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CHAPTER 1
INTRODUCTION

There is extensive evidence that latent (subsidiary) pacemakers are located within
specific regions of the mammalian right atrium (23,24,120,121,180,196,197). Both in
vivo and in vitro experiments have shown that following surgical excision (120,121,180),
exclusion (196,197) or suppression (27,185,186) of the SA node, the site that assumes
pacemaker activity is consistently located in the caudal region of the right atrium.
Further in vitro experiments have localized this latent pacemaker activity to the
Eustachian ridge (185,188,189). The Eustachian ridge is a caudal extension of the crista
terminalis that lies within the distribution of the posterior internodal pathway, and runs
close to the opening of the inferior vena cava (199). Morphological studies have shown
that cells thought to be responsible for SA node pacemaker activity, i.e. P cells
(119,206), are found in specific extranodal regions of the right atrium. Thus, Sherf and
James (199) report that P cells are found in the Eustachian ridge and Bachmann’s bundle
of human and canine hearts. In addition, P cells within the Eustachian ridge have been
correlated with pacemaker activity, and are ultrastructurally similar to those found in SA
node (188). These studies indicate that the Eustachian ridge is a functionally important
site of latent pacemaker activity, and that this activity may be generated by pacemaker

cells similar to those found in SA node.
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In- vitro electrophysiological studies of latent pacemaker activity have been
performed on multicellular preparations of the Eustachian ridge isolated from dog and
cat right atria (185,188,189). These studies revealed that spontaneously active
Eustachian ridge tissues generate slow response pacemaker action potentials with
characteristics similar to those of SA node (188), but different from those of typical atrial
muscle (185). Latent pacemaker action potentials exhibit a prominent diastolic
depolarization, significantly lower maximum diastolic potential and slower rate of rise
than typical atrial muscle. Although significant insights into atrial latent pacemaker
function have been gained from multicellular tissues, these preparations limit our ability
to determine the ionic current mechanisms underlying pacemaker automaticity.

With the advent of single cell techniques, it is now possible to study the ionic
currents in single cardiac cells isolated from specific regions of the heart. Thus, single
pacemaker cells have been isolated from SA node, and patch-clamp techniques (93) have
been used to study ionic currents in these single pacemaker cells (48,59,159,160,213).
In general, experimental evidence indicates that multiple ionic current are involved in the
generation of primary pacemaker activity, although the relative contribution of each
current is still controversial (38,83,112,113,164). However, comparable studies have
not been performed for atrial latent pacemaker function.

Therefore, the specific aims of the present research are: 1) to isolate viable single
latent pacemaker cells from the Eustachian ridge of cat right atrium, 2) to study the
morphology and passive membrane properties of these single latent pacemaker cells, and

3) to systematically analyze each of the major ionic currents, i.e. I;, Iy, and Ca?*



3

currents, in order to gain insight into the ionic mechanisms underlying latent pacemaker
activity. In addition, this study will focus on the role of Na-Ca exchange in latent

pacemaker function.



CHAPTER II
LITERATURE REVIEW

A. Primary and Latent Pacemakers.

Pacemakers in the mammalian heart are thought to be organized in a hierarchy
consisting of a primary site and a number of latent (subsidiary) sites. The sinoatrial (SA)
node serves as the primary pacemaker in the mammalian heart (30,75,136). The primary
pacemaker controls the beating rate of the whole heart, because it exhibits the fastest
inherent rate and it overdrive suppresses latent pacemakers throughout the heart (216).
Latent pacemakers have been found in different regions of the heart including
atrioventricular (AV) node (128,154,211), coronary sinus (27,76,224), atrioventricular
valves (8,184), atrial muscle (Eustachian ridge) (185,186,188), and Purkinje fibers
(65,215). In the classical concept of pacemaker hierarchy, it is generally believed that
the AV node is the next most automatic pacemaker in the absence of the SA node
(75,154,211,212). This concept has been challenged by the findings that after removal
or suppression of the SA node the emerged dominant latent pacemaker site is located
within the right atrium (74,116,120,121,179-181,196,197). Thus, Sealy et al. (196,197)
found that after surgical exclusion of the canine SA node, pacemaker rhythms were

generated from low right atrial sites. Using electrophysiological mapping techniques,

4



5
Jones et al. (120,121) showed in the canine that after removal of the SA node along with

3-4 cm of sulcus terminalis, the latent pacemaker site of earliest activation was located
at the junction of inferior right atrium with the inferior vena cava. Experiments on the
conscious animal showed that these atrial latent pacemakers were capable of assuming
pacemaker control of the heart and were regulated by both divisions of the autonomic
nervous system (120,121,179,180,187,203). The atrial subsidiary pacemakers differed
from both SA node and AV node pacemakers. Their spontaneous rates of discharge were
slower than those of the SA node and faster than those of the AV node (121). Further
in vitro studies localized the latent pacemaker site to the Eustachian ridge, a caudal
extension of the crista terminalis that courses close to the opening of the inferior vena
cava (185,186,188). Rozanski et al. (186) studied latent atrial pacemaker activity in an
in vitro right atrial preparation isolated from the canine heart. In their experiments,
suppression of SA node activity was accomplished by ligating the SA node artery. The
appearance of latent pacemaker activity following SA node suppression was facilitated
by the presence of (-adrenergic stimulation. The spontaneous rate of latent atrial
pacemakers was significantly slower than that of SA node pacemakers. Latent
pacemakers were more sensitive to the negative chronotropic effects of ACh than the SA
node. In addition, rapid pacing of latent pacemakers resulted in pacemaker suppression
with a significantly longer recovery time than those recorded in SA node. These
responses are similar to those found in whole animal experiments. These studies indicate
that the atrial pacemakers located within the Eustachian ridge are a functionally important

component in the hierarchy of cardiac pacemakers.



B. Morphology of Cardiac Pacemaker Cells.

Numerous morphological studies indicate that SA node pacemaker cells have
ultrastructural characteristics distinct from typical atrial muscle (117-119,146,147,175).
In general, SA node consists of three cell types: 1) "P cell” or leading pacemaker cell,
2) transitional cell or latent pacemaker cell, and 3) working atrial muscle cell
(119,147,175). P cells are characterized by a relatively small diameter, sparse
myofibrillar content, a relatively large nucleus, ovoid or spindle shaped, with a pale
histological appearance (119,147,175). Taylor et al. (206) provided direct evidence that
P cells are responsible for pacemaking within the SA node. In their experiments, cells
exhibiting true pacemaker action potentials were iontophoretically tagged with lanthanum.
The lanthanum labeled cells were found to exhibit ultrastructural characteristics typical
of P cells.

Morphological studies have found that P cells are not restricted to the SA node
(188,199). Thus, Sherf and James (199) reported that P cells are found in the Eustachian
ridge and Bachmann bundle of human and canine hearts. Rubenstein er al. (188)
performed morphological and electrophysiological studies on spontaneously active
Eustachian ridge preparations isolated from cat right atrium. In their experiments the site
of earliest pacemaker activation was determined by electrophysiological mapping using
intracellular recordings. Morphological analysis revealed that P cells were consistently
found at the sites which generated atrial latent pacemaker activity (188). Morphometric
measurements showed thaf Eustachian ridge P cells were similar, although not identical,

to SA node P cells from the same animals (188). Like in SA node, P cells were typically
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clustered in groups of three or more cell profiles, approximately 5 to 7 uM in diameter
and irregular in shape. Myofibrillar content was sparse and randomly oriented.
However, Eustachian ridge P cells had a unique organization of subsarcolemmal cisternae
never seen in SA node P cells. The subsarcolemmal cisternae were prominent and often
directly apposed to one another between connected P cells or between a connected P cell
and a transitional cell. The possible functional significance of this ultrastructural feature
will be discussed below.

C. Electrophysiology of Latent Pacemakers.

In 1951 Draper and Weidmann (65) used intracellular microelectrodes to perform
the first transmembrane recordings from mammalian heart muscle. They found that
action potentials generated by spontaneously active canine Purkinje fibers exhibited slow
diastolic depolarization. In 1955, West (221) was the first to record primary pacemaker
action potentials from the rabbit SA node. He showed that pacemaker action potentials
of SA node were different from those of non-pacemaker atrial muscle. Pacemaker action
potentials exhibited a slow diastolic depolarization, significantly more positive maximum
diastolic potential, relatively slow depolarization, slow repolarization, and smaller
amplitude (221). Further studies confirmed that a slow depolarization during diastole is
a consistent feature of pacemaker activity in the heart (30,44,98,100,221). However, the
existence of slow diastolic depolarization does not mean that the cell is functioning as a
primary or true pacemaker. True pacemaker cells are those cells which initiate an
impulse. Action potentials of true pacemakers are characterized by a prominent diastolic

depolarization and a smooth transition from diastolic depolarization into the upstroke of
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the action potential. In contrast, latent pacemaker action potentials usually exhibit some
degree of diastolic depolarization, along with an abrupt transition into the action potential
upstroke (30,141). However, a latent pacemaker cell can be transformed into a true
pacemaker when cells with higher automaticity have been suppressed or removed. Lu
(143) showed that when separated from the true pacemaker, a latent pacemaker area
could generate true pacemaker-type action potentials, although the spontaneous rate was
slower than that of the original true pacemaker. This result indicates that some latent
pacemaker cells are capable of generating independent pacemaker activity if they have
the opportunity to develop their intrinsic rhythmicity.

In addition to SA node primary pacemakers, slow diastolic depolarization has
been recorded from different regions of right atrium (46,101,102,132,177). Paes de
Carvalho er al. (177) studied in detail the sequence of activation of the rabbit atrium.
They found that action potentials recorded in the region of the SA ring bundle, a white
bundle of tissue paralleling the crista terminalis on the venous border, exhibited slow
diastolic depolarization. They speculated that in certain cases the SA ring bundle is able
to undertake pacemaker activity. Hogan and Davis (101,102) showed that specialized
fibers with action potentials similar to those of ventricular Purkinje fibers were found
along the caval border of the crista terminalis of canine right atrium. The action
potentials of these so called "plateau fibers" exhibited a long plateau phase and inherent
diastolic depolarization. Epinephrine produced an increase in both rate and magnitude
of diastolic depolarization. Kreitner (132) also found similar plateau fibers (B cells) in

a localized area between the caval border of the crista terminalis and the primary
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pacemakér area of rabbit right atrium. The action potential upstroke of these B cells was
depressed by TTX and the diastolic depolarization was reduced by about 70% in the
presence of 1.5 mM cesium (Cs*). In contrast, the action potentials of the primary
pacemaker cells (A cells) were insensitive to TTX and their diastolic depolarization was
not affected by Cs*. Action potentials with slow diastolic depolarization have also been
recorded from AV node (110,128,195,208), coronary sinus (224), and atrioventricular
valves (8,144,183,184).

Transmembrane recordings have been performed in multicellular preparations of
the Eustachian ridge isolated from dog and cat right atrium (185,188,189). When
isolated in vitro, Eustachian ridge tissues beats spontaneously. Electrophysiological
recordings revealed that Eustachian ridge tissues generate pacemaker action potentials
with characteristics similar to those of SA node, although the spontaneous cycle length
of latent pacemakers is more than twice that of SA node (188). Latent pacemaker action
potentials exhibited a prominent diastolic depolarization that merged smoothly into the
upstroke, characteristic of true pacemaker activity. The diastolic depolarization in latent
pacemakers exhibited two distinct slopes: an initial slope that was steep in relation to a
secondary, more gradual depolarization. Similar diastolic potentials have been noted in
latent pacemaker activities recorded from rabbit atrioventricular valves (183,184).

D. Isolation of Single Pacemaker Cells.

With the development of single cell isolation techniques, single Ca?* tolerant

pacemaker cells have been isolated from rabbit (12,48,59,64,159,160,205,213) and

guinea pig (2) SA node. Several different morphological types of pacemaker cells have
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been used in electrophysiological studies including round or oval (2,159,160,205),

elongated or spindle shaped (12,47,48,64,213,230), and spider (48,59). Taniguchi er
al. (205) found that SA node pacemaker cells appeared rod-like or spindle-shaped in a
high-K*, low-Cl', Ca?*-free "KB" solution (114). However, in normal Tyrode’s
solution containing 1.8 mM Ca?* the rod cells became round or oblate spheroids.
Unlike damaged atrial or ventricular cells, the round SA node pacemaker cells exhibited
a relatively smooth and shiny surface (159). Nathan (160) also found that some
pacemaker cells were rod shaped on the day of isolation and rounded up after 1 or 2 days
in culture. Recently, many investigators have reported isolation of SA node cells which
maintain their elongated or spindle shape in normal Tyrode’s solution (12,47,48,64, 213,
230). Another cell type, referred to as "spider like" were also isolated from rabbit SA
node (48,59). DiFrancesco et al. (59) have found that spider cells most frequently
exhibited large I, current. However, Denyer & Brown (48) showed that the spider cells
were often groups of two or more cells stuck together. Isolated SA node pacemaker cells
are characterized by regular spontaneous activity in normal Tyrode’s solution, and
spontaneous action potentials similar to those observed in multicellular preparations
(59,64,159,160,213). In addition, action potentials recorded from pacemaker cells with
different morphologies are very similar (59,64,159,160,213).

Anumonwo et al. (1) reported the isolation of latent pacemaker cells from rabbit
tricuspid valve. Tricuspid valve cells were rod-like or spindle-shaped in the recovery
(KB) solution. Upon exposure to normal Tyrode’s solution about 70% of the cells

became rounded. Some round cells had smooth surfaces and exhibited rhythmic
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contractions. Spontaneous action potentials recorded from these cells showed a mean
maximum diastolic potential of -82 mV which was more negative than that of SA node
pacemaker cells. In previous work from this laboratory, Wu er al. (226) have shown that
some cells isolated from cat right atrium exhibited spontaneous pacemaker activity.
Based on ionic currents elicited in response to hyperpolarization two types of
spontaneously active latent pacemaker cells were found: 1) those exhibiting
predominantly I, and 2) those lacking I; and exhibiting only time-independent leak
currents. Although both pacemaker cell types were elongated and similar in size, those
exhibiting predominantly I, exhibited a more tortuous appearance with less apparent
myofibrillar material. These cells were similar in appearance to pacemaker cells isolated
from rabbit SA node (12,48). The exact origin of each pacemaker cell type within the
right atrium was not determined.

E. Ionic mechanisms of diastolic depolarization.

Much of our current knowledge of the ionic current mechanisms responsible for
pacemaker automaticity has been gained from experiments on the pacemaker cells of SA
node. The evidence indicates that multiple current systems are involved in the generation
of spontaneous diastolic depolarization, although the relative contribution of each current
is still controversial (38,83,112,113,164).

1. Inward Rectifier K* current, I,.

One important finding from studies on SA node cells is that pacemaker cells

exhibit little, if any, of the inward rectifying background potassium current termed I,

or Iy o (83,113,172,213). In working ventricular and atrial muscle cells Iy, is the
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major baékground current responsible for the relatively negative resting membrane
potential. The lack of I, in SA node cells is thought to be responsible for the relatively
low maximum diastolic potential and high input resistance in these cells (83). This latter
property is very important for pacemaker depolarization because it means that a small
change in membrane current can cause a relatively large change in membrane potential
(38,83). Ik, is a K current which activates almost instantaneously upon a change in
membrane potential. This current was originally thought to be a time-independent
current. However, recent experiments indicate that Ig, also exhibits voltage- and time-
dependent activation and inactivation (20,133,148,191,226). The I-V relationship of I,
exhibits a strong inward rectification (162,192,226). The conductance of the Iy, channel
is increased by elevated extracellular K*, resulting in a cross-over phenomenon in the
I-V relationship (162,192,226). Using a cell-attached patch clamp technique, Noma et
al. (172) recorded two classes of single Kt channel currents that differed primarily in
their mean open time. The first type was an inward rectifying K* channel (I rec) Which
was observed most frequently in ventricular cells but rarely seen in SA node pacemaker
cells. The second type was an ACh-operated K channel which was observed in SA
node pacemaker cells but never seen in ventricular cells. In atrial cells, however, both
types of channels were recorded. The open time of the ik ... channel is much longer
(life-time: 50-100 ms) (123,192) than that of the ACh-operated K+ channel (0.5-1.5 ms)
(190,202). The relatively long open time of ig rec Channel results in a relatively high
resting membrane conductance in ventricular cells. Although SA node pacemaker cells

exhibit a high density of ACh-operated K™ channels, in the absence of ACh the
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spontanedus open time is very short, and therefore this channel contributes little to the
resting membrane conductance in pacemaker cells. In the presence of ACh, however,
the frequency of channel openings is greatly increased (190,202), resulting in an increase
in membrane conductance and hyperpolarization of membrane potential.

The lack of Iy, has also been reported in frog sinus venosus pacemaker cells (84)
and latent pacemaker cells isolated from rabbit crista terminalis (85) and cat right atrium
(226). Wu et al. (226) found that in myocytes isolated from the cat right atrium, 93%
of the quiescent atrial cells studied exhibited prominent I, whereas 94% of atrial cells
that exhibited spontaneous pacemaker activity lacked Ix;. These data suggest that the
lack of background K* conductance is essential for atrial pacemaker function.

2. Hyperpolarization-activated current, L.

Voltage clamp studies of a variety of cardiac pacemaker tissues have recorded the
so-called pacemaker current, I, (228), Ip (150) or I (25,31,32,36,51,52,59,63,71,129,
159,160,213,226). I is a time-dependent inward current that is activated by
hyperpolarization to voltages more negative than approximately -50 mV and fully
activated at -110 mV. I;is carried by both sodium and potassium ions with a reversal
potential of about -20 mV (51,59,89,213). Relatively low concentrations (1-2 mM) of
Cs* block I; in a voltage-dependent manner. At potentials more negative than the
reversal potential, Cs* exerts a strong blocking effect, but at potentials more positive
than the reversal potential, Cs* has little effect (25,53,59,89).

The pacemaker current was first recorded from cardiac Purkinje fibers as a net

inward current that increased with time (214). However, it was interpreted as a decaying
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outward K+ current, I, (42,62,151,166,178,214). This conclusion was based on the
observations that the Iy, reversal potential was close to the K equilibrium potential and
varied with the extracellular K* concentration in a way expected for a K* current
(42,62,166). In addition, total membrane conductance measured during hyperpolarization
decreased with time, supporting Iy, as a deactivating outward current (214). However,
it was also noted that the Iy, reversal potential was always slightly more negative than
the expected K* equilibrium potential (42,62,166). This was thought to be due to the
depletion of K* in extracellular clefts caused by background K* current, Iy, during the
hyperpolarization (62). In addition, the current disappeared when external Na*t was
removed (151). Further studies performed by DiFrancesco (51-54) demonstrated that
after blocking Iy, with barium (Ba?™"), I, behaved as an activating inward current rather
than a decaying outward current. Thus, in Ba2+-conta.ining solution the total membrane
conductance increased during hyperpolarization (52,54). In addition, in the presence of
Ba2t, Ik, exhibited a reversal potential of about -30 mV, suggesting that Iy, could not
be a pure Kt current (51,53). Therefore, DiFrancesco (52,54) reinterpreted the
pacemaker current, Ig,, in Purkinje fibers as an inward current, I, which is activated
by hyperpolarization and carried by both Na* and K™ ions, very much like I; found in
SA node (31,32,63,228). The former interpretation of Iy, as a decaying outward Kt
current was explained as a superimposition of two current components: the
hyperpolarization-activated inward current, I; and a current caused by Iy, due to K*
depletion during hyperpolarization imposed by the voltage clamp (52,54,164).

In SA node and Purkinje fiber pacemakers, I activation exhibits either a short
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delay m onset, yielding a sigmoidal time course or no delay in onset
(36,53,59,89,213,228). I¢ currents without delay in onset were best fitted by a single
exponential function (59,89,228). I currents that exhibited a sigmoidal time course have
been analyzed differently by different authors. van Ginneken & Giles (213) used a
Hodgkin-Huxley model with an activation variable raised to the second power to describe
the sigmoidal time course of I activation. In contrast, DiFrancesco (55) proposed a
rather complex kinetic rﬁodel with 5 closed states and 3 open states. For reconstruction
purposes, DiFrancesco & Noble (60) used a simple first-order Hodgkin-Huxley model
to approximate I; kinetics. Thus, a single exponential function was used to fit the
sigmoidal current after ignoring the initial severai millisecond of the current (36,53,59).
The time course of I activation has been reported to be relatively slow in the pacemaker
voltage range. At -70 mV, the time constant for I activation is about 1 sec in SA node
pacemaker cells (89,213) and about 3 sec in Purkinje cells (36). The fully-activated I-V
relationship of I; is linear at voltages more negative than the reversal potential and
showed outward rectification at more positive voltages (59,213). The average fully-
activated slope conductance is about 12 nS (213). DiFrancesco er al. (59) found that
lowering extracellular Na™ concentration shifted the reversal potential to more negative
voltages but did not change the slope conductance (51,59). In contrast, changing K*
concentration not only shifted reversal potential but also increased the slope conductance
when extracellular K was elevated (53,59). These results suggest that both Na*t and
K™ jons are charge carriers for I. In addition, extracellular K* ions have an activation-

like effect on Ir. Recent work suggests that the activation-like effect of K* may be due
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to an increase in Na™* conductance through the I; channel (81).

