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Navigational error in the heart leads to premature 
ventricular excitation 
Hiroshi Akazawa and Issei Komuro
Journal of Clinical Investigation. 2011 Feb 1;121(2):513-6 

In the normal heart, an insulating barrier separates the atria and ventricles. The only way in which 
electrical impulses can cross this barrier is via the atrioventricular (AV) node, which delays impulse 
conduction to ensure the forward fl ow of the blood. However, in some individuals, additional 
muscular bundles (accessory pathways) allow rapid conduction of electrical impulses from the atria 
to the ventricles, resulting in premature ventricular excitation and contraction. In this issue of the 
JCI, two independent research groups demonstrate that erroneous development of the embryonic 
AV canal, which performs a similar function to that of the adult AV node, is a novel mechanism by 
which accessory pathways can form.

Three-dimensional organization of the electrical conduction system allows the heart to 
generate rhythmic forward fl ow of the blood (Figure 1A). After triggering atrial contraction, the 
electrical impulses are delayed at the atrioventricular (AV) junction for an optimal period of time 
that allows the ventricles to fi ll up with blood before ventricular contraction is initiated. In adult 
hearts, this delay is attributable to slow conduction by specialized cardiomyocytes in the AV node. 
After this delay, the electrical impulses rapidly travel to the ventricular chamber myocardium via 
the His-Purkinje system and stimulate ventricular contraction. The AV node/His-bundle pathway 
is the only muscular connection between the atrial and ventricular chambers, which are electrically 
insulated from each other by the annulus fi brosus, a ring-like structure that consists of connective 
tissues impermeable to electrical propagation. 

Development of the AV conduction system involves a precisely coordinated process of 
cellular differentiation and multicellular morphogenesis. Therefore, even subtle perturbation 
of the developmental process can give rise to anatomical or functional defects of the cardiac 
conduction system and thereby causes serious arrhythmias. For example, in patients with Wolff-
Parkinson-White (WPW) syndrome, in addition to the AV node/His-Purkinje system pathway, 
extra electrically active muscular connections known as accessory pathways exist between the atria 
and ventricles. Electrical impulses travel via accessory pathways and induce earlier contraction 
of the ventricular myocardium (preexcitation) than do electrical impulses traveling via the AV 
node/His-Purkinje system. In this situation, antegrade AV nodal conduction may immediately 
trigger retrograde conduction through the accessory pathways and re-excite the atria, leading to 
initiation and perpetuation of reentrant tachycardia. Even more ominous is the rapid and preexcited 
ventricular response to atrial fi brillation in patients with WPW syndrome, which can precipitate 
life-threatening ventricular fi brillation. Despite the clinical importance of ventricular preexcitation, 
the underlying molecular mechanisms have not been well understood. In this issue of the JCI, two 
independent research groups report genetic approaches in mice that shed light on the mechanisms 
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for accessory pathway formation and ventricular preexcitation.1,2 Specifi cally, the data from both 
groups support the notion that missteps during development of the AV canal give rise to ventricular 
preexcitation.

Defective formation of the annulus fi brosus
Molecular insights into the mechanisms underlying ventricular preexcitation were not elucidated 
until a candidate gene for a familial form of WPW syndrome was identifi ed.3,4 In two unrelated 
families with WPW syndrome accompanied by hypertrophic cardiomyopathy, a dominant missense 
mutation (R302Q) was observed in the gene that encodes the g2 regulatory subunit of AMP-
activated protein kinase (AMPK), PRKAG2.3,4 Subsequent biochemical and histological studies 
indicated that PRKAG2 mutations affect the basal activity of AMPK, a “fuel gauge” participating 
in the regulation of energy homeostasis.5 Transgenic mice overexpressing human PRKAG2 with a 
WPW syndrome–causing mutation, such as R302Q or N488I, in the heart, showed cardiac glycogen 
storage and manifested ventricular hypertrophy and preexcitation.6,7 Strikingly, histopathology of 
the hearts revealed that the annulus fi brosus was disrupted by intercalation of glycogen-loaded 
cardiomyocytes. These studies have implicated disruption of the annulus fi brosus by cardiac 
glycogen accumulation as a cause of ventricular preexcitation in WPW syndrome associated with 
PRKAG2 mutations.

These data, indicating that intercalation of glycogen-loaded cardiomyocytes disrupts the 
annulus fi brosus in patients with a familial form of WPW syndrome associated with PRKAG2 
mutations, suggest that in other forms of WPW syndrome, the formation of accessory pathways may 
originate from failure of the annulus fi brosus to fully insulate the atrial and ventricular chambers. 
In the developing human heart, the sulcus tissue (located at the epicardial side) invaginates inward 
and fuses with the endocardial AV cushion, thereby creating the insulation between the atria and 
ventricles.8 A cluster of cells, termed epicardium-derived cells (EPDCs), migrates through the AV 
junctional myocardium to populate the endocardial AV cushion9 and surgical interruption of EPDC 
migration results in the production of broad bundles of accessory pathways and overt ventricular 
preexcitation in quail embryos.9 Collectively, the studies discussed here (in Defective formation of 
the annulus fi brosus) led to the hypothesis that defective formation of the annulus fi brosus was a 
possible mechanism underlying the formation of accessory pathways, but it remains unclear how 
annulus fi brosus malformation affects conductance of the accessory pathways. 

