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Isolated infant human atrial cells have a slower early repo-
larization than adult human atrial cells. In addition, from room
temperature voltage-clamp studies, infant cells have lower basal
L-type calcium currents than adult cells. We hypothesized that
the slower repolarization increases the calcium transient of infant
human atrial cells. Atrial myocytes were enzymatically dissoci-
ated from biopsies of human right atrial appendages of infant
(3–8 mo) patients who were undergoing open-heart surgery.
Intracellular calcium transients were measured with fluorescence
microscopy with application of either square waves or action
potential waveforms at physiologic temperature. After repetitive
application (1 Hz) of 100-ms duration conditioning depolariza-
tions to 10 mV (from �80 mV), a test pulse of varying duration
(�T; 2–100 ms) produced smaller transients (expressed as per-
centage of the last conditioning pulse) at shorter durations (33 �
7% for �T � 2 ms, 80 � 4% for �T � 25 ms). With repetitive
application of either adult or infant prerecorded action potentials
to infant cells, the cells had a decreased calcium transient with
the adult action potential (F/F0 2.2 � 0.4 for infant action

potential versus 1.6 � 0.2 for adult action potential; n � 7; p �
0.05). The delayed early repolarization of infant cells alters the
Ca2� transient, which may compensate for the lower availability
of basal calcium current in infant cells. The steep relationship
that we have demonstrated between test-pulse duration and the
calcium transient suggests that modulation of the early repolar-
ization phase of the action potential may be of great significance
in modulating excitation-contraction coupling. (Pediatr Res 57:
28–34, 2005)

Abbreviations
�T, time step
APD30, action potential duration at 30% repolarization
APD90, action potential duration at 90% repolarization
F, fluorescence
F0, baseline fluorescence
ICa, L-type calcium current
SR, sarcoplasmic reticulum

The time course and amplitude of the calcium current, which
leads via sarcoplasmic reticulum (SR) calcium release to the
calcium transient of cardiac cells, depend not only on the
properties of the calcium channel but also on the action poten-
tial waveform. Changes in the action potential repolarization
rate have been shown to have effects to either increase or
decrease the net calcium current and the release of calcium
from the SR (1–3). In our recent work comparing action
potential waveforms and the amplitude and time course of
transient outward current in isolated infant versus adult human

atrial cells (4), we showed 1) that infant atrial cells had
transient outward current that inactivated much more rapidly
than adult atrial cells and 2) that infant cells had a much slower
early repolarization phase [consistent with previous work on
atrial strips (5)]. The time for 30% repolarization from the peak
of the action potential (APD30) was 24.4 � 11.4 ms for infant
atrial cells compared with only 3.6 � 0.4 ms for adult atrial
cells. We have also shown that infant cells have a lower basal
amplitude of calcium current than do either young adult or
older adult atrial cells (6), with peak L-type calcium current
(ICa) from voltage steps to 10 mV at room temperature being
1.2 � 0.1 pA/pF for infant cells and 2.6 � 0.3 pA/pF for adult
cells.

The lower ICa (from square wave voltage-clamp studies) and
the prolonged early repolarization phase of the infant atrial
cells (from current clamp single-cell studies) may be related in
a functional sense if the prolongation of the early repolarization
served to increase the calcium entry and thus the intracellular
calcium transient in infant atrial cells compared with the faster
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repolarization rate of the adult action potential waveform. We
used square wave voltage-clamp depolarizations of varying
duration applied to infant atrial cells to determine the relation-
ship between pulse duration and the amplitude of the calcium
transient. We also applied either adult or infant recorded action
potential waveforms to isolated infant atrial cells to test more
directly the hypothesis that the slowed early repolarization of
the action potential of the infant atrial cells increases the
calcium transients for infant cells compared with the calcium
transients that would have occurred if infant cells had the same
action potential waveform as adult cells.

