Research article Development and disease 4107

The T-Box transcription factor Thx5 is required for the patterning
and maturation of the murine cardiac conduction system
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Summary

We report a critical role for the T-box transcription factor

Thx5 in development and maturation of the cardiac
conduction system. We find that Thx5is expressed
throughout the central conduction system, including the
atrioventricular bundle and bundle branch conduction

system. Thx5 haploinsufficiency in mice (Tbxdel),

a model of human Holt—-Oram syndrome, caused
distinct morphological and functional defects in the
atrioventricular and bundle branch conduction systems. In
the atrioventricular canal, Tbx5 haploinsufficiency caused
a maturation failure of conduction system morphology

haploinsufficiency caused patterning defects of both the left
and right ventricular bundle branches, including absence
or severe abnormalities of the right bundle branch.
Absence of the right bundle branch correlated with right-
bundle-branch block by ECG. Deficiencies in the gap
junction protein gene connexin 40 (Cx40), a downstream
target of Thx5, did not account for morphologic conduction
system defects in Thx&!* mice. We conclude that Thx3s
required for Cx40-independent patterning of the cardiac
conduction system, and suggest that the electrophysiologic
defects in Holt—Oram syndrome reflect a developmental

and function. Electrophysiologic testing of Tbx%!+ mice
suggested a specific atrioventricular node maturation
failure. In the ventricular conduction system, Thx5

abnormality of the conduction system.
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Introduction reported, in a study in which selectifg-galactosidase

The cardiac conduction system comprises a specialized sub§¥Pression in the cardiac conduction system was established
of myocardial cells essential for the coordinated contraction dfY Placing théacZ gene downstream of the potassium channel
the ‘multi-chambered vertebrate heart. Composed of th@INKpromoter (Kupershmidt et al., 1999; Kondo et al., 2003).
sinoatrial node, atrioventricular node, atrioventricular bundidn adult mice, Bgalactosidase expression from theK:lacZ
and ventricular bundle branches, the central cardiac conductiéfele (minkecZ") demarcates nuclei of cells in the mature
system and associated peripheral Purkinje fibers have distirfg@ntral conduction system, including the sinoatrial node, the
electrophysiological, morphological and transcriptiona|atr|oventr|cular node, the atrioventricular bundle and the right
profiles from the surrounding working myocardium (reviewedand left bundle branches, from the working myocardium.
by Moorman et al., 1998; Gourdie et al., 2003). While somén concert with in-vivo electrophysiologic techniques
genes involved in the biologic functions of the mature(Gehrmann and Berul, 200G)inKia°Z/* mice enable detailed
conduction system have been identified, few genes required farorphological and functional analyses of the mammalian
the pattern formation of the evolutionarily conserved structuréonduction system.
of the vertebrate cardiac conduction system, or for the We employed these tools to study the role of the
differentiation of the specialized cells that comprise thdranscription factor Tbx5 in the development of the cardiac
conduction system, are known (Nguyen-Tran et al., 2000jonduction system. Tbhx3elongs to the T-box gene family,
(reviewed by Cheng et al., 2003). the members of which share a highly conserved 180-amino-
A molecular marker of the conduction system has beeacid domain required for DNA binding (Herrmann et al.,
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1990; Muller and Herrmann 1997) (reviewed by Papaioannoanalyzed as 129 SV inbred. All protocols conformed to the
and Silver, 1998). Mutations in several human T-box geneAssociation for the Assessment and Accreditation of Laboratory
cause dominant disorders with a variety of developmentainimal Care and the Children’s Hospital Animal Care and Use
malformations (Bamshad et al., 1997; Merscher et al., 2001§0ommittee.

In humans, haploinsufficiency of functionally null TBX5 £~gg

mutations causes Holt—-Oram syndrome (Basson et al., 199¢; )
Li et al., 1997; Basson et al., 1999), manifest by Congenitiurface ECGs were recorded from unanesthetized¥ixtewborn

. i ice (n=14) and compared with those for littermate wild-type
heart defects, conduction-system abnormalities and uppefice (n=22). Surface ECG recordings and complete  in-vivo

limb deformities. Morphologic cardiac defects are mostlectrophysiological studies (EPS) were recorded from 14-week-old
commonly atrial septal defects of the secundum typeadult Tbx3%/+ mice (n=21) and compared with those for wild-type
although a range of structural abnormalities has been reportéttiermate mice 1§=13). Surface ECG recordings were also recorded
(Basson et al., 1997; Li et al., 1997, Basson et al., 1999fom 14-week-old adult Cx407 minKa°Z'* and Tbx8e!"/ minKaczi
Common electrophysiologic abnormalities found inmice (n=19) and compared with those for age-matched wild-type mice
Holt—-Oram syndrome include progressive atrioventriculafn=14)- o _
block, bundle-branch block and sick sinus syndrome (Basson Protocols for the surface ECG and in-vivo mouse electrophysiology
et aI' 1994). Some Holt-Oram syndrome patients hav%tUdieS are previously described (Berul et al., 1996; Maguire et al.,

lectrophvsiologic defects in the ab f structural h 00). Briefly, 6-limb ECGs with a right precordial lead were obtained
electropnysiologic detects in theé absence ot structural hegj ing 25-gauge subcutaneous electrodes in unanesthetized newborn