Although I; has been extensively studied in SA node pacemaker tissues, its
relative contribution to primary pacemaker activity has been debated. It has been
proposed that I; may not contribute to the pacemaker depolarization because of its
relatively small amplitude within the pacemaker potential range (-45 to —-65 mV) and its
slow time course of activation (89,171,228). Noma et al.(171) showed that 2 mM Cs*
significantly suppressed I but the rate of diastolic depolarization was slowed only
slightly. However, it has been argued that since SA node pacemaker cells have relatively
high input resistances, even a few picoamps of inward current may result in a significant
depolarization of the membrane potential (83). DiFrancesco (57) showed that in SA node
pacemaker cells the slope of diastolic depolarization was about 100 mV/s which required
only 3 pA of inward current in a cell with a capacitance of 30 pF. van Ginneken &
Giles (213) recently reported that a small but significant amount (about 5-10 pA) of I;
was activated within the pacemaker potential range in SA node pacemaker cells. In
addition, I current density has been shown to be linearly related to the slope of diastolic
depolarization (173). These findings are consistent with those of Denyer & Brown (49)
who found that in single SA node cells 2 mM Cs* consistently slowed spontaneous rate
by 20-30 %. These results indicate that I contributes significantly to primary pacemaker
function. However, because Cs™ induced block of L does not stop pacemaker activity,
it appears that I¢ is not an essential current for primary pacemaker function.

Because I amplitude increases at more negative potentials, I may contribute more

significantly to the diastolic depolarization in more hyperpolarized cells such as Purkinje
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cells (165). Consistent with this idea, Anumonwo et al. showed that in tricuspid valve
pacemaker cells, which exhibited a maximum diastolic potential of -82 mV, 2 mM Cs*
blocked I and markedly increased spontaneous cycle length (1). Because latent atrial
pacemakers exhibit a somewhat more negative pacemaker voltage range than SA node
cells, I; may contribute more to latent than primary pacemaker activity. A contribution
of If to latent atrial pacemaker activity was suggested by experiments in multicellular
Eustachian ridge preparations in which 1-2 mM Cs* decreased the slope of diastolic
depolarization and significantly increased pacemaker cycle length (189). Single myocytes
isolated from cat right atrium that exhibited pacemaker activity also exhibited a Cs*-
sensitive I current (226). However, the origin of these latent pacemakers within the
right atrium was not determined. At the present time, little is known about the role of
I; in right atrial latent pacemaker function.

3. Delayed Rectifier K* current, I .

Another mechanism proposed to contribute to the pacemaker depolarization in SA
node is deactivation of the delayed rectifying potassium current, Iy (33,35,83,113,207).
Ik is a time-dependent outward current which is activated by depolarization to voltages
more positive than -40 mV and fully activated at about +20 mV. (61,159,169,200).
Ix is mainly carried by potassium ions with a reversal potential of about -80 mV
(159,169,200). The fully-activated I-V relationship is linear at voltages more negative
than about -20 mV and exhibits inward-going rectification at more positive voltages
(159). Normally, this current activates during the depolarization of the action potential,

and is thought to be the major outward current responsible for initiating repolarization.
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After repblarization, Ix decays during diastole and within the pacemaker potential range
(83,113,207). However, in order to elicit depolarization the decay of Ix must be
associated with a constant background inward current (38). Possible inward current
candidates have been proposed by Hagiwara ar al. (91) and DiFrancesco (57).

Brown er al. (33,35) compared the relative contribution of different time-
dependent currents to SA node pacemaker activity. They found that both Iy decay and
I; activation were present in the pacemaker voltage range. However, the relative
amounts of activating I and decaying Iy varied from preparation to preparation. In
general, about 80% of total depolarizing current resulted from Iy decay. The role of Iy
decay in the spontaneous activity was tested by switching off the clamp circuit at various
phases of the Iy tail current (169). The results supported the idea that the Iy tail current
was mainly responsible for generating the diastolic depolarization. In contrast,
Yanagihara & Irisawa (229) showed that the change in Iy during diastolic depolarization
was very small and spontaneous action potentials could be observed even in the absence
of Ix. These results indicated that the decay of Iy can hardly be a major factor
determining the pacemaker depolarization. In bull-frog sinus venosus pacemakers the
slow deactivation of Iy was reported to be the main pacemaker mechanism (84). The
role of Iy in latent atrial pacemaker function is not known.

There is still controversy about the components and kinetics of Ix in SA node
pacemaker cells. Experiments on multicellular preparations showed that the time course
of Iy decay was a simple exponential and was independent of the magnitude of the

preceding depolarization (169). This finding indicated that Ig current in SA node can
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be described by a Hodgkin-Huxley model with one conductance mechanism.
DiFrancesco et al. (61) found that the single exponential decay of I was only obtained
when the depolarizing clamp duration was relatively short. When the pulse duration was
prolonged, however, the outward current tail became a two exponential process because
of the presence of a slow component which took more than S sec to reach steady-state
at the holding potential. Similar two components of delayed outward currents have been
reported in other cardiac preparations: i,; and i, in sheep Purkinje fibers (167,168),
I, and I, frog atrium (174), and Ix and I, in cat ventricle (152). Based on kinetics of
activation and deactivation, reversal potentials, and degree of rectification, it was
proposed that two distinct currents were responsible for the time-dependent outward
current (152,167,168,174). However, the results obtained from multicellular
preparations should be interpreted with caution since the kinetics of Kt currents may be
distorted by accumulation of K* ions in the extracellular spaces resulting from prolonged
depolarization (9,152,163).

In single cell preparations the accumulation of K* has been shown to be minimal.
It was found that in single frog atrial and sinus venosus pacemaker cells there was only
one type of delayed outward current, I (84,107,201). I tail currents exhibited a single
exponential decay even with long (10 sec) depolarizing clamp pulses. The activation of
I during depolarization exhibited a sigmoidal time course in onset . The kinetics of I
could be described using a single Hodgkin-Huxley model with an activation variable n
raised to the second power (84,107,201).

The kinetic properties of Iy in single mammalian cardiac cells, however, seem
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to be mofe complicated than those in frog cells. In SA node pacemaker cells, both
activation and decay of Iy were best fitted by two exponential functions (2,159). Similar
two-exponential time courses of Iy activation and deactivation have been observed in
other single mammalian cardiac cells (6,86,193,194,220). These results suggested that
the two-exponential kinetics are not an artifact of ion accumulation. In Purkinje cells,
although two exponential functions were required for fitting both activation and
deactivation of Iy, an envelope test indicated that neither the fast nor the slow component
fulfilled a Hodgkin-Huxley model (86). It was proposed that there was only one type of
Ix channel with two different closed states and one open state (86). Matsuura ez al.
(149) showed that Iy decay was bmono—exponential at voltage§ more negative than =50
mV but was bi-exponential at more positive voltages. The time course of activation was
sigmoidal and could be best fitted by an exponential with an activation variable n raised
to the second power. According to the Hodgkin-Huxley model, with n raised to the
second power, a bi-exponential decay of tail current would be expected at voltages where
the steady-state activation variable (n,) is not zero. At voltages where n,, = 0, the
time course of tail current decay would become mono-exponential (149,201). Therefore,
the results were consistent with a Hodgkin-Huxley model with n raised to the second
power. In contrast, Balser ef al. (6) found that the sigmoid time course of I activation
could not be described by higher-order Hodgkin-Huxley models with an activation
variable raised to the second or fourth power. Instead, they found that the sigmoid time
course was best described by a four-state Markovian chain model (three closed states and

one open state). Recently, Sanguinetti & Jurkiewicz (193,194) showed that Iy in guinea
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pig atrial and ventricular cells resulted from the activation of two distinct K™ currents,
Ig and Ig . Ig, was specifically blocked by a benzenesulfonamide antiarrhythmic
agent, E-4031, and activated very rapidly relative to the slower activating Iy ;. In guinea
pig SA node pacemaker cells, however, an E-4031-sensitive current, Iy . was not present
(2). In summary, the kinetics of Iy in mammalian cardiac cells are not fully understood.
Whether the two-exponential activation and deactivation behavior represents complex
kinetic behavior of a single Iy channel type or is the result of two distinct K currents
is still an open question.

Another potassium current, transient outward current (I, ) has been found in a few
SA node pacemaker cells (48) and in pacemaker cells isolated from rabbit crista
terminalis (85). This current may contribute to the repolarization of the action potential.
However, its role in pacemaker activity is not clear.

4. Slow Inward Ca?* Currents.

Two types of slow inward Ca2* currents, T-type and L-type, have been identified
in a variety of cardiac cells (10,26,99,124,225) including SA node pacemaker cells
(79,90). Both Ca?* currents are time-dependent inward currents activated by
depolarization of the membrane potential. The long lasting (L-type, I, 1) Ca®* current
is the classical slow inward Ca%* current which is activated at voltages more positive
than -40 mV with a peak at about 0 mV (79,90). The low threshold, transient type (T-
type, Ic, 1) Ca?* current has an activation threshold between ~50 to -60 mV (79,90).
The amplitudes of both Ca?* currents are significantly increased with increasing

extracellular Ca>* concentration. However, I¢, T exhibits a lower Km for Ca?* ions
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than I, 1, indicating that I, 1 had a higher channel affinity for Ca%* jons (90).

Ic,,r and Ic,p have different sensitivities to inorganic blockers. Low
concentrations of nickel (Ni**) have been reported to selectively block Ig,
(26,90,124,225). In SA node pacemaker cells, Hagiwara ez al. (90) showed that 40 uM
Ni2* abolished I¢, 1 but had no effect on I, ;. Others have reported that the blocking
effect Ni2™ is less selective (99,156,210). Fermini & Nathan (79) found that 40 M
Ni2* did not block Ic, 1 in cultured SA node pacemaker cells, and higher concentrations
reduced both Ic, 7 and I, 1. Most studies have reported that low concentrations of
cadmium (Cd2+) selectively block IcaL (26,156,161,225). In rabbit SA node pacemaker
cells, however, 20 uM Cd2* significantly blocked both Ica,rand I, 1 (90). In addition,
both Ca%* currents were abolished in SA node cells (90) or reduced in canine atrial cells
by 2 mM cobalt (Co?*) (10).

It has been reported that I, v current density is ten times larger in SA node
pacemaker cells than in atrial cells (90). However, this comparison was made between
data obtained under different experimental conditions. Although the authors corrected
for the influence of different Ca®* concentrations, they did not account for the
differences in temperature (37°C versus 22°C) and species (rabbit versus dog) (10,90).
Tseng and Boyden (210) compared I, 7 current density of Purkinje cells with that of
ventricular cells under the same experimental conditions. They found that I, 1 current
density in Purkinje cells was twice as much as that in ventricular cells. In addition, I, 1
current density of Purkinje cells was comparable to that of SA node pacemaker cells

(80,210). Whether atrial subsidiary pacemaker cells have a higher density of I, 1
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compared with typical atrial muscle cells has yet to be determined.

Ca?* currents are thought to play a major role in primary pacemaker activity by
contributing to the late phase of the diastolic depolarization (35,164). The role of I¢, 1.
has been debated because its activation threshold is more positive than the pacemaker
potential range (90). However, recent studies using an action potential clamp technique
and a Ig, 1 channel blocker demonstrated that I,y played a significant role in the
pacemaker depolarization (64). In addition, SA node pacemaker cells exhibited a large
nifedipine-sensitive I¢, 1 "window" current. The voltage range of the I¢, 1 "window"
current was similar to that of the pacemaker potential and thereby may contribute to the
diastolic depolarization (50). However, neither of these experiments distinguish whether
Ica, Plays a direct or indirect role in pacemaker function. The contribution of I¢, 1 to
pacemaker potential is supported by the finding that in SA node pacemaker cells 40 uM
Ni%*, which specifically blocked Ica,1, inhibited the late diastolic depolarization and
increased spontaneous cycle length (64,90). In addition, Fermini and Nathan (79) found
a significant overlap of I, T activation and inactivation curves in the pacemaker voltage
range, suggesting that I, 1 "window" current may contribute to SA pacemaker activity.
In tricuspid valve pacemaker cells 40 uM Ni>* also prolonged spontaneous cycle length,
but I, T was not studied in these cells (1).

5. Fast Na* current.

In multicellular preparations, pacemaker action potentials recorded from the

central region of SA node are resistant to TTX (131,142,227), suggesting that the fast

Na* current is either not present or inactivated in the primary pacemaker cells. On the
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other hand, TTX-sensitive Na%t current has been recorded in some single pacemaker cells
isolated from SA node (48,160). Nathan (160) found that there are two types of cultured
SA node pacemaker cells; type I cells were TTX resistant and type II cells exhibited
TTX-sensitive Nat current. Presumably, the type I cells were dominant and type II
were subsidiary SA node pacemaker cells. However, a recent study showed that TTX-
sensitive Na™ current was also present in type II cells isolated from the central region,
i.e. the site of earliest excitation (14). Thus, it is unclear whether type II cells are
dominant or subsidiary pacemaker cells. Voltage clamp analysis of Na* current cultured
in SA node pacemaker cells indicated that the activation and inactivation curves
overlapped between -60 and -50 mV, generating a "window" current (157,158). The
presence of a TTX-sensitive Nat "window" current in the pacemaker potential range
suggests that the Nat current may contribute to the pacemaker potential. However,
action potential recordings showed that TTX reduced only maximum upstroke velocity
(Vmax) and the overshoot but had no effect on spontaneous beating rate (158). These
results indicate that fast Na® current may be present in SA node pacemaker cells but
only contributes to the action potential upstroke.

6. Na-Ca Exchange Current.

It is now well recognized that in a variety of tissues, Na-Ca exchange is
electrogenic and thereby can substantially influence membrane voltage (21). Voltage
clamp studies on single cardiac myocytes have identified a Na-Ca exchange current under
a variety of experimental conditions (106,108,109,126,127,137,138,153). Kimura et al.

(126) found that after blocking Ca?* and K* channels as well as the Na-K pump, a Na-
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Ca exchaﬁge current (In,c,) Was recorded in ventricular cells. The magnitude and
reversal potential of Iy,c, were dependent on external and internal Na* and Ca?*
concentrations. Under conditions of 140 mM external Na*, 10 mM internal Na*, 127
nM internal Ca?* and 2 mM external Ca?™, the Iy,c, reversal potential was about -24
mV. This value was close to the thermodynamically expected value for 3 Na*:1 Ca?*
stoichiometry.

A slow inward tail current that is attributable to activation of Na-Ca exchange has
been recorded in single atrial and ventricular cells (66,69,72,78,82,155). Fedida et al.
(78) recorded an inward current in guinea pig ventricular cells that was closely correlated
with the contraction of the cell but not with I, ;. This inward current appeared as a
slow inward tail current after a brief depolarizing pulse. It has been shown that this slow
inward tail current was abolished by loading the cell with EGTA (69,78,155), suggesting
that the current is mediated by intracellular Ca®*. In support of this idea, the inward
tail current has been shown to exhibit a linear relationship to intracellular Ca?*
concentration measured with fura-2 or indo-1 in ventricular cells (7,66). In rat
ventricular (155) and rabbit atrial (69) cells the inward tail current was abolished by 1-3
uM ryanodine, an agent that eliminates SR Ca®™ release (182) and abolishes intracellular
CaZ* transients (5,145,222). In guinea pig ventricular cells, however, 1 uM ryanodine
had no effect on the inward tail current (78). The same dose of ryanodine also had no
effect on the contraction of guinea pig ventricular cells. Egan et al. (72) showed that at
higher doses (8-10 uM) ryanodine abolished at least 80% of the inward tail current in

guinea pig ventricular cells. These results suggest that the slow inward tail current is
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activated by an intracellular Ca2* transient which is mediated via SR Ca?* release. The
inward tail current has been shown to depend on extracellular Na*t (69,78,155). Two
possible mechanisms may be responsible for intracellular Ca?*-activated Na™* influx; the
Na-Ca exchange mechanism (126,127) or a non-specific cation channel (43,73).
Lithium (Li*) can pass through Ca?®*-activated non-specific cation channels (73), but is
unavailable to the Na-Ca exchange mechanism (126). Replacing extracellular Na* with
Li* significantly inhibited the inward tail current (69,78,155). These results provide
further support for the idea that the inward tail current is due to activation of Na-Ca
exchange current rather than a Ca?*-activated non-specific cation channel.

It has been shown in guinea pig ventricular (78) and rabbit atrial cells (82) that
the duration of the depolarizing clamp has little effect on the time course of Iy, decay.
In rabbit ventricular cells, however, Iy,c, decay following long depolarizations was
significantly faster than that after relatively short depolarizations (82). It was proposed
that this difference in kinetics is due to the difference in the amount of SR in rabbit
ventricular and atrial cells. The atrial myocytes have more SR and the SR which is
present appears to exhibit more prominent Ca-induced release of Ca?* than ventricular
myocytes (82). The findings that EGTA and ryanodine abolished Iy, indicate that SR
Ca* release is the major source of Ca?* to activate In,c, (69,78,155). The influx of
Ca?* through Ca?* channels may not be sufficient to activate Iy,c,. In fact, in the
presence of EGTA and ryanodine the Ca2* entry is increased rather than decreased due
to the slow-down of I, y inactivation. The dependence of Iy,c, on SR Ca?* release is

also supported by the findings that In,c, amplitude is not related to I, 1 on a beat to
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beat basis. (69,72). In atrial cells, the voltage dependence of Iy,c, and I, ; differ from
each other. The I-V relationship of I, | was bell-shaped with a peak at about +10 mV,
whereas Iy,c, increased between -40 and -20 mV and was relatively constant between
_10 and +40 mV (69). In addition, brief application of Cd** significantly inhibited
Ic,, 1 Without affecting In,c, amplitude (72). Similar results have been reported using
other Ca™ channel blockers; nifedipine (155) and diltiazem (69). These results indicate
that In,c, i8 relatively insensitive to changes in I, ; and that only a fraction of I, | is
sufficient to trigger maximal In,c,.

The Na-Ca exchange current has been proposed as a component contributing to
the action potential duration and plateau (66,69,72,155). In addition, Na-Ca exchange
plays a significant role in the decline of intracellular Ca?>* during contractile relaxation
(16) and in the loss of intracellular Ca?* that underlies the diastolic decay of contraction
with time, i.e. rest decay (105). However, the contribution of Na-Ca exchange to
cardiac pacemaker function is less well understood. Experiments on multicellular SA
node preparations by Brown et al. (33,34) reported two components of slow inward
current; a fast inward component due to a channel gated current fraction, and a second
slower component due to Na-Ca exchange and mediated by SR Ca?* release. They
proposed that both fast and slower components of slow inward current may contribute
to the last third of the pacemaker depolarization and into the upstroke. However, Noble
(164) has indicated that it is unlikely that the Na-Ca exchange component contributes to
the primary pacemaker potential. Hagiwara & Irisawa (88) reported a Na-Ca exchange

current in single pacemaker cells isolated from SA node. At this time, it appears that
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the role 6f Na-Ca exchange in primary pacemaker activity is not settled.

Previous studies from this laboratory in cat multicellular Eustachian ridge tissue
indicated that a major component of latent pacemaker activity was mediated by SR Ca?*
release (189). Thus, ryanodine, an agent that interferes with SR Ca’™ release (182),
specifically inhibited the late phase of diastolic depolarization, resulting in a significant
increase in pacemaker cycle length. Moreover, in the absence of a functionally intact
SR latent atrial pacemakers generated dysrhythmic electrical activities (140,189). Several
studies have shown a clear relationship between intracellular Ca2* released from the SR
and sarcolemmal Na-Ca exchange currents (66,69,155). These findings are consistent
with the hypothesis that a component of latent pacemaker activity is mediated by SR
Ca®™ release via Na-Ca exchange. However, direct study of Na-Ca exchange current
in latent ‘atrial pacemaker cells has not been performed.

F. Effect of 8-adrenergic Stimulation.

Experiments in whole animal (180) and multicellular preparations (185,189) have
shown that atrial latent pacemaker activities are modulated by $-adrenergic stimulation.
In SA node pacemaker cells, 8-adrenergic stimulation accelerated spontaneous pacemaker
rate by increasing the slope of diastolic depolarization (32). The mechanisms responsible
for the effect B-adrenergic stimulation potentially involve several ionic current systems.
It has been shown that B-adrenergic agonists, isoproterenol (ISO) and adrenaline,
increased the I, amplitude and shifted the steady-state activation curve to more positive
voltages in Purkinje and SA node pacemaker cells (32,36,59,89). In addition, the time

course of I activation became faster in the presence of ISO (89). The effect of
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isoproterenol on I was mediated by activation of adenylate cyclase and increased levels
of cyclic AMP, because superfusion of forskolin and intracellular application of cyclic
AMP produced similar enhancement of I (89). B-adrenergic agonist also increased slow
inward Ca?* current (32,90) in SA node pacemaker cells. Recent single channel
recordings of Ca?* currents in SA node pacemaker cells demonstrated that ISO
significantly increased the open probability of I, ; channels, but had no effect on I, 7
channels (90). In addition, in guinea-pig ventricular cells, ISO induced a Na™ -dependent
CI™ current (4,95,96). This current is inward at diastolic voltages. Thus, if the ISO-
induced CI” current is present in pacemaker cells, it could contribute to the positive
chronotropic effect of ISO. However, a recent study reported that the ISO-induced CI”
current was not present in SA node pacemaker cells (204). An increase of Iy by 8-
adrenergic agonists has also been reported (13,31,68,97). An increased Iy should not
contribute to the positive chronotropic effect of §-agonist, since the increase in outward
current would by itself tend to slow the pacemaker depolarization. Therefore, an
increased I and I, in the pacemaker voltage range may contribute to the positive

chronotropic effect of $-agonists in SA node pacemakers. (32,59,89,90).



