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Abstract

Background—Activating autoantibodies to B-adrenergic receptors (AABL/2AR) and M2
muscarinic receptors (AAM2R) have been reported in several cardiac diseases and may have
pathophysiologic relevance. However, the interactions and relative effects of AABLAR, AAB2AR
and AAMZ2R on contractile function have not been characterized.

Methods—The inotropic effects of 1gG from 18 selected patients with cardiomyopathy and/or
atrial tachyarrhythmias positive by ELISA for antibodies to f1/2AR were studied using an isolated
canine Purkinje fiber contractility assay. M2R-blockade was tested using atropine while selective
B1AR and B2AR blockade used CGP-20712A and I1CI-118551 respectively.

Results—Fifteen of the 18 anti-B1/2AR ELISA-positive samples demonstrated evidence for
negative inotropic muscarinic effects which were blocked using atropine. Atropine failed to
uncover a positive inotropic response in 2 of the 18 IgG samples (false positive ELISA for
AABAR). In the remaining 16 AABAR true-positive subjects, the BLAR-induced increase in
contractility (concurrent M2/B2 blockade) was augmented to 140.5 + 12.2% of baseline compared
to 127.4 £+ 7.2% of baseline with M2 blockade (atropine) only (p<0.001, n = 16). The B2AR-
induced increase in contractility (concurrent M2/B1 blockade) was only 114.5 + 4.3% of baseline
(p<0.001, n = 16). Combined M2 and B1/B2 blockade eliminated any increase in contractility.

Conclusions—The inherently positive inotropic effect of AABLAR was negatively modulated
by AAM2R and AAB2AR. These opposing effects of receptor-activating autoantibodies may alter
cardiac performance and influence clinical outcome depending on their receptor type and relative
contractile activity.
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1. Introduction

Activating autoantibodies to pB-adrenergic receptors (AABAR) and M2 muscarinic receptors
(AAMZ2R) are variably present in patients with idiopathic dilated cardiomyopathy (IDCM),
ischemic cardiomyopathy, and patients with atrial tachyarrhythmias [1-5]. These antibodies
are found in the sera of healthy subjects, but in lower frequency and titers [6]. They
primarily target the 2nd extracellular receptor loop and mediate physiologic effects [7,8].
AABLAR and AAB2AR display positive chronotropic and inotropic effects that are blocked
wholly or in part by non-selective B-blockers [9-11]. These antibodies are implicated in the
pathogenesis of IDCM since endogenous production or passive transfer of AABLAR and
AAMZ2R induce cardiomyopathic changes in animal models [12-15]. AAM2R are notable
for their negative chronotropic effects in the atria but they also predispose to atrial
fibrillation in patients with IDCM [5].

Parasympathetic receptor activation may decrease ventricular BAR-mediated positive
inotropic responses as evidenced by the effect of the muscarinic agonist carbachol [16,17].
M2R-mediated ventricular function is considered less important than atrial effects owing to
limited ventricular parasympathetic innervation [18]. Since activating autoantibodies are
independent of innervation, they may exert a more diffuse and greater impact on ventricular
function than via parasym-pathetic nerves. There are no studies on the opposing effects and
interactions of AABAR and AAMZ2R on contractility in vitro or on the relative effects of
antibodies directed against B1AR vs. p2AR. We have examined both functions using
specific adrenergic and muscarinic blocking agents with an in vitro canine Purkinje fiber
contractility assay.

2. Methods

2.1. Patients

2.2. ELISA

To obtain serum likely to contain high antibody content for study, we chose eighteen sera
from a panel of patients with cardiomyopathy and/or atrial tachyarrhythmias with
significantly elevated ELISA autoantibodies against BAR. Ten control sera were obtained
from healthy donors. This study was approved by the University of Oklahoma Health
Sciences Center Institutional Review Board and all subjects provided written informed
consent.

Enzyme-linked immunosorbent assay (ELISA) microtiter plates were coated with human
B1AR, B2AR or M2R expressed in Sf9 or CHO cell membranes (PerkinElmer, Waltham,
WA) [19]. Titers were the highest dilution with an optical density (OD) value of 0.10 at 60
min compared to positive and negative standard sera. Intraassay variation was minimal (0.1
OD). Titers >1:3200 (anti-p1/2AR) and >1:1600 (anti-M2R) were considered positive.