defects (Basson et al., 1994; Newbury-Ecob et al., 1996}ice. Adult mice were lightly anesthetized with pentobarbital (0.033
thereby suggesting a direct role for TBXShe conduction  mg/kg IP) and 6-limb lead ECGs with a right precordial lead were
system that is independent of this transcription factor'sbtained using 25-gauge subcutaneous electrodes. For in-vivo
function in cardiac septation. electrophysiology studies in adult mice, a jugular vein cutdown was
Mice lacking a functionalTbx5 allele (Tbx@'“) were performed and an octapolar 2-French electrode catheter (ClBer
constructed to understand howbx5 haploinsufficiency mouse-EP; NUMED, Inc.) was placed in the right atrium and ventricle
disturbs limb and cardiac development (Bruneau et al., 2001! nder electrogram guidance to confirm catheter position. Recording
Like Holt-Oram patients, adult TH&*+ mice were found to fatrir(])ventricularI bundle po}err:tia(ljs walsbconlfirmled by the preser:jce of
. ! : : triphasic signal on one of the distal bipole electrograms, and was
ha!"e atrial septal dEfeCtS. (ASDs), including ts.ecu.ndum. Ochomplished using simultaneous multielectrodes and persistent
primum A_SDs, and condl_Jctlon system abnormalities 'UCIUd'nQatheter manipulation (Maguire et al., 2000),
atrioventricular conduction delay. Molecular studies of
Tbx3e* mice identified atrial natriuretic facto(ANF) and  Electrophysiology study
connexin 40 Cx40; Gja5— Mouse Genome Informatics) as In-vivo electrophysiologic studies were performed in all adult mice
gene targets of this transcription factor: expression of &t  using standard pacing protocols to assess atrial and ventricular
Cx40is abrogated iTbx5*/* mice. Both ANFand Cx4Care  conduction, refractoriness and arrhythmia inducibility (Maguire et al.,
expressed in cells of the conduction system (Houweling et aR000; Berul et al., 2001). ECG channels were filtered between 0.5 and
2002; Coppen et al., 2003). Cx40 is localized at cellulag>0 Hz and intracardiac electrograms filtered between 5 and 400 Hz.
appositions called gap junctions, which function to prop(,i(‘:]‘,itélgnals were displayed on an oscilloscope and simultaneously

electrical impulses between cells. Cx40Il mice (Cx46/—) recorded through an A-D converter at a digitization rate of 2 kHz

h lectronhvsioloaic defect imilar Tox3e* mi (MacLab Systems, Inc.) for offline analysis. ECG intervals were
have electropnysiologic aetects simiiar X mice, measured in 6-limb leads and a right precordial lead by two
including atrioventricular block and bundle-branch b|°Ck-independent observers, blinded to genotype.

Taken together, previous work suggested @wat0deficiency

could account for conduction system diseastnix3'e/* mice  B-galactosidase ( /acZ) activity

and in Holt—Oram syndrome. Dissected hearts were fixed at 4°C in 4% paraformaldehyde in 0.1
To study the role of Thxf conduction system development, mol/L PBS (pH 7.4) for 1 hour. Following a PBS rinse, hearts were

we examined the expression of this transcription factor duringermeabilized in 0.01% sodium deoxycholate, 0.02% NP-40, and 2

the anatomical and functional maturation of the cardiatET”“OV't-1 'V'gtC|2 in O'lt moIGL_PBS for 3S|_m"t‘_Utes- ::?_”OW"I‘Q alPBS/ |
; ; ; : se, hearts were stained in permeabilization solution plus 1 mg/m
electrophysiologic system. We investigated the consequencggealy 5 mmollL potassium ferrocyanide. and 5 mmolL

of Tbx5 haploinsufficiency on central conduction SyStemferrocyanide at 37°C overnight. Hearts were washed at least three

function and morphology by analyzing WiId-tyﬂ'é)xB’e'“and times with PBS and post-fixed and stored in 4% paraformaldehyde
compound Thx5'e/*/minKiacZ* mice and Cx4@7/minKlaczi+ 4 /o P o p y

mice. We report specific developmental and functional

requirements for Thbx5in the atrioventricular node, In-situ hybridization

atrioventricular (His) bundle and bundle branches of thé&vhole-mount in-situ hybridization was performed as previously
conduction system. These findings idenfityx5 as a critical described (Bruneau et al., 2001). To insure probe access to the entire
transcription factor for the morphologic patterning andheart, the systemic and pulmonary veins were opened and the

electrophysiologic maturation of the mammalian conductioryéntricular apex was removed. In-situ hybridization was performed
on slide sections with the following modifications. Newborn hearts

system. were dissected, washed once in PBS, fixed overnight in 4%
paraformaldehyde in PBS and either stored at room temperature in
Materials and methods ethanol 70% or immediately paraffin embedded and sectioned. In-
) situ hybridization on paraffin wax tissue sectioned gind was
Animals performed using radioactive Thx&robe (Bruneau et al., 2001)

Creation of Tbx5 and Cx4Rnockout mice has been previously labeled with35S-UTP according to previously described protocol
described (Simon et al., 1998; Bruneau et al., 2001). All mice weréSibony et al., 1995).
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Fig. 1. Tbx5s expressed in the murine cardiac conduction
system. (A) Schematic representation of the atrioventricular
canal conduction system, showing the plane of dissection
(dashed line) and specimen orientation (arrow) for images
in (B,C). Atria were removed and the atrioventricular canal
was viewed from the superior/posterior. The
atrioventricular canal from newbominklacZ/+ (B) and
wild-type (C) mouse hearts. X-gal stainingnoinklacz/+
hearts (B) showed two rings of specialized conduction
cells, surrounding the tricuspid and mitral annulus. Scale
bar: 200 . Whole-mount in-situ hybridization with a
Tbhx5probe of wild-type hearts (C) demonstrated rings of
Tbx5 expression that overlagnK expression.

(D) Schematic representation of dissection of the
interventricular septum for images in (E-H). Sagital
sections of the muscular interventricular septum of
newborn minkecZ+ (E) and wild-type (F-H) mouse hearts.
A minKlacZ* heart (E) revealed-falactosidase activity in
the atrioventricular bundle (arrow), and the ventricular
bundle branches (arrowheads). Scale bart0In-situ
hybridization with arbx5probe in wild-type hearts (F)
demonstrated expression in the atrioventricular bundle
(arrow) and bundle branch (arrowheads) conduction
system. In-situ hybridization with a connexin 40 probe (G)
and ThxHrobe (H) in sequential sections from the same
wild-type heart demonstrates overlapping expression in the
atrioventricular bundle (arrow) and bundle branch
(arrowheads) conduction system.

in the atrioventricular canal (Fig. 1C). Tbx5
expression appeared to co-localize withinK
expression in both these rings (cf. Fig. 1B,C). No
expression was apparent in the atrioventricular valves.
To clarify the relationship between conduction and
Thx5-expressing cell$hx5expression was examined
at higher resolution in histologic sections. The
conduction system was identified by visualiziig

galactosidase activity in sections frominklacz/+
Results . : kb .

