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Abstract. Cells in the pacemaker region of toad (Bufo 
marinus) sinus venosus had spontaneous rhythmic action 
potentials. The rate of firing of action potentials, the rate 
of diastolic depolarization and the maximum rate of rise 
of action potentials were reduced by TTX (10 nM to 1 
gM). Currents were recorded with the whole cell, tight 
seal technique from cells enzymatically dissociated from 
this region. Cells studied were identified as pacemaker 
cells by their characteristic morphology, spontaneous 
rhythmic action potential activity that could be blocked 
by cobalt but not by TTX and lack of inward rectifica- 
tion. When calcium, potassium and nonselective cation 
currents (If) activated by hyperpolar izat ion were 
blocked, depolarization was seen to generate transient 
and persistent inward currents. Both were sodium cur- 
rents: they were abolished by tetrodotoxin (10 to 100 
n~), their reversal potential was close to the sodium equi- 
librium potential and their amplitude and reversal poten- 
tial were influenced as expected for sodium currents 
when extracellular sodium ions were replaced with 
choline ions. The transient sodium current was activated 
at potentials more positive than -40  mV while the per- 
sistent sodium current was obvious at more negative po- 
tentials. It was concluded that, in toad pacemaker cells, 
TTX-sensitive sodium currents contributing both to the 
upstroke of action potentials and to diastolic depolariza- 
tion may play an important role in setting heart rate. 
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Introduction 

The cells of most regions of the heart generate action 
potentials that depend on inward movement of sodium 
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ions and can be blocked with TTX [13, 24]. Thus in 
ventricular, atrial and Purkinje cells in the heart, voltage- 
dependent sodium currents are activated by depolariza- 
tion [14]. These currents show a rapid time-dependent 
inactivation during sustained depolarizations and are 
only fully reactivated upon returning to membrane po- 
tentials more negative than -100 mV [4, 5]. Character- 
istically, such sodium channels are blocked by tetrodo- 
toxin, but only at relatively high concentrations [5, 9, 24, 
28]. More recently, a "persistent" TTX-sensitive so- 
dium current that has been recorded in voltage-clamped 
rat ventricular muscle has been shown to be activated at 
diastolic potentials [22, 29]. 

There are conflicting views, however, as to whether 
voltage-dependent sodium channels are present in car- 
diac pacemaker cells. As pacemaker cells continue to 
generate action potentials in the presence of TTX [23, 
30], an inward TTX-sensitive sodium current is evidently 
not essential for action potential activity in these cells. 
Indeed, it has been proposed that there is no voltage- 
dependent sodium current in single cells isolated from 
regions of amphibian heart which contain pacemaker 
cells [8]. In mammalian pacemaker cells, sodium chan- 
nels are thought to be present but inactivated in the range 
of membrane potentials that normally occur during pace- 
maker activity [23]. However, more recent studies have 
indicated that sodium channels are present in the major- 
ity of pacemaker cells isolated from the mammalian si- 
noatrial node and contribute to the upstroke of the action 
potential [10]. In the sinus venosus of the toad, the ob- 
servation that TTX invariably reduces the rate of gener- 
ation of pacemaker action potentials indicates that so- 
dium channels are involved in normal activity [7, 12]. 

It is shown in this study that both transient and per- 
sistent, voltage-dependent, TTX-sensitive sodium cur- 
rents are present in pacemaker cells in toad heart. The 
membrane potentials at which these currents are active 
suggest that they play a role in setting heart rate. 
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Materials and Methods 

Action potentials were recorded from preparations of sinus venosus of 
the toad, Bufo marinus. Toads were anaesthetised using an aqueous 
solution of 0.5% tricaine methanesulfonate. Preparations, consisting 
either of the sinus venosus alone or of the sinus venosus left in conti- 
nuity with the two atria, were pinned out in a shallow recording cham- 
ber. The preparations were continuously perfused at a rate of 6 ml/min 
(bath volume 1 ml) with a physiological saline containing (mM): NaCI 
115; KCI 3.2; NaHCO 3 20; NaHzPO 4 3.1; CaCI 2 1.8; MgC12 1.4; 
glucose 16.7; equilibrated with 95% oxygen/5% carbon dioxide. All 
experiments were carried out at room temperature (20-25~ Action 
potentials were recorded from cells which lay in the exposed center of 
the dorsal wall of the sinus venosus~ some 5 to 7 mm distant from the 
sinoatrial aperture, using conventional techniques with fine glass mi- 
croelectrodes (resistances 80-150 ~A~ when filled with 0.5 M KCI). 
Pacemaker cells were selected on the basis that the diastolic depolar- 
ization led smoothly into the upstroke of the pacemaker action poten- 
tial. Recordings were taken from a number of muscle bundles until 
such recordings were obtained. All membrane potential records were 
low-pass filtered with a cutoff frequency of I kHz, digitized, and stored 
on disk for later analysis. 

