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Abstract

Recent discoveries of at least two heart fields and dynamic nature of cardiac development
as well as controversies regarding the participation of heart fields in development of different
heart structures led us to investigate the dynamics of incorporation of the first and second
heart fields and prospective fate of the straight heart tube by labeling chicken embryos in
vivo with the fluorescent lipophilic dye Dil. The cephalic and caudal limits of the anterior and
posterior segments of the straight heart tube were labeled in two groups of embryos. Labels
were tracked along the “C,” “S,” and “U” loops up to the tetracavitary or mature heart (n = 30
embryos/group; torsion and looping stage). To determine whether the atria and atrioventric-
ular canal are derived from the first heart field the straight heart tube was cultured in vitro
and immunodetection of Sox-9 and troponin | was performed to identify the mesenchymal
and myocardial lineages respectively. Proliferating cell nuclear antigen (PCNA) immunode-
tection was used to determine the involvement of cell proliferation in heart tube development
during torsion and looping. Embryological constitution of the straight heart tube and heart
looping (C, S, and U) were not consistent with current descriptions. In fact, right ventricle
precursors were absent in the straight heart tube derived from the first heart field. During tor-
sion and looping, the cephalic segment of the straight heart tube gradually shifted into the
heart tube until it was located at the myocardial interventricular septum in the tetracavitary
heart. In contrast, the caudal segment of the straight heart tube was elongated and remod-
eled to become the first heart field derived left ventricle and the proximal part of the ventricu-
lar inlets. The ventricular outflows, right ventricle, distal part of the ventricular inlets, and
atria developed from the second heart field.
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Introduction

The heart is the first organ to function during embryonic development. It is mainly formed by
contribution of two spatially and temporally overlapping cardiac progenitors arising from the
splanchnic layer of the anterior lateral mesoderm forming the first heart field (FHF) and the
second heart fields (SHF) [1]. FHF is initially distributed into two cardiogenic areas, situated
at both sides of the midline of the embryo, whose cells migrate in the cephalomedial direction
to form the cardiac crescent [2,3]. Folding of the cardiac crescent, toward the ventral midline,
results in the formation of two primitive endocardial primordia covered by a myocardial man-
tle. Subsequently, both endocardial primordia coalesce along the ventral midline via “zipping”
to form a myocardial primitive heart semi-tube [4,5], which is currently believed to arise from
FHF [6]. During their migration as a cohesive sheet, cells of the heart region become epithelial
and undergo cardiac differentiation, exhibiting organized myofibrils around the time of their
fusion [3,7]. The remaining pharyngeal extended splanchnic mesoderm, which is initially
located below the medial zone of the cardiac crescent is distributed below the cephalic, caudal,
and lateral limits of the classically named straight heart tube, and corresponds to SHF, which
continues to converge with the heart tube during torsion and looping [1,8-11]. The SHF
splanchnic mesoderm, unlike that of FHF, is characterized by a high proliferation rate prior to
its recruitment into the heart tube and delayed differentiation, which begins once the SHF
cells are recruited into the heart tube [12]. The transcription factors Isl-1 and Tbx-1 as well as
the fibroblastic growth factors Fgf8 and Fgf10 are the markers for SHF [9,13,14]. Recently,
Kidokoro (2018) tracked the fate of splanchnic mesodermal cell populations in chicken
embryos during heart tube formation and concluded that the early heart tube is formed by
joint contribution of the lateral (primary) and middle (secondary) heart fields [11]. Moreover,
they claimed that transformation of two-dimensional planar primordia into a three-dimen-
sional structure occurs in close coordination with transformation of the adjacent endoderm
into anterior intestine [11].

Classic descriptive studies in humans, mice, and birds have indicated that the primitive car-
diac cavities were present in the straight heart tube, from which all anatomical components of
the mature heart and great arteries are derived [15-17]. Subsequently, in vivo labeling with gel-
atin/India ink or the lipophilic Dil stain highlighted the contribution of several segments of
the embryonic heart to conformation of the definitive cardiac chambers. De la Cruz et al.
(1989) reported that the straight heart tube comprises the anterior segment (AS) and posterior
segment (PS), which are delimited by the right and left interventricular grooves [4] or the right
and left lateral furrows [18]. However, cardiac development analysis based on gradual recruit-
ment of undifferentiated cells arising from the pharyngeal mesoderm or SHF to the arterial
and venous poles of the linear heart tube revealed great discrepancies regarding embryonic
components present in the straight heart tube and at each torsion and looping stage (“C”, “S”,
and “U” loops). Moreover, the anatomical contribution of each embryonic cardiac segment to
the mature heart remains controversial. Some studies found that most of the straight heart
tube corresponds to the left ventricle (LV) primordium, with a small cephalic portion display-
ing right ventricle (RV) identity [19]. Alternatively, the straight heart tube has been assumed
to comprise the primordial segments of LV and RV [4,20]. Another hypothesis postulates that
LV is formed exclusively by contributions of the straight heart tube [5,19,21]. The anterior seg-
ment (AS) of the straight heart tube has been proposed to be composed of the LV primordium,
with the two caudal arms representing the left and right atrial chambers precursors [12,22,23].
Furthermore, there is no consensus regarding contributions of the SHF pharyngeal mesoderm
at the cephalic and caudal limits of the heart tube. Dil labeling in mouse and chick embryos
and molecular analyses of cell lineages in transgenic mice demonstrated that cell populations
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entering the cephalic limit of the heart tube are involved in the development of RV and outflow
tracts [13,19,24-27]. However, the stages at which RV precursor recruitment is completed and
embryonic outflow (conus and truncus) incorporation is initiated remain unknown. Through
analysis of Isl1 gene expression patterns in the dorsal pharyngeal mesoderm, Cai (2003) dem-
onstrated the extensive contribution of SHF to the mouse developing heart, including ventric-
ular outflows, RV, a small part of LV, and large proportions of the atria [13]. Involvement of
the caudal SHF in development of the atrioventricular canal and primitive atria [6,23,27-29]
or the primitive atria and sinus venous [27] has also been noted. However, using the mef2c-
AHF-Cre transgenic mice, Verzi et al. (2005) did not find any evidence of contribution of the
anterior SHF to the development of the atria or LV [25]. More recently, by labeling and track-
ing Mesp1+ cells in the mouse gastrula, Devine et al. (2014) reported that during gastrulation,
cardiac precursors are specified in two transcriptionally different cardiac populations sepa-
rated by the interventricular septum precursors [30]. One group (presumptive FHF) forms the
atria and LV, whereas the other (putative SHF) forms RV and “outflow tract” which may fur-
ther form the great vessels [30]. In fact, at present, there is no generalized agreement regarding
whether the primitive atria are formed from FHF or SHF. Finally, the cellular source of the
myocardial interventricular septum precursors has received very little attention and remains
an unresolved issue. Pioneer in vivo labeling studies with gelatin/India ink in birds have identi-
fied an area confined to the ventral fusion line of both cardiac primordia at the level of inter-
ventricular grooves as the precursor of middle and apical thirds of IVS [4,31,32]. More
recently, genetic and molecular studies have identified joint contribution of FHF and SHF in
IVS embryogenesis [33]. In addition, via clonal genetic fate mapping in mice, Devine et al.
(2014) identified the supposed IVS precursor between two ventricular precursors at the begin-
ning of gastrulation [30].