CHAPTER I
METHODS

A. Single Cell Isolation Procedure.

Adult cats of either sex, weighing 1.5-3.5 kg, were anesthetized with
pentobarbital sodium (30-50 mg/ké, i.p.) and injected with heparin (500 units/kg, i.p.).
The enzyme dispersion procedure used to isolate single latent atrial pacemaker cells was
modified from a method previously described to isolate single atrial myocytes (225).
After a mid-sternal thoracotomy the heart was quickly removed and transferred to a
beaker containing prewarmed (36°C) Tyrode’s solution (Table 1; solution 1), and then
mounted on a Langendorff perfusion apparatus. The heart was perfused with normal
Tyrode’s solution (Table 1; solution 1) for 5-6 min at 37°C until blood was washed out
completely. This was followed by a 5 min perfusion with a Ca2*-free Tyrode’s solution
(Table 1; solution 2), and a final perfusion for 30-40 min with an enzyme solution (Table
1; solution 3) containing 36 yM Ca?* and 0.1% albumin. The enzyme solution was
recirculated with a pump. During the enzyme perfusion phase, 50 ul of Ca?* stock
solution (54 mM) was added to the perfusate every 8 min to yield a final Ca?*

concentration of about 150 uM. Following this perfusion procedure the atria were

removed from the heart and the right atrium was opened to expose the endocardium.
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NaCl (mM)
KCl (mM)
CaCl, (mM)
MgCl, (mM)
NaHCO; (mM)

NaH,PO, (mM)

Glucose (mM)
Albumin (%)
Collagenase(%)
Protease (%)
Elastase (%)
HEPES (mM)
pH

Osmolarity (mOsm/L) 296 ***

Table 1. Cell Isolation Solutions

1

Normal
Tyrode

137
5.4
1.8
1.0
12
0.6
11

7.4 *

2 3
Ca-free  Perfusion
Tyrode Enzyme

137 137
5.4 54

- 0.036
1.0 1.0
12 12
0.6 0.6
11 11

- 0.1

- 0.07

7.4 * 7.4 *

204 *xx

4

Incubation
Enzyme

137
5.4
0.036
1.0
12
0.6
11
0.1
0.1
0.01
0.1

7.4 *
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5

HEPES
Tyrode

137
5.4
1.8
1.0

7.4 **
293 okk

* Bicarbonate-buffered Tyrode’s solutions were bubbled with 95% 0,-5% CO, to yield

pH 7.4.

** HEPES-buffered Tyrode’s solution was titrated with NaOH to pH 7.4.

*** Measured by Advanced Micro-osmometer, Model 3MO



32

Létent pacemaker cells were isolated from the Eustachian ridge of the right
atrium. The Eustachian ridge is a caudal extension of the crista terminalis that courses
close to the opening of the inferior vena cava (188). Previous work has identified the
Eustachian ridge as a functionally important site of latent pacemaker activity
(185,188,189). The Eustachian ridge region (=6x3 mm) was excised and incubated in
an enzyme solution (Table 1; solution 4) for 30-40 min at 36°C while being agitated in
a shaking water bath. The tissue suspension was filtered through a nylon mesh (210 um)
using Tyrode’s solution containing 200 uM Ca?* and 0.05% albumin. After the cells
settled for about 30 min the solution was suctioned off and gradually replaced with
HEPES-buffered solution (Table 1; solution 5). Cells were stored in this solution at
room temperature until use. A similar procedure was used to isolate regular atrial
myocytes from right atrial appendage.

B. Patch-Clamp Recording Techniques.

Cells used for study were transferred to a small tissue bath (0.5 ml) mounted on
the stage of an inverted microscope (Nikon Diaphot). After cells settled for about 10
min, they were superfused with prewarmed HEPES-buffered Tyrode’s solution containing
(in mM): NaCl 137, KC1 5.4, MgCl, 1.0, CaCl, 1.8, HEPES 5, glucose 11, and titrated
with NaOH to pH 7.4, at a rate of 1-3 ml/min. All experiments were performed at a
temperature of 34-36°C.

Ruptured patch recording method. Action potentials and ionic currents were
recorded in the whole-cell configuration using suction pipettes, as described by Hamill

et al. (93) (Figure 1A). Pipettes were pulled from borosilicate glass (Sutter Instrument



33

A. Ruptured patch
method

B. Nystatin-perforated
patch method

Figure 1. A: Standard ruptured patch recording method. B: Nystatin-perforated
patch recording method. (modified from Horn & Marty, 1988)
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Co.) in a six step process using a horizontal programmable puller (Flaming Brown,
model PC 80, Sutter instrument Co.). Pipette tips were fire polished by passing current
through a platinum wire in close proximity to the pipette tip. The pipettes had inner
diameters of 1-1.5 um and when filled with standard internal pipette solution (see Table
2) had resistances of 3-6 M{). With the standard pipette solution filling the pipette, there
was a liquid junction potential of about -10 mV between internal pipette and bath
solutions. All recordings were corrected for this junction potential. In studies of T- and
L- type Ca?™ currents, pipettes were filled with a CsCl pipette solution (see Table 2).
Under these conditions, the liquid junction potential was only -3-5 mV which was not
corrected in the recordings. Pipettes were connected to an amplifier headstage via a Ag-
AgCl wire. A Ag-AgCl reference electrode was used to connect the bath solution and
the ground input of the headstage. The headstage was mounted on a hydraulic
micromanipulator (Narashige). The following procedures were routinely performed to
improve gigaseal formation: 1) the pipette solution was filtered through a 0.2 uM syringe
filter (Nalgene, Nalge Co.). 2) a slight positive pressure was applied to the pipette as
it was moved through the air-water interface. 3) a fresh pipette was used for each cell.
After the pipette tip was positioned near the cell, the positive pressure was relieved.
Upon touching the cell membrane gentle suction was applied to form a gigaseal.
Additional suction was applied to rupture the membrane patch.

Nystatin-perforated patch recording methqd. With the nystatin-perforated
patch method, action potential and ionic current signals were recorded in the whole cell

configuration, and nystatin was added to the internal pipette solution to permeabilize



Table 2. Internal Pipette Solutions

Standard Nystatin

K-glutamate 120 100
KCl 20 40
MgCl, 1.0 1.0
EGTA 1.0 0.5
Na,-ATP 4.0 4.0
HEPES 5.0 5.0
CsCl - -
K,-ATP - -
pH 7.2 * 7.2 %

* titrated with KOH to pH 7.2.
** titrated with CsOH to pH 7.2.

Ca?* currents

1.0
10

5.0
120
5.0
7.2 **
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rather than rupture the membrane patch, as described by Horn and Marty (104) (Figure

1B). Nystatin is a polyene antibiotic that forms voltage-insensitive ion pores in the
membrane patch under the recording pipette. These pores are somewhat selective for
cations over anions (40,130), but are impermeant to Ca?*, other multivalent ions and
molecules > 0.8 nM in diameter (103,130). Suction pipettes were filled with the
nystatin internal pipette solution (see Table 2) as follows: first, nystatin was dissolved
in DMSO at a concentration of 50 mg/ml and then added to internal pipette solution to
yield a final concentration of 150 ug/ml. Nystatin stock solution was added to the pipette
solution while the pipette solution was being ultrasonicated. After 5 min of
ultrasonication the nystatin-containing pipette solution appeared slightly yellow without
any precipitate. Pipettes were filled by putting the pipette tip directly in nystatin-
containing pipette solution for about 2 min and then backfilling the pipettes with the same
solution. It has been reported that filling the pipette tip with the nystatin-containing
solution may irterfere with gigaseal formation (104,130). In our experiments, nystatin
did not appear to reduce the success rate for gigaseal formation. The advantage of filling
the pipette tip with the nystatin-containing solution is that the time needed to achieve a
low access resistance was significantly shortened. In our experiments, the access
resistance began to drop almost immediately after gigaseal formation and decreased to
as low as 20 MQ after about 5 min. After about 1-2 hours, it was usual for nystatin
precipitate to appear at the bottom of the plastic beaker, requiring re-sonication of the
solution. Usually the nystatin-containing pipette solution could be used for about 4-5

hours at which time fresh nystatin pipette solution was made.
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Electronic equipment: Figure 2 shows a schematic diagram of the experimental
recording setup. An Axoclamp-2A amplifier (Axon Instruments, Inc.) was used to
record action potentials in bridge mode and ionic currents in discontinuous single
electrode voltage clamp mode (dSEVC). In the voltage clamp mode the amplifier cycling
(sampling) rate was 8-12 kHz. A Compaq 286 computer was used to generate voltage
clamp protocols as well as acquire and analyze voltage and current signals using a
Pclamp program (version 5.0, Axon Instruments, Inc.). The membrane potential and
current traces were monitored on a dual beam storage oscilloscope (Tektronix 5113).
A second oscilloscope (Tektronix 2213A) was used to monitor the decay of the pipette
voltage. The membrane potential and current signals were sampled by a 12-bit resolution
A/D converter (Tecmar Labmaster) and stored on the computer hard disk. In addition,
the voltage and current signals were recorded digitally on video tape using a 2 or 4
channel PCM A/D VCR adaptor (PCM-2 or PCM-4, Medical Systems Corp.).

In the dSEVC mode a single electrode switches between passing current and
recording voltage. This method eliminates possible errors arising from electrode series
resistance. The principle of the dSEVC method was first introduced by Brennecke &
Lindemann (28,29) and implemented experimentally by Wilson and Goldner (223).
Figure 3 shows the schematic diagram of the dSEVC circuit. Al is a high input-
impedance amplifier witch measures the total voltage composed of both membrane
potential (Vm) and voltage drop (Ve) across the resistance of the electrode resulted from
current (I,) injection through the electrode. In order to eliminate Ve the switch S1 is

operated in current passing and voltage recording positions alternately. During the
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Compaqg-286 Storage
Computer Oscilliscope
(Pclamp)
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Adaptor
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Figure 2. Schematic diagram of voltage clamp recording system.
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Figure 3. A: schematic diagram of dSEVC circuit. B: diagram showing the timing
of the states of switch S1 and the corresponding signals recorded at HSO and Sampled
Vm out. Al: high input-impedance amplifier, SH1: voltage sample and hold device,
A2: voltage clamp feedback amplifier, S2: voltage clamp and current clamp switch, S1:
electronic switch for current passing and voltage recording, CCS: controlled current
source, Vc: command voltage, Vi: current injection command, Ve: electrode voltage,
Vm: membrane potential, A3: current measurement amplifier, SH2: current sample and
hold device, T: cycling time, T1: the time for which current is passed. See text for
further detail. (reproduced from Halliwell er al, 1987).
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voltage récording phase no current is passing through the electrode and Ve decays to zero
with the time constant of Re x Cs, where Re is the electrode resistance and Cs is the
stray capacitance. The output of Al is fed to a sample and hold device (SH1), which
takes samples when the decay of Ve is completed and holds the voltage until the next
sample. Under this condition the output of SH1 reflects the true membrane potential.
This voltage is sent to a clamp feedback amplifier (A2) where the voltage is compared
with the clamp command voltage (Vc). The output of A2 is connected to S1 and in turn
to a controlled current source (CCS). When S1 is in current passing position, the CCS
injects current into the cell through the electrode which is directly proportional to the
input voltage of the CCS. The duty cycle is designed to allow current passing for 30%
of each cycle and voltage recording for 70% of each cycle (80). The sample point of
SH1 is set at the end of the voltage recording phase (or just before the next current
injection) to allow maximum decay of Ve. The cycling rate of S1 is usually between 3-
20 kHz (92). In theory, the cycling rate should be at least ten cycles per membrane time
constant in order that the pulses of current are smoothed. In addition, the cycling rate
is at least twice the frequency component of the fastest current that is to be resolved.
In the present experiments, the cycling rate was 8-12 kHz. Since latent pacemaker cells
exhibit relatively high input resistances, the membrane time constants were about 20-50
ms Therefore, the cycling rate used is fast enough to smooth the membrane potential
response during current pulse injections. In addition, the fastest current analyzed in the
present experiments had a time to peak of about 2-4 ms (e.g. T- or L- type Ca?*

currents). Therefore, the cycling rate (sample rate) used in the present experiments was
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sufﬁcient‘to reliably measure these currents. However, the cycling rate was not high
enough to accurately measure fast Nat current, which had a time to peak of less than
1 ms. The maximum cycling frequency is limited by the time constant of the electrode.
During a voltage recording period sufficient time must be allowed for Ve to decay
completely. As discussed above, the decay rate of Ve is determined by the electrode
time constant. If the electrode time constant is too long, the decay of Ve may not be
complete within the voltage recording period at a given cycling rate. In this case, the
electrode transient contributes a significant component of the sample voltage causing
error in Vm measurement. Therefore, during an experiment it is important to observe
the decay of Ve at the input of SH1 (at point of HSO) and to ensure that the decay is
complete.

In order to evaluate the performance of the dSEVC, the settling times for both
ruptured patch and nystatin perforated patch methods were determined. Figure 4 shows
the current and membrane voltage responses to a 10 mV depolarizing voltage clamp step
from a holding potential of -60 mV. With the ruptured patch method, the membrane
potential increased to the new level exponentially with a time constant of 111 us (126 +
9 us, n=6) which was similar to the time constant of the decay of the capacitative
current transient of 114 us (132 + 14 us, n=6). The Vm settling time, which was
measured as the time in which Vm achieved 95% of the command step (115), was 333
ps (380 + 27 us, n=6). With nystatin-perforated patch method, the time constants of
the membrane potential and the decay of capacitative transient were 342 us (352 + 12

s, n=5) and 360 us (370 + 19 us, n=5), respectively, and the settling time was 1020
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A Ruptured patch method

B Perforated patch method

3oopA[l[“\M’Wm
10mv[W

1Tms

Figure 4. Settling times of voltage clamp. The current and membrane voltage
responses to a 10 mV depolarizing voltage clamp step with ruptured patch recording
method (A), and nystatin-perforated patch recording method (B).
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us (1057 »i- 36 us n=5). Since the time to peak Ca?* currents was longer than 2 ms,
the settling times of both ruptured patch and nystatin methods allowed accurate
measurement of these currents.

In some experiments, action potentials were clamped during the later phase of the
diastolic depolarization. This was accomplished by using a window discriminator
(Frederick Haer & Co.) to trigger the voltage clamp amplifier from current clamp mode
to voltage clamp mode. In current clamp mode, spontaneous action potentials were
recorded and fed into the window discriminator. The threshold of the window
discriminator was set at the same level as the clamp command voltage. When the
unclamped action potentials went above the threshold, the window discriminator sent out
a TTL pulse to switch the amplifier to voltage clamp mode and the cell was clamped at
the same level.

In some experiments, pacemaker cycle length was measured without using a patch
electrode. This was accomplished by monitoring contractile events, which were
associated with pacemaker activity, with a video-based edge detector (Crescent
Electronics). Cycle length was determined by averaging ten consecutive cycles in cells
exhibiting regular pacemaker activity.

C. Measurements and Data Analysis.

The input resistance (Rin) was determined from the voltage response to a constant
hyperpolarizing current pulse of 10 pA delivered during the diastolic interval. Rin was
calculated by dividing the resulting change in membrane potential by the current

amplitude. The membrane capacitance (Cm) was measured by delivering a ramp voltage
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clamp pulse (dV/dt=5V/s) and dividing the half-amplitude of the current jump at the
turning point of the ramp pulse by the ramp slope (Figure 5) (126). When appropriate,
currents were normalized in reference to Cm of each cell to yield current density
(pA/pF). Data are presented as means + standard error of the mean (SE). Student’s t-
test was used for statistical analysis and differences with p values <0.05 were considered
statistically significant.

D. Solutions, Drugs and Chemical Reagents.

All solutions were made on the same day of each experiment from fresh double-
deionized water which had a resistance of over 18 MQ (Aqua-Summa, Culligan Co.)
The solutions used for cell isolation are listed in Table 1. The internal pipette solutions
used for standard ruptured patch, nystatin-perforated patch and measurement of Ca™*
currents are listed in Table 2.

When the hyperpolarizing-activated inward current (Ip) was analyzed, the
following compounds were used to block other currents that might interfere with the
analysis of Iz 3 mM Ni?* to block slow inward Ca®>* currents and Na-Ca exchange
current (126), 3 mM Ba2* to block K* currents (87,176), and 2 mM 4-aminopyridine
(4-AP) to block transient outward current (125). In some experiments, 20 uM TTX was
used to block fast Na* current. When extracellular Na* concentration was reduced,
NaCl was replaced with equimolar quantities of TRIS/HCl. Extracellular K*
concentrations were changed without compensation for total osmolarity.

In studies of T- and L- type Ca?* currents, external solution was a Na-free

solution containing (in mM): TEA-C1 137, KCl 5.4, MgCl, 1.0, CaCl, 2.7,_ HEPES 5,
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Figure 5. Measurement of membrane capacitance. The cell was held at -50 mV,
and a ramp clamp to -40 mV and -60 mV was applied. The slope of the ramp (dV/dt)
was 5 V/sec. The cell capacitance was calculated by dividing the half-amplitude of

current jump at the turning point of the ramp pulse by the ramp slope. The current was
the average of 5 clamps.
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glucose 11, TTX 30 uM, 4-AP 1.0 and titrated with TEA-OH to pH 7.4. In addition,

internal K+ was replaced by Cs* (see Table 2). In studies of Ix current, the
extracellular K* concentrations were changed by replacement of NaCl with equimolar
quantities of KCl. In studies of Na-Ca exchange current, when extracellular Na*
concentration was reduced, NaCl was replaced with equimolar quantities of LiCl.
List of drugs and chemical reagents:

Collagenase (type II, 171 units/mg, Worthington, )

Protease (type XIV, 5.4 units/mg, Sigma Chemical Company)

Elastase (type III, 80 units/mg, Sigma Chemical Company)

Albumin (Sigma Chemical Company)

Na,-ATP (grade I, Sigma Chemical Company)

K,-ATP (from Equine Muscle, Sigma Chemical Company)

Ethyleneglycol-bis-N,N,N’,N’-Tetraacetic Acid (Sigma Chemical Company)

N-2-hydroxyethylpiperazine-N’-2-ethane-sulfonic Acid (Calbiochem)

Nystatin (Sigma Chemical Company)

Dimethyl Sulfoxide (Sigma Chemical Company)

Tetrodotoxin (Calbiochem)

4-aminopyridine (Sigma Chemical Company)

Tetraecthylammonium Chloride (Sigma Chemical Company)

TRIZMA Hydrochloride (Sigma Chemical Company)

Nifedipine (Sigma Chemical Company)

Ryanodine (Penick, Lyndhurst, New Jersey)



CHAPTER 1V

RESULTS

A. Morphology and Passive Membrane Properties.

Figure 6 shows two typical latent atrial pacemaker cells isolated from the Eustachian
ridge of cat right atrium. Both cells were beating spontaneously in normal Tyrode’s
solution containing 1.8 mM Ca?*. Pacemaker activity was associated with spontaneous
contractions, characterized by distinct twitches that were synchronous throughout the cell.
In general, approximately 5 to 20% of the cells isolated in an individual experiment
exhibited spontaneous, rhythmic pacemaker activity. The mean spontaneous beating rate
of pacemaker cells (monitored by video-based edge detection) was 69 + 4 beats/min
(n=15). Pacemaker cells were elongated with tapered ends, and appeared somewhat bent
or crinkled, without obvious striations. Pacemaker cells exhibited a mean diameter and
length of 7.4 + 0.5 pum and 93.1 + 5.9 um, respectively (n=15). The mean total
membrane capacitance and input resistance were 27.8 + 3.1 pF (n=19) and 2.2 + 0.2
GQ (n=21), respectively. These morphological and passive membrane properties are
similar to those found in rabbit SA node pacemaker cells (11,12,47,48) and pacemaker

cells from cat right atrium (226).
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Figure 6. Typical latent pacemaker cells isolated from the Eustachian ridge of cat

right atrium. Both cells exhibited rhythmic spontaneous activity. Cell at lower left was
photographed during contractile event. Calibration bar = 40 um.
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B. Pacemaker Action Potential Characteristics.

Figure 7 shows typical pacemaker action potentials recorded from a latent atrial
pacemakef cell using a ruptured-patch whole-cell recording configuration. These action
potentials exhibited a relatively slow rate of rise (<10 V/s) and a pacemaker voltage
range between -71 to -54 mV. In some cells the diastolic slope exhibited two phases;
an initial steeper slope followed by a more gradual slope. Table 3 summarizes the action
potential variables obtained from single latent pacemaker cells (n=15). As expected for
latent pacemakers, the slope of diastolic depolarization was sméll (35 mV/s) and the
spontaneous cycle length was long (901 + 67 ms) compared with those reported in SA
node (57,159,213). The maximum diastolic potential was about -68 mV. Although
spontaneous action potentials could be recorded for as long as 20 minutes in some cells,
usually spontaneous activity gradually slowed and finally stopped within 5 minutes of
rupturing the membrane patch. Similar results have been reported in rabbit SA node
(59,159) and frog sinus venosus pacemaker cells (25). Action potentials were, therefore,
recorded immediately after breaking the membrane. In later experiments we used a
nystatin-perforated patch method to record pacemaker action potentials for at least 30
minutes without significant change in action potential configuration and spontaneous rate
(see Figures 17,20,25,31). Action potentials recorded from single latent pacemaker cells
were comparable to those obtained from latent pacemakers in multicellular Eustachian
ridge preparations (188,189).

C. Membrane Currents During Voltage Clamp.

Figure 8 shows typical pacemaker action potentials and membrane currents
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Figure 7. Pacemaker action potentials recorded from a single spontaneously active

cell isolated from Eustachian ridge of cat right atrium.



