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Atrial fibrillation (AF) is the most common heart rhythm disorder.
Transient postoperative AF can be elicited by high sympathetic
nervous system activity. Catecholamines and serotonin cause ar-
rhythmias in atrial trabeculae from patients with sinus rhythm (SR),
but whether these arrhythmias occur in patients with chronic AF is
unknown. We compared the incidence of arrhythmic contractions
caused by norepinephrine, epinephrine, serotonin, and forskolin in
atrial trabeculae from patients with SR and patients with AF. In the
patients with AF, arrhythmias were markedly reduced for the
agonists and abolished for forskolin, whereas maximum inotropic
responses were markedly blunted only for serotonin. Serotonin and
forskolin produced spontaneous diastolic Ca®* releases in atrial myo-
cytes from the patients with SR that were abolished or reduced
in myocytes from the patients with AF. For matching L-type Ca®*-
current (Ic, ) responses, serotonin required and produced ~100-fold
less cCAMP/PKA at the Ca?* channel domain compared with the cat-
echolamines and forskolin. Norepinephrine-evoked Ic,, responses
were decreased by inhibition of Ca?*/calmodulin-dependent kinase
Il (CaMKlI) in myocytes from patients with SR, but not in those from
patients with AF. Agonist-evoked phosphorylation by CaMKIl at
phospholamban (Thr-17), but not of ryanodine2 (Ser-2814), was re-
duced in trabeculae from patients with AF. The decreased CaMKII
activity may contribute to the blunting of agonist-evoked arrhyth-
mias in the atrial myocardium of patients with AF.

trial fibrillation (AF) is the most common cardiac arrhythmia,
associated with increased risk of death, congestive heart fail-
ure, and stroke (1). AF is characterized by an irregular, often rapid
heart rate. Atria contract with reduced force, thereby favoring
thrombus formation (2). AF occurs in several cardiac diseases, and
its incidence is higher in woman than in men, particularly in those
with valvular heart disease (SI Appendix, Table S1). Chronic AF
causes structural and electrical remodeling, as well as enlarged atria
(SI Appendix, Table S1), which in turn contributes to maintain AF.
Atrial contractility is reduced in isolated atrial tissues (3)
obtained from patients with chronic AF, attributed to a marked
decrease in L-type Ca®* current (Ic,r) (3, 4). The inotropic
responses to the agonist for p;-adrenergic receptors (f;ARs) and
Bo-adrenergic receptors (B,ARs), isoproterenol (ISO), but not
the density of BARs and G proteins, are decreased in AF (3);
however, whether the function of coexisting $;ARs and/or f,ARs
is perturbed is unknown. Activation of human atrial $;ARs,
B,ARs, and serotonin [5-hydroxytryptamine (5-HT)] 5-HT,
receptors hastens relaxation through phosphorylation of phos-
pholamban (PLB) (5-7) by cAMP-dependent protein kinase
(PKA) and Ca®*/calmodulin-dependent kinase IT (CaMKII) and
produces arrhythmias (8, 9) in atrial trabeculae in patients with
sinus rhythm (SR). Catecholamines and 5-HT have been pro-
posed to initiate AF (8, 9). The relevance of these in vitro
arrhythmias is corroborated by the clinical finding that high
sympathetic nervous system activity during and after cardiac
surgery causes premature beats and transient postoperative AF
in approximately one-third of patients (10).
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Increased propensity to generate spontaneous impulses is as-
sumed to initiate and/or maintain AF in humans. Arrhythmias may
develop through spontaneous impulse generation within individual
myocytes and/or reentry around nonexcitable tissue. The traveling
electrical impulse of a premature atrial beat can encounter areas of
refractoriness, return to its origin in a retrograde way, and through
reentry initiate and maintain AF. Spontaneous impulse generation
could be related to increased activity of PKA and/or CaMKII, with
subsequent uncoordinated release of Ca** from the sarcoplasmic
reticulum. Such a concept is attractive, because Ca®* released from
the “leaky” sarcoplasmic reticulum would activate the Na*-Ca**
exchanger to extrude Ca®* and to produce a arrhythmogenic
depolarizing current, thereby explaining both the contractile
dysfunction and the high recurrence rate (11-13).

