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Overview

Embryonic Chicken (Gallus gallus domesticus) as
a Model of Cardiac Biology and Development

José G Vilches-Moure’

Cardiovascular disease remains one of the top contributors to morbidity and mortality in the United States. Increasing
evidence suggests that many processes, pathways, and programs observed during development and organogenesis are
recapitulated in adults in the face of disease. Therefore, a heightened understanding of cardiac development and organo-
genesis will help increase our understanding of developmental defects and cardiovascular diseases in adults. Chicks have
long served as a model system in which to study developmental problems. Detailed descriptions of morphogenesis, low
cost, accessibility, ease of manipulation, and the optimization of genetic engineering techniques have made chicks a robust
model for studying development and make it a powerful platform for cardiovascular research. This review summarizes the
cardiac developmental milestones of embryonic chickens, practical considerations when working with chicken embryos,
and techniques available for use in chicks (including tissue chimeras, genetic manipulations, and live imaging). In addition,
this article highlights examples that accentuate the utility of the embryonic chicken as model system in which to study car-
diac development, particularly epicardial development, and that underscore the importance of how studying development

informs our understanding of disease.

Abbreviations: CVD, cardiovascular disease; PEO, proepicardial organ
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The Burden of Cardiac Disease, the
Importance of Cardiovascular Research, and

the Embryonic Chicken in Scientific Discovery

In the 2018 Update on Heart Disease and Stroke Statistics re-
leased from the American Heart Association, it was noted that
the prevalence of total cardiovascular disease (CVD) is esti-
mated at 92,100,000 cases, and CVD accounts for nearly 836,546
deaths in the United States.!® This figure represents approxi-
mately 2300 Americans each day, or 1 death every 38 s. Direct
and indirect costs are estimated to total more than $329.7 billion,
including both health expenditures and lost productivity. The
total direct medical costs associated with CVD are estimated to
reach $749 billion in the year 2035. With heart disease account-
ing for 1 of every 7 deaths, CVD remains the leading cause of
death in the United States. In addition to the 2018 report from
the American Heart Association, a series of additional studies
assessed CVD in specific demographic groups including Latin
Americans,® Hispanic populations,'”” African Americans,'! and
other research investigated cardiovascular health in US and
nonUS populations.'”®

The aforementioned figures and statistics serve to underscore
the importance of and highlight necessity for, expanding our
understanding of cardiovascular biology and disease. With this
knowledge, we can better inform our approach to exploring and
discovering innovative and efficacious therapeutic modalities.
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With increasing technologies, more and more animal models
are becoming available that are amenable to the manipulations
necessary to address specific research goals.'” This review high-
lights the embryonic chicken as an important model for study-
ing cardiovascular biology, focusing specifically on cardiac and
epicardial development.

There are numerous benefits to using embryonic chickens as
a model system (Figure 1). Embryonic chickens are a widely
available model organism and have been used in a variety of
research endeavors. Areas in which embryonic chickens have
been used range from tissue patterning and symmetry,*6%13814¢
cell migration,!#16757696.121168174 yasculogenesis,*#® and specific
organ system biology, such as cardiac morphogenesis*780:165
(which is the focus of this review). In addition to its wide use
in developmental biology studies, embryonic chickens have
also been used for studying cancer biology and cancer metas-
tasis,?17 including cancer biology studies for malignancies af-
fecting veterinary domestic species.!®*!” Lastly, chicken embryos
have been used to study various aspects of toxicology,”” in-
cluding developmental toxicology, such as fetal alcohol syn-
drome,'® and infectious disease research.®!%*

Presented in the current review are various components con-
cerning the use of the embryonic chicken (Gallus gallus domesti-
cus) in scientific discovery, with a focus on cardiac development.
Included is a timeline of key cardiac developmental events,
practical experimental considerations, and examples of experi-
mental techniques available for use in chicks (specifically tissue
chimeras, genetic manipulations, and live imaging). This review
also addresses how the study of developmental mechanisms
can heighten our understanding of disease states. Emphasized
is how embryonic chickens have increased our knowledge of
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Figure 1. Benefits of using domestic chickens for studying developmental biology questions.

epicardial development. This review concludes with a discus-
sion regarding how embryologic investigation can inform the
decision-making process in efforts dedicated to the exploration
of therapeutic modalities, and why embryonic chickens are
ideal candidates for such endeavors.

Cardiac Development of the Chicken Embryo

Roadmap to the entire embryo: the contribution of Hamburger
and Hamilton. Because of the chicken'’s extensive use as a model
organism, detailed observations on the formation of organs of
the chicken embryo are readily available. In 1951, Viktor Ham-
burger and Howard Hamilton published a series describing
the normal stages of development of the chicken embryo,* in
which they enumerated and described the features of different
stages and the associated timeline in hours or days. The stages
described have come to be known as the Hamburger and Ham-
ilton (HH) stages of chick development, and this designation
is routinely used in developmental biology studies involving
embryonic chickens. In their descriptions, Hamburger and

Hamilton go into considerable morphologic detail, including
that of the somites, otic and optic vesicles (and at a later time,
ears and eyes), heart tube (and at a later time, heart), tissue
folds, limb primordia and buds (and at a later time, limbs), loca-
tion and extent of the amnion, among others. Almost 70 y later,
HH stages are still widely used as a roadmap to the progression
of development and organogenesis. Moreover, the publication®
serves as a robust reference against which to compare deranged
development arising from experimental manipulations.
Cardiac developmental stages in chicken embryos Using as
a template the stages described by Hamburger and Hamilton
in 1951, Martinsen published a reference guide to the devel-
opmental stages of the embryonic chicken heart.”® This guide
provides detailed descriptions of the morphogenetic events
throughout cardiac development, including fusion of the heart
tubes, cardiac looping, septation, coronary vascular develop-
ment, epicardial development, valvular development, and the
development of cardiac innervation. Taken directly from Mar-
tinsen’s guide, select milestones throughout the progression of

185



Vol 69, No 3
Comparative Medicine
June 2019

cardiac development in the embryonic chicken have been sum-
marized in Table 1.

