sodium conductance gy, was
set to 50 uS (equation 28, DiFrancesco & Noble
1985). The kinetics of the inactivation process were
slowed by a factor of 4, hence in equation 35
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(DiFrancesco & Noble 1985) the coefficient 20
becomes 5 and in equation 36 (DiFrancesco & Noble
1985) the coefficient 2000 becomes 500. In the
expression for fi,, (equation 34, DiFrancesco & Noble
1985) the coefficient —0.056 was replaced with
—0.112. The rate of decay of activation is then more
dependent upon membrane voltage.

(vi) Estimates of thca, 1K1

The resting Ca?* leak conductance gb,ca Was chosen
as 0.001 pS (equation 27, DiFrancesco & Noble 1985)
to compensate the small outward Ca?* component of
iNacapresent in the arrested model. As Ba?* had little
effect on beating and arrested membrane potentials,
the inwardly rectifying K* conductance gx; was
assumed to be very small and set at 10 pS (equation
13, DiFrancesco & Noble 1985).

For simulations of bath application of ACh the current
ik.ach was added to the membrane current sum

(vil) Membrane capacitance and intracellular volume

In our description the syncytium had a total
membrane capacitance of 0.1 pF. For comparison
Rasmusson ¢t al. (1990), in their description of
pacemaking activity in a single bullfrog sinus cell, use
a value of 75 pF for the nominal capacitance; a
capacitance of 0.1 pF is then equivalent to 1330 cells.
The value used for the intracellular volume of the
syncytium, 0.0032 pl, was based on an assumption of
cylindrical cell shape. Giles & Shibata (1985) describe
the bullfrog sinus cell as being spindle shaped with a
maximum diameter of 5-7 pm at the nucleus and a
length of 250-300 um. This implies a preparation
having an intracellular volume of 0.0039 pl: a volume
change of this size makes little difference to the
computations.

(viii) Initial conditions
The following initial conditions were used for
simulations of normally beating tissue.

E, =~-67.4mV,
[Cal;=2x 1075 mm,

[Ca],a=0.0295 mm,

[Ca]y, =0.0296 mm,

[Ca],=1.8 mm,
[Nal]i=7.5 mm,
[Na], =140 mwm,
[K]i =140 mm,
[K]c=3.46 mwm,
[K],=3.0 mm,

y=0.0157, if gating variable
m=10.0323, iy, activation gating variable
h=0.321, in, inactivation gating variable
d=7x 10722 jc, ¢ activation gating variable
JS=0.993, ic,¢ inactivation gating variable
Sf2=0.98, ic,¢ Ca®*-dependent inactivation
x=0.126, ik gating variable

p=0.795 internal Ca store exchange variable.

Phil. Trans. R. Soc. Lond. B (1993)
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(ix) Conductance modulations

Conductance modulations representing the res-
ponses to applied pharmacological agents or to vagal
stimulation were simulated with sigmoidal onset and
offset functions each having specified half-peak time
and gradient.

(d) Computational methods

The SCoP (version 2.61) modelling package (Simu-
lation Resources, Inc, Durham, NC, NIH grant
RR01693) was used for all simulations and optimiza-
tions. The integrating algorithms were provided by
the Livermore Solver for Ordinary Differential Equa-
tions, a subroutine package which is suited to solving
sets of equations whose dominant time constants are
dissimilar. Different integrating algorithms and suit-
able step sizes were selected automatically depending
on the gradients of the variables under solution. SCoP
was configured to run under MS-DOS 3.30 on a
desktop computer. On a 33MHz 80386 computer with
coprocessor the computations for a beating sinus
proceed about 10 times slower than real time.

3. RESULTS
(@) Pacemaker potentials in sinus venosus of toads

When intracellular recordings were made from toad
sinus venosus cells, regular discharges of pacemaker
action potentials were recorded. These potentials had
similar shapes and amplitudes to those recorded from
pacemaker cells of other amphibians and mammals
(see Noble 1975). Action potentials had maximum
diastolic potentials in the range —60 mV to —78 mV
(mean —70.5+ 1.3 mV; n=12) and occurred at 33-50
beats per minute (mean 41.8 + 0.3 beats per minute;
n=12). FEach slow diastolic depolarization led
smoothly into an action potential, the rapid upstroke
of the action potentials being initiated at a threshold
potential of about —50 mV. The rising phases of
action potentials recorded from pacemaker cells were
briefer, ~50 ms, than the repolarization phases,
~400 ms. Pacemaker action potentials had ampli-
tudes, when measured from the maximum diastolic
potential to the peak of the action potential, of about
110 mV (mean 107.3 + 3.4 mV; n=12): hence each
pacemaker action potential overshot the zero potential
by about 30 mV. As has been pointed out previously,
pacemaker action potentials recorded from these
preparations have large amplitudes if high-resistance
microelectrodes are used (see Bramich et al. 1990).
These action potentials had slow rates of rise with a
mean dV/din., of 8.7+09V s 1,

During each pacemaker action potential a set of
voltage-dependent Ca channels open to provide an
inward current carried by Ca?* (Noble 1975).
Recently it has been shown that in mammals Ca
channels may be subdivided into two types, Cat and
Cayp, channels (Hagiwara et al. 1988). Car channels
open at quite negative membrane potentials and in
rabbit sino-atrial node cells transiently supply an
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inward Ca2?* current during the diastolic depolariza-
tion: Car channels are blocked by nickel ions (Hagi-
wara et al. 1988). Car, channels open at more positive
membrane potentials than do Car channels and
supply a longer-lasting inward Ca?* current: these
channels are blocked by organic Ca antagonists such
as nicardipine or nifedipine (Hagiwara et al. 1988). In
toad preparations (four preparations) the rate of
generation of pacemaker action potentials was
unchanged when nickel ions, 1 mMm, were added to the
physiological saline. Hence in the simulations of
pacemaker actions it has been assumed that Car
channels are absent from toad sinus venosus cells.
Pacemaker action potentials were, however, abolished
by adding nicardipine (1x1075m) or nifedipine
(1 x 1075 M) to the physiological saline. Therefore we
have used the general description for the total inward
Ca2* current, referred to as ig,r provided by DiFran-
cesco & Noble (1985). To fit data it was necessary to
set the activation potential for ic.s at a value some
25 mV more negative than that suggested by DiFran-
cesco & Noble (1985) for mammalian cardiac tissues;
as such the threshold agrees well with that determined
experimentally in amphibian pacemaker cells (Ras-
musson et al. 1990).