If arrhythmias were initiated and maintained by increased
activity of PKA and/or CaMKII, then interventions known to
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Catecholamines and serotonin elicit arrhythmias in atrial tra-
beculae and arrhythmogenic diastolic Ca®* releases in myocytes
from patients with normal sinoatrial rhythm (SR). Arrhythmic
events are greatly blunted in the myocardium of patients with
chronic atrial fibrillation (AF). The mediation by cyclic AMP-
dependent protein kinase of L-type Ca®*-current (Ic,.) responses
to agonists, lusitropy, and protein phosphorylation are preserved
in AF. The vanishing of agonist-evoked arrhythmias in AF is as-
sociated with the disappearance of an I, response, facilitated by
Ca’*/calmodulin-dependent kinase Il (CaMKII), in myocytes from
patients with SR, and decreased phosphorylation of phospho-
lamban, but not ryanodine, by this enzyme. The disappearance of
arrhythmias and associated reduction of CaMKIl functions
questions the use of CaMKIl inhibitors in AF, as has been pro-
posed by other groups.
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stimulate both kinases would be expected to evoke more arrhyth-
mias in patients with AF. However, in vitro induction of arrhythmias
and activation of PKA and CaMKII by catecholamines and 5-HT
were not assessed in tissues from patients with AF. Thus, we com-
pared the effects of endogenous agonists on force and arrhythmias
in intact trabeculae, as well as the I, 1, Ca 2+ transients (CaTs), and
diastolic Ca** release, in atrial myocytes obtained from patients with
SR and patients with AF. Functional measurements, including re-
laxation, were supplemented by Western blot analysis of relevant
targets of PKA and CaMKII. Chronic AF caused a marked de-
crease in agonist-evoked arrhythmias, associated with a decrease in
some CaMKII-catalyzed functions but unchanged PKA functions.

Results

In AF Arrhythmias Elicited by Catecholamines, 5-HT, and Forskolin Are
Markedly Reduced, and Inotropic Responses to 5-HT Are Selectively
Depressed. The maximum inotropic response to 5-HT, but not to
norepinephrine (NE), epinephrine (EPI), or forskolin (FSK), was
markedly reduced in trabeculae of patients with AF. The inotropic
potencies (—log ECs, values) of the four drugs were decreased (Fig.
1 and SI Appendix, Table S2). NE, EPIL, 5-HT, and FSK caused
concentration-dependent arrhythmic contractions with maximum
incidences of 17%, 14%, 4%, and 14%, respectively, in trabeculae of
patients with SR. In trabeculae of patients with AF, the incidence of
arrhythmic contractions (Fig. 1) was markedly reduced (<2% for the
agonists, abolished for FSK). Our results with 5-HT are in line with
a decrease in the arrhythmogenic electrophysiological effects of 5-
HT reported in atrial myocytes from patients with AF compared
with patients with SR (15).

Biphasic CaTs and Spontaneous Diastolic Ca>* Releases Induced by
5-HT and FSK in Myocytes from Patients with SR Are Blunted in
Patients with AF. In the patients with AF, the inotropic and ar-
rhythmic responses to 5-HT were markedly decreased, and the
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inotropic potency to FSK was reduced by sevenfold. FSK failed
to elicit arrhythmias in AF (Fig. 1). Because I, responses to
5-HT were similar to the responses of catecholamines and FSK
in myocytes from patients with SR and patients with AF (see
below), the blunted arrhythmias in AF suggest a decrease in the
cytoplasmic arrhythmogemc Ca?" surges in AF produced by
5-HT and FSK. CaTs in the absence of 5-HT and FSK were
monophasic. In myocytes from patients with SR, both 5-HT and
FSK increased CaTs, which became blphasw and often asso-
ciated with spontaneous diastolic Ca** releases (SDCRs) (Fig.
2, and SI Appendix, Figs. S1-S3). Interestingly, ISO (1 uM)
caused similar results with biphasic CaTs and SDCRs (SI
Appendix, Fig. S4). In AF, the CaTs generated by 5-HT and
FSK were reduced and lost their biphasic shape (SI Appendix,
Figs. S1-S3). SDCRs were absent (5-HT) or reduced (FSK) in
AF (Fig. 2), in line with the failure of 5-HT and FSK to
elicit arrhythmias.