) ) . ) mouse hearts (Fig. 1E) or connexin 40 expression in sections
Thbx5 is expressed in the developing cardiac from wild-type mouse hearts (Fig. 1G). Connexin 40
conduction system expression was comparable to that previously described

The murine conduction system was visualized in micgCoppen et al., 2003). In newbaminkacZ* mouse hearts,-
heterozygous for the mink:laczllele (minKacZ/*) after  galactosidase activity was present in the atrioventricular bundle
staining cardiac tissue with X-gal to detgtpalactosidase (Fig. 1E, arrow) and bundle branch (arrowhead) conduction.
activity (Fig. 1A,B). HeterozygouminKiaZ* mice have no Thx5 expression was observed in the same structures of the
morphologic or physiologic abnormalities (Kuperschmidt etcentralized conduction system, including the atrioventricular
al., 1999) ang-galactosidase activity demarcates cells of thebundle in cross sections from wild-type hearts (Fig. 1F, arrow),
mature and developing conduction system. The atrioventriculand bundle branches (Fig. 1F, arrowheads). Connexin 40 and
junction was directly viewed after removing both atria (Fig.Tbx5 expression were assessed by in-situ hybridization on
1B) and two rings of staining were observed, one surroundinggrial sections from the same newborn wild-type heart (Fig.
the tricuspid annulus and the other surrounding the mitralG,H, arrow). These RNAs were observed in precisely the
annulus. This circumferential pattern is consistent with classisame locations in the atrioventricular bundle (Fig. 1G,H,
histological and more recent molecular descriptions of tharrow), and left bundle branch and right bundle branch (Fig.
developing atrioventricular conduction system in the vertebratéG,H, arrowheads). A higher level @bx5 expression was
heart (Wenink 1976; Wessels et al., 1992; Coppen et al., 1998bserved in the structures of the conduction system than in the
Davis et al., 2001). surrounding myocardium.

Tbx5 expression was assessed by whole-mount in-situ
hybridization in wild-type mouse hearts. Previous work Tbx5 haploinsufficiency prevents atrioventricular
demonstrating high levels of Tbe&pression in both atria and canal conduction system maturation
the left ventricle and low levels in the right ventricle wasGiven Thx5 expression in the central conduction system of
confirmed (data not shown) (Bruneau et al., 1999; Hatcher eewborn mice and ECG abnormalities Tbx3€/* mice
al., 2000). AbundantTbx5 expression was also observed in(Bruneau et al., 2001), we hypothesized that Tbx5
rings surrounding both the tricuspid annulus and mitral annulusaploinsufficiency  might affect conduction system
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Table 1. Conduction intervals from wild-type and
Thx5de-)mice

A,

A. Electrocardiology*

P-value
Newborn Adult (newborn:adult)
Wild-type PQ interval ~ 48.0+7.6 41.9+1.0 <0.001
Thx5del) PQ interval 50.7+5.8 49.1+4.6 <0.46
P-valué 0.38 <0.01
Wild-type QRS interval 9.8+1.5 13.7+£1.3 <0.01
Tbx39e#)QRS interval 12.7+2.6 16.5£1.0 <0.01
P-valué <0.001 <0.005
B. Electrophysiology?
Wild-type P-value
adult  Thx3del™) adult (wild-type:Thx§lel+))
AH interval 37.0£1.5 42.3+6.0 <0.001
HV interval 11.5£1.5 10.3£2.0 <0.69
P-wave duration 15.0+£1.1 15.9+2.5 <0.36

*PQ and QRS intervals were compared in newborn and adult wild-type and
Tbx3e!* mice. The PQ interval is not significantly different between newborn
Thx5'el+ and wild-type mice, but was significantly longer in adult PB%5
than in adult wild-type mice. Note that the PQ interval of wild-type mice
Fig. 2. Conduction system maturation failureTiox3'e/* mice. The shortens with age, whereas the PQ interval of T@x&nice fails to undergo
atrioventricular canal conduction system in e+ (A,B) and physiologic shortening in the postnatal period. The QRS interval is
Tbx5'e/*/minkiacZ/+ (C,D) hearts was studied in newborn (A,C) and ~significantly longer in both newborn and aditix5'*!* mice compared with
adult (B,D) mice. The atria were removed and the atrioventricular ~9¢-matched wild-type “f“ce)@ew) _
canal was viewed from the superior/posterior, with the tricuspid iW!Id-type PQ interval: xS ©PQ interval.
annulus on the right and the mitral annulus on the left. Rings of Wild-type QRS interval: ThXEEMQRS interval.

L . . . . 8The AH and HV interval anB-wave duration were compared in adult
specialized conduction cells observed in the atrioventricular canal ofyiig.type and Thx®!* mice. The HV interval and P-wave duration are not