To record membrane currents, single cells were enzymatically 
dissociated from sinus venosus preparations. Toads were killed by 
decapitation and pithed. The heart was removed and the sinus venosus 
dissected free and placed into calcium-free Ringer solution bubbled 
with oxygen for five rain. Intact sinus venosus tissue was then trans- 
ferred into 25 [.tM calcium-Ringer solution containing 300 units/ml 
collagenase (Worthington) at 28~ for 60 min. The solution was bub- 
bled with oxygen while being gently stirred. The tissue was transferred 
into fresh 25 [.tM calcium-Ringer solution containing 140 units/ml col- 
lagenase and 40 units/ml elastase (Sigma) for a further 50 min. The 
tissue was then placed in a calcium-free Ringer solution for one hour, 
before being triturated gently in 25 ~IM calcium-Ringer solution to 
dissociate the cells. The cells were allowed to settle onto glass cover- 
slips and perfused with 200 ~M calcium-Ringer's solution for 1 rain, 
then perfused with 2 mM calcium-Ringer's solution. Action potentials 
or currents were recorded using the whole-cell patch clamp technique 
[17]. In order to record spontaneous action potentials in several exper- 
iments, nystatin (240 ~tg/ml) was added to the pipette solution to give 
a perforated patch with minimum disruption of the cell interior [18, 25]. 

Patch electrodes were made from borosilicate glass and had re- 
sistances of 5 to 10 M~. The intracellular (patch pipette) solution 
generally had the following composition (mM): CsF 40; CsCI 60; 
MgCI 2 2; KEGTA 10; CaCI 2 2; Na2ATP 5; TES (N-tris(hydroxy- 
methyl)methyl-2-aminoethanesulphonic acid) 10; pH adjusted to 7.2 
with KOH. The solution bathing the cells had the composition (raM): 
NaCI 100; KC1 2.5; CsCI 5; CoC12 5; HEPES (N-2-hydroxyethyl- 
piperazine-N'-2-ethanesulphonic acid) 10; CaCI 2 2, MgCI 2 1, pH ad- 
justed to 7.2 with NaOH. These solutions were designed to block 
calcium and potassium currents as well as 1 e. Recordings were made at 
room temperature (20 to 22~ 

Results 

EFFECT OF TETRODOTOXIN ON THE FREQUENCY OF ACTION 

POTENTIALS IN SINUS VENOSUS PREPARATIONS 

P a c e m a k e r  cel ls  in intact  sinus venosus  preparat ions  
were  iden t i f ied  by the t ime course  o f  their  cyc l ica l  
changes  in m e m b r a n e  potential:  the diastol ic depolar iza-  

tion led smooth ly  into the upstroke of  the action poten- 

tial. Spontaneous  action potentials  in these cells had a 
f requency of  33 to 46 beats per  min  (38.7 +_ 2.2; mean + 

1 SEM, 6 preparations).  The  m a x i m u m  diastolic potential  

was in the range - 6 3  to - 6 9  m V  (mean = - 6 6 . 2  _+ 1.2 

mV). The  peak ampli tude of  action potentials was in the 
range o f  75 to 110 m V  (98.0 + 5.6 mV)  and they had a 

m a x i m u m  rate o f  rise o f  3.2 to 11 V/s (7.5 + 1.2 V/s). 

The  rate o f  generat ion o f  pacemaker  action poten-  

tials is reduced in this preparat ion when T T X  is added to 

the extracel lular  solution [7, 12]. This observat ion was 

brief ly reconf i rmed in this study. In each of  three prep- 

arations, T T X  (100 nM) reduced the rate of  generat ion o f  

pacemaker  action potentials  to about half  the control  rate. 

W h e n  lower  concentrat ions  o f  T T X  were applied, it be- 

came  apparent  that even  quite  low concent ra t ions  o f  
T T X  s lowed the rate. These  effects  are il lustrated in Fig. 