Based on the discovery of FHF and SHF, dynamic nature of cardiac development, and pre-
viously mentioned controversies regarding the embryological composition of the straight
heart tube, this study aimed to determine the dynamics of the incorporation of FHF and SHF
and prospective fate of the FHF-derived straight heart tube in chicken embryos using in vivo
labeling. Topological changes in the heart tube during torsion and looping were examined,
and in vitro explant assays were performed. Sox-9, troponin I, and proliferating cell nuclear
antigen (PCNA) immunostaining was used to identify the mesenchymal or myocardial line-
age, and cell proliferation, respectively. Contrary to the current data, we reported that AS of
the straight heart tube contributes to IVS development, while PS is involved in the develop-
ment of LV and ventricular inlets but not the atria. The information obtained in this research
provides a frame of reference for molecular approaches to the origin of primitive cardiac seg-
ments and lays a foundation for future studies focused on the origin of different congenital
heart diseases involving the cardiac ventricles and IVS.

Materials and methods

Eggs

A total of 900 Bovans chicken eggs were obtained from the ALPES local poultry farm (Tehua-
can, Pue, Mexico). The eggs were incubated at 37°C in a humid atmosphere and automatically
turned until reaching the desired stage. The embryonic age was established according to the
Hamburger and Hamilton schedule [34]. Of the 900 fertile eggs purchased, only 330 eggs were
used to acquire embryos displaying a normal morphology and hearts with no apparent defects,
which were distributed as follows: Two hundred and forty embryos were used to examine the
prospective fate of the straight heart tube by in vivo labeling. Moreover, 60 embryos were used
to PCNA immunostaining (n = 30) and analyze topological changes in the heart tube during
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torsion and looping (n = 30). Thirty additional eggs were used to obtain HH10 embryos for in
vitro explant assays and Sox-9 and troponin I immunostaining. The remaining fertile eggs
were discarded because they were unviable, did not reach the correct age for labeling, died dur-
ing manipulation, or showed abnormal development. The animal use protocols and all experi-
mental procedures were strictly based on the Mexican Official Guideline (NOM-062-ZOO-
1999). In addition, the research, ethics, and biosafety committees of Children’s Hospital of
Mexico Federico Gomez approved this project (HIM-2016-051).

In vivo labeling

To study the development of AS and PS of the straight heart tube through torsion and looping
(HH10-16) and determine their contribution to the tetracavitary heart (HH34) via in vivo
labeling, chicken embryos were divided into eight groups, each with 30 normal embryos
(Table 1). In this study, we used mature heart (HH34) to name the tetracavitary organ in
which the cardiac embryonic structures have been transformed into definitive anatomical
structures. For technical reasons, the labeling experiments were performed using two types of
culture. The first period, covering torsion and looping (HH10 to HH16), involved in vitro cul-
ture [35] using six groups: Gla, G1b, Glc, G3a, G3b, and G3c (Table 1). The second period,
spanning development from the U loop to the mature heart (HH16-34) involved in ovo culture
as described by de la Cruz et al. (1977, 1989) [4,36] and using two groups (G2 and G4)

(Table 1),

Preparation of filaments for labeling

Fine glass filaments (10 um x 10 cm) were varnished with a liquid gelatin/water (5%) mixture.
After solidification of the gelatin, the prepared filaments were stored in a sterile Petri dish in a
refrigerator [37].