METHODS

Patients. Biopsies from right atrial appendage were obtained at the time of
initiation of cardiopulmonary bypass from infant patients (age 3–8 mo; n � 4;
Table 1). All patients were in normal sinus rhythm at the time of surgery with
no documented history of previous atrial fibrillation or atrial dilation. The
characteristics of the patients are given in Table 1. The study protocols for
using infant atrial biopsies were approved by the Emory University Human
Investigation Committee and by Children’s Healthcare of Atlanta. The inves-
tigation conforms with the principles outlined in the Declaration of Helsinki.

Preparation of isolated cells. As we have described previously (4), atrial
tissue obtained at the time of surgery was placed in oxygenated Ca2�-free
Krebs-Ringer (KR) solution (plus 30 mM of 2,3-butanedione monoxime
(BDM)) and transported to the laboratory within 5 min after excision and cut
into small chunks. Tissue chunks were stirred in oxygenated Ca2�-free KR
(without BDM) solution at 34–36°C. After 10 min, Ca2�-free KR was
supplemented with collagenase (1 mg/mL type IV; Sigma Chemical Co., St.
Louis, MO) and protease (0.4 mg/mL type XXIV; Sigma Chemical Co.). After
digestion, tissue chunks were triturated and the supernatant was tested every 15
min under the microscope. Cells were then separated by centrifugation and
resuspended in storage solution that contained 1 mg/mL of BSA and kept in a
refrigerator until used.

Fluorescent measurements with confocal laser scanning microscopy. We
monitored intracellular Ca2� during different voltage waveforms in infant
human atrial cells at physiologic temperature (37°C) using 75 �M of Fluo-4,
a fluorescent Ca2� indicator dye (pentapotassium salt; Molecular Probes,
Eugene, OR) in the pipette solution (2). We used the action potential clamp
with prerecorded action potentials (at physiologic temperature) that we previ-
ously published from adult and infant human atrial cells (4) applied as
repetitive (1 Hz) voltage-clamp waveforms to isolated infant atrial cells. We
also applied a conditioning train of 8 100 ms square waves from �80 mV to
0 mV followed by a pulse of varying duration to determine the dependence of
the Ca2� transient on pulse duration. The application of both the action
potential waveforms and the square waves was done in random order and
repeated at least twice to ensure that the calcium transient was stable. Cells
without stable calcium transients were excluded from the analysis.

The fluorescent imaging was performed with a confocal laser scanning
microscope (OZ; Noran Instruments, Inc., Madison, WI) coupled to an in-
verted microscope (IX-70, Olympus, Melville, NY) equipped with a �60
water immersion objective (UPlanApo, numerical aperture � 1.2; Olympus).
Fluo-4 fluorescence was excited with the 488-nm line of a krypton-argon laser.
Emitted fluorescence is measured at wavelengths �500 nm. Images were
collected by an O2 workstation (Silicon Graphics, Mountain View, CA) using
Noran InterVision software. Images were acquired at a rate of 240 images/s

yielding a total image area of 1255 �m2. Data were analyzed using a modified
version of ImageJ (National Institutes of Health, Bethesda, MD). For each
image, a region of interest was drawn within the cell boundaries and the
average intensity of the fluorescence within that region was calculated. Data
are plotted as the ratio F/F0, where F is the average fluorescence intensity at a
given time over the region of interest and F0 is the resting value of fluorescence
found by averaging 20 ms of data 40 ms before application of the action
potential or square wave waveform to the cell.

Solutions and Drugs. The compositions of standard solutions used are as
follows (in mM). Ca2�-free KR solution: 35 NaCl, 4.75 KCl, 1.2 KH2PO4, 16
Na2HPO4, 134 sucrose, 25 NaHCO3, 10 glucose, and 10 HEPES (pH 7.4) with
NaOH. Storage solution: 100 K-glutamate, 25 KCl, 10 KH2PO4, 0.5 EGTA, 1
MgSO4, 20 taurine, 10 glucose, and HEPES 5 (pH 7.2) with KOH, ICa. Pipette
solution for action potential clamp with fluorescence measurements: 135 KCl,
5 Na2CrPh, 5 MgATP, 10 HEPES, and 0.075 Fluo-4 pentapotassium salt (pH
7.2) with KOH. External solution for action potential clamp with fluorescence
measurements: 148.8 NaCl, 4 KCl, 1.8 CaCl2, 0.53 MgCl2, 0.33 NaH2PO4, 5
HEPES, and 5 glucose (pH 7.4) with NaOH. Modifications to these solutions
are described below for specific protocols.