Table 3. Measurements of Spontaneous Action Potentials in Latent Pacemaker Cells

Parameter Mean + SE n
Maximum Diastolic Potential (mV) -68.2 1.2 15
Overshoot (mV) 27.5 1.5 15
Amplitude (mV) 95.7 1.8 15
Take-off Potential (mV) -54.4 1.5 15
Duration (60%) (ms) 141.1 11.2 15
Upstroke Velocity (V/s) 6.5 1.6 15
Slope of Diastolic Depolarization (mV/s) 35.4 3.4 15

Spontaneous Cycle Length (ms) 900.7 66.8 15
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recorded from a single latent atrial pacemaker cell. Panel A shows spontaneous action
potentials that exhibited a maximum diastolic potential of -70 mV, an overshoot potential
of +35 mV, and cycle length of 896 ms (rate=67/min). Following the action potential
recordings the cell was held at ~40 mV and clamped for 1 sec to more negative (panel
B) and more positive (panel C) voltages ranging between -120 and +30 mV. As shown
in Panel B, hyperpolarizing clamp pulses elicited an increasing inward current that was
larger at more negative voltages. In addition, hyperpolarization elicited little
instantaneous inward current. This time- and voltage-dependent inward current
corresponds to the hyperpolarization-activated current, I; similar to that reported in SA
node pacemaker cells (§9,160,213). In panel C, depolarizing clamps elicited an initial
inward current followed by an increasing outward current. Repolarization to the holding
potential elicited decaying outward tail currents. The initial inward current can be
attributed to activation of L-type Ca?* current (90,159) and the increasing outward
current corresponds to delayed rectifier, Iy (159,200). In the following experiments each
of these currents as well as T-type Ca®* current and Na-Ca exchange current will be
analyzed in detail.

1. Hyperpolarization-activated Current, L.

Figure 9 shows an experiment where both action potentials and I; currents were
recorded from a single latent atrial pacemaker cell. Action potentials exhibited a
pacemaker potential with a voltage range between -69 and -45 mV. Following these
voltage recordings, the cell was clamped at a holding potential of -40 mV and

hyperpolarized to voltages between -50 and -100 mV in 10 mV increments.
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Figure 8. Recordings of pacemaker action potentials (A) and membrane currents
(B & C) from a single pacemaker cell. Voltage clamp protocols and membrane currents
in response to hyperpolarization (B) and depolarization (C) from a holding potential (Vh)
of -40 mV. Hyperpolarizing clamp pulses were delivered in 10 mV increments between
-50 and -120 mV for 1 sec. Depolarizing clamp pulses were delivered in 10 mV

increments between -30 and +30 mV for 1 sec.
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500 ms
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Figure 9. Action potentials (top) and I; currents (bottom) recorded from a single
latent pacemaker cell. Top: voltage clamp protocols superimposed on spontaneous action
potentials to illustrate voltage range of the pacemaker potential. Bottom: I currents
recorded from the same cell. Membrane currents were elicited by hyperpolarizing clamp
pulses between -50 and -100 mV from Vh of -40 mV.
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Hyperpolarization elicited a relatively small initial inward current jump, indicating that
the inward rectifying current, I; was very small or absent in these cells (226). This was
later confirmed by the fact that barium had no significant effect on this initial inward
current (Figure 10). In addition, hyperpolarization elicited an inward current that
increased with time and at more negative voltages. This time- and voltage-dependent
inward current corresponds to the hyperpolarization-activated current, I found in SA
node (48,59,159,160,213), Purkinje (36,51,52) and other cardiac pacemaker cells
(1,25,226). Of the 213 cells selected for study, 201 cells (94 %) exhibited I; in response
to hyperpolarization. This experiment shows that the threshold for L activation was
between -50 and -60 mV, well within the pacemaker voltage range. It should also be
noted that I, amplitude varied among different pacemaker cells. Typically, maximum I¢
amplitude elicited at -120 mV ranged from 100 to 300 pA and was no greater than 400
pPA. These values are considerably smaller than those reported in SA node pacemaker
cells (59,213), where I; amplitudes of more than 1000 pA are not uncommon. I also
exhibited various degrees of run-down following rupture of the membrane patch. Similar
findings have been reported in SA node pacemaker cells (59). In 5 experiments, I,
decreased to 77 + 4% of control at 10 minutes after breaking the membrane. To
minimize run-down, most experiments were performed within 5 to 10 min of breaking
the membrane.

Voltage dependence of I; activation. In Figure 10, the voltage dependence of
I activation was determined by using an experimental protocol similar to that described

by DiFrancesco et al. (59). From a holding potential of -40 mV the cell was
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Figure 10.  Activation curve of I;. A: selected membrane currents used to
determine the voltage dependence of I activation curve. The cell was held at -40 mV
and hyperpolarized between -60 and -120 mV for 3 to 10 sec and then clamped to +10
mV for 1 sec. B: tail current amplitudes are normalized with respect to maximal tail
current amplitude and plotted against the voltage imposed during hyperpolarization. Data
points (®) are means + SE obtained from 4 cells. The solid curve was obtained by
fitting the data with a Boltzmann equation. External solution contained 3 mM Ni?*, 3
mM Ba?* and 2 mM 4-AP.
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hyperpolarized to various test voltages between -60 and -120 mV to activate L, and then
clamped to a fixed positive voltage to elicit deactivating outward tail currents (Figure
10A). Longer hyperpolarizing clamp pulses were used at less negative voltages where
the time course of I, activation was slower. As shown in Figure 10B, the activation
curve (smooth curve) was obtained by fitting the data with a Boltzmann equation:
Qe ={1+exp[(V,-V 5)/k]} !, where q,, = steady-state activation variable, determined
as the ratio of the tail current amplitude to maximal tail current amplitude, V, =
hyperpolarizing test voltage, V, s is voltage at which activation is half-maximal and k is
the slope factor. The activation curve is S-shaped and shows that I, was activated at
voltages more negative than -50 mV and fully-activated at about -120 mV. The half-
maximal activation voltage and slope factor were -80.5 + 1.6 and 8.1 + 0.4 mV,
respectively. The half maximal activation voltage in latent pacemaker cells is more
negative than that reported in rabbit SA node cells (89,213).

To ensure correct interpretation of the I, activation curve it is important to
demonstrate that I; tail currents accurately reflect I; activation. In other words, if
channel conductance does not change instantaneously, then the initial amplitude of the
tail currents should reflect I activated during hyperpolarization as a function of time.
A common way of demonstrating this is to perform an "envelope of tails" test
(59,84,213). This was accomplished by activating I at a single voltage for different
periods of time and then returning the membrane to a more positive fixed voltage. As
shown in Figure 11A, the time course of the envelope curve (dashed line) describing the

peak tail currents was similar to ¢ activation. In panel B, the I; current shown in panel
f P f _ P
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Fig. 11. Envelope of tails test for Ir. A: I tail currents were recorded at +10 mV
following hyperpolarizing clamp steps to -100 mV ranging from 200 to 2400 ms in
duration. Holding potential was -40 mV. Eight traces of I activation are superimposed.
B: I; elicited at -100 mV is plotted on a semilogarithmic scale against time, and peak I;
tail current amplitudes (®) are plotted on the same scale against the duration of the
preceding clamp step. The straight line was determined by least squares analysis of the
tail current amplitudes. External solution contained 3 mM Ni2*, 3 mM Ba?* and 2 mM
4-AP.
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A, and the peak tail current amplitudes are plotted on a semilogarithmic scale as a
function of time. It is apparent that the time course of both I¢ activation and the envelope
of tails are similar, with time constants of 808 and 737 ms, respectively. These results
indicate that the peak tail currents are a reliable measure of the amount of I; activation.
Ionic selectivity of I.. The reversal potential of I; was determined by
hyperpolarizing the cell to -120 mV for 1.5 sec to activate I; and then returning to more
positive voltages in 10 mV increments. The records in Figure 12A show a typical
experiment where I tail currents reversed direction at about -25 mV, suggesting that I,
is carried by more than one ion species. Similar results were found in a total of ten
experiments. The properties of the I, channel were further analyzed by determining the
fully-activated current-voltage (I-V) relationship, according to the method of DiFrancesco
(51). From a holding potential of -40 mV the cell was clamped to voltages at which I;
current was either fully activated (120 mV) or fully deactivated (-20 mV). From each
of these voltages the membrane was clamped to identical voltages ranging from -105 to
-30 mV. The fully-activated I-V relationship was determined by measuring the
difference in peak tail current amplitudes (arrows). In panel C, the difference current
was plotted against the imposed voltages. The fully-activated I-V relationship is
approximately linear between -120 and -30 mV, and shows outward rectification at more
positive voltages. The I-V relationship also shows that the current changed direction at
-25.6 + 0.7 mV (n=21), which is similar to the reversal potential determined in Figure
12A. Similar values have been reported for I in SA node pacemaker cells (59,213).

Measured over the linear portion of the I-V relationship (-30 to -120 mV) the fully-
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Figure 12. A: Determination of I reversal potential. From Vh of -40 mV, the cell
was hyperpolarized to -120 for 1.5 sec and then clamped between -45 and -5 mV as
indicated. Five traces of I; are superimposed. External solution contained 20 uM TTX,
3 mM Ni2*, 3 mM Ba’?* and 2 mM 4-AP. B: selected currents used to determine the
fully-activated I-V relationship. The cell was held at ~40 mV and clamped to -120 mV
or -20 mV for 1.5 sec followed by clamp steps to identical voltages ranging from -105
to +30 mV. Differences between the initial tail current amplitudes (arrows) were plotted
(panel C) against the voltages at which the tail currents were elicited. External solutions
contained 3 mM Ni?*, 3 mM Ba?* and 2 mM 4-AP. C: fully-activated I-V relationship
for I; determined from 21 cells. Currents are expressed as current density ‘(pA/pF).
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activated conductance was 1.75 + 0.14 nS (n=21). This value is significantly smaller
than the fully-activated conductance of I reported in SA node (59,213).

The reversal potential measurements suggest that I may be carried by both Na*t
and K7 ions, as shown in other cardiac pacemaker cells (25,36,51,53,59,63). This was
tested by changing extracellular Na™ or K* concentrations and determining the effects
on the fully-activated I-V relationship. In Figure 13A, when the extracellular Na* was
reduced from 137 mM to 30 mM I amplitude was decreased. Panel B shows that
reducing the external Na™ shifted the fully-activated I-V relationship more outward and
changed the reversal potential from -26.6 + 0.6 to -41.5 + 1.6 mV (n=4). Reducing
the external Na* also decreased the slope of the I-V relationship, indicating a decrease
in conductance. The change in slope is more evident at more negative voltages. At
voltages more negative than about -50 mV, where the I-V curve is approximately linear,
the reduction in external Na*t decreased the slope by about 25%. Others have shown
that lowering external Na* shifts the fully-activated I-V relationship to more negative
voltages in Purkinje fibers (51) and single SA node pacemaker cells (59). However, in
contrast to the present results, those studies reported no change in the slope of the fully-
activated I-V relationship with a reduction in external Na*. These results indicate that
Na* is a charge carrier of .

Figure 14 shows the effects of lower (panels A & B) and higher (panels C & D)
extracellular Kt concentrations on I;. In panel A, reducing the external K* from 5.4
to 2 mM decreased I amplitude. In panel B, the reversal potential of the fully-activated

I-V relationship was shifted from -24.1 + 3.6 to -31.2 + 3.8 mV (n=4) and the slope
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Figure 13. Effects of low extracellular Na* on I.. A: selected currents recorded
in 137 mM (top) and 30 mM (bottom) external Na™ solutions. Tail currents shown are
those elicited from -120 to -90, -30 ,-15 mV and from -20 to -90 mV. B: fully-
activated I-V relationship in 137 mM (@) and 30 mM (©) Na* determined in 4 cells.
External solutions contained 3 mM Ni?*, 3 mM Ba?* and 2 mM 4-AP.
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Figure 14. Effects of different extracellular K concentrations on Ir. A: selected
currents recorded in 5.4 mM (top) and 2 mM (bottom) external K* solutions. B: fully-
activated I-V relationship in 5.4 mM (@) and 2 mM (0) K% determined in 4 cells. C:
selected currents recorded in 5.4 mM (top) and 25 mM (bottom) external K* solutions.
D: fully-activated I-V relationship in 5.4 mM (@) and 25 mM (©) K* determined in 5

cells.
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of the I-V relationship was decreased. The two I-V curves crossover one another at
about -18 mV. As shown in panels C & D, when external K* was increased from 5.4
to 25 mM I amplitude increased, the reversal potential shifted from -25.4 + 0.6 to
-14.7 £ 0.7 mV (n=5), and the slope of the I-V relationship increased. These results
indicate that K* is a charge carrier of I, similar to that reported in SA node (59,63) and
Purkinje fibers (51,53). In addition, it has been reported that the increase in slope of the
fully-activated I-V relationship induced by elevated K% indicates that K* exerts an
activation-like affect on I (53,59). The present findings indicate that I in latent atrial
pacemaker cells is carried by both Na* and K¥ ions, as reported in Purkinje tissues
(36,51,53) and SA node pacemaker cells (59,63).

Kinetics of I;. Figure 15A shows I; currents recorded from two different latent
pacemaker cells in which activation of I exhibited either a short delay in onset, yielding
a sigmoidal time course or little, if any, delay in onset. Similar features have been
described for I; in SA node (59,213) and Purkinje cells (36). Of the 7 cells studied, 4
cells exhibited I¢ activation without delay, and 3 cells exhibited a sigmoidal time course.
I; currents that exhibited a sigmoidal time course could not be fit adequately with either
a single exponential function or an exponential raised to the power of 2 (213). There is
considerable evidence that sigmoidal I; currents do not exhibit kinetic properties
consistent with a Hodgkin-Huxley model (55,56,58,94). We therefore have restricted
the present kinetic analysis of I to those currents that exhibited no delay in onset of
activation and hence, were best fit by a single exponential function. This is illustrated

in Figure 15B which shows a semilogarithmic plot of I; activation. The inset in panel
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Figure 15. Kinetic analysis of I.. A: I; from two different latent pacemaker cells
showing sigmoidal time course of activation (top) and no delay in activation (bottom).
I¢ currents were elicited by clamps between -80 and -110 mV from Vh of -40 mV. B:
(inset) I; currents exhibiting no delay in onset in a cell held at -40 mV and clamped
between -60 and -100 mV for 5 to 9 sec. The current trace at -90 mV (*) was plotted
on a semilogarithmic scale against time. C: activation time constants of I. Data points
(®) are means + SE obtained from 4 cells. D: rate constants o (O) and 8 (®) of I;
activation. Lines are drawn through data points. ‘
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B shows I; currents elicited by hyperpolarizing clamps to different voltages. Longer
hyperpolarizing clamp durations were delivered at less negative voltages. Figure 15C
shows the time constants of I activation at different voltages for the 4 cells that exhibited
single exponential kinetics. Mean time constants were 3.20 + 1.03 sec at -70 mV and
0.44 + 0.03 sec at -120 mV. As shown in Figure 15D, the forward (open circles) and
backward (closed circles) rate constants for the four cells were determined by the
following equations:

a=qQ/T, ¢))

B=(1-qo)/7 )
where o is forward rate constant, 8 is backward rate constant, 7 is the activation time
constant and q, is the activation variable as determined by a Boltzmann function (see
Figure 10).

Effects of cesium. Relatively low concentrations of cesium (Cs*) are known to
block I in cardiac pacemakers (36,53,59,89). Figure 16A shows selected current
recordings used to determine the fully-activated I-V relationship as described above (see
Figure 12). Cs* blocked I elicited by hyperpolarizing clamp steps but exerted only a
small effect on I tail currents elicited by clamps more positive than about -25 mV. Cs*
also decreased the initial background inward current elicited by hyperpolarization. The
fully-activated I-V relationship in panel B shows that 2 mM Cs™* decreased I to less than
10% of control at voltages more negative than the reversal potential, and had little effect
on current at more positive voltages. Similar voltage-dependent block of I by Cs™ has

been reported in SA node (59,89), frog sinus venosus (25) and Purkinje tissues (36,53).
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Figure 16. Effect of Cs™ on fully-activated I-V relationship of I. A: selected
current recordings in control (top) and in 2 mM Cs* (bottom) solutions used to
determine fully-activated I-V relationship (see Figure 12). Tail currents at -105 and 0
mYV were elicited from clamps to —-120 and -20 mV. B: fully-activated I-V relationships
in control (®) and 2 mM Cs™* (O) determined in 4 cells. External solutions contained
3 mM Ni2*, 3 mM Ba?* and 2 mM 4-AP.
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To determine the contribution of I; to latent atrial pacemaker activity, Cs* was
tested on spontaneous action potentials and I; recorded from a single pacemaker cell.
This was accomplished by using a nystatin-perforated patch recording method (104,130).
With this method we could record normal spontaneous, pacemaker action potentials and
I¢ for at least 30 minutes without discernable change in either signal. Apparently, the
perforated patch method avoids the run-down of pacemaker activity and I that may result
from diffusional changes in internal constituents due to rupture of the membrane patch.
As shown in Figure 17A hyperpolarization elicited I, that was activated at voltages more
negative than -50 mV, which is within the pacemaker potential range (-68 to -55 mV)
of this cell. Moreover, these findings are similar to those obtained with the ruptui'ed
patch whole-cell recording method used in the experiments described above (see Figure
7). Panel B shows that 2 mM Cs% decreased the slope of diastolic depolarization and
significantly increased pacemaker cycle length, although spontaneous activity did not
cease. Note that the diastolic slope was depressed starting from its early development.
These findings are consistent with the effects of Cs* on multicellular pacemaker
preparations (189) and indicate that the contribution of I; is already evident during the
initial phase of the pacemaker potential. Cs* had no significant effect on other action
potential parameters, although this cell exhibited a small hyperpolarization of the
maximum diastolic potential. Cs™ also significantly inhibited I; (< 10% of control at -70
mV) activated during hyperpolarization and decreased the initial background inward
current. Panel C shows that on washout of Cs* both pacemaker action potentials and

I; recovered. In 8 cells tested, 2 mM Cs™* increased mean cycle length from 884 + 28
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Figure 17. Effects of Cs* on pacemaker action potentials and I; recorded from a
single latent pacemaker cell. A: control pacemaker action potentials (top) and I (bottom)
in normal Tyrode’s solution. Currents were elicited by hyperpolarizing clamps between
-50 and -100 mV from Vh of -40 mV. B: effect of 2 mM Cs*. C: recovery following

washout of Cs™.
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ms to 1782 + 146 ms, which represents a 48 + 5% decrease in spontaneous rate
(P<0.01). Following washout of Cs™*, cycle length returned to 935 + 40 ms. Cs™-
induced hyperpolarization of the maximum diastolic potential was variable and not
statistically significant.

To determine whether the results obtained in these experiments were influenced
by the recording method (49), we studied the effect of Cs* on the spontaneous beating
rate of latent atrial pacemaker cells without applying a patch electrode to the cell.
Instead, pacemaker cycle length was determined by measuring contractile events with a
video-based edge detector. In 15 cells tested, cycle length was 913 + 48 ms in the
absence and 1918 + 142 ms in the presence of 2 mM Cs*, which corresponds to a 50
+ 3% decrease in spontaneous rate (p<0.01). Washout of Cs™ returned cycle length
to 961 + 48 ms. These values are not statistically different from those obtained using
the nystatin-perforated patch recording method. Whether measured with or without patch
electrodes, Cs* significantly slowed beating rate in all cells tested but did not stop
spontaneous activity. These results indicate that a Cs*-sensitive I current contributes
significantly to latent pacemaker activity. In addition, the run-down in pacemaker
activity seen with the ruptured-patch recording method cannot solely be due to run-down
of I; activation because Cs™ block of I failed to stop pacemaker activity.

Effect of isoproterenol. It has been reported that the response of I to 8-
adrenergic stimulation are variable among different pacemaker cells isolated from SA
node (59, however see 89). We therefore tested whether the response of latent

pacemaker cells to isoproterenol is influenced by the recording method used. As shown
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in Figure 18 A, when the ruptured patch method was used to record I, ISO (1uM)
elicited variable changes in Iz amplitude among different cells. In panel A (top), ISO
increased I, while in another cell (bottom), ISO decreased I;. As a result, ISO elicited
no net change in mean I amplitude (n=6) (panel C). The variability in the response to
ISO may be due to loss of some intracellular substances that are essential for mediating
the effect of ISO on I. It is well known that the effects of ISO are mediated in many
cell systems through cytosolic second messenger systems (89,122). In addition, the
ruptured patch recording method allows diffusion of internal constituents between the cell
interior and the internal pipette solution (93). It is important to use a method which
avoids intracellular dialysis. We therefore used a nystatin-perforated patch recordirig
method to avoid loss of intracellular constituents (104,130) and to study the effect of ISO
on I;. Panel B shows a typical response to ISO when I; was recorded with the nystatin
method. ISO elicited a significant increase in I, and this response was consistent in all
cells tested (n=8). Panel C shows that using nystatin method ISO induced a 90 + 22%
(P<0.001, n=38) increase in I at -80 mV.

Figure 19 shows the effect of ISO on the I; activation curve with ruptured patch
and nystatin recording methods. Panel A shows that with the ruptured patch method
there was no significant change in the I; activation curves between control (@) and 1 uM
ISO (0) (n=4). Half-maximal activation voltages in control and ISO were -75.3 + 2.2
mV and -73.9 + 4.5 mV, respectively. Panel B shows the I activation curves in control
(®) and 1 M ISO (O) with nystatin perforated patch method (n=3). ISO elicited a

significant shift in the half-maximal activation voltage from -78.7 + 2.5 mV to -67.6
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Figure 18. Effects of isoproterenol (ISO) on I;. A: responses of I¢ to ISO with
ruptured patch recording method. ISO elicited variable changes in I, among different
cells (n=6); increased (top) or decreased (bottom). B: response of I; to ISO with
nystatin-perforated patch method. With nystatin perforated patch method ISO increased
I in all cells (n=8). I; currents were elicited by two step hyperpolarization clamps to
-80 and -110 mV from Vh of -40 mV. C: effects of ISO on L elicited by
hyperpolarizing clamps to —-80 mV from a Vh of -40 mV. ‘
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Figure 19. Effect of ISO on I activation curve with ruptured patch and nystatin-
perforated patch recording methods. A: L activation curves in control (®) and 1 uM ISO
(©) with ruptured patch method (n=4). B: I; activation curves in control (®) and 1 uM
ISO (©) with nystatin-perforated patch recording method (n=3). External solution
contained 3 mM Ni?*, 3 mM Ba?* and 2 mM 4-AP.
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+ 3.3 mV (p<0.05).