Embryonic remnants of the AV canal 
It is justifi able to presume that accessory pathways may form as a sequela of malformation of the 
cardiac conduction system at the AV junction. After the formation of the primitive heart tube during 
early embryonic development, the AV canal myocardium develops between the atrial and ventricular 
myocardium.10,11 The AV canal myocardium gives rise to several cardiac components, including the 
future AV valves, ventricular septum, outfl ow tract, and atrial part of the AV conduction axis.12 
In addition, because of its slow conduction property, AV canal myocardium, much like the AV 
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node in the adult, contributes to an effective delay between contraction of the atrium and ventricle 
during embryogenesis.13 While the continuity of the AV myocardium gradually disappears as 
formation of the annulus fi brosus progresses, remnant strands of AV myocardium are still observed 
morphologically, even in normal perinatal hearts of quails and humans.9,14 These remnant strands 
may lead to preexcitation and serve as a substrate for reentrant tachycardia affecting neonates, 
but shortly thereafter, most tachycardias resolve spontaneously, as the remnant strands lose their 
electrical conductivity.9,14 These morphological and electrophysiological observations raise the 
possibility that accessory pathways might be embryonic remnants derived from the AV canal that 
acquire fast conduction properties by some as yet undefi ned mechanisms. However, experimental 
evidence for this hypothesis has been lacking to date.

When navigation goes awry in the AV canal 
In this issue of the JCI, two independent research groups have provided experimental evidence 
in mice that ventricular preexcitation arises as a consequence of aberrant Notch signaling and 
T-box 2 transcription factor (Tbx2) function, both of which play a regulatory role in the normal 
patterning and functional maturation of the AV canal myocardium.1,2 The genetic blueprint for 
AV canal development is just emerging. During early gestation in the chick and mouse, the Notch 
and Hairy-related transcription factors are expressed in adjacent atrial and ventricular chamber 
myocardium and restrict expression of bone morphogenetic protein 2 (Bmp2) and Tbx2/3 to the AV 
canal myocardium.15,16 Tbx2 is a downstream target of the Bmp2 signaling pathway,17 and Tbx2 and 
Tbx3 are coexpressed and functionally redundant.10

In this issue of the JCI, Rentschler and colleagues demonstrate that inhibition of Notch 
signaling by transgenic expression of a truncated form of the protein mastermind-like (MAML) in 
the ventricular myocardium and AV canal results in hypomorphic formation of the AV node, with 
defective AV nodal delay in mice (Figure 1B and ref. 1). In contrast, activation of Notch signaling 
by transgenic expression of the Notch1 intracellular domain in ventricular myocardium and AV 
canal led to formation of epicardial and right-sided muscular accessory pathways and expansion 
of AV nodal tissue in postnatal mice (Figure 1C and ref. 1). As a result, Notch1-activated mice 
manifested ventricular preexcitation postnatally. Interestingly, the AV refractory period in Notch1-
activated mice was short, and they were predisposed to atrial tachycardia upon programmed 
electrical stimulation. Despite unchanged expression of Bmp2 in the AV canal, Notch1-activated 
embryos showed expansion of the Tbx3-expressing region in the AV canal over the boundary with 
ventricular myocardium.

Tbx2 represses growth and maturation of the atrial and ventricular chambers.10,11 Tbx2 
defi ciency results in ectopic expression of chamber-specifi c myocardial genes in the AV canal, 
malformation of the AV junction and base of the left ventricle.11,18 In this issue of the JCI, detailed 
analysis by Aanhaanen and colleagues revealed that Tbx2-defi cient mice on the mixed C57BL/6/129/
ICR background manifested ventricular preexcitation and formation of left-sided accessory 
pathways equipped with fast conduction property (Figure 1D and ref. 2). Ectopic expression of 
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Figure. Cardiac conduction in nor-
mal, Notch-inhibited, Notch1-activated, 
and Tbx2-defi cient mice. (A) In normal 
hearts, the electric impulses initiated by 
pacemaker cells in the sinoatrial (SA) 
node propagate through the atrial myo-
cardium and trigger its contraction. At 
the AV node, the impulses are delayed 
for a period to facilitate alternating 
contraction of the atrial and ventricu-
lar myocardium. After the AV delay, 
the electrical impulses rapidly travel 
to the ventricular myocardium via the 
HisPurkinje system and stimulate the 
ventricular myocardium. (B) In Notch-
inhibited hearts, the AV node is hypo-
plastic, and the PR interval on the ECG 
is shortened due to disruption of the AV 
nodal delay. (C) In Notch1-activated 
and (D) Tbx2-defi cient hearts, accessory 
pathways are formed as a result of mal-
formation of the AV canal myocardium. 
The accessory pathways are commonly 
right-sided in Notch1-activated mice 
and left-sided in Tbx2-defi cient mice. 
Because of faster conduction through 
the accessory pathways than through the 
AV node, the ventricular myocardium is 
prematurely stimulated (preexcitation). 
The ECG shows a short PR interval, a 
slurred upstroke (“delta wave”) of the 
QRS complex, and a widened QRS 
complex. 

