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Abstract

 

It has been generally assumed that the outflow tract of the chondrichthyan heart consists of the conus arteriosus,
characterized by cardiac muscle in its walls. However, classical observations, neglected for many years, indicated that
the distal component of the cardiac outflow tract of several elasmobranch species was composed of tissue resembling
that of the ventral aorta. The present study was outlined to test the hypothesis that this intrapericardial, non-myocardial
component might be homologous to the actinopterygian bulbus arteriosus. The material consisted of Atlantic catshark
adults and embryos, which were examined by means of histochemical and immunohistochemical techniques for light and
fluorescence microscopy. In this species, the distal component of the outflow tract differs histomorphologically from
both the ventral aorta and the conus arteriosus; it is devoid of myocardium, is covered by epicardium and is crossed
by the coronary arterial trunks. In the embryonic hearts examined, this distal component showed positive reactivity
for 4,5-diaminofluorescein 2-diacetate (DAF-2DA), a fluorescent nitric oxide indicator. These findings, together with
other observations in holocephals and several elasmobranch species, confirm that chondrichthyans possess a bulbus
arteriosus interposed between the conus arteriosus and the ventral aorta. Therefore, the primitive heart of
gnathostomates consists of five intrapericardial components, sinus venosus, atrium, ventricle, conus arteriosus and
bulbus arteriosus, indicating that the bulbus arteriosus can no longer be regarded as an actinopterygian apomorphy.
The DAF-2DA-positive reactivity of the chondrichthyan embryonic bulbus suggests that this structure is homologous
to the base of the great arterial trunks of birds and mammals, which derives from the embryonic secondary heart field.
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Introduction

 

It is widely reported that the outflow tract of the chondrich-
thyan heart consists of the conus arteriosus, characterized
by myocardial muscle in its walls and by a variable number
of valves at its luminal side (Gegenbaur, 1866; Satchell &
Jones, 1967; Santer, 1985; Zummo & Farina, 1989). The
conus is reported to connect the ventricle with the ventral
aorta. A well-developed conus arteriosus has also been
found in the heart of phylogenetically basal actinopterygians
such as the polypteriformes and lepisosteiformes (Parsons,
1930). In the acipenseriformes, amiiformes, and in some

species of the phylogenetically basal teleost genera 

 

Albula

 

,

 

Pterothrissus

 

, 

 

Megalops

 

 and 

 

Tarpon

 

, an intrapericardial,
non-myocardial component, the bulbus arteriosus, is
interposed between the conus and the ventral aorta
(Stannius, 1846; Boas, 1880; Parsons, 1930; Senior, 1970a,b,c;
Satchell, 1991; Icardo et al. 2002a,b).

It has been generally assumed that in most teleosts, the
conus arteriosus is vestigial or even absent, a fact that has
been considered to be concomitant with the remarkable
development of the bulbus arteriosus in this zoological
group (Smith, 1918; Santer, 1985; Satchell, 1991; Farrell &
Jones, 1992). In contrast to this traditional viewpoint,
recent studies indicate that the conus, although reduced
in size, exists almost certainly in the majority or even in all
teleost species, being actively implicated in the perform-
ance of the conal valves (Schib et al. 2002; Icardo et al.
2003; Icardo, 2006; Grimes et al. 2006).

There is general agreement that the conus arteriosus is
an anatomical component of the primitive vertebrate heart.
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By contrast, the evolutionary origin of the actinopterygian
bulbus arteriosus has been an area under discussion for
more than a century. Several authors have proposed that
the bulbus develops from the proximal part of the ventral
aorta, which extends backwards into the pericardial cavity
(Boas, 1901; Bridge, 1904; Krause, 1923; Grodzinski, 1938;
Bertin, 1958; Parker & Haswell, 1962; Weichert & Presch,
1975; Lawson, 1979). Other authors consider that the
bulbus forms as a modification of the anterior part of the
embryonic conus arteriosus (Parsons, 1930; Licht & Harris,
1973; Priede, 1976; Yamauchi, 1980; Farrell & Jones, 1992;
Hu et al. 2000; Guerrero et al. 2004). Grimes et al. (2006)
have recently shown that the teleost bulbus arteriosus
becomes specifically labelled with a nitric oxide indicator
that also marks the smooth muscle component of the
arterial pole of the chick heart, i.e. the base of both the
aorta and the pulmonary artery. Taking into account that
in the chick these regions are not a part of any cardiac
chamber, the authors concluded that the bulbus arte-
riosus, which through ontogeny is never invested by
myocardium, cannot be regarded as a genuine chamber of
the teleost heart.

