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ABSTRACT

Embryonic physiology is often viewed as merely those processes
understood for the adult but conducted on a smaller physical
scale. Yet striking examples of the inaccuracy of this perspective
can be identified in the embryonic cardiovascular system. For
example, dogma holds that the embryonic heart begins to beat
to pump blood for convective transport, just like that of the
adult. This is the major assumption inherent in the hypothesis
we have called “convective synchronotropy”; that is, the em-
bryonic heart starts to beat synchronously with the need for
convective blood flow. However, there is compelling evidence
on many fronts that the convective flow of blood generated by
the early embryonic vertebrate heart is simply not required for
transport of oxygen, nutrients, metabolic wastes, or hormones,
all of which can be achieved entirely by diffusion. In fact, fish,
amphibian, and bird embryos lacking a functional heart (either
through surgical intervention or mutation) or whose oxygen-
hemoglobin transport has been chemically eliminated none-
theless continue to function and grow in size for extended
periods up to the point at which diffusion alone can no longer
serve oxygen transport needs. We advocate the alternative hy-
pothesis of “prosynchronotropy” (i.e., the heart starts to beat
well before convective blood flow is needed for bulk transport).
So, what is the purpose of the early embryonic heart beat?
Evidence is presented herein in support of a morphogenic ra-
tionale for prosynchronotropy. Specifically, it appears that the
initial rationale for the beat of the vertebrate embryonic heart
may be two-fold: to aid in subtle but significant aspects of
cardiac growth, shaping, and maturation, and to facilitate car-
diac maturation angiogenesis—the formation of new vessels by
sprouting from vessel tips. Ultimately, the embryonic cardio-
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vascular system provides a graphic demonstration of how adult
physiological functions should not, without verification, be in-
terpolated back to the embryo of that species.

Introduction

That the unfailing beat of the heart is necessary for life is one
of the few dogmas that enjoys equal popularity among both
cardiovascular physiologists and the lay public. The convective
flow of blood through the circulation provides the ceaseless
transport of the respiratory gases and nutrients required by
metabolism, the waste products produced by metabolism, and
the hormonal cues that regulate metabolism and a myriad of
other physiological functions. This role of the circulation clearly
is indisputable in adult vertebrates. Yet emerging data resulting
from the burgeoning interest in developmental physiology are
calling into question this most established of physiological (and
cultural) dogmas regarding the function of the heart. Indeed,
in this article the reader will learn that the strong convective
flow of blood clearly evident in early developmental stages is
in fact not necessary for short-term growth and development
of the embryo.

Given that physiological measurements on adults probably
outnumber those on early developmental stages by several
thousandfold, why should the reader care about cardiovascu-
lar—or any other—physiological processes in these earliest,
previously neglected developmental stages? The answers have
relevance to both basic and applied research. Evolutionary bi-
ologists studying physiological processes have largely focused
on evolution as change in a series of adult morphs, by far the
most commonly studied form of any species. Yet a more ap-
propriate view of evolution is change in a series of ontogenies,
not simply change in a series of adults (or for that matter,
change in a series of fertilized eggs, larvae, or juveniles). Thus,
understanding the physiologies of immature stages may hold
as many or more clues to evolutionary events as the physiologies
of the mature stages, especially because natural selection acts
aggressively on immature stages (Burggren 1992, 1995).

Understanding the physiology of immature stages has more
direct applications as well. The early developmental stages of
a wide variety of vertebrate embryos show not only qualitative
but also quantitative similarities. For example, the overall level
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of blood pressure, cardiac output, peripheral resistance, and
their subsequent rate of increase during the first days of heart
beat are all surprisingly similar in the zebra fish (Pelster and
Burggren 1996; Hu et al. 2000), Xenopus (Hou and Burggren
1995a, 1995b; Fritsche and Burggren 1996; Territo and Burg-
gren 1998; Warburton and Fritsche 2000), the bullfrog (Pelster
and Burggren 1991; Kimmel 1992; Pelster et al. 1993), and the
chicken (see reviews by Clark and Hu 1990; Keller 1997). By
inference, we are likely to learn about the physiology of early
human embryos by studying these and other animal models.
Understanding the cardiovascular physiology of early vertebrate
embryos will doubtlessly aid in the planning of future thera-
peutic interventions in situations of abnormal development.