1. T T X  at a concentra t ion o f  10 nM caused the rate o f  
generat ion o f  pacemaker  action potentials  to fall f rom 43 

beats /min to 34 beats/rain (Fig. 1 A and B). In control 

solut ion (A), the f requency of  action potentials  was 43 

min  -1 and the diastolic potential  immedia te ly  after an 

action potential  was - 6 8  mV. Since  the peak diastolic 

potential  led smooth ly  into the upstroke o f  an action 
potential  and the m a x i m u m  dV/dt  was less than 10 V/s, 

the recording was identif ied as being made  f rom a pace-  

maker  cell. The  middle  set o f  traces (B) shows record-  

ings f rom the same cell  10 min after adding T T X  (10 nM) 
to the extracel lular  solution. The  f requency of  action po- 

tentials had fal len to 34 min -~, the peak diastolic poten-  

tial was - 6 4  m V  and the rate o f  rise of  action potentials  

was reduced.  The  lower  set o f  traces, C, shows record-  

ings f rom the same cell  10 rain after increasing the con- 

centrat ion of  T T X  f rom 10 nM tO 100 riM. The f requency 

of  action potentials  was further reduced to 27 min -~, the 

peak diastolic potential  was - 6 0  m V  and the m a x i m u m  

rate of  rise o f  pacemaker  action potentials was reduced 

further. No  further change was detected when  the con- 
centrat ion of  T T X  was increased to 1 ~M (not shown). 
By compar ing  records in A, B and C, it can be seen that 

the reduct ion in f requency in act ion potentials  was asso- 

ciated with a s lowing of  diastol ic depolarizat ion.  S imi lar  
observat ions  were  made  in the other  two preparations.  
These  observat ions  show that TTX-sens i t i ve  currents 

contr ibute both to the upstroke o f  action potentials and to 
diastol ic depolar izat ion in the sinus venosus.  It was con- 

c luded that cells in the pacemaker  region are able to 

genera te  T T X - s e n s i t i v e  currents  which  contr ibute  to 

pacemaking  activity. 

IDENTIFICATION OF ISOLATED CELLS AS PACEMAKER CELLS 

Morphology 

Exper imen t s  were  carr ied out  on cel ls  isola ted f rom 
preparat ions o f  sinus venosus  which had been dissected 
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Fig. 1. Effects of TTX on action potentials recorded from a cell in toad 
sinus venosus. The three sets of traces in A, B and C represent the 
membrane potential (i), dV/dt (ii) and frequency of action potentials 
(iii). Records were obtained in control solution (A), in a solution con- 
taining 10 nM TTX (B) and in a solution containing 100 nM TTX (C). 
The time calibration bar refers to all records. 

free of adjacent atrial muscle fibers. The dissection was 
performed under a microscope to ensure that only the 
central pacemaker region was used for cell dissociation. 
Ceils dissociated from this region had diameters of 4 to 
5 I.tm and lengths of some 100 to 150 tam. One of these 
cells is illustrated in Fig. 2A. Striations were less obvious 
in these cells than in atrial or ventricular cells prepared 
from the same animals. Pacemaker cells isolated from 
other amphibian hearts have been reported to have sim- 
ilar sizes and appearances to these cells [15]. 

SPONTANEOUS RHYTHMIC ACTION POTENTIALS 

Many dissociated cells showed spontaneous contractile 
activity. Spontaneous action potentials could be re- 
corded from these cells using the perforated patch tech- 
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/ 

Fig. 2. Identification of pacemaker cells isolated from the sinus veno- 
sus. (A) an enzymically isolated single pacemaker cell from toad. The 
horizontal calibration bar denotes 20 p-m. (B) spontaneous action po- 
tentials recorded from a single pacemaker cell using the nystatin per- 
forated-patch technique. Maximum upstroke velocity was 4.1 V/s (bath 
temperature 18~ 

nique (Fig. 2B). Action potentials persisted but at a 
lower frequency in the presence of TTX (10 riM) and 
disappeared when the extracellular solution contained 5 
mM cobalt. 

No INWARD RECTIFIER 

When electrophysiological recordings have been made 
from cardiac myocytes isolated from other amphibian 
and mammalian hearts, it has been found that cells iso- 
lated from either atria or ventricles always have an in- 
wardly rectifying potassium current whereas pacemaker 
cells do not [15, 20, 21, 27]. As a check on the identity 
of the cells used in this study, some experiments were 
done with no caesium in solutions and 2.5 or 5 mM K + in 
the extracellular solution. Cells were held at 0 mV and 
their membrane potential stepped to potentials in a range 
from -10  to -150 inV. Under these conditions, cells 
isolated from the sinus venosus displayed no inwardly 
rectifying current whereas cells isolated from ventricles 
had a prominent inwardly rectifying current. This is il- 
lustrated in Fig. 3. 