As the membrane depolarizes, a set of delayed
rectifier K channels opens and provides an outward
K* current, i, which returns the membrane potential
to negative values. For pacemaking to occur, ix, must
show time- and voltage-dependent deactivation. For
the purposes of this analysis we have adopted the
general description of this current provided by Noble
et al. (1989).

The sources of the inward current flowing during
diastole are controversial. In our view, in the toad,
inward current during diastole is provided by at least
three distinct sets of channels or membrane conduc-
tances. Firstly an inward current flows through a
voltage-independent background sodium conduc-
tance, g Na; this current is likely to be partly offset by
outward current flow through a voltage-independent
background potassium conductance, g,k (see equa-
tion 60, Noble & DiFrancesco 1985). A second inward
current is provided by a set of voltage-dependent Na
channels which are blocked by tetrodotoxin (TTX).
The third current is provided by a set of voltage-
dependent hyperpolarization activated Na/K chan-
nels. These channels are activated at membrane
potentials negative of about —40 mV; they allow the
influx of Na* and the efflux of K*: these channels are
blocked by caesium ions (Cs™). These currents, flow-
ing through separate channels, will be discussed in
turn, along with the justification for their inclusion as
having a role in pacemaking activity in toad sinus
venosus cells.

When pacemaker action potentials were abolished
by adding either nifedipine or nicardipine, 1 x 1075 u,
the membrane potential settled at a potential of about
—-35mV (—33.2+0.7mV; n=12). An experimental
observation is shown in figure la. A pacemaker action
potential was recorded in control solution and the
steady potential was recorded some 60 min after
adding nicardipine to the physiological saline. To

Phil. Trans. R. Soc. Lond. B (1993)
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0mV

Nicardipine / 10pum

Figure 1. The effect of blocking calcium channels on the
generation of pacemaker action potentials recorded from
toad sinus venosus muscle. (a¢) The traces were recorded
firstly in control solution and subsequently from the same
preparation, 1 h after adding nicardipine, 1 x 10~5 m, to the
physiological saline. It can be seen that in control solution a
rhythmic discharge of action potentials was recorded. After
abolition of pacemaking activity the membrane potential
was stable and had a value of about —35 mV; at the end of
this trace the electrode was withdrawn to check the zero
potential. (b) A simulation of pacemaking activity. After
three action potentials both the voltage-dependent calcium
channels and the delayed rectifier K channels were closed.
The conductances of gyna, gnk and i, had been adjusted so
that in the simulation the membrane potential settled at a
value similar to that recorded experimentally. The time and
voltage calibration bars refer to both sets of recordings.

determine if any of the conventional voltage-depen-
dent channels which have been shown to be present in
cardiac tissues made major contributions to the stable
potential, the effects of a number of channel blocking
agents on arrested preparations were examined. In
each of six experiments, adding barium ions (Ba®*,
1 mm) to the physiological saline produced no detect-
able change in membrane potential. This suggests that
inward rectifier K channels, which are blocked by
Ba?*(Hille 1984), make little contribution to the
arrested membrane potential: this is perhaps not
surprising as these channels have been shown to be
absent from pacemaker cells in other species (Shibata
& Giles 1985). A contribution made by hyperpolari-
zation-activated Na/K channels could not be detected
experimentally; Cs*™ (5 mm on six preparations and
2 mm on three preparations), added to the physiologi-
cal saline failed to produce a detectable membrane
potential change. This observation does not imply
that these channels are absent from toad sinus pace-
maker cells (see figure 4), rather it suggests that these
channels are closed at —35mV. TTX (1x 1078wy
four preparations) produced a small and variable
hyperpolarization, range 1-3 mV. Delayed rectifier K
channels did not appear to contribute to the arrested
potential; the addition of tetra-ethylammonium ions
(10 mm; three preparations), which block delayed
rectifier K channels (Denyer & Brown 1990), failed to
produce a detectable change in the membrane poten-
tial of arrested preparations.

Hence we suggest that the stable membrane poten-
tial recorded from these arrested preparations results
predominantly from the balance between a back-
ground sodium conductance g, Na, and an analogous
background conductance, gpx (see also DiFrancesco
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B A N I

(©)

¥ A A

TTX/1pm

| JlOVs‘l

1s

Figure 2. Effect of TTX on the discharge of pacemaker action potentials recorded from a toad sinus venosus cell.
(a) Along with an associated dV/d¢ trace, this shows a recording from a pacemaker cell obtained in control solution;
(b) with associated d¥/dt trace, this shows a recording from the same cell 5 min after adding TTX, 1 x 10~6 m, to the
physiological saline. It can be seen that the rate of discharge of action potentials has fallen by about one third, the
rate of diastolic depolarization is reduced and d¥V/dim.x has fallen from 5.6 V s~' to 1.7 V s~ (¢) and () show the
computer simulations that were derived to describe the effect of TTX. In (¢) a series of control action potentials are
presented. A part of the inward current during diastole is provided by a set of voltage-dependent Na channels. The
properties of these channels were adjusted so that (d) when they were blocked the simulation had a form much like
that of the action potential recorded experimentally, as illustrated in (b). The time calibration bar refers to all

records.

