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Aims Abnormal intracellular Ca>" cycling contributes to triggered activity and arrhythmias in the heart. We investigated the
properties and underlying mechanisms for systolic triggered Ca®" waves in left atria from normal and failing dog hearts.

Methods Intracellular Ca>" cycling was studied using confocal microscopy during rapid pacing of atrial myocytes (36 °C) isolated

and results from normal and failing canine hearts (ventricular tachypacing model). In normal atrial myocytes (NAMs), Ca®" waves

developed during rapid pacing at rates > 3.3 Hz and immediately disappeared upon cessation of pacing despite high sar-
coplasmic reticulum (SR) load. In heart failure atrial myocytes (HFAMs), triggered Ca>" waves (TCWs) developed at a
higher incidence at slower rates. Because of their timing, TCW development relies upon action potential (AP)-evoked
Ca" entry. The distribution of Ca®" wave latencies indicated two populations of waves, with early events representing
TCWs and late events representing conventional spontaneous Ca*" waves. Latency analysis also demonstrated that
TCWs arise after junctional Ca*" release has occurred and spread to non-junctional (cell core) SR. TCWs also
occurred in intact dog atrium and in myocytes from humans and pigs. ff-adrenergic stimulation increased Ca*" release
and abolished TCWs in NAMs but was ineffective in HFAMs making this a potentially effective adaptive mechanism in
normals but potentially arrhythmogenic in HF. Block of Ca-calmodulin kinase Il also abolished TCWs, suggesting a role
in TCW formation. Pharmacological manoeuvres that increased Ca>" release suppressed TCWs as did interventions
that decreased Ca®* release but these also severely reduced excitation-contraction coupling.

Conclusion TCWs develop during the atrial AP and thus could affect AP duration, producing repolarization gradients and creat-
ing a substrate for reentry, particularly in HF where they develop at slower rates and a higher incidence. TCWs
may represent a mechanism for the initiation of atrial fibrillation particularly in HF.

Keywords Ca®" waves * Atrium * Atrial fibrillation « Heart failure

1 . Introduction reentry.m.2 Abnormal Ca.2+ cycling in ventricular. m){ocytes initiat1es tr.ig-
. gered activity by generating delayed afterdepolarizations (DADs) " which

Much of our understanding of how abnormal Ca®* cycling contributes :  arise when spontaneous Ca®" release (SCR) from the sarcoplasmic

to arrhythmogenesis comes from studies in ventricular myocytes where  :  reticulum (SR) occurs during diastole under conditions of cellular Ca>*

abnormal Ca** cycling may promote arrhythmia formation through trig- : overload. Cell depolarization results from subsequent activation of the

gered activity and/or by establishing repolarization gradients leadingto  :  Na-Ca exchanger (NCX) and its inward current (lyex). Ca*t cycling
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has only recently begun to be systemically examined in atrial myocytes
from animal models of atrial fibrillation (AF) or human AF.? Indeed, AF is
the most common cardiac arrhythmia, particularly among the elderly
and is a complex pathological state often comorbid with structural heart
disease such as heart failure (HF). A variety of electrophysiological and
structural changes contribute to the formation of AF substrate,” includ-
ing abnormal Ca** cycling both in the setting of paroxysmal and persis-
tent AF*® Several studies have reported evidence of SCR in atrial
myocytes, including the recent demonstration of a close correlation
between SCR and DADs in myocytes from patients with AF.® However,
there are significant differences in the characteristics of atrial and ventric-
ular Ca®* cycling.” Many differences reflect at least in part the less devel-
oped transverse-tubule (TT) system in the atria but the characteristics of
SCR are also different between atrial and ventricular myocytes, with
some studies describing a unique form of Ca”—dependent early afterde-
polarization (EAD) that occurs in atrial myocytes during the transition
from rapid to normal pacing rates.?

Recently, we reported that rapid pacing in ventricular myocytes in
intact failing rat hearts results in a unique form of abnormal SR Ca*t
release we termed triggered Ca®" waves (TCWs)’—‘triggered’ because
of their presence during pacing and absence immediately upon a return
to rest. In failing ventricular myocytes, TCWs arose in regions with
delayed or poor SR Ca*" release” largely coinciding with loss of TTs in
failing ventricular myocytes. We postulated further that if less extensive
TTs are necessary for TCW development, TCWs should develop more
in normal atrial myocytes (NAMs) even in larger mammals where the TT
system of atrial myocytes is less developed than their ventricular coun-
ter|:)ar'ts.1o‘11 Lower TT density, such as in atrium, should then equate to
greater potential for TCW development which should be further
enhanced in atrial cells during HF'? because of TT breakdown in HF.
TCWs might then develop more readily in atrial myocytes from failing
hearts (HFAMs) than in NAMs. The goal of this study was to investigate
the characteristics and underlying mechanisms of TCWs in normal atria
and in atrial myocytes from failing hearts.

2. Methods

All methods and procedures are described in the Supplementary mate
rial online.