The small inward currents shown in the lower panel 
of Fig. 3A were generated by voltage steps to -30, -60, 
-90, -120 and -150 mV (upper panel, Fig. 3A) in a pace- 
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Fig. 3. Lack of inward rectification in pacemaker cells. (A) Currents 
generated by hyperpolarizing pulses in a pacemaker cell with 5 mM K + 
in the extracellular solution. The potential was held at 0 mV, stepped to 
-30, -60, -90, -120 and -150 mV for 500 msec and then returned to 
0 mV (upper panel). The currents generated in a cell from the sinus 
venosus with this protocol are shown superimposed in the lower panel. 
Note that following pulses to potentials more negative than -30  mV, a 
large transient current was evoked when the membrane potential re- 
turned to 0 inV. (B) Comparison of currents produced with this protocol 
in a toad pacemaker (filled triangles), atrial (filled circles) and ventric- 
ular (filled squares) myocyte. The extracellular solution contained 2.5 
mM K +. Note that current is normalized to cell capacitance. 

maker cell. There is essentially no inward current. In 
contrast, the same voltage protocol in atrial and ventric- 
ular myocytes generated significant inward currents (Fig. 
3B). Current-voltage (IV) relationships for the inward 
currents (normalized to capacitance) produced by hyper- 
polarizing voltage pulses in a toad pacemaker (filled tri- 
angles), atrial (filled circles) and ventricular (filled 
squares) myocyte are shown for comparison in Fig. 3B 
which illustrates the lack of inward current in the pace- 
maker cells. 

This lack of inward current was seen in all eight 
pacemaker cells examined in this way. It might have 
been expected that hyperpolarization would have acti- 
vated a nonspecific cation current (If). However, pace- 

maker cells in amphibia appear to have very little If 
current because caesium, which blocks If, has little effect 
on pacemaking activity in intact toad [12] or other am- 
phibian [ 15] preparations. In addition, the results shown 
here were obtained from cells which had been held in 
whole cell recording mode for at least 10 rain. It has 
been reported that If is very labile and shows pronounced 
'rundown' during prolonged recording periods [11]. The 
inward currents in the atrial and ventricular myocytes 
had the characteristics of the inwardly rectifying K § cur- 
rent [15, 19]: the voltage-dependence and magnitude of 
the current was influenced by extracellular K + and the 
current was abolished when barium ions were added to 
the external solution (not shown). 

In summary, the cells isolated from sinus venosus 
preparations had an appearance typical of pacemaker 
cells, displayed spontaneous action potentials that were 
blocked by cobalt but not by TTX and lacked an in- 
wardly rectifying potassium current. Thus, they fulfilled 
the criteria accepted for pacemaker cells [20, 31]. 

It can be seen in Fig. 3A that there was a prominent, 
rapid, transient, inward current when the potential was 
returned to 0 mV from potentials more negative than -30  
inV. Atrial and ventricular cells, like those dissociated 
from sinus venosus, also generated transient inward cur- 
rents under these conditions. It seemed likely that these 
transient inward currents were sodium currents that re- 
covered from inactivation during the hyperpolarizing 
pulse and were then activated on return to 0 mV. The 
characteristics of the inward current after the hyperpo- 
larizing pulse were explored using more conventional 
pulse protocols. 

THE TRANSIENT INWARD CURRENT IN PACEMAKER CELLS IS 

A SODIUM CURRENT 

To prevent contamination of the inward currents with 
potassium currents, all subsequent experiments were car- 
ried out in solutions in which caesium ions were present 
in both the bathing solution and in the patch pipette (see 
Materials and Methods). Currents were recorded using 
the standard whole-cell tight seal technique [17] from 28 
cells with an [Na§ of 104 mM: in 23 of them, the [Na+]i 
was 10 mM and, in the other 5, [Na+]i was 70 raM. In 
these cells, depolarization to potentials more positive 
than -40  mV evoked obvious transient inward currents. 
Currents generated by voltage pulses to potentials be- 
tween -40  and +60 mV from a holding potential o f - 1 3 0  
mV in one cell are shown in Fig. 4A. The currents 
reached a peak within 2 to 3 msec and rapidly inactivated 
over the following 10 to 20 msec. 

The relationship between peak current and mem- 
brane potential is shown in Fig. 4B. It can be seen that 
the peak current reached a maximum at a potential o f - 1 0  
to 0 mV and reversed at +54 mV. Data from eight pace- 
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Fig. 4. Whole cell recording of sodium currents. (A) a family of cur- 
rents evoked by depolarizing pulses to potentials between -40 and +60 
mV from a holding potential o f -130  inV. The external solution con- 
tained 104 mM sodium and the internal (pipette) solution contained 10 
mM sodium. CoCI 2 and CsCI were also present in the external solution. 
(B) the current-voltage relationship for the currents shown above. Max- 
imum peak current amplitude was -7.4 nA (evoked by a step to 0 mV), 
and the current reversed at about 54 inV. The line through the data 
points is 1 = Gmax �9 (V - EN~)/(I + exp((V' - V)/k)) with EN, = 54 mV, 
V ' = - 1 6 m V a n d k = 7  inV. 
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Fig. 5. Evidence that the transient current is a sodium current. (A) 
current-voltage curves recorded with an internal sodium concentration 
of 70 mM before (open circles) and after (filled circles) addition of TTX 
(1 laM) to the extracellular solution. The line through the open circles, 
fitted as in Fig. 4, gave a reversal potential of +10 mV (V' = -27 mV, 
k = 5 mV). (B) current-voltage curves recorded with an internal sodium 
concentration of 10 mM and an extracellular sodium concentration of 
either 104 mM (open circles) or 54 mM (filled circles, 50 mM choline 
chloride substituted for 50 mM sodium chloride). The reversal poten- 
tials were 48 mV (open circles) and 27 mV (filled circles). 

