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Correlation between electrical activity and the size of rabbit
sino-atrial node cells
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1. Single cells were isolated from rabbit sino-atrial (SA) node by enzymatic dissociation.
Spontaneous action potentials and membrane currents were recorded using the whole-cell
patch clamp technique to study the relationship between electrical activity and the size of
the cells.

2. The size of SA node cells was estimated by measuring the cell capacitance. The cell
capacitance of SA node cells ranged from 21:8 to 615 pF with a mean + s.Em. of
382 + 1:3 pF (n = 61).

3. The action potential amplitude, maximum diastolic potential, take-off potential and action

potential upstroke velocity were greater in larger cells. The rate of diastolic depolarization
was greater and the intrinsic spontaneous activity was faster in larger cells.

4. The density of hyperpolarization-activated current (i;) was greater in larger cells, whereas
the density of L-type calcium current was not correlated with the size of SA node cells.

5. TTX-sensitive sodium current (iy,) was absent in small cells with a capacitance of less than
~25 pF, and the density of iy, was greater in larger cells.

6. The greater density of iy, in larger cells may explain the higher upstroke velocity of the
action potential in large cells, and the greater density of i, and iy, could be responsible for
the faster intrinsic spontaneous activity of large cells. These results suggest that the SA node
consists of electrophysiologically heterogeneous pacemaker cells with different electrical
membrane properties.

The sino-atrial (SA) node, the physiological pacemaker of
the mammalian heart, is an inhomogeneous tissue. Under
physiological conditions, the action potential is initiated in
the centre of the SA node (the leading pacemaker site) and
propagated to the atrial muscle via the periphery of the
node. Previous studies with light and electron microscopy
(James, 1967; Tranum-Jensen, 1976; Masson-Pévet, Bleeker,
Mackaay, Bouman & Houtkooper, 1979; Bleeker, Mackaay,
Masson-Pévet, Bouman & Becker, 1980; Masson-Pévet,
Bleeker, Besselson, Treytel, Jongsma & Bouman, 1984;
Oosthoek, Virdgh, Mayen, van Kempen, Lamers & Moorman,
1993) have revealed that SA node cells are morphologically
heterogeneous. Typical leading pacemaker cells located in
the centre of the SA node are characterized by empty
cytoplasm with few organelles and a few poorly organized
myofilaments, whereas in the periphery the cells are densely
packed with well-organized myofilaments and mitochondria.
The cell structure changes gradually from the centre
towards the periphery. The size of pacemaker cells is also

different in the centre and the periphery of the SA node:
leading pacemaker cells in the centre are small (less than
8 pm in diameter and 25-30 um in length) and the cells
become larger towards the periphery (Masson-Pévet et al.
1979; Bleeker et al. 1980; Masson-Pévet et al. 1984; Oosthoek
et al. 1993).

It is well known that spontaneous action potentials recorded
from intact SA node preparations of various species are
heterogeneous: action potentials from cells in the centre of
the node have a smaller amplitude and less negative diastolic
potentials associated with a slower upstroke than action
potentials from cells in the periphery (Masson-Pévet et al.
1979; Bleeker et al. 1980; Masson-Pévet et al. 1984; Opthof
et al. 1985; Opthof, de Jonge, Mackaay, Masson-Pévet,
Jongsma & Bouman, 1986; Opthof, de Jonge, Jongsma &
Bouman, 19874). The configuration of the action potential
changes gradually from the leading pacemaker site in the
centre towards the periphery. Such a transition of electrical
activity from the centre to the periphery could simply
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reflect a gradual increase in the electrotonic influence of the
surrounding atrial cells (with more hyperpolarized diastolic
potentials) from the centre towards the periphery. However,
it could also be the result of a regional difference in the
electrophysiological properties of SA node tissue. The latter
possibility is supported by results from experiments using
ligated or dissected small pieces of tissue from different
regions of the SA node. In this case, even though the
electrotonic influence of the surrounding atrial tissue is
removed, there is still a marked difference in the electro-
physiological characteristics of tissue from the centre and
periphery of the SA node (Kodama & Boyett, 1985; Opthof,
van Ginneken, Bouman & Jongsma, 1987%). This could be
the result of a regional difference in the electrophysiological
properties of individual pacemaker cells. However, recent
immunohistochemical studies have shown that, in some
species, atrial cells are intermingled with SA node
pacemaker cells in the peripheral region of the SA node
(Oosthoek et al. 1993; ten Velde et al. 1995). Based on these
results, Verheijck (1994) has put forward a new hypothesis:
he has suggested that the electrophysiological properties of
individual pacemaker cells are uniform throughout the SA
node and the apparent regional differences in electrical
activity in the intact SA node are the result of a progressive
increase in the percentage of intermingling atrial cells
towards the periphery giving rise to a progressive increase
in their hyperpolarizing influence from the centre towards
the periphery of the node.

We have investigated the mechanisms underlying the
electrophysiological heterogeneity in the intact SA node by
studying the relationship between electrical activity and the
size of isolated rabbit SA node cells. Contrary to Verheijck’s
(1994) hypothesis, the results obtained suggest that the SA
node consists of electrophysiologically heterogeneous pace-
maker cells with different membrane properties. Preliminary
results of this work have been published in abstract form
(Honjo & Boyett, 1992; Honjo, Boyett & Kodama, 1996).