Finally, the conclusions of this article should encourage those
developmental physiologists finding themselves in the role of
David facing a Goliath (i.e., dogma based on data from adults).
Our hope is that by showing that the convective flow of blood
is not required in embryos in the short term, then other broadly
based physiological assumptions relying strictly on data from
adults will not be so unquestioningly incorporated into our
emerging understanding of embryonic physiology.

The Conceptual Background: Diffusion versus Convection
in Small Animals

Gas exchange in small animals, whether they be immature
forms of larger species or adults of an innately small species,
is a complex interplay between exchange by diffusion and con-
vectively assisted transport (Feder and Burggren 1985; Talbot
1992; Wells and Pinder 1996; Rombough and Moroz 1997;
Rombough 1998, 2002). To appreciate fully this dynamic in-
teraction, let us briefly consider the advantages and limitations
of gas exchange between environment and tissues by diffusion
alone.

Gas Exchange by Diffusion

Diffusion, while energetically free to the animal, is a very slow
process for exchanging gases, nutrients, and wastes. Conse-
quently, exchange based solely on bulk exchange by diffusion
in the absence of any internal circulation occurs only in rela-
tively small animals with large surface-area-to-volume ratios.
Just how large can an animal be and still rely solely on bulk
diffusion? Putting it differently, at what size does an animal
have to develop an internal circulation to replace bulk diffu-
sion? Taking an oxycentric viewpoint, the theoretical maximum
size (radius, R) of a diffusion-dependent animal depends on
three basic variables: (1) the oxygen partial pressure gradient
(DPo2) between the environment surrounding an animal and
the mitochondria within its innermost cells, (2) the animal’s
O2 consumption ( o2), and (3) Krogh’s O2 diffusion constantṀ
(Ko2), which ironically is not a constant as it depends on the
permeability of the material forming the O2 diffusion pathway

(i.e., chitin, epithelium, endothelium, etc.). The simplest model
incorporating these factors considers a hypothetical animal with
a spherical body shape. In such a model, radius, O2 gradient,
Krogh’s diffusion constant, and O2 consumption are related to
each other as follows:

DPo2�R p .˙(1/6) # (1/Ko ) # Mo2 2

Now, assuming a maximal DPo2 of 150 mmHg (i.e., full en-
vironmental oxygenation at sea level and nearly complete an-
oxia reached at a point in the geographic center of the animal),
a Krogh’s diffusion constant of 0.045 mmol cm�1 s�1 mmHg�1,
and an o2 of 200 mmol s�1 by the hypothetical animal, thenṀ
this hypothetical animal’s maximum radius, R, is 0.134 cm.
(This value of metabolic rate represents the middle of the range
for a variety of poikilotherms at 20�–25�C. Obviously, there is
a huge range of actual metabolic rates that could be used for
this calculation, giving attendant wide range in calculation of
maximum size.) That is, under these conditions of ideal en-
vironmental oxygenation and the above stated O2 consumption,
the largest that this spherical-shaped animal could be is a little
larger than 2 mm in diameter without having an anoxic core.

Of course, in reality there are many complicating factors,
including irregular body shapes and especially boundary layers,
that greatly affect bulk diffusion of gas exchange across an
animal’s body surface (e.g., Feder et al. 1993; Wells 1996; Rom-
bough 1998). Moreover, exposure to even mild environmental
hypoxia would reduce the Po2 gradient, reduce the bulk delivery
of O2, and potentially lead to an expanded anoxic core. Bulk
diffusion models have been developed for distinct species.
While it is beyond the scope of this article to describe such
models in depth, consider the recent study of Territo and Al-
timiras (2001), who quantified theoretical bulk O2 diffusion in
the torpedo-shaped larvae of the African clawed frog Xenopus
laevis. They created a bulk O2 radial diffusion model that treated
the larva as a series of adjacent cylinders of different radii.
From this model, Territo and Altimiras (2001) were able to
predict the developmental stage-specific Po2 gradients needed
to prevent an anoxic core as well as the volume of anoxic tissue
that would result in progressive levels of environmental hyp-
oxia. This model predicts that as Xenopus tadpoles develop and
grow beyond developmental stages NF 50–51, they quickly out-
strip O2 delivery supplied by bulk diffusion and must develop
a vigorous internal circulation to help support the increasing
large body size and mass.

