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Abstract
Congenital heart block (CHB) is a passively acquired autoimmune disease due to the transfer of
maternal autoantibodies anti-SSA/Ro –SSB/La to the fetus resulting in atrioventricular (AV) block
and sinus bradycardia. We previously established a murine model for CHB where pups born to
immunized wild type (WT) mothers exhibited electrocardiographic abnormalities similar to those
seen in CHB and demonstrated inhibition of L-type Ca channels (LTCC) by maternal antibodies.
Here, we hypothesize that overexpression of LTCC should rescue, whereas knockout of LTCC
should worsen the electrocardiographic abnormalities in mice.

Methods and Results—Transgenic (TG) mice were immunized with SSA/Ro and SSB/La
antigens. Pups born to immunized WT mothers had significantly greater sinus bradycardia and AV
block compared to pups from nonimmunized WT. TG pups overexpressing LTCC had
significantly less sinus bradycardia and AV block compared to their non-TG littermates and to
pups born to immunized WT mothers. All LTCC knockout pups born to immunized mothers had
sinus bradycardia, advanced degree of AV block and decreased fetal parity. No sinus bradycardia
or AV block were manifested in pups from control nonimmunized WT mothers. IgG from mothers
with CHB children, but not normal IgG, completely inhibited intracellular Ca transient ([Ca]iT)
amplitude.

Conclusions—Cardiac specific overexpression of LTCC significantly reduced the incidence of
AV block and sinus bradycardia in pups exposed to anti-SSA/Ro -SSB/La autoantibodies, whereas
exposure of LTCC knockout pups to these autoantibodies significantly worsened the
electrocardiographic abnormalities. These findings support the hypothesis that maternal antibodies
inhibit LTCC and [Ca]iT thus contributing to the development of CHB. Altogether, the results are
relevant to the development of novel therapies for CHB.
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Introduction
Congenital heart block (CHB) detected at or before birth in a structurally normal heart is
associated with autoantibodies against the intracellular ribonucleoproteins SSA/Ro 52 kDa,
SSA/Ro 60 kDa, and SSB/La 48 kDa 1. The autoantibodies gain access to the fetal
circulation and cause injury to different organs such as the heart, liver, and skin 2. CHB is
usually detected between 16 to 24 weeks of gestation, with varying degrees of
atrioventricular (AV) block 3, 4 and sinus bradycardia5, 6. Complete AV block is
irreversible resulting in 30% mortality, with most of the infants requiring lifelong
pacemakers 7. The autoantigens SSA/Ro and SSB/La are intracellular and are inaccessible
to the circulating autoantibodies in a normal cardiomyocytes suggesting that cross reactivity
with a protein (s) on the sarcolemma 8–11 such as the muscarinic receptor 12, laminin 8, the
serotonin receptor, 5-HT4 9, and the L-type Ca channels (LTCC) 11, 13.

However, access by the circulating antibodies to the intracellular antigens requires a trigger
to translocate the antigens to the cell surface. These include viral infection 14, ultraviolet
light exposure 15 and apoptosis, 16.

Two subtypes of cardiac LTCC are encoded by Cav1.2 and Cav1.3 pore-forming subunits
17, 18. Cav1.2 is ubiquitously expressed in the heart and mediates excitation-contraction
coupling. Cav1.3 is highly expressed in the sinoatrial (SAN) and AV node (AVN) 19, 20.
Cav1.2 Ca current (ICa-L) activates at −40 to −30 mV and accounts for the electrogenesis of
the action potential at the AVN, whereas Cav1.3 ICa-L activates between −60 to −40 mV, at
a range corresponding to the diastolic depolarization in the SAN 21. Interestingly, the
Cav1.3 knockout mice exhibit sinus bradycardia and AV block; a phenotype similar to that
seen in CHB 19, 20, 22, 23. A pathological interaction between LTCC and anti-SSA/Ro and
-SSB/La autoantibodies is well documented 10, 11, 24–27. IgG from mothers with CHB
children inhibited ICa-L and this inhibition could account for the AV block and sinus
bradycardia seen in CHB 11, 24–27. Impulse generation in the SAN and conduction through
the AVN critically depends on ICa-L 10, 19, 20.