METHODS

Cell isolation

Single SA node cells were enzymatically isolated from adult rabbit
hearts by methods similar to those described previously (Honjo,
Kodama, Zang & Boyett, 1992; Watanabe, Honjo, Anno, Boyett,
Kodama & Toyama, 1995). In brief, a New Zealand White rabbit
(6-10 weeks old) of either sex, weighing 1:0-1-5kg, was
anaesthetized with an intravenous injection of sodium pento-
barbitone (40 mg kg™'). Heparin (300-1000 u kg™) was injected at
the same time. After the rabbit was exsanguinated, the heart was
dissected out and placed in oxygenated Tyrode solution at 36 °C.
The SA node region was then isolated and cut into several strips
perpendicular to the crista terminalis. From each strip the
epicardial surface including atrial muscle was carefully removed
under a dissecting microscope. The SA node tissue strips were
immersed in nominally Ca®*-free Tyrode solution until spontaneous
beating ceased, and then transferred to an enzyme solution
containing collagenase and elastase. In some cases, protease was
added to the enzyme solution. The preparations were digested with
enzymes for 40 min at 36 °C. The digested strips were placed in a
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small amount of high K*, low CI” Kraft-Briihe (KB) solution and
teased to produce a cell suspension. The cells were kept at 4 °C
before they were used experimentally.

Electrophysiological measurements

Membrane potential and currents were recorded using the whole-
cell patch clamp technique. An Axopatch-1C amplifier (Axon
Instruments) was used. The resistance of the patch pipettes ranged
from 2 to 4 MQ when filled with the internal solution. The pipette
and cell capacitance and the series resistance (> 60%) were
electronically compensated. The current signal was filtered by a
Bessel-type low-pass filter with a cut-off frequency of 10 kHz
(—3dB). The seal resistance was routinely measured at the
beginning of each experiment and ranged from ~15 to ~20 GS2.
When the seal resistance was less than 10 GQ or 10 times the value
of the input resistance, the data were discarded. Membrane
potential and current were recorded using a personal computer (via
a CED 1401; Cambridge Electronic Design, Cambridge, UK)
running Signal Averager software (Cambridge Electronic Design) at
various sampling rates (2—50 kHz) and stored on videotape (via a
Neurocorder DR-886; Neuro Data Instruments, New York, NY,
USA) for later analysis. Spontaneous action potentials were recorded
at 35 £ 0-2°C and various measurements were made including the
action potential amplitude, action potential overshoot, maximum
diastolic potential (MDP), action potential duration at the half-
repolarization level and spontaneous cycle length (the time interval
between successive spontaneous action potentials). The rate of
diastolic depolarization was calculated during the first two-thirds of
the diastolic interval during which the slope of the pacemaker
potential is roughly constant. The take-off potential, the membrane
potential at which a spontaneous action potential is initiated, was
estimated from the intersection of two straight lines fitted to the
diastolic depolarization and to the upstroke of the action potential
(see the inset of Fig.4B). The first derivative of membrane
potential was calculated from digitized membrane potential data
(sampling frequency was 2—5 kHz) and its peak value was taken as
the maximum upstroke velocity. Mean values of these action
potential characteristics were calculated from at least five successive
action potentials. Cell capacitance (C,,), which is proportional to the
cell surface area, was calculated by fitting a single exponential
function to the decay phase of the transient capacity current in
response to +5 or +10 mV voltage clamp pulses from a holding
potential of —40 mV. In experiments to record hyperpolarization-
activated current (i) and L-type Ca®™* current (ig,), either hyper-
polarizing or depolarizing voltage clamp pulses (300 ms in duration)
to various potentials were applied from a holding potential of
—40 mV. The amplitude of i; was defined as the increase in inward
current during hyperpolarizing pulses, and i, was measured
simply as the peak of the inward current during depolarizing
pulses. These experiments were carried out at 35+ 0-2°C.
Tetrodotoxin (TTX)-sensitive Na™ current (iy,) was elicited by
30 ms depolarizing voltage clamp pulses from a holding potential of
—60 mV at room temperature (22—26 °C; see Results). Measurements
of i, Iy and iy, were made under physiological ionic conditions;
cells were superfused with normal Tyrode solution and the same
K*-rich pipette solution used to record action potentials was
employed. In order to minimize interference from rundown of
membrane currents, only action potentials and membrane currents
recorded within 3 min of the rupture of the patch were analysed
unless specified otherwise.

Solutions and drugs

Normal Tyrode solution contained (mm): 136:9 NaCl, 54 KCI,
1-8 CaCl,, 0-5 MgCl,, 0-:33 NaH,PO,, 5 Hepes and 10 glucose
(pH 7-4). Ca®*-free Tyrode solution was made by omitting CaCl,
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from the normal Tyrode solution. Enzyme solution consisted of
Ca®*-free Tyrode solution plus collagenase (250-400 U ml™;
Yakult, Tokyo, Japan) and elastase (12-35 U mI™, Sigma, Type
I1A) and in some cases protease (0-8—1'0 U ml™, Sigma Type
XIV). KB solution contained (mm): 20 taurine, 70 L-glutamic acid,
25 KCl, 10 KH,PO,, 3 MgCl,, 0:5 EGTA, 10 Hepes and 10 glucose
(pH 7-4). The pipette solution contained (mm): 140 KCl, 3 MgATP,
0'4 Na,GTP, 11 Hepes, 1 CaCl, and 11 EGTA (pCa 8, pH 7:2). The
liquid junction potential between normal Tyrode solution and the
pipette solution was measured experimentally (—4 mV) and was
corrected. TTX was purchased from Sankyo (Tokyo, Japan).
Statistics

Data are presented as means £ s.E.M. (number of cells) unless
otherwise indicated. Statistical analysis was performed by a linear
regression analysis and values of P<0-05 were considered to
indicate significance. The fitting of a normal distribution to the
histogram of cell capacitance in Fig. 1 was tested by a y* analysis.