2.3. Purification of IgG antibody

The 1gG fraction from the patient serum was purified using the NAb Protein A/G Spin Kit
(Pierce, Rockford, IL), according to the manufacturer's protocol.
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2.4. Contractility bioassay

Assays used 5-7 mm segments of free running Purkinje fibers or papillary muscles from
canine ventricles in a chamber mounted on an inverted microscope (Olympus, Olympus
America Inc., Melville, NY) [19]. The fibers were perfused with normal Tyrode's solution
(in mmol/L: NaCl 145, KCI 4.5, CaCl, 1.8, MgCl, 1, NaH,PO4 1, glucose 11, HEPES 10,
pH 7.36) at 36+0.1 °C and paced at 2 Hz via extracellular platinum electrodes. Isometric
contractions were recorded before, during steady state and following washout using a video
edge detector (Model VED-205, Crescent Electronics, Sandy, UT) at 120 Hz. After
achieving stable contractile responses over 3-5 min, 1gG equivalent to a 1:100 serum
dilution was examined for 5 min. With subsequent 5-minute washout periods, 1gG plus
atropine (100 nmol/L) or nadolol (100 nmol/L) was assayed to determine the effect
attributable to the AABAR or AAMZ2R components of IgG, respectively. IgG in the presence
of atropine (to eliminate the effects of AAM2R) was then tested either with the selective p1
blocker CGP-20712A (300 nmol/L) or the selective B2 blocker 1CI-118551 (300 nmol/L).
Finally, 1gG was tested with dual BAR and M2R blockade. The BAR agonist isoproterenol
(1SO, 10 nmol/L) served as a positive control. IgG from healthy donors served as negative
controls. Contractility indices were analyzed offline using pClamp 9.2 (Axon Instruments,
Foster City, CA). Indices were calculated as the mean of 15 consecutive contraction cycles
after a stable baseline or response. This technique was quite stable. The intraassay and
interassay coefficients of variation were 4.2% (n = 18) and 8.3% (n = 18), respectively.

2.5. Protein kinase A assays

PKA assays were performed as previously described [19]. Sera (1:100 dilution) with and
without atropine (100 nmol/L) were incubated with 1x107 rat cardiac H9c2 cells in T75
culture flasks for 1-h before reactions were stopped by ice-cold PBS. Cells were
mechanically dislodged, centrifuged, and homogenized in 0.3 ml of extraction buffer. PKA
was measured using a SignaTECT PKA assay system (Promega, Madison, WI). The B-
blocker nadolol (1 umol/L) inhibited antibody-induced PKA activity while ISO (100 nmol/
L) was the positive control. Specific activity was expressed as pmol/L/min/ug and results
were presented as percentages of basal PKA activity.

2.6. Statistical analysis

3. Results

Contractility values were normalized to their respective baseline values. Data are expressed
as meanxSD. Differences in contractility between intervention and nonintervention were
tested by subtracting the normalized values for each subject and using a one-sided t-test on
these differences. A p value of 0.05 was used for each test. Differences between means were
assessed by a paired or unpaired Student's t-test as appropriate with a Bonferroni correction
to adjust for the multiple comparisons. McNemar's test and linear regression analysis were
used to compare the results of the Purkinje fiber contractility assay with the PKA assay, and
the ELISA titers or the papillary muscle contractility assay, respectively.

3.1. ELISA for AABAR and AAM2R

AABLI2AR “ELISA-positive” sera (titer > 1:3200) from 18 high risk cardiac patients (Table
1) provided the antibody “reagents” for this study. AAM2R were elevated by ELISA
(=1:1600) in 10 (56%) of the same 18 patients. Their mean age was 65+6 years, 50% were
male, 12 were diabetic (6 with type 1 and 6 with type 2), 13 had some form of
cardiomyopathy (7 with systolic and 6 with diastolic dysfunction), and 7 had atrial
tachyarrhythmias (6 with atrial fibrillation and 1 with atrial tachycardia).
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3.2. Contractile activity assays

IgG from 10 of 18 (56%) patients produced a positive contractile response (109.8 to 119.6%
of buffer control, p<0.05) (Fig. 1). The remaining 8 IgG samples produced a negative
contractile response (82.0 to 87.5% of buffer control, p<0.05). Seven of the 10 samples with
a positive IgG contractility had a further increase in contractility in the presence of the
muscarinic blocker atropine (p<0.05 vs. IgG alone) while 3 did not. By contrast, all 8
samples with an initially negative contractility rose with atropine. In 2 of these 8, atropine
abolished the negative inotropic response but failed to produce a positive inotropic response
and are considered false positive by ELISA for AABAR. Thus, a total of 15 (7 and 8 from
the two subgroups) of the 18 IgG samples demonstrated evidence for negative inotropic
muscarinic effects. These included the 10 subjects who were ELISA-positive for anti-M2R
and 5 not detected by ELISA. The response to atropine did not differ between AAM2R
ELISA-positive and AAM2R ELISA-negative samples. Atropine alone failed to produce a
significant change in Purkinje fiber contractility.