Whatever the model used to predict bulk diffusional O2 de-
livery, model predictions and extant animal design are very
much in agreement with respect to animal size: very few animals
lacking internal circulations exceed about 1 mm in diameter.
Some animals without internal convective systems are larger
than 1 mm, such as flatworms such as the polyclad worms
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Figure 1. Relationship between radius, O2 consumption, and depen-
dence on convection in a hypothetical animal. As either radius or O2

consumption increases, the ability of diffusion alone to supply the
necessary O2 for metabolism declines, necessitating internal convective
flow for O2 delivery. Exceptions include animals that can attain larger
body sizes because they have only low metabolic rates or animals that
can sustain high metabolic rates because body size (and thus diffusion
distances) remains small.

Oligclado or Stylochoplana, that can reach diameters of several
centimeters, but their extreme dorsolateral flattening means
that the interiormost cells of these plate-shaped worms are in
fact never more than 1 mm from the water surrounding the
animal. Similarly, sponges appear to be large metazoans, but
their ciliated cells provide an internal convection of sea water
through channels (ostia) that, once again, bring sea water to
within !1 mm of the most internalized cells.

Of course, some animals without internal convective cir-
culations can and do live on the respiratory fringes. Figure 1
relates the hypothetical size of an approximately spherical an-
imal with the O2 consumption that it can support, based on
the equation above. From this graph, it becomes apparent that
an animal can be larger if it has a lower rate of o2 (e.g., aṀ
helminth in cool water; Fig. 1, Exception #1). Alternatively,
animals with high metabolic rates (e.g., rotifers in warm water;
Fig. 1, Exception #2) are restricted in their maximum body size.

Embryos of even the largest animals begin as a small col-
lection of a few hundred cells supported entirely by diffusion
until a respiratory transition from diffusional to convective
transport occurs. But when does the transition occur, and how
can we determine it?

The Respiratory Transition from Diffusion to Convection

All vertebrate embryos must make the transition from gas,
nutrient, and waste exchange by diffusion to a mixed diffusive-
convective system to ultimately depending entirely on internal
convective transport. Yet for such a ubiquitous physiological
transition, few studies from only a handful of laboratories have
focused on this phenomenon (e.g., Holeton 1971b; Mellish et
al. 1994; Burggren and Territo 1995; Pelster and Burggren 1996;
Wells and Pinder 1996; Rombough and Moroz 1997; Rom-
bough 1998; Territo and Burggren 1998; Burggren et al. 2000;
Territo and Altimiras 2001; Rombough 2002). Given this rel-
atively austere data set for gas exchange in embryos, it has
generally been assumed that heart function in embryos, like
that of older stages, is inextricably linked to the presence of
and need for internal convective transport. Consequently, the
early developmental stages, in which the embryonic tube heart
is still organizing itself and not generating significant forward
blood ejection (e.g., !24 h postfertilization in the zebra fish or
!48 h of incubation in the chicken), can reasonably be assumed
to be completely dependent on diffusional exchange. Within a
few short hours following heart formation, however, the pres-
ence of a vigorous blood flow coursing unidirectionally through
an emerging microvasculature is typically assumed to signal the
onset of convective O2 transport (though diffusion is still
viewed as of key importance in the peripheral tissues). With
the further development of an extensive embryonic and ex-
traembryonic circulation, the absolute need for convective gas,
nutrient, and waste transport is taken as a given. Collectively,

these general assumptions can be expressed as hypotheses and
tested, as we will now explore.

The Competing Hypotheses

Two competing hypotheses have been suggested: “synchrono-
tropy” and “prosynchronotropy” (Burggren and Territo 1995;
Territo and Burggren 1998; Burggren et al. 2000 for initial
discussions of these hypotheses). The purpose of this article is
to restate and then update and refine these hypotheses.

Synchronotropy (together, time moving), which for clarifi-
cation will be renamed “convective synchronotropy,” is really
a “just in time” hypothesis; that is, convective flow of blood
from the heart occurs to ensure that as diffusion falls behind
the transport needs of the rapidly growing embryo, convective
transport develops just in time to rescue and maintain metab-
olism (Fig. 2A).