Statistics. All values are presented as mean � SEM. Comparison of
measured parameters was done using a paired t test. A p � 0.05 was defined
as significant.

RESULTS

Ca transients with variable duration square wave pulses.
We applied square wave voltage-clamp pulses of varying
duration at physiologic temperature to infant human atrial cells
to determine whether longer duration pulses would enhance the
Ca2� transient. Using a holding potential of �80 mV, we
applied eight conditioning pulses (to 10 mV, 100-ms duration)
at a frequency of 1 Hz followed by a test pulse to 10 mV of
varying durations (2, 5, 10, 25, 50, and 100 ms). The results
from one infant human atrial cell are shown in Fig. 1. Images
were taken with a time step of 4 ms. The voltage waveforms

Table 1. Patient characteristics

Patient Age (mo) Sex Diagnosis

1 5 Female TOF
2 6 Female TOF
3 3 Male ASD/VSD
4 8 Female ASD/VSD

ASD, atrial septal defect; VSD, ventricular septal defect; TOF, tetralogy of
Fallot.

Figure 1. (Top) Time course of relative fluorescence for application of square
wave depolarizations from �80 mV to 10 mV, with eight depolarizations of
100-ms duration (at 1 Hz) followed by a depolarization of varying durations of
2, 5, 10, 25, 50, or 100 ms indicated by different colors, with the shortest test
depolarization in black. Fluorescence for each trace is normalized to the peak
value produced by the last of the conditioning 100-ms duration depolarizations.
(Bottom) Fluorescence responses to the test pulses at a faster time base.
Individual symbols correspond to the fluorescence measurements at 4-ms
intervals.
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are superimposed above each part of the figure. The fluores-
cence for the voltage step of varying duration was normalized
to the calcium transient recorded during the last conditioning
pulse so that the minimum fluorescence was set to 0% and the
maximum was 100%. Thus, the response to the test pulse
(applied at time 1000 ms) is reported in terms of the percentage
of its conditioning pulse (applied at 0 ms), so each record
served as its own control. We completed this protocol in seven
infant cells. Figure 1, top, shows the data including, for each
trace, the last of the 100-ms duration conditioning pulses and
the response to the test pulse. The shortest duration test pulse
(2-ms duration; black line) resulted in a Ca2� transient less
than half that of the conditioning pulse, and the relative
fluorescence amplitude increased progressively as the duration
of the test pulse was increased. Figure 1, bottom, shows the
initial portion of the responses to the test pulses, with the
symbols indicating specific fluorescence measurements. The
fluorescence begins to rise within 4 ms of the pulse application
and nearly reaches a peak within 30 ms. Note that the rate of
rise of the fluorescence is slower for the very short-duration
test pulses and then becomes nearly identical for test pulses
longer than 10 ms.

The mean relative amplitudes of the calcium transients
versus the duration of the test pulse is shown in Fig. 2. The
calcium transient amplitude (compared with the preceding
100-ms duration conditioning pulse) rises from 33 � 7% for a
test-pulse duration of 2 ms and shows a steep relationship with
test-pulse duration, with a value of 80 � 4% with a test-pulse
duration of 25 ms. On this figure, we have indicated our
previously reported values (4) for the APD30 of infant atrial
cells (24.4 ms) and for adult atrial cells (3.6 ms), at the same
physiologic temperature, as vertical dashed lines. To the extent
that the action potentials could be approximated by square
wave waveforms, the intersections of the dashed lines with the
measured relationship (at 40 and 80% of the maximum tran-

sient for the adult APD30 compared with the infant APD30)
suggests that the longer APD30 of the infant action potentials
might produce twice the calcium transient in an infant cell as
the adult action potentials for the same cells.
Calcium transients with action potential clamp. We mon-