newborn minkecZ* mouse hearts (A) matured into a well-defined significantly different between wild-type and TB®5 adult mice. However,
atrioventricular node (arrow) and atrioventricular bundle in adult  the AH interval is significantly longer in TH&* mice than in wild-type
minklacZ* mouse hearts (B). (A) Scale bar: 200.(B) Scale bar: adult mice.
800 pm. Rings of specialized conduction cells in the atrioventricular
canal of newborbx3e!*/minkacZ* mouse hearts (C) failed to
mature into a discrete atrioventricular node or atrioventricular bundigyersistence of galactosidase activity in both atrioventricular
in adult Tbx8/*/minka*2"* mouse hearts (D). Instead the neonatal  rings, which remarkably resembled the pattern observed in
pattern (rings of specialized conduction tissue) was maintained.  naarts from newborn mice (Fig. 2C).
Arrow denotes expected location of the atrioventricular node. To ascertain whether ThxBad functional, as well as
morphological, roles in atrioventricular conduction system
development. Hearts from compound heterozygtme3e*/ ~ maturation, we evaluated the consequences Tdix5
minKlacZ+ mice (see Materials and methods) and r#fk  haploinsufficiency using surface ECG monitoring and in-vivo
mice were compared after X-gal staining. At theelectrophysiology. Surface ECGs were recorded from un-
atrioventricular junction, hearts from newborn mask* (Fig.  anesthetized, newborn animals and lightly anesthetized adult
2A) and Tbx8e/*/minKiacZ/* (Fig. 2C) mice demonstrated animals. The PQ interval, which detects the time for electrical
similar rings of specialized conduction tissue surrounding botbonduction from the sinoatrial node to the atrioventricular node,
the tricuspid annulus and mitral annulus. This same pattern afrioventricular bundle, and proximal bundle branches, was
B-galactosidase activity was observed innaithklacZ/+ (n=25)  measured (Fig. 3A, Table 1) (Marriott and Conover, 1998). As
and Tbx3e*/minKlacZ/+ (n=22) newborn mouse hearts. previously described (Bruneau et al., 2001), ablok3'e/+ mice
Expression of fjalactosidase in hearts from 14-week-oldhave a prolonged PQ interval compared with that of wild-type
adult minkiacZ/* mice revealed a mature conduction systemmice (49.1+4.6 ms vs. 41.9+1.0 ni#;0.01) (Fig. 3B, Table 1).
with a strikingly different structure than that observed in theHowever, in newborn mice, the PQ intervals of wild-type and
newborn mouse (cf. Fig. 2A,B). AduthinkiacZ* hearts no  Thx3e* mice were not significantly different (48.0+7.6 ms vs.
longer showed the atrioventricular rings found in newborn&0.7+5.8 msP<0.38) (Fig. 3B, Table 1). Neither the presence
but instead exhibited a more restricted expressionB-of of the minKacZallele nor the type of atrial septal defect (primum
galactosidase activity consolidated in the atrioventricular noder secundum) altered the PQ interval of the wild-type or
and atrioventricular bundle. The striking morphologic change3bx3'e/* newborn mice ASD primum 50.7+5.6 ms vs. ASD
in the conduction system between newborn and adult micgecundum 52.5+5.3 mB:value not significant).
indicate that postnatal development of the electrophysiologic Comparison of PQ intervals in neonatal and adult wild-type
system is essential for establishment of the mature structuresice demonstrates that the time required for electrical
found in adults. By contrast, addlbx3*e*/minKlacZ* mice  propagation from sinoatrial node to ventricular myocardium
(Fig. 2D) did not demonstrate restricted expression3-of (Fig. 3A) normally decreases with maturation, even though the
galactosidase activity. There was no localized staining of thsignal must travel further in the larger adult heart. In wild-type
atrioventricular node and bundle, and instead there was maice, the PQ interval becomes significantly shorter between




Development and disease Conduction system development requires Thx5 4111

A. Fig. 3. PQ maturation defect and QRS prolongatichx3'e/* mice.
SN N/ (A) Schematic representation of electrical impulse propagation
A ) Puave|  an| Po through the mammalian heart correlated with surface ECG and in-
vivo electrophysiology intervals. PQ intervals include impulse
e r{‘; - propagation throughout the atria and atrioventricular node (proximal

AH interval) and the atrioventricular bundle and proximal bundle
branches (distal HV interval). P-wave duration represents atrial
depolarization. QRS intervals represent ventricular activation, and
include bundle branch and Purkinje conduction. Bundle-branch block
causes QRS prolongation with characteristic ECG wave front
morphology. SAN, sinoatrial node; AVN, atrioventricular node; AVB,

B (V) Frontal Lead atrioventricular bundle; RBB, right bundle branch; LBB, left bundle
g * B branch. (B) Representative ECGs from wild-type and 9#§%5
wild-ope "’ 5 ﬂ newborns and adult mice. Note comparable PQ intervals (atrial plus
Newbom e e atrioventricular canal conduction time) in neonatal wild-type and
" S L Thx5el* mice. Adult wild-type mice had significantly shorter PQ
o intervals than those of TH&* mice. QRS intervals of newborn and
o il I W adult Tbx98"* mice were longer than in wild-type mice (Table 1). (C)
’ PQ =9 QRS = 14 ms Representative ECG recordings from right precordial leads (V1) in
3 wild-type and Tbhx®'+ adult mouse. Wild-type mice had normal QRS
- °*___f\w_A . complexes. Th¥5!"+ mice had QRS prolongation with a RS#ave

s Wons. 15ms front pattern indicative of RBB. RBB occurred in 9 of 11 of adult
- Thx3'el* mice versus 3 of 27 adult wild-type mide<Q.001).

g8l
o

Thes(e)
Adh Mﬂ—ﬁ_ﬁﬂw-ﬁ“ﬂ—:— by analyzing P-wave duration. P-wave duration was not
Ransim (R significantly different between adult TE®%* mice and wild-

o, §

o

s type mice (15.9+2.5 ms vs. 15.0+1.1 i8s0.36;n=12). Taken
together, the normal P-wave duration and AH interval
C O —— prolongation suggests that the PQ prolongatiobmsie/+
: b mice is the result of a defect of the atrioventricular node or its
vildope | connection with the atria or atrioventricular bundle.
41  ORS=16ms Tbx5 haploinsufficiency causes atrioventricular

