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Defective Tbx2-dependent patterning of the
atrioventricular canal myocardium causes
accessory pathway formation in mice

Wim T.J. Aanhaanen, Bastiaan J.D. Boukens, Aleksander Sizarov, Vincent Wakker,
Corrie de Gier-de Vries, Antoni C. van Ginneken, Antoon F.M. Moorman,
Ruben Coronel, and Vincent M. Christoffels

Heart Failure Research Center, Academic Medical Center, University of Amsterdam, Amsterdam, The Netherlands.

Ventricular preexcitation, a feature of Wolff-Parkinson-White syndrome, is caused by accessory myocardial
pathways that bypass the annulus fibrosus. This condition increases the risk of atrioventricular tachycardia
and, in the presence of atrial fibrillation, sudden death. The developmental mechanisms underlying accessory
pathway formation are poorly understood but are thought to primarily involve malformation of the annulus
fibrosus. Before birth, slowly conducting atrioventricular myocardium causes a functional atrioventricular
activation delay in the absence of the annulus fibrosus. This myocardium remains present after birth, sug-
gesting that the disturbed development of the atrioventricular canal myocardium may mediate the formation
of rapidly conducting accessory pathways. Here we show that myocardium-specific inactivation of T-box 2
(Tbx2), a transcription factor essential for atrioventricular canal patterning, leads to the formation of fast-
conducting accessory pathways, malformation of the annulus fibrosus, and ventricular preexcitation in mice.
The accessory pathways ectopically express proteins required for fast conduction (connexin-40 [Cx40], Cx43,
and sodium channel, voltage-gated, type V, o [Scn5a]). Additional inactivation of Cx30.2, a subunit for gap
junctions with low conductance expressed in the atrioventricular canal and unaffected by the loss of Thx2, did
not affect the functionality of the accessory pathways. Our results suggest that malformation of the annulus

fibrosus and preexcitation arise from the disturbed development of the atrioventricular myocardium.

Introduction

In the heart, the atrial and ventricular muscle masses are electrically
insulated from each other by the annulus fibrosus. Normally, the
only muscular connection that crosses this insulation is formed by
the atrioventricular (AV) node and AV bundle. In the general popu-
lation, 1-3 in 1,000 individuals have accessory myocardial pathways
that bypass the insulation, known as bundles of Kent (1, 2). These
accessory connections may lead to preexcitation of the ventricle,
circus movement tachycardia, and even life-threatening ventricular
fibrillation in the presence of atrial fibrillation, as seen in Wolff-Par-
kinson-White syndrome patients (3-5). The mechanism by which
these accessory myocardial connections develop and the molecular
properties of these connections are largely unknown.

Accessory myocardial connections that can lead to preexcita-
tion are commonly thought to result from malformation of the
annulus fibrosus (6-9). However, during development, the AV
canal myocardium causes an adequate AV delay to allow synchro-
nized alternating contraction of the atria and ventricles (10) in
the absence of an annulus fibrosus. Remnant strands of this AV
myocardium, which disappear when the annulus fibrosus is fully
formed (6, 11), have still been observed in normal hearts around
birth and after birth. Usually, these strands do not lead to preexci-
tation, indicating they maintain slow conduction properties of the
AV myocardium. Furthermore, in the adult heart, after formation
of the annulus fibrosus has been completed, slow-conducting AV
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canal-type myocardium remains present around the orifices of the
mitral and tricuspid valve (12-14). Together, these data suggest
that AV canal myocardium plays a central role in the AV delay and
that defects in AV canal myocardium could underlie formation of
functional accessory pathways.

The AV canal myocardium is specified early in cardiac develop-
ment. Bone morphogenetic protein 2 (Bmp2) is expressed in the
AV canal myocardium progenitors in the early heart tube, in which
it stimulates the expression of T-box 2 (Tbx2) (15), a T-box factor
required for the development of the AV canal (16-18). Repressors
Tbx3 and Msx2, Notch signaling, and Hey transcription factors
further establish the AV canal phenotype (19-22). Other factors
involved in formation and regulation of gene expression of the AV
canal and AV node include the more broadly expressed transcription
factors Nkx2.5, Gata4, and Tbx5, which interact or compete with the
localized repressors (16, 23-27). To explore the possible role of the
AV canal myocardium in the formation of accessory connections,
we studied the morphology and function of mice in which Tbx2 was
specifically inactivated in selected tissues. Our results indicate that
defective patterning and gene regulation within the AV canal myo-
cardium may lead to malformation of the annulus fibrosus, forma-
tion of accessory AV connections, and ventricular preexcitation.