itored Ca2� transients of infant atrial cells from the same
patients in response to changes in the action potential wave-
form using the same confocal laser scanning fluorescence
microscopy in voltage-clamp mode at physiologic temperature.
We applied prerecorded action potentials from adult and infant
human atrial cells [as illustrated in our recent publication (4)]
as voltage-clamp waveforms (Fig. 3) to monitor Ca2� tran-
sients in these infant human atrial cells. For each infant cell, we
used trains of eight action potential waveforms at 1-Hz fre-
quency and compared the results for each cell for the applica-
tion of a train of adult action potentials versus a train of infant
action potentials. The eighth application of the adult or infant
action potential is superimposed in Fig. 3, top. The simulta-
neously recorded calcium transients are plotted as F/F0 (Fig. 3,

Figure 2. Relative fluorescence measurements (as in Fig. 1) for test-pulse
durations from 2 to 100 ms with mean and SEM plotted for seven infant atrial
cells plotted as a function of the test-pulse duration. The vertical dashed lines
are placed to indicate the values that we previously reported for the APD30 of
isolated adult and infant human atrial cells (4).

Figure 3. Application of the action potential clamp technique to an isolated
infant atrial cell. The action potential waveforms were previously recorded
action potentials at physiologic temperature, as we previously published (4),
from an infant and an adult human atrial cell. The action potential waveforms
were applied in a train at 1 Hz with the data shown as the eighth action
potential in a train of infant or adult action potential waveforms in the
voltage-clamp mode. (Top) Membrane potential for this cell with the adult
action potential (red) or the infant action potential (black). (Middle) Simulta-
neously recorded fluorescence signal (240 frames/s) with the fluorescence
averaged over the cell area for each time point and normalized to F0, the
averaged fluorescence for 20 ms before the action potential upstroke. (Bottom)
Data of the middle replotted on separate vertical scales (left scale for the infant
action potential waveform, right scale for the adult action potential waveform)
to make the peaks of the curves the same.
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middle), where F0 was the average fluorescence for 20 ms
before the application of the action potential waveform. The
calcium transients began to rise very quickly after the action
potential depolarization and reached peak values within ~20 ms
for both of the action potential waveforms. However, the peak
value obtained for this infant atrial cell with the infant action
potential (black trace and symbols) was much larger than the peak
obtained for the same infant cell with the adult action potential
(red trace and symbols). The calcium transients for the two
different action potential waveforms are plotted in Fig. 3 bottom,
with two different vertical scales to make the peak values coincide
on the graph (left scale for the infant action potential waveform,
right scale for the adult action potential waveform). The transients
began to decrease during the repolarization of the action potentials
and then followed a very similar time course for both infant and
adult action potentials.

The action potentials and Ca2� transients of Fig. 3 are
replotted in Fig. 4, top and middle, at a faster time scale. Note
that the Ca2� transient increases at the same rate for the first 12
ms (three fluorescence data points) after action potential depo-
larization with either of the action potential waveforms. After
12 ms, the adult action potential waveform has significantly
repolarized, whereas the infant action potential waveform is
still at a high plateau level. In response to the infant action
potential waveform, the calcium transient continues to increase
for another 12 ms to obtain the higher peak of calcium tran-
sient. Figure 4, bottom, shows the confocal images correspond-
ing to calcium transients at successive 4-ms intervals starting

just before depolarization occurs over the time period of 24 ms,
indicated by the horizontal arrow in Fig. 4, middle. For both
action potential waveforms, there is an increase in fluorescence
that is apparent even within 4 ms after the action potential
upstroke. The fluorescence progressively increases with time
for each action potential waveform up to 12 ms and then
continues to increase only for the infant action potential wave-
form up to the 24-ms time point.