In 1930, Parsons reported that in several elasmobranch
species, the myocardial portion of the conus arteriosus of
the adult heart did not as a rule extend as far as the distal
pericardial boundary. In such cases, the distal portion of
the conus consisted of a tissue resembling that of the ventral
aorta, which lies beyond the pericardial cavity. This observation,
neglected for many years, was re-investigated by
Guerrero et al. (2004), who suggested that the distal, non-
myocardial portion of the conus might be morphologically
equivalent to the actinopterygian bulbus arteriosus.

The present study was outlined to test this hypothesis.
The main goals were (1) to gain new insight into the
anatomy and histology of the components of the chon-
drichthyan cardiac outflow tract, (2) to decide whether
chondrichthyans possess an outflow tract component
morphologically equivalent to the bulbus arteriosus of
the actinopterygians, and (3) to elucidate the possible
homologies between the outflow tract components of the
chondrichthyan heart and those of phylogenetically
apical vertebrate taxa, in an attempt to improve our under-
standing of vertebrate heart evolution. The study was
carried out in Atlantic catsharks, 

 

Galeus atlanticus

 

(Carcharhiniformes; Scyliorhinidae), due to the availability
of both adult and embryonic hearts of this species.

 

Materials and methods

 

The hearts examined belonged to 12 adults (five male, seven female)
and 15 embryos. Adult specimens were collected in the western
Mediterranean by scientific vessels belonging to the Spanish
Institute of Oceanography’s fleet. The total length (TL) of the animals,
measured from the anterior end of the head to the tip of the tail,
ranged between 33.4 and 41.0 cm.

Fertilized eggs were obtained from adult females and maintained
in an indoor tank of well-aerated seawater, kept clean by means
of an external filter device. The temperature of the water ranged
between 15 and 18 

 

°

 

C. The egg capsules were opened and the
embryos were removed. Their TL was between 32.0 and 65.0 mm.

Five (TL = 35–65 mm) of the 15 embryos were used for labelling

 

in vivo

 

 with 4,5-diaminofluorescein 2-diacetate (DAF-2DA) (Sigma
Chemical Co., Poole, UK), a fluorescent nitric oxide (NO) indicator
which has been proposed to be an early marker of prospective
smooth muscle (Grimes et al. 2006).

All embryos were anaesthetized by immersion in seawater with
0.04% tricaine methane sulphonate (MS-222, Sigma Chemical Co.).

Both the adult and the embryonic hearts were examined by
means of histochemical and immunohistochemical techniques for
light microscopy. The embryonic hearts incubated in DAF-2DAF
were also examined by epifluorescence.

 

Histochemical techniques for light microscopy

 

Adult hearts were perfused 

 

in situ

 

 with elasmobranch buffer
(16.38 g L

 

–1

 

 NaCl, 0.89 g L

 

–1

 

 KCl, 1.11 g L

 

–1

 

 CaCl

 

2

 

, 0.38 g L

 

–1

 

 NaHCO

 

3

 

,
0.06 g L

 

–1

 

 NaH

 

2

 

PO

 

4

 

, 21.6 g L

 

–1

 

 urea, pH 7.2) and removed. Embryos
were dissected under a stereomicroscope to obtain the heart
together with the ventral aorta and afferent branchial arteries.
Adult and embryonic hearts were fixed in 4% paraformaldehyde
in elasmobranch buffer, or in MAW (methanol/acetone/water
2:2:1), dehydrated in graded series of ethanol and embedded in
Histosec (Merck KGaA, Darmstadt, Germany). Serial sections of the
heart, transversely, longitudinally or sagittally cut at 10 μm, were
stained with haematoxylin-eosin for general assessment of the
tissue structure or with Masson–Goldner’s trichrome stain for
connective tissue. The periodic acid–Schiff (PAS) reaction and the
picrosirius-polarization staining method (Junqueira et al. 1979)
were used for the detection of mucosubstances and collagen,
respectively. The orcein-HCl and resorcin methods were employed
for the specific detection of elastin.