Lastly, an elegant atlas of the cardiac developmental stages in
chick that includes color plates has been published.? Refinement
of anatomic road mapping techniques is still the subject of con-
temporary investigations. To this end, various investigator groups
have developed novel systems for staging developing embryos
and have used the chicken as a species in which to perform vali-
dation of such techniques. As an example, one novel system is
based on cross-sectional images of organs (rather than 3D struc-
tures) by using elliptic Fourier descriptors for quantification.””

Using the Chicken Embryo as a Model

Organism

Getting your chicks in a row: getting started. Investigators
using chicken embryos for research purposes should adhere
to institutional guidelines for handling of embryos: guidelines
are often based on the age and developmental or incubation
stage of the embryos. Investigators are always encouraged to
verify with their IACUC to ensure adherence to the institution’s
specific policies.

The necessary laboratory set-up, including the equipment,
is dependent on the specific type of research being conducted.
However, an egg incubator is a universal necessity. Numer-
ous types of egg incubators are commercially available, and
the specific model depends on the volume of the research to
be done (and thus the number of eggs needed at any single
time), laboratory space availability, and budget. Egg incubators
range from small tabletop units that hold a maximum of 7 eggs
to large floor units with capacities of more than 200 eggs and
equipped with automatic temperature and humidity controls
as well as programmable turning functions. Because of the criti-
cal importance of maintaining a consistent temperature during
incubation (discussed later), a secondary means of temperature
monitoring is recommended. Depending on the incubator type,
the temperature within various parts of the incubation cham-
ber may differ, especially when incubation batches differ in egg
count. Therefore, it is important to become familiar with the
specific incubator selected and to perform numerous trials of
incubator thermometers to ensure thermal consistency during
incubation for experiments.

Acquisition of chicken embryos and preincubation conditions.
There are several sources for the acquisition of fertilized chicken
embryos for developmental biology studies. Academic institu-
tions with Animal Science programs may have avian production
facilities from which fertilized chicken embryos can be obtained.
In addition commercial suppliers of fertilized egg are available,
some of which provide SPF fertilized eggs. Depending on the
location of the supplier, fertilized eggs may need to be stored;
storage of fertilized eggs can alter the progression of embryonic
development (addressed later). Therefore, the logistics of when
fertilized eggs are ordered, how long delivery will take, and
how long before incubation will start must all be considered
closely and carefully orchestrated.

Another important component to consider when contemplat-
ing developmental biology studies using chicken embryos is the
source flock. Whereas younger flocks tend to produce smaller
eggs with smaller yolks, older flocks tend to produce larger
eggs with thinner shells. Time of the year needs to be consid-
ered also, given that increased ambient temperatures can result
in decreased eggshell quality."*® Therefore, eggs laid during the
summertime, especially when from an older flock, will tend to
be fragile and prone to cracking and breaking, in turn rendering
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the eggs nonusable for incubation and subsequent developmen-
tal biology studies. Therefore, the quality of the egg is depen-
dent on various factors, including nutrition, the age of the flock,
and time of the year.

Attention should be paid to storage and preincubation con-
ditions of fertilized eggs, because these 2 factors can greatly
influence the development of the embryos. Prolonged storage
of fertilized eggs reduces hatchability: the longer the storage pe-
riod, the lower the hatchability. In addition, as the preincubation
storage period increases, the development of both chicken and
turkey embryos is increasingly delayed after the initiation of
incubation.® For example, at 40 h of incubation (approximately
HH10-11), chicken embryos from eggs that had not been stored
or had been stored for only 3 d prior to incubation had 10 to 12
somites. However, embryos from chicken eggs that had been
stored for 7 d had 7.8 somites on average at 40 h of incubation,
and embryos from eggs stored for 21 d prior to incubation had
2.4 somites on average at the same time point.® A similar phe-
nomenon was observed in turkey embryos. In general, storing
fertilized eggs for more than 1 wk reduces the hatchability of
embryos, and long-term storage of fertilized eggs leads to de-
layed incubation times to hatch.* Upregulation of proapoptotic
genes in the chick blastoderm occurs with increasing preincuba-
tion storage times, thus suggesting that the overall decrease in
embryo quality on stored fertilized eggs is due, at least in part,
to apoptosis in the blastoderm.®

Various groups have studied the effect of prestorage incuba-
tion on embryonic development and hatchability. Prestorage
incubation treatment refers to subjecting fertilized eggs to in-
cubation at 37.5 °C for various amounts of time before storing
the eggs. Increased hours of prestorage incubation advanced
embryonic development.” The effects of prestorage incubation
are dependent on various factors, including the storage time
(storage for 8 d or more greatly reduces overall success), embry-
onic development at the time of egg collection, and the duration
of the prestorage incubation period.'® In summary, storage of
fertilized eggs used for developmental biology studies should
be minimized, because prolonged storage not only affects the
number of viable embryos but also delays the onset and pro-
gression of embryonic development once incubation is initiated.

Processing of fertilized eggs and incubation. Prior to incuba-
tion, fertilized chicken eggs should be inspected thoroughly.
Any dirt or fecal material that was not removed prior to trans-
port should be removed before incubation. For this purpose,
a 70% ethanol solution can be gently wiped on the eggshell to
remove debris without detrimental effects on embryonic devel-
opment. The eggshells should be inspected thoroughly for any
cracks and defects; when present, the eggs should be discarded.
During incubation, eggs should be placed on their side in card-
board or nonporous plastic trays; nonporous plastic trays can
be cleaned and disinfected easily and thus are reusable, thereby
reducing waste.