The hypothesis of prosynchronotropy (before synchrono-
tropy) offers the alternative view that the heart begins to beat
and consistently eject blood well before the need for convective
transport of gases, nutrients, and wastes. That is, the heart
begins to create blood flow earlier than is actually required for
convective transport, with diffusion still being sufficient for
exchange of materials between tissues and external environment
(Fig. 2B). As we will explore, this hypothesis can be further
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Figure 2. Competing hypotheses of convective synchronotropy and
prosynchronotropy. A, Convective synchronotropy holds that the heart
begins to beat at precisely the point in development when diffusion
becomes inadequate for O2 delivery to tissues. B, Prosynchronotropy
holds that the heart begins to beat well in advance of the point where
diffusion must yield to convection. See text for further discussion of
these competing hypotheses.

broken down into two subhypotheses: the cardiovascular sys-
tem begins to function initially for morphogenic purposes, or
the cardiovascular system begins to function initially as a simple
prelude to future demands, a “dress rehearsal,” if you will.

Testing Convective Synchronotropy

If convective synchronotropy holds, then experimental inter-
ruption of the convective transport in the blood of O2, CO2,
or nitrogenous wastes should at the very least undermine
growth and development if not prove immediately fatal. To
date, two experimental approaches to test this idea have been

made: disrupting hemoglobin-O2 transport while maintaining
blood flow and reducing or eliminating blood flow altogether.

Disrupting Blood O2 Transport

In vertebrates 95% or more of blood O2 transport is achieved
by O2 transiently bound to hemoglobin (Hb), with the plasma
accounting for only a tiny fraction of bulk O2 transport. Thus,
blood O2 transport is highly vulnerable to disruption by either
interfering with Hb function or by destroying the red blood
cell itself.

Carbon monoxide competes directly with O2 for binding sites
on the hemoglobin molecule. This competition is lopsided: Hb-
CO binding affinity is more than 200 times greater than Hb-
O2 binding affinity. In humans, exposures to CO concentrations
of as little as 0.25% produce unconsciousness after 30 min of
exposure, while values of 10.4% produce death within a few
minutes. These characteristics of CO make this gas suitable for
probing the role of Hb-O2 transport in embryos, larvae, or any
other stage or animal. First, concentrations of CO that block
blood Hb-O2 transport are specific to Hb, thus clearly defining
the role of Hb in bulk O2 transport. Second, CO poisoning
does not interfere with CO2 transport. Finally, blocking O2

transport with CO is preferable to hemorrhage or other meth-
ods of reducing hematocrit, since it has no effect on blood
viscosity and thus peripheral resistance.

An early observation of the nonessential role of Hb-O2 trans-
port in some vertebrates was made by Holeton (1971a), who
reported that adult trout were able to survive exposure to 2%
CO when maintained at cold temperatures (∼4�C). This ob-
servation evokes images of the hemoglobinless Antarctic icefish
Chaenocephalus aceratus lonnberg. This species survives because
it lives at environmental temperatures around �1�C. Producing
a huge cardiac output with its large heart, this species depends
on internal convection of O2 dissolved in solution in the clear
plasma (Holeton 1970).

In one of the first uses of CO in a developmental physiology
study, Cirotto and Arangi (1989a) exposed chicken embryos
to 1% CO, a level of this gas that effectively eliminated all Hb-
O2 transport by blood within 15 min. Not surprisingly, mor-
tality was considerable, but what was surprising was that sur-
vival in embryos at days 2, 3, and 5 was 17%, 13%, and 8%,
respectively (Fig. 3). Indeed, on the basis of these experiments,
Cirotto and Arangi (1989b) concluded that there was no
hemoglobin-mediated O2 transport for the first 24 h of con-
vective blood flow in chicken embryos. In larval Xenopus,
chronic exposure to 2% CO not only is not lethal but, sur-
prisingly, has no net effect on growth and development from
fertilization up to a larval body mass of 500 mg (Territo and
Burggren 1998; Fig. 4). Exposure to 2% CO in zebra fish larva
between 84 and 108 h, a period of vigorous blood circulation,
had no effect on O2 consumption (Pelster and Burggren 1996;
Fig. 5A).
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Figure 3. Survival as a function of developmental stage during chronic
exposure to 1% CO in the chicken embryo. Note that while CO is
increasingly lethal, in early development stages there is significant sur-
vival despite elimination of all hemoglobin-based O2 transport. After
Cirotto and Arangi (1989a).

Figure 4. Comparison of O2 consumption in control larval Xenopus
and those experiencing hypoxemia due to chronic exposure to 2% CO.
There was no significant difference over a body mass range from 2
mg to 0.5 g. After Territo and Burggren (1998).