Results
Tbx2 deficiency does not affect the AV conduction axis but causes formation
of a myocardial connection in the left AV junction. Heterozygotes contain-
ing the Tbx2%* allele on an FVB/N background were viable, fertile,
and displayed no obvious phenotypic abnormalities. Thx2%¢/Tbx2%*
mutants (Thx27~ mutants) developed cleft palate and were not recov-
ered after birth (14). Thx2~/- fetuses collected at E14.5 and E17.5 from
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In the left side of the AV canal of Tbx2-- fetuses, working myocardial genes are ectopically expressed and connect the left atrium with the left ven-
tricle, while the AV node and AV bundle are unaffected. (A, C, and D) In situ hybridization analyses of serial sections wild-type and Tbx2-- fetuses
at E17.5. (A) In wild-type fetuses, the left AV canal myocardium (arrowheads) does not express Cx40 and Cx43. Tbx2-- fetuses ectopically
expressed Cx40 and Cx43 in the left AV canal (arrowheads). Furthermore, the AV canal in Tbx2-- fetuses was broader. (B) 3D reconstructions
of the heart of wild-type and Tbx2-- fetuses at E17.5. Green represents Cx40-positive myocardium, and gray represents Cx40-negative myo-
cardium. Only, in Tbx2-- fetuses, a Cx40-positive myocardial connection formed through the left AV canal (red circles). (C) In the top panels,
cTnl reveals the myocardium. The bottom panels show the AV node based on Hcn4 expression and location. The AV node is not affected in
Tbx2-- fetuses. (D) In the top panels, cTnl reveals the myocardium. The bottom panels show the AV bundle based on Cx40 expression and
location. The AV bundle is not affected in Thx2-- fetuses. la, left atrium; ra, right atrium; avb, AV bundle; avn, AV node; cs, coronary sinus; Ish,

left sinus horn. Original magnification, x10 (A); x5 (C and D).

heterozygous intercross matings were present at lower numbers than
would be expected on the basis of Mendelian inheritance (Supple-
mental Figure 1C; supplemental material available online with this
article; doi:10.1172/JCI44350DS1). Fetal death of Thx2 /- fetuses was
less severe than that found previously for another Tbx2-null allele on
the mixed C57BL/6/129/ICR background (17). Surviving E14.5 and
E17.5 fetuses were of normal size and were used for further analysis.
We assessed whether chamber-specific genes involved in conduction
of the electrical impulse were ectopically expressed in the AV canal
of Tbx27/~ fetuses. In wild-type fetuses, connexin-40 (Cx40) and Cx43
were not expressed in the AV canal myocardium at E14.5 and E17.5.
In contrast, Cx40 and Cx43 were ectopically expressed in the left side

The Journal of Clinical Investigation

http://www.jci.org

of the AV canal myocardium in all Tbx27" litctermates (» = 18; Figure
1A and Supplemental Figure 1A). The right AV canal myocardium
was not affected in mutants (Supplemental Figure 1B). The right side
of the AV canal is presumably under control of Thx3 to a larger extent
compared with the left side (18). The redundant function of Tbx3 is
illustrated by the ectopic expression of Cx40 in the epicardial side of
the left AV canal, complementary to that of Tbx3 at the endocardial
side (Supplemental Figure 1A). Sodium channel, voltage-gated, type
V, o (ScnSa), encoding the major cardiac sodium channel (Nav1.5)
that is required for fast conduction, was expressed in the AV junction
of Tbx2-/- but not in wild-type animals. Heterozygous Thx2 mutants
were not different from wild-type animals (data not shown).
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Figure 2

In the left side of AV canal of Thx2-- fetuses working myocardial proteins are ectopically expressed. The proliferation rate in the epicardium
is not different between wild-type and Thx2-- fetuses. (A) Immunohistochemical analyses of serial section of E14.5 wild-type fetuses and 2
Tbx2--fetuses (f1, f2). In wild-type fetuses, Cx30.2 is expressed in the AV canal complementary to expression of Cx40. In Tbx2-- fetuses, Cx40
is expressed ectopically in the AV canal, and Cx30.2 is still expressed in the AV canal myocardium. Notice the variable size and morphology of
the aberrant myocardial connection. The white and yellow arrowheads point to the AV canal myocardium. The dashed lines mark the myocardium
that connects the left atrium and the left ventricle. (B) Schematic representation of the expression profiles of connexins in the left AV canal myo-
cardium in wild-type and Thx2-- fetuses. Note that Cx40 expression withdraws from the compact myocardium; however, Cx43 remains present.
Dots represent nonmyocardial cells of the malformed annulus fibrosus. (C) Immunohistochemical analyses of BrdU incorporation in epicardial
cells at the left side of the AV canal in a wild-type and Thx2-- fetus. The panels on the right are higher magnification images of the areas within
the white squares in the panels on the left. The white arrowhead points to the AV myocardium. The red arrowhead points to BrdU*+ myocardial
cells in the AV myocardium. The yellow arrowhead points to a BrdU+ epicardial cell. (D) A bar graph representing the proliferation rate, based
on BrdU incorporation in the myocardium (myocard) of the left ventricle and in the epicardium (epicard) at the right and left side of the AV canal.
avc, AV canal; mv, mitral valve; sm, sulcus mesenchyme; LAVC, left AV canal; RAVC, right AV canal. Original magnification, x10 (A and C).

In the Tbx2/- fetus, the compact AV node (hyperpolarization-
activated cyclic nucleotide-gated channel 4 [Hcn4] positive) and
AV bundle (Cx40 positive) were not affected (Figure 1, C and D)
and were not in contact with the aberrantly formed Cx40-positive
(and Cx43-positive) myocardial connection. 3D reconstructions
of E17.5 wild-type and Thx27~ fetuses (Figure 1B) show the Cx40-
positive pathway in the Thx2-/- fetus that is not connected to the
AV conduction axis (Figure 1B).
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To assess whether the patterns of Tbx2 and Cx40 are conserved in
humans, we analyzed the expression of these proteins in a human fetus
at Carnegie stage 14 (comparable to mouse E11.5). As in mice, TBX2
and TBX3 were expressed in the AV canal myocardium, whereas CX40
was strictly absent from the AV canal myocardium but expressed in
the atrial and ventricular myocardium (Supplemental Figure 2).

