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Mammals evolved from reptile-like ancestors, and while the mammalian heart is driven by a distinct
sinus node, a sinus node is not apparent in reptiles. We characterized the myocardial systemic venous
pole, the sinus venosus, in reptiles to identify the dominant pacemaker and to assess whether the sinus
venosus remodels and adopts an atrium-like phenotype as observed in mammals. Anolis lizards had
an extensive sinus venosus of myocardium expressing Tbx18. A small sub-population of cells encircling
the sinuatrial junction expressed Isl1, Bmp2, Tbx3, and Hcn4, homologues of genes marking the
mammalian sinus node. Electrical mapping showed that hearts of Anolis lizards and Python snakes were
driven from the sinuatrial junction. The electrical impulse was delayed between the sinus venosus and
the right atrium, allowing the sinus venosus to contract and aid right atrial filling. In proximity of the
systemic veins, the Anolis sinus venosus expressed markers of the atrial phenotype Nkx2-5 and Gja5. In
conclusion, the reptile heart is driven by a pacemaker region with an expression signature similar to that
of the immature sinus node of mammals. Unlike mammals, reptiles maintain a sinuatrial delay of the
impulse, allowing the partly atrialized sinus venosus to function as a chamber.

The heartbeat of ectothermic vertebrates is driven by a pacemaker within the sinus venosus, the myocardium
upstream of the right atrium'. This pacemaker is not anatomically identifiable and electrophysiological studies
suggest that the position of the pacemaker within the sinus venosus may differ between species?. In mammals
and birds, the pacemaker resides within an anatomically distinguishable structure, the sinus node, positioned at
the sinuatrial junction®”. It drives heart rates that are several fold higher than in similarly sized ectotherms®. For
reptiles it is unclear where the pacemaker is located and how the sinus myocardium of reptiles compares to the
caval vein myocardium of mammals with regards to gene expression profile, electrical activation, and capacity for
contraction®. It is therefore difficult to assess, firstly, to what extent the sinus node of endotherms is derived from
resembling tissues in ectotherms and secondly, whether the sinus venosus in general has been remodelled during
the evolution from a state of ectothermy and low heart rates to endothermy and high heart rates.

In placental mammals, the sinus node and the myocardium of the systemic caval veins derive from the embry-
onic sinus venosus myocardium. The embryonic sinus myocardium can be identified by the expression of the
transcription factor Tbx18, while the atrial myocardium can be identified by the expression of the transcrip-
tion factor Nkx2-5, which is absent in the sinus myocardium®. During fetal development, the mammalian sinus
myocardium except for parts of the sinus node gains expression of Nkx2-5 and downstream target genes includ-
ing Gja5 (Cx40)'"12, These changes are referred to as atrialization of the sinus venosus'. The atrialization also
involves widening of the sinuatrial junction, whereby the two leaflets of the myocardial sinuatrial valve become
far apart and the sinuatrial junction is then, effectively, unguarded"’.

In mammals, chicken and zebrafish, sinus myocardium expresses the transcription factors Shox2 and Tbx18
and the ligand Bmp4'® %15, Shox2 is a transcriptional regulator of Isl1'°, which together with Tbx3 controls the
identity of the sinus nodal cells'” 8. Transcription factors Isl1 and Tbx3 are only expressed in the sinus node
part of the sinus myocardium with greatest rate of spontaneous depolarization® > 2°. Pacemaker activity is
strongly influenced by the so-called funny current carried by the family of hyperpolarization-activated cyclic
nucleotide-gated K*-channels, including Hen4* 1821,
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Figure 1. Identification of the putative dominant pacemaker by Isl1 detection. (A) Histological section of
sinuatrial junction of the adult Anolis equestrie, showing the left and right leaflet of the sinuatrial valve (Isav and
rsav, respectively). Isl1 in myocardial nuclei is expressed (arrow heads) immediately upstream of the sinuatrial
valve in a ring-like domain. (B) This cartoon indicates the sectioning plane (A-A) relative to the sinuatrial
junction (SA) and whole heart. The outline of the sinus venosus is indicated in grey. (C,D) Isl1 in the adult
Python regius is expressed as in Anolis. LA, left atrium; RA, right atrium; SV, sinus venosus; V, ventricle.

We undertook an anatomical, molecular, electrophysiological and pharmacological investigation of the sinus
myocardium in two commonly investigated reptiles, the Anolis lizard and the python. The heart of the Anolis liz-
ard may be seen as representative of most hearts of non-crocodilian reptiles®. Conversely, the ventricle of pythons
show greater resemblance to the mammalian ventricles by having an almost full ventricular septum that allows
for high systemic blood pressure, while maintaining low pulmonary blood pressures??. Our results show that the
reptilian sinuatrial junction function as the dominant pacemaker of the heart and has a molecular phenotype
comparable to those of embryonic mammals and chicken. The sinuatrial junction exhibits a delay in impulse
propagation that enables time for the so-called caval vein myocardium, or sinus venosus, to aid right atrial fill-
ing. Myocardium of the sinus venosus propagates the electrical current fast and its distal parts have an atrialized
molecular phenotype. Our data suggest that in the evolution of mammals the sinus node developed from a large
ring-like domain of myocardium with nodal characteristics, the sinuatrial delay was lost, and the sinus venosus
myocardium became extensively atrialized.

Results

Molecular identification of the pacemaker of the reptile heart at the sinuatrial junction. In
all investigated embryonic and adult reptiles, myocardial expression of the transcription factor Isll, which is
expressed in the developing sinus node cells in mammals, constituted a ring-like domain in the sinus myocar-
dium immediately upstream of the right atrium (Fig. 1, Fig. 1S). The border of the sinus venosus and right atrium
was guarded by a bicuspid myocardial valve in all reptilian species (Fig. 1, 1S). The sinus venosus myocardium,
including the Isl1-positive domain, was rich in collagen, but there was no insulated (sinus) node (Fig. 2S). The
sinus myocardium was generally thickest at the base of the sinuatrial valve, and thicker than the atrial wall. This
was particularly evident in Anolis where the cranial part of the sinuatrial junction received a relatively large artery
(Figs 2S and 3S).