maker cells gave an average reversal potential of  +57 + 
1.2 mV, close to the calculated sodium equilibrium po- 
tential, E~a, of +59 inV. In the five experiments carried 
out with an internal sodium concentration of  70 raM, the 
average reversal potential for the current was 13.1 + 3.0 
mV, also very close to the calculated EN~ of +10 inV. 
A current voltage curve for one of these cells can be seen 
in Fig. 5A (open circles). The inward current in this cell 
reversed at +10 mV. The shift in the current-voltage 
curve caused by changing the extracellular [Na +] from 
104 to 54 mr~ in one of  the experiments (choline substi- 
tuted for Na +) is illustrated in Fig. 5B. Currents were 
reduced in amplitude and the reversal potential shifted by 
about the 17 mV expected for a current carried predom- 
inantly by sodium ions. 

BLOCK OF THE TRANSIENT CURRENT BY TTX 

The transient inward current was blocked by TTX (1 laM, 
filled circles, Fig. 5A). At lower TTX concentrations, 

the Na + current was partially blocked, as illustrated in 
Fig. 6A. Exposure of  a cell to 10 nM TTX produced a 
significant reduction in sodium current. Increasing the 
TTX concentration to 100 n~ blocked almost all of  the 
current. The effect was not potential-dependent as can 
be seen in the current-voltage curves recorded from an- 
other cell (Fig. 6B) in control solution (open circles), in 
the presence of 10 nM TTX (filled triangles) and in the 
presence of  100 nM TTX (filled squares). The lines 
through the data points show the best fits of the Boltz- 
mann equation I = G m a  x - ( V  - Erda)/(1 + exp((V' - V)/ 
k)), where ENa is the sodium equilibrium potential, 1 is 
the peak current, Gma x is the maximum conductance, V is 
the membrane potential, V' is the potential at which I is 
half Gmax " (V - ENd) and k is a slope factor. The fits to 
the three sets of  data were obtained with an EN~ of +53 
mV, V'  of -14.5 mV and k of 6 mV in each case. Gm~ x 
values were 160, 45 and 5 nS for control solution, 10 nM 
and 100 nM TTX, respectively. Similar observations 
were made in another nine cells in addition to the two 
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Fig. 6. Effect of TTX on the transient sodium current. (.4) currents 
elicited by a voltage pulse from -130 to 0 mV in control solution and 
after exposure to 10 -8 M and 10 7 M TTX. (B) current-voltage curves in 
control solution (open circles) and in the presence of 10 -8 M TTX 
(filled triangles) and 10 -7 M TTX (filled squares). The lines through the 
points in the curves each curve are best fits of the Boltzmann equation 
(see text) with Exa = +53 mV, V' = -14.5 mV and k = 6 mV. 

illustrated in Fig. 6. It is clear that the transient sodium 
current recorded in these isolated cells was sensitive to 
the same concentrations of TTX that changed the fre- 
quency and rate of rise of action potentials in the intact 
sinus venosus (see Fig. 1). 

VOLTAGE DEPENDENCE OF THE TRANSIENT 
SODIUM CURRENT 

The observations above indicate that the transient inward 
currents recorded in single pacemaker cells were TTX- 
sensitive, voltage-dependent sodium currents. The func- 
tional role of this current in pacemaking activity de- 
pends, however, on whether the channels responsible can 
be activated over the range of potentials normally en- 
countered in pacemaker cells. In normal pacemaker ac- 
tivity, the diastolic potential ranges from about -65  mV 
to about - 50  mV, the threshold potential for action po- 
tentials [3, 7]. If sodium channels were completely in- 
activated in this potential range, they could not contrib- 
ute to the action potential. With this in mind, activation 
and steady-state inactivation curves for the transient cur- 
rent were determined in eleven cells. 
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Fig. 7, Voltage dependence of activation and inactivation of the tran- 
sient sodium current. Currents activated by positive voltage pulses from 
a holding potential of-130 mV were converted to conductance with an 
ENa = 55 mV, normalized to the maximum conductance and plotted 
against pulse potential to obtain the activation curve (triangles). The 
line through the points is the best fit of the Boltzmann equation (see 
text) with V' = -13 mV and k = 5.5 mV. The inactivation curve (circles) 
was obtained by plotting the normalized peak amplitude of currents, 
evoked by a depolarizing step to 0 mV following a 100 msec condi- 
tioning prepulse to levels from -130 to +20 mV, against the prepulse 
potential. Peak current amplitude was normalized by dividing by the 
maximum peak current. The line through the circles is a best fit of the 
Boltzmann equation (see text) with EN~ = 55 mY, V' = -42 mV and k 
=8 mV. 