Next, we investigated the formation of the annulus fibrosus in
Tbx2-/- embryos. In wild-type embryos at E14.5, when annulus
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fibrosus formation is in progress, a narrow myocardial AV junc-
tion connected the atria with the ventricles. At E17.5, the atria
and ventricles were almost completely separated by the annulus
fibrosus, although many small myocardial connections were still
observed. However, in Tbx27/- animals at E17.5, a myocardial con-
nection in the left AV junction was formed. The size and morphol-
ogy of the connection varied between animals (Figure 2, A and B).
Nonmyocardial cells intermingled with the persisting myocardial
connection but did not form a complete separation. The right AV
junction developed normally.

In Tbx2/- animals, the sulcus mesenchyme is normally formed
at the right side of the AV canal, while it is not formed at the left
side. The proliferation rate of the epicardial sulcus was found to be
similar between wild-type (0.36 + 0.019 fraction of epicardial cells
positive for BrdU) and Tbx2-/- animals (0.38 + 0.036 fraction of
epicardial cells positive for BrdU) (Figure 2, C and D). Previously,
we established an increased proliferation rate in the left AV canal
of Thx27/~ animals at E9.5 (18). At E11.5, the epicardial side of the
left AV canal myocardium of the Thx2-/- animals had an increased
proliferation profile compared with that of the wild-type animals
(Figure 2C). Neither wild-type (n = 3) nor Tbx27/~ embryos (n = 3)
showed apoptosis in the right AV junction myocardium and epi-
cardium at E11.5 (data not shown). These data suggest that the
annulus fibrosus is malformed due to altered migration or dys-
morphogenesis of the sulcus mesenchyme.

Preexcitation of the ventricles and retrograde activation of the atria in
Tbx27/~ mice. In all E14.5 wild-type (n = 5) and Tbx2"~ fetuses (n = 6),
the left ventricle was activated from apex to base within 2 ms,
after an AV delay of 67 + 18 ms during sinus rhythm. However, we
observed a functional accessory pathway in 6 out of 14 Tbx27~ fetus-
es. Five out of fourteen Thx27~ fetuses showed retrograde activation
of the atria after a normal AV delay. In 1 out of 14 Thx27~ fetuses, we
observed that the ventricular myocardium was completely activated
via the accessory pathway during sinus rhythm, after an AV delay
of only 8 ms (Figure 3 and Supplemental Videos 1-3). The location
of the earliest ventricular activation coincided with the location of
the accessory pathway, as shown in the 3D reconstruction (Figure
1B). The ventricular activation pattern and total excitation time of
the atria and ventricles (Figure 3) indicated that the AV conduction
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Figure 3

Typical example of an activation pattern in a wild-type
and Tbx2-- hearts at E14.5. In the wild-type heart, acti-
vation starts in the atria, and after a delay of 50 ms the
ventricles are activated within 3 ms after the first moment
of activation of the apex of the left ventricle. In the middle
panel, an activation pattern of a Tbx2-- heart is shown.
The activation starts in the atria, and after a normal AV
delay, the ventricles are activated from apex to base,
after which the atria are activated for the second time via
the left side. The right panel shows an example of ven-
tricular preexcitation in a Tbx2-- heart. The activation
starts in the atria, after which the base of the left ventri-
cle is activated with an AV delay of 8 ms. Complete acti-
vation of both the left and right ventricle is within 15 ms.
Original magnification, x5.

axis (AV node and bundle) was not involved in activation of the ven-
tricular myocardium in this heart. Nevertheless, the AV conduction
axis appeared to be intact, because this heart also showed periods of
normal AV conduction in which the ventricular myocardium was
activated from the apex to base, with an AV delay of 51 ms.

At E17.5, the average AV conduction delay in wild-type (n = 5) and
heterozygous (# = 6) mice was not significantly different (72 + 1.3 ms
and 56.1 + 4.7 ms, respectively). In 6 out of 13 of the Thx2/- fetuses, we
found a functional, conducting accessory pathway (Table 1). One of
these fetuses showed complete activation of the ventricle via the acces-
sory pathway during sinus rhythm, with an AV delay of 8.5 ms, and 5
fetuses showed normal activation of the ventricles with subsequently
retrograde activation of the left atrium. During ventricular stimula-
tion, the ventricle to atrium conduction delay was 16.5 = 5.5 ms in
Tbx2-/- fetuses and 92 + 48 ms in wild-type fetuses (P < 0.05). We tested
whether delaying AV nodal conduction would reveal concealed path-
ways. However, administration of adenosine did result in AV block,
suggesting absence of functional accessory pathway (n = 3).