Maximum Ic,, Responses to NE, EPI, 5-HT, and FSK Are Similarly
Reduced in AF, but Control by PKA Is Preserved. I, is the initial
step in electromechanical coupling, believed to contribute to
increased contractile force and generation of arrhythmias (16).
The maximum I, responses to NE, EPI, 5-HT, and FSK were
similar in patients with SR and similarly reduced by approxi-
mately one-third in patients with AF, but the potencies appeared
unchanged in AF (Fig. 3 and SI Appendix, Table S3), consistent
with preserved function of the receptors and adenylyl cyclase
(AC). The reduced I¢, responses in myocytes from patients
with AF could be related to reduced channel density or reduced
PKA-catalyzed Ca** channel phosphorylation and/or reduced
access of CAMP to the channel domain.

To quantitatively assess the CAMP/PKA-dependent regulation of
Icay by the agonists and FSK, we dialyzed the cardiomyocytes with
the nonhydrolyzable analog Rp-8-Br-cAMPS, which competes
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C Fig. 1. Arrhythmias, elicited by agonists and FSK, are
]o SR(222127) O SR (226/130 O SR (200/110) © SR (20/21) markedly reduced and inotropic responses to 5-HT
10] R BEERY 1 ® AETNATY 101 @ (AR T 10]® AF(1716) selectively depressed in AF. (A) Representative trac-
= ] ings of cumulative force-response curves to NE, EPI,
E o o 5-HT, and FSK, mediated through p1ARs, ,ARs, 5-HT4Rs,
“ 5 o o 515 and AC. The AC activator FSK was used to produce re-
{e . o sosett Ot i ceptor-independent accumulation of cAMP (14). A tra-
0d o o beculum of a patient with SR (Upper) and a trabeculum
o R L YRS RENG Ag b U S W e N L oy]: a patient with [;AFh(L(ZM;er) were set up as p:]airrs] into
the same organ bath. (B) Representative arrhythmias
l_:_) 2 :?((:;fsgpm 2 3?535‘%’3)“"' oA {333}5‘;,‘" g 4 AF ff?ﬁ:)] elicited in trabeculae from patients with SR by 300 nM
& 153 1 154 15 qf of each NE, EPI, 5-HT, and 10 uM FSK. (C) Inotropic data.
E 10 p<0.0003 10 p<0.009 10 p <0.001 s ! Each data point represents mean values + SEM. As
O 'n reported previously (3), basal contractile force of atrial
E 54 5 5 ] trabeculae was fourfold to fivefold smaller in patients
o f cossoe Tt E ceseee™ e 1, Qﬁ 22 ol s H with AF compared with those with SR. (D) Incidence of
o T o by B o B B i arrhythmias. Number of experiments is given in trabec-
B9 8 7654 B9 87 65 4 B9 87 65 4 B8 7 6 5 ulae/patient. P values compare arrhythmias between