& Noble 1985). A contribution to the arrested
potential is also made by an electrogenic sodium
pump (DiFrancesco & Noble 1985). When the passive
membrane properties of arrested sinus preparations
were determined, the membrane time constant was
found to be &500 ms: assuming that specific mem-
brane capacitance is 1 uF-cm~2 the specific mem-
brane resistance must be about 500 kQ cm? (see
Bywater et al. 1990). Thus if one assumes that Fy, and
Ex are +40mV and —90mV, respectively, the
absolute levels of the two background conductances
can be set so that the arrested potential is the same as
that determined experimentally (—35 mV). With this
approach the ratio of gpx to ghna was 15:11. The
specific  background sodium conductance was
0.82 uS cm~2 and the specific background potassium
conductance was 1.14 pS cm ™2 Clearly, unless gp N 1S
present only in arrested preparations, it will provide
an inward current throughout the pacemaker cycle.
The amplitude of the current at any instant will be
determined by the difference between the membrane
potential and Ey, (see Noble 1984) with the current
being maximal during diastole. Similarly the outward
current through g, x will be minimal during diastole.

For mathematical purposes the description of the
arrested membrane potential contains a contribution
provided by an an electrogenic Na/K exchange
mechanism, along with small contributions from a
background calcium conductance, a Na/Ca exchange
mechanism, voltage-dependent Na channels, ix,, and
hyperpolarization-activated Na/K channels, 7. As
would be expected in a simulation of pacemaking
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activity, when both voltage-dependent Ca channels
and delayed rectifier K channels were inactivated, the
membrane potential is dominated by g,na. and g,k
and settles at —35 mV (figure 15).

A second inward current, in,, which was included in
the description of pacemaking activity, was provided
by a set of voltage-dependent Na channels. Such
channels are usually considered either to be absent
from pacemaker tissues (Giles & Shibata 1985) or only
re-activiated when the membrane potential is made
very negative (Kreitner 1975). However, more recent
studies have suggested that these channels may be
active during pacemaking activity in mammalian
sinoatrial node cells (Denyer & Brown 1990). In the
sinus venosus of the toad TTX invariably reduces the
rate of generation of pacemaker action potentials
(Bywater et al. 1989). In this series of experiments the
rate of generation of pacemaker action potentials fell
to about 509, of the control rate within 5 min of
adding TTX, 1x107%m, to the physiological saline
(mean rate in - control solution, 42 +4 beats per
minute; mean rate in T'TX-containing solution, 21 + 3
beats per minute; n=>5; figure 2a,b). Much of the
change in form of the membrane potential recordings
occurred during the diastolic interval. The form of this
‘pacemaking’ Na* current was described by using the
equations given by DiFrancesco & Noble (1985) with
the intensity of conductance modulation, the acti-
vation potential and the time constants of activation
and inactivation being adjusted until a good fit with
control and TTX-treated data was obtained (figure
2¢,d).
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Figure 3. The effect of TTX on the discharge of regenerative
potentials recorded from a small segment of sinus venosus
muscle. The segment was impaled with two electrodes, one
to record membrane potential and one to pass current.
Throughout, the physiological saline contained, nicardipine,
1x10-3m, Cs*, 5 mm, and Ba?*, 1 mm. The upper pair of
the traces shown in (@) shows the membrane potential
change caused by passing a hyperpolarizing current, inten-
sity shown in lower trace, through the current passing
electrode. It can be seen that as the membrane was
hyperpolarized, a series of regenerative potential changes
were detected. The traces in () show a recording from the
same preparation 5 min after the further addition of TTX,
1 x 10~ m. It can be seen that now the same hyperpolariz-
ing current produces only an electrotonic potential that is
not interrupted by regenerative membrane potential
changes. Voltage calibration bar refers to upper records;
current calibration bar refers to lower records. Time
calibration bar refers to all records.

We were concerned that, because our experiments
were carried out on the intact sinus venosus along
with surrounding atrial muscle, the voltage records
could be ‘contaminated’ by Na currents from non-
pacemaker tissues. In a separate series of experiments,
small segments of tissue were taken from the central
region of the sinus venosus. These preparations were
cut along the axial direction of muscle bundles to have
lengths of some 200-300 pm and widths of 40 pm. As
such they would be expected to be isopotential (see
Bywater et al. 1990). The preparations were impaled
with two microelectrodes and were bathed in physio-
logical saline which contained nicardipine, 1 x 107% m,
and Ba?* 1 mm. The preparations had stable mem-
brane potentials in the range —27 mV to —35 mV.
When hyperpolarizing current pulses were passed
through one electrode so that electrotonic potentials
with amplitudes of less than 5 mV were recorded,
their timecourses could be described by single expo-
nentials with time constants in the range 290-530 ms
(mean 370+ 20 ms; n=11). These values are very
similar to those calculated for the intact tissue assum-
ing it to be a two-dimensional syncytium (Bywater et
al. 1990). When the membrane potential was hyper-
polarized to lie in the range —50 mV to —90 mV, the
electrotonic potentials were not well sustained pre-
sumably due to the activation of hyperpolarization
activated Na/K channels (see Brown 1982; DiFran-
cesco & Noble 1989). When Cs*, 5 mmM, was added to
the tissue fluid this relaxation due to i was blocked.
Now when the membrane was hyperpolarized so the
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potential lay in the range —50 mV to —65mV, a
series of rhythmical potential changes were recorded
(figure 34). These membrane potential changes were
abolished by the subsequent addition of TTX,
1x10-%m (figure 35). As these oscillations were not
detected until after the addition of Cs*, it must be
assumed that normally the increase in conductance
produced by hyperpolarization activated Na/K chan-
nels is sufficient to shunt out the current due to the
presence of voltage-dependent Na channels. From
these observations it seems that a set of voltage-
dependent Na channels is present in some of the cells
lyingin centre of the sinus venosus. As the TTX-sensitive
membrane potential oscillations were detected at
potentials positive of —70 mV (see figure 3a), the Na
channels responsible will be re-activated during the
falling phase of the action potential and will contri-
bute an inward current during the diastolic depolari-
zation.