RESULTS

Enzymatic digestion of rabbit SA node tissue yielded
morphologically different types of cells such as spindle-,
spider- or rod-shaped cells as demonstrated by other
investigators (Irisawa, Brown & Giles, 1993), and some of
these cells (~5-15%) showed regular and stable
spontaneous beating when superfused with normal Tyrode
solution. Only cells showing regular and spontaneous
beating were used; they were spindle-shaped, with no
obvious or faint striations, 40-120 um in length and
4-9 ym in width and typically had a small central bulge.
Denyer (1989) has demonstrated that these are single cells
because they have a single nucleus in the central bulge. Cells
with many long, thin extrusions (spider cells) were
neglected, since they might be undigested paired cells or
clusters of cells (Denyer, 1989; Denyer & Brown, 1990).
Clearly striated rod-shaped cells with a length of more than
~150 pm, which are similar to those isolated from the crista
terminalis (Giles & van Ginneken, 1985), were also rejected.
The capacitance of the cells ranged from 21:8 to 615 pF

Figure 1

Histogram of the cell capacitance of the 61 SA node
cells isolated from 22 rabbits used in the present
study. The dashed line shows the best-fit normal
distribution curve.

Number of cells
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with a mean +s.0. of 382+ 10:0 pF (n=061). The
distribution of cell capacitance was well fitted by a normal
distribution curve (Fig. 1, P < 0-05), suggesting that these
cells belong to a single population. The cells showed slowly
activating inward current (i) during hyperpolarizing
voltage clamp pulses (see Fig. 6) and a high input resistance
ranging from 15 to 3:5 GQ at —40 mV reflecting a lack of
the inwardly rectifying K* current iy ;. This combination of
morphological and electrophysiological characteristics
indicates that the cells were SA node pacemaker cells
(Irisawa et al. 1993).

Correlation between action potential characteristics
and cell size

Representative examples of spontaneous action potentials
recorded from different SA node cells of a rabbit are shown
in Fig. 2 — membrane potential is shown in the top trace
and the first derivative of the membrane potential in the
bottom trace. Data in the left-hand panel of Fig. 1 were
obtained from a small cell whose capacitance was 22:0 pF.
The action potential amplitude, maximum diastolic
potential (MDP) and maximum upstroke velocity of this cell
were 76:0 mV, —50:6 mV and 6-4 V s, respectively. These
values are comparable to those recorded from the centre of
the intact SA node and it is known that, in the centre, the
cells are small (Masson-Pévet et al. 1979; Bleeker et al.
1980; Masson-Pévet et al. 1984; Oosthoek et al. 1993). The
spontaneous cycle length of this cell was 377 ms. This is
consistent with the possibility that the cell was derived from
the centre of the node (see Discussion). Action potentials
recorded from a relatively large cell having a capacitance of
57-5 pF are shown in the right-hand panel of Fig. 2. This
cell had a larger action potential amplitude (95:5 mV), a
more negative MDP (—61-9 mV) and a larger maximum
upstroke velocity (33:9 Vs™) than those of the small cell
shown in the left-hand panel. These values are comparable
to those recorded from the periphery of the intact SA node
and it is known that in the periphery the cells are larger

- Mean = 38-2 pF
;7N S.D. = 10:0 pF
7 \\ n=61
15 / \
/
/ \
, \
/ \
10 / \
/ \
/ \
/ \
/ \
\
5 i / AN
5 \
P \
y \
s N\
~N
0 -
<233 234- 308- 383- 458- 2531
307 382 457 531

Cell capactiance (pF)



798 H. Honjo, M. R. Boyett, I. Kodama and J. Toyama J. Physiol. 496.3
220 pF 355 pF 57-5 pF
S W L
_m\J\)\/ 'ub
20V s

J,¢,4,, WLJFLL At A A

500 ms

Figure 2. Spontaneous action potentials recorded from three SA node cells of different size
Top, membrane potential. Bottom, first derivative of the membrane potential. The cell capacitance is shown

above each record.

than those in the centre (Masson-Pévet et al. 1979; Bleeker
et al. 1980; Masson-Pévet et al. 1984; Oosthoek et al. 1993).
The spontaneous cycle length of this large cell was much
shorter (173 ms) than that of the small cell (377 ms). This is
consistent with the possibility that the cell was derived from
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the periphery of the node (see Discussion). Action potentials
recorded from an intermediate size cell (G, 35'5 pF) are
shown in the middle panel of Fig. 2 — the action potential
characteristics (action potential amplitude, MDP, maximum
upstroke velocity and spontaneous cycle length) lie between

Figure 3. Correlation between action potential
amplitude and cell size

Plots of the amplitude of the action potential (4) and the
MDP (B) against the cell capacitance in 31 SA node cells.
The dotted lines were fitted by linear regression. In this
and other figures the results of a linear regression are
shown as an inset.
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those of the smaller and larger cells. This suggests that the
action potential configuration of SA node pacemaker cells
varies depending on cell size.