In Figure 20, the nystatin recording method was used to study the effects of ISO
on pacemaker action potentials and I currents recorded from a single latent pacemaker
cell. Panel A shows the control spontaneous action potentials and L. In panel B, 1 uM
ISO significantly increased the slope of diastolic depolarization, decreased pacemaker
cycle length, and increased I; elicited by hyperpolarization. In 5 cells tested, ISO
decreased mean pacemaker cycle length from 862 + 84 to 542 + 31 ms (P < 0.01) and
increased Iy amplitude in all cells.

2. Delayed Rectifier Iy:

Voltage dependence of Iy activation. Figure 21 shows the determination of the
voltage dependence of Iy activation. In panel A, a pacemaker cell was depolarized from
a holding potential of -50 mV and then repolarized back to the holding potential
following each clamp step. Iy was elicited during each depolarization and Iy tail
currents were elicited upon repolarization. As shown in panel B, peak Iy tail current
amplitudes were normalized with respect to maximal tail current amplitude and plotted
against the voltage imposed during depolarization. The activation curve (smooth curve)
was obtained by fitting the data with a Boltzmann equation:q.=1-{1+exp[(V
Vo.5)/k]} 1. The activation curve is sigmoidal and shows that I, is activated at voltages
more positive than -40 mV and fully activated at about +30 mV. The half-maximal
activation voltage and slope factor were -8.6 + 1.6 and 12.6 + 0.7 mV, respectively.

Fully-activated I-V relationship. The fully-activated I-V relationship for Iy was

determined according to a method described by Nakayama er al. (159). As shown in
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Figure 20. Effect of ISO on pacemaker action potentials and I; recorded from a
single latent pacemaker cell using nystatin-perforated patch recording method. A: control
pacemaker action potentials (top) and I; (bottom) in normal Tyrode’s solution. Currents
were elicited by hyperpolarizing clamps between -60 and -110 mV from Vh of -40 mV.
B: effect of 1 uM ISO.
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Figure 21. Activation curve of Iy. A: Membrane currents used to determine the
activation curve for Ix. The cell was held at -50 mV and depolarized between -40 and
+30 mV for 2 sec, and then clamped back to -50 mV. B: normalized tail currents are
plotted against the voltage imposed during depolarization. The data are means + SE
obtained from 6 cells. The solid curve is a best fit to the data by a Boltzmann equation.
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Figure 22, a pacemaker cell was held at -50 mV and clamped to +30 mV, a voltage at
which Iy is fully activated. This was followed by test clamp pulses to voltages between
-100 and +20 mV. Then the same test clamp pulses were applied from -50 mV, a
voltage where Iy is not activated. The fully-activated I-V relationship of Iy was
determined by measuring the difference in the initial current amplitudes at the same test
voltages (as indicated by arrows). In panel B, the difference currents were plotted
against the imposed test voltages. The fully-activated I-V relationship was linear between
-100 and about -30 mV and inwardly rectified at more positive voltages. In addition,
I current reversed direction at about —-80 mV (n=4).

Separation of I tail current from I, activation. To determine the reversal
potential of Iy, tail currents elicited upon repolarization were examined in the voltage
range between -60 and ~-100 mV. However, latent pacemaker cells also exhibit I¢
activation in the same voltage range. Because I; activation will influence the
measurements of Iy reversal potential we employed the following voltage clamp protocol
to separate Iy tail currents from I activation. As shown in Figure 23A, pacemaker cells
were held at -45 mV and then clamped to more negative voltages with and without a
preceding depolarizing clamp. The depolarizing pulse to +20 mV for 2 sec activated
Ix during depolarization. Therefore, hyperpolarization that followed a depolarizing
clamp elicited tail currents that consisted of both Iy deactivation and I; activation,
whereas hyperpolarization from -45 mV to the same voltages without a preceding
depolarization elicited I alone. Typical current recordings elicited by this protocol are

shown in panel A. Without a preceding depolarization, hyperpolarization between -60
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Figure 22. Fully-activated I-V relationship for Ix. A: selected currents used to
determine the fully-activated I-V relationship. From Vh of -50 mV, two test clamp
pulses were applied to voltages between -100 and +20 mV with or without a preceding
depolarizing clamp to +30 for 2 sec. The difference between the initial tail current
amplitude (arrows) was plotted against the test voltage at which the current was elicited.
B: fully-activated I-V relationship for Iy from 4 cells. Currents were normalized against

total cell capacitance and expressed as current density (pA/pF).
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Figure 23. Separation of Iy tail currents from I; activation. A: the voltage clamp
protocols (top). From a Vh of -45 mV a cell was clamped between -60 and -100 mV
with or without 2 sec conditional pulses to +20 mV to activate Iy. Currents recorded
with each protocols are shown superimposed (bottom). The interrupted lines indicate the
zero current level. B: Iy tail currents obtained by subtraction of I; from total current
tails. The tail current reversed at about -80 mV. C: the decay of Iy was best fit by a

single exponential function.
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and -—1007 mV elicited only I, which showed typical characteristics, i.e. increased with
time and was larger at more negative voltage. When Iy was activated by depolarizing
clamps to +20 mV, currents elicited by hyperpolarizing clamps to the same voltages
exhibited additional outward tail currents that were larger at —-60 than at -70 mV and
inward in direction at -90 and -100 mV. At -80 mV, currents elicited by the two
different protocols were superimposed, indicating the tail current reversal potential.
Clearly, tail current amplitude was larger at voltages that were further from the tail
current reversal potential. Iy currents were separated from I; by subtracting currents
elicited by hyperpolarization without a pre-conditioning pulse from those elicited
following a depolarizing pulse. Panel B shows the subtracted Ik tail currents. Indeed,
Ik tail currents exhibited a reversal potential of about ~80 mV. In 6 cells, Iy reversal
potential was -78.2 + 0.3 mV, which is close to the calculated K equilibrium potential
(-86 mV). These results support the idea that Iy is selectively carried by K™ ions.
Panel C shows that Iy tail currents (separated from Ip), elicited at =70 mV exhibited a
single exponential decay, with a time constant of 159 + 16 ms (n=6). Because latent
pacemaker action potentials exhibit a maximum diastolic potential of about -70 mV, and
a cycle length of about 900 ms, these results suggest that deactivation of I may
contribute to the kinetics of the initial portion of the diastolic depolarization in latent
atrial pacemakers.

Effect of extracellular K on Iy reversal potential. The ionic selectivity of Ig
was further studied by measuring the reversal potential of Iy in different extracellular K*

concentrations ([K*],). I tail currents were obtained as described above and used to
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examine the Iy reversal potential in [K*], of 2.5, 5.4, 10.8 and 25 mM. Figure 24A

shows subtracted I tail currents recorded in different [K*],, as indicated in each panel.
As expected the reversal potential shifted to more positive voltages as the [K+]0 was
increased from 2.5 to 25 mM. In panel B, the reversal potentials measured in each
[K’“]0 were plotted against [K+]o on a semilogarithmic scale. The linear regression line
showed a slope of 51.5 mV per tenfold change in [K*],. These results confirm that Ix
is, in fact, carried primarily by K™ ions.

Effect of elevated K on action potentials. Latent atrial pacemakers recorded
from multicellular Eustachian ridge preparations are relatively insensitive to elevated
concentrations of extracellular K* (139). We therefore used the nystatin recording
method to determine the effect of elevated K+ on pacemaker action potentials recorded
from single latent pacemaker cells. Figure 25A shows spontaneous pacemaker action
potentials in normal Tyrode’s solution. As shown in panel B, raising the extracellular
K™* from 5.4 to 10.8 mM shifted the maximum diastolic potential more positive and
shortened pacemaker cycle length. As shown in panel C, returning to normal K* (5.4
mM) restored action potential configuration. In 5 cells tested, 10.8 mM K™ shifted the
maximum diastolic potential from -69.4 + 0.9 mV to -58.0 + 0.5 mV (p<0.001) and
shortened pacemaker cycle length from 850 + 24 ms to 682 + 46 ms which represents
a 26.5 + 7.3% increase in spontaneous rate (p<0.05).

3. Ca?* Currents: T-type and L-type.
Ca?* currents were isolated for study by altering the ionic composition of both

the internal (see Table 2) and external solutions (see methods) and by using appropriate
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Figure 24. Effect of extracellular K™ concentration on the reversal potential of Ix.
The reversal potentials of Iy were measured in different extracellular K* concentrations
using the voltage clamp protocol shown in Figure 23. A: subtracted Iy tail currents in
[K+]o of 2.5, 5.4, 10.8, and 25 mM as indicated. B: reversal potentials were plotted
against [K*], on a semilogrithmic scale. Data are means + SE and the number of cells
tested in each K* concentration are shown in parentheses. The straight line is the least-

squares fit of the data.
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Figure 25. Effect of elevated K* concentration on pacemaker action potentials.
A: control pacemaker action potentials in normal (5.4 mM K*) Tyrode’s solution. B:
effect of 10.8 mM extracellular K*. C: recovery after returning to normal Tyrode’s

solution.
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channel blocking agents. Iy current was inhibited by 120 mM Cs™ in the pipette solution
and 140 mM TEA in the bath solution, and the fast Na* current was blocked by 30 uM
TTX in Na-free external solution. Ic, 1 and Ic,  were separated based on their voltage
dependence of activation and inactivation, using the following voltage clamp protocols.
From a holding potential of -80 mV depolarizing clamp pulses between -70 and +50
mV were used to elicit both I, v and I, ;. To elicit I, | alone the cell was held at
-80 mV, and a conditioning pulse to 40 mV for 1 sec was imposed to inactivate I, 7.
Then the cell was clamped to voltages between -30 and +50 mV to elicit I, ;. This
protocol was used to minimize run-down of L-type current (17). I, 1 was obtained by
subtracting those currents elicited from -40 mV from those currents elicited from a
holding potential of ~-80 mV. As shown in Figure 26 A-a, from a holding potential of
-80 mV depolarizing test pulses to voltages more positive than -50 elicited a rapidly
decaying transient inward current. At -50 and —-40 mV the currents are attributable to
activation of I, 7. At more positive voltages the currents are due to activation of both
Icar and Ig, 1 (total Ca®* currents). Figure 26 A-b shows the currents elicited by
depolarizing clamp pulses that were preceded by a 1 sec conditioning pulse to -40 mV.
At -30 mV only a small inward current was elicited. At test pulses of -10 and +20
mV, the currents were smaller than those elicited by the same test pulses without a
conditioning step. At +40 mV, however, the two currents were similar. The currents
elicited from -40 mV are attributed to activation of I, ;. Figure 26 A-c shows the
difference currents obtained by the subtraction procedure and attributed to activation of

Ica,T- Figure 26B shows the I-V relationships of I, t (W), Ic, 1 (©) and total Ca?*
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Figure 26. Two types of Ca2?* currents in a latent pacemaker cell. A: selected
membrane currents elicited by depolarizing clamps to various voltages from Vh of -80
mV without (a) or with a 1-sec conditioning pulse to -40 mV (b), and the difference
current (c). B: peak I-V relationships of current elicited by clamps without conditioning
pulse as shown in A-a (®), with conditioning pulse as shown in A-b (O), and the

difference current as shown in A-c (™).
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currents (0) obtained from 15 cells. The data are normalized with respect to membrane
capacitance and expressed as current density (pA/pF). The I-V relationship of Ic, 1
exhibited a threshold at -50 mV and a peak at -10 mV. The I-V relationship of I, |
showed a threshold at -30 mV and a peak at +10 mV. Maximal I, r and I, ; were
3.3 £ 0.4 pA/pF and 12.5 + 1.3 pA/pF, respectively. Peak Ic, 1 to Ic, | ratio was
0.29 + 0.04.

It has been reported that in SA node pacemaker (90) and Purkinje cells I, 1 (210)
current density is higher than in atrial and ventricular cells. Previous work from this
laboratory showed that I, 1 current density in cat atrial cells was 1.01 pA/pF, which is
significant smaller than that of latent pacemaker cells (225). However, these experiments
were performed in 5.4 mM Ca?* and room temperature. In order to eliminate the
influence of different experimental conditions, Ca%*t currents were recorded from
working right atrial cells under the same conditions as those for latent pacemaker cells.
It was found that under conditions of 2.7 mM Ca?* and 35°C, maximal Ic, T amplitude
in working atrial cells was 0.68 + 0.21 pA/pF. These experiments demonstrate that
under the same experimental conditions I, 1 current density of latent pacemaker cells
is significantly higher than that of normal working atrial muscle cells (P < 0.001).

Voltage dependence of activation and inactivation. The voltage dependence of
steady-state inactivation for Ca?* currents was determined by using a double pulse
protocol. A 1-sec conditioning pulse to various voltages was followed by a fixed test
pulse for 300 ms to elicit I, 1 or I, 1 . For Ic, 1 the test pulse was to -30 mV and the

conditioning pulses varied from -90 to -40 mV. For I, | the test pulse was to +20 and



87

the conditioning pulses varied from -40 to +10 mV. The inactivation parameter f was
determined by dividing peak current by maximum peak current. The voltage dependence
of activation for Ca?* currents was determined according to a method described by
Fermini and Nathan (79). The activation parameter d was estimated from the peak
conductance: d = I¢,/[8cy max(VM - E,.\J)]; Where I, is the peak current at membrane
potential (Vm), &c, max 18 the maximal Ca 2+ conductance, and E,,, is the apparent
reversal potential, which was obtained by fitting the linear portion of the I-V
relationships through zero current (115). In Figure 27, the calculated activation and
inactivation parameters for I¢, t and I, 1 were plotted against the imposed voltages.
The activation and inactivation curves (smooth curve) were obtained by fitting the data
with Boltzmann equations: d=1-{1+exp[(V;-V¢ s)/k]}"! and f={1+exp[(V,-V, 5)/k]} 7,
respectively, where V, is either the depolarizing pulse voltage for activation or the
conditioning pulse voltage for inactivation. The results show that I, 1 was activated at
voltages more positive than -60 mV and fully activated at about -10 mV, whereas I¢, |
was activated at voltages more positive than -30 mV and fully activated at about +20
mV. The half-maximal activation voltage and slope factor for I, + were -31.4 + 0.2
and 7.3 + 0.5 mV, respectively, and for I, were -6.2 + 2.0and 6.7 + 0.5 (n=9)),
respectively. The half-maximal inactivation voltage and slope factor for I, 1 were -57.2
+ 1.8and 5.1 + 0.5 mV, respectively, and for I, | were -27.6 + 1.0 and 4.1 £ 0.4
mV, respectively. Overlap of the activation and inactivation curves indicates that a
region of steady-state "window" currents exists for both I, r and I, . For I¢, t this

region was between -60 and -30 mV and for I, ; between -40 and 0 mV. The voltage
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Figure 27. Voltage-dependence of activation and inactivation for I, r and I, 1.
Open symbols show the steady-state activation (O0) and inactivation (©) curves for I, .
Closed symbols show the steady-state activation (W) and inactivation (®) curves for I, y .

Continuous curves were obtained by fitting data with Boltzmann equations.
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range of I, v "window" current is consistent with the late pacemaker potential, and
therefore suggests that I, + may contribute to pacemaker activity in latent pacemaker
cells.

Effect of cobalt. Cobalt (Co?*) has been reported to block both types of Ca®*
currents in SA node pacemaker (90) and atrial cells (10). Figure 28A shows that in
latent pacemaker cells, 2 mM Co?* abolished currents elicited by depolarizing clamps
to -40 mV (top traces) and +10 mV (bottom traces) from a holding potential of ~80 mV.
In panel B the I-V relationships of total peak current indicate that both I, T and I¢, |
were blocked by 2 mM Co?* (n=4). In addition, these results confirmed that fast Na*
current (see Figure 32) was effectively eliminated under our experimental conditions.

Effect of nifedipine. It has been reported that nifedipine selectively inhibits
Ic,,L Without affecting Ic, 1 (90,99). In addition, the blocking effect of nifedipine on
Ica,. has been reported to be voltage-dependent (99). Figure 29A shows the effect of
1 uM nifedipine on I, T and I, | in a latent pacemaker cell. The top traces show that
nifedipine had no effect on I, t elicited by a depolarizing clamp from -80 to -40 mV.
In contrast, the bottom traces show that when I, | was elicited by a depolarizing pulse
from 40 to +10 mV, nifedipine abolished all inward current. However, when Ca2*
currents were elicited from a more negative potential of ~80 mV by a depolarizing clamp
to +10 mV (without a conditioning pulse to -40 mV), nifedipine only inhibited about
25% of total inward current (middle traces). The results suggest that the effect of
nifedipine on I¢, | is voltage-dependent, similar to its effect reported in Purkinje cells

(99). Fig 29B shows the I-V relationships from a holding potential of -80 mV without
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Figure 28. Effects of cobalt (Co?*) on Ica,rand Ig, 1. Al Ig, 7and Ig, 1 currents
were elicited from Vh of -80 by depolarizing clamps to -40 (top) and +10 mV (bottom),
respectively. In the presence of 2 mM Co®* both currents were abolished. B: peak

current I-V relationships in control (®) and in the presence of 2 mM Co?* (o).
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Figure 29. Effects of nifedipine on Ic, 1 and I, 1. A: (top) effect of 1 uM
nifedipine on I, 1 elicited by depolarizing clamp to -40 mV from Vh of -80 mV.
Middle: effect of 1uM nifedipine on I, ; elicited by depolarizing clamps to +10 mV
from Vh of -80 mV. Bottom: effect of 1uM nifedipine on I, y elicited by depolarizing
clamps to +10 mV with a 1-sec conditioning pulse to -40 mV. B & C: I-V
relationships in control (®) and in the presence of 1 uM nifedipine (0) from Vh of -80
mV without conditioning pulse (B) and with a 1-sec conditioning pulse to -40 mV (C).
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a conditioning pulse in control (®) and in the presence of 1 uM nifedipine (©) (n=4).
Fig 29C shows the I-V relationships with a 1-s conditioning pulse to -40 mV in control
(®) and in the presence of 1 uM nifedipine (O) (n=4).

Effect of nickel. Low concentrations of Ni2* have been reported to specifically
block Ic, 1 in SA node pacemaker cells (90). However, others have shown that 40 uM
Ni2* could not block Ica 1> and higher concentrations reduced both Icarand Ic, 1 (79).
In our experimental condition, 40 uM Ni2* partially blocked Ica T at voltages of -50 and
-40 mV (Figure 30A). At more positive potentials, Ni2* had little effect on Ic,,T and
Ic,, - Figure 30B shows the peak current I-V relationships from a holding potential of
-80 mV in control (®) and in the 'presence of 40 uM N2+ (0) from 5 cells. The results
show that 40 uM Ni?* inhibited I, 1 elicited at -50 and -40 mV by 63 + 9% and 44
+ 3%, respectively. However, at -10 mV the maximal I, T was inhibited by only 10%.

To determine the relative contribution of I¢, 7 to latent atrial pacemaker activity,
40 uM Ni%* was tested on spontaneous action potentials using a nystatin-perforated
recording method. Figure 31A shows the control spontaneous action potentials. In panel
B, 40 uM Ni?* significantly increased pacemaker cycle length by specifically decreasing
the late phase of diastolic depolarization. Similar effect of Ni2* on pacemaker action
potentials has been reported in SA node pacemaker cells (64,90). Panel C shows the
recovery of pacemaker action potentials after washout of Ni>*. In 6 cells tested, Ni2™*
increased mean pacemaker cycle length from 855 + 38 to 1427 + 218 ms, which
represents a 35 + 6% decrease in spontaneous rate (P < 0.05). Following washout of

Ni%2*, cycle length returned to 863 + 41 ms.
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Figure 30. Effect of nickel (Ni?*) on Ica1 A: Effect of 40 uM Ni* on IcaT
elicited by depolarizing clamps to -50 mV (top) and -40 mV (bottom) from Vh of -80
mV. B: I-V relationships in control (®) and in the presence of 40 uM Ni (O).
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4. Fast Nat Current.

A TTX-sensitive fast Na* current has been recorded in SA node pacemaker cells
(48,160), as well as in tricuspid valve pacemaker cells. The following experiment was
performed primarily to determine whether the fast Na™ current is present in atrial latent
pacemaker cells. No attempt was made to quantitatively analyze the fast Na* current.
Figure 32 shows a recording of fast Na® current in a latent pacemaker cell. In this
experiment, Ca?" currents were eliminated by 2 mM Co?* (90) (see Figure 28). The
cell was held at -100 mV and clamped to -40 mV. This depolarizing clamp elicited a
very large inward current (about 12 nA) that activated rapidly with a peak at about 0.5
ms after start of the clamp. This current was blocked by 30 uM TTX and therefore is
attributed to fast Na* current. The TTX-sensitive Na* current was observed in all latent
pacemaker cells studied (n=10). Under the present experimental conditions (137 Na*
and 35°C) the Na* current could not be clamped adequately.