3. Results

3.1. TCWs in atrial myocytes from normal

and failing canine hearts

We first investigated whether or not TCWs developed in atrial myo-
cytes when subjected to rapid pacing. Figure 1 shows longitudinal confo-
cal Xt-linescan recordings and (immediately above) the corresponding
mean F vs. time (Ft)-profiles of a normal dog left atrial myocyte (NAM,
Figure 1A) activated at progressively increasing rates. Ca>" transients
(CaTs) were evoked at 1-2 Hz pacing but as rate increased, a series of
large amplitude Ca®" waves developed (initiated at vertical green arrow)
and propagated along the cell. Interestingly, when we repeated this pac-
ing protocol in a HF atrial myocyte (HFAM), these large Ca®" release
events (both propagated and non-propagated) developed at rates as low
as 1-2 Hz with much higher frequency during pacing at 3.3-5 Hz (Figure
1B). Note that TCWs were absent immediately upon cessation of rapid
pacing, thus distinguishing this form of Ca*" wave behaviour from typical

diastolic spontaneous Ca®" waves (SCWs) that occur during Ca*"
overload.

Summarized results from 318 NAMs (eight dogs) and 305 HFAMs
(seven dogs) indicate that TCWs typically developed at pacing rates at
3.3-5Hzin NAMs but as low as 1-2 Hz in HFAMs, then increased in inci-
dence with increased rate (Figure 2A). About 80% of dog NAMs and 90%
of dog HFAMs developed TCWs at any cycle length. TCWs exhibited
velocities of ~75-125 um/s in both NAMs and HFAMs irrespective of
pacing rate (Figure 2B) although some propagated at much faster rates,
probably reflecting nearly simultaneous activation from multiple initia-
tion sites.

We also found TCWs in NAMs from human LA (15/29 myocytes
from one normal heart, Figure 2C) and pig hearts (18/30 myocytes from
two pigs, Figure 2D). One of the implications of these data is that, while a
less extensive TT system may be required for TCW development, it
does not insure TCW development, indicating that other mechanisms
must also contribute to TCW development.

3.2 Relationship between TCW
development and Ca*" release

When we analysed the essential properties of TCW formation in
NAMs, we found that there were important differences in the Ca*"
cycling properties between TCW-positive and TCW-negative NAMs.
First, TCWs developed only when the fractional Ca*" release (FCR) of
the prior peak CaT during basal pacing was ~0.4-0.5 (Figure 3A). TCW-
negative NAMs had a higher FCR. Second, TCWs developed in NAMs
when diastolic Ca®" (Ca1) at any pacing rate (P*“™Ca%) rose to a lev-
el >~15% of that at basal pacing at 1Hz (***Ca%.) (Figure 3B). These
levels are indicated in all mean Ft profiles above each linescan image (e.g.
Figures 1 and 2) where a dashed purple line indicates minimum or basal
paced Ca’l. (minCall), dashed yellow lines indicate 15% above the
basal minimum and dashed red lines indicate FCR= 0.5. Note that
the human and pig LA myocytes shown in Figure 2C-E obeyed these
criteria.

When we measured SR Ca>" load following basal (1Hz) and rapid
(3.3 Hz) pacing, we found that that the SR Ca®" content was greater in
HFAMs than in NAMs (see Supplementary material online, Figure STA
and B) which has been reported previously."> However, there was an
important difference in FCR with rate in NAMs and HFAMs; during basal
pacing, FCR is the same in NAMs and HFAMs but during rapid pacing
FCR is significantly reduced in HFAMs (see Supplementary material
online, Figure S1C). The result is that SR load is higher while FCR is lower
during rapid pacing than at basal pacing in HFAMs, which could contrib-
ute to a higher incidence of TCWs in HFAMs.

We also found that the magnitude of the first post-pacing CaT peak
(PP1Caneak) in NAMs was very large, so large in fact as to be indistin-
guishable from the amplitude of release evoked by 10mM caffeine
(CaffCaneak) (see Supplementary material online, Figure S1D), indicating
that the first beat following a pause was sufficient to release total SR
Ca®" load. The fact that there was no difference between CaffCaneak and
F‘P1Ca1Tpeak also allowed us to normalize Ca" release magnitude during
pacing to total SR load even in the absence of a caffeine pulse (see
Supplementary material online, Figure STE). The same was true in
HFAMs (data not shown). Note that our use of PP1Caneak for purposes
of normalization for fractional release is also based on the fact that a
3-5 second pause was sufficient for full recovery of Ca®" release follow-
ing rapid pacing (see Supplementary material online, Figure STF).
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Figure | Triggered Ca®" waves (TCWs) develop during rapid pacing in atrial myocytes from normal dog hearts (NAMs) and from failing dog hearts
(HFAMs). (A) Continuous linescan image (Ai) recorded during progressive increases in rate from 1 to 5 Hz followed by a pause and return to basal pacing
(1Hz) with expanded time scale (red bars) shown in Aii. Mean fluorescence (Ft) profile is shown above each image. (B) Same for an HFAM with two

expanded regions in Bii (red bars) and in Biii (purple bars). Dashed purple line demarks ™"CaZ!,

s @ dashed yellow line demarks ~15% above that level and a

dashed red line demarks 0.5 fractional SR Ca”>" release. Green arrows indicate time of first TCW and orange arrows indicate spontaneous Ca*" waves

(SCWs) or transients (SCTs) during the pause. The fluorescence intensity scale is the same for all figures.