-og [NE] (M) -log [Epi] (M) -og [6-HT] (M) -og [FSK] (M) patients with SR and patients with AF.
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2 min of 5-HT application in cardiomyocytes from
patients with SR and patients with AF, respectively.
(C and D) Examples of original CaT traces and calcu-
lated frequency of spontaneous CaTs before and after
1 and 2 min of FSK (10 pM) application in cardiomyocytes
from patients with SR and patients with AF. *P < 0.05;
**P < 0.01, 1 min vs. mean basal values; *P < 0.05, 2 min
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with cAMP for binding to the regulatory unit of PKA (17). The Lusitropy and PKA-Catalyzed Phosphorylation of Proteins by the
more cAMP produced, the greater the amount of Rp-8-Br- Agonists and FSK Are Not Different Between Patients with SR and
cAMPS needed to block PKA activation. I¢,; was not mod-  Patients with AF. The expression of proteins involved in lusitropy,
ified by Rp-8-Br-cAMPS in patients with SR or those with AF  PLB, troponin-T (Tn-I), and myosin binding protein C (Prot-C),
(Fig. 44) in the absence of agonists, inconsistent with regu- 28 vyell as SERCAZ’ did not d}ffer.between patients with SR a}nd
lation of basal I, 1 by cAMP-activated PKA. Rp-8-Br-cAMPS patients with AF (SI Appendix, Fig. SS, )- Basal phosphorylatl.on
caused concentration-dependent reductions in the e,y of PLB-.Ser-16 was hardly detectable in trabc':culae contracting
. - ’ for 1 h in the organ bath used for the relaxation measurements
responses to the agonists. The corresponding —log ICsq values e . .

. . (SI Appendix, Figs. S6 and S7), suggesting that in the absence of

of Rp-8-Br-cAMPS were not different for the agonists and . . . . ;i .
FSK in mvocvtes from patients with SR and from patients with agonists, this protein contributes little to relaxation. In contrast,
' myocy patx . p basal phosphorylation of Tn-I-Ser23/24 and Prot-C-Ser-282 was
AF (Fig. 44), demonstrating that the uniformly reduced re-  joiocrable under these conditions, but did not differ between
sponse of Ic,,r. to the agonists and FSK in AF is not related to 54 tjents with SR and patients with AF (SI Appendix, Figs. S6
reduced cAMP/PKA availability. Remarkably, however, the 454 §7). Our data are at variance with a report of increased
—log ICsy value of Rp-8-Br-cAMPS to reduce the 5-HT-  phosphorylation of PLB-Ser-16 and decreased phosphoryla-
evoked Ic, 1 response was 2 log units lower than the corre-  tion of Prot-C-Ser-282 in atria from patients with AF, frozen
sponding -log ICsy values for NE, EPI, and FSK (Fig. 44), in the operating theater (11). Thus, we compared the phos-
suggesting a 100-fold lower 5-HT-evoked cAMP production  phorylation of PLB at Ser-16 in trabeculae frozen in the op-

relative to Ic, 1 increases. erating theater with trabeculae from the same patient that was
A e e e ey e L
Bs Bzﬁ 5-HT, AC
SR S -
8 o o
8 ° o =]
10 pA/pF U
i i it s e o e e e e e i
AF ﬂ f ﬂ f
2 min
B P Fig. 3. Similar reductions in the Ic, . response to NE, EPI,
- O SR (160/67) 2 2 :::_:;32':;” 20 O SRuki® 20 2 o (snms’ 5-HT, and FSK in AF. (A) Representative plots for Ic,. in
T ® AT LN ®, AP : ¢ ! response to the agonists (100 pM) and FSK (10 pM) in
i 56 1 * ° myocytes from patients with SR or AF. Dotted line indicates
5 o o) 10 10 1 o 0 current level. (B) Concentration-effect curves for the
£ 5 5 b 5] © 5 agonists and FSK. Red horizontal lines through the mid-
i . ) o 5 b4 0 L point of the curves are SEM of -logECsgs. Each data point
I o B yrrrrrr S — - represents mean values + SEM in cells/patients. As reported
B9 8 7 6 5 4 B9 8 7 6 5 4 B9 8 7 6 5 4 B8 7 6 § previously (4), basal Ic, was decreased in myocytes from
-Log [NE] (M) -Log [EPI] (M) Log [S-HT] (M) -Log [FSK] (M) patients with AF compared with patients with SR.
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Fig. 4. Evidence for unchanged PKA function in AF. (A)
Concentration-effect curves of Rp-8-Br-cAMPS for the ti-
tration of PKA activity of I, at the sarcolemmal Cca?*
channel domain under the influence of 100 uM NE, 100 pM