Labeling via in vitro culture

To study development of the AS of the straight heart tube during torsion and looping (HH10-
16), the hearts of embryos were exposed by creating longitudinal cuts at the vitelline and peri-
cardial membranes. To delimit AS of the straight heart tube, a small piece (0.5 mm) of the pre-
viously prepared glass filament embedded in the lipophilic fluorescent dye Dil (Molecular
Probes, V22889) was gripped at the pharyngeal mesoderm adjacent to the cephalic limit of the
straight heart tube. Another filament was gripped at the fusion line of the two heart primordia
at the level of the putative interventricular grooves. To study development of PS of the straight
heart tube, the labels were gripped onto the pharyngeal mesoderm, located at the distal left and
right borders of the heart. In both cases, the glass filaments were removed after 30 seconds.
The embryos were incubated at 37.5°C in a moist atmosphere for a sufficient duration
(between 24 and 36 hours) to track the labels through St HH10-12 (C loop; Gla and G3a), St
HH12-14 (S loop; G1b and G3b), and St HH14-16 (U loop; G1c and G3c). The final position
of the fluorescent labels was determined using a stereomicroscope and an Axiocam MRC digi-
tal camera under clear and dark fields with a rhodamine filter. Images were obtained at 80x
magnification.

Labeling by in ovo culture

To determine the anatomical contribution of AS (Group 2) and PS (Group 4) of the straight
heart tube to development from the U loop (HH16) through the tetracavitary heart (HH34),
the embryos were labeled and cultured in ovo. In order to place the label, a window, measuring
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Table 1. Study group features and embryos acquired.

Group Cardiac segment
Gla Anterior (cephalic and caudal
limits)
G1b Anterior (cephalic and caudal
limits)
Glc Anterior (cephalic and caudal

limits)
G2 Anterior (cephalic and caudal
limits)

G3a Posterior (cephalic and caudal
limits)

G3b Posterior (cephalic and caudal
limits)

G3c Posterior (cephalic and caudal
limits)

G4 Posterior (cephalic and caudal

limits)

https://doi.org/10.1371/journal.pone.0234069.t001

Dye labeling Culture Normal embryos acquired for use in several
Initial stage Terminal technique studies (n)
development

Straight heart tube Cloop (HH12) In vitro 30
(HH10)

Cloop (HH12) S loop (HH14) In vitro 30

S loop (HH14) U loop (HH16) In vitro 30

U loop (HH16) Mature heart (HH34) In ovo 30

Straight heart tube Cloop (HH12) in vitro 30
(HH10)

Cloop (HH12) S loop (HH14) in vitro 30

S loop (HH14) U loop (HH16) In vitro 30

U loop (HH16) Mature heart (HH34) In ovo 30

Total 240

approximately 1 cm?, was opened in the egg shell. After exposing the heart (HH16) by dissect-
ing the vitelline and pericardial membranes, a small piece (0.5 mm) of the previously prepared
glass filament embedded in Dil was adhered to the myocardium in the areas at which the
tracked labels were located in the in vitro analysis. In both groups (G2 and G4), the shell win-
dow was covered with an adhesive tape, and the eggs were incubated at 37°C undersaturated
humidity until development of the tetracavitary mature heart (HH34). The final position of
the fluorescent labels was determined as described in the in vitro culture. In contrast, to iden-
tify the position of the fluorescent labels in the internal structures of the heart, eight fixed
mature hearts were dehydrated and embedded in PEG1400, as described by Lazik et al. (1997)
[38]. Histological sections (8ym) of the heart were obtained and observed under an Axiovert
100M confocal microscope (Carl Zeiss).

Scanning electron microscopy

Scanning electron microscopy was used to determine anatomical and topographic changes in
the cephalic and caudal segments of the straight heart tube during torsion and looping. A total
of 30 eggs were used to acquire embryos at stages HH10, HH12, HH14, HH16, HH24, and
HH34. The embryos were perfused with 2.5% glutaraldehyde in phosphate-buffered saline
(PBS; PH 7.4) and maintained for 2 hours in the same fixative at room temperature. Upon dis-
secting from the embryos, the hearts were osmicated (1% OsO, in PBS) for 1 hour, dehydrated
in a graded ethanol series (30%-100%), and dried in a critical point apparatus (Samdri 789A,
Tousimins Research Co.). Finally, the specimens were coated with a thin gold monolayer
using an iron sputtering apparatus (Denton Vacuum Desk 1A). Photographs were captured
using a JSM 5300 scanning electron microscope (Jeol).

In vitro explants assays

To investigate whether the caudal limit of PS of the straight heart tube includes mesenchymal
(AV canal precursors) or myocardial (atrial) lineages, thirty FHF-derived straight heart tubes
attached to the ventral wall of the anterior portal intestine were explanted and cultured in
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vitro. The samples were cultured in a ringer/fluid albumin solution (2:1) for 15 hours. At the
beginning and end of the in vitro explants assays, photographs were obtained using a Carl
Zeiss stereomicroscope and an Axiocam MRC camera. Finally, 10 cultured explants were pro-
cessed for Sox-9 and troponin I immunodetection.

Heart growth

PCNA immunostaining was performed to investigate if the FHF-derived straight heart tube
grows via hypertrophy rather than proliferation and the SHF-derived cell population prolifera-
tion when incorporated into the cardiac tube. The immunostaining was performed using
straight heart tube and C, S, and U loops.