One key difference between NAMs and HFAMs is that HFAMs often
exhibited Ca®" waves during pacing at or near basal rates (Figures 1, 2A,
and 3B). This higher vulnerability to TCWs is in all likelihood largely due
to elevated resting Ca*" level (Caz;St in HFAMs which has been meas-
ured and reported previously in this HF model."® Hence, Caﬁgs during
pacing at or near basal rates in most HFAMs is already >15% above the
NAM ™"CaZt

To determine if regional differences in Ca®* cycling properties in atrial

and is in fact nearly doubled compared to NAMs."

myocytes might play a role in TCW formation, we measured diastolic
Ca®" and active release behaviour using longitudinal recordings. When
we examined the rate dependence of FCR in the different cell regions in
NAMs, there was an overall (Across Cell) negative CaT-frequency rela-
tionship that was equivalent when comparing dyadic (<3 pum from the
sarcolemma) and non-dyadic regions (>3 pum from sarcolemma, Figure
30). Furthermore, there was a pronounced rate-dependent decrease in
FCR in NAMs that was exaggerated in HFAMs. Moreover, Ca*" release
was reduced more with rate in non-dyadic (central) regions than at
dyadic (sarcolemmal) regions of the cell, a difference that was also
greater in HFAMs. The fact that FCR decreases with rate, especially in
HFAMs, is likely to play a critical part in the development of TCWs.

Note that this result differs from the observations of Schotten et al.'

who showed a positive force-frequency relationship in human atrial tra-
beculae from sinus rhythm patients. However, this relationship became
negative at rates faster than 2 hz which is consistent with our observation
that triggered waves develop at rates where Ca®* release is reduced.
Cal!, increased with rate in both NAMs and HFAMs (Figure 3D) with
a greater increase in NAMs than HFAMs, although there were no
regional differences (dyadic and nondyadic) in both NAMs or HFAMs. In
addition, there was less absolute increase in Ca%!. in HFAMs than in
NAMs, reflecting the fact that the starting Caigs was higher to begin with
in HFAMs." This result also explains why there is no requirement for a
15% increase in CaZ'. in HFAMs for induction of TCWs, which can
occur even during basal pacing (1Hz) and causing a leftward shift in the
relationship between Caﬁgs and TCW incidence for HFAMs (Figure 3B).
In addition, the rate of increase in Ca%’, was greater in NAMs than in
HFAMs and showed no regional differences but it is important to note
that Ca”" levels are nearly double in HFAMs to start with (Figure 3E).
Finally, the time to peak of the CaT is greater in the non-dyadic regions
compared to junctional Ca®" release unit (JCRU)-derived release in
both NAMs and HFAMs (Figure 3F), an observation that confirms the



Triggered Ca*"

waves in atrial myocytes

1691

TCW Velocity ( m/s)

3.3 Hz

300

250 -

200 -

150 -

100 -

o
o

Normal human atrial myocyte

NAMs

HFAMs

.
%

1Hz 2Hz 3.3Hz 5Hz

1Hz 2Hz 3.3Hz 5Hz

Pacing Rate

A
. H
g t
—_ N 3.3Hz tt
T3 {mmsH || |
5 ‘ it L
N * *
* * *
P —
(3] *
S 2 A
©
)
£
= 1
)
-
o.

NAMs HFAMs
C

->
D

1 sec

Figure 2 TCW incidence is greater with increasing rate and in HF while velocity is unchanged. (A) Incidence of TCWs in NAMs (52 myocytes from four
atria) and HFAMs (46 HFAMs from four atria). (B) Box-plot summary of rate dependence of TCW propagation velocities. Box boundary closest to zero
indicates the 25th percentile, the line in the box marks the median, boundary of the box farthest from zero indicates the 75th percentile while error bars
above and below the box indicate the 90th and 10th percentiles, respectively (x’s are outliers). (C) TCWs in a paced human NAM and (D) a pig NAM. *P <
0.05, **P < 0.01, ***P < 0.001 for NAMs or HFAMs within pacing rates, two-way RM ANOVA. TP < 0.05, TP < 0.01, TP < 0.001 between NAMs and

HFAMs within pacing rates, two-way ANOVA.

delay in central activation compared to the periphery, although no major
differences were observed between NAMs and HFAMs.

3.3 Ca’" sensitivity and density of
ryanodine receptors in atrial and

ventricular myocytes

Another possible contributor to TCW mechanisms could be altered
Ca®" sensitivity or density of ryanodine receptors (RyRs) in NAMs and
HFAMs which could affect Ca®*-induced Ca*" release (CICR) and acti-
vation of Ca*" release only at high Caﬁijs levels such as during rapid pac-
ing or in HF. Because normal ventricular myocytes are not susceptible to
TCW formation while NAMs are, we compared the Ca>" dependence
of *H-ryanodine binding in normal human atrial and ventricular tissues in
order to consider if TCWV vulnerability might be a result of a fundamental
difference in RyR properties. According to the normalized binding
curves, there was no difference in Ca*"-sensitivity of binding between

the two tissues (see Supplementary material online, Figure S2A).