IgG from all 18 patients in the presence of the non-selective B-blocker nadolol (100 nmol/L)
was associated with a decreased Purkinje fiber contractility (Fig. 1). This decrease ranged
from 75.0 to 95.0% of buffer control (p<0.05). These data include the 2 subjects that had
false positive anti-BAR autoantibodies. Their decrease in contractility is due to unopposed
M2R activity. Nadolol alone had no effect on baseline Purkinje contractility. Dual blockade
with atropine (100 nmol/L) and nadolol (100 nmol/L) returned all values to baseline. The
mean effects of 1gG from the 18 patients in the presence of M2R and BAR blockade are
shown in Fig. 2. 1gG in the presence of atropine (100 nmol/L) increased Purkinje fiber
contractility to 123.5£11.5% of baseline (p<0.001 vs. IgG, n=18), whereas 1gG in the
presence of nadolol decreased contractility to 84.8+6.2% of baseline (p<0.001 vs. IgG,
n=18). ELISA titers for AAB1/2AR and AAMZ2R did not correlate with their respective
functional effects, as assessed by the Purkinje fiber contractility assay (r?=0.004, p=0.82 and
r2=0.071, p=0.28, for AAB1/2AR and AAM2R, respectively). IgG from 10 healthy controls
had no significant effect either in the absence or presence of atropine, nadolol and their
combination. ISO (10 nmol/L) increased the contractility to 148.4+3.4% of basal buffer
control (p<0.001), and this positive inotropic effect was completely blocked with nadolol
(100 nmol/L).

In our cohort, the presence of AABLAR was always accompanied by AAB2AR. To dissect
their relative impact on contractility, we examined the effect of 1gG in the presence of
atropine (to eliminate the effects of AAMZ2R) either with the selective p1 blocker
CGP-20712A (300 nmol/L) or the selective B2 blocker 1CI1-118551 (300 nmol/L) (Fig. 3).
IgG from the 16 patients showing a positive AABAR inotropic effect in the presence of
muscarinic blockade was examined. IgG plus atropine increased the contractility of the
Purkinje fibers to 127.3+7.2% of baseline (p<0.001). When the selective B2AR blocker
ICI-118551 was added the contractility further increased to 140.5+£12.2% of baseline
(p<0.001 vs. IgG plus atropine) indicating that the co-existence of AAB2AR partially
suppressed the effect of the AABLAR. Contractility was increased when AAB1AR was
blocked with CGP-20712A; but only to 114.5+4.3% of baseline (p<0.001 vs. 1gG plus
atropine and vs. 1gG plus atropine plus ICI-118551), indicating that the net AAB2AR
inotropic effects mediated by Gs and Gi were weakly positive compared to the AABLAR.
Combined blockade with atropine, CGP-20712A and ICI-118551 eliminated any positive
inotropic effect of 1gG.

We quantified the effect of IgG from each patient by testing increasing concentrations of
ISO and acetylcholine (Ach) in half log increments from 1x10710 to 1x10~7 and 1x107° to
3.2x10~7 mol/L, respectively. ISO produced a dose-dependent increase in contractility with
an ECs value of 3.620.5x1072 mol/L (mean+SEM, n=4) (Fig. 4A). Likewise, Ach
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produced a dose-dependent decrease in contractility of the Purkinje fibers, with an ECgg
value of 2.7+0.4x10~9 mol/L (mean+SEM, n=4) (Fig. 4B).

We validated our assay by comparing the effects of 8 IgG samples on Purkinje fiber
contractility with their serum effects on PKA activity in H9c2 cardiomyocytes (Fig. 5). The
qualitative effects of IgG and their parent serum samples on Purkinje fiber contractility and
PKA activity, respectively, in the presence of the atropine, as well as atropine plus nadolol,
were similar. The number of discordant pairs was not significantly different between the two
assays (p = 0.480 and 1.000 for comparison of the results of the two assays in the presence
of atropine and atropine plus nadolol, respectively), indicating similar qualitative BAR and
M2 muscarinic 1gG effects in the two assays. When small papillary muscles were available
in the experimental canine heart (n = 6), the effects of 1gG were tested on Purkinje fiber
contractility as well as on small papillary muscle contractility (Fig. 6). There was a strong
positive correlation of the contractile response of Purkinje fibers and papillary muscles to
IgG (r2 = 0.832, p = 0.011), indicating a similar effect of 1gG on the two tissues.