Analysis of gene expression was predominantly performed in Anolis at different stages of development. The
region of the sinus venosus that expressed IslI also expressed Tbx3 and Bmp2 (Fig. 2A-D, 4S). Between Anolis
stages 7 and 19, the Is[1 domain only grew 70% while the remaining sinus venosus myocardium grew 530%
(N'=2). Hcn4 was broadly expressed in the sinus venosus and atria of the lizard, but expression was greatest in the
region of the IslI expression domain (Fig. 2E-G). We did not detect Gja5 (Cx40) in the IslI expression domain
and in the sinus myocardium proximal to the right atrium (Fig. 2H). We also investigated the sinuatrial junction
of an embryonic American alligator and again found rich expression of Tbx3 in the sinus myocardium most prox-
imal to the sinuatrial junction (Fig. 5S). Gja5 and Scn5a were absent where Tbx3 was present (Fig. 5S).
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Figure 2. The sinuatrial junction of reptiles has the phenotype of the mammalian sinus node. (A,B) In the near-
hatching Anolis sagrei, Isl1 was detected cranial to the sinuatrial junction (A), where the sinus node is found

in mammals, at the base of the sinuatrial valve and in the most proximal part of the left sinus horn (B). (C,D)
The domain of Isl/1 (C) overlaps with the domain of Tbx3 (D). (E-H) The anole sinus myocardium proximal to
the sinuatrial junction expresses Tbx3 and Hcn4, but not Gja5. avc, atrioventricular canal; Isav, left leaflet of the
sinuatrial valve; LA, left atrium; LSH, left sinus horn; RA, right atrium; rsav, right leaflet of the sinuatrial valve;
RSH, right sinus horn; sa-orifice, sinuatrial-orifice; tr, trachea.

The dominant pacemaker of the reptile heart is in the sinuatrial junction.  Electrophysiology was
exclusively done in adult Anolis and Python. The activation front of the sinus venosus always propagated away
from the sinuatrial junction (Fig. 3). Electrical propagation was slower in the sinus venosus than in the atria
(0.184+0.11 vs 0.76 == 0.58 m/s, N = 3 in Anolis). The electrical current propagated distally into all three sinus
horns, but did not travel beyond the pericardial reflection (Fig. 3).

The sinuatrial junction of the reptile heart exhibits a substantial delay. There was always a sinuat-
rial delay, which had approximately the same duration as the subsequent atrioventricular delay (Fig. 3). Sinuatrial
and atrioventricular delays where longer in the pythons than in Anolis (Fig. 3C,D) and they had lower heart rates
than the Anolis (approximately 40 beats per minute, N =2 versus 75 £ 5 beats per minute, N = 3). In one Python,
we stimulated the sinus venosus at incremental frequencies and found the sinuatrial junction to exhibit decre-
mental conduction, i.e. Wenckebach phenomenon, at 1.5Hz. Similarly, the atrioventricular canal also exhibited
Wenckebach phenomenon, also at 1.5 Hz, when stimulated from the atria.

To gain better spatial resolution we used optical mapping of the sinuatrial region of the excised heart of the
Anolis (Fig. 6S). However, in the excised and thus denervated heart, the dominant pacemaker was shifted away
from the sinuatrial region and towards the posterior sinus horn (Fig. 6S).

The sinus venosus of the reptile heart has a chamber-like phenotype. The observed retrograde
activation of the sinus venosus suggests that the sinus venosus functions as a chamber. In both Anolis and Python
we found bicuspid venous valves immediately distal to the anterior sinus horns at the orifices of the internal jug-
ular and subclavian veins. Consistent with generation of pressure within the sinus venosus, the free margins of
the valvular leaflets pointed towards the heart (Fig. 4). No valves were found posterior to the sinuatrial junction
(we investigated as far posterior as the liver). In near-hatching Anolis, distal parts of the sinus venosus, and the
atria in entirety, expressed Gja5, Nkx2.5 and Tbx5 (Fig. 5). However, the myocardium of the sinus venosus was
distinct from the atria by expression of Tbx18 (Fig. 5D) and absence of Tbx20 (Fig. 7S). While both atria and the
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Figure 3. The sinuatrial junctional area harbors the dominant pacemaker, has a delay, and the sinus venosus
is activated retrograde in both Anolis and Python. (A) Original traces of three-lead surface ECG (upper part
of the panel) and local recordings from 4 bi-polar electrodes in Anolis equestrie (traces 1 to 4 in lower part of
the panel). Electrode 1 is in the sinuatrial junctional area, whereas electrode 4 is the furthest into the posterior
sinus horn. Deflections in all 4 electrodes can be seen to align with the P- and QRS-waves of the ECGs and
these deflections are considered remote activity. The deflections indicated by red arrowheads occur prior to
the deflections aligned with the P-wave and are therefore considered local electrograms of the sinus venosus.
The earliest deflection is in electrode 1 and the latest in electrode 4, thereby showing dominant pacemaker
activity in the sinuatrial junctional area and retrograde activation of the posterior sinus horn. In electrode 1,
the interval between the early deflection (red arrowhead) and the deflection aligned with the P-wave constitutes
the substantial sinu-atrial delay. (B) All sinus horns are activated retrograde from the sinu-atrial junctional
area and the activation front stops at the pericardial reflection. (C,D) Within species, the sinu-atrial (SA) and
atrioventricular (AV) delays are of similar duration. LSH, left sinus horn; RSH, right sinus horn.

ventricle were trabeculated, we never observed trabeculations in the sinus venosus. In ovo growth of the sinus
venosus in Anolis paralleled that of the atria and ventricle by an increment of more than 500% from stages 7 to
19. By stage 19, just before hatching, the sinus venosus enclosed a volume approximately equal to the volume of
the right atrium.

During development of Anolis, the left and right sinus horns expressed the myocardial marker tnnt2 and con-
tract from their first appearance in embryogenesis (Fig. 8S, supplementary video). A small myocardial ridge was
seen to develop between the left and right sinus horns in the dorsal wall of the sinus, the so-called sinus septum.
It expressed Tbx3 and appeared to be a myocardialized part of the dorsal mesenchymal protrusion (Isl1-positive
intrapericardial mesenchyme??).

In adult anaesthetized Python, blood pressure increased earlier in the sinus venosus than in the right atrium,
consistent with the pattern of electrical activation (Fig. 6). The blood pressure of the right atrium increased in two
steps. The first step coincided with the increment of blood pressure in the sinus venosus, consistent with a ‘sinal
kick’ contributing to atrial filling (Fig. 6A). The second and greater increment of right atrial pressure coincided
with a decrease in sinus pressure (diastole of the sinus) consistent with a competent sinuatrial valve during atrial
systole (Fig. 6A). Both chronotropic and dromotropic responses to 3-adrenergic and muscarinic stimulation
were observed, as intra-arterial injections of adrenalin and isoproterenol caused an increase in heart rate and a
shortening of the time between peak-pressures of the sinus venosus and the right atrium (Fig. 6B). Acetylcholine
increased the time between peak-pressures of the sinus venosus and the right atrium together with a decrease
in heart rate (Fig. 6B). Inotropic responses to 3-adrenergic stimulation was found in strips of sinus venosus, as
adrenalin and isoproterenol elicited an increment in active tension whereas acetylcholine elicited a decrement
in active tension (Fig. 9S). Strips of sinus venosus and atria produced twitches only and tetanus could not be
induced.