For incubation, fertilized chicken eggs should be placed in a
humidified incubator and maintained at 37.5 to 37.8 °C and 50%
to 60% relative humidity. The water supply system for main-
taining humidified conditions is dependent on the incubator
model used. Regardless of the model used, sterile water should
be used for humidification. Various biocidal products to prevent
the growth of bacteria, fungi, and algae in water incubation res-
ervoirs are commercially available. Between incubation batches,
the water in the reservoir should be changed and the reservoir
cleaned. Various disinfectant agents are available, but not all are
adequate. Quaternary ammonium disinfectants are regarded as
perhaps the most appropriate compounds both for cleaning the
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Table 1. Cardiac developmental milestones in the chicken according to HH stages

HH stage Time of incubation Major cardiac developmental milestones

1 First few hours Identification of cardiac progenitors™

2 6-7h Presence of precardiac cells in the epiblast lateral to the primitive streak'¥”

3 12-13h Presence of cardiac progenitor cells of 2 distinct lineages in the anterior 2 thirds of primitive streak'”
4-5 18-22h Precardiac mesoderm is specified to some degree'®

Cardiac precursor cells migrate to the lateral plate mesoderm (primary heart fields)*

67 23-26 h The first reported markers of terminal myocardial differentiation are detected in the primary heart fields"

Presumptive endocardial cells from the splanchnic mesoderm initiate the formation of the bilateral
endocardial heart tubes

8 26-29h Process of endocardial tube fusion starts to give rise to a straight heart tube'®
9 29-33 h Cardiac crest cells begin migrating from the neural tube’s neural crest toward the aorticopulmonary
septum of the outflow tract"

Linear heart tube starts to loop

10-11 33-45h Tubular heart is completely fused (except the straight portion of the outflow tract) and spontaneously
beats (despite cardiac pacemaker and conduction system not being developed yet)**
12-13- 4549 h Dextral looping phase of cardiac looping is completed®
Endocardial cushions are seen as an expansion of the cardiac jelly, preceding the cushion mesenchyme?”
13 50-52 h Transformation of the c-shaped heart loop into an S-shaped heart loop®
14-15 50-55h Atrioventricular ring has formed (part of the central conduction system)"

Emergence of the proepicardial organ as villous projections from the surface of the sinus venosus that
gives rise to the epicardium (which eventually becomes coronary arteries and subepicardial
mesenchyme)

16 51-56 h Atria begin to form as lateral expansions of the primitive atrial region®

Both the atrioventricular and outflow tract cushions emerge®”

Trabeculation begins in the inner myocardial layers at the level of the greater curvature®
17-18 52-69 h S-shaped heart loop is completed®

The primary atrial septum begins to form®

Villous projections of the proepicardial organ reach the dorsal wall of the heart, and the epicardium
begins to cover the heart'®

19-20 68-72h Epicardium has moved over the inner curvature of the heart'®
Dorsal and ventral cushions of the atrioventricular canal have started to form?®
21-23 3.5-4d Cardiac neural crest cells have reached the outflow tract'**

Epicardial cells enter the myocardium for the first time®

Leaflet formation in the atrioventricular cushion begins!*

Trabecular bundles at the level of the ventricular groove are seen (although a true interventricular septum
is not present)’

24 4d Interatrial septum fuses with the dorsal and ventral cushions, and develops numerous secondary

communications (allowing shunting of blood)®”
Late phase of cardiac looping (septation) begins®
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Table 1. Continued

HH stage Time of incubation Major cardiac developmental milestones
25-26 45-5d Aorticopulmonary septum begins to divide the aortic and pulmonary sides of the aortic sac'®*
Coronary vasculature begins to develop'®
27 5d Formation of the epicardium is completed®
Thickening of the compact myocardium, and trabeculation of the atrial myocardium®"
28 55d Sinoatrial and atrioventricular nodes and the upper part of the atrioventricular bundle start to form>"*
Atrioventricular valves start to form*'7
29 6d Distinct mitral and tricuspid valve primordia are present®
Interventricular septum has grown toward, and fused with, the atrioventricular cushions®
Prominent myocardial proliferation (lasting through day 8), increasing the density in the ventricular
myocardial compact zone by 80%'"
30 6.5d Formation of capillary plexi and venous sinusoids!®®
31 7d Septation of the distal 2/3 of the truncus is almost complete!**
Developing aortic and pulmonary valve leaflets are offset and angled relative to each other"®
32-33 7.5-8d Multiple vascular channels connect the left and right aortic sinuses, and dominant channels become the
left and right coronary arteries'®®
Epicardium-derived cells are distributed throughout the heart*#
34 8d Completion of the outflow tract septation by (1) the aorticopulmonary septum (distal outflow tract) and
(2) the joining of the 2 proximal cushions (proximal outflow tract)”1816+
Coronary arteries are formed, and the medial and adventitial layers start to form®
Semilunar valves are completely formed'®
Ventricular septation is complete!®*
36 10d Formation of putative conductive cells (leading to differentiation of Purkinje fibers)*
Cardiac neural crest cells differentiate into cardiac ganglion cells'™
Atrioventricular valves are completely formed?
38 12d Coronary veins are formed, and the medial and adventitial layers begin to form
40 14d Innervation by the cardiac neural crest cells is complete
Differentiation of medial and adventitial layers of coronary arteries and veins is complete by HH43'®*
46 20-21d Interatrial septum is closed by 2 d after hatching"?

Reduction of the rate of myocardial proliferation, which ceases at hatching, but increases again after

hatching®!

HH, Hamburger and Hamilton
Adapted with permission from reference 93.

incubator and as a disinfection additive for the water reservoir.
Copper sulfate should not be used long term, and bleach-con-
taining compounds should be avoided.

As mentioned previously, the incubation temperature should
be maintained consistently at 37.5 to 37.8 °C during the incuba-
tion period. Unnecessary opening of the incubation chamber
should be avoided to prevent the escape of warm air, which
will lower the temperature within the chamber. It is worth em-
phasizing that the developmental stage or incubation “percent-
age progress’ of an embryo is not necessarily equivalent to the
amount of time that has lapsed since the initiation of incuba-
tion, especially if the temperature has not been kept consistently
at 37.5 to 37.8 °C. On average, fertilized chicken embryos will
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hatch at 21 d from the initiation of incubation when maintained
at a constant incubation temperature of 37.5 to 37.8 °C. How-
ever, if the temperature drops during the incubation period,
the developmental process will slow down, leading to incon-
gruence between the expected and actual developmental prog-
ress. Minimal (-3 °C) and intermittent (4-h periods for each of
embryonic days 16, 17, and 18) decreases in temperature slow
down metabolism but do not necessarily alter the growth of the
embryo nor the hatchability at day 21."" However, a decrease
in temperature below 27 °C will halt embryonic development,”
and when reincubation at 37.5 to 37.8 °C is reinstated, incuba-
tion times are delayed approximately as long as the time of em-
bryonic cooling.'* In the author’s experience, incubation times