4. Discussion

In our study AAM2R and acetylcholine separately produced negative inotropic effects in
canine Purkinje fibers. Our data with activating autoantibodies are similar to reports of
acetylcholine-induced negative inotropic effects on ventricular muscle in the presence of
BAR stimulation (accentuated antagonism) [20,21]. This likely is mediated via M2R
coupling to Gi, inhibiting adenylate cyclase and attenuating the BAR-mediated increase in
cAMP; although alternative effects through increased K channel conductance and activation
of an outward K current (I acn) exist in some species [22,23]. Herein, we are the first to
demonstrate that circulating AAM2R, via activation of M2R, compromised the AABAR-
mediated increase in contractility in isolated Purkinje fibers. This AAM2R effect on the
contractile response of the ventricular myocardium, with or without the presence of an
adrenergic agonist, is capable of altering BAR pathophysiology in vivo and influencing
cardiac performance. This “humoral” non-desensitizing exposure to the M2R agonist may
be more pervasive than the effects caused by parasympathetic nerve activity. We have
demonstrated evidence of AAM2R-mediated physiologic effects in some patients without
elevated anti-M2R titers by ELISA. While anti-B1/2AR autoantibodies were used to choose
subjects for activity study, it is well established that ELISA alone will not detect all such
antibodies [7,24]. Additionally, they will not predict functionality of the antibodies so
detected. We found no significant correlation between the ELISA titers and their degree of
activity.

Selective B2AR blockade enhanced the 1gG-mediated contractility. Unlike B1AR, f2AR
couples to both Gs and Gi proteins [25]. Our data suggest that the B1-Gs-mediated effect
was partially attenuated by the p2-Gi effect. This is the first report of such an interaction of
AABLAR and AAB2AR on myocardial contractility. This interaction may be important in
light of the potential role of B2-Gi signaling in the failing heart. B2AR activation via Gi in
failing canine cardiac cells blunts B1AR stimulation of Ic; | [26]. AAB2AR acting via Gi
may further attenuate the B1AR contractile effects in the failing heart.

The main purpose of this study was to characterize the interaction between these
autoantibodies and not necessarily correlate these changes with any specific etiology. Hence,
sera were obtained from a heterogeneous pool of cardiac-related patients based only on their
demonstrating high antibody titers. A potential limitation of our study is that Purkinje fibers
are a “non-physiologic” model of contractility since they do not contribute to ventricular
contractility in vivo. Purkinje fibers were used because they are more readily available than
small papillary muscles in the canine heart. To validate this methodology, we compared data
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derived from the Purkinje model with two supplementary methods (PKA activity assay and
papillary muscle contractility). These data were consonant with the Purkinje data and
support the validity of our method as a surrogate marker for the effects of 1gG on
contractility in vivo.

4.1. Implications

These data are the first to document the opposing effects of activating autoantibodies from
human sources on ventricular function. The detrimental effects of long-term activation of the
B-adrenergic system from stress [27], pheochromocytoma [28], intrinsic molecular
activation of the BAR [27] or from circulating activating autoantibodies [29] have been
previously recognized. The present data support the concept that circulating activating
autoantibodies to the muscarinic M2R may exert an inhibitory effect on ventricular
contractility and thereby play a role in cardiomyopathic pathophysiology. M2R activation
exerts a negative impact on cAMP-mediated PKA activation and would exert a similarly
negative effect on diastolic relaxation often observed in cardiomyopathies. Although not
measured in this study, the co-presence of activating autoantibodies to both 1/2AR and
M2R has relevance to the genesis of atrial tachyarrhythmias [30].

This study is the first to examine the relative effects of autoantibody activation of specific p1
and B2ARs. The relative changes in density of these two receptors have been recognized as
having significance to the failing heart [31,32]; but there is controversy as to their relative
importance in either genesis or amelioration of the increasing desensitization of the heart to
adrenergic stimulation. The relative importance of B1AR vs. B2AR stimulation as
deleterious factors in the progression of heart failure is unclear [33]. Our study demonstrates
that BLAR and B2AR activation by antibodies differ quantitatively and studies of their role
in disease states should be mindful of their differential activities. The relative specificity of
autoantibodies to the differing 2nd extracellular loop sequences for B1AR and B2AR
provides an opportunity to examine their relative importance in contractility. The present
study confirms and extends these concepts to demonstrate that activation of the f2AR by the
circulating autoantibody exerts a partially inhibitory effect on B1AR activation even while it
possesses intrinsic activation potential when B1AR are blocked. These data suggest that
production of monoclonal activating autoantibodies to each receptor subtype will provide
powerful tools for dissecting the interactions of cardiac receptors with increasing specificity
compared to presently available pharmacologic tools.