The relationship between action potential characteristics and
cell capacitance was investigated in thirty-one SA node cells
from seventeen rabbits (Cp,, 22:2—57'5 pF; mean + s.E.M.,
366 + 1:7 pF) — the results are summarized in Figs 3-5.
Figure 3 shows the relationship between the size of action
potentials and cell capacitance. Action potential amplitude
was significantly correlated with cell capacitance (r = 066,
P < 0-0001, n=31); the action potential amplitude was
greater in larger SA node cells (Fig. 34). The overshoot of
the action potential ranged from +10:8 to +33:4 mV
(mean + s.EM., +23-5 + 1-3 mV). There was no significant
correlation between the overshoot and cell capacitance
(r=10-34, P> 0:05, n = 31). This suggests that the change

Figure 4. Correlation between measurements
concerned with the upstroke phase of the action
potential and cell size

A and B, plots of the maximum upstroke velocity (4)
and the take-off potential (B) against the cell
capacitance in 31 SA node cells. The take-off potential
(TOP) was calculated from the intersection of a line
fitted to the diastolic depolarization and a line fitted to
the action potential upstroke, as shown in the inset.

C, plot of the maximum upstroke velocity against the
take-off potential. The dotted lines were fitted by linear
regression.
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in action potential amplitude with cell size could be due to a
variation of the MDP. As expected, the MDP of SA node
cells was significantly correlated with cell capacitance
(r=-—068, P<00001, n=31); the MDP was more
negative in larger cells (Fig. 3B).

Figure 4 shows relationships between measurements
concerned with the upstroke phase of the action potential
and cell capacitance. The maximum upstroke velocity
obtained from different SA node cells varied over a wide
range from 2'1 to 68:3 V s, and was significantly correlated
with cell capacitance (r=069, P< 00001, =»n=31;
Fig. 4A); relatively small SA node cells with a capacitance of
less than 30 pF had a maximum upstroke velocity of
10 V5™ or less, and some larger cells had a much greater
maximum upstroke velocity (of more than 60 Vs™). It is
possible that the upstroke of cells with a low upstroke
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velocity was generated by ig,, whereas the upstroke of cells
with a high upstroke velocity was generated by iy,. Since ig,
and iy, are known to have different thresholds, we
examined the relationship between the take-off potential
and cell capacitance. As shown in Fig.4B, the take-off
potential was significantly correlated with cell capacitance
(r=—069, P< 0:0001, n= 31); the take-off potential was
more negative in larger SA node cells. As expected from
these correlations between the maximum upstroke velocity
or the take-off potential and cell capacitance, the maximum
upstroke velocity was significantly correlated with the take-
off potential (r=—0-63, P <0:005, n =31, Fig. 4C): the
maximum upstroke velocity of cells with a take-off
potential less negative than ~—45mV was less than
10 V s™ — this is consistent with i., being responsible for
the upstroke of the action potential. The maximum upstroke
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velocity of cells having a take-off potential more negative
than ~—55 mV could be greater than 60 Vs — this is
consistent with iy, being responsible for the upstroke phase
of the action potential.

The action potentials shown in Fig. 2 suggest that the
spontaneous cycle length is shorter in larger cells. Figure 54
demonstrates that the spontaneous cycle length was
significantly correlated with cell capacitance in thirty-one
SA node cells (r=-071, P< 000001, n=231); the
spontaneous cycle length was shorter in larger cells. This
suggests that the spontaneous rate is paradoxically faster in
larger cells (possibly from the periphery of the node) than in
smaller cells (possibly from the leading pacemaker site, the
centre, of the intact SA node — see Discussion). Since the
spontaneous cycle length of SA node cells is theoretically
determined by the action potential duration, the slope of the

Figure 5. Correlation between the rate of the
spontaneous activity and cell size

A and B, plots of the spontaneous cycle length (4) and the
rate of diastolic depolarization (B)against the cell
capacitance in 31 SA node cells. C, plot of the spontaneous
cycle length against the rate of diastolic depolarization.
The dotted lines were fitted by linear regression.
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pacemaker potential (the rate of diastolic depolarization)
and the difference in membrane potential between the MDP
and take-off potential, relationships between these three
measurements and cell capacitance were investigated. There
was no significant correlation between action potential
duration and cell capacitance (r=—0-08, P> 0-5, n = 31)
or the difference in membrane potential between the MDP
and the take-off' potential and cell capacitance (r = —0-35,
P> 0:05, n=31). On the other hand, the rate of diastolic
depolarization . was significantly correlated with cell
capacitance (r= 068, P < 00001, n=31); the rate of
diastolic depolarization was greater in larger SA node cells
(Fig. 5B). This suggests that the spontaneous cycle length of
SA node cells is determined by the rate of diastolic
depolarization. This is confirmed by the highly significant
correlation between spontaneous cycle length and the rate of
diastolic depolarization as shown in Fig.5C (r=—073,
P < 0-00001, n=31).

In order to understand the ionic mechanisms underlying
these cell size-dependent variations in the electrical activity
of isolated SA node cells, relationships between the density
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of various membrane currents involved in the generation of
the spontaneous action potential and cell size were
investigated.

Correlation between i, density and cell size

First, we examined the relationship between the density of
i and the size of isolated SA node cells. Figure 64 shows
two sets of superimposed current traces in response to
hyperpolarizing voltage clamp pulses (300 ms in duration)
obtained from small and large SA node cells with
capacitances of 22:4 and 44-7 pF, respectively. The two cells
were obtained from the same rabbit. The amplitude of i; was
defined as the increase in inward current from the
beginning to the end of the 300ms pulses. The
current—voltage relationships of i; obtained from these two
SA node cells are shown in the bottom panel of Fig.64
(current density — current amplitude normalized by €, — is
plotted against the membrane potential of the 300 ms
pulse). The density of i; at each potential level was greater
in the larger cell. On the other hand, the threshold potential
for the activation of i, was approximately the same in the
two cases. Figure 6B shows the relationship between the
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Figure 6. Correlation between the density of i; and cell size