EPI, 100 pM 5-HT, and 10 uM FSK. The midpoint and red
horizontal bars in the inhibitory curves for Rp-8-Br-cAMPS
- represent the concentration for half-maximal inhibition
(-loglCsq + SEM) of the Ic, responses. Open and closed

A B1 B2 5-HT, AC
20 a x
“ 3
£ % F.y & E
2 10 A L
2 £—a ‘ﬁi i
“ s 4 34 A . Ii
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o o T v T
cC 7 6 5 4 3 cC 7 6 5 4 3 7 6 5 4 3 cC 7 6 5 4 3
B -Log [Rp8-Br-cAMPs] (M) -Log [Rp-8-Br-cAMPs] (M) “Log [Rp-8-Br-cAMPS] (M) -Log [Rp-8-Br-cAMPs] (M)
Ser-16 o M— - e — R 2808 A e e W - -
GO g T o — A S

3 SR (n=10)
W AF (n=12)

»] PLB-ser-16

RyR2-Ser-2808

05

0
EPI NE 5-HT FSK EPI NE 5-HT FSK EPI NE 5-HT FSK EPI

— e . ——

csq ___..———"'

Tn-kSer23p4 I SR(N=12)

W AF (n=12) _| Prot-C-Ser-282

0
NE 5-HT FSK EPI

EPI NE 5-HT FSK EPI

NE 5-HT FSK EPI

contracted for 1 h in an organ bath. We also measured the
CaMKlII-catalyzed phosphorylation of PLB-Thr-17. In contrast
to the trabeculae frozen in the operating theater, phosphory-
lation in trabeculae after contracting for 1 h in an organ bath
were reduced to only marginal signals at Ser-16 and Thr-17
(81 Appendix, Fig. S8).

In contrast to a previous report (11), here the phosphorylation
of PLB at Ser-16 and Thr-17 was consistently lower in trabeculae
frozen in the operating theater from patients with AF than in
those from patients with SR. The high basal phosphorylation
levels in trabeculae frozen in the operating theater likely reflect
catecholamine surges during surgery. After contracting for 1 h in
the organ bath, the endogenous catecholamines dissipated from
the trabeculae, as revealed by the marginal phosphorylation
levels. The decreased phosphorylation of basal PLB at Ser-16
and Thr-17 in AF correspond well to the rightward shift in the
concentration-effect curves for agonists and FSK in trabeculae of
patients with AF (Fig. 1 and SI Appendix, Table S2). The has-
tening of trabecular relaxation caused by 10 pM of the agonists
and FSK did not differ between patients with SR and those with
AF (SI Appendix, Fig. S9). Accordingly, the agonists and FSK
increased phosphorylation of PLB-Ser-16, Tn-I-Ser-23/24, and
Prot-C-Ser-282 similarly in trabeculae of patients with SR and
patients with AF (Fig. 4B and SI Appendix, Fig. S7). In both
groups, stimulation of PLB-Ser-16 by 5-HT was less pronounced
than stimulation by NE, EPI, or FSK. Our results are consistent
with an early report indicating that ISO-evoked relaxation and
AC stimulation do not differ between patients with SR and
patients with AF (18).

KN-93 Reduces NE-Evoked Increases of Ic,, in Patients with SR, but
Not in Patients with AF. We next compared the role of CaMKII on
basal I, 1 and the activation of I, by NE in myocytes from
patients with SR and patients with AF. As reported previously
(13, 19), the CaMKII inhibitor KN-93, but not its inactive analog