bundle and bundle branch conduction system
patterning defects

—‘V’_\D—v-ﬂr— We used Pgalactosidase activity in mifi&Z* mice to

4] ons=26ms characterize the morphology of the postnatal ventricular
conduction system, including the atrioventricular bundle and
bundle branches. The left bundle branch, lying on the left side
the newborn and adult periods (48.0+7.6 ms vs. 41.9+1.0 mef the interventricular septum, was identified in all newborn
P<0.001) (Fig. 3B, Table 1). However, x5+ mice, the minKiacZ* mouse hearts (n=25), as a broad sheet of cells with
PQ interval does not change significantly between the newbofigalactosidase activity (Fig. 4B, arrowhead). This pattern was
and adult periods (50.7+5.8 ms vs. 49.1+4.6 1€).46) (Fig.  consistent with classic histological descriptions of the left
3B, Table 1), suggesting that a failure of normal maturatiotoundle branch in young mouse hearts (Fig. 4B) (Lev and
accounts for the prolonged PR interval in adlix3e/* mice. ~ Thaemert, 1973). In all adult miffR/* mouse hearts (n=18),
In-vivo electrophysiology studies were performed in adulf3-galactosidase activity was more discretely concentrated into
animals to localize the functional deficit in TB¥5 mice to  a bundle branch fascicle. In all adult mi#&* mouse hearts
the atrium, atrioventricular node, or the atrioventricular bundl€n=18),3-galactosidase activity also demarcated a well-defined
and proximal bundle branches. The AH interval (representingtrioventricular bundle, located on the crest of the
conduction propagation through the atrium and theénterventricular septum (Fig. 4C, red arrowhead).
atrioventricular node) and the HV interval (representing The effect of ThxShaploinsufficiency on atrioventricular
conduction propagation through the atrioventricular bundle anbdundle and left ventricular bundle branch morphology was
proximal bundle branches) were measured separately (Figvaluated in ThX5/*/minKlacZ/* mice (Fig. 4). In all newborn
3A). The HV interval of adult Th¥8/* mice and wild-type  Tbx3*/*/minkiacZ/+ hearts (n=22)B-galactosidase activity in
mice were not significantly different (10.3+2.0 ms vs. 11.5+1.5he left ventricle was indistinguishable from that in newborn
ms; P<0.69;n=6). However, the AH interval of adiibx3e/*  minkiaZ* hearts (Fig. 4D). By contrast, in addibx3iel
mice was significantly longer than the AH interval of adultminkia®Z* hearts, B-galactosidase activity (Fig. 4E) was
wild-type mice (42.3+6.0 ms vs. 37.0+1.5 rRs;0.001;n=6), present in a broader sheet of cells, exhibiting a pattern
demonstrating a functional deficit of atrial or atrioventricularreminiscent of the immature left bundle branch conduction
node conduction in adulTbx3e’* mice. To distinguish sSystem. Absence of a consolidated, discrete band of cells in
between these, propagation of the electrical signal in the atribe left ventricular bundle branch was found in all adult
(atrial depolarization or P-wave) was directly measuredbx3€//minKaZ*hearts examined (n=15). Furthermore, the

Thodf+/)
Adult

o
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-

Fig. 4. Bundle-branch patterning defects in Td§%5mice.

(A) Schematic representation of dissection of left-bundle-
branch conduction system showing the plane of dissection
(dashed line) and specimen orientation (arrow). The left
ventricular free wall and mitral valve were removed to view
the interventricular septum from the leftGalactosidase
expression marked the left-bundle-branch conduction
system in minkeZ* (B,C) and Thx%!*/minKlacZ/+ (D,E)
mouse hearts. The atrioventricular node (black arrow),
atrioventricular bundle (red arrowhead) and left bundle
branch (black arrowhead) were visible on the surface of the
muscular interventricular septum. The broad left bundle
branch in newborminkiacZ* mice (B) matured into a
narrow fascicle with a well-defined atrioventricular bundle
(red arrowhead) in adult mitfikZ’* mice (C). Comparable
maturation did not occur ifbx5e/*/minklacZ’+ mice (D,E)
and adult Thx&/*/minklacZ* mice (E) retained the broad I
band of specialized conduction cells, without a discrete
atrioventricular bundle. (F) Schematic representation of
dissection of right-bundle-branch conduction system

showing the plane of dissection (dashed line) and specimerr
orientation (arrow). The right ventricular free wall and
tricuspid valve were removed and the interventricular

septum viewed from the right-@alactosidase expression
marked the right bundle branch in mi#k/* (G,H) and

Tbx3lel*+ minkiacZi* (1 J) mouse hearts. The atrioventricular
node (black arrow) and right bundle branch (black
arrowhead) were visible on the surface of the muscular
interventricular septum. In newborn mia®/* mouse hearts

(G), the right bundle branch was visible as a poorly defined
band of cells loosely associated with the septal band and
anterior papillary muscle of the right ventricle. In adult
minKacZ* mouse hearts (H), the right bundle branch was

well defined by a thin band of cells running along the

inferior aspect of the septal band and onto the anterior
papillary muscle of the right ventricle. In 9/20 newborn (1)

and 7/15 adult (Jybx53e*/minKiacZ* mouse hearts, the

right bundle branch was absent from the right ventricular
septal surface, with conduction cells present only along theK
crest of the interventricular septum demarcating the ’
atrioventricular bundle. (K) Schematic representation of
dissection of the interventricular septum for images in
(L,M). In-situ hybridization with a connexin 40 probe in
wild-type (L) and Thx%'/* (M) mouse hearts. Connexin 40
expression was observed in the atrioventricular bundle
(arrow), and left and right bundle branches (arrowheads) in
the wild-type mouse heart (L) and in the atrioventricular
bundle (arrow) and left bundle branch but not the right
bundle branch in th&bx3e!* mouse heart (M). In 3/5
newborn Thx%!*/minKlacZ* mouse hearts, the right bundle
branch could not be identified.

atrioventricular bundle appeared foreshortened in all adulinterior papillary muscle of the right ventricle, consistent with
Tox3el*/minKlacZ/+ hearts examined (n=15). classic histological descriptions (Lev and Thaemert, 1973) of