A, comparison of i recorded from small (C,,, 22:4 pF) and large (C,,, 44'7 pF) SA node cells. Top panels,
superimposed current traces in response to hyperpolarizing voltage clamp pulses to various potentials
(ranging from —50 to —120 mV in 10 mV increments) from a holding potential of —40 mV. The cell
capacitance is shown above the records. Bottom panel, current—voltage relationships for i in the two cells.
The density of i; (current amplitude normalized by C,) is plotted. B, relationship between the density of i
measured at —110 mV and cell capacitance in 12 SA node cells. The dotted line was fitted by linear

regression.
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density of i; and cell size in twelve SA node cells from three
rabbits. In this graph, the density of i measured at
—110 mV is plotted against the cell capacitance (Cp,
24:8-51:2 pF; mean + s.EM., 377 £ 2:1 pF, n=12). The
density of i was significantly correlated with cell
capacitance (r = 077, P < 0-005, n = 12); the density of i
was greater in larger SA node cells.

Correlation between i, density and cell size

The relationship between the density of i, and cell size was
investigated in the same set of SA node cells as used to
record ;. In experiments to record ig,, depolarizing voltage
clamp pulses (300 ms in duration) were applied from a
holding potential of —40 mV. The amplitude of i, was
measured as the peak inward current during the
depolarizing pulses. To test for cell size-dependent
differences in i, twelve cells from three rabbits were
divided into two groups: small cells with a capacitance of
less than 35+0 pF (mean + s.E.M., 313 + 1:8 pF, n = 5) and
large cells with a capacitance of more than 350 pF
(mean + s.EM., 42:2 + 2:1 pF, n="T). The amplitude of is,
was compared in the two groups. Figure 74 shows the
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current—voltage relationship of iy, in the two groups of cells.
The absolute amplitude of ig, is plotted in the top panel and
the density of iy, (current amplitude normalized by C,) is
shown in the bottom panel. Although the absolute
amplitude of i, was less in the smaller cells, the density of
ic, Was similar in the two groups at the various potentials.
Figure 7B summarizes the individual results obtained from
the twelve SA node cells; the density of iy, measured at
0 mV is plotted against the cell capacitance. There was no
significant correlation between the density of i, and cell
capacitance (r=—0-14, P> 05, n=12). Similar results
were obtained if i, was measured as the difference between
the peak inward current and the current at the end of the
300 ms depolarizing pulses. In this series of experiments
there was also no significant correlation between cell
capacitance and either the holding current at —40 mV or the
current at the end of the 0 mV pulse.

Correlation between 1, density and cell size

As shown earlier, the maximum upstroke velocity of large
cells can exceed 60 Vs™ and it is possible that iy, is
responsible for the upstroke in these cells. In small cells,
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Figure 7. Relationship between the density of i, and cell size

A, current—voltage relationships for i, obtained from a group of small cells with a capacitance of less than
35 pF (n = 5) and a group of large cells with a capacitance of more than 35 pF (n = 7). Means + s.E.M. are
shown of the amplitude of ig, (top panel) and the density of i, (current amplitude normalized by Cp,
bottom panel). The inset shows superimposed records of membrane currents (predominantly i) in
response to depolarizing voltage clamp pulses to +40, +20, 0 and —20 mV from a holding potential of
—40 mV obtained from an SA node cell with a capacitance of 45-8 pF. B, relationship between the density
of iz, measured at 0 mV and cell capacitance in 12 SA node cells.
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however, the maximum upstroke velocity is less than
10 Vs — in these cases the low upstroke velocity can be
explained by the absence of iy, as a result of either the
voltage-dependent inactivation of iy, due to the less
negative diastolic potentials of small cells or the absence of
Na" channels in these cells. To distinguish between these
possibilities, we investigated the relationship between the
density of iy, and the size of SA node cells. To improve
voltage control during measurement of iy,, iy, was
recorded from a holding potential of —60 mV, at which
there is partial inactivation of iy,, and at a low temperature
(22—-26 °C rather than 35 °C as used in the remainder of the
study). The extracellular and intracellular solutions were the
same as those used in the remainder of the study.

Figure 8 shows recordings of TTX-sensitive iy, present in a
relatively large SA node cell (C,,, 546 pF). Superimposed
records of membrane currents before and after the
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application of 20 um TTX are shown in Fig.84. Under
control conditions, depolarizing voltage clamp pulses
activated a large inward current which rapidly activated
and inactivated. TTX at 20 gm completely abolished the
fast inward current, which indicates that this current is the
TTX-sensitive iy,. The TTX-sensitive component of the
current was obtained by subtraction and is shown in
Fig.8B: the difference currents are shown in the upper
panel and the current—voltage relationship of the peak
inward difference current is shown in the lower panel. After
the block of iy, by 20 um TTX, at very positive potentials,
there remained outward current with slow inactivation
(possibly the transient outward current; Denyer & Brown,
1990; Ito & Ono, 1995) and, at less positive potentials,
inward current (presumably i.,). The inward current (at

slow and fast time bases) is shown in the two lower panels of
Fig. 84.
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Figure 8. TTX-sensitive ¢y, in an SA node cell with a capacitance of 54'6 pF