A murine model for CHB has been established by the immunization of WT female mice
with recombinant SSA/Ro or SSB/La proteins 13, 28. Electrocardiographic abnormalities in
the pups included sinus bradycardia and various degrees of AV block (I°, II°, and III°, with
the latter being rare) 13, 28. In this study, two transgenic (TG) mouse models were utilized:
Knockout of Cav1.3 LTCC 23 and cardiac specific overexpression of Cav1.2 LTCC 29. We
hypothesized that the increase in the Cav1.2 ICa-L density should minimize the inhibition
caused by the autoantibodies and subsequently reduce or prevent the manifestation of the
electrocardiographic abnormalities seen in the pups of immunized mice. Although the
knockout of Cav1.3 per se results in sinus bradycardia and AV block, not all pups are
affected 19, 20, 23, 30. We therefore hypothesized that because Cav1.3 knockout mice
already exhibit cardiac phenotypes of CHB, immunization should worsen the
electrocardiographic abnormalities in the pups.

Methods
Ethical Approval

Animal Protocol: All experiments were performed in accordance with the IACUC at the VA
New York Harbor Healthcare System and conform to the NIH guidelines (NIH Publication
86-23).
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IgGs and Preparation of recombinant antigens
Recombinant full length human SSA/Ro52, SSA/Ro60, and SSB/La48 were prepared as
previously described 28. IgGs were kindly provided by Dr. Jill Buyon (NYU School of
Medicine, NY) from the U.S. Research Registry for Neonatal Lupus established by the
National Institute for Arthritis, Musculoskeletal and Skin Diseases.

Immunization
FVB and C57BL/6 mice were selected because of the established FVB mice that
overexpress Cav1.2 LTCC 29, and C57BL/6 mice because of the established C57BL/6
Cav1.3 LTCC knockout mice 23. Unfortunately, Cav1.2 knockout mice are embryonic lethal
and Cav1.3 overexpression mice are not available; therefore, they were not used in this
study. The mice overexpressing Cav1.2 LTCC were kindly provided by Dr. A. Schwartz
(University of Cincinnati, Cincinnati, Ohio) and the Cav1.3 knockout mice were kindly
provided by Dr. R. Flavell (Yale University, New Haven, CT) with the concurrence of Dr. J.
Striessnig (Innsbruck, Austria). Mature 6–8 week old female mice were immunized with 50
µg of each of the recombinant proteins in Complete Freud’s Adjuvant (CFA)
intraperitoneally, and 25 µg of the same preparation subcutaneously (s.c.) in the scapular
region. Subsequent booster injections in Incomplete Freud’s Adjuvant (IFA) were continued
every 3 weeks. The mice were then mated after an immune response was established.

Groups of mice (n=6) and their genotype

GROUPS (Mothers) GENOTYPE (Pups)

Control Wild Type Nonimmunized (FVB) WT

Wild Type Immunized (FVB) WT

Cav1.2 Overexpression Nonimmunized (FVB) TG, NTG

Cav1.2 Overexpression Immunized (FVB) TG, NTG

Cav1.3 KO Nonimmunized (C57BL/6) KO, Heterozygous, NTG

Cav1.3 KO Immunized (C57BL/6) KO, Heterozygous, NTG

WT: Wild Type; TG: Transgenic; NTG: Non-Transgenic; KO: Knockout.

Blood Collection and Genotyping
Blood was obtained by orbital bleeding in adult mice and by cardiocentesis in pups (1–3
days old). The serum was isolated by centrifugation for 10 minutes at 8000 rpm and ELISA
was used to detect antibody levels. Genotyping of TG mice was performed after an
electrocardiogram (ECG) was recorded. For the Cav1.2 genotyping, the primers used were:

sense 5’- GACTGTGGAGATGGTCGCATTG-3’;

antisense 5’- CACTCTTAGCAAACCTCAGGC-3’.

For the Cav1.3 genotyping, primers to detect WT, heterozygous:

Sense 5’- GCAAACTATGCAAGAGGCACC-3’;

antisense 5’- GGGAGAGAGAGATCCTACAGGTG -3’.