 

Immunohistochemical techniques for light microscopy

 

Sections of the heart, obtained following the protocol described
above, were immunolabelled with the monoclonal antibody
MF20 (Developmental Studies Hybridoma Bank, University of
Iowa, USA) against the myosin heavy chains of the striated
and cardiac muscle, or with the monoclonal anti-smooth muscle

 

α

 

-actin antibody (clone 1A4, Sigma Chemical Co.).
The sections were dewaxed in xylene, hydrated in an ethanol

series and washed in Tris-phosphate-buffered saline (TPBS, pH
7.8). Endogenous peroxidase activity was quenched by incubation
with 3% hydrogen peroxide in TPBS for 30 min. After washing
with TPBS, non-specific binding sites were saturated for 1 h with
10% sheep serum and 1% bovine serum albumin in TPBS plus
0.5% Triton X-100 (SBT). Endogenous biotin was blocked with the
avidin-biotin blocking kit (Vector, Burlingame, CA, USA). Sections
were washed with TPBS and then incubated overnight in the
primary antibody diluted in SBT. Omission of the first antibody
was used as a negative control.

After incubation with the first antibody, the sections were
washed in TPBS, incubated for 1.5 h in biotin-conjugated anti-mouse
IgG (Sigma) diluted 1:100 in SBT, washed again, and incubated for 1 h
in ExtrAvidin® conjugate (Sigma) diluted 1:150 in SBT. Peroxidase
activity was developed with Sigma Fast 3, 3

 

′

 

-diaminobenzidine
tablets according to the instructions of the supplier.
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Incubation of embryos in an NO indicator

 

Five live embryos were transferred into a 10 μ

 

M

 

 solution of
DAF-2DA in seawater and incubated for 48 h in the dark at 17 

 

°

 

C.
Embryonic hearts were obtained and processed as described above.

 

Nomenclature

 

Here the terms ‘proximal’ (or ‘posterior’) and ‘distal’ (or ‘anterior’)
are used to describe the location of the anatomical components
of the cardiac outflow tract with regard to the ventricle.

 

Results

 

Macroscopic findings in adult specimens

 

In the adult hearts, a tubular outflow tract segment extended,
in a slightly ventrodorsal orientation, from the ventricle to
the distal boundary of the pericardial cavity, where it
connected with the ventral aorta. Macroscopically, the
segment showed two components, proximal and distal, of
similar length (Fig. 1). In fresh material, the proximal
component was reddish and markedly harder than the
distal component, which displayed a whitish coloration.

The luminal surface of the proximal component was
furnished with two rows, anterior and posterior, of pocket
valves, indicating unequivocally that it was the conus
arteriosus. Each row consisted of three valves of similar
size located in the dorsal, right-ventral and left-ventral
positions. Each valve was composed of the leaflet and its
supporting structure, the sinus. The distal component (DC)
of the tubular segment displayed a smooth luminal
surface devoid of valves.

 

Histochemical and immunohistochemical findings in 
adult specimens

 

The wall of the conus arteriosus consisted of three layers:
the inner endocardial, the middle myocardial and the
outer epicardial layers (Figs 2 and 3a). The endocardial
layer was composed of the endocardium and the subendocar-
dial space. This space, occupied by fibrous tissue, was
thicker along the sinus wall of the anterior valves than
along the sinus wall of the posterior valves. The subendo-
cardial space of the anterior valvular sinuses was rich in
elastin (Fig. 2) and collagen (Fig. 3a); in that of the posterior
valve sinuses elastin was scarce. The middle myocardial
layer was the thickest layer of the conus wall. It consisted
of well-irrigated, compact myocardium, with the myocardial
cells arranged in a circumferential orientation. The outer
epicardial layer had a flattened surface, lined by epicardial
cells, and a subepicardial space of fibrous tissue, very rich
in collagen. Two main coronary artery trunks ran along
this subepicardial fibrous tissue (Fig. 3a).