A, superimposed records of membrane current in response to depolarizing voltage clamp pulses to various
potentials (ranging from —55 to +30 mV in 5 mV increments) from a holding potential of —60 mV. Data
were obtained before (control) and after the application of 20 um TTX. The inset shows the records of
membrane current during the pulses to +20, 0 and —20 mV after the application of TTX at a slow time
base. B, TTX-sensitive current. Top panel, superimposed records of TTX-sensitive currents obtained by
subtraction of currents in the presence of TTX from those under control conditions. Bottom panel,
current—voltage relationship of the peak inward TTX-sensitive current. All data from the same

experiment.
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Experiments to record iy, were performed on a total of
eighteen SA node cells from five rabbits (C,,, 21:8—61'5 pF;
mean + s.E.M., 40'4 + 2:8 pF, n=18). Sets of membrane
currents recorded during depolarizing pulses from four of
the cells are shown on the left of Fig. 94. As shown in the
top left-hand panel of Fig. 94, in three out of the eighteen
cells depolarizing pulses elicited only currents composed of
transient outward current and i, and even when the
holding potential was increased from —60 to —80 mV, iy,
was not activated. All the three cells were small in size with
a capacitance ranging from 218 to 23:6 pF (Fig. 9B). In the
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remaining fifteen cells (C,, > 285 pF) depolarizing pulses
activated iy, (Fig.94). iy, was completely abolished by
20 uM TTX in all cells tested (n = 10), and it was inhibited
by 816 +1:3% by 2 um TTX (n=2). Current—voltage
relationships for the peak inward current (iy,) are shown on
the right of Fig.94; iy, density (current amplitude
normalized by () is plotted against the membrane
potential. The current—voltage relationships are similar in
shape in the different cells, but the peak iy, density at
~—5 mV increased with increase in cell size. The relationship
between iy, density at —5mV and cell capacitance in
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Figure 9. Correlation between the density of iy, and cell size

A, iy, in 4 SA node cells of different size. Left panel, superimposed records of membrane current in
response to depolarizing voltage clamp pulses to various potentials (ranging from —55 to +30 mV in 5 mV
increments) from the 4 cells. The cell capacitance is shown above each set of records. Right panel,
current—voltage relationships for the peak inward current in the 4 cells. B, plot of the density of peak iy,
(current amplitude normalized by C,, ) measured at —5 mV against cell capacitance in 17 SA node cells. The

dotted line was fitted by linear regression.
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seventeen SA node cells (C,,: mean + s.E.m., 41'1 + 2:8 pF,
n=17) is shown in Fig.9B. The density of iy, was
significantly correlated with cell capacitance (r= 067,
P <0005, n=17); iy, density was greater in larger SA
node cells. In this statistical analysis, data obtained from
one cell (C,,, 285 pF) out of a total of eighteen cells were
excluded because the iy, density in this cell (145'5 pA pF™)
was extraordinarily large and greater than the mean plus

two standard deviations (mean £ s.D. of iy, density,
569 + 36-8 pA pF*, n=18).

DISCUSSION

In the present study, the relationship between electrical
activity and the size of cells isolated from the whole SA
node region of the rabbit heart was investigated. All the
data were obtained from spindle-shaped cells with regular
and stable spontaneous activity. The characteristics of the
cells (site of origin, cell shape and size, regular spontaneous
beating, cell capacitance, presence of i, absence of i |,
high input resistance and action potential characteristics)
prove that they are SA node pacemaker cells. We
endeavoured to work only on single cells (rather than pairs
or clusters). The fact that the distribution of cell capacitance
could be reasonably well fitted by a normal distribution
curve (Fig. 1) suggests that we were dealing with a
population of single cells. Spider cells, similar to those
described by DiFrancesco, Ferroni, Mazzanti & Tromba
(1986) and Denyer & Brown (1990) were not included in the
study because it is difficult to distinguish a genuine single
cell from a pair or cluster of cells (Denyer & Brown, 1990).
Some of the spider cells are genuine single cells (Verheijck,
1994) and we cannot exclude the possibility that we missed
a population of cells with differing characteristics by not
investigating spider cells.

The present study shows that various features of electrical
activity are significantly correlated with cell capacitance, an
index of cell size: in larger cells the MDP and the take-off
potential were more negative, the action potential amplitude,
the maximum upstroke velocity and the rate of diastolic
depolarization were greater and the spontaneous cycle
length was less. In all respects the electrical activity of the
smaller cells matches that of small balls of tissue from the
centre of the SA node and the electrical activity of the larger
cells matches that of small balls of tissue from the periphery
of the SA node (Kodama & Boyett, 1985). For example, in
small balls of tissue from the centre of the rabbit SA node
the maximum upstroke velocity was ~1:3 V s7, the action
potential amplitude was ~47 mV, the MDP was ~—50 mV
and the spontaneous cycle length was ~352 ms (compare
with the data for small cells in Figs 3—5), whereas in small
balls of tissue from the periphery the maximum upstroke
velocity was ~41 V s, the action potential amplitude was
~88 mV, the MDP was ~—71 mV and the spontaneous cycle
length was ~298 ms (compare with the data for large cells
in Figs 3-5) (Kodama & Boyett, 1985). Again, similar data
to that from small and large cells have been obtained from
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the intact SA node of the rabbit (Bleeker et al. 1980;
Masson-Pévet et al. 1984). However, in this case the rate of
diastolic depolarization decreases from the centre to the
periphery (Bleeker et al. 1980; Masson-Pévet et al. 1984),
whereas the rate of diastolic depolarization is greater in
large cells (and also small balls of tissue from the periphery)
than in small cells (or small balls from the centre) — this
difference is considered below.