For the heterozygous and knockout, the primers were:

Sense 5’- CATTCCACTATACTAATGCAGG-3’;

antisense 5’- TTCCATTTGTCACGTCCTGCACCA-3’
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Enzyme-Linked Immunosorbent Assay (ELISA) for the detection of antibody levels in
adults and pups

The recombinant proteins were coated overnight, washed in PBST, blocked with BSA/PBST
and probed in diluted serum followed by anti-mouse IgG alkaline phosphatase. The plates
were developed with disodium p-nitrophenyl phosphate. All samples were run in triplicates.
Results were expressed as the optical density (O.D.) at 405 nm minus that of the reagent
blank. An O.D. value was considered positive if it was >2SD above the value obtained for
controls.

Electrocardiographic recordings
After delivery, ECGs were recorded 28, 31. Pups were placed on a heated pad to maintain
body temperature (36° – 37°C). Lead I was obtained using Acqkowledge software (Biopac
MP100 system, CA). Recordings were analyzed for heart rate, PR interval, and conduction
abnormalities (including I°, II°, and III° degree AV block). The AV block percentage was
counted as 100% only when all pups had at least I°, II°, or III° degree AV block.
Bradycardia was defined as 40% slower heart rate than control.

Intracellular Ca measurements
Adult ventricular myocytes were obtained from age- and sex-matched mice (C57/B6).
Hearts were enzymatically dissociated and myocytes isolated as previously described 30.
Extracellular Ca was sequentially increased, and the final solution consisted of (in mM): 137
NaCl, 5.4 KCl, 1.0 CaCl2, 1 MgCl, 0.33 NaH2PO4, 10 HEPES and 10 glucose (pH 7.4).
Myocytes were incubated in a 5 µM solution of fura-2 acetoxymethylester ester (Molecular
Probes) for 30 minutes at room temperature, followed by resuspension in fura-2-free
solution for additional 30 minutes. Cells were subsequently plated in a perfusion chamber
placed on the stage of an inverted microscope continually superfused with Tyrode solution
and field-stimulated (0.5 Hz, 3-ms duration at 37°C) through two electrodes immersed in the
bath of the superfusion chamber. Cells were then illuminated at 340 and 380nm.
Fluorescence emission was monitored at 510 nm, was captured with a photomultiplier
(DeltaRam; PTI, South Brunswick, NJ) and converted to intracellular Ca transient ([Ca]iT).
Analysis of [Ca]iT was performed offline using Felix3.4 and Origin7.0 software.

Data Analysis
Statistical comparisons were evaluated using either unpaired Student's t-test or ANOVA.
Data are presented as means ± SE. A P < 0.05 value is considered significant.

Results
Establishment of autoantibody responses

The active model of CHB was established by immunizing female WT FVB, C57BL/6, and
the two TG lines (Cav1.2 and Cav1.3) with SSA/Ro52, SSA/Ro60, and SSB/La48 antigens.
To ensure that the antibodies were generated in the mothers and crossed the placenta to the
pups, mothers were bled and the sera obtained were tested separately for reactivity to each
of the recombinant antigens by ELISA.

Both the immunized mothers and the pups had high levels of antibodies reactive with SSA/
Ro52, SSA/Ro60, and SSB/La48 confirming the generation and transfer of the antibodies
from the mother to the pups. All immunized groups (mothers and pups) had high titers of
antibodies (Supplementary Table 1). The antibody titer within 10 days following the primary
injection was high (0.85–0.98) and remained high (1.15–1.175) with continuous booster
throughout the experimental period.
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Electrocardiographic parameters of pups from the immunized WT mice
In this study, we immunized WT mice to serve as a control for the two TG mice to detect
improvement or worsening of conduction abnormalities. Table 1 and supplementary table 2
summarize the ECG parameters in the WT groups. Pups from the WT nonimmunized FVB
(n=48), had no electrocardiographic abnormalities (neither sinus bradycardia nor AV block).
Pups from the WT immunized mothers, had 19.7% sinus bradycardia and 25 % AV block
(10 out of 76 had I° AV block, 6 had II° AV block, and 3 had III° AV block).