Discussion

In mammals and birds, the dominant pacemaker is situated in a sinus node on the sinuatrial junction®” 2% In
the zebrafish and trout, the dominant pacemaker is situated in a ring-like domain that constitute the sinus part
of the sinuatrial junction. Modern bony fishes like zebra fish, however, are unusual in having very little if any
myocardium in the sinus venosus* *. Conversely, in reptiles the sinus venosus is populated by myocardium. As
the dominant pacemaker is always at the intake of the heart in early developmental stages®, a pacemaker could
be anticipated within any, or all, of the sinus horns of the reptile heart. Yet, we show the dominant pacemaker
remains in a ring-like domain in the immediate vicinity of the sinuatrial junction (Fig. 7). This observation is in
line with those in previous studies using body surface electrocardiography in squamate reptiles and sharp elec-
trodes on the cranial sinuatrial junction of the American alligator?”-?%. Although we could not identify a nodal
structure in the sinuatrial junction, there is a relatively large coronary artery that we hypothesize is homologous
to the sinuatrial nodal artery of the mammalian heart®, and the sinus myocardium is thick in the vicinity of the
artery, even when compared to the atrial wall. Interestingly, it is thought that the dominant pacemaker has to be
insulated to generate sufficient current to drive the much larger atrial mass?®3%3!. However, the observed absence

SCIENTIFICREPORTS | 7:6644| DOI:10.1038/s41598-017-06291-z 4


http://8S
http://9S

www.nature.com/scientificreports/

Right sinus horn Left sinus horn
A, adult Cuban knight anole: C, st19/19 brown anole

Anolis

peri

Proximal veins

Right sinus horn

Figure 4. Venous valves guard the entrance to the anterior sinus horns. (A-D) Venous valves (red arrow heads)
are found immediately upstream of the left and right sinus horns in Anolis, just outside the pericardial cavity
(green broken line), but they are not found between the heart and liver. (E-I) In Python, the configuration of
venous valves are like in Anolis. In (G-H) the leaflets of the valve between the right sinus horn and the right
internal jugular vein has been spread apart (G) and allow to relax toward the closed state (H). In (I), the arrow
indicates the angle of inspection in (G,H). IJ, internal jugular vein; LA, left atrium; LSH, left sinus horn; RA,
right atrium; PCV, posterior caval vein; peri, pericardium; PSH, posterior sinus horn; RSH, right sinus horn; S,
subclavian vein.

of distinct insulation by connective tissues around the dominant pacemaker region, marked by Tbx3 and Isl1,
indicates that at least in the ectothermic vertebrates insulation by connective tissues is not required for pacemaker
function.

In reptiles, the sinuatrial and atrioventricular delays are of fairly similar duration, as previously reported?”. The
sinuatrial and atrioventricular junctions are similar by expression of Bmp2 and Tbx3, components of a transcrip-
tional network suppressing chamber development. Accordingly, both junctions appear without Gja5 (Cx40), a
marker of chamber development that is associated with fast propagation of the electrical impulse®2. The sinuat-
rial and atrioventricular junctions exhibit the Wenckebach phenomenon, as shown here for the ball python and
previously for other species of snake and a freshwater turtle’ 4, a phenomenon shared with the sinus node and
atrioventricular node of the mammalian heart. We found a tiny population of sinus myocardium between the
sinuatrial valve and the Isl1-positive domain. Positioned such, this myocardium appears to participate in the sin-
uatrial delay. The findings of positive and negative dromotropic effects in response to adrenergic and muscarinic
agonists respectively, suggests that, not only is nodal-like tissue present in reptiles, it is also subject to a similar
type of innervation, as is the case for the AV-nodal tissue.

In contrast to other cardiac chambers of the reptile heart, the sinus venosus myocardium is activated retro-
grade, towards the veins rather than towards the arterial pole (Fig. 7), as previously reported for the left sinus
horn in snakes®®. The mammalian caval vein myocardium is also activated retrograde (recently reviewed in®).
Mammals generally have activation well into the superior caval veins and even the azygos vein®> %7, although it
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Figure 5. Distal parts of the sinus venosus of Anolis sagrei have the molecular phenotype of a chamber. (A,B)
Tbx5 is expressed in the entire sinus venosus myocardium (A), whereas Nkx2.5 is expressed in the distal parts
only (B). (C) Expression of Gja5 co-localizes with Nkx2.5. (D) The sinus myocardium is distinct from the atria
and ventricle by expressing Tbx18. (E) Overview of Gja5 expression in a near-hatching Anolis sagrei. LSH, left
sinus horn; PSH, posterior sinus horn; RSH, right sinus horn; sa, sinuatrial; V; ventricle.

is controversial to what extend the mouse caval vein myocardium is activated®®. Most mammals maintain a left
superior caval vein>?’, but in human it usually regresses during development. When the human left superior
caval vein fails to regress, it is also activated retrograde®. As the sinus venosus of reptiles consists of three vessels,
essentially configured like a Y, first activation in any horn (myocardial sleeve) will result in retrograde activation
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Figure 6. The sinus venosus of Python functions as a chamber. (A) The sinus venosus beats prior to but in
synchrony with the atria and ventricle. (B) Blood pressures showing similar responses in the sinus venosus,
right atrium, and ventricle to the 3-adrenergic agonist isoproterenol. Adr; adrenaline (10 pmol L), ACh;
Acetylcholine (1 umol L™!), Iso; isoproterenol (100 pmol L™!), Phe; phenylephrine (30 pmol L™!). N = 6. Asterisk
indicates a significant difference from control value (P < 0.05, two-tailed, paired t-test).

Adult reptile heart Adult reptile (and embryo?) Adult eutherian mammal Adult eutherian heart
Pacing Pacing
\ \\
NE @ .. = 74
\ I\v( v SA-junction 'r SA-node i ; IS
2 1 / \
RA LA / RA LA \
A\ <X { \
AV-nod | N\
\ P | T AV-canal His gﬁnjle ( /‘ /-y\ f \\\\J
! )

¥
Ven \,\ RV | v / /
U b \\ , /

\ ///
SV P QRS P QRS T \\L/

[ Chamber myocardium [ Junctional myocardium [ Connectivetissue

Figure 7. The sinuatrial junction of reptiles and mammals. Reptiles have a sinuatrial junction which harbors
the dominant pacemaker and establishes a delay between the electrical activation of the sinus venosus and

the atria. This enables the sinus venosus to function as a chamber that aids the filling of the right atrium. In
eutherian mammals, the sinuatrial junction is remodeled and the sinuatrial delay is lost as revealed on the ECG
by the absence of a sinus venosus wave. The sinus venosus of embryonic mammals may function much like in
reptiles, and the mammalian sinus node develop from tissues with a similar phenotype as the reptilian sinuatrial
junction.
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of the two other sinus horns. With the cardiac impulse originating from the sinuatrial junction, the activation
front of the three sinus horns will travel in roughly opposite directions. The opposite directions of the propagating
impulse together with the small mass of the sinus myocardium may explain why the activation of the sinus veno-
sus is rarely detected on the body surface ECG>?’.