Immunofluorescence

Deparaffinized histological sections of heart explants and hearts intended for cell proliferation
analysis were rehydrated in a graded ethanol series (100%- 30%) and immersed in distilled
water, followed by PBS (pH 7.4) and an antigen retrieval solution (DAKO Target Retrieval
Solution $2369). After being exposed to pressure at 103.4kPa (15 psi) for 5 minutes, tissue sec-
tions were washed in PBS, followed by immersion in the Protein Block Serum-Free solution
(Dako X0909). To identify mesenchymal tissue (putative canal AV or inlet precursor) and
myocardium (putative atrium) in the new vesicle formed at the caudal limit of the straight
heart tube explants, histological sections were incubated with a combination of troponin I
(goat polyclonal IgG, SC 8118) and FITC-conjugated anti-goat secondary antibody (SC 2024)
with green fluorescence and a combination of Sox-9 (mouse polyclonal IgG, SC 166505) and
rhodamine-conjugated secondary antibody (Sc 2368) with red fluorescence. Cell nuclei were
counterstained with Red Dot II (Biotium 40061-1) with blue fluorescence. Images were
acquired using a laser-scanning confocal microscope system (Axiovert 100M). For PCNA
immunostaining, histological sections of embryonic hearts at different stages of torsion and
looping (straight heart tube, C, S, and U loops) were incubated with anti-PCNA antibody (sc-
56) and rhodamine-conjugated goat anti-mouse IgG-R (sc-2092) with red fluorescence. Cell
nuclei were contrasted with 4',6-diamidino-2-phenylindole (Sigma Aldrich D9542) with cyan
fluorescence. Images were acquired with a laser-scanning confocal microscope system (LSM-
780 NLO microscope). For both experiments, only secondary antibodies were used as controls
for immunofluorescence.

Numerical data analysis

The final location of Dil fluorescent labels at each period of the study and the size of the cardiac
vesicle formed at the caudal end of the explanted hearts were recorded, and the percentage was
calculated. Results were graphically represented using Microsoft Excel. For proliferation analy-
sis, cells with PCNA-positive nuclei were quantified in six panoramic images of the histological
sections at each stage, and the percentage of labeled cells with respect to the total number of
cells comprising each heart fields and the standard deviation were calculated.

Results

To determine the fate of the straight heart tube and developmental dynamics of AS and PS of
straight heart tube, a small group of Dil-labeled cells were examined during torsion and loop-
ing via in vitro culture and then traced to the mature heart via in ovo culture (Figs 1 and 2;
Tables 2 and 3).
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Fig 1. Anterior segment of the straight heart tube is involved in the development of the apical and medial thirds
of the interventricular septum. (A, A’) Bright field and fluorescent microscopy images of the straight heart tube with
the anterior segment delimited by the cephalic (blue arrow) and caudal (green arrow) labels. (B, B’-D, D) C-, S-, and
U-looped hearts. Note the anterior segment of the straight heart tube displaced to the supposed right ventricular
primordium. The cephalic label (blue arrow) is located in the distal region of the ascending branch of the loop near the
limit between the conus and the right ventricle primordium. The caudal label (green arrow) is located at the midpoint
of the great curvature, at the level of the supposed interventricular septum precursor. (E, E’) Dorsal view of a
tetracavitary heart (HH34) revealing the labels at both limits of the straight heart tube converging at the right
ventricular apex. (F, F’) Histological sections of a tetracavitary heart showing the caudal label (green arrow) immersed
in the myocardium at the middle third of IVS. Abbreviations: AV, atrioventricular; C, conus; LA, left atrium; LV, left
ventricle; LVp, left ventricle primordium; PRA, primitive right atrium; PLA, primitive left atrium; RA, right atrium;
RV, right ventricle.

https://doi.org/10.1371/journal.pone.0234069.9001

Involvement of the anterior segment of the straight heart tube in the
development of apical and medial thirds of the interventricular septum

Representative images tracing the cephalic and caudal limits of AS of the straight heart tube
were acquired using bright field and fluorescence microscopy. The incidence of labeling on
structures of the embryonic heart is presented in Fig 1 and Table 2. AS of the straight heart
tube gradually displaced toward the embryonic ventricular region during torsion and looping
of the heart tube. In the C-looped heart the tube (HH12), formed the ascending or cephalic
branch of the ventricular loop (putative primordium of the RV) and was located between the
conoventricular grooves and the junction of the embryonic LV and RV or the great curvature
(A, A’ compared with B, B’ in Fig 1). Most labels at the cephalic limit of AS of the straight heart
tube (93%) were displaced along the distal region of the ascending branch of the heart loop,
whereas almost all labels at the caudal limit of AS of the straight heart tube (97%) appeared in
the zone of the great curvature of the loop (Table 2), considered by de la Cruz et al. (1997,
1998) to be the putative primitive IVS precursor [31,32]. Subsequently, in the S-looped heart
(HH14), AS of the straight heart tube maintained its location in the ascending branch of the
heart loop (A, A’ compared with C, C’ in Fig 1). It extended from the zone adjacent to the so-
called conoventricular grooves, where the cardiac tube begins to flex into a ventrodorsal direc-
tion (93% labels from the cephalic limit) and the middle point of the great curvature of the
heart (87% labels from the caudal limit) (Table 2). Once the cardiac tube reached the U loop
(HH16), both branches of the cardiac loop occupied a lower position side by side and dis-
played incipient trabeculations. The originally named ascending branch (putative RV

PLOS ONE | https://doi.org/10.1371/journal.pone.0234069  July 10, 2020 7117


https://doi.org/10.1371/journal.pone.0234069.g001
https://doi.org/10.1371/journal.pone.0234069