The role of Hb in O2 transport can also be assessed by de-
struction of the red blood cells through treatment with the
hemolytic agent phenylhydrazine. Pelster and Burggren (1996)
showed that cell lysis by phenylhydrazine had no affect on
whole animal o2 in zebra fish. They also made ventricularṀ
blood pressure measurements in these populations, reasoning
that the rate of pressure rise during the initial isometric con-
traction of the heart should be a highly O2-sensitive barometer
of inadequate O2 exchange. As evident in Figure 5B, neither
phenylhydrazine treatment nor CO exposure produced a sig-
nificant change in systolic ventricular blood pressure, nor were
there any significant changes in the rate of pressure rise DP/
DT during isometric ventricular contraction in these zebra fish
larvae.

Collectively, these data raise the possibility that bulk trans-
port of O2 through convection of Hb-O2 in the blood is not
an absolute requirement for normal metabolic and physiologic
processes in the early embryos of fish, amphibians, and birds
(and so presumably all vertebrates?). A minor supporting role
of bulk transport of O2 simply dissolved in plasma in animals
lacking Hb-O2 transport cannot be discounted but is unlikely
to even partially offset the loss of Hb-O2 transport in these
highly aerobic animals. With these facts in mind, let’s consider
more draconian experimental approaches.

Disrupting Cardiac Output

Chemical disruption of Hb-O2 transport in CO- or phenyl-
hydrazine-exposed embryos or larvae still leaves open the pos-
sibility that like the Antarctic icefish, O2 transport in the plasma

may suffice for aerobic metabolic needs. Hence, several studies
have used direct intervention with the heart’s ability to generate
blood flow.

Cardiovascular Mutants. One of the first cardiovascular mutants
to receive considerable scrutiny was not in zebra fish or other
relatively new animal models but rather in the axolotl Ambys-
toma mexicanum (Lemanski 1973). The gene c cardiac mutant
of this species produces myocardial cells that fail to form or-
ganized myofibrils and thus fail to develop a heart beat (see
reviews by Fransen and Lemanski 1989; Lemanski et al. 1995).
Although almost all attention has been on the cardiac electro-
physiology, contractility, and ultrastructure of this mutant, bur-
ied in the original articles are the observations that the larvae
not only hatch and survive but continue to grow and swim
around with a nonbeating heart for up to 2 wk.

A wide range of cardiovascular mutants exist for the zebra
fish, including those with no heart (e.g., tinman) or those with
various heart defects that eliminate the heart’s normal blood
pumping function (see reviews by Chen and Fishman 1997;
Evans 1999; Lohr and Yost 2000; Stainier 2001; also ZFIN, the
zebra fish information network, at http://www.grs.nig.ac.jp:
6070). Although the chicken embryo is a stalwart of devel-
opmental biology and more specifically developmental physi-
ology, relatively little is known of cardiovascular mutants in
this species. There is a mutant chicken (Ca/Ca) that shows a
strong bradycardia but only during the last third of develop-
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Figure 5. Effects of CO on the physiology of larval zebra fish Danio
rerio. A, O2 consumption before and after exposure to 2% CO and to
phenylhydrazine, which induces hemolysis. B, Ventricular systolic pres-
sure and rate of pressure rise during isometric contraction before and
after CO exposure. No significant physiological differences were in-
duced by any of these experimental treatments. After Pelster and Burg-
gren (1996).

Figure 6. Changes in O2 consumption and eye diameter in 4-d-old
chicken embryos before (sham) and 4–5 h after complete conotruncal
ligation, which eliminated all cardiac output. As typical for normal
development during this period, O2 consumption remained un-
changed, and the eyes grew considerably, even after elimination of all
cardiac output. After Burggren et al. (2000).

ment (Howe et al. 1994). Clearly, several interesting mutants
exist that can be exploited in discovering the role of the cir-
culation in the early embryo and in testing hypotheses such as
convective synchronotropy.