The third set of channels which give rise to inward
current during pacemaking activity are hyperpola-
rization-activated Na/K channels (Yanagihara &
Irisawa 1980; Brown 1982; DiFrancesco 1985). In five
experiments the effect of Cs* on the rate of generation
of action potentials was examined. The addition of
Cs*, 5 mM, reduced the rate of generation of action
potentials (mean rate in control solution 34 + 2 beats
per minute; rate in Cs*-containing solution 14 +2
beats per minute, figure 4a; see also Bywater e al.
1989). However, when the shapes of the action
potentials were inspected it became apparent that
only the initial 209%, reduction in rate could be
attributed to a change in the form of the membrane
potential during the diastolic interval. That is, at the
onset of application of a Cs*-containing solution, the
rate of diastolic depolarization was slowed and the
rate of generation of action potentials fell to 80%, of
the control rate. During prolonged exposure, although
the rate of generation of action potentials continued to
fall, the later stage of slowing did not appear to be
associated with an effect on ¢, rather it was associated
with a slowing in the rate of action potential repolari-
zation. Similar effects were produced by lower con-
centrations of Cs*; 1 mm Cs™ slowed the heart rate by
27%, n=3; 2 mM Cs* slowed the heart rate by 549,
n=4. The slowing produced by I mm Cs* was

associated solely with a reduced rate of diastolic
depolarization, suggesting that the more pronounced

slowing detected in 2 mM and 5 mm Cs™ resulted from
an action of Cs* on other membrane channels than
those responsible for the generation of i In the
computations 7 was described using the equations
given by Noble et al. (1989) with the conductance and
time constant of activation being adjusted both to give
a 209, reduction in rate (see figure 44,0) and to fit
data obtained from arrested preparations (see figures
6 and 7). To do this the rate constants were made
slower than those described for mammalian cells (see
Methods).

Having set the background Na* and K* conduc-
tances and iz, the activation parameters of ic,r and ik
were varied until good fits to experimental data
recorded in TTX-containing solutions were obtained.
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B = shows a recording from a pacemaker cell obtained during

the addition of Cs*, 5 mm, to the physiological saline. It can
be seen that the rate of discharge of action potentials falls
and this is associated with a slowed rate of diastolic
depolarization and a slight increase in peak diastolic
potential. Trace (b) shows the computer simulation that was
derived to describe the effect of Cs*. It was assumed that
slowing resulted from the ability of Cs* to block # The
properties of hyperpolarization activated Na/K channels
were adjusted so that they fitted data obtained from the
responses to vagal stimulation (see Methods along with
figures 6 and 7). When i was inactivated, with the time-
course shown in (¢), the simulation had a form much like
that of the experiment record shown in (¢). The conduc-
tance calibration bar represents the conductance modula-
tion applied to gr normalized about its control value.

The timecourses of control pacemaker action poten-
tials were calculated by incorporating the description
of in, derived above. The mathematical description of
each current followed that derived by Noble &
DiFrancesco (1985); the parameters used for descrip-
tions of toad pacemaker cell action potentials are
given in the Methods.

A set of experimental data (figure 54) is compared
with a calculation (figure 5b) along with the currents
flowing during the simulation in figure 5. This
description of pacemaking is in line with the view that
a number of currents flow during diastole and pace-
making activity cannot be ascribed to any single
current (Brown 1982; Noble 1984). In addition it will
be appreciated that our approach differs from that
often taken. The description of pacemaking activity
presented here is based on the observed effects of
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Figure 5. Summary of membrane currents flowing during
pacemaking activity in sinus venosus of the toad. Trace (a)
shows a membrane potential recording, along with its
associated dV/d¢ trace, from a pacemaker cell in the toad
sinus venosus. Trace (b) shows a computer simulation of
pacemaking activity in this tissue followed by the various
membrane currents flowing during the simulated pacemaker
action potential. The first three current traces show the
dominant inward currents flowing during the upstroke of
the action potential; these are ic.f, inaca and in,. The fourth
current trace again shows iy, but at increased gain; it is
apparent that in the simulation there is an appreciable
inward Na* current during the latter phases of diastole. The
lower family of five current traces show the dominant
currents flowing during diastole. It can be seen that the
dominant outward currents are ix and an outward current,
ik, provided by a background potassium conductance.
During the pacemaker cycle, there is little variation in the
current, i, provided by an electrogenic Na/K transport
system, shown as the dotted line. The other inward currents
flowing during pacemaking activity are provided by irand a
current, i, N, flowing through a background sodium conduc-
tance. It is apparent that the dominant inward current flow
during diastole is provided by the background sodium
conductance. The time calibration bar refers to all traces.