PLOS ONE

Developmental patterning of the first and second heart fields

VENTRAL VIEW

DORSAL VIEW

Fig 2. Posterior segment of the straight heart tube is involved in the development of the atrioventricular canal
and left ventricle. (A, A’) Straight heart tube with a label on the distal end of the posterior segments of the right
(yellow arrow) and left (red arrow) branches. (B, B’) C-looped heart. Note the tubular shape of the proximal region of
the posterior segment of the straight heart tube. The right and left caudal regions, which are supposed to be the
primitive atria, remain bifurcated. (C, C’ and D, D’) S- and U-looped hearts. Note that the originally bifurcated
posterior segment of the straight heart tube acquired a tubular shape. Labels at the right and left borders of the
posterior segment of the straight heart tube converged at the currently named atrioventricular grooves, adjacent to the
atrioventricular canal. (E, E’ and F, F) Ventral and dorsal views of a mature heart. Observe labels at the level of the
ventral (red arrow) and dorsal (yellow arrow) atrioventricular canal wall. Abbreviations: AV, atrioventricular; C,
conus; LA, left atrium; LV, left ventricle; LVp, left ventricle primordium; PRA, primitive right atrium; PLA, primitive
left atrium; RA, right atrium; RV, right ventricle. Dotted line represents the interventricular septum.

https://doi.org/10.1371/journal.pone.0234069.g002

primordium) occupied the right position (Fig 1C and 1C’) between what are now known as
the conoventricular grooves (74% labels from the cephalic limit), and which were named by de

Table 2. Displacement of labels from the cephalic and caudal limits of the anterior segment of the straight heart tube to the interventricular septum.

TRACKING OF THE ANTERIOR SEGMENT OF THE STRAIGT HEART TUBE

TRACKING PERIOD HH10-12 HH12-14 HH14-16 HH16-34
EMBRYONIC CEPHALIC CAUDAL CEPHALIC CAUDAL CEPHALIC CAUDAL CEPHALIC CAUDAL
SEGMENT/ LIMIT LIMIT LIMIT LIMIT LIMIT LIMIT LIMIT LIMIT
CVSul 0% 0% 0% 0% 0% _ —
DRABL (RVp) 0% 0% | 0% _ _
PRABL 0% 0% 0% ‘ 0% _ —
IVSul/pIVS 0% 29 (97%) 0% 26 (87%) ‘ 26 (93%) _ _
Lvp 0% 1 (3%) 0% 4 (13%) ‘ 0% 2 (7%) _ _
ANATOMIC
STRUCTURE
RVOFT/ TRRV _ _ _ — _ — 0%
Ventricular apex _ _ _ - — - 0%
IVS _ _ 30 (100%)
TOTAL (n) 30(100%)

Embryonic segments: CVSul, conoventricular sulcus; DRABL, distal region of the ascending branch of the loop; PRABL, proximal region of the ascending branch of the

loop; IVSul, interventricular sulcus; PIVS, primitive interventricular septum; LVp, left ventricle primordium; RVp, right ventricle primordium. Anatomical Structures:

RVOFT, right ventricle outflow; TRRV, trabecular region of the right ventricle; IVS, interventricular septum. Blue and green shading are representing the color of the

cephalic and caudal labels in Fig 1.

https://doi.org/10.1371/journal.pone.0234069.t002

PLOS ONE | https://doi.org/10.1371/journal.pone.0234069  July 10, 2020

8/17


https://doi.org/10.1371/journal.pone.0234069.g002
https://doi.org/10.1371/journal.pone.0234069.t002
https://doi.org/10.1371/journal.pone.0234069

PLOS ONE

Developmental patterning of the first and second heart fields

la Cruz et al. [31,32] the IVS primordium (93% labels from the caudal limit). In contrast, the
descending branch or putative LV primordium occupied the left position. Interestingly, the
cardiac precursors initially located between the cephalic and caudal limits of AS of the straight
heart tube, which were displaced during torsion and looping to be the putative RV primor-
dium basically converged on the ventricular apex in tetracavitary hearts (Fig 1D and 1D’).
However, labels at each limit were distributed differently (Table 2). Labels of the cephalic limit
were scattered along the myocardial wall of the trabeculated region of RV. Moreover, 47%
labels appeared as small fluorescent groups dispersed near the limit with the outflow. In addi-
tion, 53% labels at the cephalic limit and all labels at the caudal limit formed a near compact
fluorescent group at the apex of RV (Fig 1E and 1E’ and Table 2). Notably, histological sections
of the mature hearts (n = 8) exhibited extremely scattered labels along the myocardium of IVS
from its middle third to the right surface of the apex (Fig 1F and 1F’). In two cases, labels at the
caudal limit of AS of the straight heart tube were the closest to the basal third of IVS, whereas
those at the cephalic limit of AS of the straight heart tube only reached the middle third of IVS.

Involvement of the posterior segment of the straight heart tube in the
development of the atrioventricular canal and left ventricle

Representative bright field and fluorescence microscopy images of tracking of the prospective
fate of PS of the straight heart tube and incidence of labeling of each embryonic heart struc-
tures are shown in Fig 2 and Table 3. Cell tracking of the distal left and right ends of PS of the
straight heart tube revealed that this originally bifurcated cardiac segment acquired the shape
of a single tube in the C loop. PS of the straight heart tube extended along the caudal branch of
the cardiac loop from the middle zone of the great curvature or interventricular groove
(cephalic limit) to the adjacent region of so-called left and right AV grooves (caudal limit).
Most labels at the left (80%) and right (67%) distal ends of PS of the straight heart tube were

Table 3. Displacement of Labels from the cephalic and caudal limits of the posterior segment of the straight heart tube to the LV and AV canal.
TRACKING OF THE POSTERIOR SEGMENT OF THE STRAIGT HEART TUBE