Electrocardiographic parameters of pups from the immunized mice overexpressing Cav1.2
L-type Ca channel

The Cav1.2 overexpression TG pups had significantly fewer abnormalities [10% (p<0.05)
sinus bradycardia and 8.8% (p<0.05) AV block] compared to the NTG littermates and pups
from immunized WT mothers (Table 1). Of these, 7 had I° AV block, 1 had II° AV block,
and 0 had III° AV block. Of the 109 NTG pups, 22% had sinus bradycardia and 27.5% had
AV block with 24 pups exhibiting I° AV block, 4 pups II° AV block, and 2 pups III° AV
block. Figure 1 (and supplementary table 2) summarizes the heart rates and PR intervals. TG
pups from the immunized Cav1.2 overexpression mothers showed significantly fewer
abnormalities than pups from the immunized WT mothers. The average heart rate and PR
interval of TG pups from the immunized Cav1.2 overexpression was 315±36 bpm (n=90)
and 48±10 ms (n=90), respectively. The average heart rate and PR interval of WT pups from
the immunized WT mothers was 282±32 bpm (n=76) and 64±14 ms (n=76), respectively.
Interestingly, NTG littermate pups (n=109) born to the same immunized Cav1.2
overexpression mother were not protected and showed sinus bradycardia (268±21 bpm) and
prolonged PR interval (71±12 ms).

Representative control ECG from a pup born to a nonimmunized WT mother with a normal
sinus rate of 454 bpm and a PR interval of 46 ms is shown in Figure 2, panel A. Upon
immunization of WT mothers, pups developed II° AV block (upper trace of panel B) and III
° AV block with complete AV dissociation (lower trace of panel B). TG pups that had an
overexpression of the Cav1.2 Ca channel showed fewer electrocardiographic abnormalities:
normal ECG (upper trace of panel C) and sinus bradycardia (296 bpm) with I° AV block
(PR interval of 70 ms, lower trace of panel C).

Electrocardiographic parameters of pups from the immunized Cav1.3 L-type Ca channel
knockout mice

Table 2 summarizes the data obtained from the Cav1.3 knockout mice (C57BL/6). No
electrocardiographic abnormalities were found in NTG pups (n=20) from the nonimmunized
Cav1.3 knockout mothers. Heterozygous pups (n=28) from the nonimmunized Cav1.3
knockout mothers had 3.6% bradycardia and 3.6% AV block (one I° AV block). However,
the knockout pups (n=9) from the nonimmunized Cav1.3 knockout mothers had 100% sinus
bradycardia and 100% AV block (8 I°AV block, 1 II° AV block, but 0 III° AV block).

Sinus bradycardia occurred at a rate of 18.2% in NTG pups, 34.6% in heterozygous pups,
and 100% in knockout pups. Eighteen percent of NTG pups had AV block that included 5 I°
AV block, 1 II° AV block, and 0 III° AV block. The heterozygous pups had 42.3% AV
block, which included 16 I° AV block, 5 II° AV block, and 1 III° AV block. The knockout
pups on the other hand had 100% AV block with 9 I° AV block, 4 II° AV block, and 3 III°
AV block. Overall, pups from the immunized Cav1.3 knockout mothers had the most severe
degrees of AV block, the highest of all groups with 3 out of 16 pups (19%) presenting III°
AV block.
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The Cav1.3 knockout pups from the immunized Cav1.3 knockout mothers had severe sinus
bradycardia (232±30 bpm; n=16), and prolonged PR intervals (112±21 ms, n=16) compared
to the Cav1.3 knockout pups from the nonimmunized Cav1.3 knockout mothers (sinus
bradycardia was 265±33 bpm and PR-intervals were 93±15 ms, n=9) (Figure 3 and
supplementary table 2).

A representative control ECG with a heart rate of 442 bpm and a PR interval of 48 ms from
a NTG pup born to nonimmunized Cav1.3 knockout mother is shown in Figure 4 panel A.
The Cav1.3 Ca channel knockout pup born to a nonimmunized mother exhibited sinus
bradycardia (266 bpm) with I° AVB (PR interval 96 ms) (Panel B). Upon immunization of
the Cav1.3 knockout mother, the pup showed advanced degree of AV block (III°, panel C).