5. Na-Ca Exchange Current.

Figure 33A shows selected current signals recorded from a pacemaker cell
clamped from a holding potential (Vh) of -40 mV to more positive voltages using
nystatin recording method. Depolarization to -30 mV elicited a very small inward
current that slowly decayed with time. At -20 mV, two phases of inward current were
evident; an initial, rapidly activating component followed by a slower secondary
component. The secondary component developed slowly and decayed over about 100
ms. A clear separation of the two components is evident at -10 mV. Following the

initial inward current, which peaked at about 5 ms, there was an initial rapid relaxation
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Figure 32. TTX-sensitive Na* current. TTX-sensitive Na*t current was elicited
by depolarizing clamp pulse to -40 mV from Vh of -100 mV. In 30 uM TTX the

current was abolished. Extracellular solution contained 2 mM Co?* to block CaZ*

currents.
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Figure 33. Slow inward currents recorded from a latent pacemaker cell. A: the
voltage clamp protocol (top) and selected inward currents elicited by 300 ms depolarizing
clamps from Vh of -40 to +30 mV in 10 mV steps (bottom). Depolarizations elicited
Ic,,1 that exhibited an initial rapid relaxation followed by a slower secondary inward
current component. B: The same cell was clamped from Vh of -40 mV to 0 mV for 40
ms, and then repolarized to -40, -60, and -80 mV. Depolarization elicited I, y that
was followed upon repolarization by inward tail currents that slowly decayed with time.
Peak inward tail current amplitude and the rate of current decay were increased at more

negative voltages.
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followed ‘by a secondary component that decayed over about 100 ms. At more positive
voltages the distinction between the two components became less apparent. The initial
inward current can be attributed to activation of I, ; . The secondary inward current is
similar to that recorded in rabbit SA node (34), ferret ventricular trabeculae (3) and
single guinea pig ventricular cells (78), and has been attributed to Na-Ca exchange.
Experiments that will be presented below provide data to support these interpretations.
Panel B shows that the secondary inward component appears as inward tail currents
following short depolarizing clamp steps. Depolarizing steps to a fixed voltage elicited
Ic,,1 that were superimposed. Repolarization to different voltages elicited inward tail
currents that slowly decayed with time. As the membrane was repolarized to more
negative voltages, peak tail current amplitude increased and the rate of decay was
accelerated. The absolute decay time of each tail current was essentially the same. With
repolarization to -40 mV peak tail current amplitude was 61 + 8.7 pA (n=7) and the
time to decay back to baseline was 80-130 ms. In addition, the time course of the
secondary inward currents elicited during depolarization (panel A) and the inward tail
currents elicited upon repolarization (panel B) were similar. The time course of these
inward currents is similar to the duration of the pacemaker action potential (189) (this
study Figure 7). Similar tail currents have been recorded from atrial (69,82) and
ventricular (78,82,155) cells and have been attributed to Na-Ca exchange.

Effect of EGTA on Iy,c,. To establish that these inward currents were, in fact,
due to Na-Ca exchange we performed a variety of interventions that are known to alter

Na-Ca exchange in other cardiac cells. If both the secondary inward currents and the
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inward tail currents are due to Na-Ca exchange, then both currents should be dependent
on intracellular Ca?*. As shown in Figure 34, this point was tested by recording from
two different pacemaker cells using two different recording methods. In panels A & B,
the top current signals were recorded using a nystatin-perforated patch method where the
membrane patch remained intact. The bottom traces in each panel were recorded from
another pacemaker cell using a ruptured patch method where the cell interior was
dialyzed with internal pipette solution containing 2 mM EGTA. In panel A (top), a 300
ms depolarizing clamp elicited I, 1 with two components of decay: an initial rapid
inactivation followed by a secondary slower component. The time to half decay for the
rapid and slow components were 4.9 + 0.4 and 41.2 + 3.1 ms, respectively (n=5).
Panel B (top) shows that following a 30 ms depolarizing clamp, repolarization to the
holding potential elicited an inward tail current. These results are similar to those shown
in Figure 33. Panels A & B (bottom) show that when a pacemaker cell was dialyzed
with 2 mM EGTA, both the secondary inward component elicited during depolarization
(panel A) and the inward tail current elicited upon repolarization (panel B) are abolished
(n=>5). It is evident that I, y inactivation during depolarization is now smooth (panel
A) and that repolarization elicits a very rapid deactivation of I,y (panel B). These
results support the hypothesis that both the secondary inward currents elicited during
depolarization and the inward tail currents elicited upon repolarization are due to the
same underlying mechaqism and are dependent on intracellular Ca?*. In the following
experiments we used nystatin-perforated patch method to analyze Iy,c,.

Effect of ryanodine and low external Na* on Iy,c,. In mammalian cardiac
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Figure 34. Slow inward currents recorded with two different whole-cell recording
methods. A & B (top): pacemaker cells were clamped from Vh of -40 to 0 mV for 300
ms (A) and 30 ms (B), respectively. Middle panels: inward currents recorded with a
nystatin- perforated patch recording method. Note the slowly decaying inward current
that followed activation of I, 1 (A) and the slowly decaying inward tail current elicited
upon repolarization following short depolarizing clamps (B). Bottom panels: inward
currents recorded a ruptured patch method where the cell was dialyzed with internal
pipette solution containing 2 mM EGTA. Note that the secondary inward current (A)
and the inward tail current (B) are abolished. Recordings with each method were

obtained from different pacemaker cells.
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cells, Na-Ca exchange currents have been shown to be mediated by SR Ca™ release and
carried by Na* influx (69,155). As shown in Figure 35A, under control conditions a
short depolarizing clamp elicited I, that was followed upon repolarization to the
holding potential by an inward tail current. When the same depolarizing clamp was
delivered in the presence of 1 uM ryanodine, an agent that specifically interferes with
SR Ca?™ release (182), the inward tail current was abolished (n=6). At the same time,
peak I, 1 amplitude was unchanged and the time course of I, y inactivation was slowed
slightly. The slower I¢, | inactivation is consistent with a decrease in Ca?*-mediated
inactivation of I, ;. That Ic, ; inactivation in the presence of ryanodine crossed-over
the control I, | signal indicates that the ryanodine-sensitive Na-Ca exchange current Was
already contributing to the late phase of I-,; inactivation. In addition, ryanodine
abolished contractile activity. These records also show that I, ; deactivation is very
rapid and therefore does not contribute to tail currents elicited on repolarization. In
panel B, a similar experimental protocol was used to determine whether external Na*
is a possible charge carrier for the inward tail current. Two possible mechanisms may
be responsible for a Ca?*-mediated Na* influx; activation of non-specific cation
channels (43,73) or stimulation of Na-Ca exchange (126). To help distinguish between
these two possibilities, external Na* was replaced with lithium because lithium can carry
charge via Ca?*-activated non-specific cation channels (73) but is unavailable for Na-Ca
exchange (126). Reducing external Na* from 137 to 20 mM significantly decreased tail
current amplitude, without affecting peak I, ; amplitude (n=4). In addition, I,

inactivation was enhanced, probably as a result of an increase in intracellular Ca?™*
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Figure 35. Effect of ryanodine and low external Na* on Iy,,. A: Currents were
elicited by depolarizing clamps from Vh of -40 to 0 mV for 40 ms. Under control
conditions, depolarization elicited I, that was followed upon repolarization by a
prominent inward tail current. The same cell was exposed to 1 uM ryanodine for
approximately 10 min. Ryanodine abolished the inward tail current without affecting
peak I¢, 1 activation. B: Currents were elicited by depolarizing clamps from Vh of -40
to 0 mV for 20 ms. Extracellular Nat was decreased from 137 to 20 mM and replaced
with equimolar concentrations of LiCl. Reducing external Na* significantly decreased
the inward tail current without affecting peak I, activation. Recordings in panel A

& B were obtained from two different pacemaker cells.
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induced by low external Na*. Because the intracellular Ca®>* was not buffered via
dialysis with the internal pipette solution, these records were obtained during relatively
brief exposures to low external Nat. Longer exposures resulted in sustained contracture
and cell death, probably due to rising levels of intracellular Ca?2*. These results, as well
as those described below, indicate that the inward tail currents are separate from I, |,
and carried by a Na* influx mediated by SR Ca?* release. These properties are
consistent with those of Na-Ca exchange currents (Iy,c,) described in both ventricular
(78,82,155) and atrial cells (69,82) in a variety of species and experimental conditions.
Effect of clamp duration on Iy,c,. In Figure 36, we investigated the
dependence of Iy,c, on the duration of the preceding depolarization. As shown in the
top row, following a 2 ms depolarizing clamp there was little, if any, tail current.
Prolonging the depolarization to 10 ms clearly elicited I¢, ; that peaked at about 5 ms.
Repolarization interrupted Ic,; inactivation and elicited a prominent Iy,c, tail that
developed slowly. Iy,c, tail current peaked at about 30 ms (measured from
repolarization) and then decayed to zero within about 100 ms. As the clamp duration
was prolonged, repolarization occurred at later times during the time course of In,c,
development and decay. With a 40 ms clamp, repolarization occurred at approximately
the peak of Iy,c, development, and therefore Iy,c, decayed without an initial delay in
onset. As clamp duration was increased to 80 and 120 ms, peak Iy,c, tail amplitude
progressively decreased. Note, however, that the time course of each tail current was
superimposable, except for the initial portion of the tail currents elicited following very

short clamps. With longer clamp durations, Iy,c, appeared during depolarization as a
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Figure 36. Effect of depolarizing clamp duration on Iy,c,. A pacemaker cell was
clamped from Vh of -40 to 0 mV for different durations between 2 and 120 ms, as
indicated in each panel. Iy,c, tail currents were elicited upon repolarization to -40 mV.
Clamp duration had little effect on the time course of Iy,c, decay for clamps steps =10

ms.
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secondary, slowly decaying inward current, similar to that shown in Figure 33A. In
addition, the time course of In,c, €licited during depolarization and Iy,c, tails elicited
upon repolarization were similar (see 80 ms clamp). A total of 4 cells showed similar
results. These findings indicate that the mechanisms responsible for triggering In,c, are
fully activated by clamps as short as 10 ms, or long enough to activate peak I, ;. In
addition, once peak I¢, ) is attained, repolarization has little effect on the time course
or absolute decay time of Iy,c,. These results are similar to those reported for
ventricular myocytes from guinea pig (78) and rat (66). In rabbit ventricular myocytes,
longer clamp durations accelerated the time course of Iy,c, decay, but clamp duration
had little effect on tail currents recorded from rabbit atrial myocytes (82).

Voltage dependent activation of I, y and Iy,c,. Because activation of I, |
is essential for SR Ca** release and subsequent stimulation of Iy,c,, e investigated the
voltage-dependence of I, ; and In,c,. Figure 37A (top) shows the voltage clamp
protocol used. Ig, ; was elicited by short clamps to progressively more positive voltages
and Iyn,c, Was elicited upon repolarization to the holding potential. Panel A (bottom)
shows original current records, and panel B shows the I-V relationship of peak I, ; and
INaca Obtained in 7 cells. As expected, I, 1 amplitude increased at voltages more
positive than -40 mV, reached a maximum at 0 mV and then declined almost linearly at
more positive voltages. In contrast, Iy,c, amplitude increased following clamps up to
-10 mV and then remained relatively constant until 20 mV. At more positive voltages
(30 & 40 mV) Iy, ¢, declined slightly. I, ; exhibited a bell-shaped voltage dependence

compared with a relatively flat voltage relation for In,-,. These findings indicate that
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Figure 37. Voltage-dependence of I, ; and Iy,c,. A: voltage clamp protocol and
original current recordings showing I, ; and Iy,c,. Cells were clamped from Vh of
-40 to 40 mV for 20 ms durations in 10 mV increments. B: I-V relationships for Ic, |,
(©) and Iy,c, (®) obtained from 7 cells. Currents are normalized against cell
capacitance and expressed as current density (pA/pF). Maximum Iy,c, and I, ; were
2.9 + 0.4 pA/pF and 11.8 + 2.0 pA/pF, respectively.
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INaca 1S DOt proportional on a beat-to-beat basis to I¢, ; , and suggest that only a fraction
of I, 1 may be required to activate In,c,. This interpretation is similar to that reported
in rabbit atrial cells (69) and guinea pig ventricular cells (72), and consistent with similar
relationships between the voltage dependence of I¢, ; and intracellular Ca®* transients
(39,67). Others, however, have shown a closer correlation between I, and
intracellular Ca®* (18,37).

Time course of I¢,; and Iy,c, recovery. Another way of distinguishing
between I, 1 and Iy,c, is to determine their time course of recovery. This was tested
by delivering two identical voltage clamp pulses separated by a variable time interval.
The graph in Figure 38 shows that the recovery of Iy,c, is significantly slower than’ the
recovery of I, | (n=3). At the shortest interpulse interval tested of 200 ms, I, ; was
73% of its fully recovered value at a time when the recovery of Iy,c, was only 38%
complete. Peak I,y recovered to unity by 2 sec while In,c, required 5 sec to fully
recover. In addition, the ratio of I, ; amplitude was slightly greater than unity at about
5 sec indicating that I, ; amplitude was enhanced above rested control levels. The
overshoot in I¢, | recovery has been reported by others (78,209), and is thought to
reflect a facilitatory effect of intracellular Ca?* (209).

Effect of cadmium on I¢,; and In,c,. The relationship between Ic, 1 and
Inaca Was studied further by using low concentrations of cadmium (Cd?*), a divalent
cation that exerts a relatively specific block of I¢,  (135). The graph shown in Figure
39 plots peak I¢, 1 and Iy,c, against time, before (point a) and during (points b-d)

exposure to 50 uM Cd?*. The current recordings at the bottom of the Figure (panels
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Figure 38: Recovery characteristics of Iy,c, and I, 1. Cells were stimulated with
two identical voltage clamp pulses delivered from Vh of -40 to 0 mV for 20 ms, every
30 sec. The initial conditioning pulse (P,) and the test pulse (P,) were separated by a
variable time interval ranging from 200 ms to 5 sec. The shortest time interval of 200
ms was long enough to allow full decay of Iy,c, and I, ; after (P,) and before the (Py).
The peak current response to P, was normalized against the peak response to P, and the

current ratio was plotted against the interpulse time interval.
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Figure 39: Effects of cadmium (Cd?*) on Iy,c, and I, ;. Peak Iy,c, and Ip, 1
are plotted against time before (a) and during (b-d) exposure to 50 uM Cd>*. At the
bottom of the figure are selected current traces recorded at corresponding times before
(a) and during exposure to Cd%* (b-d). Ic,,L Was elicited by depolarizing clamps from
Vh of -40 to 0 mV for 20 ms, and Iy,c, was elicited upon repolarization to -40 mV.

The inhibition of I, ; induced by Cd?* does not correlate in time with changes in Iy,c,.
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a-d) were obtained at various times during the experiment and correspond to points a-d
in the graph. Under control conditions (panel a) a depolarizing pulse elicited typical
Ic,, followed by In,c,. At 1 min of exposure to Cd®*, peak Ica, Was reduced by
about 40%, while Iy,c, was not significantly changed in amplitude or time course. By
2 min of exposure to Cd*>*, peak Ica,L Was decreased by more than 95% while In,c,
was reduced by about 50% and still plainly discernable. Both Ic,; and Iy,c, were
abolished after nearly 3 min of exposure to cd?* (panel d). Similar results were
obtained in a total of 4 cells. These experiments clearly demonstrate that the amplitude
and time course of Iy,c, are not proportional to I, ; amplitude on a beat-to-beat basis.
However, over a steady-state period of time Ca®* influx through Ica,L 18 essential to
maintain I,c,. In addition, the fact that Iy, can be elicited at a time when more than
95% of I, 1 is inhibited suggests that only a very small amount of Ca?* influx may be
needed to trigger SR Ca’* release, or that a mechanism other than Ic, may be
operating. Similar findings have been reported in rabbit atrial cells when diltiazem was
used to block I, 1 (69).

Effect of isoproterenol on Ic,y and Iy,c,. Beta-adrenergic stimulation
increases Ic,1, SR Ca’* uptake and intracellular Ca®* transients (37) and thereby
should enhance Iy,c,- Figure 40 shows the steady-state effects of 3 different
concentrations of isoproterenol (ISO) on I, ; and Iy,c, in 3 different pacemaker cells.
In panel A, exposure to a relatively low concentration of 10-®M ISO increased peak Ica L
amplitude by about 44% (n=2). However, there was no discernable effect on Iy,c,

amplitude or time course. In panel B, 5x10®M ISO elicited a significantly larger
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Figure 40: Effects of 3 different concentrations of ISO on Iy,c, and I¢, ;.
Currents were elicited by depolarizing clamps from Vh of -40 to 0 mV for 20 ms, and
then repolarization to -40 mV. Results with each ISO concentration were obtained from
3 different pacemaker cells. In each panel, currents recorded in control and in the

presence of ISO (*) are superimposed.



112

increase in I, ; amplitude (=3 fold) that was accompanied by an increase in peak INaCa
amplitude and an acceleration in the rate of Iyy,c, decay (n=4). In addition, the absolute
decay time of Iy,c, was slightly shorter than control. This is more evident in panel C,
where 10°M ISO elicited a similarly large increase in peak Ic, 1 amplitude, along with
an increase in peak Iy,c, amplitude (from -51 + 10 pA to -81 + 18 pA, n=4), an
acceleration in the rate of Iy,c, decay and a markedly shorter absolute decay time (from
89 + 13 ms to 66 + 10 ms, n=4). The increase in Iy,c, amplitude and rate of decay
are consistent with the effects of catecholamines to increase the amplitude of the
intracellular Ca?™ transient, and SR Ca2* uptake, respectively (37). In addition, these
findings clearly illustrate that Iy,c, is modulated by $-adrenergic receptor stimulation,
and therefore may be, as shown below, important in the regulation of latent pacemaker
function.

Time and voltage dependence of Iy, -, recovery. In the following experiments
we sought to determine the possible contribution of Iy,c, to the pacemaker potential.
Experiments presented earlier (Figure 38) showed that Iy,c, recovered over a time
course that was relatively long (=35 sec) in relation to the normal pacemaker cycle
length. In those experiments, however, the cell was rested for steady-state times (30 sec)
between paired pulse stimulations and the holding potential was ~40 mV. This raised the
question of whether the time course of Iy,c, recovery was more rapid under spontaneous
conditions, and therefore compatible with the pacemaker cycle length. In addition, Na-
Ca exchange is a voltage-dependent process, where the exchange mechanism is stimulated

at more negative voltages (7,19). It was, therefore, important to know whether the level
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of the diéstolic membrane voltage influences the time course of Iy,c, recovery during
the pacemaker cycle. As shown in Figure 41A (top), free-running pacemaker action
potentials were clamped during diastole at either -40 or -70 mV (maximum diastolic
potential) for variable periods of time. Panel A shows selected current signals where
Ica,L and Iy, Were elicited from either —40 or -70 mV at 0.2, 1 and 20 sec after the
last spontaneous action potential. In panel B, the graph shows that Iy, ¢, elicited at times
from 0.2 to 2 sec progressively increased in amplitude whether the membrane was held
at -40 or -70 mV. However, at any given time Iy,c, amplitude was larger when elicited
from -70 than from -40 mV. The original current records also show that peak I, ; at
0.2 sec was larger when elicited from -70 than from -40 mV. It therefore seems likely
that under the present experimental conditions, the voltage-dependent recovery of I¢, |
(37,170) may be one important factor determining the rate of recovery of Iy,c, at early
times (<2 sec). Note also, however, that at -70 mV Iy,c, amplitude increased
significantly between 0.2 and 1 sec, even though I, ; amplitude was almost fully
recovered at 0.2 sec. These findings indicate that other processes that are primarily
time-dependent may also be operating (see Discussion). At 1 sec, In,c, amplitude was
about 98% of maximum and peak I¢, ; amplitude was completely recovered whether
elicited from ~70 or -40 mV. At times >2 sec Iy,c, amplitude depended strongly on
membrane voltage. When elicited from -40 mV Iy, ., decreased slightly over time. At
20 sec In,ca Was reduced by about 10% of maximum. In contrast, when the membrane
was held at =70 mV Iy,c, decreased by about 60% of maximum over the same 20 sec.

It is unlikely that this decrease in In,c, can be attributed to time- or voltage-dependent



114

A
0
-40 0-2--20s _l -40 mvV
70
Vh -40 02s 1s 20 s
Vh -70
B

Normalized tail current

0.0 1 %l/// 1 1 1 ]
2

Time {sec)

Figure 41: Dependence of Iy, recovery on diastolic time and voltage. A: voltage
clamp protocol and selected current recordings. After at least S spontaneous action
potentials a pacemaker cell was held at either -40 or -70 mV for various times during
diastole between 0.2 and 20 sec. Iy,c, tails were elicited following 20 ms depolarizing
clamps from Vh of -40 to 0 mV and returned to -40 mV. B: peak Iy,c, obtained from
-40 mV (n=2) and -70 mV (n=>5) are plotted against the diastolic time at each potential.
Current amplitudes are normalized against the maximum current amplitude. External
solution contained 20 uM TTX. ‘
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changes in I, ;. Thus, the records in panel A show that at -70 mV peak I, ;

amplitude at 1 and 20 sec were the same, yet In,c, amplitude was significantly reduced
at 20 sec compared to 1 sec. In addition, at 20 sec peak IcaL amplitude was slightly
larger when elicited from ~70 mV than from -40 mV, yet Iy, ~, amplitude was just the
opposite.  Similar results were obtained when spontaneous action potentials were
simulated with 5 conditioning pulses that had parameters similar to action potentials
(n=5; data not shown). The finding that Iy, recovery required 2 s in these
experiments, compared with 5 sec in the paired pulse experiments (Figure 38) is probably
related to the different experimental conditions. The paired pulse protocol examined the
rested recovery characteristics of In,c, Whereas the present experiments examined the
mechanisms operating during repetitive pacemaker activity.

To summarize, these experiments indicate that under spontaneous conditions In,c,
recovers over a period of approximately 1 sec. In addition, the recovery of Iy,c, is
more rapid when elicited from more negative voltages. At times >2 sec, In,ca
amplitude exhibits a voltage-dependent decay over time that is consistent with a voltage-
dependent decrease in intracellular Ca®>* mediated by Na-Ca exchange (105).