However, the total binding curves indicated about 50% of maximal bind-
ing suggesting that RyR density in atrium is about half that in ventricle
(see Supplementary material online, Figure S2B), an observation that was
confirmed using Western blot techniques (see Supplementary material
online, Figure S2C). Thus, there is unlikely to be a role of altered Ca*"
sensitivity of RyRs in the generation of TCWs.

3.4 Differences between TCWs and SCWs

TCW behaviour indicates a reliance on AP-evoked CaTs which is the
basis for referring to them as ‘triggered’ by Ca*" entry through L-type
Ca®" channels (LTCCs) during the previous CaT. This property is exem-
plified in Video S1 (see Supplementary material online) which shows that
CaTs are activated normally from the periphery and spread to the cell
core at 1Hz pacing (early in the video). During rapid pacing (3.3 Hz),
however, centripetal propagation from the periphery then induces
TCWs at numerous, almost random, initiation sites throughout the cell

core. Notice that a series of small CaTs with low release is followed by
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Figure 3 TCWs are abolished at high fractional Ca”" release and increase in frequency as diastolic Ca®" increases in both NAMs and HFAMs. (A)
Mean +SEM fractional Ca>" release (FCR) normalized to the first post-pacing beat (PP1Caneak) at 5 Hz pacing in TCW-positive vs. TCW-negative NAMs
(n=45 from eight atria; ***P <0.001). (B) Dependence of TCW incidence in NAMs (11 NAMs from three atria) and in HFAMs (seven HFAMs from three

atria) on Caégs. (©) FCR measured across-cell and in dyadic and non-dyadic regions. (D) Rate dependence of regional and whole cell %1 Cagj..
with increasing pacing rate. (F) Rate dependence of time to the peak of the Ca*" transients. (C~F) n =45 NAMs from eight
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atria; n =89 HFAMs from seven atria using longitudinal recordings. *P < 0.01, **P < 0.01, ***P < 0.001 between pacing rates within NAMs or HFAMs,
T-way RM ANOVA. §P < 0.05, §§P < 0.01, §§§P < 0.001 whole cell vs. dyadic vs. non-dyadic CaTs of NAMs or HFAMs within pacing rates, two-way
ANOVA. 1P < 0.05, 1P < 0.01, T11P < 0.001 whole cell vs. dyadic vs. non-dyadic CaTs of NAMs or HFAMs within pacing rates, two-way ANOVA.

beats which initiate TCWs, demonstrating that low release in response
to increasing rate is required for subsequent formation of TCWs.

When we measured TCW and SCW latencies in both NAMs and
HFAMs with respect to the previous CaT initiation time, we found two
distinct populations of Ca*" waves. Figure 4A and B shows transverse
linescans from a NAM (Figure 4A) and an HFAM (Figure 4B) in which
jCRU-mediated CaT initiations are denoted by yellow vertical lines.
TCW and SCW (during rest) initiations are denoted by red and orange
vertical lines, respectively, with each corresponding measured latency
shown within the interval. Another example of this analysis in a NAM is
shown in Figure S3A and B (see Supplementary material online) at a
higher resolution so that precise latencies and the approach to the meas-
urements are apparent. Summary data for latencies of all TCW- and
SCW-positive recordings (Figure 4C) show that TCWs in both NAMs

and HFAMs were initiated at times less than the halfway point of each
respective pacing cycle, the majority of which did not begin earlier than
~60 ms after the JCRU-mediated CaT initiation. Since atrial AP durations
at 3.3 and 5 Hz are approximately 175 and 140 ms, respectively,'” virtu-
ally all TCWs occurred during the AP. This important property of
TCWs indicates that they originate at non-junctional CRUs (njCRUs)
because TCW activation does not coincide with activation of JCRUs and
accompanying CaTs. TCWs are in fact a result of activation of internal
njCRUs with a delay after jJCRU activation which results from normal
centripetal spread of CICR into the cell core. As indicated by the
SCW latency summary (Figure 4D), SCWs are rarely initiated at
latencies <1000 ms in NAMs or <500 ms in HFAMs after pacing, nearly
10 times that of TCWs (Figure 4D). These results demonstrate several of
the critical differences between triggered and spontaneous waves and
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support the idea that TCWs are manifestations of increased activation of
infrequently activated core-region njCRUs during rapid pacing and are
not just another form of SCWs. However, it is possible that a small sub-
set of overlapping TCW latencies (Figure 4D) could indeed occur
because of SCR but it would be difficult to identify such events
definitively.