The wall of the DC was similar in thickness to that of the
conus arteriosus (Fig. 2; compare with Fig. 3a,b). Its luminal
side was lined by the endothelium, surrounded by a very
thick layer of smooth musculature, elastin and collagen.
The smooth musculature appeared as concentric sheets
(Fig. 4a), alternating with equidistant, thin layers of elastic
fibres (Fig. 4b). The collagen bundles followed a more or
less concentric pattern (Fig. 4c). Glycoconjugates were
abundant close to the luminal part of the DC wall. They
displayed an arrangement similar to that of the fibrous
elements separating the smooth muscle sheets (Fig. 4d).
The most external portion of the DC wall was composed of
connective tissue very rich in collagen and almost devoid
of elastin; it was covered by the epicardium (Figs 3b and
4a,b,d). The main coronary arterial trunks, which entered
the DC at the level of the distal pericardial boundary, ran along
this external fibrous layer (Figs 3b and 4a,c,d), then entering
the subepicardial space of the conus arteriosus (Fig. 3a).

Beyond the distal limit of the pericardial cavity, the ventral
aorta, which was narrower than the DC (Fig. 1; see
Figs 3b,c, 4 and 5 for a comparison), exhibited the typical
histological structure of an elastic artery; it consisted of
intima, media and adventitia. The media was composed of
several densely arranged smooth muscle layers (Fig. 5a),
separated by thin sheets of connective tissue containing

Fig. 1 Ventral view of the heart of an adult Galeus atlanticus. A, atrium; 
C, proximal component (= conus arteriosus); DC, distal component of 
the outflow tract; PC, pericardial cavity; SV, sinus venosus; V, ventricle. 
The arrowhead points to a coronary artery. The white arrows indicate the 
pericardium. Scale bar = 0.2 cm.
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elastin (Fig. 5b), glycoconjugates (Fig. 5d) and, to a lesser
extent, collagen bundles orientated longitudinally. The
adventitia was well developed; it was rich in collagen
bundles forming a meshwork (Fig. 5c), and contained
scattered elastic fibres (Fig. 5b).

The structural switch between the DC and the ventral
aorta could be better recognized at the dorsal than at the
ventral side, where the histological transition between
both anatomical elements was gradual.

 

Embryological findings

 

In the embryos examined, the transverse septum was com-
pletely developed, and the heart showed an anatomical
arrangement that basically corresponded to that of an
adult Atlantic catshark. The cardiac tube was S-shaped,
with the sinus venosus and the atrium positioned dorsally.
The ventricle connected with the ventral aorta through a
tubular, intrapericardial outflow tract, in which two
components, proximal and distal, could be recognized
(Fig. 6a). The proximal component was MF20-positive,
indicating that it displayed a myocardial phenotype
(Fig. 6b). The DC was MF20-negative. In embryos of 50 mm
TL or longer, the DC showed positive immunoreactivity
against 

 

α

 

-actin, a smooth muscle marker. In all embryos
examined, a strong DAF-2DA-positive reactivity was
observed from the deepest part of the developing valvular
sinuses to the distal boundary of the pericardial cavity
(Fig. 6c).

 

Discussion

 

Morphological and functional aspects

 

The present findings show that the outflow tract of the
Atlantic catshark heart consists of two anatomical com-
ponents, proximal and distal, of similar length. The proximal
component is the conus arteriosus; it contains myocardial
muscle and is furnished with semilunar valves. The DC,
which connects the conus arteriosus with the ventral
aorta, is devoid of myocardium. Histologically, it exhibits
an arterial-like structure. However, it differs from the
ventral aorta because: (1) it displays a thicker wall, covered
by epicardium; (2) it shows a different arrangement of
histological elements; and (3) its walls are longitudinally
crossed by the main coronary arterial trunks, which enter
the DC at the boundary of the pericardial cavity and which
are not mere vasa vasorum. Nonetheless, there is no
striking structural discontinuity between the DC and the
ventral aorta; there is a gradual, histological transition
between them, especially at the ventral side.