Fetal parity
The fetal parity was significantly lower (p<0.05 using ANOVA) in the immunized Cav1.3
knockout mothers (Figure 5). Immunized Cav1.3 knockout mothers had the lowest fetal
parity (3.2±0.8 litters per pregnancy) likely due to in utero death related to bradycardia and
AV block. Furthermore, in 18 out of 31 births, dead pups were delivered by the immunized
Cav1.3 knockout mothers. However, the fetal parity in the nonimmunized and immunized
WT and/or Cav1.2 overexpression mothers ranged between 5.83±1.2 and 6.3±1.6 litters per
pregnancy (p=NS).

Effect of antibodies on intracellular calcium transient, [Ca]iT
To test whether maternal IgG containing SSA/Ro and SSB/La antibodies (positive IgG)
leads to intracellular Ca dysregulation, cardiomyocytes were subjected to positive IgG from
a mother whose children have CHB. Figure 6A shows [Ca]iT recordings from myocytes
stimulated at 0.5Hz during basal conditions and after the addition of control (normal) IgG
(150 µ/ml) from a healthy mother with no SSA/Ro and SSB/La antibodies and a healthy
child. No significant changes of [Ca]iT amplitude were observed (Figure 6A). However, in
Figure 6B, the application of positive IgG at much lower concentration (26 µg/ml) than
control IgG (150 µ/ml) resulted in a progressive decrease in [Ca]iT amplitude followed by
complete inhibition (p<0.04, n=15, Figure 6C). These effects were only partially reversible
upon positive IgG washout. Figure 6C illustrates averaged data from 15 myocytes each for
control IgG and positive IgG and their effect on [Ca]iT amplitude.

Discussion
In this study, overexpression of Cav1.2 L-type Ca channel in mice significantly reduced
electrocardiographic abnormalities and the knockout of Cav1.3 L-type Ca channel
significantly worsened the electrocardiographic abnormalities in pups born to immunized
mothers. Together, these findings support the hypothesis that L-type Ca channels play an
important role in the pathogenesis of CHB.

Immunization
A main requirement in establishing an immune response is the demonstration of high
antibody response in the mothers and the placental transfer of the antibody to the pups. All
immunized mothers developed a high titer of antibodies for each of the recombinant
antigens SSA/Ro52, SSA/Ro60, and SSB/La48 (supplementary table 1). The placental
transfer of the antibodies from the mothers to the pups was also demonstrated
(supplementary table 1).
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Immunization and overexpression of Cav1.2 L-type Ca channel
Ca channels are functionally inhibited by maternal autoantibodies11, 13 and these antibodies
interact directly with the Cav1.2 Ca channel protein31. We hypothesized that if inhibition of
the Ca current is critical in cardiac conduction disorders found in CHB patients, then
upregulation of the Ca current should rescue or reverse the electrocardiographic
abnormalities seen in CHB. The cardiac specific overexpression of the Cav1.2 α1C subunit
of the L-type Ca channel was used. Detailed molecular, hemodynamic and
electrophysiological characteristics of these TG mice are reported elsewhere 29. Briefly,
these TG mice had no overt phenotype by observation, and litter sizes and pup survivals
were similar to non-TG littermates. Cav1.2 α1C transcript was increased by 2.8-fold without
any changes in the accessory subunits, α2/δ and β subunits of L-type Ca channel. Similarly,
the density of ICa-L increased by 44% to 52% in cardiac myocytes from the TG mice. This
percentage increase is ideal since maternal autoantibodies inhibit ICa-L within the same
range, 40–60% 10, 11. Therefore, we postulated that immunization of TG mice
overexpressing Cav1.2 should give birth to pups with no or fewer electrocardiographic
abnormalities. Indeed, a lesser degree of sinus bradycardia (10% in TG pups from
immunized mothers overexpressing Cav1.2 vs. 22% in NTG littermates vs. 19.7% in pups
from WT immunized mothers), and fewer AV conduction abnormalities (8.8% in TG pups
from mothers overexpressing Cav1.2 vs. 25% in pups from WT immunized mothers vs.
27.5% in NTG littermates) were observed in TG pups from immunized mothers
overexpressing Cav1.2. These data support the concept that maternal antibodies inhibit the
Cav1.2 Ca channel, and consequently conduction abnormalities occur, as expressed in the
ECG. The Cav1.2 knockout mice are embryonic lethal at E14.5 and, therefore, could not be
utilized in this study. The finding that TG pups from Cav1.2 overexpression immunized
mothers had reduced conduction abnormalities points to the importance of finding suitable
Ca channel agonists that could increase Ca channel density and thus ameliorate or reverse
the severity of conduction abnormalities seen in CHB infants. In this regard, we have
recently shown that Bay K8644, an L-type Ca channel agonist, was not only able to reverse
the inhibitory effect of maternal antibodies of Ca current but restored it above the basal level
10.