The right bundle branch, present on the surface of the riglite right bundle branch (Fig. 4G). The right bundle branch in
side of the interventricular septum, had a different structure thaadult minklacZ* mouse hearts (Fig. 4H) was more well-defined
that of the left bundle branch (Fig. 4F-H). In newbornthan that in newborn mice, displaying a highly stereotyped
minkiacZ* mouse hearts &25), B-galactosidase activity patternin all 18 hearts examined that was remarkably analogous
identified a loose bundle of cells adjacent to the septal band atalthat of the adult human right bundle branch.
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Severe patterning defects of the right bundle branch wemorphology indicative of right-bundle-branch block was
observed in newborn and adlibx3e/*/minklacZ+*mice. In all  observed in 9/11 Tb%¥/* mice versus 3/27 adult wild-type
newborn Thx3e/*/minKlacZ* mouse hearts studied 22), mice (<0.001) (Fig. 3C). RSiis the standard notation for a
there was a paucity of cells withdalactosidase activity in the notched QRS upstroke (an initial upward deflection (R)
right ventricle. The most severe cases (10/22 hearts) hddllowed by a downward deflection (S) followed by another
complete absence of a discrete right bundle branch on the rigippward deflection (¥j). RSr’ morphology on ECG combined
ventricular septal surface (Fig. 41). In less severe cases (12/22th prolongation of QRS duration is indicative of right-bundle-
hearts), the right bundle branch was foreshortened and failedboanch block. The type of atrial septal defect in the heart
associate with the anterior papillary muscle (data not shown)(secundum or primum) had no significant effect on the

As in neonates, adullbx3'e//minkiacZ* mouse hearts likelihood of right-bundle-branch block ifbx3*!/*+ adult mice
exhibited markedly abnormal right bundle branches. In 18ASD primum 4/4 vs. ASD secundum 5/P-value not
hearts examined, there was a marked paucity ef [significant).
galactosidase-expressing cells on the right ventricular septal To determine whether the developmental failure of a
surface. In 8 of 15 hearts, the right bundle branch was entirelyorphologic right bundle branch correlated with the ECG finding
missing, and only a few dispersed cells witgalactosidase of right-bundle-branch block, structure and function were
activity could be identified on the right ventricular septalassessed in 10 Ti#%%" mice. All (n=4) mice with morphologic
surface (Fig. 4J). In the remaining mutant heants7], a absence of the right bundle branch demonstrated right-bundle-
foreshortened right bundle branch was present (not shown).branch block by precordial ECG analysis. By contrast, only 2/6

To verify the severe bundle-branch-patterning defectsnice with a morphologically visible right bundle branch
observed in Th5"*/minKlacZ* mouse hearts, conduction demonstrated a right-bundle-branch block on ECG.
system morphology imbx3€* newborn mouse hearts was _ o
also evaluated by in-situ hybridization of connexin 40Normal conduction system patterning in mice
expression on sagital sections. In wild-type newborn mous@cking Cx40, a Tbx5-target gene
hearts (n=6), connexin 40 expression uniformly marked th@revious studies demonstrated t8a#0, which encodes a gap
atrioventricular bundle and left and right bundle branches (Figunction protein required for normal conduction system function,
4L). In Tbx5e*newborn mouse hearts (n=6), connexin 40 wass a gene target of Thx5. Addbx3'e* mice express only 10%
also observed in the atrioventricular bundle and left bundlef normal levels of Cx4Banscripts, and Thx5 directly binds and
branch (Fig. 4M). However, no right bundle branch could bectivates the Cx40promoter in primary cultures of
identified in 3/5 Thx®'* newborn hearts (Fig. 4M). In these cardiomyocytes (Bruneau et al., 2002)40null mice (Cx40-)
cases, a right bundle branch was absent even from the regibave prolonged PQ intervals, prolonged QRS intervals, and
adjacent to the membranous septum, where the right bundiight-bundle-branch block (Kirchhoff et al., 1998; Simon et al.,
branch normally exits the atrioventricular bundle to enter thd998; Bevilacqua et al., 2000; Saffitz and Schuessler, 2000;
right ventricle (Fig. 4M). Tamaddon et al., 2000; van Rijen et al., 2001).

To assess the functional consequences of the profoundTo test whether Cx40 insufficiency accounted for the
bundle branch morphologic abnormalities Tiox3'€/* mice,  morphologic and electrophysiologic defects in the conduction
ventricular conduction was evaluated using surface ECGystem of Thx®!* mice, we studied Cx40 mice (Simon et
analysis. Previous studies using single lead Holter monitoringl., 1998). The morphology of the conduction system was
revealed no ventricular conduction differences between wildanalyzed in compoun@x407//minklacZ+ mice by evaluating
type and Thx®!* mice (Bruneau et al., 2001). Using 6-lead B-galactosidase activity in adult hearts (Fig. 5). Precordial ECG
ECGs, we found that the QRS interval, produced byanalyses confirmed previously described electrophysiologic
depolarization and activation of the ventricular myocardiunabnormalities: 19/1€x407-mice had a prolonged PR interval
(Surawicz and Knilans, 2001a), was significantly longer irand 15/19 had a right-bundle-branch block (data not shown).
Tbx3e* mice than that in wild-type mice. QRS prolongation Morphologic analyses were performed in mice with the most
occurred both in neonates (12.7+2.6 ms vs. 9.8£1.5 msevere ECG abnormalities, those with prolonged PR interval
P<0.001) and in adults (16.5£1.0 ms vs. 13.7+1.3 msand right-bundle-branch block. The atrioventricular node,
P<0.005) (Fig. 3B; Table 1B). Neither thenklacZ/+allele nor  atrioventricular bundle, left bundle branch and right bundle
the type of septal defect (primum or secundum) had hranch identified by {§jalactosidase activity were well-formed
significant effect on the QRS interval of the wild-type orand normally patterned in alix407/minkiacZ* mice (r=10)
Tbx3e* neonatal or adult mice (ASD primum 16.8+0.9 ms(Fig. 5A-F). Both the amount and the distribution @f
versus ASD secundum 16.3+3.2 ri*syalue not significant). galactosidase activity were indistinguishable from that observed