Effect of ryanodine on pacemaker action potentials. To assess the relative
contribution of Iy,c, to pacemaker function, free-running pacemaker action potentials
were interrupted during the late phase of diastolic depolarization by clamping the
membrane potential at -50 mV. As shown in Figure 42A, control pacemaker action
potentials exhibited a spontaneous cycle length of 760 ms. In panel A (bottom),

clamping at -50 mV resulted in a small (about 9 pA) transient inward current that
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Figure 42: Effect of ryanodine on spontaneous pacemaker action potentials and
currents recorded at -50 mV. A: control pacemaker action potentials (top) and current

recorded at -50 mV (bottom). B: Exposure to 1 uM ryanodine.
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decayed to a background net inward current level (about 2-3 pA). In panel B (top) the
same pacemaker cell was clamped in the presence of 1 uM ryanodine. Ryanodine caused
a small positive shift in maximum diastolic potential, significantly decreased the slope
of diastolic depolarization and increased cycle length to 1220 ms. Note that ryanodine
primarily inhibited the late phase of diastolic depolarization. In the 4 cells tested,
ryanodine decreased diastolic slope and increased pacemaker cycle length from 819 +
43 to 1313 4 217 ms (+60%; p<0.05). That ryanodine significantly slowed but did
not stop pacemaker activity indicates that a ryanodine-sensitive component contributes
but is not essential to pacemaker activity. These findings are similar to those obtained
in multicellular atrial pacemaker preparations (189). As shown in panel B (bottom),
ryanodine also abolished the transient inward current and background inward current
recorded at -50 mV.

Effect of isoproterenol on pacemaker action potentials. If Iy,c, contributes
to pacemaker function, then ISO should enhance both Iy,c, and the slope of diastolic
depolarization, and both responses should be abolished by ryanodine. Figure 43A shows
a control recording where a pacemaker action potential (top) is clamped during the late
diastolic slope at -50 mV, resulting in a small transient inward current (bottom). In
panel B, exposure to 5x10-®M ISO elicited a significant increase in the slope of diastolic
depolarization (top) and a decrease in spontaneous cycle length from 792 + 73 to 519
+ 41 ms, which is a 52 + 6.4% increase in spontaneous rate (n=5). This was
associated with a 3 fold increase in the transient peak inward current elicited at -50 mV

(bottom). This inward current peaked at about 40 ms and required about 125 ms to
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Figure 43: Effect of isoproterenol (ISO) on spontaneous pacemaker action
potentials and currents recorded at -50 mV. A: Control action potentials and currents.
B: Effect of 5x10~8 M ISO. C: Effect of 5 x 10 M ISO plus 1 uM ryanodine.
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decay. In addition, ISO elicited an increase in the background inward current recorded
at -50 mV. In panel C, addition of 1 uM ryanodine to the ISO-containing perfusate
shifted the maximum diastolic potential more positive, significantly decreased the slope
of diastolic depolarization (top) and abolished the transient inward current elicited at -50
mV (bottom). Similar results were observed in a total of 3 cells. Although ryanodine
also decreased the background inward current at -50 mV to control levels, there
remained a ryanodine-insensitive background inward current component. This ryanodine-
insensitive current may result from a Na*-dependent CI” current induced by
isoproterenol, that is not dependent on Na-Ca exchange (4,95,96). These results and
those of the previous experiment suggest that Iy,c, contributes significantly to ’the
diastolic slope of latent pacemaker cells and is an important component mediating (-

adrenergic regulation of latent pacemaker automaticity.



CHAPTER V
DISCUSSION

As reviewed earlier, previous experiments on multicellular preparations have
provided insights into the electrophysiological properties of atrial latent pacemakers.
However, because of the limitations inherent to multicellular preparations it is not
possible to perform a quantitative analysis of the ionic currents potentially responsible
for latent pacemaker activity. In the present work, we sought to use single cell isolation
and patch clamp techniques to determine the electrophysiological mechanisms underlying
latent pacemaker function.

A. Isolation of Single Latent Atrial Pacemaker Cells.

In the present experiments, we have isolated latent pacemaker cells from the
Eustachian ridge of cat right atrium. Cells isolated from the Eustachian ridge were both
pacemaker and quiescent atrial cells. Latent pacemaker cells were easily distinguished
and selected for study based primarily on their spontaneous activity and morphological
appearance. Pacemaker cells always exhibited rhythmic beating associated with distinct
contractile responses. In addition, pacemaker cells were elongated with tapered ends,
had diameters of less than 10 um, and appeared somewhat bent or crinkled, without

obvious striations. These morphological characteristics are similar to those reported for
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SA node pacemaker cells (12,47,48). Latent pacemaker cells did not become rounded

when exposed to normal Ca%* concentrations, as described in some studies of SA node
(89,159) and in a study of pacemaker cells isolated from tricuspid valve (1). In addition,
they were not morphologically similar to latent pacemaker cells isolated from rabbit crista
terminalis (85). Eustachian ridge pacemaker cells displayed passive membrane properties
that are similar to those reported for SA node cells (48,213). These results, therefore,
suggest that latent pacemaker cells in the Eustachian ridge are morphologically and
electrophysiologically similar to SA node pacemaker cells. This idea gains further
support from studies of multicellular preparations which have shown that the Eustachian
ridge contains P cell types (188,199) that are not morphologically different from SA node
P cells (188). In addition, both Eustachian ridge (188) and SA node (188,206) P cells
have been correlated with pacemaker activity. Latent pacemaker cells also exhibited
action potentials that are similar to those recorded from multicellular Eustachian ridge
pacemaker preparations (188,189). Collectively, these findings suggest that the latent
pacemaker cells studied here may be similar to those in SA node.
B. Input Resistance and Iy; Current.

Latent atrial pacemaker cells exhibited very high input resistances. Similar high
input resistance has been reported in other cardiac pacemaker cells (84,85, 159,213 ,226).
Voltage clamp experiments show that in response to hyperpolarization, latent atrial
pacemaker cells exhibited very little, if any, instantaneous or background current. This
suggests that latent atrial pacemaker cells lack the inward rectifier potassium current, Iy,.

The lack of Iy, was confirmed by the fact that barium had no effect on the initial inward
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current eiicited by hyperpolarization. The lack of I, is a common feature of both SA
node (172) as well as other latent atrial pacemakers (85,226). Wu et al. (226) showed
that in myocytes isolated from the cat right atrium, 93% of the quiescent atrial cells
studied exhibited prominent Iy, current, whereas 94% of atrial cells that exhibited
spontaneous pacemaker activity lacked Iy, current. Apparently, the lack of background
K* conductance is a requirement for atrial pacemaker function. This feature would
contribute to the relatively low maximum diastolic potential and high input resistance of
these cells. In addition, a high input resistance would also mean that very small current
flowing across the cell membrane will elicit a relatively large change in membrane
voltage.
C. I; Current

The present findings show that the vast majority of latent pacemaker cells in the
Eustachian ridge contained I.. Only about 6% of the cells that exhibited pacemaker
activity failed to exhibit significant I.. In this regard, Wu er al. (226) have shown that
the cat right atrium may contain two types of latent atrial pacemakers; those exhibiting
Ir and those lacking I;. Giles & van Ginneken (85) have also shown that I is not present
in latent pacemaker cells isolated from rabbit crista terminalis. The fact that such a high
percentage of pacemaker cells in the Eustachian ridge exhibit I emphasizes the functional
importance of this region.

I¢ recorded from latent atrial pacemaker cells exhibits many of the properties
reported for I. in SA node (59,89,213), Purkinje (36,51,52) and sinus venosus

pacemakers (25). Thus, I 1) activated at voltages more negative than -50 mV, 2) was
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blocked by 2 mM Cs*, 3) exhibited a fully-activated I-V relationship that was

approximately linear at voltages more negative than -30 mV and showed outward
rectification at more positive voltages, 4) exhibited a reversal potential of -26 mV, §)
was carried by both Na* and K% ions, and 6) was increased by elevated K+
concentrations. Although many of the characteristics of I are similar to those reported
in SA node pacemaker cells, the time course of activation in latent pacemakers was
significantly slower than in SA node, e.g. at =70 mV the time constant of I activation
was approximately 3 seconds while in SA node cells values closer to 1 second have been
reported (89,213). In addition, the amplitude of I in latent pacemaker cells was
significantly smaller than I reported in SA node pacemaker cells (59,213), even when
I¢ current is normalized to total cell capacitance. The smaller I, amplitude in latent
pacemaker cells was reflected also in a fully-activated channel conductance (1.75 nS) that
was several times smaller than that reported in SA node (59,213). It is well known that
latent atrial pacemakers exhibit a slower spontaneous rate than primary pacemaker
activity. In multicellular tissues, a direct comparison of cat SA node and Eustachian
ridge pacemaker activity showed that SA node cycle length was 434 ms whereas latent
pacemaker cycle length was 948 ms (188). It should be noted that the pacemaker cycle
lengths recorded from multicellular Eustachian ridge tissues (948 ms) and those recorded
from single Eustachian ridge pacemakers (901 ms) are not different from one another.
The relatively slow time course and small amplitude of I activation may be responsible,
at least in part, for the relatively long cycle length of latent compared to primary

pacemakers. Interestingly, the time course of I; activation in latent atrial pacemakers is
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comparabie to ventricular Purkinje pacemaker cells (36). It thus appears that a relatively
slow time course of I; activation may be a common feature of both atrial and ventricular
latent pacemaker activities. The slower time course of I; activation in latent atrial
pacemakers may be due to a smaller opening (alpha) rate constant in the pacemaker
voltage range (Figure 15D) compared with that reported in SA node cells (89).
Several lines of evidence indicate that I; contributes importantly to right atrial
latent pacemaker function. First, I was activated well within the latent pacemaker
voltage range (-70 to -55 mV). In addition, blocking I with 2 mM Cs* decreased the
slope of diastolic depolarization, and resulted in consistent and significant (50%)
decreases in spontaneous rate, suggesting that I; contributes significantly to initiating the
pacemaker potential. An analysis of the inward current components in SA node
pacemaker cells by DiFrancesco (57) also indicates that I, makes the largest contribution
toward initiating the pacemaker potential. In contrast to the present results, studies in
multicellular (171) and single SA node cell preparations (89) have shown that 2 mM Cs*
elicited only small decreases in spontaneous rate. van Ginneken & Giles (213) have also
reported that in single SA node cells 1 mM Cs™ elicited inconsistent slowing in
spontaneous rate among different cells. However, Denyer & Brown (49) used recording
techniques similar to those in the present study and found that in rabbit SA node cells,
2 mM Cs* consistently slowed spontaneous rate by about 20-30%. The fact that Cs*
exerted a quantitatively greater effect in latent than in SA node pacemakers suggests that
I; may contribute more to latent than to primary pacemaker function. A possible

explanation for these findings is that latent pacemakers exhibit a more negative
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pacemakér voltage range compared to primary pacemaker cells. A similar conclusion
was proposed by Anumonwo et al. (1) who found that 2 mM Cs™¥ elicited a fourfold
increase in cycle length of latent pacemakers isolated from tricuspid valve, which
exhibited a maximum diastolic potential of about -82 mV. van Ginneken and Giles (213)
also found that when SA node pacemaker cells were hyperpolarized by about 10 mV,
Cs* was more effective in inhibiting spontaneous activity. In the present study, the
maximum diastolic potential of latent pacemakers averaged about -68 mV. This value
is more negative than those reported for SA node pacemaker cells (159,213), and similar
to those reported in SA node by others (48). This apparent discrepancy may be
explained by a proposal of Denyer & Brown (48) that pacemaker cells isolated from the
SA node may not be derived from the central nodal region, which have been shown in
multicellular preparations to have a less negative maximum diastolic potential and slower
upstroke velocity (22,175). However, measurements of maximum diastolic potentials
should be viewed cautiously because of differing experimental techniques and conditions
among different laboratories.

Recent reports have provided evidence to support the role of I; as a pacemaker
current (49,57,213). DiFrancesco (57) showed that in SA node cells the diastolic
membrane potential depolarizes at a rate of about 100 mV/s, which requires only 0.1
pA/pF or 3 pA of inward current in a cell with a mean capacitance of 30 pF. In the
present experiments, the diastolic slope of latent pacemaker cells was about 35 mV/s and
cell capacitance was 28 pF. The calculated current required to elicit this response is only

0.03 pA/pF or 1 pA. Therefore, latent pacemakers require only about one-third the
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inward cﬁrrent required by the SA node. The present experiments also show that
pacemaker activity continued even after I was significantly blocked by Cs™.
Apparently, I contributes significantly, but it is neither essential nor the only mechanism
contributing to latent pacemaker activity. Similar findings have been reported in
multicellular Eustachian ridge preparations (189), SA node pacemaker cells (49,213), and
tricuspid valve pacemaker cells (1).

In the present experiments, when the ruptured patch method was used to record
I, the response of I to ISO was variable. Similar findings have been reported in SA
node pacemaker cells (59). However, when the nystatin-perforated patch recording
method was used, ISO consistently increased I amplitude and shifted the activation curve
to more positive voltages in all cells studied. These results suggest that some
intracellular substances, which are important in mediating the effect of ISO, may be
washed out when using the ruptured patch recording method. It is well known that the
effects of B-adrenergic agonists on I; are mediated by increased intracellular cAMP
levels, which in turn activate protein kinase A (41,89). Therefore, the negative response
of I to ISO in some of the ruptured patch experiments may be due to the loss of these
substances. In addition, the rundown of I, seen in ruptured patch experiments may also
be related to the loss of these substances. With the nystatin recording method, the loss
of intracellular substances was minimized. Thus, under these recording conditions L
exhibited little run-down and its response to ISO was consistently observed in all cells
studied. With the nystatin recording method ISO also increased the spontaneous rate of

latent pacemaker action potentials. Our results suggest that the positive chronotropic
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effect of -ISO on latent pacemaker activity is mediated, at least in part, via an increase
of I amplitude in the pacemaker voltage range.
D. I current.

In the present experiments, we have analyzed the delayed rectifier potassium
current, Iy, in latent atrial pacemaker cells. The activation threshold of Iy was about
-40 mV and the current was fully activated at about +30 mV. The activation curve
showed a half-maximal activation voltage of -8.6 mV. The activation voltage range is
more positive than that of rabbit SA node pacemaker cells (200), but is more negative
than that of guinea pig SA node pacemaker cells (2). In rabbit SA node pacemaker cells
Ix exhibits a threshold of -50 mV and is fully activated at about 0 mV with a half
maximal voltage of -25 mV (200). In guinea pig SA node I exhibits a threshold of -20
mV and is fully activated at +80 mV with a half maximal potential of +30 mV (2). The
large difference between the voltage dependence of Iy activation in rabbit and guinea pig
SA node pacemaker cells may be related to two distinct components of Ix: Ix . and Ik ¢
(193,194). I . activates very rapidly during depolarization and is blocked by an
antiarrhythmic agent, E-4031. In contrast, I ; activates relatively slowly and is
insensitive to E-4031. The half-maximal activation voltage of Iy . was -21.5 mV which
is more negative than that of Ix ; (+15 mV). Ig of rabbit SA node cells shares many
characteristics with Ig . (200), while Ix of guinea pig SA node cells has properties
similar to Ig ¢ (2). Further experiments are needed to clarify whether Ix of latent
pacemaker cells resembles Iy ., Ix , or a composite of two components.

Iy of latent pacemaker cells did not exhibit inactivation. Similar results have been
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reported in guinea pig SA node pacemaker cells (2) and other types of cardiac cells

(84,107,149,201). In contrast, in rabbit SA node pacemaker cells Iy exhibited
inactivation at voltages more positive than 0 mV (200). The fully-activated I-V
relationship of Iy in latent pacemaker cells displayed inward rectification at voltages
more positive that -30 mV. Similar results have been reported in SA node pacemaker
cells (159). In rabbit SA node pacemaker cells, this inward rectification is attributed to
the inactivation of Iy at more positive voltages (200). Because Iy of latent pacemaker
cells does not exhibit inactivation, other mechanisms may be involved in the inward
rectification of Iy. For example, the inward rectification of Ig; has been shown to be
related to intracellular magnesium ions (148).

The usual method of determining the reversal potential of Iy is to activate Iy with
a large depolarizing clamp and then repolarize the cell to different voltages. However,
in latent pacemaker cells repolarization to voltages more negative than about -50 mV
elicits both Iy tail currents and I; activation. Clearly, activation of I; can influence
measurements of the Iy reversal potential. In studies of SA node pacemaker cells, the
Ix reversal potential was measured in those cells in which activation of I; was not
significant (159,200). Because I; is a major characteristic of latent pacemaker cells,
those cells with small I may not represent typical latent pacemakers. In addition, even
small I, may affect accurate measurement of the Iy reversal potential. Therefore, in the
present experiments the Iy reversal potential was measured using a voltage clamp
protocol which separated Iy tail currents from I; activation. Iy tail currents obtained by

this protocol ‘exhibited a reversal potential of -78 mV. This value is close to the
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calculated K™ equilibrium potential and suggests that Iy, is primarily carried by K™ ions.
The results also show that a tenfold change in [K+]° elicited a 52 mV change in the
reversal potential. Similar values have been reported in guinea pig ventricular cells
(149), frog sinus venosus (84) and atrial cells (107). These results further support the
idea that K™ is the major charge carrier for Ix. However, the fact that the reversal
potential of I is slightly more positive than the calculated K* equilibrium potential and
that the change in reversal potential is less than 61 mV suggest that Iy channels may not
be purely selective for K. Matsuura er al. (149) found that removal of extracellular
Na* resulted in a negative shift in the Iy reversal potential in guinea pig ventricular
cells, suggesting that Na* ions may also contribute in part to Ix.

The present work shows that in the pacemaker voltage range of latent pacemakers,
the time course of Iy deactivation is coincident with the initial phase of diastolic
depolarization. This finding is similar to that in rabbit SA node (33,159,169) and frog
sinus venosus pacemaker cells (84). The decay of Iy is thought to contribute to diastolic
depolarization by reducing outward current (33). However, to elicit depolarization of
the membrane potential the net current must be inward. Therefore, the decay of Iy must
be associated with an inward current component. At present, the nature of the inward
current component is not clear. Recently, Hagiwara et al. (91) have found an inward
background current in rabbit SA node pacemaker cells. This current is a time-
independent current which exhibits a reversal potential of -21 mV at physiological
concentrations of intracellular K and extracellular Na*t. Thus, this background current

may provide an inward current in the pacemaker potential range. However, DiFrancesco
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57 found that the instantaneous background current is outward in the pacemaker voltage
range of SA node cells. He proposed that I; may represent the only inward current
source at voltages within the primary pacemaker range. The present work supports the
role of I; as an inward current component in the latent pacemaker voltage range, but does
not exclude other possible sources of inward current.

Experiments on multicellular preparations have also shown that SA node
(143,217-219) as well as latent atrial pacemakers (139) are relatively insensitive to
elevated extracellular K*. We therefore tested the effects of elevated K* on pacemaker
action potentials recorded from single latent pacemaker cells. The primary effect of
elevated K™ on action potential configuration was to shift the maximum diastolic
potential about 10 mV more positive and increase the spontaneous rate by 27%. From
these results, it is evident that latent atrial pacemaker activity recorded from single cells
is also relatively insensitive to high K*. Similar insensitivity to elevated K* in SA node
preparations has been attributed to a lack of background K* conductance (172). As
shown in this study and by others (85,226), latent pacemaker cells also lack significant
background K* conductance. This feature may therefore account for their relative
insensitivity to high K* as well. Experiments on multicellular Eustachian ridge
preparations (139) have shown that high K1 induces a similar depolarization of
maximum diastolic potential and an increase rather than a decrease in pacemaker cycle
length, as shown here. It seems likely that the slowing in rate recorded in multicellular
tissues results from a secondary increase in K* conductance in surrounding atrial ‘muscle.

This effect would be expected to shunt current flowing during diastole and thereby
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depress diastolic slope of the pacemaker cells. The present results show that elevated K*
also shifted the Iy reversal potential to more positive voltages, resulting in a more
positive maximum diastolic potential. Because the maximum diastolic potential moved
closer to the Iy reversal potential, the driving force on K* was reduced and the Iy tail
current amplitude at maximum diastolic potential was decreased. This effect may.
contribute to the increase in spontaneous rate induced by high K* observed in single
latent pacemaker cells. As shown in the earlier experiments, elevated extracellular K*
also increased Ir. This raises the possibility that I; may also contribute to the K *-induced
increase in spontaneous rate recorded from single pacemaker cells. On the other hand,
although I; is enhanced by high K*, the more positive diastolic potential would be
expected to reduce the contribution of I; activation. The K*-induced increase in I; may
also contribute to the more positive maximum diastolic potential in elevated K*.

E. Ca%* Currents.

The present experiments demonstrate the existence of both I, ¢ and I, in
latent pacemaker cells. The Ca2* currents cannot be attributed to fast Na* current (see
Figure 32), because both internal and external solutions were Na-free and external
solution contained 30 pM TTX. In addition, in the presence of 2 mM Co?¥,
depolarizing clamps failed to elicit any inward current, indicating that Na* current was
completely eliminated under our experimental conditions. I, and Ig,; were
distinguished by their voltage dependence of activation and inactivation. Ic, 1 was
activated primarily at more negative voltages with a threshold of about -50 mV and

maximal amplitude at -10 mV, whereas I¢, | current was activated primarily at more
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positive voltages with a threshold of about -30 mV and maximal amplitude at +10 mV.
The half-maximal activation and inactivation voltages of I, 7 were significantly more
negative than those of I, | , indicating that the two currents can be largely separated by
their voltage dependence. In latent pacemaker cells, the half-maximal activation voltage
for I¢, 1 is about -31 mV, which is more negative than that of SA node pacemaker cells
(=23 mV) (90), but is more positive than that of cultured SA node pacemaker cells (-38
mV) (79). The half-maximal inactivation voltage for I¢, 1 is about -57 mV, which is
more positive than that of SA node pacemaker cells (-75 mV) (90), but is comparable
to that of cultured SA node pacemaker cells (-59 mV) (79).