The retrograde activation of the sinus venosus may propel blood away from the heart. In both anole lizard
and python, we found venous valves immediately upstream of the sinus venosus that may prevent such backflow.
These valves probably correspond to the venous valves encountered in the proximity of the heart in the subclavian
and internal jugular veins of mammals*. Their position could allow for pressures to build up in the sinus venosus.
In the pythons, we found that blood pressure of the sinus venosus increases after the ventricular systole of the
previous beat and prior to the next atrial contraction, as previously reported for other species of snakes*. Further,
we found that right atrial pressure increases in two steps with the first step coinciding with increments in sinus
pressure, suggesting an active role of the sinus venosus in filling of the right atrium (Fig. 6). The sinus venosus also
contributes to atrial filling in amphibians and in at least some fishes'. In some mammals, like bushbabies (Galago)
and American opossums (Didelphis), the sinuatrial valve may persists between the inferior caval vein and the
right atrium in a, presumably, competent state*! and their the sinus venarum may be well-equipped to generate
pressure. The sinuatrial junction of most marsupial and placental mammals, however, appears to be so extensively
remodeled that the bicuspid sinuatrial valve is rendered incompetent and there is an unguarded communication
between the sinus venarum and the inferior caval vein*.. During the extensive gestational remodeling of most
mammals, the sinuatrial right leaflet will give rise to the Eustachian and Thebesian valves and remnants of the left
leaflet form a fine meshwork on the interatrial septum or, more commonly, is absorbed altogether!?.

Distally, the Anolis sinus venosus can be considered ‘atrialized’ because of expression of Nkx2.5 and Gja5. The
presence of Cx40 (Gja5) allows for fast impulse propagation but the electrical mapping did not reveal differences in
propagation speed between parts of the sinus venosus. Propagation speed, however, also depends on the density of
sodium channels which we did not assess in the anole lizard and python. Also, the myocardium of the reptile sinus
venosus and atria respond similarly to adrenergic and cholinergic stimulation, as does the myocardium of the caval
veins and atria of mammals®® >4, The Anolis sinus venosus myocardium, however, in its entirety remains distinct
from atrial myocardium by expressing Tbx18. Tbx18 expressed ectopically in the atria of the mouse decreases the
levels of Gja5 and Scn5a giving the atria a phenotype closer to that of the embryonic sinus venosus*. Also, the Anolis
sinus venosus was the only chamber where Tbx20 transcripts could not be detected, whereas in mouse, Tbx20 is
expressed in the entire heart, including the sinus venosus® and is crucial for the developing and adult heart*®. In
the sinus venosus of reptiles, the significance of expression of Tbx18 and absence of Tbx20 may be that the sinus
venosus is poorly atrialized. In the postnatal mammalian heart, atrialized sinus myocardium, like atrial myocar-
dium, expresses gap junction proteins®’, cardiac troponins®, and is regulated by sympathetic and parasympathetic
agonists*>*’. Contractions of the atrialized sinus myocardium are in twitches and tetanus cannot be induced*2. We
show here that the atrialized parts of the sinus myocardium of reptile hearts have the same characteristics.

The myocardium of the caval veins of the mammalian heart is paradoxical, because it has no documented
beneficial function but nonetheless poses a risk to cardiac function by exhibiting ectopic pacemaker activity> .
Current hypotheses on the function of the caval vein myocardium were originally formulated for the pulmonary
venous myocardium; the systemic venous myocardium could function as a throttle valve inhibiting regurgita-
tion from the right atrium to the veins, could aid right atrial filling, and could regulate systemic venous pres-
sure and blood flow*> 8, The first and second function, however, are doubtful in light of evolution because the
un-remodeled sinuatrial junction of the reptile heart has a valve, which prevents atrial regurgitation and the
reptilian sinus venosus appears to aid atrial filling. For the sinus myocardium to substantially aid atrial filling
there must be a sinuatrial delay, just as the atrioventricular delay provides time for the atria to aid ventricular
filling, but the sinuatrial delay is present in reptiles and lost in mammals. It can then be postulated that the caval
vein myocardium of the mammalian heart would be much better suited to fulfill its hypothesized functions, if
it retained the reptilian configuration. So why the sinus venarum of the adult mammalian heart is invested with
myocardium remains enigmatic.

The sinus myocardium of the adult mammal heart may simply be an unavoidable remnant of embryonic heart
development. In modern bony fishes like the zebrafish, the sinus venosus forms with no myocardium, except on
the sinuatrial junction where the dominant pacemaker is located, showing that myocardialization of the mesen-
chymal venous pole is not an inescapable process in vertebrate evolution* > . Also, the embryonic arterial pole
of reptiles, birds, and mammals is myocardial but it is incorporated to the ventricle in later stages and the adult
arterial pole is essentially without myocardium®. Perhaps the simplest explanation for the presence of caval vein
myocardium in mammals is that it is functionally beneficial in embryonic development, where the mammalian
heart is much more reptile-like in form and function, and cannot be lost in later development.

Both reptiles and mammals form a so-called sinus septum, a myocardial ridge between the left and right sinus
horns, which expresses Tbx3'**C. Derivatives of the sinus septum in human are prone to exhibit ectopic pacemak-
ing?. In remodelling of the sinus venosus in mammals, the sinus septum seemingly contributes to the right atrial
Eustachian ridge and the tendon of Todaro, key landmarks for the localization of the atrioventricular node!>°!.

In the monotreme heart, there is a sinus node® and a well-developed sinuatrial valve*! that resembles the rep-
tilian sinuatrial valve. It should be noted, however, that the electrical activity of the heart of monotreme mammals
is only rudimentarily described. Apparently, the monotreme heart does not undergo sinuatrial remodeling and
it may be premature to state definitively that the sinuatrial junctional delay is lost in monotreme mammals.

This study reports the observation that the distal reptilian sinus venosus atrializes as revealed by the expres-
sion of genes otherwise exclusively found in the atria and ventricles, a trait that was thought to be specific of
mammals. This implies that the specializations of the mammalian sinus venosus as compared to the assumed
ancestral state represented by reptiles are principally the development of an anatomically identifiable sinus node
and the loss of the sinuatrial delay.
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Materials and Methods

Ethical statements. All experimental procedures on adult and embryonic material complied with
national and institutional guidelines and were approved by Institutional Animal Care and Use Committee of
the University of Amsterdam. The approval is registered as “DAE101617” for optical mapping of the anoles. All
experiments were conducted prior to 2015, and prior to 2015 experiments in The Netherlands on non-mamma-
lian embryos that are not autonomously viable did not require approval from the Institutional Animal Care and
Use Committee. All experiments on pythons were carried out under the supervision of authorized investigators
according to Danish Federal Regulations.

Animals. Fertilized eggs of Anolis sagrei (N =7) of Sanger stages 6-19°* were bought commercially. The speci-
mens were dissected out of the shell and membranes and placed in phosphate-buffered physiological saline (0.9%
NaCl) if video recordings were made of the beating heart and subsequently, or directly to 4% paraformaldehyde
for 24 h if no recordings were made and then to 70% ethanol.