3.5 Relationship between TCWs and T-
tubules

Based on our previous work demonstrating TCWs in failing rat ventricu-
lar myocytes with severely disrupted TTs during HF is associated with
TT deple‘cion,10 we postulated that HFAMs would be more prone to
develop TCWs than NAMs because of a low density of TTs. When we
measured TTs in NAMs and HFAMs, we found that 89% of NAMs had
TTs whereas only 29% of HFAMs had any TTs whatsoever (48/54 myo-
cytes and 16/56, N = 4 dogs each, P <0.01). This is an important observa-
tion since most NAMs demonstrated TCWs with an even higher
incidence of TCWs in HFAMs despite an even lower incidence of TTs.
However, in order to investigate further the possibility that TTs might in
fact serve as the initiation site for TCWs, we also measured the site of
initiation of TCWs in relation to the closest TTs. Overall, we found that
16 myocytes had TTs in a total of 35 myocytes from three normal dog
hearts. Figure S4A (see Supplementary material online) shows an example
of a TCW (white arrow) that was initiated 10 pm from the closest TT
(blue arrow). In those myocytes with TTs, the mean distance between
the site of initiation and the closest TT was 13.1 £ 1.70 pm. In the other
19 myocytes without TTs (an example of which is shown in Figure S4B,
see Supplementary material online), each had at least one initiation site.
These results shows that the presence of TTs is not critical to TCW
initiation.

3.6 Effects of increasing CICR on TCWs

Given the requirement for reduced Ca*" release for TCW develop-
ment, we considered the possibility that manoeuvres that either severely
alter FCR or prohibit the rise in Caﬁgs should effectively suppress
TCWs. To test this idea, we subjected NAMs and HFAMs to a number
of pharmacological agents known to significantly affect SR Ca®>" release
and/or SR Ca*>" reuptake.

Figure 5 shows the effects of isoproterenol (ISO) which is known to
increase both Ca®" release and reuptake into the SR. ISO nearly abolished
TCWs in NAMs (Figure 5A and C) but not in HFAMs (Figure 5B and C). In
NAMes, the positive inotropic effect increased FCR well above 0.4 [Figure
5C(i-ii), from 0.036 £ 0.08 to 0.61+0.09 at 5Hz with ISO, P<0.01] and
produced a potent lusitropic effect [Figure 5C(iii)]. In fact, CaT alternans
developed when the TCWs were abolished [white dashed box in Figure
S5A(ii)]. In contrast, ISO had only a small positive inotropic effect in HFAMs
[Figures 5B and 5C(ii)] with little lusitropy [Figure 5C(iii)]. These results
demonstrate the blunted responsiveness of B-adrenergic stimulation in
HF'®" which leads to its inability to suppress TCWs in HFAM:s.

To further test the notion that increasing FCR should suppress
TCWs, we used low concentrations of caffeine (0.5mM) to increase
RyR sensitivity to Ca*". Figure 6A shows an example where 0.5 mM caf-
feine was applied during constant 5 Hz pacing in a NAM after TCWs had
developed which immediately increased FCR and abolished TCWs. The
summary of caffeine effects in all cells is shown in Figure 6B and indicates
TCW suppression when SR Ca®" release is increased via sensitizing
RyRs. In addition, low caffeine caused no change in diastolic [Ca®™]

(-1.14 £ 1.54%, NS) and fractional release increased from 69 £ 2.6% to
93 + 3.1% of total load (P <0.001, n =28 NAMes in four atria).

3.7 Inhibition of CaMKIl and TCWs

One of the possible outcomes of increased Caﬁgs during pacing is the
activation of Ca-calmodulin kinase Il (CaMKIl) which increases LTCC
current and RyR open probability. Furthermore, there is evidence that
cardiac CaMKII-dc activity is increased in HF'® and AF"? which could
contribute to the higher incidence of TCWs in HFAMs compared to
NAMs. Additionally, CaMKll-mediated phosphorylation of cardiac Na™
channels promotes the late Na™ current, Iy, | both in normal and failing
heart.”*2? Figure 6B(i) shows an example of frequent TCW:s during 5 Hz
pacing in a NAM. After 1 min exposure to 0.2 uM of the CaMKIl antago-
nist KN-93, there was a decrease in TCW incidence. There was a signifi-
cant effect on [Ca>]gas (-19 £2.7%, P<0.001, n=27 myocytes in five
normal dogs) as well as on fractional release (-14+1.9%, P<0.001).
Exposure to the inactive analog KN-92 had no effect on TCWs (data not
shown, n=9 NAMs in four normal dogs) in which both [Ca“]dias and
fractional release were decreased (-15+4.8%, P<0.01; -10£3.7%,
P<0.03). The summarized data [Figure 6B(ii)] confirm these results and
suggest that CaMKII plays an important role in TCW formation in the
atrium. Note that there was no significant difference in the changes in
either fractional release or [Ca*"]qas between KN-93 and Kn-92, sug-
gesting that the ability of the active inhibitor is likely to suppress triggered
waves based on cellular mechanisms unrelated to these modest effects
on Ca”" cycling that are more related to CaMKil inhibition directly.