The AV canal-specific gene program, including Cx30.2 expression, is not
affected in Tbx2/~ fetuses. Although all the Thx2-/- fetuses examined
formed left-sided AV connections expressing working myocardial
genes and had a malformed annulus fibrosus, only a subpopula-
tion of the Thx2"/- fetuses showed a conducting accessory pathway.
A possible explanation for the discrepancy is that intrinsic factors
in the myocardium that are independent of Thx2 influence con-
duction in the AV junction. Cx30.2 is a connexin subunit with low
conductance, which is expressed in the AV node where it deceler-
ates conduction (28), and depends on Gata factors and TbxS5 for its
expression in the AV canal (24). Coimmunostaining for Cx40 and
Cx30.2 revealed that Cx30.2 was expressed in the AV canal myo-
cardium of the fetal heart complementary to Cx40 (Figure 2A). In
Tbx27/- hearts, Cx30.2 remained expressed in the AV junction that
now ectopically coexpressed Cx40. Expression of AV canal-specific
genes, Hend, calcium channel, voltage-dependent, o 2/8 subunit 2
(Cacna2d2), calcium channel, voltage-dependent, T type, o 1G sub-
unit (Cacnalg) (Cav3.1), and inhibitor of DNA binding 2 (Id2), was
also maintained in the malformed left AV canal of Tbx27~ fetuses
(Figure 4). Our findings indicate that regulation of these AV canal
genes, including Cx30.2, is independent of Tbx2.
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Table 1
Presence of a functional accessory pathway in mice

enchyme of the AV cushions (32, 33).
However, lineage analyses revealed that
the annulus fibrosus did not receive the

E14.5 E17.5 Adult contributions of these cells (ref. 32 and

FVB/N Wild type 0(n=6) 0(n=5) 0(n=5) data not shown). Wnt1-Cre labels all the
Thx2+- 0(n=8) 0(n=6) - neural crest, including the innervations

Tbx2" 1(n=6) 6 (n=13) - of the heart (30). WntI-Cre-derived cel-

Mixed FVB/N:C57BL/6 Thx2--Cx30.2++ 5(n=8) _ - lular contributions to the AV canal
Tbx2--0x30.2+'acZ 6 (n=9) - - region are very limited (30, 32). In all

Thx2--Cx30.2tacz/acz 7(n=11) - - 3 lines examined, the AV canal myo-

FVB/N Myh6-CreThx2+" _ _ 0(n=5) cardium was normally patterned, and
Myh6-CreTbx2vi - - 7(n=7) the sulcus mesenchyme, the precursor

To test whether maintained Cx30.2 expression contributed to
the AV delay in mutants, we generated double mutants for Thx2
and Cx30.2 by intercrossing Tbx2"¢Cx30.2"/1Z transgenic mice.
AV conduction time and activation pattern were assessed by opti-
cal mapping of fetal hearts at E14.5 (n = 11). The fraction of Thx2
mutants with functional bundles was not affected by the presence
or absence of Cx30.2 (Table 1).

Myocardinm-specific inactivation of Tbx2 results in accessory pathways
and defective annulus fibrosus formation. Tbx2 is expressed in the AV
canal myocardium and in the AV cushion mesenchyme, which is
implicated in annulus fibrosus formation (29). Furthermore, Thx2
is expressed in the neural crest, which has been associated with
the formation of the conduction system (30), in the second heart
field, and in the dorsal mesenchymal protrusion-derived cells that
contribute to the AV septation process (31). We assessed the func-
tion of Thx2 in these different cell lineages by inactivating Tbx2,
specifically in endocardium and derived cushion mesenchyme,
the neural crest, or the second heart field and dorsal mesenchymal
protrusion-derived cells by crossing Tbx2/' mice with the Tie2-
CreTbx2"/f, Wnt1-CreTbx2"f, or Mef2c-AHF-CreTbx2"f mice. Tie2-
Cre recombines all endothelia, endocardium, and derived mes-

Figure 4

Genes typical for the AV canal and genes typi-
cal for the working myocardium are simultane-
ously expressed in the left side of the AV canal
of Thx2--fetuses. In situ hybridization analyses
in sections of (A and B) wild-type fetuses and
(C and D) Myh6-CreTbx2"f fetuses. B and D
show higher magnification images of the areas
within the black squares in A and C, respec-
tively. (A and C) cTnl labels the myocardium.
(B) In wild-type fetuses, the AV canal myo-
cardium (black arrowheads) did not express
Cx40 and Scn5a (also known as Nav1.5),
genes associated with fast conduction. The AV
canal myocardium did express typical AV canal
genes associated with slow conduction (Cac-
nalg and Cacna2d?2), automaticity (Hcn4),
and AV conduction system maturation (/d2).
(D) In Tbx2-- fetuses, Cx40 and Scnba are
ectopically expressed in the left AV canal myo-
cardium. The AV canal—-specific genes are still
expressed and even found in the left ventricular
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of the annulus fibrosus, was normally

formed (Supplemental Figure 3). Tie2-

CreTbx2!" and Mef2c-AHF-CreTbx2Vf!
mice were viable, and AV conduction was not altered in adult mice
(data not shown). Wnt1-CreTbx2f mice died at birth due to cleft
palate and were measured at E17.5. Also, in these mutants, AV
conduction was not altered (data not shown).