We bought commercially 8 Anolis equestrie, the largest species of the Anolis, for mapping of the electrical acti-
vation of the sinus venosus by electrode catheter (N = 3) and optical mapping (N=5).

We bought commercially19 pythons (Python regius) of undetermined sex and age with body masses ranging
from 69 g to 1376 g (458 = 88 g; mean & SEM). Prior to experiments the snakes were kept in vivariums at 30 °C
with free access to water.

For localization of the pacemaker by immunohistochemistry we used, besides Anolis and Python, an embry-
onic Chinese softshell turtle (Pelodiscus sinensis, Tokita-Kuratani stage 17°°), an embryonic Varanus varius (73
days post oviposition) as varanid lizards have higher heart rates (and maximal metabolism) than other reptiles®
and a near-hatching Crocodylus palustris (68 days post ovulation) and a Ferguson stage 16°” embryonic American
alligator (Alligator mississippiensis) as crocodilians are the only reptiles with a full ventricular septum?’.

In situ study on anaesthetized snakes. A total of nine snakes were anaesthetized by an intramuscu-
lar injection of pentobarbital (30 mg kg~!, Sygehusapotekerne, Denmark) and mechanically ventilated with a
Harvard Apparatus mechanical ventilator at 5-10 breaths min~! and a tidal volume of approximately 60 mlkg~'.
The heart was exposed by a 7 cm right ventrolateral incision. To measure blood pressures, occlusive PE50 cathe-
ters filled with heparinized saline (50 IU ml™!) were inserted in the vertebral artery (Py) and in the sinus venosus
via the right jugular vein (Pgy). A flared catheter was inserted through a small incision in the right atrial lumen
(Pra), the incision was closed with a tight suture. Electrocardiograms were recorded from 3 of the 9 snakes. All
catheters were connected to disposable pressure transducers (Baxter Edward, model PX600, Irvine, CA) and the
signals were amplified using an in-house built amplifier. The pressure transducers were calibrated against a static
water column prior to each experiment and maintained at heart level. All pressure measures were recorded with a
MP100 data acquisition system (Biopac Systems, Goleta, CA) at 200 Hz. No less than 30 min after catheterization
injections of autonomic agonists were given in the vertebral artery in a volume of 1 mlkg™! followed by a flush
of approximately 0.2 ml kg ™! heparinized saline. After each agonist, the maximal response was compared to the
pre-injection baseline. Agonists were given in the following order; adrenalin (5ugkg™), acetylcholine (2 pgkg™,
22mmolkg™!), isoproterenol (0.1 pmol kg™?!), phenylephrine (10 pgkg™!). Hereafter we delivered blockade of
muscarinic and 3-adrenergic receptors with atropine (4 mgkg™') and propranolol (4 mgkg) respectively. The
efficacy of the blockade was verified with acetylcholine and adrenalin.

In vitro studies of the isolated sinus venosus and the right atrium of python. Six pythons were
deeply anaesthetized by pentobarbital (50 mg kg~!) and the hearts were excised and transferred to an ice-cold
Ringer solution consisting of 95 mM NaCl, 25 mM NaHCOj3, 2.5mM KCI, 1 mM NaH,PO,, 1 mM MgSO4,
1.5mM CaCl,, and 5mM glucose with a pH of 7.5 then equilibrated with 2.0% CO, and 98% O, at 30 °C. One strip
of sinus venosus and another of the right atrium were dissected out for each heart. Each strip was mounted verti-
cally with surgical silk between a thin glass rod and a fixed platinum rod and placed in water-jacketed glass cham-
ber containing 50 ml Ringer solution at 30 °C and equilibrated with a gas mixture of 98% O, and 2% CO, delivered
by a Wosthoff pump. The glass rod was connected to a force transducer (Statham UC 2, Oxnard, CA, USA) to
measure force of the isometric contractions. In a few instances with no spontaneous contraction, the atrial strips
were electrically paced to verify viability. The strips were stretched to provide a near maximum twitch force.
When the rate and force of the spontaneous contractions of the sinus venosus and right atrium had been recorded
for a minimum of 30 min, a series of autonomic agonist were administered: Adrenaline (Adr, 10 umol L),
Acetylcholine (Ach, 1 pmol L™?), isoproterenol (Iso, 100 umol L™!, with 500 umol L™! ascorbic acid), phenyle-
phrine (Phe, 30 umol L~!). When the maximal response had been recorded, the samples were washed twice for
5 min to remove any drugs. Hereafter a blockade of muscarinic receptors with atropine (Atr, 1 pmol L™!), and a
subsequent blockade of 3-adrenergic receptors with propranolol (Pro, 10 pumol L™!) were administered, no wash-
ing was performed after blockades, and these were left to settle for at least 10 min. The efficacy of the blockades
were verified using acetylcholine and adrenalin.

Electrode mapping of activation. We anaesthetized four pythons by an intramuscular injection of pento-
barbital (30 mgkg ™!, Sygehusapotekerne, Denmark) and ventilated at regular intervals through an intubation of
the trachea. The heart was exposed by a 7 cm ventrolateral incision. Epicardial electrical activation was recorded
using a CardioLab Electrophysiology Recording Systems (Version 6.5.6, GE Healthcare, US; amplifier by Prucka
engineering, US). For the mapping an 8 polar 1.1 F catheter and a 4 polar 1.4 F catheter (1 mm electrode spacing,
Millar Instruments, US) were used. Stimulations were performed with 5-10 mA in 2 ms (BioTek, US), where
capture was observed in all chambers. Patterns of depolarisation in the ventricle, right atrium, and sinus venosus
were recorded by the use of surface electrodes with a reference electrode fastened in a specific location on each
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chamber. In two snakes, the conduction velocities in atria and sinus venosus were derived with the P-wave of the
surface electrograms as reference. To investigate the presence of decremental conduction (Wenckebach phenom-
enon), we used a programmed stimulation train of 3 cycles with an extrasystole in decreasing intervals down from
1800 ms ™! down to the Wenckebach point. The Wenckebach point of the sinuatrial and atrioventricular junctions
were recorded by pacing the sinus venosus or the right atrium respectively, and before and after application of
5ugkg ! adrenaline into the vertebrate artery.

Cuban knight anoles (N = 3) were anaesthetized and ventilated as above for the pythons. Surface pads
were placed on each limb to record ECGs. The sternum was then split and the pericardium cut away and the
8-electrode catheter was then placed on the sinus venosus for recording. The 8 electrodes were paired into 4
bipolar electrodes and the sinuatrial and atrioventricular delays were measured as the shortest delay recorded by
any of the four electrodes. Propagation speeds were calculated from recordings that were preferably 6 mm (from
bipolar electrodes 1 and 4), or 4 mm apart (from bipolar electrodes 1 and 3, or 2 and 4).