4.2. From theory to practice

These data support an inhibitory effect of AAM2R on AABAR-induced contractility in
Purkinje fibers. Inasmuch as these data mimic those observed in ventricular papillary
tissues, there is reason to believe that their co-presence similarly may negatively influence
ventricular contractility and performance in patients harboring these autoantibo-dies. Since
B-blockers are routinely used in many of these clinical conditions, the absence of specific
M2R blockade may place the patients in a disadvantageous situation because of the
unopposed muscarinic effect. In cases in which an unexplained or inverse response to f3-
blockers is encountered, one might suspect the presence of opposing muscarinic
autoantibodies. Our data support somewhat different effects of f1land B2AR activation on
contractility. This raises the question as to whether cardioselective B1AR blockade or non-
selective 1/2AR blockade might be indicated for a given patient depending on the patient's
“mix” of activating autoantibodies. Since the several studies using these agents have not
screened their subjects for activating autoantibodies, this is a question that will require
further study in a prospective manner before any objective decision can be made.
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Fig. 1.

The effect of 1gG from the 18 patients on the contractility of isolated Purkinje fibers. Data
are expressed as percent of basal buffer control (horizontal line) and represent the mean of
2—6 assays for each 1gG. 1gG alone from 10 patients (closed triangles) demonstrated a
positive inotropic effect, whereas 1gG from the other 8 patients (open and closed circles) had
a negative inotropic effect (p<0.05 vs. basal buffer control). Two (open circles) of these 8
subjects with a negative 1gG effect had a positive response to atropine (Atr) but returned
only to baseline. Overall, 1gG plus atropine increased contractility in 15 of 18 (p<0.05 vs.
IgG alone). IgG in the presence of nadolol (Nad) decreased contractility in all 18 patients
(p<0.05 vs. basal buffer control). Combined blockade with atropine and nadolol eliminated
any change in contractility in all 18. 1gG effects from a representative patient on the
contractility of isolated Purkinje fibers in the presence of atropine, nadolol and together are
shown in the inset.
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Fig. 2.

Mean values of the effect of 1gG from the 18 patients on Purkinje fiber contractility. Data
are expressed as percent of basal buffer control (dashed line) (meanzSD). IgG in the
presence of atropine (Atr) increased the contractile response of isolated canine Purkinje
fibers to 123.5+11.5% of baseline (*p<0.001 vs. 1gG, n=18). IgG in the presence of the non-
selective B-blocker, nadolol (Nad) decreased the contractile response to 84.8+6.2% of
baseline (*p<0.001 vs. IgG, n=18). Combined blockade with atropine and nadolol
eliminated any change in contractility. Normal control IgG did not demonstrate any
significant contractile response, either alone or in the presence of atropine, nadolol or their
combination (n=10). The positive control, isoproterenol (1ISO) significantly increased
Purkinje fiber contractility to 148.4 £3.4% of basal buffer control (*p<0.001 vs. basal buffer
control, n=18), which was effectively blocked by nadolol.
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The effect of selective 1 blockade (B1B, CGP-20712A) and 2 blockade (B2B,
ICI-118551) on Purkinje fiber contractility in the presence of atropine (Atr). Data are
expressed as percent of basal buffer control (dashed line) (mean+SD). 1gG with combined
M2/B2 blockade resulted in increased contractility compared to M2 blockade alone
(*p<0.001 vs. IgG plus atropine, n=16). IgG with combined M2/p1 blockade had a less
pronounced, yet significant positive inotropic effect (*p<0.001 vs. 1gG plus atropine and vs.
1gG plus atropine plus B2B, n=16). Combined M2, B1 and 32 blockade eliminated any
positive inotropic effect of 1gG (NS vs. atropine, n=16).
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Fig. 4.

The dose effect of isoproterenol (ISO) and acetylcholine (Ach) on the contractility of
Purkinje fibers. Data are expressed as percent of basal buffer control (mean + SEM). A.
ISO-induced increase in contractility (n=4). B. Ach-induced decrease in contractility (n=4).
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Fig. 5.

Similar qualitative effects of 8 selected IgG samples on Purkinje fiber contractility and their
parent sera on PKA activity, in the presence of atropine (Atr) and combined blockade with
atropine and nadolol (Nad). Data are expressed as percent of baseline (mean + SD). A.
Purkinje fiber contractility. B. PKA activity in H9c2 cells. *p<0.01, **p<0.001.
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Fig. 6.

Linear regression of 1gG effects from 6 patients on Purkinje fiber and papillary muscle
contractility. There is a highly significant and positive relationship (r?=0.832, p=0.011) of
these two different assays of autoantibody activation.
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