11196 | www.pnas.org/cgi/doi/10.1073/pnas.1324132111

3 SR (n=11)
W AF (n=11)

- - CProtmmm o s a— e S — —
CSQ---_----

[ SR (n=12)
M AF (n=12)

o

symbols represent data from patients with SR and patients
with AF, respectively. Gray symbols represents basal Ic,,
data in the absence of agonists and FSK. Each data point
represents mean + SEM. Total number of cells/patients in-
vestigated from patients with SR vs. patients with AF were
as follows: NE: 86/18 vs. 57/13; Epi: 103/24 vs. 53/12; 5-HT:
53/15 vs. 71/21; FSK: 39/8 vs. 35/8. C indicates values obtained
from control experiments without Rp-8-Br-cAMPS. Note that
Rp-8-Br-cAMPS was 2 log units (~100-fold) more potent in
inhibiting the Ic, response to 5-HT compared with the
responses to the catecholamines and FSK. (B) Western blots
of PLB-Ser-16, RyR2-Ser-2808, Tn-I-Ser-23/24, and Prot-C-Ser-
282 phosphorylation caused by agonists and FSK. Data in
columns are from atria with four trabeculae of the same
patient with SR (open columns) or patient with AF (black
columns). *P < 0.05, **P < 0.01; ***P < 0.001 for the re-
sponses to 5-HT compared with the responses to FSK. Phos-
phorylation responses are shown as mean values + SEM in
arbitrary units (a.u.). CSQ, calsequestrin. NE, EPI, 5-HT, and
FSK caused similar PKA-catalyzed phosphorylations in patients
with SR or AF. Responses to 5-HT tended to be smaller than
responses to NE, EPI, and FSK.

NE S5-HT FSK

NE 5-HT FSK

KN-92, reduced basal I¢,;. in myocytes from patients with SR
but not in those from patients with AF. In addition, KN-93 re-
duced the NE-evoked I, 1 responses in myocytes from patients
with SR but not in those from patients with AF, consistent with
a loss in AF of the NE-facilitated phosphorylation of the L-type
Ca** channel by CaMKII (Fig. 5 A and B).

Reduced Agonist-Evoked Phosphorylation of PLB by CaMKIl, but No
Change in RyR2 Phosphorylation Catalyzed by CaMKIl and PKA in AF.
NE, EPI, and FSK induced the phosphorylation of PLB at Thr-
17 in contracting trabeculae of both patients with SR and patients
with AF, but to a lesser degree in the latter AF (Fig. 5C and S7
Appendix, Fig. S7). The effects of 5-HT were small in patients with
SR, but even smaller in those with AF (Fig. 5C and SI Appendix,
Fig. S7B). Increased phosphorylation of RyR2 channels at Ser-
2808, catalyzed by PKA (11, 12), and Ser-2814, catalyzed by
CaMKII, has been implicated in the arrhythmogenic release of
Ca”* through leaky RyR2 channels (13, 20); however, in contrast
to previous reports, neither basal phosphorylation (SI Appendir,
Figs. S6 and S7) nor phosphorylation stimulated by agonists of
RyR?2 at Ser-2808 (Fig. 4B and SI Appendix, Fig. S74) and Ser-
2814 (Fig. 5C and SI Appendix, Fig. S7B) were different between
patients with SR and those with AF.

Discussion

Surprisingly, we hardly detected arrhythmic contractions in atrial
trabeculae of the patients with AF. This finding is inconsistent
with the idea of leaky sarcoplasmic reticulum in AF. The agonists
must have produced an additional Ca®* load, as has been reported
under BAR stimulation (21). The increased Ca** load facilitates
the release process (22), consistent with the increased CaTs ob-
served with 5-HT, FSK, and ISO in cardiomyocytes from patients
with SR. BAR stimulation increases the Ca®* sensitivity of the
RyR2 channels and reportedly increases the likelihood of RyR2
clusters opening and triggering release from neighboring clusters