channel blocking-drugs on intact sinus venosus prepa-
rations. As the sinus venosus appears to be isopotential
when arrested, we have made the simplifying assump-
tion that the responses recorded from a point in such a
syncytium can be modelled by treating the prepara-
tion as a small isopotential sheet of homogeneous cells.
This does not mean that in reality every current, or
channel set, is present in every individual sinus
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Figure 6. Effects of vagal stimulation on the membrane
potential of arrested sinus venosus cells. Traces (a) and (b)
were recorded from a sinus venosus preparation in which
beating had been abolished by adding nicardipine,
1x107%m, to the perfusion fluid; the steady membrane
potential was — 35 mV. In (a) supramaximal bilateral vagal
stimuli were applied for 10s at a frequency of 2 Hz; in (b)
the frequency of stimulation was 10 Hz. Both trains of
stimuli produced hyperpolarizations but the response to the
higher frequency of stimulation, although having a larger
peak amplitude, was not sustained. Traces (¢) and (d) show
the simulations of these membrane potential changes which
resulted from a suppression of the background sodium
conductance, (¢) and (f), along with a suppression of the
voltage-dependent sodium conductance, (g) and (A). The
voltage calibration bar refers to traces (a—d). The conduc-
tance calibration bars represent the conductance modula-
tions applied to gy na and gn, normalized about their control
values. The time calibration bar refers to all records.

venosus cell. To take an example, it may be that only
a few cells contain TTX-sensitive channels and these
cells in isolation may not generate pacemaking acti-
vity (see Brown et al. 1977). Yet when coupled into a
syncytium, those cells would contribute an inward
current during diastole. Thus our analysis should give
a description of pacemaking activity in a functional
syncytium; this may differ from the description de-
rived more rigorously from a selected population of
single cells (see, for example, Rassmusson ef al. 1990).

(b) Simulation of inhibitory junction potentials
recorded from arrested sinus venosus cells

Single supramaximal stimuli applied to the vagi
initiated inhibitory junction potentials, 1jps, with
amplitudes of about 2 mV and durations of about 10 s
(Hartzell 1979; Bywater ¢t al. 1990). When the vagi
were stimulated with trains of stimuli, the 1JPs
summed to give characteristic hyperpolarizations.
With low-frequency stimulation, 1-2 Hz, a sustained
hyperpolarization was recorded (figure 6a). With
higher-frequency stimulation, 5-10 Hz, an initial
rapid hyperpolarization was followed by a plateau
phase more positive than the peak hyperpolarization
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(figure 64). Each of these potential changes was
abolished by hyoscine (1 x 10 ~7wM) but persisted in
the presence of Ba?* (1 mm). 1jps also persisted in the
presence of Cs* (2-5 mm). During long trains of vagal
stimuli, with Cs™ present, the membrane resistance of
the arrested sinus cells increased by about 759%,. This
might suggest that vagally released ACh causes a
hyperpolarization by closing existing membrane chan-
nels rather than opening additional channels (Bywater
et al. 1990). yps were unaffected when the external
concentration of chloride ions was reduced to one
tenth of control by substituting sodium chloride either
with equimolar sodium isethionate (three prepara-
tions) or with equimolar sodium methyl sulphate
(three preparations).

Taken together these observations suggest that the
responses to vagal stimulation do not result from an
increase in potassium conductance involving channels
that show inward rectification or from an increase in
chloride conductance. Because the vagal responses
could be recorded in the presence of very high
concentrations of organic calcium antagonists and
persisted in the presence of Cs*, it is unlikely that the
potential changes are initiated by a change in the
activation potentials of hyperpolarization-activated
Na/K channels or involve voltage-dependent Ca
channels. The simplest explanation left is that vagal
jps result from a decrease in sodium conductance,
presumably gp, Na.

Two features of the responses to trains of vagal
stimuli require further comment. Firstly the character-
istic relaxation which occurs during the hyperpolari-
zations produced by trains of high-frequency stimuli
was abolished by adding Cs*, 2-5 mm, to the physio-
logical saline (figures 65 and 75; see also Bywater et al.
1990). It has been suggested that the failure to sustain
a steady hyperpolarization during a maintained vagal
stimulus results from desensitization of muscarinic
receptors (Jalife & Moe 1979). However, the finding
that after the addition of Cs* vagal stimulation causes
a sustained hyperpolarization (figure 75) suggests that
the relaxation results from the activation of ¢ Thus in
control solution, as the membrane hyperpolarizes
under the influence of vagal stimulation, hyperpolari-
zation activated Na/K channels open and the result-
ing inward current counteracts the hyperpolarization.
As the relaxation first appears at membrane potentials
of about —50 mV, the normal activation potential for
hyperpolarization activated Na/K channels, it seems
likely that vagally released ACh has little effect on
these channels (c.f. DiFrancesco & Tromba 1988).

Secondly, when isolated segments of arrested pace-
maker tissue were hyperpolarized by passing current
through a second microelectrode, membrane potential
oscillations were recorded: these were abolished by
TTX (see figure 3). In contrast, membrane potential
oscillations of this nature were never detected when
the membrane was hyperpolarized by vagal stimula-
tion delivered at 10 Hz (see figure 74). On some
occasions using lower frequencies of stimulation, small
oscillations were detected; these were invariably abol-
ished by increasing the frequency of stimulation.
These observations raise the possibility that, as well as
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Figure 7. Effects of vagal stimulation on the membrane
potential of arrested sinus venosus cells in the presence of
Cs*. Traces (a) and (b) were recorded from the same
preparation as shown in figure 6. Beating had been
abolished by adding nicardpine, 1 x 1075 M, to the perfusion
fluid; the steady membrane potential was —35 mV. Hyper-
polarization-activated Na/K channels were blocked by
adding Cs*, 5mwM, to the physiological saline. In (a)
supramaximal bilateral vagal stimuli were applied for 10s
at a frequency of 2 Hz; in (4) the frequency of stimulation
was 10 Hz. Both trains of stimuli again produced hyperpo-
larizations. Now that produced by the higher frequency
stimulation was larger in peak amplitude and was sustained.
Traces (¢) and (d) show the simulations of these membrane
potential changes which resulted from a suppression of the
background sodium conductance, (¢) and (f), along with a
suppression of the voltage-dependent sodium conductance,
(g) and (#). The voltage calibration bar refers to traces
(a—d). The conductance calibration bars represent the con-
ductance modulations applied to g,~. and gy, normalized
about their control values. The time calibration bar refers to
all records.

reducing g, na, vagally released ACh also prevents the
activation of voltage-dependent Na channels (figures
6 and 7).