The fraction of channels activated at any potential 
was measured by stepping the membrane potential from 
a prepotential o f - 1 5 0  mV to potentials from - 80  to +20 
mV. The peak current was converted to conductance and 
normalized to the maximum conductance obtained at 
+20 inV. The voltage-dependence of inactivation was 
determined from the peak amplitude of the transient cur- 
rent, generated by a voltage pulse to 0 mV following a 
300 msec prepulse to potentials from -130  to +20 mV, 
expressed as a fraction of the peak current obtained with 
the prepulse to -130  inV. Typical activation (triangles) 
and inactivation (circles) curves obtained in one cell are 
shown in Fig. 7. The inactivation and activation data 
were fitted with the Boltzmann equations I = Imax/(1 + 
e x p ( ( V -  V')/k)) and G = Gmax/(1 + exp((V' - V)/k)). 
V' values for activation and inactivation in Fig. 7 were 
-13  mV and -42  inV. Average V' values in eleven cells 
were - 16  + 1.9 mV for activation and -43  + 2.1 mV for 
inactivation. 

Similar experiments were done on single cells iso- 
lated from toad ventricles. These cells, like pacemaker 
cells, generated inward sodium currents when depolar- 
ized and the currents decreased in amplitude when TTX, 
10 to 100 riM, was added to the extracellular solution. 
However, the half maximum values for activation and 
inactivation of the sodium currents in ventricular cells, 
measured under identical conditions, were more negative 
than in the pacemaker cells. The mean values of V'  for 
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activation and inactivation in 5 ventricular cells were - 2 4  
+_ 3.6 mV and -55  + 4.1 inV. 

PERSISTENT SODIUM CURRENTS IN SINUS VENOSUS CELLS 

The TTX-sensit ive persistent sodium current recorded in 
mammalian ventricular cells probably contributes to the 
inward current causing depolarization during diastole 
[22, 29]. The finding that TTX, as well as causing a fall 
in the rate of  rise of  pacemaker action potentials, also 
caused a fall in heart rate, suggested that a similar per- 
sistent sodium current might also be present in pace- 
maker cells and contribute to pacemaking activity. Ex- 
periments were done, therefore, to examine this possi- 
bility. 

As the persistent current is very small and difficult 
to detect in the presence of other currents, the current 
was recorded by subtracting current obtained in the pres- 
ence of  TTX from that obtained in the same cell before 
exposure to TTX [22, 29]. In order to reduce the possi- 
bility of t ime-dependent changes in other currents, TTX 
was normally washed out and the currents recorded com- 
pared with those obtained before exposure to TTX: if any 
t ime-dependent changes were detected, the results were 
not used. In three experiments,  the persistent inward 
current at negative potentials was abolished by substitu- 
tion of choline for Na + in the extracellular solution pro- 
viding further evidence that the inward current is a so- 
dium current. 

In 13 of 25 cells, subtraction of pre- and post-TTX 
records showed an obvious TTX-sensit ive persistent cur- 
rent. In each case, washing the TTX from the bath 
caused a restoration of  the persistent current: it is thus 
unlikely that the persistent current arose from changes in 
other currents not related to exposure to TTX. Currents 
recorded in one of these experiments are shown in Fig. 8. 
The two traces in Fig. 8A show currents evoked by a 
voltage step from -130  mV to +20 mV, before and after 
exposure of the cell to TTX (10 nM) for 3 min. It is clear 
that the TTX depressed both the transient current and a 
persistent current. Subtraction of currents recorded be- 
fore and after exposure to the TTX shows the transient 
and persistent current blocked by TTX (Fig. 8B). The 
persistent current had an amplitude of about - 100  pA 
(insert, Fig. 8B), about 4% of the size of the transient 
current initiated by the same voltage pulse, 

The persistent current invariably appeared at more 
negative potentials than the transient current in the same 
cell. Fig, 9A shows TTX-sensit ive currents evoked by 
depolarizing steps to potentials between - 7 0  mV and - 4 0  
mV. At the more negative potentials, persistent inward 
currents could be seen in the absence of  a transient cur- 
rent. When current was converted to conductance and 
plotted against voltage, the graph shown in Fig. 9B was 
obtained. In the thirteen cells, the average maximum 

125 

A 

< 
,,5. = 

i . ,  

o 

0.50 i l TTX 
o.oo 

-0.50 '('//'~ control 
i / 

-1.00 i / 
i/ 

-1.50 

-2.00 - 

L__ ] I _ !  