In the sturgeon 

 

Acipenser naccarii

 

, a species belonging
to the phylogenetically basal actinopterygian group of
acipenseriformes, the conus arteriosus and the ventral aorta
are similarly connected by an intrapericardial, non-myocardial,

Fig. 2 Sagittal section of the ventral aorta (Ao) and cardiac outflow tract 
of an adult Galeus atlanticus. In the cardiac outflow tract two 
components can be recognized: proximal (down) and distal (up). The 
boundary between them is marked with large arrows. The proximal 
component is the conus arteriosus (C), which contains myocardium (M) 
in its wall and is furnished with two rows of valves (asterisks). The 
distal component (DC) is devoid of myocardium and rich in elastin 
(dark purple staining). Note the presence of a thin layer of elastin in the 
subendocardial space at the level of the anterior row, and not at the level 
of the posterior row of conal valves. The small arrows indicate the 
proximal level of elastin staining. A, atrium. Arrowhead, distal boundary 
of the pericardial cavity. The dotted lines (3a–c) indicate the levels of the 
sections shown in Fig. 3. Orcein-HCl staining. Scale bar = 500 μm.
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Fig. 3 Transverse sections (see also Fig. 2) of 
the conus arteriosus (a), distal component of 
the cardiac outflow tract (b) and ventral aorta 
(c) of an adult Galeus atlanticus. The thickness 
of the distal component wall is similar to that of 
the conus arteriosus; the aorta has a thinner 
wall. The walls of both the conus and the distal 
component of the outflow tract are covered by 
epicardium (arrowheads) and crossed by 
coronary arteries (arrows). M, myocardium. 
Collagen is stained green. Masson-Goldner’s 
trichrome. Scale bar = 300 μm.

Figs 4 and 5 Tranverse sections of the distal 
component (DC) of the cardiac outflow tract (4) 
and ventral aorta (5). (4a) The DC wall has a 
thick layer of smooth muscle cells (brown 
labelling) forming concentric sheets. (5a) The 
aortic media shows several densely arranged 
smooth muscle layers. (4b) In the DC, elastin 
(black staining) forms equidistant concentric 
sheets that alternate with the smooth 
musculature. Elastin is very scarce in the 
subepicardial space. (5b) Elastin is abundant in 
the aortic media and scattered in the adventitia. 
(4c) Staining plus polarization microscopy 
enhance the natural birefringence of the 
collagen bundles, which follow a more or less 
concentric pattern through the whole wall of 
the DC wall and are more abundant in the 
subepicardial space. (5c) Collagen bundles are 
orientated longitudinally in the aortic media; in 
the adventitia they are more abundant forming 
a meshwork. (4d) Glycoconjugates (magenta) 
follow the pattern of distribution of elastin in 
the DC wall. (5d) Glycoconjugates follow the 
pattern of distribution of elastin in the aorta. 
(a) α-actin immunolabelling; (b) Orcein-HCl 
staining; (c) Picrosirius staining plus polarization 
microscopy; (d) PAS. The arrowhead marks the 
epicardium. The arrow points to a coronary 
artery located in the subepicardial space. Scale 
bars = a, b, d, 100 μm; c, 200 μm.
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tubular segment that displays an arterial-like structure,
but diverges histologically from the ventral aorta (Icardo
et al. 2002a,b). Moreover, it is covered by the epicardium
and is crossed by the main coronary artery trunks. Guerrero
et al. (2004) studied the formation of this segment, con-
cluding that it is homologous to the teleost bulbus
arteriosus. The present observations show that the outflow
tract of the adult Atlantic catshark heart is similar to that
of the sturgeon; it also includes a distinct non-myocardial,
tubular segment, the DC, located between the conus
arteriosus and the ventral aorta. This alone suggests that
the DC of the Atlantic catshark and the actinopterigyan
bulbus arteriosus are homologous structures. Additional
support for this notion comes from embryological findings
in chondrichthyans and teleosts. The embryos examined in
the present study displayed a DAF-2DA-positive developing
DC. This is also the case with the bulbus arteriosus of the
zebrafish, 

 

Danio rerio

 

, which is DAF-2DA-positive throughout
development, from approximately 48 h post-fertilization
(Grimes et al. 2006). On this basis, we conclude that the
Atlantic catshark possesses a bulbus arteriosus at the arterial
pole of the heart. In this context, it should be mentioned here
that we have found a non-myocardial DC, i.e. a bulbus
arteriosus, in all of a considerable number of chondrich-
thyans belonging to the chimaeriforms, hexanchiforms,
squaliforms, carcharhiniforms, lamniforms, torpediniforms,
rajiforms and myliobatiforms (Durán et al. 2008). This indi-
cates that the present findings can be extended to other
cartilaginous fish, thereby confirming the hypothesis of
Guerrero et al. (2004) that, in the chondrichthyans, a bulbus
arteriosus is interposed between the conus arteriosus and
the ventral aorta.