Agonists and antagonists of the autonomic nervous system.  All drugs were obtained from Sigma
Aldrich (Denmark). All drugs were administered in 0.9% physiological saline and kept frozen after preparation.
Prior to injection drugs were kept at 25-30°C. To avoid oxidation of phenylephrine ascorbic acid was added
(25 umol kg~! for a phenylephrine solution of 10ugkg™). Atropine, adrenaline, and phenylephrine were kept in
foil to avoid light induced instability.

Optical mapping of activation. The animals for optical mapping were decapitated and had the posterior
caval vein catheterized with PE-90 immediately cranial to the liver. The catheter was filled with a custom made
physiological saline and advanced to the sinus venosus after which the hearts were excised and transferred to the
same physiological saline (in mM; NaCl 95, Tris 5, Glucose 5, KCl 2.5, CaCl, 1.5, MgSO, 1, pH adjusted 7.5 with
acetic acid and NaOH).

The catheterized and excised hearts were incubated at 25 °C in the physiological saline 15 pmol/l di-4-ANEPPS
(voltage sensitive dye). A 5-watt power LED (filtered 510 & 20 nm) provided excitation light and fluorescence (fil-
tered > 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 optical action potentials were analyzed with
custom software.

Histology, in-situ hybridization, and immunohistochemistry. Specimens were embedded in paratfin
and cut to series of 7-14 um sections. Staining was with picro-sirius red (1 min differentiation in 0.01 M HCl),
in-situ hybridization (as previously described*®) or immunohistochemistry (as previously described®). For in-situ
hybridization, we used previously described probes for Anolis mRNA (Bmp2, Gja5, Tbx3, Tbx5, tnnt2*?) and
probes based on the following coordinates using UCSC Genome Browser on Lizard May 2010 (Broad AnoCar2.0/
anoCar2) Assembly; Hen4 (chrUn_GL343517:230,977-269,752), Isl1 (chr2:4,409,614-4,425,900), Tbx18
(chr1:196,878,650-196,903,397), Tbx20 (chr6:46249425-46294657)). Probes for the American alligator were
made in house based on the following coordinates using UCSC Genome Browser on American alligator Aug.
2012 (allMis0.2/allMis1) Assembly: Gja5 (JH733970:656,237-659,259), Scn5a (JH739807:162,160-168,550),
Tbx3 (JH733970:656,237-659,259). For visualization of Isl1 with immunohistochemistry we used a goat anti-
body to human Isl1 (Neuromics, dilution 1:200) visualized by binding to fluorescently labelled donkey-anti-goat
antibody coupled to Alexa 680 (Invitrogen, dilution 1:250). Myocardium was visualized with a rabbit polyclonal
antibody to human cardiac troponin I (Santa Cruz, dilution 1:400) visualized by binding to fluorescently labelled
donkey-anti-rabbit antibody coupled to Alexa 488 (Invitrogen, dilution 1:250). All nuclei were stained with Dapi
(Sigma, 1:40,000). We further tested antibodies for the proteins of several of the genes above, but we did not
achieve specific detection. On the basis of section series we made 3D models using Amira® version 5.2 software
of expression domains as described previously®.

References
1. Burggren, W., Farrell, A. & Lillywhite, H. In Comprehensive Physiology 215-308 (John Wiley & Sons, Inc., 2010).
2. Lange, G., Lu, H. H,, Tsumuraya, Y. & Brooks, C. M. Pacemaker actions in the turtle heart. Am.J Physiol 210, 1375-1382 (1966).
3. Arbel, E. R. et al. Electrophysiological and anatomical observations on the heart of the African lungfish. American Journal of
Physiology - Heart and Circulatory Physiology 232, H24-H34 (1977).
4. Tessadori, F et al. Identification and functional characterization of cardiac pacemaker cells in zebrafish. PLoS One 7, e47644,
doi:10.1371/journal.pone.0047644 (2012).
5. Jensen, B., Boukens, B. J., Wang, T., Moorman, A. E. M. & Christoffels, V. M. Evolution of the Sinus Venosus from Fish to Human.
Journal of Cardiovascular Development and Disease 1, 14-28 (2014).
6. Davies, F. The conducting system of the vertebrate heart. Br.Heart ] 4, 66-76 (1942).
7. Lamers, W. H., Dejong, E, Degroot, I. ]. M. & Moorman, A. F. M. The Development of the Avian Conduction System, A Review.
European Journal of Morphology 29, 233-253 (1991).
8. Jensen, B., Wang, T., Christoffels, V. M. & Moorman, A. E Evolution and development of the building plan of the vertebrate heart.
Biochim.Biophys.Acta 1833, 783-794, doi:10.1016/j.bbamcr.2012.10.004 (2013).
9. Jensen, B., Moorman, A. F. & Wang, T. Structure and function of the hearts of lizards and snakes. Biol. Rev.Camb.Philos.Soc. 89,
302-336, doi:10.1111/brv.12056 (2014).
10. Christoffels, V. M. et al. Formation of the venous pole of the heart from an Nkx2-5-negative precursor population requires Tbx18.
Circ.Res. 98, 1555-1563, doi:10.1161/01.RES.0000227571.84189.65 (2006).
11. Mommersteeg, M. T. et al. Molecular pathway for the localized formation of the sinoatrial node. Circ.Res. 100, 354-362,
doi:10.1161/01.RES.0000258019.74591.b3 (2007).
12. Wiese, C. et al. Formation of the sinus node head and differentiation of sinus node myocardium are independently regulated by
Tbx18 and Tbx3. Circ.Res. 104, 388-397, doi:10.1161/CIRCRESAHA.108.187062 (2009).
13. Steding, G., Xu, J. W, Seidl, W, Manner, J. & Xia, H. Developmental aspects of the sinus valves and the sinus venosus septum of the
right atrium in human embryos. Anat Embryol.(Berl) 181, 469-475 (1990).

SCIENTIFICREPORTS | 7:6644| DOI:10.1038/s41598-017-06291-z 10


http://dx.doi.org/10.1371/journal.pone.0047644
http://dx.doi.org/10.1016/j.bbamcr.2012.10.004
http://dx.doi.org/10.1111/brv.12056
http://dx.doi.org/10.1161/01.RES.0000227571.84189.65
http://dx.doi.org/10.1161/01.RES.0000258019.74591.b3
http://dx.doi.org/10.1161/CIRCRESAHA.108.187062

www.nature.com/scientificreports/

14.
15.
16.
17.

18.

19.
20.

21.

22.
23.
24.
25.
26.

27.
28.

29.
30.

31.

32.
33.

34,
. Valentinuzzi, M. E. & Hoff, H. E. Catheterization in the snake: correlation of cardiac events. Cardiovasc.Res.Cent.Bull. 8(3), 102-118

36.
37.

38.
39.
40.
. Rowlatt, U. Comparative Anatomy of the Heart of Mammals. Zoological Journal Of The Linnean Society 98, 73-110 (1990).
42.