Christ et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1324132111/-/DCSupplemental/pnas.1324132111.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1324132111/-/DCSupplemental/pnas.1324132111.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1324132111/-/DCSupplemental/pnas.1324132111.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1324132111/-/DCSupplemental/pnas.1324132111.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1324132111/-/DCSupplemental/pnas.1324132111.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1324132111/-/DCSupplemental/pnas.1324132111.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1324132111/-/DCSupplemental/pnas.1324132111.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1324132111/-/DCSupplemental/pnas.1324132111.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1324132111/-/DCSupplemental/pnas.1324132111.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1324132111/-/DCSupplemental/pnas.1324132111.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1324132111/-/DCSupplemental/pnas.1324132111.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1324132111/-/DCSupplemental/pnas.1324132111.sapp.pdf
www.pnas.org/cgi/doi/10.1073/pnas.1324132111

L T

/

1\

=y

(22). CaTs are reportedly biphasic at room temperature (23) in
the absence of agonists in human atrial myocytes. The early phase
is apparently due to Ca**-induced Ca®* release by I, from the
longitudinal junctional sarcoplasmic reticulum. The late phase
appears to occur through Ca** release from corbular reticulum,
by Ca*" released from neighboring RyR2 channels, independent
of I, 1, as suggested by recent modeling (24). In myocytes from
our patients with SR, Ca* transients were monophasic at 37 °C;
however, a late phase became conspicuous with 5-HT, FSK, and
ISO at 37 °C, suggesting that these agents cause propagation of
Ca** release from the periphery into the myocyte interior through
collection of RyR2 channels, resulting in increased contractility
and propensity to arrhythmias.

Arrhythmogenic, delayed afterdepolarizations (DADs) have
been reported with ISO via spontaneous diastolic Ca®* releases,
with a subsequent increase in inward depolarizing current in-
duced by the Na*-Ca®* exchanger (25), which in turn could elicit
DADs. 5-HT, FSK, and ISO caused SDCRs in myocytes of
patients with SR. In patients with AF, SDCRs were absent with
5-HT and reduced with FSK, suggesting that the blunting of
arrhythmias elicited by 5-HT and FSK in AF are related, at least
in part, to the reduction in SDCRs.

CaMKII participates in the generation of catecholamine-
evoked arrhythmias in animal models. Arrhythmogenic effects
of ISO were found to be antagonized by CaMKII inhibitors in
rabbit ventricle (26). Increased Ca®* leaking and DADs have
been reported in myocytes from mice overexpressing CaMKII
and ISO elicited ventricular arrhythmias that were prevented by
KN-93 (27). Particularly relevant to AF, KN-93 prevented ISO-
evoked arrhythmic activity in rabbit pulmonary veins (28).

We have demonstrated that the agonists and FSK caused PLB
phosphorylation at Thr-17 by CaMKII, conceivably activated by
preceding increased cytoplasmic Ca>* levels owing to PKA- and
CaMKII-mediated increased Ic,1, as well as to Ca®" release
from the sarcoplasmic reticulum (29). SERCA, activated by the

preceding PKA-catalyzed phosphorylation of PLB at Ser-16,
would increase the Ca** load of the sarcoplasmic reticulum.
SERCA’s Ca*" pumping activity then may be further enhanced
by Ehosphorylation of PLB at Thr-17 (29), resulting in additional
Ca”* overload of the sarcoplasmic reticulum and release and
thus facilitating the appearance of SDCRs and arrhythmias ob-
served with agonists and FSK.

Increased CaMKII-catalyzed phosphorylation of PLB and
RyR2 in the absence of agonists have been reported in AF and
implicated in the triggering and/or maintenance of this arrhyth-
mia in human atrium (11, 13, 20). The reports of CaMKII-cata-
lyzed hyperphosphorylation have suggested the therapeutic use of
CaMKII inhibitors in AF (13, 30); however, our evidence indi-
cates that CaMKII-dependent phosphorylation is either reduced
or unchanged in human AF. Phosphorylation of PLB at Thr-17
in trabeculae in the operating theater (SI Appendix, Fig. S8) and
in contracting atria by the agonists and FSK (Fig. 5) was reduced in
AF. These findings, together with the loss of the CaMKII-facil-
itated component of both basal I, and agonist-evoked Ic,p
response, may contribute to the decrease in arrhythmias. Phos-
phorylation by CaMKII of RyR2 at Ser-2814 by the agonists and
FSK was unchanged in patients with AF compared with patients
with SR (Fig. 5), suggesting unchanged modulation of Ca*" re-
lease through this RyR2 phosphorylation site.