It is well known that the teleost bulbus arteriosus
smoothes cardiac output, i.e. it (1) reduces both the pulsality
of the blood flow to the gill vasculature and haemodynamic
afterload of the ventricular muscle by expanding during
ventricular systole, and (2) provides constant perfusion of
the gills through the ventral aorta by rebounding during
ventricular diastole (Icardo et al. 1999a,b; Braun et al. 2003;

Evans et al. 2003). The question is whether the function of
the chondrichthyan bulbus arteriosus is similar to that of
the teleost bulbus.

The gill vasculature of the chondrichthyans is an intricate
system, containing several elastic elements, the cavernous
bodies, which have been adduced to serve as elastic blood
reservoirs (De Vries & De Jager, 1984). With this in mind,
one is tempted to assume that the bulbus arteriosus and
the cavernous bodies may be the elements which protect
the delicate capillary network of the gill vasculature of the
chondrichthyans from exposure to high-pressure pulses of
blood. However, further studies testing the effects of
vasoactive substances are needed to verify this notion.
Characterization of such effects on the teleost bulbus
indicates that it is under neurohormonal control (Evans
et al. 2003), a fact which denotes that the bulbus is much
more than a ‘Windkessel’ (Von Skramlick, 1935), as classically
assumed. In this context, it should be emphasized that NO,
which is commonly accepted as the major endothelium-
derived relaxing factor in vertebrates (Evans & Gunderson,
1998), has been shown to occur in the developing bulbus
arteriosus of both the zebrafish (Grimes et al. 2006) and
the Atlantic catshark (present results). In terrestrial
vertebrates, NO derived from the vascular endothelium is
proposed to be a ubiquitous vasodilator. However, studies
in both teleosts and elasmobranchs suggest that the
paraphyletic group of fishes relies upon other vasoregulatory
mechanisms. These data, mainly derived from 

 

ex vivo

 

isolated blood vessels, are often confusing and contradictory
(Olson & Villa, 1991; McGeer & Eddy, 1996; Eddy & Tibbs,
2003), but it does appear that NO produces significant
dilation of the teleost bulbus arteriosus (Evans et al. 2003).
Similar experiments with isolated blood vessels have
shown that there may be a mild vasoconstrictive response
to NO in the vascular smooth musculature of chondrichthyans
(Evans & Gunderson, 1998; Evans, 2001; Donald et al. 2004;
Pellegrino et al. 2005). However, 

 

in vivo

 

, under normoxic
conditions, a vasodilator role for a neuronally derived NO
has been proposed and this response is greatly enhanced

Fig. 6 Galeus atlanticus embryos. (a) Longitudinal section of the heart and gills (G) of a 32-mm TL embryo. V, ventricle. Masson-Goldner’s trichrome. 
(b) Detail of a section consecutive to that shown in (a), immunolabelled with MF20 (brown labelling). The arrows indicate the distal, non-myocardial 
(MF20-negative) component of the cardiac outflow tract. A, atrium; Ao, ventral aorta. (c) Oblique section of the conus–distal component junction of 
a 58-mm TL embryo labelled in vivo with DAF-2DA. Fluorescence is observed in the distal component and extends from the deepest part of the 
developing valvular sinuses to the distal boundary of the pericardial cavity. In a, b and c, the asterisk marks the myocardium of the developing conus 
arteriosus. PC, pericardial cavity. Scale bars = a, 400 μm; b, c = 200 μm.
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by hypoxia, at which point endothelially derived NO may
also be implicated (Renshaw & Dyson, 1999; Swenson et al.
2005). Moreover, as the chondrichthyan bulbus arteriosus
has apparently been overlooked, there are no data
available regarding a specific role for NO in this structure.
The possibility of a paradoxical response to NO in chon-
drichthyans and actinopterygians versus terrestrial
vertebrates raises interesting questions about the evolution
of blood pressure regulatory mechanisms and undoubtedly
increases the imperative for further studies of the effects
of different cell-signalling agents, including NO, in the
chondrichthyan bulbus arteriosus.