TRACKING
PERIOD

EMBRIONIC
SEGMENT

IVSul/IVSp
LVp
AVCanal

Putative
Prinitive Atria

ANATOMIC
STRUCTURE

IVSul

LV to AVCanal
(inflow)

AV anuulus/
Atria

TOTAL (n)

HH10-12

CEPHA | CAUDAL | CAUDAL

HH12-14

CEPHA | CAUDAL | CAUDAL

HH14-16

CEPHA | CAUDAL | CAUDAL

HH16-34

CEPHA | CAUDAL | CAUDAL

LIMIT LEFT RIGT LIMIT LEFT RIGT LIMIT LEFT RIGT LIMIT LEFT RIGT
29(97%) 0% 0% 26 (87%) 0% 0% 28(92%) 0% 0% 0% 0% 0%
1(3%) 0% 0% 4 (13%) 0% 0% 2 (7%) 0% 0% 0% 0% 0%
0% 20 (67%) 0% 24 (80%) 0% 28 (93%) 0% 0% 0%
0% 10 (33%) 0% 6 (20%) 0% 2 (7%) 0% 0% 0%
_ _ _ _ _ _ _ _ _ 30 0% 0%
(100%)
_ _ _ _ _ _ _ _ _ 0% 25 (83%)
_ _ _ _ _ _ _ _ _ 0% 5 (17%)
30 (100%) 30 (100%) 30 (100%) 30 (100%)

Embryonic segments: AV annulus, atrioventricular annulus; pIVS, primitive interventricular septum; LVp, left ventricle primordium. Anatomical Structures: AVC,
atrioventricular canal; IVS, interventricular septum; IVSul, interventricular sulcus; LV, left ventricle. Green, red and yellow shading are representing the color of the

cephalic and caudal labels in Figs 1 and 2.

https://doi.org/10.1371/journal.pone.0234069.t003
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located at the AV grooves. In some cases (20% left and 33% right ends), the labels reached the
bifurcated region considered an atrial lineage (Table 3; A, A’ compared with B, B’ in Fig 2). In
the S loop, PS of the straight heart tube was incorporated along with the currently known
embryonic LV. In most cases (left 77% and right 80%), cell population at the caudal limits of
PS of the heart tube remained in the vicinity of AV canal (Fig 2C and Table 3). The rest of
these labels (23% and 20%, respectively), were located in the supposed atria. In the U loop, PS
of the straight heart tube remained on the dorsal and ventral sides of the presumed embryonic
LV, which was more clearly observed from a left view (Fig 2D and 2D’). The cardiac precursors
originally located at the cephalic limit of PS of the straight heart tube (HH10) shared the same
fate as those located at the caudal limit of AS of the straight heart tube (Tables 2 and 3). Cell
populations at the left (93%) and right (93%) borders of PS of the straight heart tube reached
the AV canal, and the remaining labels (7% and 7%, respectively) appeared in the putative
atrial region (Table 3). However, in the mature heart (HH34), these cell populations were
incorporated into the ventral (97%) and dorsal (83%) walls of the AV canal (D compared with
D’,E,E’, F,and F’ in Fig 2 and Table 3). In some cases the labels were located surrounding
walls of the AV annulus and atria (3% and 17%, respectively, Table 3).

Atria did not arise from the first heart field-derived straight heart tube

After 15 hours of in vitro culture, the explanted straight heart semi-tube (HH10) formed a C-
looped heart tube in all cases despite the lack of SHF (n = 20). In addition, a small (80%) or
slightly large (20%) vesicle developed at the caudal limit of the heart tube (Fig 3A-3D). Immu-
nostaining showed the presence of cytoplasmic troponin I (green fluorescence) and Sox-9 (red
fluorescence) in cells along the C-looped heart (Fig 3C). In contrast, troponin I was absent in
most cells bordering the newly formed vesicles, while Sox-9 was abundantly expressed in the
nuclei of these cell (Fig 3C).

PCNA detection indicates that cell populations derived from FHF show less
proliferation than those derived from SHF

Fig 4 reveals results of the analysis of the distribution patterns of proliferating cells using
PCNA expression in serial sections of embryonic hearts during torsion and looping. In the
straight heart tube (FHF) only 20% of the cells were positive for PCNA (Fig 4A and 4A”).
Among HH12-14, cell populations of both cardiac fields showed a double increase in the pro-
liferation recording 40% of PCNA positive cells (Fig 4B, 4B’, 4C, 4C’ and 4F). In U-loop (Fig
4D and 4D’; 4E and 4E’); a peak of 50% and 60% of PCNA expression is observed in cell popu-
lations derived from FHF and SHF (Fig 4F).

Discussion

Morphological analysis, in vivo labeling, and molecular studies conducted over the last 20
years have generated a highly dynamic vision of cardiac development. The straight heart tube
develops from FHF, whereas ISLT1-positive cell populations, which arise from SHF, are gradu-
ally incorporated at the cephalic and caudal limits of the straight heart tube to form the rest of
the cardiac primordia. However, contributions of FHF-derived straight heart tube and cell
populations arising from SHF to mature heart development remain currently controversial;
therefore, this study tracked the fate of FHF-derived straight heart tube via in vivo labeling.
Dynamic incorporation of the pharyngeal mesoderm (SHF precursor) at each torsion and
looping stage(C-, S-, and U-looped hearts) was also examined. Contrary to the current knowl-
edge, we found that AS of the straight heart tube contributes to IVS development. PS is
involved in the development of the complete LV and a part of the ventricular inlets; however,
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Vesicle

Fig 3. Representative images of the in vitro explants assays showing that the atria did not arise from the first heart
field-derived straight heart tube. (A and B) Recently explanted straight heart semi-tubes (HH10). (A’ and B’) The
same hearts after 15 h of in vitro culture. The C-looped heart tubes and a new vesicle formed at their caudal limit. (C)
Panoramic view of a C loop showing the presence of cytoplasmic Troponin I (green fluorescence) and Sox-9 (red
fluorescence) in cells along the cardiac tube. (C’) Newly formed cardiac vesicles at the caudal end of C loop comprising
cells expressing nuclear Sox-9 alone.

https://doi.org/10.1371/journal.pone.0234069.g003

it does not participate in atrial development. Based on the developmental dynamics of FHF
and SHF, we are proposing a new developmental pattern of the heart tube during torsion and
looping process, different from the universally accepted concept at present.