high conductance gap junction and Na+ channel proteins in the left-sided AV canal contributed 
to fast conduction of the aberrant AV connections. In addition, myocardium at the epicardial side 
of the left AV canal was more proliferative, which may impede the inward migration of sulcus 
tissue and interrupt the formation of the annulus fi brosus. Since myocardium-specifi c inactivation 
of Tbx2 was suffi cient for the formation of accessory pathways, aberrant patterning of the AV 
canal as a consequence of Tbx2 inactivation leads to the formation of the accessory pathways and 
malformation of the annulus fi brosus. 

Ventricular preexcitation in mice and humans 
As discussed above, accessory pathways must be the remnant products of diverse genetic and 
environmental etiologies, causing malformation of the AV canal and interruption of the annulus 
fi brosus. An important observation in the study by Aanhaanen et al. is that Tbx2 function in the 
AV canal is coupled to annulus fi brosus formation.2 In addition to restricting growth of the AV 
canal and thus spatially allowing inward migration of the epicardial derived sulcus tissue, Tbx2 
was found to regulate normal patterning and maturation of the sulcus tissue, because the level of 
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expression of several EPDC markers, including Collagen 3a1, Wilms’ tumor 1 homolog, and Tbx18, 
was markedly decreased in myocardiumspecifi c Tbx2 mutant mice.2 It remains unknown how Tbx2 
in the AV canal controls gene expression and cellular function in sulcus tissue, and this will be an 
important issue for future investigation. Given that remnant strands of AV myocardium can still be 
observed in otherwise normal hearts of quails and humans,9,14  the presence of accessory pathways 
is not suffi cient to explain the pathogenesis of ventricular preexcitation. Although the level of 
expression of several genes related to fast conduction was increased in the accessory pathways of 
Tbx2-defi cient mice,2 a more comprehensive analysis of gene expression in the accessory pathways 
in these mice will provide clues as to how accessory pathways acquire their fast conduction property.

While Notch1-activated mice and Tbx2-defi cient mice share similar developmental defects, 
there are important differences in spatial and temporal patterns of accessory pathway formation. 
The accessory pathways in the Notch1-activated mice were most commonly epicardial and right-
sided, but left-sided connections and myocardial cuffi ng of the coronary veins were also observed.1 
Ventricular preexcitation was not recorded at birth but became apparent as the mice grew.1 In 
contrast, the accessory pathways in the Tbx2-defi cient mice were predominantly left-sided, possibly 
because of compensation for Tbx2 defi ciency by Tbx3 in the right-sided region of the AV canal.2 
Ventricular preexcitation was observed during late embryogenesis in myocardium-specifi c Tbx2-
defi cient mice.2 In humans, accessory pathways producing ventricular preexcitation are relatively 
smaller than those of Notch1-activated mice and Tbx2-defi cient mice and can be observed anywhere 
at the AV boundaries, but left-sided, right-sided, and septal connections are usually responsible for 
WPW syndrome.19 Ventricular  contraction is stimulated by electrical impulses both through the 
AV node and the accessory pathway in human WPW syndrome, but the ventricle is completely 
preexcited without the involvement of the AV nodal conduction in Notch1-activated mice and Tbx2-
defi cient mice. Although Notch1-activated mice and Tbx2-defi cient mice do not fully recapitulate 
the morphological and electrophysiological features of human WPW syndrome, they will be very 
helpful for enhancing understanding of the developmental mechanisms of accessory pathway 
formation that underlie ventricular preexcitation. 

Conclusions and perspective
The current reports by Rentschler et al. and Aanhaanen et al. clearly demonstrate that accessory 
pathway formation underlying ventricular preexcitation arises as a consequence of erroneous 
development of the AV canal myocardium. A hierarchical network of transcription factors, 
including Tbx2/3/5, Nkx2.5, Gata4, and Msx2, governs normal development of the AV canal under 
the regulation of Notch and Bmp signaling.10 Contrary to previous reports demonstrating that 
Notch signaling restricts Bmp2 and Tbx2/3 to the AV canal during early embryogenesis,15,16 the 
expression level of Bmp2 was unchanged in Notch1-activated mice.1 Our understanding of the 
pathophysiology of ventricular preexcitation will be broadened by further characterization of the 
genetic program for AV canal development.
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