0 20 40 60 80 

_ _ J  

100 

B 

,< 

- t  

o 

0.50 i 
0.00 . . . . . . . . . . . . .  

i kJ f f .o.5o / 
-I .00 , I o.lo 

0 . 0 0  

-1.50 -o.lo 

-2.00 .o.2o 
0 20  40  60  BO 1 0 0  J 

I _ _ 1  ~ _ _  

0 20 40 60 80 

J 

100 

F i g .  8. TTX-sensitive persistent sodium current. (A) currents evoked 
by a voltage step to +20 mV from a prepulse potential of -130 inV. 
TTX (10 -s M) reduced the amplitude of the transient current by about 
75% and also blocked a persistent inward current lasting more than 100 
msec. (B) the TTX-sensitive current obtained by subtraction of the 
current recorded in the presence of TTX from the control cm'rent. Inset 
is the same trace at higher current gain. 

persistent sodium conductance was 1.38 _+ 0.25 nS. The 
persistent current in this cell was half activated at - 3 9  
mV compared with - 2 4  mV for the transient current. 
In four cells in which it was possible to record the per- 
sistent current over a wide range of voltages, the Boltz- 
mann fits gave an average potential for half maximum 
conductance o f - 3 0  + 3.5 mV. Thus, as in mammalian 
ventricular myocytes [29], the persistent sodium current 
activates at more negative potentials than the transient 
sodium current. 

It is possible that the persistent current in these ex- 
periments could have been generated by a window cur- 
rent [2]. Although it has been demonstrated [29] that the 
persistent sodium current in mammalian ventricular mus- 
cle is not due to such a " w i n d o w "  current, there is some 
overlap in activation and inactivation of the transient 
sodium current in pacemaker cells within a range from 
- 4 0  mV to 0 mV (Fig. 7). If the Boltzmann fits are 
accurate descriptions of activation and inactivation of the 
transient current, a window current should not occur with 
a voltage step to +20 mV (Fig. 7) or to - 5 0  mV (Fig. 9). 
However,  to confirm that the persistent current recorded 
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Fig. 9. Voltage-dependence of the persistent sodium current. (A) TTX-sensitive currents recorded during 400 msec-voltage steps to the potentials 
shown from a holding potential of-130 inV. The line shows the zero current level. (B) conductance at the peak of the transient current (filled circles) 
and at the end of the persistent current (filled triangles) recorded in a different myocyte are plotted against test potential. Lines are best fits of the 
Boltzmann equation (see text) to the data. The voltages for half maximal activation from the Boltzmann fits were -24 mV for the transient 
conductance and -39 mV for the persistent conductance. 

was not due to overlap of the inactivation and activation 
curves, we also examined the current generated by a step 
to +60 mV which would be expected to produce rapid 
and complete inactivation of the transient current. In or- 
der to obtain a measurable current at this potential, the 
sodium concentration in the pipette was increased to 90 
mM and the sodium concentration in the extracellular 
solution was reduced to 4 rn~. Under these conditions, 
the sodium current is outward. Examples of currents 
produced by depolarizing a cell to +60 mV are shown in 
Fig. 10A. In the upper panel, there are three currents, all 
generated by a voltage step to +60 mV but following 
prepulses to -130 mV (largest transient current), -40  mV 
(small transient current) and 0 mV (no transient current). 
It is clear from the insert in the figure that the condition- 
ing prepulses that inactivated the transient current had 
little effect on the persistent current. In other words, the 
transient current shows voltage-dependent inactivation 
whereas the persistent current does not. This is illus- 
trated more clearly in Fig. 10B in which the voltage- 
dependences of inactivation of the transient and persis- 
tent currents recorded in one cell are compared. Similar 
curves were obtained in three other cells in which the 
effect of a wide range of conditioning prepulses was 
tested. This demonstration of a noninactivating current 
at very positive potentials makes it very unlikely that this 
current is a window current generated as a consequence 
of the properties of the transient current. 