Immunization and knockout of Cav1.3 L-type Ca channel
Biochemical and functional evidences show that the Cav1.3 Ca channel is expressed in the
human fetal heart and that anti-SSA/Ro – SSB/La autoantibodies from mothers of children
with CHB inhibit Cav1.3 ICa-L 10. The autoantibodies also recognize the Cav1.3 Ca channel
protein by Western blot 10 and specifically bind to the extracellular loop between
transmembrane region between S5–S6 in domain I 24. These data along with the unique
localization of the Cav1.3 in the conductive tissue established the Cav1.3 Ca channel as a
novel target in the pathogenesis of CHB. We propose that together with the knockout of
Cav1.3, the inhibition of the Cav1.2 ICa-L by anti-SSA/Ro –SSB/La autoantibodies could
account for the worsening of the electrocardiographic abnormalities seen in the Cav1.3
knockout pups.

Further evidence comes from the fact that pups from the Cav1.3 knockout mothers have
similar electrocardiographic abnormalities even in the absence of immunization 20, 23, 30.
Pups from nonimmunized Cav1.3 knockout mothers showed sinus bradycardia and I°/II°
AV block, while the heterozygous had minimal abnormalities (3.6% sinus bradycardia and
only I° AV block); no electrocardiographic abnormalities were seen in the NTG.

Immunized Cav1.3 knockout mothers had decreased parity with 3.2 litters per pregnancy
and only 31 deliveries in 39 pregnancies. This low parity could be due to in-utero death
because of the complete AV block. Of the pups that survived, 100% had sinus bradycardia
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and I°/II°/III° AV block. It is important to mention the high incidence of III° AV block seen
in the pups from immunized Cav1.3 knockout mothers. The unique localization and the
higher expression of Cav1.3 Ca channel in the supraventricular conductive tissue compared
to Cav1.2 Ca channel may explain why complete AV block occurred in 19% of pups (3 out
of 16 pups) in the Cav1.3 knockout model. In addition, Cav1.3 knockout mice are more
responsive to the anti-SSA/Ro –SSB/La antibodies likely because of the genetic deletion of
the Cav1.3 together with the inhibition of the remaining Cav1.2 Ca channel.

These data support the hypothesis that further inhibition of L-type Ca channels by maternal
antibodies generated by the immunization worsens the electrocardiographic abnormalities
already seen in the pups from the Cav1.3 knockout mothers. Furthermore, the immunized
Cav1.3 knockout mice provide a novel animal model of CHB where therapeutic drugs could
be tested. Previous models 28, 32 showed the incidence of III° AV block to be very low (0%
III° AV block, and 5.8% III° AV block from the group immunized with 52 Ro β and 1.8%
III° AV block in the 52 Ro α immunized group).

Maternal antibodies and intracellular Ca transient
Maternal antibodies containing SSA/Ro and SSB/La (positive IgG) inhibited CaiT in a time
and dose-dependent manner resulting in a complete inhibition at 26 µg/ml. These findings
are consistent with the recent report demonstrating that positive IgG also significantly
inhibited [Ca]iT in cardiomyocytes derived from human embryonic stem cell 33. The
inhibition of [Ca]iT by positive IgG can be attributed to the inhibition of L-type Ca current
by positive IgG that is expected to reduce the amount of Ca entry to the cell and
subsequently the amount of Ca release by the sarcoplasmic reticulum resulting in reduced
[Ca]iT. Salomonsson et al.34 elegantly showed that using spontaneously beating rat cardiac
myocytes in culture exposed to a monoclonal antibody (S3A8) with binding specificity for
SSA/Ro52 and p200 peptide, resulted in an initial phase of increased frequency of [Ca]iT,
followed by a progressive decrease in the rate of [Ca]iT oscillations, resulting in the
accumulation of intracellular Ca and loss of Ca oscillations and contraction. The exact
mechanism of the observed differences in the intracellular Ca is unclear but could be, in
part, attributed to the fact that the experimental conditions are not identical. We used paced
freshly isolated mouse myocytes and they used spontaneously beating neonatal rat moycytes
in culture. In addition, we used IgG from mothers whose children have CHB and they used
monoclonal antibodies generated by screening phage display libraries derived from
peripheral B cells of Ro52 antibody-positive patients. Nevertheless, our data and the data
from Salomonsson et al.34 both lead to loss in [Ca]iT.