 

Embryological aspects

 

Classical work suggested that all segments of the vertebrate
heart develop from the primary straight tube derived from
the bilateral primary heart fields. It was assumed that
the components of the straight tube represent all of the
myocardial and endocardial progenitors. Currently, it is
well known that the heart forms in a sequential manner
by continued addition of cells to the anterior and posterior
limits of the primitive cardiac tube (Mjaatvedt et al.
2001; Waldo et al. 2001, 2005; Abu-Issa et al. 2004;
Abu-Issa & Kirby, 2007). Information about this embry-
ological process has been gained from experimental
studies carried out in birds and, to a lesser extent, in
mammals.

A recent, essential finding concerning heart formation
in tetrapods is that the components of the outflow tract
are recruited from a field of splanchnic mesoderm, termed
anterior (Kelly et al. 2001; Mjaatvedt et al. 2001) or
secondary (Waldo et al. 2001) heart field. Another crucial
finding is that, at least in birds, the secondary heart field
contributes not only myocardium but also smooth muscle
to the arterial pole of the developing heart, forming the
proximal walls of the aorta and pulmonary trunk (Waldo
et al. 2005). Interestingly, from early developmental
stages, DAF-2DA labels regions of the arterial pole of the
chick heart that ultimately adopt a smooth muscle
phenotype (Grimes et al. 2006). As mentioned above, the
bulbus arteriosus of the zebrafish is also labelled by DAF-
2DA during development (Grimes et al. 2006), suggesting
that the teleost bulbus is akin to the intrapericardial base
of the great arterial trunks of birds. On this basis, Grimes
et al. (2006) hypothesized that a secondary heart field,
giving rise to both the conal myocardium and the bulbar
smooth musculature, might exist in teleosts. The DAF-2DA-
positive reactivity of the embryonic bulbus arteriosus of
the Atlantic catshark suggests that the chondrichthyan
bulbus is also homologous to the base of the great arterial
trunks of birds and mammals. This leads to the idea that a
secondary heart field might be present in the phylogenetically
basal, jawed vertebrates (gnathostomates), i.e. the
chondrichthyans.

 

Evolutionary aspects

 

The presence of a bulbus arteriosus in the phylogenetically
basal gnatostomates leads us to conclude that this
anatomical structure can no longer be regarded as an
actynopterigian apomorphy. However, the evolutionary
origin of the bulbus remains an open question. More
studies are needed to decide whether it appeared in the
chondrichthyans or in an earlier period of the craniata
(vertebrate) story, i.e. in the agnates. Hagfish hearts have
generally been described to be composed of sinus venosus,
atrium and ventricle, while many authors consider that in
lampreys, a conus arteriosus is present at the most distal
cardiac portion (for reviews, see Moorman & Christoffels,
2003; Guerrero et al. 2004; Simoes-Costa et al. 2005).
However, although it may be a simple case of confused
nomenclature, other authors state that the most distal
segment of the lamprey’s heart consists of a bulbus
arteriosus (Fontaine, 1958; Yamauchi, 1980; Santer, 1985),
containing elastin and smooth muscle cells (Yamauchi,
1980). Whatever it might be, the existence of a bulbus
arteriosus in chondrichthyans is of evolutionary relevance,
because, among vertebrates, chondrichthyans constitute
the living group that symbolizes the primitive gnathostomate
condition. The living actinopterygians belong to a
phylogenetically more advanced lineage, which diverged
from the stem of tetrapods very early in evolution. Therefore,
the chondrichthyan and not the actinopterygian heart
should be regarded as that which reflects faithfully the
primitive status of the gnathostomate heart.

On this basis, we can affirm that the classical concept of
the primitive heart of the gnathostomates, where the
conus arteriosus connects the ventricle with the ventral
aorta, is incorrect. A distinct bulbus arteriosus is located
between them. Therefore, the primitive heart of the
gnathostomates consists of five intrapericardial components:
sinus venosus, atrium, ventricle, conus arteriosus and
bulbus arteriosus. In this regard it should be noted that in
the chondrichthyan heart, a distinct atrioventricular
segment, characterized by a low content of myosin heavy
chain, is interposed between the atrium and ventricle
(Franco et al. 2002). However, it remains unclear whether
this atrioventricular segment has to be regarded as a sixth
component of the primitive gnathostomate heart.