Previous morphological studies of the rabbit SA node tissue
have shown that the size of pacemaker cells gradually
increases from the leading pacemaker site in the centre of
the SA node towards the periphery (Bleeker et al. 1980;
Masson-Pévet et al. 1984; Opthof et al. 1987a; Oosthoek et
al. 1993). Based on this, it is reasonable to hypothesize that
the regional differences in electrical activity in the intact SA
node (and in the small balls of tissue) are the result of a cell
size-dependent variation in electrical activity. This is
contrary to the hypothesis of Verheijck (1994), in which he
suggested that the electrical activity of SA node cells is
uniform and regional differences in the intact SA node are
the result of a variable mix between SA node and atrial
cells. Although we have shown that SA node cells are
heterogeneous, we cannot rule out the possibility that the
mixing of atrial with SA node cells may influence the
properties of the SA node.

Doerr, Denger & Trautwein (1989) isolated two functionally
different types of pacemaker cells from the rabbit SA node;
one from the centre showed a slower upstroke, a smaller
action potential and a less negative MDP than the other
from the periphery of the SA node. However, these
investigators did not mention the morphology of the two
types of SA node cells. In cell culture Nathan (1986) also
identified two morphologically distinct spontaneously
beating cell types from the rabbit SA node (types I and II).
Type I cells were spindle shaped and weakly beating, and
the action potential had a low maximum upstroke velocity
(~3 V s™). Type II cells were perhaps originally rod shaped
(although they rounded up in cell culture) and strongly
beating, and the action potential had a high upstroke
velocity (~32 V s™). Both the results of Doerr et al. (1989)
and Nathan (1986) are consistent with the results of the
present study.

Our working hypothesis is that the smaller cells may
dominate the centre of the SA node, whereas larger cells
may dominate the periphery. The present results, however,
show that the spontaneous cycle length was shorter for large
cells. In experiments on small balls of tissue from the rabbit
SA node, in which this electrotonic interaction is removed,
Kodama & Boyett (1985) also showed spontaneous activity
of balls from the periphery was faster than that of balls
from the centre. Similar results were reported by Opthof et
al. (1987b) in experiments using small tissue preparations
dissected from the rabbit SA node. This apparent paradox
can be explained by electrotonic interaction between
pacemaking SA node cells in the periphery and the
surrounding non-pacemaking atrial cells in the intact SA
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node. Recently, we demonstrated in isolated rabbit SA node
cells that the spontaneous activity of an SA node cell is
easily inhibited when the cell is coupled to a membrane
model of an atrial cell (Watanabe et al. 1995). Further
support for electrotonic inhibition of the periphery of the
SA node by the surrounding atrial muscle has also been
provided by other studies (Kirchhof, Bonke, Allessie &
Lammers, 1987; Winslow, Kimball, Varghese & Noble,
1993).

We measured i, i, and iy, in a wide range of different
sized SA node cells (Cy,, 21-8—61'5 pF). The results have
revealed that the larger the cell capacitance the greater the
density of i; and iy,, although there was no such cell size-
dependent variation in the density of i,. To the best of our
knowledge, this is the first report demonstrating a
relationship between morphology and ionic currents in
isolated pacemaker cells from the mammalian SA node. A
new sustained inward current (i) has been demonstrated in
single rabbit SA node cells by Guo, Ono & Noma, (1995) and
the authors commented that the current was only recorded
in typical SA node cells (C,, 47 *+ 14 pF) and not in
‘transitional’ (‘peripheral’ in the terminology of the present
study) SA node cells.

The greater rate of diastolic depolarization and the faster
spontaneous activity (shorter spontaneous cycle length) of
larger cells may be attributed at least in part to the greater
density of i; in larger cells. Nikmaram, Boyett, Kodama &
Suzuki (1995) investigated the effects of different i; blockers
(2mm Cs*, 1 um UL-FS 49 and 3 um ZD 7288) on the
pacemaker potential in different regions of the intact SA
node of the rabbit. The reduction of the rate of diastolic
depolarization was minimal in the centre (~22 to ~25%)
and maximal (~69 to ~120%) in the periphery. They also
examined the effects of 2 mm Cs*™ on small balls of tissue
from different regions of the SA node. The Cs*-induced
reduction in the rate of diastolic depolarization and the
increase in spontaneous cycle length were greatest in balls
from the periphery and least in balls from the centre.
Similar regional differences of Cs* action in small
multicellular tissue preparations of rabbit SA node were also
reported by Kreitner (1985). The data of Nikmaram et al.
(1995) and Kreitner (1985) are consistent with the results
from the present study.

In the present study, the take-off’ potential was relatively
positive (~—45 mV) and the maximum upstroke velocity
was low (less than 10 V s7) in small SA node cells with a
capacitance of less than ~25 pF, whereas in larger cells the
take-off potential was more negative (~—55 mV) and the
maximum upstroke velocity could be dramatically greater
(more than 60 Vs™). The relatively positive take-off
potential and low maximum upstroke velocity in small cells
can be explained by the absence of iy, in these cells; in these
cells i, is presumably responsible for the upstroke. iy, has a
threshold of ~—40 mV and is relatively small in amplitude
(in comparison with iy,) and thus the relatively positive
take-off potential and low upstroke velocity can be
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explained. The relatively negative take-off potential and
high upstroke velocity of larger cells can be explained by the
presence of iy, (the threshold of iy, is ~—60 mV, thus
explaining the more negative take-off potential, and iy, is
larger than iy, thus explaining the higher maximum
upstroke velocity). In larger cells, not only is the iy, density
greater, but the more negative diastolic potentials will mean
that there will be less inactivation of iy,.