The role of L-type Ca channels in the pathophysiology of CHB is supported by several
studies 10, 11, 13, 25, 26. Maternal antibodies from mothers with CHB children induced: 1)
complete AV block in the Langendorff perfused human fetal heart 13 and rat heart 11; 2)
suppressed AV node action potentials and inhibited ICa-L 11. Since conduction in the AV
node is dependent on ICa–L, AV block should be expected from interventions that reduce
ICa-L. Data imply an interaction between autoantibodies and Ca channel proteins that results
in perturbation of sarcolemmal Ca fluxes. Maternal antibodies from mothers with CHB
children, but not control antibodies from healthy mothers with healthy children, cross-
reacted with the native 26 and the expressed 10, 24, 26 Cav1.2 and Cav1.3 L-type Ca
channels by immunoprecipitation and Western blot. However, maternal antibodies failed to
affect the fast cardiac Na11 and K11 channels indicating specificity to Ca channels.

In summary, the animal models used in this study provide evidence for a pathogenic
interaction of anti-SSA/Ro and/or anti-SSB/La antibodies with the L-type Ca channel in the
development of CHB. We propose that the maternal autoantibodies of children with CHB
are causally related to the abnormalities in the developing conduction system and that
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chronic exposure of Ca channels to these maternal autoantibodies during pregnancy leads to
Ca channels inhibition11, 13 , Ca channels downregulation26, 31, intracellular Ca inhibition
and dysregulation 34, and cell death 2, 4, 35. An overexpression of the Cav1.2 rescued the
electrocardiographic abnormalities, whereas a deletion of the Cav1.3 exacerbated the
abnormalities. These data suggest that the development of pharmacotherapy targeted at
agents that can act as fetal Ca channel agonist may prove to be beneficial in the reduction or
reversal of conduction abnormalities seen in CHB. The future clinical use of Ca channel
agonists in CHB will require the development of agonist that will have cardiac selectivity
over the vascular tissue, thus eliminating the vasoconstrictor effect from the cardiostimulant
properties. In this regard, a group of hybrid Ca channel modulators were developed 36
where the isopropyl ester moiety of isopropyl 1,4-dihydro-2,6-dimethyl-3-nitro-4-(2,1,3-
benzoxadiazol-4-yl)pyridine-5-carboxylate (PN 202–791) was replaced by a variety of nitric
oxide (*NO) donor nitrooxyalkyl ester substituents. These compounds exhibited more potent
and selective in vitro Ca channel antagonist activity on guinea pig ileum longitudinal smooth
muscle and most potent cardiac Ca channel agonist (positive inotropic) activity on guinea
pig left atrium. Such compounds may prove to be useful clinically if there safety and
efficacy in pregnant women is established.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Heart rate and PR interval in WT FVB and Cav1.2 overexpression groups
Panel A shows the heart rate, beats per minute (bpm) in the wild type (WT) FVB and Cav1.2
transgenic mice (TG). The average heart rate of pups from the immunized transgenic (TG)
Cav1.2 overexpression was 315±36 bpm (n=90) compared to immunized WT FVB with an
average heart rate of 282±32 bpm (n=76). Non-Transgenic (NTG) littermate pups born to
the same immunized Cav1.2 overexpression showed sinus bradycardia (268±21 bpm,
n=109). Pups from the nonimmunized WT FVB and the nonimmunized Cav1.2
overexpression had similar heart rates (426±41 bpm, n=48 and 445±21 bpm, n=15
respectively). Panel B represents the PR interval in the WT FVB and Cav1.2 TG. The
average PR interval in the pups from the nonimmunized WT FVB and the nonimmunized
Cav1.2 overexpression was similar 32±8 ms (n=48) and 30±7 ms (n=15), respectively. The
pups from the immunized WT FVB had a prolonged mean PR interval of 64±14 ms (n=76).
The NTG immunized littermates in the Cav1.2 overexpression were similarly not protected