AS of the straight heart tube is precursor of the myocardial IVS

In agreement with de la Cruz et al. [4], tracking of AS of the straight heart tube during torsion
and looping (HH12-16) allowed us to observe its gradual shift to the supposed RV primor-
dium. This cardiac segment, delimited by two fluorescent labels, was located from the distal
region of the ascending branch of the loop (adjacent to the conoventricular groove) to the mid-
dle region of the great curvature of the loop. Once the cardiac tube reached the U loop
(HH16), the labels originally placed at caudal limit of AS of the straight heart tube were located
between both branches of the loop (Fig 1D and 1D’), which were considered by de la Cruz

PLOS ONE | https://doi.org/10.1371/journal.pone.0234069  July 10, 2020 11/17


https://doi.org/10.1371/journal.pone.0234069.g003
https://doi.org/10.1371/journal.pone.0234069

PLOS ONE Developmental patterning of the first and second heart fields

Fig 4. PCNA distribution patterns in the cardiac tube throughout torsion and looping. (A, A") Frontal view of a
section of a straight heart tube (HH10). A small number of PCNA-positive fluorescent red cell nuclei are observed in
the FHF delimited by two yellow dotted lines; (B, B’) Frontal view of a section of a C looped heart (HH12); (C, C’) left
sagittal view of an S looped heart (HH14). Increased number of PCNA-positive fluorescent red cell nuclei are observed
in cardiac segments derived from SHF; (D, D’). Right and left views of a section of a U looped heart (HH16). Notable
increase in PCNA-positive fluorescent red cell nuclei in heart structures derived from both the first and second heart
fields. (E) Graphical representation of the percentage of PCNA-labeled cells with respect to the total number of cells
constituting each heart field at torsion and looping stages. Abbreviations: FHF, first heart field; SHF, second heart field.

https://doi.org/10.1371/journal.pone.0234069.9004

et al. to be IVS primordia [31,32]. However, in tetracavitary hearts (HH34), the labels at both
limits of AS of the straight heart tube converged at the RV apex (Fig 1E and 1E’). Although
these results highlight the gradual incorporation of SHF-derived cell populations into the heart
tube, these actually deny that AS of the straight heart tube corresponds to the RV primordium
in chick embryos. Therefore, we assert that the RV primordium in birds, similar to what hap-
pens in mammals, arises from SHF [1,19,21]. In addition, some histological sections exhibited
highly scattered fluorescent labels along the middle and apical thirds of IVS, which led us to
conclude that the entire AS of the straight heart tube is indeed precursor of the myocardial IVS
and not just the zone of the ventral fusion line of the cardiac primordia [31]. Pioneer studies in
humans [39,40], in vivo labeling in birds [41-44] and retrospective clonal analysis in mouse
[45] support the importance of myocardial walls of the embryonic ventricles in IVS
development.

PS of the straight heart tube contributes to the development of the LV and
AV canal

Labeling of the cephalic and caudal limits of PS of the straight heart tube revealed that from
formation of the C loop, the originally bifurcated cardiac segment acquires the shape of a sin-
gle tube (Fig 2B and 2B’). During torsion and looping (C-U loop), the cephalic limit of PS of
the straight heart tube was located at the middle zone of the great curvature of the loop or the
interventricular groove, whereas the caudal limit was adjacent to the region of the atrioventric-
ular grooves (Fig 2B-2D). In the mature heart (HH34), the caudal limit of PS of the straight
heart tube was located at the left atrioventricular annulus (Fig 2E and 2E’), whereas the
cephalic limit of PS of the straight heart tube located in the interventricular sulcus, similar to
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caudal limit of AS of the straight heart tube. Some mark residues initially placed on the caudal
edge of the PS in the putative atrial region were found near AV annulus in three cases; there-
fore, it was necessary to define with certainty the possible involvement of PS in the develop-
ment of the AV canal or formation of the primitive atria. Thus, we explanted straight heart
tubes and cultured them in vitro. After 15 hours of culture, a C-looped heart tube was formed
with a vesicle at the caudal border (Fig 3A-3D). Furthermore, immunofluorescence revealed
that the C-looped heart was formed by myocardial cells expressing troponin I, as expected of
the precursors of IVS and LV. In contrast, the newly formed vesicle was bordered by mesen-
chymal lineage with cells expressing nuclear Sox-9 (Fig 3E and 3F). These results lead us to
conclude more accurately that PS of the straight heart tube shows a dual fate; while its proxi-
mal region forms LV; its distal region participates in AV canal development. Our labeling
experiments of both heart fields did not rule out the collective participation of LV and RV tra-
beculations, as observed by Franco, et al. (2006) in mice [43] and Contreras-Ramos (2008) in
chickens [44]. However, our findings are contrary to certain developmental models of cardiac
tube using transgenic mice, which suggested that the straight heart tube is destined to become
the LV [1,13,19], and those indicating that the straight tube heart gives rise to the LV, atrioven-
tricular canal, and atria [20].