The maximum I, 1 current density in latent pacemaker cells was 3.3 pA/pF
which is comparable to that of SA node pacemaker cells (2.6 pA/pF) (90) and Purkinje
cells (2.9 pA/pF) (210). However, I¢, 1 current density of latent pacemaker cells was
about 5 times larger than that of working atrial muscle cells. Tseng and Boyden (210)
have reported that I¢, 1 current density of Purkinje cells is about two times larger than
that of ventricular cells. Hagiwara er al. (90) also report that I, 1 current density of
rabbit SA pacemaker cells appears to be about 10 times larger than that of canine atrial
cells (10). These results indicate that I, 1 current density is relatively high in cardiac
pacemaker cells and is a common feature among primary as well as latent atrial and
ventricular pacemakers. The high I, r current density in pacemaker cells may be
related to their function as pacemakers.

In the present experiments, 40 uM Ni?* significantly inhibited Ic,,7 currents

elicited at relatively negative voltages (-50 to -40 mV). At more positive voltages, 40
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M Niz*; had less effect on I, 7. Many authors have reported that low concentrations
of Ni+ selectively block I¢, 1 in cardiac cells (26,90,124,225). Others, however, have
reported that low concentrations of Ni2* have less selective blocking effect (99,156,210)
or no effect (79) on I, - In SA node pacemaker cells 40 uM Ni2* completely blocks
Ic,,T at all voltages without affecting I, ; (90). In contrast, in cultured SA node
pacemaker cells 40 uM Ni%* has no effect on Ica,T> and higher concentrations reduce
both I, v and I, ; (79). In Purkinje cells, 50 uM Ni?* inhibited Ica,r and I, 1 by
47% and 11%, respectively. Elevating the concentration of Ni2* to 500 uM caused a
further reduction of I, T and I, ; by 72% and 28%, respectively (210).

The present experiments show that 40 uM Ni2* significantly increased
spontaneous cycle length of latent pacemaker action potential by decreasing the slope of
late phase of diastolic depolarization. Similar results have been reported in SA node
pacemaker cells, where 40 uM Ni2* inhibited Ic,,1 and prolonged spontaneous cycle by
decreasing the late slope of diastolic depolarization (90). However, in SA node
pacemaker cells the prolongation was only 14.4%, while in the present study the
spontaneous cycle length of latent pacemaker cells was prolonged by 66.9%. These
results suggest that I, p may contribute more to latent than primary pacemakers activity.
This may be related to the fact that the latent pacemakers exhibit a relatively more
negative maximum diastolic potential. In this regard, in SA node pacemaker cells, the
effect of Ni2* was more pronounced when the cell was hyperpolarized by injecting a
constant current, indicating that I, ¢ contributes more to pacemaker activity at more

negative voltages (90).
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F. Na-C# exchange current.

In studies of Na-Ca exchange current it is important to use a recording method
that minimizes interference with the normal intracellular Ca2* buffering mechanisms.
This can be accomplished by using conventional microelectrodes as reported in rat and
guinea pig ventricular cells (72,78,155). However, it is not practical to use
microelectrodes to record from single atrial pacemaker cells due to their relatively small
dimensions (diameters <10 um). Na-Ca exchange currents have also been recorded by
using a ruptured patch/whole-cell recording method, where the EGTA concentration in
the pipette solution was lowered to micromolar levels (69) or omitted (82). Even with
this precaution, the ruptured patch method suffers from two significant drawbacks; 1)
rundown of I, 1, and 2) disruption of endogenous cellular Ca®* buffering mechanisms.
Each of these effects may influence the normal intracellular Ca?* transient. In the
present experiments the nystatin-perforated patch recording technique was used to record
Na-Ca exchange current. This method prevents rundown of Ca®* current and maintains
endogenous Ca?* buffering mechanisms during recording of whole cell currents
(104,130). Therefore, the nystatin-perforated patch recording technique provides an
essentially non-invasive method of analyzing Na-Ca exchange under conditions that are
as close to physiological as possible, and thereby may provide a more accurate view of
its contribution in atrial pacemaker function.

INaca Was recorded as either a secondary inward current following peak activation
of Ic, 1 or as a slowly decaying inward tail current elicited upon repolarization following

short depolarizing steps. Similar recordings have been reported in multicellular
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preparatiéns (3,34) and single cardiac myocytes (66,69,72,78,82,155). As in these
previous studies, the present experiments indicate that the slow inward currents are due
to Na-Ca exchange and are mediated by SR Ca?™ release. Thus, inward currents were:
(i) abolished by dialyzing the cell interior with EGTA to buffer intracellular Ca?™, (ii)
abolished by ryanodine, an agent that effectively eliminates SR Ca2* release, and (iii)
significantly decreased by substituting lithium for external Na*. Tail currents also
exhibited a voltage-dependence that is consistent with Na-Ca exchange (45). Thus,
repolarization to more negative voltages enhanced peak tail current amplitude and
accelerated the rate of current decay (Figure 33). That low external Na™ inhibited
inward tail currents indicates that the current was carried by Na™ rather than an
intracellular Ca?*-activated CI" conductance (231). The finding that tail currents were
blocked by substituting lithium for Na* further indicates that the primary underlying
mechanism is Na-Ca exchange (126) rather than a non-specific cation channel (73).

Several of the present findings indicate that Iy, amplitude is not proportional
to Ic, 1 on a beat-to-beat basis and that only a fraction of I¢, | is required to initiate
INaca- Thus, the voltage dependent characteristics of I,y and Iy,c, differed
significantly from one another. I, exhibited a bell-shaped voltage relationship while
that of Iy,c, was relatively flat, especially between -10 and +30 mV. The present
results also showed that Iy,c, and Ic,; did not correlate in time when cells were
exposed to cadmium (Figure 39). For example, when cadmium had blocked about 95%
of Ic, 1 INaca amplitude was reduced by only 50%. Similar results have been reported

in atrial (69) and ventricular myocytes (72,155). Moreover, because the rested recovery
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time of fNaCa was significantly slower than that of I, [, significant I, ; could be
recorded at a time when Iy,c, was markedly smaller. These experiments as well as
others (15,67,72) indicate that Iy,c, (and intracellular Ca2*) is relatively insensitive to
changes in I, ;. The present results agree with a proposal by Earm and Noble (70) that
Ca-mediated SR Ca2* release is partly regenerative and therefore there is a non-linear
relationship between I, 1 and SR Ca?* release. Moreover, the amount of SR Ca?*
available for release and the magnitude of SR Ca?* release appear to be more important
than the magnitude of the Ca?™ influx that triggers the release (15,72).

The present work also shows that the duration of the depolarizing pulse has no
effect on the time course of Iy,c, elicited upon repolarization (Figure 36). If the clamp
duration was sufficiently long (=10 ms) to activate peak I, ;, repolarization elicited
INaca tail currents that were, for the most part, superimposable regardless of the
preceding clamp duration. If we assume that Iy,c, follows the time course of
intracellular Ca?* released by the SR (66), then the present findings suggest that once
Ic,, L initiates SR Ca’* release, it becomes regenerative and goes to completion
regardless of pulse duration. This idea is generally consistent with reports in ventricular
myocytes that repolarization does not affect peak levels of intracellular Ca?* (67) as long
as peak I, is reached. In contrast, Cannell er al. (39) have shown that in rat
ventricular myocytes, repolarization following clamps as long as 20 ms (long enough to
reach peak I, 1) can alter peak intracellular Ca?* amplitude and longer clamps can
accelerate the rate of intracellular Ca?* decline. This voltage-dependent decline in

intracellular Ca2* does not appear to be due to a voltage-dependent stimulation of Na-Ca
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exchange (17).

Based on the voltage range in which Iy,c, is activated during depolarization and
its time course of decay, it seems likely that Iy, -, contributes to the duration of latent
pacemaker action potentials (189). Na-Ca exchange currents have been proposed to
contribute to action potential duration in atrial (69) and ventricular myocytes (66,72,155).
The present experiments indicate that Iy, ¢, also contributes to the diastolic phase of the
cycle. Thus, in cells beating spontaneously, or repetitively stimulated, In,c, increasingly
recovers during diastole at times compatible with the normal pacemaker cycle length.
This early recovery of Iy,c, exhibited both time- and voltage-dependent properties. One
factor contributing to In,c, recovery appears to be the time- and voltage-dependent
recovery from inactivation of Ic, 1. It is well known that I¢, | recovery is more rapid
at more negative voltages (170,209). However, Iy,c, recovery also exhibits a time-
dependent component. Thus, Iy,c, amplitude progressively increased at early times,
even though I¢, ; was almost fully recovered within about 200 ms. It therefore seems
likely that other time-dependent processes such as the recovery of SR Ca®t release
channels (77) and/or the re-uptake of Ca2* into the SR, contribute to the time course of
Inaca TecOvery. The paired pulse recovery experiments (Figure 38) also show that time-
dependent processes, other than recovery of Ic, 1, contribute to In,c, recovery. At
times later than 2 sec, Iy, c, amplitude exhibited a voltage-dependent decline over time,
where Iy,c, decayed more rapidly at -70 than at -40 mV. This voltage-dependent
decrease in Iy,c, is consistent with a voltage-dependent loss of intracellular Ca>*. Of

the possible mechanisms that may be responsible for a decline in intracellular Ca™, i.e.
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Ca-ATPase, SR uptake, and Na-Ca exchange, only Na-Ca exchange has been shown to

be voltage-sensitive (7,45,198). Shattock and Bers (198) have reported that extrusion of
Ca?* by Na-Ca exchange occurs when the resting membrane potential is more negative
than the equilibrium potential of Na-Ca exchange. The finding that Iy,c, is dependent
on SR Ca?* (Figure 35) suggests that the voltage-dependent decline in INaca is associated
with a decline in SR Ca?™ content. This idea is consistent with the diastolic loss of SR
Ca?* via Na-Ca exchange that is thought to underlie the decay of contraction amplitude
with time, i.e. rest decay (105,198). In relation to pacemaker function, the present
findings indicate that at times that are compatible with the normal pacemaker cycle length
(<1 sec), SR Ca?* and Iy,c, recover and increase over time. In addition, the voltage
to which the pacemaker cell repolarizes is an important determinant of the time course
of Inaca Tecovery. At voltages consistent with the normal maximum diastolic potential
(=70 mV) Iy, c, is essentially fully recovered for the next pacemaker cycle.

The present results show that inhibition of SR Ca?* release by ryanodine
depresses the slope of diastolic depolarization, resulting in a significant increase in
pacemaker cycle length. This is similar to that obtained in multicellular pacemaker
tissues (189). In addition, ryanodine abolished a transient inward current and a
background current flowing during the late diastolic depolarization (Figure 42). These
results suggest that a component mediated by SR Ca2™ release and presumably due to
Inaca contributes to the diastolic slope. This raises the question of how Iy,c, contributes
during the pacemaker potential. The answer may be related to the voltage-dependent

extrusion of intracellular Ca?* that is mediated by Na-Ca exchange during diastole.
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Thus, as the pacemaker action potential repolarizes to the maximum diastolic potential,
Na-Ca exchange is stimulated to extrude Ca®*. As discussed above, this loss of
intracellular Ca2™ is linked to a loss of SR Ca?* (105). An extrusion of Ca?* that is
mediated via Na-Ca exchange is expected to generate a small but functionally significant
INaca inward current during the diastolic phase of the cycle. Based on passive membrane
properties and the slope of diastolic depolarization, calculations indicate that about 1 pA
of total current is required to generate the pacemaker potential in latent atrial pacemaker
cells. Therefore, In,c, could generate less than 1 pA and still make a significant
contribution to pacemaker function. This idea is consistent with the present experimental
observations and those reported previously (189) that inhibition of SR function by
ryanodine slows but does not stop pacemaker activity. Because SR Ca?* and therefore
INaca Decomes more available with time, the contribution of Iy,c, to the diastolic slope
will be more evident at later times in the diastolic phase of the pacemaker cycle. This
hypothesis is consistent with the present as well as previous results (189) which show that
the inhibitory effects of ryanodine are more evident during the late phase of the
pacemaker potential.

The idea that a component of latent atrial pacemaker activity is mediated by SR
Ca?* release assumes additional significance ‘in light of our previous ultrastructural
studies of the cat Eustachian ridge (188). Those studies showed that although latent
pacemakers were morphometrically similar to SA nodal pacemaker cells, latent
pacemakers exhibited prominent subsarcolemmal cisternae that were not seen in SA node

cells. In addition, the subsarcolemmal cisternae in latent pacemakers were arranged in
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a unique Architecture, where two cisternae were directly apposed to one another on each
side of the cell membranes of two adjacent cells. This structural arrangement may
somehow facilitate the way in which Ca?* is handled by latent pacemaker cells during
repetitive activity. The structures between the cisternae and sarcolemma, i.e. "feet"
proteins, have been shown to be the site at which ryanodine binds to Ca®* release
channels (111,134). The relationship between SR structure and pacemaker function is
further supported by the finding that SA node cells lack similar SR structures and
ryanodine elicits only a small increase (+12%) in SA node pacemaker cycle length
compared with latent atrial pacemakers (139). The fact that ryanodine has qualitatively
similar effects on single latent pacemaker cells as those reported in multicellular
preparations (189) indicates that the apposition of SR between pacemaker cells is not
essential for basal pacemaker activity. However, the effect of ryanodine reported here
in single pacemaker cells is quantitatively smaller than in multicellular preparations.
This may be related to the loss of a functional communication between latent pacemaker
cells when they are studied in isolation. Consequently, the contribution of Iy,¢, to latent
atrial pacemaker activity may be somewhat underestimated in the present single cell
experiments.

Finally, these experiments showed that isoproterenol induced an increase in the
slope of diastolic depolarization and a concomitant increase in inward current. The fact
that ryanodine abolished the inward current and significantly decreased the diastolic
slope, suggests that SR Ca?* release and presumably Iy, ., mediated at least part of the

effects of isoproterenol. This is consistent with the effects of isoproterenol to directly
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stimulate Ic.L and SR Ca?* uptake (37) and thereby increase SR Ca®* content.
Loading the SR with Ca?* would enhance the diastolic leak of SR Ca?* and the
concomitant inward current generated by Ca?* extrusion via Na-Ca exchange. Of
course, isoproterenol affects many other current systems such as I and I, ; that may
directly affect pacemaker activity. Nevertheless, these results suggest that adrenergic

regulation of latent pacemaker function may be partially mediated via In,c,-



SUMMARY AND CONCLUSIONS

Single latent pacemaker cells have been isolated from the Eustachian ridge of cat
right atrium using Langendorff perfusion and enzyme dispersion techniques. Whole-cell
patch clamp techniques were used to study ionic currents underlying pacemaker activity
of these cells. All cells studied beat rhythmically and exhibited normal morphological
and electrophysiological characteristics. Pacemaker action potentials recorded from
single latent pacemaker cells were similar to those recorded from multicellular
preparations. Pacemaker cells were elongated with tapered ends and appeared bent or
crinkled without obvious striations. The morphological and passive membrane properties
of latent pacemaker cells were similar to those of SA node pacemaker cells.

Hyperpolarizing clamps elicited I with little, if any, background Iy, current.
Activation of I was well within the pacemaker voltage range. The fully-activated
current-voltage (I-V) relationship was approximately linear at voltages more negative than
-30 mV and showed outward rectification at more positive voltages. The time constant
of I; activation at -70 mV was 3.3 sec, which is much slower than that of SA node
pacemaker cells. Reducing extracellular Nat or K™ shifted the reversal potential more
negative, and increasing extracellular K* exerted the opposite effect. Reducing
extracellular Na® decreased I; amplitude and the slope of the fully-activated I-V

relationship, and elevated extracellular K* increased I amplitude and the slope of the
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fully-activated I-V relationship. Cesium (2 mM) inhibited I; in a voltage dependent

manner and decreased the slope of diastolic depolarization, resulting in a 48% decrease
in spontaneous rate.

When the ruptured patch method was used, isoproterenol (ISO; 1 uM) elicited
variable changes in I; among different cells, resulting in no net change in mean current
amplitude and no significant change in the I; activation curve. When using a nystatin-
perforated patch recording method, however, ISO increased I; consistently in all cells
studied and increased the spontaneous rate of pacemaker action potentials by 58%. In
addition, ISO elicited a positive shift in the I activation curve. Therefore, variabilities
in the response of I; to ISO may result from loss of internal constituents when using the
ruptured patch method.

Depolarizing clamps from a holding potential of -40 mV elicited L-type ca*t
current (I, 1) followed by an increasing outward current, Ix. The voltage dependence
of Iy activation was between -40 and +30 mV. The fully-activated Iy I-V relationship
was linear between -100 and -30 mV and exhibited inward rectification at more positive
voltages. Repolarization to voltages more negative than -60 mV elicited tail currents that
consisted of both Iy deactivation and I; activation. Subtraction protocols were used to
isolate Iy deactivating tail currents. In 5.4 [K*],, Ik tail currents exhibited a reversal
potential of -78 mV. The reversal potential of Iy exhibited a linear relationship with log
[K*], and a slope of 51.5 mV per tenfold change in [K*],. At voltages compatible with
the pacemaker maximum diastolic potential (-70 mV), current attributable to I

deactivation was relatively small and decayed more rapidly than activation of I
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TWo types of Ca>* currents (I, r and Ic, ) were recorded in single latent
pacemaker cells. Ic,t and Ic,; were distinguished by their voltage dependence of
activation and inactivation. I¢, 1 was activated primarily at more negative voltages with
a threshold about -50 mV and maximal amplitude at -10 mV, whereas Ic,; was
activated primarily at more positive voltages with a threshold about -30 mV and maximal
amplitude at +10 mV. The density of I, 1 in latent pacemaker cells was about 5 times
larger than that in working atrial muscle cells. Both Ca2* currents were blocked by 2
mM Co?*. Nifedipine blocked Ic,L in a voltage dependent manner. Low
concentrations of Ni>* (40 uM) inhibited Ic, 1 at voltages of -50 and -40 mV, but the
inhibitory effect was less at more positive voltages. Ni?* (40 xM) also significantly
increased the spontaneous cycle length of latent pacemaker action potentials by
decreasing the slope of the late phase of the diastolic potential.

A nystatin-perforated patch recording method was used to study Na-Ca exchange
current (Iy,c,)- The nystatin method avoids alterations in intracellular Ca®*, cellular
constituents and run down of ionic currents. Depolarizing voltage clamp pulses from -40
mV elicited I,y that exhibited an initial rapid phase of inactivation followed by a
secondary slower inward current component that decayed over about 100 ms. The
secondary inward component appeared as a slowly decaying inward tail current following
short (10-40 ms) depolarizing clamp steps. Slowly decaying inward currents were
abolished by dialyzing the cell with EGTA, by depleting SR Ca?* with ryanodine, and
by replacing 85% of external Na* with lithium. These findings suggest that the inward

current is due to Na-Ca exchange mediated by SR Ca?* release. Isoproterenol
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>5x107%M significantly increased peak I, 1 amplitude and peak Iy,c, amplitude, and
accelerated Iy,c, rate of decay. During diastole, In,c, exhibited a voltage-dependent
increase in amplitude over time. At times >2 sec, Iy,c, exhibited a voltage-dependent
decline in amplitude over time. That is, when elicited from -40 mV Iy,c, decreased by
10% of maximum, whereas from -70 mV, Iy,c, decreased by 60% of maximum.
Interruption of free-running pacemaker action potentials during the late phase of diastolic
depolarization (-50 mV) elicited a small, transient inward current that decayed to a
background inward current. Ryanodine decreased diastolic slope, increased pacemaker
cycle length and abolished the inward currents. Isoproterenol induced an increase in

diastolic slope and inward current (at -50 mV) that was inhibited by ryanodine.
CONCLUSIONS

1. The present study demonstrates the isolation of Ca®*-tolerant latent pacemaker
cells from the Eustachian ridge of the cat right atrium. Latent pacemakers appear
morphologically and electrophysiologically similar, though not identical, to pacemaker
cells isolated from SA node.

2. I of latent pacemaker cells is activated within the pacemaker voltage range
and contributes significantly to latent pacemaker function. The relatively slow time
course of activation and small amplitude of I may explain, in part, the relatively long
spontaneous cycle length of latent atrial pacemakers. The positive chronotropic effect

of isoproterenol is mediated in part by stimulation of I.
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3. Latent atrial pacemaker cells exhibit prominent Iy activation during
depolarization. Repolarization elicits tail currents that consist of both Iy deactivation and
I; activation. At the maximum diastolic potential the current attributable to Ig
deactivation is relatively small and decays more rapidly than activation of I.. Ix may
contribute to the repolarization and initial phase of diastolic depolarization in latent
pacemaker cells. In addition, a reduction in Ik tail current amplitude may contribute to
the acceleration of spontaneous rate induced by elevated external K.

4. Both I, 1 and Ic,y are present in latent pacemaker cells. I,y current
density of latent pacemaker cells is significantly larger than that of working atrial cells.
Ic,,T exhibits a "window" current within the latent pacemaker voltage range and thereby
may contribuie to the late phase of diastolic depolarization.

5. A slow inward current attributable to Na-Ca exchange is recorded in latent
pacemaker cells. The time course and voltage-dependence of Iy,c, suggest that it may
contribute to the duration of the pacemaker action potential. In addition, Iyn,c,
contributes significantly to the slope of diastolic depolarization and may partially mediate

the positive chronotropic response to isoproterenol of latent atrial pacemakers.
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