Table 2. Useful online resources for chick developmental studies
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Resource Notes

URL

Chicken Genome Nomenclature

Consortium (CGNC) chicken genes

Gallus Expression in Situ Hybridization
Analysis (GEISHA)
chickens

Bird Base

Standardized gene nomenclature for

Repository for in situ hybridization data
for genes expressed in embryonic

Provides a platform for bird genomes
and genomics, and promotes

http:/ /birdgenenames.org/cgnc/about

http://geisha.arizona.edu/geisha/index.jsp

http:/ /birdbase.arizona.edu/birdbase/index.jsp

collaboration between scientists
using birds as model organisms

eChick Atlas Project

development
Ensemble Genomics browser

NCBI Genome Browser Genome browser

Developmental Studies Hybridoma

Aims to establish a database of gene
expression patterns during chick

Supplier of monoclonal antibodies for

http:/ /www.echickatlas.org/ecap /home.html

https:/ /uswest.ensembl.org/Gallus_gallus/Info/Index

https:/ /www.ncbi.nlm.nih.gov/genome?term=gallus%20
gallus

http:/ /dshb.biology.uiowa.edu/

Bank (DSHB) research; can search by species or
antigen
Addgene Plasmid repository

https:/ /www.addgene.org/

are delayed with cooling at ambient temperature, with the delay
approximating the length of cooling as described by Suarez. The
author has only exposed embryos to room temperature after 72
h of incubation (stages HH18-19) for 24 h, and then reincubated
at 37.5 to 37.8 °C. Development is continued once the embryos
are reincubated at 37.5 to 37.8 °C. In summary, maintaining a
consistent temperature is critical for developmental biology
studies, given that major developmental processes and events
can happen in a short time window, making exact timing of the
essence.

Euthanasia of chicken embryos. In 2013, the AVMA published
guidelines for the euthanasia of animals.” Concerning the eu-
thanasia of avian species, especially of eggs, embryos, and neo-
nates, the AMVA guidelines specify:

“Bird embryos that have attained >50% incubation have de-
veloped a neural tube sufficient for pain perception; therefore,
they should be euthanized by similar methods used in avian ne-
onates such as anesthetic overdose, decapitation, and prolonged
(>20 min) exposure to CO,. Eggs at <50% incubation may be de-
stroyed by prolonged exposure (>20 min) to CO,, cooling (<4°C
for 4 h), or freezing. Anesthesia can be used prior to euthanasia
and is most easily accomplished with exposure to inhaled anes-
thetics via entry into the air cell at the large end of the egg. Egg
addling can also be used to destroy the viability of embryos.”

Resources for developmental biology studies using embryonic
chickens A series of online resources that are useful during de-
velopmental biology studies using embryonic chickens is pre-
sented in Table 2.

Techniques Available for Use in Embryonic
Chickens

The chicken embryo is a robust system that is amenable to a
variety of experimental techniques and manipulations (Figure 2).

Embryonic chickens are an easily operable system from the
standpoint of visualization, access, and physical and surgical
manipulation (Figure 3 A). In addition, chicken embryos have
evolved as a genetically tractable system that is amenable to a
variety of experimental molecular approaches.

Tissue chimeras. Since the 1970s, quail-chick chimeras have
been used to answer developmental biology questions.’*”! In
1969, the specific features of the quail heterochromatin that al-
low it to be differentiated from that of chick cells were described,
and in 1980, the use of quail-chick chimeras for following the
migration of neural crest cells was proposed.” This promising
platform prompted the development of improved techniques,
such as an enhanced histology technique for quail-chick chi-
meras.” The assumption made when using tissue chimeras is
that the developmental process of interest occurs in the chimera
as it would during normal development. In principle, a given
territory of a recipient embryo is removed and then replaced (as
precisely as possible) with the equivalent region from the donor
(Figure 4)'¥ . Protocols for preparing quail-chick chimeras have
been published elsewhere,**'* including quail-chick chimeras
of the epicardial primordium.* After the chimera is prepared,
the embryo (or the portion of interest) can be stained by using
the quail-specific QCPN or QH1 antibody. The QCPN antibody
binds to antigens on quail nuclei, and QH1 binds to a surface
marker of quail endothelial and hematopoietic cells."'*'* Be-
cause tissue chimeras involve extremely precise surgical manip-
ulation, this technique generally involves a steep learning curve.

Fate mapping and lineage tracing by using vital dyes. Vital dyes
are stains that have the capacity to penetrate living cells or tis-
sues without detrimental effects to those cells or tissues. These
dyes can be used to highlight specific organelles, including mi-
tochondria (for example, rhodamine 123, MitoTracker), nuclei
(for example, Hoescht stain), Golgi apparatus (for example,
CellLight), endoplasmic reticulum (for example, ER-Tracker,
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Figure 2. Techniques available for developmental biology studies in
chickens.

BODIPY), and cell membranes (for example, Dil [red-orange],
DiO [green], DiR [infra red], and DiD [red]). The use of vital
dyes has been a powerful tool for fate mapping and lineage trac-
ing experiments in chicken embryos. The use of this tool has ex-
panded the current understanding of cell contributions and cell
fates involving the sinus venosus,*” heart fields!” (during cardiac
morphogenesis), epicardial derived cells,”> and most notably
the neural tube and neural crest.'?1313% Due to dilution effect
as cells replicate (the same amount of dye is distributed among
more cells), the signal obtained from vital dyes may become
increasingly dimmer as cell division occurs.