3.8 Effects of decreasing CICR on TCWs

In contrast to the efficacy of TCW suppression by those agents to
increase Ca®" release, we would also expect that negative inotropic
agents might also suppress TCWs by reducing overall Ca*" influx, thus
reducing the amount of Ca>" available for release during rapid pacing.
Activation of muscarinic receptors in AMs markedly reduces CICR and
thus could suppress TCW development. Figure 7A shows a NAM exhib-
iting TCWs during 3.3 Hz pacing which were abolished during exposure
to carbachol (CCh, 3 uM) and which also reduced overall Ca*™ release
(CaT magnitude decreased from 1.41 + 0.09 to 1.07 £ 0.07, P<0.001)
and CaZ/. (-12.3+0.13%; P<0.001; n=24 myocytes from five normal
atria). The summary of TCW suppression for combined data from
NAMs and HFAMs is shown in Figure 7B.

Recent studies have also highlighted the importance of the late sodium
current (Ing, 1) in cardiac Ca®" cycling, most likely through increased
Na™ influx especially in disease leading to increased intracellular Ca** via
reverse-mode NCX.2% Block of INa, L by ranolazine abolished TCWs in a
reversible manner. The linescan image in Figure 7C shows that ranolazine
(10 uM) eliminated TCWs in a NAM paced at 4 Hz. Washout of ranola-
zine allowed full recovery of TCWs. Figure 7B summarizes the results of
ranolazine action on TCW incidence and demonstrates that inhibition of
Ina, L @nd resulting reduction of Na® influx reduce CICR and block
TCWs, In addition, ranolazine also reduced overall Ca’" release (CaT
magnitude decreased from 141 = 0.13 to 1.20+0.06, P<0.05) and
Caﬁgs (-13.5+£4.8%; P<0.01; n=6 NAMs from three atria). It is impor-
tant to acknowledge, however, that these results are also consistent
with a reported action of ranolazine to reduce RyR open probability,**
which would also decrease FCR and block TCWs. Either way, ranolazine
is effective in preventing TCWs, most likely through its ability to reduce
the amount of Ca”" available for release and Ca?'..
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proterenol (ISO). Dashed box indicates presence of CaT alternans. (B) Example of ISO effects in an HFAM. (Ci) Summary of ISO action on TCW incidence
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0.001 between NAMs and HFAMs using two-way ANOVA or unpaired and paired t-tests.
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(B) Summary of caffeine effects (n =14 NAMs from five normal atria). (C) Effects of KN-93 on TCWs during constant pacing at 5 Hz with summary shown in

D (n=16 NAMs from six atria). **P < 0.01 (paired t-test).

4. Discussion

4.1 Mechanisms of TCWs and the role of
CaMKllI

One of the major differences between atrial and ventricular excitation—
contraction (E-C) coupling is based on a key ultrastructural difference,
particularly a much less well developed T-tubule system in atrium. As a
consequence, trigger Ca*" enters via LTCCs along the atrial sarco-
lemma, activating junctional RyRs. Ca>" release at the cell centre occurs
in a wave-like fashion with junctional SR Ca*" activating non-junctional
RyRs progressively deeper in the cell core (known as centripetal propa-
gation) which are too far from the cell surface to be activated directly by

trigger Ca®". Aside from these major ultrastructural and activation
mechanisms, few molecular differences have been identified in E-C cou-
pling between atrium and ventricle, including identical RyR Ca*" sensitiv-
ities as demonstrated in this study.

It was therefore surprising that Ca** cycling properties were so differ-
ent in the two tissues during rapid pacing. Unlike ventricular myocytes
from dog and other large animals, there was a pronounced negative CaT-
frequency relationship in NAMs and HFAMs. The result is not only a
marked decrease in FCR but also increased diastolic Ca*" during rapid
pacing. The latter is true in ventricle but only at high rates and, in fact, dog
and human ventricular myocytes usually show a positive force-frequency
relationship over this range of rates. The fact that FCR is reduced at high
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rates in NAMs yet TCW frequency increases also suggests that reduced
release in the setting of high SR load is also likely to be an essential precon-
dition for TCW formation, allowing a low trigger from the cell periphery
at jCRUs to initiate centripetal activation of njCRUs that are poised for
massive release under high load conditions. Rapid pacing increases Caﬁgs
producing more Ca*"-induced inactivation of LTCCs at the jCRUs so that
only small CaTs are produced throughout the cell. This low release during
rapid pacing occurs when CaTs do not propagate well into the myocyte
core regions probably because of a reduced number of RyRs and low den-
sity of TTs. Occasionally, however, trigger Ca>" penetrates deep enough
into the cell to activate njCRUs in the cell core, possibly assisted by
increased Caigs activating CaMKIl which promotes release by RyRs from
the highly loaded SR, effects consistent with our observations that CaMKI|
inhibition suppresses TCW development. njCRUs in the cell core are
then activated and, because the local SR load is extremely high due to the
ongoing low level of release during CaTs at high rates, those njCRUs are
poised for a large release which is then propagated to neighbouring highly
loaded njCRUs and a TCW is born. One implication of these processes