Next, Thx2 was specifically inactivated in the myocardium by
crossing Thx2f mice with Myh6-CreTbx2"/ mice. At E10.5, Tbx2
protein was not found in the AV canal myocardium of Myh6-
CreTbx2/ff mutants but was still observed in the AV cushions
(Supplemental Figure 4A). The left AV junction ectopically
expressed Cx40, whereas Tbx3 was still expressed robustly at the
luminal side of the left AV canal (Supplemental Figure 4A). The
cardiac phenotype of Myh6-CreTbx2//fl mice and Thx2~/~ mice is
similar. To study annulus fibrosus formation, we assessed the
patterning of the epicardial cells in the Myh6-CreTbx2V/ mice at
E12.5 by examining markers that are expressed in the epicardial
cells and in the epicardial derived sulcus mesenchyme, which
include periostin (Postn), collagen, type III, o 1 (Col3al), Tbx18,
and Wilms tumor 1 homolog (WtI). In E12.5 wild-type hearts,
annulus fibrosus formation was ongoing. In the AV sulcus,
epicardial-derived mesenchymal cells were found that express
Postn, Col3al, and Wtl. In Myh6-CreTbx2/Vf! fetuses, the sulcus
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Absence of Tbx2 in the AV canal myocardium leads to absence of epicardial derived mesenchyme and abnormal epicardial patterning. (A) In
situ hybridization analyses of E12.5 Tbx2/f and Myh6-CreTbx2f embryos. When Tbx2 is inactivated within the myocardium Cx40 is ectopically
expressed in the shortened and broadened AV canal myocardium. Furthermore, the accumulation of epicardial derived mesenchyme in the left
AV sulcus is lost (black arrowheads). Dashed lines depict the contours of the myocardium (cTnl+) and epicardial sulcus (cTnl-) in the AV region.
(B) Tbx2 in the AV canal myocardium is required for correct patterning of the epicardium and the accumulation of epicardial derived mesenchyme
in the AV sulcus. In situ hybridization analyses of E12.5 Tbx2%" and Myh6-CreTbx2"" embryos is shown. In Thx2f embryos, the epicardium
derived mesenchyme accumulates specifically in the AV sulcus and invaginates in between the atria and ventricles. Col3a71 (Coll3), Tbx18, and
Wt1 are expressed in the epicardium and epicardial derived mesenchyme that also expressed Postn (Pstn). In the Myh6-CreTbx27" embryos,
the epicardial derived mesenchyme fails to accumulate in the AV sulcus, and the examined genes are aberrantly expressed (red arrowheads).

Original magnification, x10 (A and B).

mesenchyme at the left AV junction was not formed (Figure SA).
Furthermore, Col341 and W1 expression was decreased in the
AV sulcus and Tbx18 expression appeared diminished (Figure
5B). This indicates that Tbx2 function in the AV myocardium
influences the formation of AV sulcus mesenchyme and that the
formation of the annulus fibrosus is not properly initiated.
Myh6-CreTbx2"f" animals survived after birth at lower fre-
quency than expected on the basis of Mendelian inheritance
(P <0.05, Table 1). This could be due to variations in the degree
of recombination of Thx2 or in viability. However, recombination
by Myh6-Cre in the AV canal is complete by E10.5 (32), and a frac-
tion of the Thx27~ mice also survived until late fetal stages, sug-
gesting that the survival of the Myh6-CreTbx2/f! animals can be
attributed to variability in phenotype. All adult Myh6-CreTbx2V1
animals studied (# = 7) had persisting myocardial strands
that connected the left atrium with the left ventricle and that
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expressed Cx40 and Cx43 (Figure 6]). The myocardial connec-
tions varied in size from small strands to a relatively thick con-
nection. More importantly, the accessory connection were always
found at the left and caudal side of the AV junction and did not
affect the compact AV node nor AV bundle (Figure 6, A-G). In
both wild-type and Myh6-CreTbx2¥f mice, Cx30.2 expression was
no longer detectable in the AV junction but was detectable in the
AV node (Supplemental Figure 4B).

ECG recordings revealed that 4 out of 8 mice with myocar-
dium-specific inactivation of Thx2 had a normal PR interval
(34.6 + 4.0 ms) (Table 2). The other 4 mice showed a severely
shortened PR interval, with a broadened QRS complex and ini-
tial slurring consistent with preexcitation (Figure 6H). The total
activation time of the atria and ventricles with preexcitation is
less than the normal AV delay. Therefore, the AV node and AV
bundle complex are not used to activate (part of) the ventricle.
Number 2
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Hence, these QRS complexes are not a representation of a fusion of
normal activation and preexcitation via the accessory bundle. We
therefore prefer not to describe this initial deflection as a delta wave.

Optical mapping of adult Myh6-CreTbx2/Vf! hearts in a Langen-
dorff setup showed that the ventricular myocardium was com-
pletely activated during preexcitation, without the involvement of
the AV nodal conduction axis (Figure 6I). Furthermore, all Myh6-
CreTbx2/ adult hearts that were investigated showed a shorter AV
delay than that in wild-type hearts (13 + 2 ms vs. 52.4 + 8.9 ms). In
some hearts, atrial echo beats could be induced after premature
stimulation (Supplemental Figure 5). Arrhythmias could not be
induced in any of the adult Myh6-CreTbx2/ mice. Administration
of sodium channel blocker ajmaline converted ventricular preex-
citation into normal AV conduction (n = 3).

Discussion

In this study we show that global and myocardium-specific inac-
tivation of Thx2 causes formation of accessory AV bundles and
preexcitation of the ventricles. The importance of our findings
is that erroneous patterning in part of the embryonic AV canal
myocardium can be the primary event in the formation of acces-
sory pathways, leading to preexcitation and to malformation of
the insulating annulus fibrosus.