Ex ovo manipulations. The chicken embryo allows for easy
access and visualization in ovo (Figure 3 A). When working in
ovo, diluted and sterile India ink solution can be injected into
the yolk to contrast with the opaque, semitransparent embryo;
this technique may be particularly helpful in embryos younger
than stages HH13-14). Numerous authors have developed ex
ovo, shell-less set-ups for improved visualization and ease of
surgical manipulation. First described in 1955 is an in vitro tech-
nique in which the chick blastoderm is explanted into a piece of
vitelline membrane stretched across a glass ring; this technique
was then used to study chick blastoderm expansion.!™ Since
then, additional ex ovo techniques have been developed. For
example, the early chick (EC) culture system (Figure 3 B and C)
is a variation of the technique just described.” In the EC culture
system, a piece of filter paper is used as a carrier to transfer the
embryo ex ovo as the membranes are maintained under tension;
this tension is a critical requirement for ensuring continued and
orderly embryonic morphogenesis. Other techniques described
for ex ovo culture of chicken embryos include polyurethane
membrane ‘hammocks’, '”° laboratory weighboat humidified
chambers,” and the submerged filter-paper sandwich'® tech-
nique, which is a modification of the EC culture system. In
addition to the whole-embryo culture systems just described,
chicken embryos are amenable to organ slice culture and tis-
sue culture techniques. A previously described technique® has
been modified to yield cardiomyocyte cultures that achieve
electromechanical coupling, beat synchronously, and have well-
developed myosin heavy chain (MF20)—positive cytoplasmic
striations (Figure 5).
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Genetic manipulations in chicken embryos. The chicken ge-
nome assembly was completed and published in 2004.1+'¢” This
major breakthrough represented the first avian genome to be
sequenced and thus reestablished the chicken embryo as a key
system in developmental biology and biomedical research en-
deavors.”® Multiple publications have used gene modification
techniques in chicken embryos,'* making chicken a genetically
tractable model species.

In 1982, the use of electric impulses to enhance the uptake of
DNA into mouse cells was described.!® This technique—electro-
poration—uses electrical fields as a way to facilitate the transfer
of genetic material into cells. The electrical currents create tran-
sient membrane destabilization resulting in the formation of
reversible pores through which nucleic acids and their analogs
can be transported readily into the cytosol.'* Electroporation
has long been used as a platform for delivering genetic material
to chicken embryos,”!” and numerous applications are reliant
on this platform for both gain-of-function and loss-of-function
experiments.®'® Some of the technologies used for genetic ma-
nipulation and misexpression experiments in the chick (and that
use electroporation for their delivery) include: overexpression
constructs (gain-of-function), morpholino antisense oligonu-
cleotides (loss-of-function),'®'** dominant-negative constructs
(loss-of-function), and RNAi technology (loss-of-function).
Techniques for electroporating epicardial cells in the chick intact
heart in ovo (Figure 6 A through E) and for the preparation of
vibratome tissue slices for live imaging (Figures 6 F and 7) are
available. Electroporation results in mosaicism, which may be a
desired feature depending on the application and can facilitate
the comparison of targeted and nontargeted cells in the same
sample.

Some recent techniques for use in chicken embryos include
the use of CRISPR-Cas9 technology for targeted mutagene-
sis, 010157180 flipase recombinase-mediated cassette exchange,*
and an inducible transgene expression system.* A 2016 review
outlines the advances in genetic engineering in chicken em-
bryos, with historical perspectives of the milestones achieved
on this front.3!

Regarding vibratome sectioning for live imaging, the most
influential factors in successful sectioning are likely the stiff-
ness and size of the tissue. Often softer tissues (such as the
trunk of a HH16 embryo) are easier to section than harder tis-
sues (such as the heart of a HH36 embryo). In addition, the
smaller the diameter of the tissue, the easier it is to section.
Therefore, a limitation of this technique is that it may not
yield adequate sections of stiffer and larger tissues. In gen-
eral, limitations associated with vibratome sectioning are 1)
individual sections (as compared with a series of consecutive
sections [‘ribbons’] produced by microtomes from formalin-
fixed, paraffin-embedded tissues), 2) thicker sections, and 3)
fragility of the tissue blocks, which are embedded in agarose
(as compared with stiffer paraffin wax). However, in contrast
to processing for formalin-fixed, paraffin-embedded tissues,
vibratome sectioning allows for obtaining live tissue slices.
Vibratome sectioning can be performed at multiple stages de-
pending on the target section, such as whole embryos at the
level of the trunk at stages HH12-18 and sections of dissected
hearts from embryos of stages HH16-24.

Time-lapse live imaging. As mentioned previously, chicken
embryos allow for ready access and ease of manipulation, af-
fording the ability to perform a variety of techniques not easily
performed in other models. Two of these techniques include live
tissue imaging and time-lapse video microscopy. Imaging of
live tissues, and especially time-lapse imaging provides a firm
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Figure 3. Ease of visualization and manipulation of the developing chicken embryo. (A) Schematic diagram of a fertilized egg containing a
HH16-18 embryo. The end opposite to the air cell has been pierced to remove albumin, and a window in the shell has been created by using
jeweler’s forceps. (B) Modification of the early chick (EC) culture system, in which chicken embryos within a filter paper frame are transferred

to a culture dish. (C) Close-up of panel B.

Figure 4. Schematic diagram of proepicarial organ quail-chicken chi-
mera experiments. (A) For these experiments, a quail embryo (pink)
serves as the donor, and the chicken embryo (blue) is the recipient. (B)
The proepicardial organ from the quail donor (pink bubbles, B) is sur-
gically removed and placed at the site of the recipient’s proepicardial
organ (blue bubbles). (C, D) The chicken recipient is reincubated with
the transplanted quail epicardium (pink bubbles), and (E) the proepi-
caridal organ develops into the epicardium, which then envelops the
entire heart (pink bubbles) as it would during normal development.

biologic and cell-based context in which to interpret observa-
tions made through other modalities (especially those based
on fixed tissues, which only provide a single snapshot in time).
In the chick, time-lapse live imaging has been used to study a
variety of cell processes including cell behavior of the neuroepi-
thelium,® neural crest behavior, and migration,"'*! somitogen-
esis,’* and migration of cardiac progenitor cells.'*’ In addition,
time-lapse imaging has been optimized to study cell migratory
behavior during epicardial development in the chick (Figure 8).
Other techniques for live imaging of chicken embryos, such as
3D microCT have been described.®