underlying TCWs is that TCWs should always exhibit some discernable
latency before activation with respect to the preceding JCRU-mediated
CaT initiation during the same excitation cycle which was exactly what we
observed. Conversely, a random distribution of TCWV initiations across
excitation cycles would indicate that TCWs are a form of SCWs, behav-
jour that was not observed. The fact that there are multiple initiation sites
in nearly all cells suggests that there is a great deal of heterogeneity in the
balance between depth of penetration of trigger Ca>™ and in local SR load,
probably reflecting the fact that the Ca®" reuptake machinery in atrial
myocytes is very active, providing a buffer for low amplitude centripetal
propagation of release among njRYR clusters some of which have had
recent releases while others have not. Furthermore, CaMKIl may contrib-
ute to TCW generation at least in part by phosphorylation of the cardiac
Na™ channel which increases In, | ** since exposure to ranolazine blocked
TCWs. Thus I, L may contribute to TCW generation by increasing Na ™
influx which increases intracellular Ca®* via NCX, contributing to the
higher SR load necessary for TCWV generation and possibly further activat-
ing CaMKIl.
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In HF, RyR2 and SERCA2a expression levels are decreased in this
experimental model while CaMKII$, and phospho-CaMKII§, are upregu-
lated.”® The lower RyR expression could contribute to reduced SR
release during CaTs at higher rates, increasing both SR load and the likeli-
hood of TCW formation when trigger Ca®" manages to activate internal
RyRs. The high level of CaMKIl activation not only regulates RyR activity
in HF but also insures a high activity of SERCA2a and corresponding SR
load in HF.

Our results also demonstrate an additional feature of TCWs related to
SR release; interventions that either dramatically increase or decrease
release are effective in eliminating TCWs. Increasing release (ISO, caf-
feine) reduces SR accumulation and promotes the efficacy of Ca** trigger
whereas reducing Ca*" load (ranolazine, CCh) reduces the likelihood of
triggered release, possibly by reducing Ca*" sensitivity of RyRs. In addi-
tion, any agents that reduce Caﬁgs (ranolazine, CCh) will in turn reduce
CaMKIl activation, thus reducing LTCC current, Ca?" influx, SR Ca*"
load and release, all of which will contribute to suppression of TCWs.

It is also very interesting that triggered waves do not interfere with
underlying Ca* transients raising the possibility of multiple pools of
Ca*" with different release properties in dog atrium. Although there is
no experimental support for such a notion at this time, it is important to
bear in mind that IP3 receptors play an extremely important role in atrial
E—C coupling that has no direct parallel in ventricle. The role and behav-
iour of IP3 in triggered waves and, for that matter, normal Ca** cycling
in atrium are not well understood and could play a role in the apparent
independence of Ca*™ waves and transients in dog atrium.

Finally, our observations that few HFAMs possessed TTs is important
since one possible mechanism for TCW formation involves a role for
TTs. The fact that initiation of TCWs occurs far from the nearest TTs in
the cell as well as the number of myocytes with TTs decreases so dra-
matically in HF despite the increase in TCW incidence suggests that it is
unlikely that TTs play much of a role in TCW formation although it is
possible that, if anything, the absence of TTs rather than their presence
might actually promote TCWs in the atrium. However, a recent report
suggests that RyR hyperphosphorylation along specific areas of the axial
elements of the atrial T-tubule system may promote fast and well-
coordinated njCRU-based Ca** release that occurs along the cell core.
This local hyperphosphorylation occurs despite decreases in RyR2 clus-
ter density and protein expression in LA hypertrophy presumably help-
ing to ensure a rapid and homogenous internal Ca** release and
contraction in disease. Furthermore, CaMKll is at least partly responsible
for the elevated RyR phosphorylation along axial tubules, making them
particularly sensitive to Ca®* release. It is possible that these axial
tubules, rather than TTs themselves, might increase the sensitivity of
njCRUs to trigger Ca** influx during rapid pacing as LTCCs are inacti-
vated also increasing the likelihood of TCW formation.”

4.2 Effects of f-adrenergic signalling on
TCW generation

Since alterations in autonomic tone (including [-adrenergic signalling)
are known to contribute to the genesis of AF,26 we examined TCW
behaviour in the presence of B-adrenergic stimulation. Surprisingly, ISO
attenuated TCW generation in NAMs, but had little effect in HFAMs.
The latter effect is in fact not so paradoxical and could arise as a conse-
quence of the well-known down-regulation of 3-adrenergic signalling in
HF. Even though f-adrenergic signalling increases Ca*" influx and SR
release and might be expected to promote TCWs, it actually prevents
TCW formation probably as the result of increased efficiency of SR

Ca*t re-uptake and release. As such, f-adrenergic signalling may be play-
ing a protective role at high atrial rates by attenuating the substrate for
TCW formation. Conversely, the down-regulation of f-adrenergic sig-
nalling in HF might then actually be pro-arrhythmic in the setting of high
atrial rates during HF.