Detection of PCNA indicates that proliferation and hypertrophy may be
involved in the development of the early cardiac tube

Elongation of the early heart tube during torsion and looping has been attributed to gradual
recruitment of the SHF splanchnic mesoderm. This vision seems to deny the importance of
proliferation in the development of the FHF-derived straight heart tube. In contrast, prolifera-
tion has been considered important for formation of SHF-derived structures [11]. Our results
of PCNA immunostaining in early heart tube (HH10-12) revealed weak proliferative rate
(22%-23%); in contrast at later stages (HH14-16), when the AV canal is forming we found
that cell proliferation rate doubled (Fig 4). These data suggest that that the FHF derived
straight heart tube is initially formed by hypertrophy and some proliferation, however during
the torsion and looping process, when the SHF derived structures are been recruited prolifera-
tion is more important. Our findings along with those of troponin I and Sox-9 immunodetec-
tion in the explants of the straight heart tube (Fig 3) not only support our idea that at least a
part of the AV canal was developed in situ by proliferation at the caudal border of PS of the
straight heart tube, but also indicate that the initial development of FHF derived SHT (HH10),
occurs mainly due to hypertrophy of cardiomyocytes, as previously mentioned [46,47]. In con-
tras when the SHF derived structures are formed, the importance of proliferation increases,
leading to the subsequent expansion of the ventricular cavities via a mechanism similar to the
ballooning model proposed by Christoffels et al [17].

New model of segmental patterning of the heart tube

Based on our in vivo labeling findings, we propose a new model of segmental patterning of the
heart tube during torsion and looping that differs from the currently accepted model (Fig 5).
Initially, the FHF is represented by the straight heart tube, whereas the pharyngeal splanchnic
mesoderm below the cephalic, caudal, and lateral limits of the straight heart tube corresponds
to SHF [1,8-11]. The heart tube at the HH10 stage is formed by two segments (Fig 5A). AS is
involved in IVS development (Fig 5A-5F) but not in RV formation, as previously proposed
[4]. The bifurcated PS is involved in the development of LV and proximal part of the AV canal
(Fig 5A-5F) but not in the atria formation [6]. New segments emerge as the SHF splanchnic
mesoderm is recruited to the cardiac tube. At the cephalic border of the C loop is distinguished
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Fig 5. New proposal for the segmental pattern of the heart tube during torsion and looping. (A) Straight heart
tube. (B) “C” loop. (C) “S” loop. (D) “U” loop. (E) Middle stage of cardiac septation. (F) Mature heart. Anterior
segment of the straight heart tube corresponds to the primordium of the interventricular septum (IVSp). Posterior
segment is composed of precursors of the left ventricle (LV) and atrioventricular canal (AVC). The segment classically
considered the conus of the C-looped heart, actually participates in the complete right ventricle (RV) development.
The region previously considered the RV primordium actually participates in the development of the middle and
apical thirds of the interventricular septum. The supposed left ventricular primordium actually contributes cell
populations to the development of LV and AV canal. Abbreviations: AVCp, atrioventricular canal primordium; C,
conus; LA, left atrium; LVp, left ventricle primordium; RA, right atrium; RVOF, right ventricle outflow; PLA, primitive
left atrium; PRA, primitive right atrium; RVp, right ventricle primordium; Sig, sigmoid valves; T, truncus.

https://doi.org/10.1371/journal.pone.0234069.9005

the beginning of the development of the segment classically called the conus (Fig 5B), which
actually corresponds to the RV primordium [26,37]. Meanwhile, at the caudal end of the C-
loop, the FHF-derived AV canal precursor with a tubular shape and the SHF-derived right and
left primitive atria with a still bifurcated appearance are now present (Fig 5B-5F). In the S loop
(HH14), the RV and LV primordia as well as the IVS precursors begin to descend, whereas the
primitive atria are more noticeable (Fig 5C-5F). Later, in the U loop (HH16), the distal seg-
ment of the conus is still being recruited [26]. The incipient RV primordium and the well-
developed LV primordium, which are separated by the IVS precursor, occupy a caudal posi-
tion, whereas the primitive atria exhibit a dorsocephalic arrangement (Fig 5D-5F). In the mid-
dle stage of cardiac septation (HH24), it has been reported the myocardial walled truncus is
also manifested which, according to Sanchez-Gomez et al. (2005) [48], form the aortic and pul-
monary valves with its insertion ring (Fig 5E and 5F). At this stage, the conus exhibits greater
development, whose prospective fate, as recently proposed by Lazzarini et al. (2018) [37] is RV
and the pulmonary infundibulum (Fig 5E and 5F). Based on the findings of this study and the
fact that the aortic sac shows vascular constitution from the beginning of development and is
separated by neural crest cells in the pulmonary and aortic conduits, we speculate that the aor-
tic sac is the aortic and pulmonary trunk precursor (Fig 5F).

Conclusions

Our findings regarding the prospective fate of FHF-derived straight heart tube and novel
developmental patterning of FHF and SHF provide a frame of reference for future genetic and
molecular studies aiming at uncovering the causes of congenital heart disease that involve the
ventricles and IVS. From the anatomo-functional point of view, the differential origin of LV
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(FHF) with respect to RV (SHF) is important information to consider when developing surgi-
cal strategies for the correction of pathologies that involve the ventricular cavities.
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