The marked blunting or disappearance of atrial arrhythmias
elicited by the agonists and FSK in AF also could be related in
part to the more negative resting membrane potential. This hy-
perpolarization is caused by a twofold increase in the inward
rectifying current (Ix;) reported in myocytes of patients with AF
compared with myocytes of patients with SR (31). Hyperpolar-
ization in AF would reduce the likelihood of depolarizing cur-
rents reaching the threshold for arrhythmogenic depolarizations.

The maximum response of I,y to the catecholamines, 5-HT,
and FSK was similarly reduced by one-third in the patients with
AF. But although the inotropic response to the catecholamines
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responses to 5-HT were smaller. The phosphorylation of PLB
at Thr-17 was reduced in patients with AF compared with
patients with SR. **P < 0.01; ***P < 0.001, 5-HT vs. FSK. *p <
0.05, AF vs. SR; P = 0.06. AF vs. SR for 5-HT. The RyR2 phos-
phorylation at Ser-2814 by the agonists and FSK were not
significantly different in trabeculae from patients with SR

5-HT FSK and trabeculae from patients with AF.
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and FSK was similar in patients with SR and those with AF, it
was markedly reduced for 5-HT in patients with AF, suggesting
uncoupling between the L-type Ca’* current and contractile
processes. The low 5-HT4R density compared with the density of
B1AR (32) and the ~100-fold smaller sarcolemmal cAMP/PKA
signals for 5-HT compared with NE and EPI (Fig. 44) already
produce lower functional and biochemical signals in patients
with SR (Figs. 4 and 5 and SI Appendix, Fig. S9). In patients with
AF, the difference between reduced 5-HT signals and cate-
cholamine signals became more pronounced (Figs. 4 and 5),
possibly related to the well-known increase in atrial myocyte size
in AF (3, 4). This would increase the diffusion path and dissi-
pation of cAMP from its formation by the cell membrane-bound
AC to its intracellular effectors. The especially small amounts of
cAMP produced by 5-HT (Fig. 44) would be expected to reach
these effectors at even lower concentrations in myocytes from
patients with AF than in myocytes from patients with SR, thereby
reducing the inotropically relevant phosphorylations catalyzed
by PKA.

Our evidence from human right atrium is a model for
arrhythmias caused by endogenous catecholamines and 5-HT.
Arrhythmias of this sort may trigger extrasystoles that could lead
to paroxysmal AF or transient postoperative AF, the latter
of which is often prevented by treatment with PAR blockers (10).
In contrast, PAR blockers neither affect the incidence of chronic
AF (33) nor convert AF into SR (34) in patients with advanced
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heart failure, inconsistent with a contribution of endogenous
catecholamines. Our work identifies mechanisms for the vanishing
of catecholamine-evoked AF in atrium that has undergone
remodeling. CaMKII appears to facilitate agonist-evoked arrhyth-
mias in atrial myocardium of patients with SR; however, once
chronic AF is established, agonists fail to elicit arrhythmias, prob-
ably related to atrial remodeling, which includes decreases in
CaMKII-mediated processes. Because of this pathophysiological
adaptation, it appears redundant to use CaMKII inhibitors in
AF, as has been proposed by others.

Materials and Methods

Right atrial appendages were collected with informed consent from patients
undergoing cardiac surgery at the Department of Heart Surgery, Dresden
University of Technology. These studies were approved by the Medical Faculty
Ethics Committee of Dresden University of Technology (document EK790799).
Patient characteristics are detailed in S/ Appendix, Table S1. The methodology for
experiments with atrial trabeculae, I, 1, CaTs, and Western blots are described in
SI Appendix, Materials and Methods. Data comparisons were made with ANOVA
and nonpaired or paired t tests as appropriate, using GraphPad Prism and IBM
SPSS 19.0.1.
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