Limitations associated with confocal imaging are dependent
on the intended application. In the case of time-lapse live-cell
imaging of cardiac tissues, one of the biggest challenges is the
movement associated with the intrinsic beating of cardiac tube,
which can make individual cells in the intact heart difficult
to follow over time. Cardioplegic agents (such as potassium-
containing solutions) can be added to the culture medium to
prevent contractions. However, this addition may interfere with
normal cell and tissue processes that are dependent, at least to a
degree, on mechanical cues. Time-lapse confocal imaging of the
intact heart is particularly challenging given that contraction
occurs on all tissue planes. This feature makes imaging on dif-
ferent Z planes (especially when using multiple fluorophores)
difficult and may result in images that do not yield accurate
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Figure 5. Chicken cardiomyocyte culture for in vitro studies. (A) HH36 (E10) embryonic chicken hearts are mechanically and enzymatically
dissociated, after which cardiomyocytes are suspended in medium, centrifuged, and subsequently resuspended. After filtering, (B) the cell
suspension is plated, and (C) the plate is left unperturbed to allow myoblasts to attach and spread. (D) Attached myoblasts eventually become
confluent, achieve electromechanical coupling, and beat synchronously. (E) Cultured myoblasts express the cardiac contractile protein MF20
(stained with Alexa Fluor 488), highlighting the striated nature of the muscle cells (nuclei stained with DAPI; magnification, 40x).

volumetric reconstructions (that is, ‘stacks’). For this reason, sur-
rogates for the convoluted 3D intact heart (such as beating myo-
blast and cardiomyocyte flat cultures) afford the ability to image
over time yet maintain synchronous beating that resembles the
electromechanically coupled heart. Imaging by confocal micros-
copy is not limited to the embryonic stages described herein,
because imaging was performed on either 1) cell monolayers
or 2) vibratome tissue slices of a specified thickness (300 um in
this case). The latest stage at which confocal imaging of whole
embryos can be done is likely dependent on the species, in light
of the size that they attain by any given stage.
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From Organogenesis to Disease: The
Importance of Developmental Biology

Investigation in Translational Research

The understanding of development, morphogenesis, and or-
ganogenesis greatly informs our understanding of disease and
vice versa. As the exploration of development and disease con-
tinue, it becomes increasingly clear that many developmental
processes in the embryo are redeployed in the adult in the face
of disease and subsequent reparative attempts. Moreover, dis-
ease manifestations in the adult may be the expression of dys-
regulated developmental programs or processes.'* Although
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Figure 6. In ovo and ex ovo epicardial electroporation in embryonic chickens. (A through E) In ovo epicardial electroporation for stages HH21-
24. For in ovo epicardial electroporation, (A) the embryo is visualized, and (B and C) the pericardial cavity injected (green arrows) with (D)
plasmid solution (green continuous line). Immediately after plasmid injection into the pericardial space, (E) the epicardium is electroporated by
delivering currents at the indicated sites (lighting symbols), causing the plasmids to enter the epicardial cells. (F) For ex ovo epicardial electropo-
ration, the heart is dissected and placed inside an electroporation cuvette containing a plasmid solution. Delivery of electric current results in
the electroporation of epicardial cells. The green dotted lines in panel E and the green stars in panel F represent the successfully electroporated

cells. HT, heart tube; Li, liver.

attempting to enumerate all possible instances in which these
parallels exist is beyond the scope of this review, a few are men-
tioned to illustrate that strengthening our knowledge of devel-
opment can greatly inform our understanding of the disease.
The discussion presented in this review will focus on those par-
allels relating to cardiovascular development and CVD.
Congenital heart disease. Many forms of congenital heart dis-
ease are a result of deranged cardiac developmental processes.
Therefore better understanding how these arise requires an un-
derstanding of cardiac morphogenesis. Cardiac morphogenesis
and the implications for congenital heart diseases have been
reviewed recently.*® Briefly, the bilateral embryonic cardiac me-
soderm unites at the midline to form the cardiac tube,'*> which
inherently beats even before the formation of blood elements.
Part of this cardiac tube—the ‘cardiac jelly’—in turn leads to
the formation of the endocardial cushions. At a later stage, and
with contributions from the cardiac crest, the endocardial cush-
ions lead to the formation of the cardiac valves and the outflow
tract. As development progresses, dextral looping (right-sided)
of the heart tube occurs to form the cardiac loop, and after a se-
ries of fusions and cell movements, the chambers begin to form
and divisions between the various compartments take place.

Derangements or accidents in the formation of any of these deli-
cately orchestrated developmental events can result in a variety
of malformations, including atrial and ventricular septal defects,
Tetralogy of Fallot, valvular abnormalities, and aortic arch mal-
formations, among others.

The epithelial-to-mesenchymal transition: an advantageous
developmental process with negative implications in the adult
organism. First described by the laboratory of Elizabeth Hay,*
the phenomenon initially coined as epithelial-to-mesenchymal
‘transformation’ (EMT) is worthy of special recognition. Re-
ferred to in the current literature as epithelial-to-mesenchymal
‘transition,” the EMT phenomenon has been studied extensively
given its implications both in development and disease.®® EMT
(and the reverse—MET) is widespread and commonplace in the
developing embryo, most notably known for its role in gastru-
lation''® and delamination of the neural crest from the neural
tube. 7 In the adult, the EMT plays a crucial role in reparative
attempts that result in scarring'®'”® and, most notably, in cancer
progression and metastasis.”**#21° Interestingly, a body of lit-
erature suggests that the EMT is involved in the development
of cardiac disease in adults, associated with myocardial scarring
after infarction,”'%> whereas others indicate that the EMT may
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Figure 7. Vibratome sectioning for live tissue culture slices of electroporated embryonic hearts. (A) Electroporated whole hearts are embedded in
a plate containing low-melting point agarose (LMPA) suspended in Ham F-12 nutrient medium. Once solidified, (B) the agarose is cut to create
agarose blocks containing the electroporated hearts, which are then (C) mounted on a vibratome chuck and (D) immersed in ice-cold Locke solu-
tion to solidify the mounting glue. (E) While in ice-cold Locke solution, the agarose blocks containing the hearts are sectioned with a vibratome
(F) into 300-um-thick slices, which then (G) are transferred to a culture dish and covered with culture medium.

lead to the generation of cardiac progenitor cells.*** The EMT is
a prime example of how harnessing developmental processes
informs our understanding of the nuances underlying numer-
ous disease processes.®102151

How Chicken Embryos Have Informed the
Understanding of Epicardial Development and

Point toward Future Investigation

This section is dedicated to highlighting how the chicken
embryo has increased the understanding of epicardial devel-
opment. All of the experiments featured in this section were
performed in embryonic chickens (except when explicitly indi-
cated), underscoring the importance of this model organism as
a key player in understanding this important biologic process.