Discussion 

TTX clearly reduced the rate of generation of action 
potentials in toad sinus venosus preparations. The more 
positive diastolic potentials in the presence of TTX are a 
secondary effect of blocking Na channels: the decrease 
in depolarization at the peak of the action potential in the 
presence of TTX leads to less delayed potassium con- 
ductance and hence a more positive diastolic potential [3, 
7, 121. 

We isolated pacemaker cells from sinus venosus 
preparations in order to record membrane currents. Cells 
were identified as pacemaker cells by their characteristic 
morphology, the presence of spontaneous rhythmic con- 
tractions and action potentials, and the absence of inward 
rectification [20]. Pacemaker cells identified in this way 
had a large transient and a small persistent inward TTX- 
sensitive sodium current when depolarized. 

Thus, it would appear that pacemaker cells of the 
toad sinus venosus contain voltage-dependent sodium 
channels that influence the frequency of action poten- 
tials. At first sight, this observation may be surprising 
because action potentials are not blocked by TTX in 
pacemaker cells. However, action potentials in these 
cells are blocked by cobalt indicating that calcium cur- 
rent makes the major contribution to the upstroke of the 
action potential. Although pacemaker cells have been 
thought not to contain sodium channels [20], it has been 
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Fig. 10. The persistent current is not a "window" current. (A) currents 
were evoked by a voltage step to +60 mV following prepulse potentials 
of-130,  -40 and 0 mV, first in control solution and then in the pres- 
ence of 2 x 10 v M TTX. The intracellular and extracellular Na + con- 
centrations were 90 and 4 raM, respectively, so that outward currents 
were generated at these potentials. The currents shown are the TTX- 
sensitive currents obtained by subtraction of currents recorded before 
and after exposure to the TTX. As the prepulse potential became more 
positive, the transient current became smaller but the persistent current 
was unaffected. (B) Amplitudes (normalized to maximum amplitudes) 
of TTX-sensitive transient (triangles) and persistent currents (circles, 
measured 200 msec after the onset of depolarization) evoked by a 
voltage pulse to +60 mV are plotted against prepulse potential. The 
transient current shows inactivation whereas the persistent current does 
not. 

well recognized that TTX can slow the heart rate in both 
amphibia [7, 12] and mammals [1], presumably by 
blocking sodium channels. Furthermore, sodium cur- 
rents have been described previously in single isolated 
pacemaker cells not exposed to TTX [ 10]. The evidence, 
taken together, demonstrates that pacemaker cells do 
contain TTX-sensitive sodium channels. 

The sodium currents recorded from pacemaker cells 
shared many of the characteristics of other TTX- 
sensitive sodium cun'ents. However, activation and in- 
activation occurred at more positive potentials than nor- 
mally found in other cardiac cells [24] and even in ven- 

tricular myocytes from the same animals recorded using 
identical procedures. The reason for this difference in 
pacemaker and ventricular cells is not clear. 

It appears that toad heart muscle is more sensitive to 
TTX than mammalian heart muscle. Concentrations 
greater than I [.tM are normally required to completely 
block sodium currents in the mammalian heart [26] 
whereas lower concentrations of TTX are needed to 
block sodium currents in amphibian cardiac muscle [ 19]. 
This would explain the effects we obtained on toad heart 
rate with 10 nr~ TTX. 

In addition to a transient TTX-sensitive sodium cur- 
rent, many pacemaker cells were found to contain a small 
TTX-sensitive persistent sodium current. This current is 
not the "background" sodium current that has been de- 
scribed in pacemaker cells [16] because it is voltage- 
dependent and blocked by TTX. A persistent TTX- 
sensitive sodium current has not been reported in pace- 
maker cells previously, probably because of its very 
small amplitude. It becomes obvious only when the 
"difference" current is revealed by subtraction of cur- 
rents recorded with and without TTX. This current is 
active in the potential range more negative than the 
threshold for action potentials and would be expected to 
contribute to the pacemaker current. It is hardly surpris- 
ing, therefore, that TTX slows the frequency of action 
potentials. 

Our results show that pacemaker cells of the sinus 
venosus in cane toads generate TTX-sensitive transient 
and persistent sodium currents. These currents are acti- 
vated over the range of membrane potentials normally 
seen in pacemaker cells. Although small, they would 
have a substantial influence on potential in these cells 
which have a high input impedance [8]. The slowing of 
heart rate caused by TTX can be explained by removal of 
the persistent current and consequent slowing of the rate 
of diastolic depolarization. Furthermore, since TTX is as 
effective as caesium in slowing pacemaking activity in 
these preparations [12], the persistent sodium current 
must make as significant a contribution to the pacemak- 
ing current as the cation channels activated by hyperpo- 
larization Ill] .  Finally these experiments give further 
support to the idea that pacemaking activity results from 
the coordinated activity of a variety of ion channels [6]. 
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