As a starting point, a description of the responses to
vagal stimulation recorded from arrested pacemaker
cells in the presence of Cs* was undertaken. The
responses to single vagal stimuli could be readily
modelled by assuming that they resulted solely from a
reduction in gy, N, (for an example and justification see
Bywater et al. (1990)). However, when this approach

“was used to describe the responses produced by trains

of vagal stimuli the simulations did not match the
experimental data. When g,n, alone was reduced
sufficiently to describe a large hyperpolarization, the
simulations were interrupted by a series of membrane
potential oscillations. In the simulations these resulted
from the reactivation of voltage-dependent Na
channels.

In the next attempt to simulate the timecourses of
hyperpolarizations recorded during trains of vagal
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stimuli, both g, na (figure 6e, /) and the conductance of
voltage-dependent Na channels (figure 6g,h) were
suppressed simultaneously. With this approach the
timecourses of the responses to low- and high-fre-
quency vagal stimulation could be described (figure
6c-h).

Subsequently the vagal responses recorded in con-
trol solution were emulated by including hyperpolari-
zation-activated Na/K channels with their activation
parameters being finely varied until the simulations
matched data (figure 6¢,d). Although the agreement
between predictions and experimental data is accept-
able both during the onset and during maintained
vagal stimulation, the computational solutions do not
provide an explanation for the series of regenerative
potentials that followed large vagal hyperpolariza-
tions. These regenerative potentials were simulated
when it was assumed that during a vagal hyperpolari-
zation some of the Ca channels showed voltage-
dependent unblocking (see, for example, Nelson &
Worley 1989): clearly this is not relevant to considera-
tions of how vagal stimulation might slow and stop the
generation of action potentials by normal pacemaker
cells. In passing, it should be noted that when the
magnitude of ¢ was adjusted to give a good fit to data
obtained from arrested preparations, after incorporat-
ing the same value into the beating pacemaker model,
the suppression of this current gave about a 209,
reduction in the calculated rate of generation of
pacemaker action potentials (figure 4).

(¢) Simulation of responses to vagal stimulation
recorded from beating sinus venosus cells

When recordings were made from beating pace-
maker cells, low-frequency trains of vagal stimuli
(train duration 10s, stimulation frequency 2 Hz)
slowed the rate of action potential discharge. During
slowing the peak diastolic potential increased by a few
millivolts (Hutter & Trautwein 1955, 1956; Bywater et
al. 1989). The most prominent change was a slowed
rate of diastolic depolarization with the peak ampli-
tude of action potentials and their rate of repolariza-
tion being little changed (figure 84). The timecourse
of pacemaker action potentials, recorded before vagal
stimulation, was calculated as described previously
(see figure 5). During the period of vagal stimulation
both g, n. and the conductance of the voltage-depen-
dent Na channels were suppressed to a similar degree
to that derived to fit data recorded from arrested
preparations (see figure 6e,g and figure 7¢,g). It can be
seen that the rate of discharge of simulated pacemaker
action potentials slowed (figure 86) in much the same
way as that recorded experimentally (figure 8a).

With higher frequencies of vagal stimulation (5-
10 Hz), the discharge of action potentials stopped
(figure 9a). At the start of the stimulation train,
the maximum diastolic potential increased by a
few millivolts, subsequently the membrane potential
settled at a potential about 10 mV positive of the
control maximum diastolic potential. The steady
potential reached during complete vagal inhibition
was about —55 mV (for further details see Bywater et
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Figure 8. Effect of vagal stimulation on the discharge of
action potentials recorded from toad sinus venosus. Trace
(a), with associated tachograph, shows the membrane
potential and rate change produced by bilateral vagal
stimulation, 10s at 2 Hz. Note there is a slight increase in
peak diastolic potential and the rate of diastolic depolariza-
tion is slowed. In (4) a discharge of pacemaker action
potentials, simulated as described in figure 5, is shown.
During the trace, the background sodium conductance is
reduced, trace (¢), and the voltage-dependent sodium
conductance is reduced, trace (d). The voltage calibration
bars refer to traces (a) and (b). The conductance calibration
bars represent the normalized conductance modulations
applied to g, . and gn.. The time calibration bar refers to all
records.

al. 1989). After the period of vagal arrest, action
potentials were again generated (figure 9a).

In the simulations, (figure 94), it has been assumed
that vagal slowing results from a supression of gy
and a decrease in the conductance of voltage-depen-
dent Na channels with similar conductance decreases
to those shown in figure 7,4, being applied. Again the
simulations matched the experimental data.