The epicardium is a single mesothelial cell layer that envel-
ops the beating heart during development, providing a smooth
gliding surface against the pericardial sac during cardiac con-
traction and relaxation. For a long time, the epicardium was
considered to be a quiescent structure. However, interest has re-
vived in further understanding the biology of this tissue due to
the implications it has in the progression of myocardial disease
in adults, particularly after myocardial infarction.
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In the developing embryo, and at the level of the sinus ve-
nosus, the coelomic mesothelium forms a cerebriform cluster
of cells, termed the proepicardial organ (PEO). This tissue is
largely believed to arise from the splanchnic mesoderm; how-
ever, some experiments suggest that at least a portion of the
cells comprising the PEO arise from the somatic mesoderm.'?
Epicardial cells and myocardial cells from the inflow tract arise
from a common precursor. Later on, this precursor separates
into 2 lineages as a result of interactions between bone morpho-
genetic protein and fibroblast growth factor 2; bone morphoge-
netic protein signaling promotes myocardial formation, whereas
fibroblast growth factor 2 signaling promotes epicardial differ-
entiation.™ At HH14, the PEO forms villous-like projections,
and by HH17, these villous projections make contact with the
dorsal surface of the naked, continuously looping, and already
beating myocardial tube® (Figure 9 A). In agreement with previ-
ous experiments,'> other work showed that fibroblast growth
factor ligands promote the formation of these villous projec-
tions, whereas fibroblast growth factor inhibition leads to their
arrest.” Once this cellular bridge is established, cells from the
PEO begin a collective migration toward and over the cardiac
tube to completely envelop it, as has been observed in scan-
ning electron microscopy experiments.* Studies suggest that,
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Figure 8. Set-up for fluorescent imaging of live tissue culture cells. A glass-bottom culture dish containing the fluorescently labeled tissues of
interest and culture medium and sealed with mineral oil (to prevent medium evaporation) is placed on the stage of an inverted microscope
within a heated incubation chamber. Depicted in this diagram is an inverted fluorescent microscope with a 488-nm laser to visualize the green
channel and a 543-nm laser to visualize the red channel at 20x magnification.

in addition to the main contribution of epicardial cells by direct
contact through the epicardial villi, there are isolated, free-float-
ing clusters of epicardial cells presumed to emanate as vesicular
extrusions from the epicardial villi. These vesicular extrusions
attach to—and migrate over—the naked myocardial tube.

As previously mentioned, the epicardial villi arising from the
PEO attach to the myocardial tube by HH17. By HH19, the mi-
grating epicardium can be seen along the convex and concave
surfaces of the U portion of the cardiac tube (which corresponds
to the future ventricles; Figure 9 A and B).> The leading cells
have long, slender filopodia that make contact with the myo-
cardium they are migrating over, as well as ruffles on their free
edges. By HH21, the leading edges of the migrating epicardium
fuse, and thus the ventricular portion of the myocardial tube is
completely enveloped (Figure 9 C and Figure 10). From here,
epicardial cells then migrate cranially to envelop the bulbus
cordis and distally toward the atria. The once-naked myocardial
tube becomes completely enveloped by epicardium by HH24
(Figure 9 D);* in quail-chick chimeras, the quail epicardium
finishes its migration by HH27.¥ The epicardium is generally
referred to as an epithelium in the scientific literature. How is
it that an epithelial sheet can spread such a long distance and
over such convoluted topography as that of the developing and
beating cardiac tube if the tractional force is being generated at
the leading edge? This problem has been investigated by using
the chicken embryo as a model system. Specifically, studies have

been aimed at investigating the mode of migration of the epicar-
dium, and results are forthcoming.

Once the epicardium has covered the cardiac tube, EMT
events take place (Figure 11)"'61%, through which epicardial cells
leave the epicardial epithelium and migrate deep toward the
myocardium, forming a subepicardial compartment (Figure 11
C). These epicardium-derived cells contribute to various cell
lineages including coronary endothelium, smooth muscle, and
perivascular fibroblasts as well as the fibroblasts that make up
the fibrous skeleton of the heart (Figure 11 D). Much of the evi-
dence supporting these claims come from lineage tracing exper-
iments, including labeling of proepicardial cells with vital dyes
and quail-chick chimera experiments.**71511¢ The ability of the
epicardium to contribute to the formation of vascular compo-
nents has been observed both in vivo and in vitro and is modu-
lated by vascular endothelial growth factor and basic fibroblast
growth factor signaling.® Further evidence of the proepicar-
dial-epicardial contributions toward coronary angioblasts is
the observation that these cells express Wilms tumor-associated
transcription factor, which is a marker for coelomic epithelium.>
Recent experiments suggest that coronary endothelial cells have
a heterogeneous origin, including sinus venosus endothelium-
derived cells and surface mesothelium-derived cells.®

Additional studies in chicken embryos suggest that the epi-
cardium may be involved in the autonomic response during
early cardiac development,*® correct atrioventricular electrical
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Figure 9. Schematic representation of the geographic course of the epicardial spreading over the myocardial tube. (A) Epicardial villi extend
from the proepicardial organ (PEO) at HH17 and start migrating over the previously naked myocardial tube. (B) Epicardial cells (brown bubbles)
first cover the concave (black asterisk) and convex (blue asterisk) curvatures of what will become the ventricles, by HH19. (C) Once the epicar-
dial cells have covered the U shape of the cardiac tube (the portion what will become the ventricles), they start migrating distally toward the
atria (yellow asterisks), and cranially toward the bulbus cordis and truncus arteriosus (orange asterisks). (D) The myocardial tube is completely

enveloped by epicardium by HH24 (D).