The cardiac Tbx2 mutant provides a paradigm for the developmental
mechanisms that can lead to accessory pathways. Both Thx2 mutant mice
and patients with preexcitation have myocardial accessory pathways
that express Cx43 (34). Therefore, we propose that the formation of
a fast-conducting muscular connection between the atrium and the
ventricle that bypasses the AV conduction axis in the Thx2 mutants
and in patients with preexcitation can share a similar underlying
developmental mechanism. However, the phenotypic outcome of
these pathways differs between mice and human.

First, there is an essential difference between preexcitation in
patients and preexcitation in mouse models. In contrast to patients
with preexcitation, in which a delta wave is often seen, mouse
models with preexcitation show activation patterns that indicate
complete activation of the ventricle without involvement of the AV
conduction system (35-40). In mice the AV delay is relatively long
compared with the total activation time of the ventricles. Therefore,
a fusion complex, as seen in humans, is less likely to occur, espe-
cially when conduction via an accessory pathway is fast. Indeed, in
our model, the sum of the activation delay in the accessory path-
way and the total ventricular activation time was shorter than the
normal AV delay. These data indicate that in mice the ventricle is
completely activated through the accessory pathways.

Second, in mice the AV node has a relatively long refractory peri-
od compared with the conduction time along the reentrant circuit.
Therefore, it is difficult to induce AV nodal reentrant tachycardia
in mice. However, we were able to induce an atrial echo beat via
administration of a sodium channel blocker (Ajmaline) (Supple-
mental Figure 5).

Third, the pathways in Thx2 mutants were variable in size and
always located at the left-posterior (caudal) side of the AV junc-
tion. In patients with preexcitation, the pathways are often rela-
tively smaller and can be located at any position in the AV junction,
although there is a preference for the left and posterior location as
well (41). In addition, the accessory bundles in humans are at the
epicardial side of the annulus fibrosus.

Taken together, although the physiological outcome differs
between patients with preexcitation and Thx2 mutant mice, we
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conclude that the underlying developmental mechanisms of
accessory pathway formation are similar, making the Thbx2 mutant
model a valuable tool to study and understand these molecular
mechanisms of accessory bundle formation.

Although an accessory connection was formed in all Tbhx2-/-
fetuses that expressed Cx40, Cx43, and ScnSa, not all Thx2-/- fetus-
es had a conducting accessory pathway (Table 1). We hypothesized
that other AV-specific genes may have modulated accessory path-
way formation. However, the presence or absence of Cx30.2 did
not influence the percentage of mutant fetuses with functional
accessory pathways (Table 1). Alternatively, the size and fiber direc-
tion of the accessory bundle may vary between mutants. This can
affect conduction through these accessory pathway through a
mechanism known as current-to-load mismatch, in which small
myocardial strands are not able to activate a large myocardial area
(42). Indeed, upon blocking the sodium current, we enhanced
the intrinsic current-to-load mismatch and were able to convert
preexcitation into retrograde atrial activation or even normal AV
conduction in the adult Myh6-CreTbx2# mice. This indicates that
variations in the occurrence of current-to-load mismatch deter-
mine whether an accessory pathway causes preexcitation or not.

Developmental mechanisms of AV accessory pathway formation. Sev-
eral mechanisms for accessory pathway formation have been put
forward and discussed previously (43): (a) malformation of the
annulus fibrosis (6-9), (b) acquired during fetal or postnatal life
(29), and (c) misregulation of AV canal myocardium. Our study
supports the latter explanation for the formation of functional
accessory pathways.

During development, the AV canal provides an adequate AV
delay to allow synchronized alternating contraction of the atria
and ventricles (10). Remnant strands of this myocardium have
still been observed in normal hearts around and after birth (11).
Furthermore, in the adult heart, after formation of the annulus
fibrosus has been completed, slow-conducting AV canal-type myo-
cardium remains present around the orifices of the mitral and tri-
cuspid valve (12-14). Defects in the annulus fibrosus alone may
therefore not automatically lead to preexcitation. Our study helps
to reconcile these observations. Myocardium-specific inactivation
of Thx2 caused erroneous gene expression and morphogenesis of
part of the embryonic AV canal. As a result, AV myocardium was
malformed and acquired fast-conducting properties, and annulus
fibrosus formation was affected, which led to preexcitation. The
myocardial pathways were seen to develop mainly at the epicardial
side, whereas the medial/endocardial side was largely unaffected,
likely due to the redundant function of Tbx3, a functional homo-
log of Tbx2 (Supplemental Figure 1A) (18).

The malformation of the annulus fibrosus can be caused by
disturbed epicardial ingression (29) at the level of the AV sulcus,
due to dysmorphogenesis of the AV canal myocardium in Tbx2
mutants. On the other hand, the epicardium-derived mesenchymal
material, which is formed before ingression, was not formed at the
left side in myocardium-specific Tbx2 mutants. Furthermore, the
patterning of the epicardium was disrupted, as shown by altered
expression of marker genes. These findings indicate the existence
of a Thx2-dependent signal in the AV canal myocardium that is
involved in the formation of the annulus fibrosus.