(d) Effect of applying an inwardly rectifying
potassium conductance to arrested and beating
pacemaker cells

In most cardiac tissues added ACh activates mus-
carinic receptors which in turn open a set of K*
selective ion channels. These channels are blocked by
barium ions (Momose ¢t al. 1984) and display inward
rectification (Sakmann e¢ al. 1983). The responses to
vagal stimulation in both arrested and beating prepa-
rations were found to persist after adding barium ions

" to the physiological saline (Bywater et al. 1989, 1990).
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vagal stimulation 10 Hz

(@)

Figure 9. Effect of vagal stimulation on the discharge of
action potentials recorded from toad sinus venosus. Trace
(a) shows the membrane potential and rate change pro-
duced by bilateral vagal stimulation, 10s at 10 Hz. Note
that initially there is a slight increase in peak diastolic
potential and the rate of diastolic depolarization is slowed,
subsequently as beating stops, the membrane potential
settles at a value positive of the peak diastolic potential. In
trace (b) a discharge of pacemaker action potentials,
simulated as described in figure 5, is shown. During the
trace, the background sodium conductance is reduced
dramatically, trace (¢), and the voltage-dependent sodium
conductance is reduced to zero, trace (d). The voltage
calibration bar refers to traces (a) and (). The conductance
calibration bars represent the normalized conductance
modulations applied to gyn. and gna.. The time calibration
bar refers to all records.

To explore the possibility that neuronally released
ACh opened a population of K channels that were
resistant to barium blockade, the effects of neurally
released ACh were modelled by applying an inwardly
rectifying K conductance. The upper part of figure 10
shows the response of an arrested pacemaker cell to
vagal stimulation and three simulations of this hyper-
polarization produced by applying a three different
increases in potassium conductance (figure 104) suffi-
cient to slow the generation of pacemaker action
potentials. When these three different increases in
potassium conductance were applied to the beating
heart it can be seen that only the two more intense
increases in potassium conductance caused arrest. It
can also be seen that arrest was preceded by an
increase in peak diastolic potential of some 15 mV and
that the membrane potential settled near to the peak
diastolic potential. A similar result to this has been
given by Egan & Noble (1987). Experimental obser-
vations invariably show that during vagal arrest the
membrane potential settles some 10-20 mV positive of
the peak diastolic potential (Toda & West 1966;
Bywater et al. 1989; Campbell ¢ al. 1989). Hyperpo-
larizations like those predicted in the model have
been recorded from beating pacemaker cells when ACh
is applied (see Hartzell 1980; Opthof et al. 1987,
Bywater et al. 1989; Campbell et al. 1989).
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Figure 10. Attempts to describe the effects of vagal stimula-
tion by assuming that neurally released acetylcholine acti-
vates an inwardly rectifying K* conductance. Trace (a)
compares an experimental recording made from an arrested
sinus venosus cell with three simulations in which an
increase in K* conductance was applied. The magnitude of
the conductance modulations is shown in (4). It can be seen
that these three conductance modulations produced mem-
brane potential changes that bracketed the experimental
recording shown in (a). It is of interest to note that the
intermediate conductance modulation produced a hyperpo-
larization that was interrupted by oscillations reminiscent of
those recorded experimentally when segments of arrested
sinus venosus preparation were hyperpolarized (see figure
3a). (¢) When the three changes in K* conductance were
applied to the beating heart simulation it can be seen that
arrest only occurred if it was preceded by a large increase in
peak diastolic potential. In practice, a stimulus like that
presented in (a) invariably stopped the heart without a
preceding large increase in peak diastolic potential. The
upper time calibration bar refers to records (a) and (4): the
lower time calibration bar refers to record (c).

Thus, although we could to some extent describe
the changes in membrane potential recorded experi-
mentally following vagal stimulation in an arrested
preparation by a calculation involving an increase in
potassium conductance, when an increase in potas-
sium conductance was applied to the beating heart
model the responses did not match those recorded
experimentally (see figure 9).

4. DISCUSSION

(a) Pacemaker potentials in toad sinus venosus
cells

In the first section of this paper the equations used by

DiFrancesco & Noble (1985) were modified so that
they gave an adequate description of pacemaking
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activity in cells of the sinus venosus of the toad. Three
inward currents were assumed to flow during diastole.
These include contributions from two sets of voltage-
dependent membrane channels. One set gave rise to a
hyperpolarization-activated current, ¢ or 7, (Yanagi-
hara & Irisawa 1980; Brown 1982); the second set
gave rise to an inward sodium current which flowed
through TTX-sensitive channels. The third current
was assumed to flow through a set of voltage-
independent channels which give rise to a background
sodium current.

In our description of pacemaking activity, an
inward current during diastole is not provided by
voltage-dependent Car channels. However, there is
evidence that such channels can contribute to pace-
making activity in some mammalian and amphibian
pacemaker cells (Hagiwara et al. 1988; Bois & Lenfant
1991). We justitfy this omission by our observation that
in the toad the rate of generation of pacemaker action
potentials is not effected by adding nickel ions; these
ions block Car channels (Hagiwara et al. 1988).
Nevertheless to describe pacemaking activity in toad
sinus venosus cells it was necessary to make the
threshold for activation of i¢,¢ some 25 mV more
negative than that suggested by DiFrancesco & Noble
(1985) but at a value close to that determined
experimentally in amphibian pacemaker cells (Ras-
musson ef al. 1990).

An essential feature of our analysis is that for
pacemaking activity to occur, delayed rectifier K
channels show time-dependent deactivation. This idea
is well supported by experimental observations by
other workers (see Brown 1982) and will not be
discussed further.

Thus we suggest that, in the toad, pacemaking
occurs because, during the deactivation of delayed
rectifier K channels, three separate inward currents
flow during diastole. These currents are essentially
carried by Na*; in order of dominance the currents
are provided by the background sodium conductance,
by voltage-dependent Na channels and by hyperpo-
larization-activated Na/K channels. As the intensity of
the outward K* current falls, the summed inward
currents depolarize the membrane to threshold for
inward calcium movement. Clearly, should the volt-
age-dependent Ca channels have been blocked pace-
making activity will also fail, a view again well
justified by experimental observations.