Figure 5 shows a summary of the results for application of
either the adult or the infant action potential waveform to seven
infant atrial cells. The peak Ca2� transient (peak of F/F0) in
response to the infant action potential waveform was signifi-
cantly larger than the peak Ca2� transient for the same cells in
response to the adult action potential waveform (2.2 � 0.4
versus 1.6 � 0.2; p � 0.05), an average increase of 49 � 4%.
The half maximal decay time was not significantly different for
the two waveforms (230 � 14 ms for the infant action potential
versus 204 � 15 ms for the adult action potential), showing
that the decay of the calcium transient was unaffected by the
shape of the stimulating waveform.

DISCUSSION

In this study, we have shown that the amplitude and the
duration of the calcium transient in human infant atrial cells
has a steep dependence on the duration of the membrane
depolarization that initiates the transient. This phenomenon has
also been shown in ventricular myocytes from several species
(7–10). Cannell et al. (8) showed that short-duration pulses
(�40 ms) abbreviated the calcium transients of rat ventricular
myocytes. They attributed this abbreviation possibly to voltage
dependence of the SR release. Cleeman and Morad (9) showed
that this abbreviation occurred whether the pulse duration was
interrupted by repolarization or by depolarization to 100 mV,
suggesting that the dependence of the Ca2� transient amplitude
on duration was modulated by Ca2� influx through ICa. Bers et

Figure 4. (Top and middle) Replots Fig. 3, top and middle, at a faster scale
to show the rising phase and repolarization of the action potential time courses
(top) and the rising phases of the calcium transients. (Bottom) Actual fluores-
cence images acquired from this cell at 4-ms intervals, during the period
indicated by the horizontal arrow in the middle, when we applied either the
infant action potential waveform (top row) or the adult action potential
waveform (bottom row). The pixels range from blue (low fluorescence) to red
(high fluorescence).

Figure 5. Comparison of the peak fluorescence and the decay time for
fluorescence for seven infant cells to which we applied the adult or infant
prerecorded action potentials (as in Figs. 3 and 4), showing mean � SEM.
Compared with the infant action potential waveform, the adult action potential
waveform produced significantly less peak fluorescence without altering the
decay time of fluorescence for these infant cells.

31INFANT HUMAN ATRIAL CALCIUM TRANSIENTS



al. (7) investigated whether extrusion of Ca2� by the sodium-
calcium exchanger could account for the abbreviation of the
Ca2� transient with short-duration pulses and found that block
of sodium-calcium exchanger did not alter pulse duration
dependence of the Ca2� transient amplitude. Recruitment of
SR release units, based on the latency of single ICa channels,
may be responsible for the dependence of the Ca2� transient on
pulse duration (11). In this study, we show for the first time that
in infant human atrial cells, the Ca2� transient amplitude
depends on the duration of the membrane depolarization.
Further experiments are required to determine whether the
mechanism of this relationship is similar to that found in
ventricular cells of other species.

Age-dependent differences in the action potential shape have
been shown in isolated cells from several species (12–16),
including human atria (4,5). In mouse ventricle (15,16) and rat
ventricle (13,14), the neonatal action potential has a slower
early repolarization phase and more pronounced early plateau.
Similar age-dependent differences have been demonstrated in
the human atria from intact atrial strips (5) and from isolated
cells (4). Escande et al. (5) did microelectrode recordings from
adult (30–67 y) or infant (2–22 mo) atrial strips at 35°C,
showing that adult tissue had a significantly faster early repo-
larization, with a low “plateau” level. The time for 90%
repolarization (APD90) was 494 ms for adult tissue versus 270
ms for infant tissue. More recent work on human adult atrial
strips and isolated atrial cells by Dobrev et al. (17) showed
APD90 from adult atrial strips to be 207 ms, whereas APD90 of
isolated adult atrial cells was 202 ms. Both the intact adult
tissue and the isolated adult cells had a large, rapid, early
repolarization, with the time for 20% repolarization being only
7 ms in the intact tissue. The action potentials of these adult
cells and from the intact tissue showed little or no plateau, with
a fast partial repolarization followed by a slower phase of
repolarization. Similar values of APD90 (178–230 ms over a
frequency range of 2–0.1 Hz) were obtained from human atrial
adult cells by Li et al. (18). These results are similar to our own
recently published data (4) on isolated human adult atrial cells
in which we measured APD90 of 170 ms and APD30 of 3.6 ms.
When we isolated cells from human infant atria (�1 y of age),
we obtained APD90 of 179 ms and APD30 of 24 ms. The action
potentials that we recorded from infant atrial cells and used in
the present study are different from what we recorded in adult
atrial cells, and these changes are qualitatively similar to those
reported by Escande et al. (5)