Delay or loss of conduction through one of the bundlén litermateminklacZ/+ mice (Fig. 5).
branches, termed ‘bundle-branch block’, results in lengthening
of the QRS interval due to delayed and asynchronous activatiQg. .
of the ventricular myocardium contralateral to the aﬁectegﬂlscuss'on
bundle branch (Surawicz and Knilans, 2001b) (Fig. 3A). TdOur findings demonstrate a critical role fdrbx5 in
ascertain whether QRS prolongatioriTiox3'€!/* mice was due development of the specialized electrophysiologic system of
to a bundle-branch block, surface 6-limb ECGs with a righthe heart. Thx% expressed in the central conduction system
precordial lead were recorded. The QRS complex recordedcluding the atrioventricular node, atrioventricular bundle and
from the right precordial lead has a distinct morphology in theentricular bundle branches. In the atrioventricular canal, Tbx5
case of either right or left bundle branch, allowing their uniquénas specific roles in postnatal morphologic and functional
identification (Surawicz and Knilans, 2001b). An RSr maturation of the atrioventricular node and atrioventricular
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restricted to the endocardial surface of the left ventricle. By
contrast, Tbx5 levels in the atrioventricular bundle and bundle
branches (Fig. 1) are maintained at birth, and levels in these
conduction system structures are higher than in the surrounding
ventricular myocardium (Fig. 1). Thibalso known to activate

the promoters of genes encoding the gap junction proteins
Cx40 and ANF (Bruneau et al., 2001), two molecules that
distinguish adult electrophysiologic cells from working
myocardial cells of the ventricle (Houweling et al., 2002;
Coppen et al., 2003). The temporal and spatial pattefioxs
expression and transcriptional activity is consistent with a role
for this transcription factor in specification of the conduction
system cells.

Thbx5 is required for maturation of the
atrioventricular canal conduction system

Development of the mature conduction system requires both
specification of cells with electrophysiologic functions and
morphologic patterning of the central and peripheral
electrophysiologic components. Organization of specialized
electrophysiologic cells into distinct components of the mature
conduction system appears to occur in distinct temporal steps.
Some cells in the central conduction system appear to be specified
early in development, since node-like pacemaker activity is
evident by the linear-heart-tube stage (Kamino et al., 1981).
Differentiation of the fast-conducting atrioventricular bundle and
bundle branches occurs later in embryogenesis (Delorme et al.,
1995; Sedmera et al., 2003). AnalysisnahkacZ*+ mice (Fig.
2A,B) extends the temporal sequence for central conduction
system development into the postnatal period. At birth, rings of
conduction tissue persist around both the tricuspid annulus and
mitral annulus. Consolidation of electrophysiologic cells into a

Fig. 5. Normal conduction system morphologydr40-mice. - discrete atrioventricular node, atrioventricular bundle and bundle
Galactosidase expression in maf&’* (A,C,E) and branches, the pattern of a mature conduction system, is a
Cx407minKiacZ* (B,D,F) mouse hearts. In the atrioventricular postnatal process that in the mouse is completed by week 14.
canal, a well-defined atrioventricular node (arrow) and Although the rings of specialized electrophysiologic tissue

atrioventricular bundle were observed in both nfigd (A) and

Cx407-/minKlacZ/* (B) mouse hearts. The atria were removed and th : . : :
atrioventricular canal was viewed from the superior/posterior, with epostnatal maturation of the atrioventricular canal conduction

the tricuspid annulus on the right and the mitral annulus on the left. sys.tem_ fails to occur in Th3* mlc_e._AduIt '_I'bXSe"’f mice

A well-formed left bundle branch was found in both msK* (C) maintain a neonatal pattern of specialized atrioventricular rings
and Cx40-/minkacZ/+ (D) mouse hearts. The left ventricular free ~ @round both the tricuspid annulus and mitral annulus. The
wall and mitral valve were removed and the left interventricular failure of morphologic atrioventricular canal maturation
septum viewed from the left. A well-formed right bundle branch wascorrelates with functional immaturity of the atrioventricular
present in minReZ* (E) and Cx40/minkacZ* (F) mouse hearts. ~ conduction system: absence of the normal age-dependent

The right ventricular free wall and tricuspid valve were removed anddecrease of the PQ interval results in age-dependent
the right interventricular septum viewed from the right. Comparable atrioventricular block infbx3€/+ mice (Fig. 3).

[B-galactosidase expression and morphology were demonstrated in In-vivo electrophysiology localized the anatomic source

12/12 mintec2* and 10/10 Cx4d/minkc2'* mice. of the PQ prolongation in adulfbx3'e/* mice. The PQ
interval encompasses electrical conduction within the atrial
bundle. In the ventricular conduction systérbx5is required  musculature, atrioventricular node, atrioventricular bundle and
for morphologic maturation of the atrioventricular bundle andproximal bundle branches (Fig. 3A). The normal HV interval
left bundle branch and is essential for the patterning anih Tbx3*/* mice suggests that the atrioventricular bundle has

are similar in newborn mifd#&Z* mice and Thx®'*+ mice,

function of the right bundle branch. normal function, despite appearing physically foreshortened
(Table 1, Fig. 4). The prolonged AH intervalTbhx3'e/* mice

Thx5 expression and specification of central placed the functional defect in the atrial myocardium or

conduction system cells atrioventricular node. Furthermore, a normal P-wave duration,