4.3 Differences between triggered and
spontaneous Ca2+ waves

In HF ventricular myocytes, hyperphosphorylated leaky RyRs in combi-
nation with a greatly diminished T-tubule system are typically thought to
underlie SCR which contributes to triggered arrhythmias.”?” Yeh et al."®
suggested that increased CaMKII-phosphorylation of phospholamban
(but not RyRs) in conjunction with decreased calsequestrin were
responsible for increased SR Ca’" content causing SCR in HFAM.
Indeed, we also observed both a higher incidence of SCWs in HFAMs as
well as a greater SR Ca®" load.”® However, as we have proposed here
and elsewhere,® TCWs are distinct from traditional SCWs and must
rely on different mechanisms for their generation. Most importantly,
TCWs occur only during rapid pacing where activation of LTCCs is
ongoing and cease immediately upon cessation of pacing, behaviour that
is opposite of that for SCWs. The result of this difference is our observa-
tion that there are two distinct populations of Ca®" release events with
little overlap in their timing; early events clustered around 100 ms laten-
cies following AP activation and later events that occur at rest clustering
around latencies approximately 10-20-fold greater. Almost all early
events occur during the AP which we interpret as being triggered events
arising from LTCC activation during depolarization whereas the late
population most likely represents conventional SCR events. This is in
part due to the fact that, by definition of their timing during diastole,
SCWs occur in the absence of LTCC activation. It is possible that there
may be some small overlap as indicated in our results but there is gener-
ally a clear separation between these two subpopulations of triggered
Ca** events. It is also important to consider that there appears to be
another novel requirement of TCWs for a progressive increase in dia-

stolic Ca%’,

in the presence of high SR Ca®" loads at baseline, both of
which appear to be characteristics of NAM which are exaggerated in
HFAM but which is not required for SCWs.

Our results also suggest that there are several important properties
of Ca*" cycling in both NAMs and HFAMs that are likely to establish crit-
ical conditions necessary for TCW formation; these include a decrease
in normalized Ca*" release (FCR), a high SR load, and pronounced

increase in Caﬁgs with rate. These effects are exaggerated in HFAMs

24
dias

because of a pre-existing elevation in Caj.. at rest which is likely to
explain why TCW initiation occurs at slower rates and with less increase
in Caﬁgs, all results strongly supporting the key role that Caégs plays in
TCW initiation. Furthermore, the fact that FCR decreases more in the
cell core than at the periphery is likely to promote regional SR overload,
probably explaining why TCWs are generally initiated within the cell
rather than at the cell boundary. Finally, it is also important to note that
it is unlikely that the rate of increase in Ca%! is important to TCW for-
mation since there is in fact a slower rate of increase in HFAMs com-
pared to NAMs despite a much higher rate sensitivity to TCWs in

HFAMs.

4.4 Clinical implications of atrial TCWs

In this study, we felt it was important to establish the fact that novel
Ca*" cycling behaviour in isolated myocytes has physiological and clinical
relevance by demonstrating its presence in intact cardiac tissue. We
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addressed this by recording cellular Ca** cycling in one intact normal
dog atrium ex vivo. Upon subjecting the left atrium to a similar pacing pro-
tocol used for the isolated myocyte studies (see Supplementary material
online, Video ST1), we found that TCWs developed in most myocytes dur-
ing rapid pacing. Video S2 (see Supplementary material online) shows
that normal CaTs occur uniformly in all myocytes in the recording field
during basal pacing at a cycle length of 700ms (first four beats).
However, after a decrease in cycle length to 360 ms, TCWs develop
within a few beats and appear as very bright irregular flashes superim-
posed upon dim CaTs in almost all myocytes in the recording field.
When pacing is paused, both CaTs and TCWs cease immediately fol-
lowed after many seconds of quiescence by SCWs that occurred in sev-
eral cells. Thus, (i) TCWs are not an artefact of isolated myocyte studies,
(i) their development and characteristics in intact atria are very similar
to those in isolated atrial myocytes, and (jii) the fact that TCWs do occur
in intact atria suggests a role in atrial arrhythmogenesis.

In the current study, we identified a novel form of abnormal Ca*"
cycling, TCWs, that occur only during pacing in atrial myocytes in large
animals including dog, human, and pig atria. The incidence of triggered
waves increased at lower heart rates in HF raising the potential clinical
relevance of these events, since we found that they occur even in the
physiological range of heart rates in dog and human, often occurring at
120 bpm and even at 60 bpm. The implication is that TCWs might con-
tribute to the initiation of AF in the setting of HF and possibly in normal
heart during the transition to paroxysmal AF. It remains to be seen if
TCWs contribute to the initiation and/or maintenance of AF once elec-
trical and structural remodelling take place during chronic, sustained AF.
Because of their timing, TCWs may prolong the AP establishing condi-
tions for EAD development and/or repolarization gradients at rapid atrial
rates. Thus TCWs generated at rapid rates, such as in the setting of AF in
HF, may contribute not only to the creation but the perpetuation of AF
thereby allowing AF to ‘beget’ more AF. Furthermore, [3-adrenergic de-
sensitization—as typically seen in HF—may make the atrium more sus-
ceptible to TCW-mediated arrhythmias, especially under conditions of
enhanced CAMKII signalling. Finally, our finding that TCWs manifest in
the intact dog atrium with characteristics nearly identical to those in iso-
lated dog atrial myocytes also suggests that TCWs could contribute to
atrial arrhythmogenesis.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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