43.
44.
45.
. Shen, T. et al. Tbx20 regulates a genetic program essential to adult mouse cardiomyocyte function. J Clin Invest 121, 4640-4654,
47.
48.
49.
50.
51.
52.
. Beard, L. A. & Grigg, G. C. 493-500 (International Society of Biotelemetry, 2000).
54.

55.

Blaschke, R. J. et al. Targeted mutation reveals essential functions of the homeodomain transcription factor Shox2 in sinoatrial and
pacemaking development. Circulation 115, 1830-1838, doi:10.1161/CIRCULATIONAHA.106.637819 (2007).

Espinoza-Lewis, R. A. et al. Shox2 is essential for the differentiation of cardiac pacemaker cells by repressing Nkx2-5. Dev.Biol. 327,
376-385, d0i:10.1016/j.ydbio.2008.12.028 (2009).

Hoffmann, S. et al. Isletl is a direct transcriptional target of the homeodomain transcription factor Shox2 and rescues the Shox2-
mediated bradycardia. Basic Res.Cardiol. 108, 339, d0i:10.1007/s00395-013-0339-z (2013).

Hoogaars, W. M. et al. Tbx3 controls the sinoatrial node gene program and imposes pacemaker function on the atria. Genes Dev 21,
1098-1112, doi:10.1101/gad.416007 (2007).

Vedantham, V., Galang, G., Evangelista, M., Deo, R. C. & Srivastava, D. RNA sequencing of mouse sinoatrial node reveals an
upstream regulatory role for Islet-1 in cardiac pacemaker cells. Circ Res 116, 797-803, d0i:10.1161/CIRCRESAHA.116.305913
(2015).

Mommersteeg, M. T. et al. The sinus venosus progenitors separate and diversify from the first and second heart fields early in
development. Cardiovasc.Res. 87, 92-101, doi:10.1093/cvr/cvq033 (2010).

Bressan, M., Liu, G. & Mikawa, T. Early mesodermal cues assign avian cardiac pacemaker fate potential in a tertiary heart field.
Science 340, 744-748, doi:10.1126/science.1232877 (2013).

Wilson, C. M., Stecyk, J. A. W,, Couturier, C. S., Nilsson, G. E. & Farrell, A. P. Phylogeny and effects of anoxia on hyperpolarization-
activated cyclic nucleotide-gated channel gene expression in the heart of a primitive chordate, the Pacific hagfish (Eptatretus stoutii).
J Exp Biol 216, 4462-4472 (2013).

Jensen, B. et al. How the python heart separates pulmonary and systemic blood pressures and blood flows. J Exp Biol 213, 1611-1617
(2010).

Snarr, B. S. et al. Isl1 expression at the venous pole identifies a novel role for the second heart field in cardiac development. Circ Res
101, 971-974, doi:10.1161/CIRCRESAHA.107.162206 (2007).

Keith, A. & Flack, M. The Form and Nature of the Muscular Connections between the Primary Divisions of the Vertebrate Heart. |
Anat Physiol 41,172-189 (1907).

Haverinen, J. & Vornanen, M. Temperature acclimation modifies sinoatrial pacemaker mechanism of the rainbow trout heart. AJP -
Regulatory, Integrative and Comparative Physiology 292, R1023-R1032 (2007).

Mangoni, M. E. & Nargeot, J. Genesis and regulation of the heart automaticity. Physiol Rev. 88, 919-982, doi:10.1152/
physrev.00018.2007 (2008).

Mullen, R. K. Comparative electrocardiography of the squamata. Physiological Zoology 40, 114-126 (1967).

Koprla, E. C. The ultrastructure of alligator conductive tissue: an electron microscopic study of the sino-atrial node. Acta Physiol
Hung. 69, 71-84 (1987).

Dobrzynski, H. et al. Structure, function and clinical relevance of the cardiac conduction system, including the atrioventricular ring
and outflow tract tissues. Pharmacol. Ther. 139, 260-288, doi:10.1016/j.pharmthera.2013.04.010 (2013).

Joyner, R. W. & van Capelle, F. J. Propagation through electrically coupled cells. How a small SA node drives a large atrium. Biophys.]
50, 1157-1164, doi:10.1016/S0006-3495(86)83559-7 (1986).

Fedorov, V. V., Glukhov, A. V. & Chang, R. Conduction barriers and pathways of the sinoatrial pacemaker complex: their role in
normal rhythm and atrial arrhythmias. Am.J Physiol Heart Circ.Physiol 302, H1773-H1783, doi:10.1152/ajpheart.00892.2011
(2012).

Jensen, B. et al. Identifying the evolutionary building blocks of the cardiac conduction system. PLoS One 7, e44231, doi:10.1371/
journal.pone.0044231 (2012).

Hutter, O. F. & Trautwein, W. Vagal and sympathetic effects on the pacemaker fibers in the sinus venosus of the heart. The Journal of
General Physiology 39, 715-733 (1956).

Valentinuzzi, M. E. & Hoff, H. E. The sinus venosus-atrial Wenckebach-Luciani phenomenon. J.Electrocardiol. 5, 1-14 (1972).

(1970).

Ito, M. et al. Studies on sino-caval conduction of the rabbit with microelectrodes. Jpn.] Physiol 14, 439-449 (1964).

Spach, M. S., Barr, R. C. & Jewett, P. H. Spread of excitation from the atrium into thoracic veins in human beings and dogs. Am.J
Cardiol. 30, 844-854 (1972).

Kracklauer, M. P. et al. Discontinuous thoracic venous cardiomyocytes and heart exhibit synchronized developmental switch of
troponin isoforms. FEBS ] 280, 880-891, doi:10.1111/febs.12076 (2013).

Nathan, H. & Gloobe, H. Myocardial atrio-venous junctions and extensions (sleeves) over the pulmonary and caval veins.
Anatomical observations in various mammals. Thorax 25, 317-324 (1970).

Franklin, K. J. Valves in Veins: An Historical Survey. Proc.R.Soc.Med. 21, 1-33 (1927).

Liu, R., Feng, H. Z. & Jin, J. P. Physiological contractility of cardiomyocytes in the wall of mouse and rat azygos vein. Am.]J Physiol
Cell Physiol 306, C697-C704, doi:10.1152/ajpcell.00004.2014 (2014).

Arita, M., Saeki, K., Tanoue, M., Fukushima, I. & Ito, M. Effects of catecholamines, propranolol, acetylcholine and ouabain on the
transmembrane action potentials and contractility of the isolated venae cavae proximal to the heart of the rabbit. Jpn.] Physiol 17,
158-173 (1967).

Greulich, E. et al. Misexpression of Tbx18 in cardiac chambers of fetal mice interferes with chamber-specific developmental
programs but does not induce a pacemaker-like gene signature. J Mol Cell Cardiol 97, 140-149, doi:10.1016/j.yjmcc.2016.05.004
(2016).