and showed an increase in PR interval to 71±12 ms (n=109). The average PR interval of
pups from the immunized TG Cav1.2 overexpression improved to 48±10 ms (n=90, p<0.05
compared to the immunized WT FVB and immunized NTG littermates).
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Figure 2. ECG traces from the FVB immunized and nonimmunized groups within 1 to 3 days of
birth
Panel A represents a control ECG from a pup born to a nonimmunized WT mother with a
normal sinus rhythm of 454 and a PR interval of 42 ms. The ECG showed a normal PR
interval followed by a QRS complex. Panel B shows increased electrocardiographic
abnormalities in the pups as the result of immunization of WT mothers [II° AV block (upper
trace of panel B) and III° AV block with complete AV dissociation (lower trace of panel
B)]. Panel C shows the fewer electrocardiographic abnormalities in the TG pups from the
immunized mice overexpressing Cav1.2 L-type Ca channel as illustrated by a normal sinus
rhythm, 438 bpm and normal PR interval, 44 ms (upper trace of panel C), and sinus
bradycardia (296 bpm) with I° AV block (PR interval 70 ms). The arrow indicates the P
wave and the arrowhead indicates the QRS complex.
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Figure 3. Heart rate and PR interval in Cav1.3 knockout groups
Panel A: The Cav1.3 knockout pups had significantly slower average heart rates 265±33
bpm (n=9) vs. the non-transgenic (NTG) littermates 448±56 bpm (n=20). The KO pups from
the immunized Cav1.3 knockout mothers had severe sinus bradycardia with an average heart
rate of 232±30 bpm (n=16). Panel B: PR interval (ms) in the Cav1.3 knockout pups. The
NTG pups had a PR interval of 52±6 ms and the Cav1.3 knockout pups from nonimmunized
mothers had a PR interval of 93±15 (n=9). The pups from the heterozygous immunized
mothers had a mean PR interval of 88±16 ms. The KO pups from the Cav1.3 knockout
immunized mothers had a very prolonged average PR interval of 112±21 ms (n=16).
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Figure 4. ECG traces from the C57BL/6 Cav1.3 immunized and nonimmunized groups within 1
to 3 days of birth
Panel A shows a control ECG with sinus rhythm (442 bpm) from a pup born to
nonimmunized Cav1.3 NTG. Panel B shows sinus bradycardia (266 bpm) with I° AV block
(PR interval of 96 ms) from a KO pup born to nonimmunized Cav1.3 knockout mother.
Panel C shows worsening of AV conduction abnormalities and development of III° AV
block in a KO pup following immunization of Cav1.3 knockout mothers. The arrow
indicates the P wave and the arrowhead indicates the QRS complex.
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Figure 5. Fetal parity/average number of litters per pregnancy in the Cav1.2 and Cav1.3
immunized and nonimmunized groups
The fetal parity in the nonimmunized and immunized WT and/or Cav1.2 mothers ranged
between 5.83±1.2 and 6.3±1.6 pups per pregnancy (p = not significant). However,
immunized Cav1.3 knockout mothers had the lowest fetal parity (3.2±0.8 pups per
pregnancy) and was much lower compared to the nonimmunized Cav1.3 knockout mothers
(p<0.05).
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Figure 6. Effect of IgGs on Fura-2 loaded mouse ventricular myocytes
Intracellular Ca transient ([Ca]iT) was recorded during baseline and IgG application from
field-stimulated single mouse ventricular myocytes electrically stimulated at 0.5 Hz. Panel
A: Control IgG (normal IgG, 150 µg/ml) from a healthy mother with no SSA/Ro or SSB/La
antibodies and with healthy children had no effect on [Ca]iT. Panel B: Addition of positive
IgG (26 µg/ml) from a mother with SSA/Ro and SSB/La antibodies and children with CHB
caused a progressive decrease of peak [Ca]iT until complete inhibition. Panel C: Dose-
response summary from panel A and B. Data is shown as mean ± SE (n=15 each).
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