Early in embryogenesisTbx5 is expressed throughout the indicative of atrial depolarization, ruled out a functional deficit
cardiac crescent, but becomes restricted during formation @fithin the atrial myocardium (Table 1). From these findings, we
the linear heart tube. High levels persist in the atria, but Thx®fer that the prolonged PQ interval Thx3*/* mice is the

levels in the primordial ventricles decrease throughoutesult of a maturation failure of the atrioventricular node or its
gestation, and prior to birtiTbx5 expression is largely connection with the atria or atrioventricular bundle. This finding
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could also reflect a deficit in one of the distinct subpopulationsr primum ASD did not correlate with the severity of
of cells within the atrioventricular node (Coppen et al., 2003)morphologic defects in the central conduction system, and no
Progressive atrioventricular block is found in humanstatistically significant differential effect was observed on the PQ
Holt—-Oram syndrome. Conduction system disease is unusuaterval, QRS interval or likelihood of right-bundle-branch block
at bhirth, but first or second-degree atrioventricular blocKTable 1). We conclude that This&s a direct role in conduction
occurs commonly in adult patients. The progressive onset alystem development independent of its role in structural heart
atrioventricular canal conduction dysfunction in humans andevelopment. Furthermore, the finding thbk5is expressed at
mice with Tbx5haploinsufficiency suggests that the samehigh levels in conduction system cells suggests that its
postnatal Tbx5-dependent processes are required for theonduction system requirement may be cell-autonomous.
maturation of the atrioventricular canal conduction system in Cx40, a transcriptional target of Tbhitat encodes a gap

mice and humans. junction protein required for normal electrophysiologic
) ) function of the heart, was considered a potential cause for the
Tbx5 and the ventricular conduction system patterning defects evident in the central conduction system of

Thx5is also required for normal patterning and function of thelbx3'e/* mice. Like Tbx8e/* mice, Cx46/~ mice demonstrate
proximal ventricular conduction system, the atrioventriculaprolonged PQ intervals, prolonged QRS intervals, and in some
bundle and the left and right bundle branches. In B+  cases right-bundle-branch block (data not shown) (Kirchhoff et
mouse hearts, each of these components demonstratesala 1998; Simon et al., 1998; Tamaddon et al., 2000). The
morphologic patterning defect (Fig. 4). The fast-conductinglegree to which the decrement in Cx#@nscription in
ventricular conduction system also demonstrates a function@bx3'/+ mice accounts for the functional conduction system
deficit of the right bundle branch but not the left bundle branclabnormalities in Thx5"* mice remains unclear. Our recent
(Table 1). We conclude that the patterning of the right bundléndings demonstrate the critical importance of even limited
branch is sufficiently disrupted to cause malfunction, wherea€x40 expression in TS+ mice: whereas Tb#8/* mice
patterning of the left bundle branch is not. Furthermore, deficitssually live to adulthoodTbx3'€/*/Cx407~ mice die in utero
in the right bundle branch are visible at birth (Fig. 4). Thes€A.P., unpublished).
findings define a role for Tbx5 in the development of the right Cx40deficiency does not, however, explain the morphologic
bundle branch and suggest a substantial role in the differentiatiatonormalities of the central conduction system found in
of the components of the fast-conducting ventricular conductiofbx3'e/* mice. Normal morphology of the atrioventricular
system, including the atrioventricular bundle. Distinct differencesiode, atrioventricular bundle and bundle branches was present
in these components of the central conduction system in newbam all adult Cx40~ mice, indicating that this gap junction
Thx3el* mouse hearts suggest that development of thprotein is not required for the morphologic maturation or
atrioventricular node, atrioventricular bundle and bundleatterning of the central conduction system. These findings
branches have distinct molecular requirements. These data amplicate yet unidentified genes downstream of Thx5 in the
consistent with a model in which regional components of th@atterning of the conduction system.
conduction system are specified independently and are thenOur results delineate several distinct roles for Tinx5
assembled into a continuous network. conduction system development. Early in cardiac development,
Complete absence or a diminutive right bundle branch wathe temporal and spatial expression of Tisx&ompatible with
found in all Tbx8e/* mice, indicating that normal levels of the a role in specification of cells in the conduction syst€hx5-
transcription factor are essential for genesis of this structureependent expression of Cx4@d presumably other molecules
As in the atrioventricular canal, the morphologic deficits of thehat are required for the critical electrophysiologic properties of
bundle-branch conduction system were mirrored by functionghese cells, supports this hypothestsx5directs the expression
defects. In particular, there was a close correlation between thé genes (e.g. Cx40) in the mature conduction system, after the
severity of the right-bundle-branch morphology defects angrimitive AV node, left bundle branch and right bundle branch
functional right-bundle-branch block iibx3e/*/minKlacZ/+  have assumed their adult structures, which may account for why
mice. All mice with morphologic absence of the right bundlesome Holt-Oram patients and TB®5 mice evolve conduction
branch had right-bundle-branch block by precordial ECGsystem disease with age. In addition to regulating gene
whereas few mice with a visible right bundle branchtranscription in the conduction system, Thx5, but @r40,
demonstrated right-bundle-branch block. These data suggestcritical for conduction system pattern formation. Normal
that a functional electrophysiological deficit in T8 mice  morphology of the atrioventricular canal components and
occurred as a consequence of an underlying primaryentricular components of central conduction system are

maldeveloped morphology in the conduction system. dependent on physiologic levels of this facldsx5 is the first

) o ) ) gene to be implicated in the pattern formation and the
Tbx5 haploinsufficiency directly disrupts the central developmental maturation of the centralized cardiac conduction
conduction system system. A link between a patterning abnormality of the

Several lines of evidence suggest that malformation of thdeveloping conduction system and a functional abnormality of
central cardiac conduction system Tibx3'e/* mice occurs the mature conduction system is demonstrated.
independent of cardiac structural defects. First, despite an intact
. e . .
ventricular septum, all Th%8/* mice had malformations in the We wish to thank Dr David Paul for the use of connexin 40

ventricular conduction system, usually affecting both the righinockout mice and Michael Peterson for excellent technical
and left bundle branches. Second, there was no relationshiBsistance. This work was supported by funding from the Howard
between the specific type of ASD ifbx3'/* mice and Hughes Medical Institute. I.P.G.M. was supported by a Howard
conduction system abnormalities. The presence of a secunduinghes Medical Institute Physician Postdoctoral Fellowship.
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