Kraus, E, Haenig, B. & Kispert, A. Cloning and expression analysis of the mouse T-box gene tbx20. Mech Dev 100, 87-91 (2001).

doi:10.1172/JCI59472 (2011).

Yeh, H. L. et al. Heterogeneity of myocardial junctions in canine sleeve morphology and gap superior vena cava. Circulation 104,
3152-3157 (2001).

Nathan, H. & Eliakim, M. The junction between the left atrium and the pulmonary veins. An anatomic study of human hearts.
Circulation 34, 412-422 (1966).

Jensen, B. et al. Development of the hearts of lizards and snakes and perspectives to cardiac evolution. PLoS One 8, €63651,
doi:10.1371/journal.pone.0063651 (2013).

Christoffels, V. M. & Moorman, A. F. Development of the cardiac conduction system: why are some regions of the heart more
arrhythmogenic than others? Circ. Arrhythm.Electrophysiol. 2, 195-207 (2009).

Anderson, R. H. & Ho, S. Y. The Morphology of the Specialized Atrioventricular Junctional Area: The Evolution of Understanding.
Pacing and Clinical Electrophysiology 25, 957-966 (2002).

Davies, F. The Conducting System of the Monotreme Heart. ] Anat 65, 339-351 (1931).

Sanger, T. ], Losos, J. B. & Gibson-Brown, J. J. A developmental staging series for the lizard genus Anolis: a new system for the
integration of evolution, development, and ecology. ] Morphol. 269, 129-137, doi:10.1002/jmor.10563 (2008).

Tokita, M. & Kuratani, S. Normal embryonic stages of the Chinese softshelled turtle Pelodiscus sinensis (Trionychidae). Zoological
Science 18,705-715 (2001).

SCIENTIFICREPORTS | 7:6644| DOI:10.1038/s41598-017-06291-z 11


http://dx.doi.org/10.1161/CIRCULATIONAHA.106.637819
http://dx.doi.org/10.1016/j.ydbio.2008.12.028
http://dx.doi.org/10.1007/s00395-013-0339-z
http://dx.doi.org/10.1101/gad.416007
http://dx.doi.org/10.1161/CIRCRESAHA.116.305913
http://dx.doi.org/10.1093/cvr/cvq033
http://dx.doi.org/10.1126/science.1232877
http://dx.doi.org/10.1161/CIRCRESAHA.107.162206
http://dx.doi.org/10.1152/physrev.00018.2007
http://dx.doi.org/10.1152/physrev.00018.2007
http://dx.doi.org/10.1016/j.pharmthera.2013.04.010
http://dx.doi.org/10.1016/S0006-3495(86)83559-7
http://dx.doi.org/10.1152/ajpheart.00892.2011
http://dx.doi.org/10.1371/journal.pone.0044231
http://dx.doi.org/10.1371/journal.pone.0044231
http://dx.doi.org/10.1111/febs.12076
http://dx.doi.org/10.1152/ajpcell.00004.2014
http://dx.doi.org/10.1016/j.yjmcc.2016.05.004
http://dx.doi.org/10.1172/JCI59472
http://dx.doi.org/10.1371/journal.pone.0063651
http://dx.doi.org/10.1002/jmor.10563

www.nature.com/scientificreports/

56. Thompson, G. G. & Withers, P. C. Standard and maximal metabolic rates of goannas (Squamata:Varanidae). Physiol Zool. 70,
307-323 (1997).

57. Ferguson, M. W.]. In Development A Biology of the Reptilia (eds C. Gans, F. Billett, & PEA Maderson) 331-491 (John Wiley & sons,
1985).

58. Moorman, A. E, Houweling, A. C., de Boer, P. A. & Christoffels, V. M. Sensitive nonradioactive detection of mRNA in tissue
sections: novel application of the whole-mount in situ hybridization protocol. ] Histochem.Cytochem. 49, 1-8 (2001).

59. Aanhaanen, W. T. et al. Developmental origin, growth, and three-dimensional architecture of the atrioventricular conduction axis
of the mouse heart. Circ.Res. 107, 728-736, d0i:10.1161/CIRCRESAHA.110.222992 (2010).

60. Soufan, A. T. et al. Three-dimensional measurement and visualization of morphogenesis applied to cardiac embryology. ] Microsc.
225, 269-274, doi:10.1111/j.1365-2818.2007.01742.x (2007).

Acknowledgements

Mike Richardson of kindly donated the fetal specimens of Pantherophis guttatus and Pelodiscus sinensis, and
Jeanne M.M.S. van de Put kindly sectioned the Pelodiscus sinensis, both of Leiden University, The Netherlands.
Dane Crossley II kindly donated the embryonic Alligator mississippiensis.

Author Contributions

B.J., designed and executed experiments and wrote the manuscript, S.V. executed in vivo experiments on pythons,
B.J.B. performed optical mapping, ].M.N. performed catheter mapping, A.FEM.M. designed experiments and
wrote the manuscript, V.M.C. designed experiments and wrote the manuscript, T.W. designed experiments and
wrote the manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/541598-017-06291-z

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS | 7:6644| DOI:10.1038/s41598-017-06291-z 12


http://dx.doi.org/10.1161/CIRCRESAHA.110.222992
http://dx.doi.org/10.1111/j.1365-2818.2007.01742.x
http://dx.doi.org/10.1038/s41598-017-06291-z
http://creativecommons.org/licenses/by/4.0/

	Morpho-functional characterization of the systemic venous pole of the reptile heart

	Results

	Molecular identification of the pacemaker of the reptile heart at the sinuatrial junction. 
	The dominant pacemaker of the reptile heart is in the sinuatrial junction. 
	The sinuatrial junction of the reptile heart exhibits a substantial delay. 
	The sinus venosus of the reptile heart has a chamber-like phenotype. 

	Discussion

	Materials and Methods

	Ethical statements. 
	Animals. 
	In situ study on anaesthetized snakes. 
	In vitro studies of the isolated sinus venosus and the right atrium of python. 
	Electrode mapping of activation. 
	Agonists and antagonists of the autonomic nervous system. 
	Optical mapping of activation. 
	Histology, in-situ hybridization, and immunohistochemistry. 

	Acknowledgements

	Figure 1 Identification of the putative dominant pacemaker by Isl1 detection.
	Figure 2 The sinuatrial junction of reptiles has the phenotype of the mammalian sinus node.
	Figure 3 The sinuatrial junctional area harbors the dominant pacemaker, has a delay, and the sinus venosus is activated retrograde in both Anolis and Python.
	Figure 4 Venous valves guard the entrance to the anterior sinus horns.
	Figure 5 Distal parts of the sinus venosus of Anolis sagrei have the molecular phenotype of a chamber.
	Figure 6 The sinus venosus of Python functions as a chamber.
	Figure 7 The sinuatrial junction of reptiles and mammals.