(b) Vagal inhibition of sinus venosus cells

Vagal inhibition in toad and mammalian pace-
maker cells is characterized by a reduction in the rate
of diastolic depolarization until there is insufficient
depolarization to initiate an action potential (Bywater
et al. 1989; Campbell et al. 1989). When pacemaking
is inhibited by adding an organic calcium antagonist
to the physiological saline, vagal stimulation evokes
membrane hyperpolarizations which are associated
with an increase in the membrane resistance of sinus
cells (Bywater et al. 1990).

Although it is generally held that neuronally
released ACh activates muscarinic receptors which in
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turn open inwardly rectifying K channels, few experi-
mental observations support this view (see Shibata et

al. 1985; Bywater et al. 1989; Campbell et al. 1989;
Bywater et al. 1990). When we modelled the experi-
mental data recorded from beating preparations as if
it resulted from an increase in potassium conductance
the computation did not agree with experimental
observations (compare figures 92 and 10¢). The con-
ductance increase caused an increase in peak diastolic
potential with the membrane potential settling near
the control peak diastolic potential. A similar result
has been given previously by Egan & Noble (1987).
Finally it would be difficult to explain vagal inhibition
in terms of opening additional membrane channels
because, as has been pointed out, the membrane
resistance of sinus venosus cells increases during
stimulation of the vagus (Bywater et al. 1990).

A second way in which vagally released ACh might
slow and stop the generation of pacemaker action
potentials is to move the activation potential for
hyperpolarization-activated Na/K channels to a more
negative potential (DiFrancesco & Tromba 1987). It
seems unlikely that vagally released ACh could act
only in this way. The generation of pacemaker action
potentials is only slowed, but not stopped, when these
channels are blocked by Cs* (DiFrancesco 1985). The
effects of vagal stimulation in arrested preparations
are not mimicked by Cs* (Bywater ef al. 1990). When
recordings were made from arrested preparations, the
experimental observations suggest that these channels
were first activated at about —50 mV. This is about
the normal potential at which hyperpolarization-
activated Na/K channels start to open: an observation
which implies that their activation potential remains
unchanged during vagal stimulation (c.f. DiFrancesco
& Tromba 1988). Nevertheless we cannot rule out the
possibility that in beating preparations a part of the
bradycardia results from an action of neuronally
released ACh on these channels.

A third way in which vagally released ACh might
slow the rate of generation of pacemaker action
potentials is in some way to prevent the opening of
voltage-dependent Ca channels (Shibata e/ al. 1985;
Egan & Noble 1987). Should this be the case it is not
clear how a suppression of voltage-dependent Ca
channels would lead to a hyperpolarization in arrested
preparations. At a membrane potential of —35 mV,
in a solution containing a high concentration of
organic calcium antagonist, one would expect all
voltage-dependent Ca channels to be closed. Further-
more, in a simulation we found that, when the Ca
conductance was reduced, the rate of generation of
action potentials was little effected whereas the ampli-
tudes of the action potentials was much reduced (see
also Egan & Noble 1987).

We were able to describe our experimental observa-
tions when we reduced both the background sodium
conductance and suppressed the voltage-dependent
Na channels. With this approach a moderate decrease
in gpna produced a hyperpolarization in an arrested
preparation; a similar decrease slowed the rate of
generation of action potentials (figure 8). A more
intense decrease in g,na. along with a suppression of
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voltage-dependent Na channels which mimicked the
hyperpolarization recorded from arrested prepara-
tions resulted in an increase in membrane resistance,
~ 809, similar to that observed experimentally. Simi-
lar changes in conductance stopped the generation of
pacemaker action potentials. The membrane potential
settled at a level positive of the peak diastolic potential
but negative of the threshold for the initiation of
action potentials (figure 9).

It is not clear whether the suppression of g, N, and
voltage-dependent Na current implies that both cur-
rents arise from subgroups of a common Na channel
set which are in different conformational states.
Furthermore, it is not clear how such a change in
membrane Na* conductance might occur. Vagal
stimulation does not appear to involve the activation
of muscarinic K channels, yet these channels are
widely distributed over the surfaces of cardiac pace-
maker cells. These two observations imply that neuro-
nally released ACh must activate a set of specialized
junctional receptors. Such junctional receptors pre-
sumably trigger the production of a second messenger
substance which diffuses through the cell to reduce
cell Na*t conductance. The more unlikely possibility is
that the entire cell Na* conductances are restricted to
the neuroeffector junction, about 0.19%, of the total cell
surface area (Klemm et al. 1992), with these conduc-
tances, in some way, being directly coupled to the
junctional receptors.

(¢) Conclusions

The aim of these calculations was to explore the
possibility that neuronally released ACh slowed the
rate of generation of pacemaker action potentials by
suppressing inward current flow during diastole. The
first section aimed to provide a description of pace-
making activity in cells of the sinus venosus of the
toad. To describe our experimental data it was
necessary to allow inward current flow through three
separate sets of ion channels during diastole. The
subsequent analysis of data, which was obtained from
experiments where responses to vagal stimulation were
recorded, is consistent with the idea that the major
effect of vagally released ACh is one of suppressing
inward current flow during diastole. The calculations
suggest that the inward movement of Na®™ during
diastole is suppressed (Bywater et al. 1990). The
calculations lend little support to the views that
vagally released ACh acts by increasing the conduc-
tance of pacemaker cells to potassium ions or by altering
the properties of either voltage-dependent Ca channels
or hyperpolarization-activated Na/K channels.

This project was supported by a research grant from the
Australian N.H. and M.R.C. We thank them for their
financial support.
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