Disruption of the AV canal regulatory network underlies accessory
bundle formation. Our study indicates that disturbed AV canal
development is linked with formation of accessory pathways
and preexcitation. Several genes have been implicated in AV
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Figure 6

Myocardial specific deletion of Tbx2 leads to formation of accessory pathways that express Cx43 and causes ventricular preexcitation without
involvement of the AV conduction axis. (A—D) Images of sections, stained via the classical Masson-trichome protocol, of a representative adult
Myh6-CreTbx2%% animal. The location of each section is shown in the schematic representation in E. (E) The affected area is always located at
the left and caudal side of the AV junction, while the AV conduction axis remains intact. F and G show higher magnification images of the areas
within the black squares in C and D, respectively. (H) The ECG shows ventricular preexcitation in a Myh6-CreTbx2f mouse and normal AV
delay in a wild-type mouse (top). Note that the AV delay in the wild-type mouse is longer than the total activation time in the Myh6-CreTbx2
mouse. (I) Reconstructed activation pattern of a representative wild-type mouse (top) and Myh6-CreTbx2%# adult mouse. In the wild-type mouse,
after an AV delay of 34 ms, the ventricle is activated from apex to base. In the Myh6-CreTbx2f mouse, the ventricle is activated from base to
apex after an AV delay of 9 ms. (J) Immunohistochemical analyses of serial sections in Tbx277 and Myh6-Cre Tbx2" hearts. In Myh6-Cre Tbx21
hearts, Cx43 is expressed in the accessory myocardial connection. vs, ventricular septum; avr, AV ring; ine, inferior nodal extension. Original
magnification, x2.5 (A-D); x5 (F and G); x1 (I); x5 (J).
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Table 2
ECG characteristics of adult mice

Wild type Myh6-CreThx2"1
Normal Preexcitation
(l1=4) (Il=4) (l1=4)

HR (bpm) 459 + 63.5 426.9 + 491 435.3+234
PR (ms) 329+1.0 346+4.0 9.2+0.47
QRS (ms) 10.1£1.1 10.1£0.7 17.2 £ 4.47
QT (ms) 42.7+15.0 48.3+15.0 51.0+13.6
QTc (ms) 36.7+11.7 406 +3.1 393112

HR, heart rate. AP < 0.05.

canal development. Bmp2-mediated signaling, essential for
AV canal specification, can be detected as early as E8 in the
precursors of the AV canal (15, 44). Here, it activates Tbx2,
which subsequently, in concert with Thx3 and Msx2, sup-
presses chamber-specific gene expression and proliferation
(16-18, 21, 45). Notch activity and Heyl/Hey2 (also known as
Hesr1/Hesr2) in the adjacent developing chamber myocardium
restrict the Bmp2/Tbx2 pathway to the developing AV canal
(19, 20). Other components that have been implicated in AV
canal (AV node) development include Nkx2.5, Tbx20, TbxS,
Gata4, and Foxn4 (23-27, 46, 47). We propose that genetic or
epigenetic mechanisms and environmental factors that affect
these and other components of the regulatory network for
AV canal development may cause dysmorphogenesis of the
AV canal myocardium, acquisition of fast-conducting prop-
erties, and malformation of the annulus fibrosus (Figure 7).
Consistently, microdeletions of BMP2 and Notch ligand, JAG-
GED1, have been associated with ventricular preexcitation as
part of a syndrome of congenital defects (48, 49). Furthermore,
deletion of the Alk3 receptor (Bmprla, activated by, among oth-
ers, Bmp2) in the AV canal myocardium in mice results in acces-
sory pathways and AV nodal defects (7, 38).

Mutations in LAMP2 (50, 51) and PRKAG2 (35, 52) are linked
to the formation of accessory pathways. In these glycogen stor-
age diseases, it has been proposed that glycogen toxicity causes
annulus fibrosus thinning that underlies formation of accessory
pathways (35, 52). However, in a cardiomyocyte-specific over-
expression model of mutated PRKAG, accessory pathways only

developed when the mutated PRKAG was overexpressed dur-
ing development. When overexpression started in adulthood,
glycogen storage disease and conduction system degeneration
occurred but accessory pathways did not develop, suggesting
that PRKAG may play a role in AV canal development (36, 37).
Nevertheless, there is not an apparent link between PRKAG and
the AV canal regulatory network.

Methods

Transgenic mice

The Thx2vm11(ere)Vme (also known as Thx2 and Tbx2"), Tbx22, Myh6-Cre,
Tie2-Cre, Wnt1-Cre, and Cx30.2" alleles have been described previously
(18, 28, 33, 53-55). All mice were held on the FVB/N background,
except for Cx30.21+% mice, which were held on the C57BL/6 back-
ground. Experiments with Thx2¢%/*Cx30.2L?/* double transgenic mice
were performed in mixed FVB/N;C57BL/6 background. Animal experi-
ments were performed in agreement with national and institutional
guidelines and have been approved by the local Animal Experiments

Committee, Academic Medical Center.

Human embryos

Human embryos were collected from medically induced abortions per-
formed for various reasons at the Gynaecology Department of the Tartu
University Hospital, Tartu, Estonia. Collection and use of the human
embryonic material for research presented here were approved by the Med-
ical Ethics Committees of the University of Tartu and the University of
Amsterdam. Subsequent processing has been described previously (56).

BrdU assay

Pregnant female mice were injected intraperitoneally with 50 mg BrdU/kg
body weight (B5002, Sigma-Aldrich) dissolved in 0.9% NaCl. After 1
hour of BrdU exposure, the mice were killed by cervical dislocation.
The embryos were isolated on ice-cold PBS and further processed for
immunohistochemistry.