Heart Ablation. It has long been recognized that removal of the
embryonic heart primoridia does not immediately kill lower
vertebrate embryos, which may continue to develop for days
or weeks (Kemp 1953; Mellish et al. 1994; Grunz 1999). Not
only do such heartless animals survive, initially they also thrive.
For example, tube heart removal from larval axolotls does not
significantly alter their postsurgical O2 consumption when com-

pared with sham-operated or wild-type salamander larvae of
the same developmental stage (Mellish et al. 1994), suggesting
that the heart does not play a necessary role in supporting
aerobic metabolism. Interestingly, while heart removal does not
affect survival or, apparently, O2 consumption, acardia is not
altogether without physiological effect. For example, edema is
a common feature of heart myopathies as well as heart absence
in embryos/larvae of both zebra fish (Chen et al. 1996; Xu et
al. 2002) and Xenopus (Grunz 1999). The presence of the heart
is also necessary for proper cervical flexure and craniocervical
development in chicken embryos (Männer et al. 1995).

Surgical Conotruncal Ligation. Surgical conotruncal ligation (li-
gation of the ventricular outflow tract) can be carried out with
10-0 surgical silk in chicken embryos from about day 2� until
day 5–6 (after which the embryo descends too deeply into the
interior of the egg for surgical access). Chicken embryos by
day 3–4 have a vigorous circulation, with a rapidly expanding
blood volume approaching 50–100 mL and a cardiac output of
about 20–50 mL min�1 (Romanoff 1967; Tazawa and Hou 1997
for references). Importantly, complete ligation of the outflow
tract in either day 3 or day 4 embryos has no effect on the O2

consumption, eye growth, or the degree of cervical flexure in-
crease during a subsequent 4-h postligation period of eye
growth and metabolism (Burggren et al. 2000; Fig. 6). Main-
tenance of O2 consumption under these conditions is especially
significant, because earlier studies had shown that early chicken
embryos can survive hypoxia and anoxia (e.g., Nelsen 1958;
Grabowski 1961; Yamamoto and Noguchi 1964). But for Burg-
gren et al.’s (2000) finding of a maintained O2 consumption
during cardiac ligation, it could otherwise have been argued
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that perhaps the chicken embryos were simply temporarily
switching to anaerobiosis to survive extended anoxia.

That disruption of cardiac output does not disrupt vital phys-
iological and metabolic functions or growth suggest that even
in these relatively differentiated chicken embryos, diffusion is
adequate for normal exchange of not only respiratory gases but
also nutrients and wastes. The normal sources and delivery
pathways for the nutrients required for continuing anabolic
metabolism will be particularly interesting to study. One can
envision experiments along the lines of Sinervo and Huey’s
(1990) “allometric engineering,” using yolk removal or addition
from the eggs of zebra fish, chickens, or other developmental
models to shed further light on this interesting question.

Conotruncal ligation can be either complete, resulting in a
total elimination of cardiac ejection (Burggren et al. 2000), or
it can be graded by only partially tightening the suture around
the outflow tract, resulting in differing degrees of reduction of
cardiac output (e.g., Clark et al. 1984; Tobita et al. 2002). Re-
cently, we have used partial conotruncal ligation to induce
chronically up to a 40-fold range in cardiac output in popu-
lations of day 3 and day 4 chicken embryos (W. W. Burggren,
S. Khorrami, A. Pinder, and T. Sun, personal communication).
Importantly, there was no significant correlation between car-
diac output and either eye diameter growth or the density of
the chorioallantoic macrovasculature a full 24 h after partial
conotruncal ligation, even at flows a tiny fraction of normal.
Perhaps the early chicken embryo simply enjoys an enormous
“safety factor” with a cardiovascular design in which the de-
veloping heart normally hyperperfuses the embryo’s vascular
beds by a factor of 10, 20, or higher. This explanation seems
quite unlikely because even extreme natural selection rarely
produces physiological safety factors greater than two- to five-
fold, apparently because of the energetic costs of first creating
and then maintaining such large safety factors (Wood and Slater
2001; Diamond 2002). A more probable conclusion is that the
heart is beating and generating flow for reasons other than
convection.

The Smoking Gun for Prosynchronotropy

The “just in time” hypothesis of convective synchronotropy as
it applies to O2 transport in fishes, amphibians, and birds thus
appears to be refuted by the combination of two lines of evi-
dence: the elimination of Hb-O2 transport without deleterious
effects on aerobic metabolism, important physiological func-
tions, or growth, and the elimination of convective bulk trans-
port of O2 in through cardiac mutant models, heart ablation,
or contruncal ligation, again without deleterious effects on aer-
obic metabolism, physiology, or growth. Consequently, the
dogma imported from adult physiology—that the vigorous,
continuous circulation in the embryo is both necessary and
intended for convective bulk material transport—is not well

supported. Rather, the alternative hypothesis of prosynchro-
notropy seems more viable and worthy of further investigation.