The effects of changes in the action potential waveform on
the amplitude of ICa and the Ca2� transient have been most
clearly shown by using the technique of applying recorded
action potentials as voltage waveforms to which the cell is
“voltage clamped.” We previously used guinea pig ventricular
myocytes and produced either a normal action potential wave-
form or a waveform with accelerated early repolarization at
physiologic temperature and showed that a more rapid repo-
larization produced a greater amplitude of ICa (1) and also a
larger Ca2� transient (2). Sah et al. (3) showed that applying
ramp repolarizations of varying slope to rat ventricular cells (at
room temperature) produced greater calcium transients with
faster repolarization as a result of increased ICa. In contrast, for

cells from animals (e.g. rodents) with action potentials that
have a very fast early repolarization in both ventricular and
atrial tissue, slowing the repolarization rate results in greater
calcium transients. Sah et al. (19) recorded action potentials
from cells that were isolated either from normal or from
infarcted rat ventricle. They then applied these action poten-
tials (with voltage clamp) to cells that were isolated from
normal rat ventricle and showed that the “infarct” action
potential, which had a slowed early repolarization, resulted in
a larger Ca2� transient and greater cell shortening than the
“normal” action potential. The ICa recorded during the “nor-
mal” action potential was larger in amplitude but shorter in
duration than the ICa recorded during the “infarct” action
potential, because the very fast repolarization of the “normal”
action potential deactivated the calcium conductance. Thus, the
time integral of ICa was larger for the “infarct” action potential.
Subsequently, they showed that the Ca2� transient had a
biphasic response to ramp waveforms with varying repolariza-
tion slope (20). For ramps with durations shorter than 50 ms,
increasing the ramp duration (thereby slowing the rate of
repolarization) increased the Ca2� transient, but as the ramp
duration increased to �50 ms, the Ca2� transient decreased
with increasing ramp durations. The relationship between the
repolarization waveform and the calcium transient is clearly
complex. The actual time course and amplitude of the ICa

depends on the time-varying membrane potential, the time
course of L-type calcium channel activation and inactivation
(partly produced by the rise in intracellular calcium), and a
possibly time-varying equilibrium potential for this current,
particularly if the calcium concentration in a subsarcolemmal
space increases more rapidly and to higher levels than the
average cytoplasmic calcium concentration (21). The time
course and amplitude of the intracellular calcium transient also
depends on the calcium loading and release of the SR in
response to calcium entering via the L-type calcium channels
and, to some extent, via the sodium-calcium exchanger (22).
Sah et al. (19) showed that changes in the early repolarization
rate caused increases in Ca2� transient primarily through in-
crease in Ca2� trigger (increase in Ca2� entry) with a smaller
contribution by having an increased SR load. In recent work,
Sun et al. (23) showed that increasing late repolarization (by
selectively inhibiting Ik,slow) while not changing the early
repolarization phase increased cell shortening and the Ca2�

transient in mouse ventricular cells. They showed that this
increase was due to a larger SR load and not due to greater
Ca2� trigger. Note that in the present study, we cannot defin-
itively say which is responsible for the change in Ca2� tran-
sients in infant atrial cells with the different action potential
waveforms (see Figs. 3 and 4). Hatem et al. (24) showed that
calcium-induced calcium release from the SR as a result of
influx of Ca2� through ICa occurred in infant human atrial
cells. Therefore, it is likely that a combination of increased SR
load and increased Ca2� trigger as a result of changes in the
early repolarization phase of the infant and adult action poten-
tials is responsible for the change in Ca2� transients in infant
atrial cells with the different action potential waveforms. In our
experiments with variable duration voltage-clamp pulses (Fig.
1), there was an equal SR load, and the duration of the pulse
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causes significant changes in the Ca2� transient. In addition,
the sodium-calcium exchanger has been shown to be larger in
newborn rabbit ventricle than adults and may act, in ventricular
cells, in the reverse mode to bring Ca2� into the cell during the
plateau of the action potential and thus may be able to act as a
trigger SR Ca2� release (25–28). Reverse-mode sodium-
calcium exchanger as a trigger for calcium release has been
shown in cardiac myocytes from several species (29–31).
Furthermore, sodium-calcium exchanger can be up-regulated
in heart failure (32,33) and can provide an additional source of
Ca2�, compensating for impaired SR function (34–36). In
human ventricle, Qu et al. (37) showed that both mRNA and
protein levels of sodium-calcium exchanger were higher in
neonates than in adults. As a result of the prolonged plateau
found in infant atrial cells and the possibility that infant atrial
cells may have more sodium-calcium exchanger than adult
atrial cells, it is possible that reverse-mode sodium-calcium
exchanger contributes to the increased Ca2� transients seen in
response to the infant action potential in our experiments (Figs.
3 and 4). An alternative explanation is that the fast repolariza-
tion of the adult action potential favors forward-mode sodium-
calcium exchanger so that the abbreviated calcium transient
seen with the adult action potential waveform may be due in
part to increased calcium extrusion by sodium-calcium ex-
changer (38). Further experiments are required to determine
the role of SR load, of ICa as a trigger for SR release, and of the
sodium-calcium exchanger in the increase of the Ca2� transient
seen in response to the prolonged infant action potential in
infant atrial cells. None of these relationships has been quan-
titatively established for human atrial cells at physiologic
temperature.

Our measurements of calcium transients at physiologic tem-
perature by high-speed confocal fluorescence microscopy
shows considerable differences from previous studies done on
human atrial cells at room temperature. Hatem et al. (39)
measured Ca2� transients in voltage-clamped adult human
atrial cells at room temperature using fluorescence confocal
microscopy and showed very slow, dome-shaped Ca2� tran-
sients. These Ca2� transients were observed after ICa activation
and were caused by SR Ca2� release. They suggested that the
prolonged Ca2� transients were due to slow Ca2� release or
reduced capacity of Ca2� uptake by SR. Hatem et al. (24)
measured calcium transients and ICa in neonatal human atrial
myocytes showing a very slow calcium transient at room
temperature that was suppressed by ryanodine and increased by
isoproterenol. It is important to note that these transients were
measured at room temperature, and the slow rise and slow
decay of Ca2� transients could be due to the low temperature
and slow (0.1 Hz) pacing frequency. The work that we present
here was done with a faster recording system and also at
physiologic temperature, showing a detectable rise in intracel-
lular calcium within 4 ms of the upstroke of the action potential
and a half-time for the rise in calcium concentration of ~12 ms.
The rise time, in our data, was affected by the shape of the early
repolarization phase of the action potential, with the rapid
repolarization of the adult action potential waveform seeming
to “interrupt” the rise in the calcium transient. To our knowl-
edge, there are no previous reports of calcium transients in

human atrial cells at physiologic temperature. It is important to
note that we are not comparing here the amplitude or time
course of calcium transients in adult cells versus calcium
transients of infant cells. We are specifically testing the effects
of the different action potential waveforms (previously re-
corded from adult or from infant cells) on the calcium tran-
sients of infant cells.

In summary, our results show that the delayed (compared
with adult cells) early repolarization of infant cells [which may
be produced by a faster inactivating transient outward current,
compared with adult cells (4)] alters the Ca2� transient in these
cells, which may compensate for the lower availability of basal
calcium current in infant cells (6). The steep relationship that
we have demonstrated between test-pulse duration and the
calcium transient suggests that modulation of the early repo-
larization phase of the action potential may be of great signif-
icance in modulating excitation-contraction coupling.
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