In basal actinopterygians, the bulbus arteriosus persists
as a tubular component, coexisting with a well-developed
conus arteriosus. Within teleosts, the bulbus has developed
as a prominent structure, splitting into a wide range of
structural variants (Icardo et al. 1999a,b, 2000), while the
conus has been subjected to a considerable reduction in
size (Icardo, 2006).

In the African lungfish, 

 

Protopterus dolloi

 

, a representative
of the sarcopterigyan lineage, the cardiac outflow tract
consists of a proximal portion, the conus arteriosus, which
extends one-third the length of the outflow and contains
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only cardiac muscle. The remaining two-thirds of the
outflow tract has been described as being arterial-like,
but, in fact, possesses a myocardial coat over its entire
length (Icardo et al. 2005). Thus, although the lungfish
may not possess an entirely smooth muscle bulbus
arteriosus like that of chondrichthyans and actinopterygians,
both smooth muscle and myocardial components are
present, but are morphologically difficult to distinguish.

In the avian and mammalian embryo, the common
outflow connects the developing right ventricular com-
ponent of the looped heart with the aortic sac, and is the
embryonic cardiac segment that gives rise to the mesen-
chymal cushions or ridges from which the outflow tract
valves form. At the onset, the junction between the distal
end of the common outflow with the aortic sac is found at
the cranial boundary of the pericardial cavity (Webb et al.
2003). Later in development, the distal part of the outflow
tract consists of the intrapericardial portions of the aortic
and pulmonary trunks. The mechanism causing the apparent
disappearance or retraction of the distal myocardial wall
of the truncus has for a long time been one of the most
intriguing aspects of the formation of the tetrapod heart
(Webb et al. 2003; Restivo et al. 2006). The finding that the
secondary heart field contributes smooth muscle to the
arterial pole of the heart (Waldo et al. 2005) is crucial for
a better understanding of this morphogenetic change.

The mechanism by which the cardiac outflow tract com-
ponents form in the basal gnathostomates is similar to
that occurring in amniotes. In sturgeons, which share
many morphological features with chondrichthyans, the
whole embryonic outflow tract shows a myocardial
phenotype at the onset of heart development (Guerrero
et al. 2004). Later in development, the distal portion of the
outflow tract is seen to consist of the non-myocardial
bulbus arteriosus (Guerrero et al. 2004). It is likely that this
smooth muscle component is added to the arterial pole,
rather than any phenotypic transition that has been
previously proposed (Guerrero et al. 2004). These data,
together with the results obtained by using DAF-2DA in
Atlantic catshark (present results), zebrafish and chick
(Grimes et al. 2006) embryos indicate that the evolutionarily
derived condition of the basal gnathostomate bulbus
arteriosus in amniotes is the intrapericardial base of the
aortic and pulmonary trunks. With this in mind, it seems
reasonable to assume, in accordance with Icardo (2006),
that the derived condition of the primitive gnathostomate
conus arteriosus in amniotes is the conotruncus. The amniote
conotruncus (common outflow) gives rise to the endocardial
ridges from which the outflow tract valves form. In its primitive
condition, as is the case with chondrichthyans, the embryonic
conus arteriosus appears as a straight tube furnished by
mesenchymal ridges, which give rise to a variable number
of conal valves (for a review, see Sans-Coma et al. 1995).

In summary, from the evolutionary viewpoint, the present
findings, together with data from the literature, indicate

that: (1) the outflow tract of the heart of basal gnathostomates
consists of two distinct components, namely the myocardial
conus arteriosus and the non-myocardial bulbus arteriosus;
(2) in adult forms, these anatomical elements persist through
evolution and are distinct components in actinopterygians
but less so in sarcopterygians; (3) the embryonic conus
arteriosus of chondrichthyans is morphologically equivalent
to the embryonic conotruncus of amniotes; and (4) in
amniotes, the non-myocardial component of the outflow
tract, which is homologous to the bulbus arteriosus of
chondrichthyans, has been remodelled and septated,
becoming the intrapericardial, basal portions of the great
arterial trunks.
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