Why Does the Heart Beat Early? Morphogenic
Prosynchronotropy

If the embryonic heart does not begin to beat to provide a
convective transport function, as in older developmental stages
and adults, then why does it begin to beat “early”? There are
several feasible possibilities, all relating to morphogenic func-
tions. Let us now consider the hypothesis of morphogenic
prosynchronotropy.

Cardiac Morphogenesis

The role of blood flow in the process of cardiac morphogenesis
in chicken embryos has long been debated (Roux 1895; Chap-
man 1918; Patten 1922; Spitzer 1923). The “flow-molding”
hypothesis, in which centrifugal forces generated by blood flow-
ing through the forming heart were presumed responsible for
shaping the cardiac chambers, gained early favor (Roux 1895;
Spitzer 1923) and was still cited many decades later (e.g., Stals-
berg 1970). Perhaps the most definitive test of the flow-molding
hypothesis in the tube heart stage was by Manasek and Monroe
(1972), who observed that explanted, nonbeating, but otherwise
intact embryonic chicken hearts grown from HH stages 9–12
in vitro still showed typical patterns of cardiac looping. Vari-
ations on these experiments have been repeated with similar
outcomes on numerous occasions (see review by Manasek 1983;
Manning and McLachlan 1990). It is now generally accepted
that nonhemodynamic, molecular factors intrinsic to the early
embryonic chicken heart are sufficient and necessary for cardiac
looping well past those stages at which vigorous blood flow
occurs (Icardo 1997; Männer 2000). However, more recent ex-
periments have looked at aspects of cardiac morphogenesis
more subtle than the gross anatomy of looping yet still im-
portant to cardiac form and function. For example, experiments
in early chicken embryos involving explanted hearts suggest
that heart beat is involved in the proper formation of the pace-
maker and other cardiac conduction tissue (Tucker et al. 1988).
Also in chicken embryos, the creation of modified intracardiac
blood flow patterns, subaortic ventricular septal defects,
semilunar valve anomalies, atrioventricular anomalies, pharyn-
geal arch artery malformations, left heart hypoplasia, and mod-
ified His-Purkinje system development result from unilateral
vitelline vein ligation or left atrial ligation (Hogers et al. 1995,
1997; Broekhuizen et al. 1999; Reckova et al. 2003). Not sur-
prisingly, these procedures affect cardiac performance (Tobita
and Keller 2000; Ursem et al. 2004). The role of intracardiac
blood flow and the accompanying fluid forces as epigenetic
factors for heart formation is also being demonstrated in fish
embryos (Hove et al. 2003). Finally, blood flows, pressures,
and rhythmic distortions generated by the beating embryonic
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heart may play some as yet unknown role in specific molecular
programs that ultimately are important to cardiovascular
morphogenesis.

Generally, the hypothesis of morphogenic prosynchrono-
tropy draws significant support based on cardiac development.
As we will now consider, the role of cardiac hemodynamics
and hydraulic forces in blood vessel formation has received
much less attention, yet it also bears scrutiny.

Arterial Angiogenesis

Angiogenesis, the remodeling of existing vessels by sprouting
and branching from existing vasculature, is distinguished from
vasculogenesis, the formation of new blood vessels from en-
dothelial cords. However, both processes are involved in the
development of the circulation (Tomanek and Ratajska 1997;
Tomanek and Schatteman 2000; Vargesson 2003). At the cellular
level, angiogenesis is well understood. Vascular endothelial cells
respond to cyclic shear and stress by secreting vascular endo-
thelial growth factor (VEGF), which, through both paracrine
and autocrine pathways, stimulates angiogenesis (for reviews
of the role of VEGF in angiogenesis, see Tomanek and Ratajska
1997; Zheng et al. 2001; Ferrara et al. 2003; Vargesson 2003).
Fibrobalst growth factor (FGF-2), transforming growth factor
(TGFb1), ephrin, and integrins have all been similarly impli-
cated in vascularization, including the embryonic chicken cho-
rioallantoic membrane and limb bud (Ribatti and Presta 2002).