conduction patterns,’ and appropriate differentiation of Pur-
kinje fibers.®®* Numerous studies have investigated the contribu-
tions of the epicardium toward the cardiomyocyte pool, but so
far the evidence suggests that the epicardium does not contrib-
ute (at least in avian species) to myocardial lineages.*” However,
some studies that suggest an important role for the epicardium
in the proliferation of the developing myocardium through fi-
broblast growth factor 2 signaling'® and through direct epicar-
dial-myocardial cell-cell contact.!® This possibility is of great
interest due to the potential implications for inducing myocar-
dial regeneration through modulation of the epicardium.
Many developmental programs in the embryo are rede-
ployed in the adult in the face of disease. As shown herein, a
lot of attention has been directed at improved understanding
of epicardial biology due to the implications for generating
vascular endothelial cells and vascular smooth muscle cells,
which would be of great benefit during postinfarctive reparative
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processes. At the same time, understanding the underpinnings
of fibroblast differentiation may open the door for modulating
the onset of cicatricial fibroblast proliferation, in an attempt to
halt the detrimental outcome of myocardial scarring. Moreover,
understanding the interplay between the epicardium and the
myocardium during development may provide great insight
into how to promote cardiomyocyte proliferation for therapeu-
tic purposes. All of the experiments presented in this section
were performed in chicken embryos, underscoring how much
this model has contributed to the field of cardiac biology. With
increasing experimental modalities available that allow for fur-
ther manipulations, the embryonic chicken is reemerging as an
important model for cardiovascular research.

Discussion
Supported by reports from the American Heart Association,
it is well known that CVD remains one of the biggest drivers
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Figure 10. (A) Histology (hematoxylin and eosin stain) of the developing chick embryo at HH21-23. (B) Green-boxed area in panel A at increased
magnification. (C) Orange-boxed area in panel A at increased magnification. The proepicardial organ (PEO) has villous projections (black aster-
isks) that attach to the myocardial tube and begin to spread over the portion of the tube that will become the ventricle (V), followed by the atria
(A) and truncus arteriosus (TA). Li, liver.

Figure 11. Schematic diagram showing epicardial migration over the myocardium and the subsequent epithelial-to-mesenchymal transition. (A)
The epicardial cell layer (pale-blue cells) migrate over the naked cardiomyocytes (salmon-colored cells). (B) Eventually the entire myocardium is
covered by a sheet of epicardial cells. (C) Once the the layer of epicardium covers the entire myocardium, epicardial cells begin the epithelial-to-
mesenchymal transition, giving rise to epicardium-derived cells (purple cells). (D) In turn, epicardium-derived cells become cardiac fibroblasts
(green cells) or cells contributing to the formation of blood vessels (pink cells), including endothelial cells, smooth muscle cells, and perivascular
fibroblasts. Panels A’ through D’ are corresponding hematoxylin and eosin-stained sections of embryonic chick hearts. Red chevron in panel
A’ indicates the migrating leading edge of the epicardial cells over the myocardium. Black chevrons in panels A’ through D’ indicate the epi-
cardium. Yellow lines in panels C and D represent indicate subepicardial connective tissue. Pink asterisks in panels D and D’ indicate the blood
vessel lumen.
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of morbidity and mortality in the United States and other de-
veloped countries.”” The American Heart Association has pub-
lished national goals for cardiovascular health promotion and
disease reduction,” and guidelines aligned with the concept
of cardiovascular health are described.” Of course, attaining
these goals of disease reduction relies heavily on a clearer un-
derstanding of CVD to better inform the path to follow when
developing diagnostic and therapeutic approaches.

Our current understanding of the mammalian adult heart
is that it has little to no capacity to regenerate after injury. In
neonatal mice, the heart can regenerate after surgical resection,
but this regenerative ability is lost by 7 d of age."” However, the
heart of other vertebrates (including amphibians and zebraf-
ish) has a regenerative capacity that persists throughout life.”®
What mechanisms allow myocardial proliferation in the embryo
but not the adult? What mechanisms govern the difference in
regenerative capacity between species? How can we harness
the regeneration-promoting programs to advance regenerative
therapeutic modalities?

In multiple disease states and reparative processes, develop-
mental pathways are redeployed.®* After myocardial injury in
adult mammals, developmental mechanisms associated with
epicardial organogenesis reactivate and may strongly influence
the reparative or cicatricial (scarring) outcomes.?!%1%15 A recent
review summarized findings that speak to the plasticity of cells
during cardiac development and disease.” In that review,” the
authors explore how developmental approaches such as lineage
tracing experiments have uncovered that there are multiple cell
sources for a single cell type and that numerous cells have a var-
ied expansion potential in the face of disease. Therefore, it has
become increasingly clear that understanding developmental
events is key to understanding a wide range of disease processes.

As mentioned earlier, the epicardium arises from a cluster of
mesothelial cells at the level of the sinus venosus. The epicardium
spreads over the developing heart tube and purportedly under-
goes EMT to give rise to numerous cellular components. These
components include endothelial cells, smooth muscle cells, and
fibroblasts that form the structural scaffolding of the heart. The
epicardium was believed to remain relatively quiescent in adult
mammals; however, current evidence shows that it becomes re-
activated in the face of disease, especially after myocardial infarc-
tion. Because of the mammalian inherent inability to regenerate
cardiomyocytes, a stereotypical outcome of myocardial infarction
is healing by fibrosis (without cardiomyocyte replenishment).
The work by many groups has poised the epicardium as a poten-
tial therapeutic target, reigniting interest in the study of this issue
which had long been ignored %7291231% An obvious step toward
unlocking the epicardial potential for therapeutic modalities is
to thoroughly understand its biology during development. As
described in the current review, much of this knowledge has been
learned through studies in the embryonic chicken.

The chicken embryo remains an ideal model system for de-
velopmental and cardiac biology research. Key morphogenetic
findings first made in this species, a detailed and well-docu-
mented body plan, ease of use and manipulation, low cost, and
robustness of the model poise the chicken embryo as well suited
to these studies.®%78 In conclusion, with the continued develop-
ment and optimization of molecular techniques that can be used
in this species, the chicken embryo remains a cornerstone of
developmental biology and biomedical research.
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