Immunobistochemistry and in situ hybridization

Embryos were fixed in 4% formaldehyde, embedded in paraplast, and
sectioned at 7-8 um for immunohistochemistry and 10-14 um for in
situ hybridization. In situ hybridization was performed according to a
previously described method (57). Probes have been described previously
(18, 58-60). Rehydration, unmasking, blocking, and washing steps were

Cx30.2
Thx5 —>» Hcn4 —» AV gene expression
Gatad .  Cacnalg (AV delay?)
b Cx40
Bmp2 —» Alk3 —» Thx2 } Cx43 —» AV-delay
Scn5a
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Notch Morohol
Hey AV myocardial orphology
gene regulation ? l
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Epicarc!ial'_> fibrosis =% AV insulation
properties formation

Figure 7

Model of the transcriptional regulatory network in the AV canal myocardium that depends on Tbx2 for correct patterning of the AV canal myocar

dium, formation of the annulus fibrosus, and generation of AV delay.
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performed according to the protocol of the tetramethylrhodamide-based
amplification kit (PerkinElmer). Primary antibodies used for mouse sec-
tions were as follows: cardiac troponin I (¢Tnl) rabbit polyclonal (1:250;
Hytest Ltd.); Tbx3 goat polyclonal (1:500; Santa Cruz Biotechnology Inc.);
Cx40 mouse monoclonal (1:250; US Biological); Cx43 mouse monoclonal
(1:250; BD Transduction Laboratories); ScnSa rabbit polyclonal (1:250;
Alemone Labs); Nkx2.5 goat polyclonal (1:250; Santa Cruz Biotechnol-
ogy Inc.); Hen4 goat polyclonal (1:250; Santa Cruz Biotechnology Inc.);
BrdU rat polyclonal (1:600; AbD Serotec), and Cx30.2 rabbit polyclonal
(1:200; gift from Klaus Willecke, Institut fuer Genetik, Rheinische Fried-
richs-Wilhelm-Universitaet, Bonn, Germany). For apoptosis detection, we
used the Cleaved Caspase-3 antibody (rabbit polyclonal, 1:250; Cell Sig-
naling Technology). Primary antibodies used for human sections were as
follows: Tbx2 mouse monoclonal (1:100; gift from Colin Goding, Ludwig
Institute for Cancer Research, Oxford University, Oxford, United King-
dom), TBX3 goat polyclonal (1:250; Santa Cruz Biotechnology Inc.), and
CX40 rabbit polyclonal (1:250; Santa Cruz Biotechnology Inc.). Secondary
antibodies when using amplification were as follows: Biotinylated donkey
anti-goat (1:250; Jackson ImmunoResearch Inc.), biotinylated goat anti-
rabbit (1:250; DAKO), and biotinylated goat anti-mouse (1:250; DAKO).
For visualization without the amplification step, secondary antibodies
coupled to an Alexa Fluor fluorescent (1:250; Invitrogen) were used.

3D reconstruction
Image acquisition, processing, and subsequent 3D reconstruction was per-
formed according to a previously described method (61). Serial sections were

stained for ¢Tnl (labeling all cardiomyocytes) and Cx40 and reconstructed.

Preparation of the hearts and recording of electrograms and optical
action potentials

Adult bearts. ECGs were recorded for a period of 5§ minutes during 1.5%
isoflurane anesthesia. Signals were averaged, after which RR, PQ, QRS, QT,
and QTc were calculated.

For the local recordings, mice were anesthetized by an intraperitoneal injec-
tion of pentobarbital, after which the heart was excised, cannulated, mounted
on a Langendorff perfusion setup, and perfused at 37°C with Tyrode’s solu-
tion (128 mmol/1 NaCl, 4.7 mmol/l KCl, 1.45 mmol/I CaCl,, 0.6 mmol/l
MgCl,, 27 mmol/l NaHCOs3, 0.4 mmol/l NaH,PO4, and 11 mmol/I glucose
[pH maintained at 7.4 by equilibration with a mixture 0of 95% O, and 5% CO,)).

—

.Munger TM, et al. A population study of the natu-
ral history of Wolff-Parkinson-White syndrome in

dias. Circulation. 2008;117(22):2850-2858.
7. Stroud DM, et al. Abnormal conduction and morphol-

research article

After that, the hearts were incubated in 10 ml Tyrode’s solution containing
15 uM Di-4 ANEPPS and subsequently placed in a optical mapping setup. Exci-
tation light was provided by a 5-watt power LED (filtered 510 + 20 nm). Fluo-
rescence (filtered >610 nm) was transmitted through a tandem lens system on
CMOS sensor (100 x 100 elements; MICAM Ultima). Activation patterns were
measured during sinus rhythm and ventricular and atrial pacing at a basic
cycle length of 120 ms (twice the diastolic stimulation threshold). The effective
refractory period of the AV node was determined by atrial pacing and reduc-
ing the coupling interval of a premature stimulus (after trains of 10 stimuli
at basic cycle length of 120 ms) in steps of 5 ms until activation of the ventricle
failed. Optical action potentials were analyzed with custom software.

Fetal hearts. Hearts were removed from the embryos and incubated for
5 minutes with Tyrode’s solution containing 5 uM Di-4 ANEPPS at 37°C.
After incubation, fetal hearts were superfused with Tyrode’s solution
and placed on the stage of a custom-made inverted microscope setup for
recording optical signals.

Statistics

Group comparisons were performed using ANOVA. Values are given as
mean + SEM. Genotype and phenotype frequencies were tested with a %?
test. A Pvalue of 0.05 was considered statistically significant.
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