Baruscotti, DiFrancesco & Robinson (1996) recently
investigated age-dependent changes in iy, in rabbit SA node
cells. In their experiments, iy, was present in SA node cells
isolated from newborn rabbits, whereas iy, was absent in
SA node cells obtained from adult rabbits. The apparent
discrepancy between their data showing the absence of iy,
in adult SA node cells and ours indicating the presence of
ina in adult rabbit SA node cells can be explained by the cell
size-dependent differences in iy,. Baruscotti et al. (1996)
used small SA node cells with a capacitance of ~20 pF. In
the present study iy, was also absent in cells with this
capacitance. iy, present in rabbit SA node cells has also been
reported by Denyer & Brown (1990) and Oei, van Ginneken,
Jongsma & Bouman (1989). In the study of Nathan (1986)
on cultured rabbit SA node cells, the type II cells (possibly
peripheral — see above), but not the type I cells (possibly
central), possessed iy,. In experiments on multicellular
preparations of the SA node, the maximum upstroke
velocity was markedly reduced by TTX in the periphery,
but not the centre, of the SA node (Kreitner, 1985; Lipsius
& Vassalle, 1987). In a recent study of small balls of rabbit
SA node tissue, TTX caused a decrease in the maximum
upstroke velocity to less than 10% in peripheral tissue,
whereas it had no significant effect on the upstroke in
central tissue (Nikmaram, Kodama, Boyett, Suzuki &
Honjo, 1996). In small balls of tissue taken from the
periphery (but not from the centre) of the SA node, TTX
also shifted the take-off potential from ~—60 to ~—45 mV
and as a result of this the spontaneous cycle length was
prolonged by ~150%. Such regional differences in the
action of TTX can be explained by the cell size-dependent
differences in iy, density demonstrated in the present study.
It is concluded from this that the increase in the density of
I, in large cells is possibly not only responsible for the more
negative take-off potential and higher maximum upstroke
velocity in the periphery of the SA node, but also partly
responsible for the faster intrinsic pacemaker activity in the
periphery.

Although this study has highlighted cell size-dependent
variation in the density of i and iy, in the region-
dependent changes in electrical activity within the SA node,
we cannot rule out possible differences in other ionic
currents that are involved in pacemaker activity in SA node
cells, such as delayed rectifier K™ current (Ito & Ono, 1995;
Ono & Ito, 1995; Verheijck, van Ginneken, Bourier &
Bouman, 1995), T-type Ca** current (ic,,; Hagiwara,
Irisawa & Kameyama, 1988; Doerr et al. 1989) and back-
ground currents (Hagiwara, Irisawa, Kasanuki & Hosoda,
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1992; Ito, Ono & Noma, 1994; Guo, Ono & Noma, 1995;
Sakai, Hagiwara, Matsuda, Kasanuki & Hosoda, 1996). For
example, Hagiwara et al.(1988) have shown that the density
of i¢, ¢ in rabbit SA node cells is much larger (approximately
10 times larger) than that in atrial cells, and Doerr et al.
(1989) have reported a marked cell-to-cell variation in the
negative chronotropic effect of selective i,  blockade (by
40 um Ni*™). These findings suggest differences in the
density of i, rin SA node cells.

Although the centre of the SA node is the leading
pacemaker site under normal conditions, it is well known
that the leading pacemaker site shifts to a more peripheral
part of the SA node in various circumstances (fall in
temperature, fall in extracellular Ca®*, application of cardiac
glycoside, adrenaline or ACh, parasympathetic and
sympathetic stimulation, block of i, or the rapid delayed
rectifier K* current, ix y — Bouman, Mackaay, Bleeker &
Becker, 1978; Steinbeck, Bonke, Allessie & Lammers, 1978;
Mackaay, Opthof, Bleeker, Jongsma & Bouman, 1980;
Verheijck, 1994). ‘Pacemaker shift’ presumably occurs
because the pacemaker activity of different regions of the
SA node is differentially affected by interventions, and this
in turn must be a consequence of the regional differences in
ionic mechanisms underlying pacemaker activity that we
have begun to explore in the present study. The data of
Baruscotti et al. (1996) suggest that the Na® channel is
distributed throughout the SA node of the newborn rabbit,
whereas the data from the present study suggests that in the
adult rabbit (~2-3 months old) the Na' channel may be
absent in the centre and only present in the periphery of the
SA node (as a result the upstroke velocity is low in the
centre and high in the periphery as discussed above). Alings
& Bouman (1993) reported that in the rabbit the area of the
SA node with an upstroke velocity of less than 5V s™
increases 27 times with age (up to 5 years). This is
presumably the result of a further reduction in the
expression of the Na” channel in the SA node. Alings &
Bouman (1993) suggested that this may help to explain the
well known age-related dysfunction of the SA node. This
raises the possibility that upregulation of the Na* channel in
the SA node may help to rectify age-related dysfunction of
the SA node.

In conclusion, in the present study we have demonstrated
that the rabbit SA node is composed of electrophysiologically
heterogeneous pacemaker cells with different electrical
membrane properties; the densities of i; and iy, are higher
in larger SA node cells than in smaller cells, whereas the
density of i, is cell size independent. The similar voltage
dependence of activation of i and iy, in cells of different
size suggests that the greater current density is probably the
result of a higher expression of functional channels on the
cytoplasmic membrane. The cell size-dependent differences
in ionic currents may underlie regional differences in
electrical activity within the SA node. However, the
differences in i; and iy, densities cannot explain some of the
regional differences in electrical activity within the SA node
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(such as the variation in the MDP), and differences in other
ionic currents may also contribute to the regional differences
in electrical activity. To elucidate these differences, further
studies will be required.
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