Despite a vast number of studies identifying the molecular
signaling pathways for blood vessel formation and the role of
shear/stress in this process, the specific, quantitative role of
hemodynamics (i.e., blood flow, blood pressure, and their in-
teraction) in arterial angiogenesis in vertebrate embryos is not
well understood. When blood flow is mentioned, it is generally
in the context of either providing necessary nutrients or being
the outcome of blood vessel formation; seldom is the role of
early pulsatile pressure generation directly related to the shear/
strain responses of the growing vasculature. Yet the initial
phases of heart beating produce pulsatile arterial flow that may
be primarily for arterial angiogenesis rather than convective
bulk transport of O2 (i.e., morphogenic prosynchronotropy).
In this scenario, early pulsatile flow creates shear/strain on en-
dothelial cells lining sprouting blood vessels (Fig. 7). In re-
sponse, endothelial cells proliferate under the influence of
VEGF and other secreted factors, resulting in the formation of
new vessels with through flow of blood subsequently estab-
lished. I further hypothesize that the rate of blood flow and
level of blood pressure influence arterial caliber (not just
through stretch of a compliant wall but through actual wall
hypertrophy) before the establishment of dynamic regulation
by emerging vascular smooth muscle. Indeed, computer sim-
ulations and modeling of angiogenesis and vascular branching
predict that pressure/flow relationships are important deter-
minants of blood vessel networks (Honda and Yoshizato 1997;

Godde and Kurz 2001). Very recently, Isogai et al. (2003) used
time-lapse multiphoton microscopy to determine the role of
blood circulation in blood vessel formation in zebra fish em-
bryos. By comparing normal wild type with transgenic silent
heart mutants that lacked convective blood flow, they were able
to show that circulatory flow dynamics were not required for
the gross anatomical patterning of the trunk vasculature. This
finding is similar to that reported for day 3 and day 4 chicken
embryos (W. W. Burggren, S. Khorrami, A. Pinder, and T. Sun,
personal communication), where reductions in cardiac output
to as little as one-twentieth of normal had no significant effect
on the macrovasculature. However, Isogai et al. (2003) reported
that the presence of pulsatile blood flow did appear to play a
critical role in the formation of interconnections between the
dorsal aorta-derived vascular sprouts and vein-derived second-
ary sprouts, again supporting the hypothesis of morphogenic
prosynchronotropy.

Future Experiments, Insights, and Conclusions

Future Experiments

Testing the hypotheses of morphogenic prosynchronotropy for
angiogenesis is conceptually straightforward: eliminate or mod-
ify blood flow pulsatility and observe subsequent effects, if any,
on the growth and caliber of the microvasculature. Conotruncal
ligation, pharmacological intervention, or transgenics/mutants
could all be used to change the intrinsic pulsatility of the cir-
culation, and thus the magnitude of the shear/strain on the
developing vessels as well as the heart itself. The question will
then be whether the changes generate corresponding adjust-
ments in cardiac morphogenesis and/or the rate or extent of
angiogenesis in various vascular beds of the growing vertebrate
embryo (see Isogai et al. 2003.)

Another profitable approach may be to compare the timing
of onset of the heart rate in the vertebrate embryo with that
of invertebrates having a vigorous circulation but lacking a
microcirculation at any stage (e.g., decapod crustaceans). I pre-
dict that prosynchronotropy would not occur in such inver-
tebrates because there is no requirement to generate micro-
vasculature at any point in development. Insects such as the
tobacco hornworm Manduca sexta that show irregular or pat-
terned cessation of heart beat at different stages of development
(see Smits et al. 2000) might also be useful in probing the role
of pulsatile blood flow in cardiovascular morphogenesis.

Finally, the studies delineating the role of the embryonic
circulation in embryos have tended to be carried out under
ideal conditions (fully oxygenated environments, preferred
temperatures, etc.). While some vertebrate embryos experience
a relatively constant and benign environment (e.g., bird em-
bryos incubated in eggs), for others embryonic life is scratched
out in far less hospitable and stable environments (e.g., fish or
amphibian species that lay eggs in potentially hypoxic, ephem-
eral pools). It would be interesting to see how these conclusions
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Figure 7. Suggested mechanism by which pulsatile blood pressure in the early embryo facilitates angiogenesis

might be strengthened by repeating and expanding these ob-
servations with embryos living at “the edge.”

Who Cares about Prosynchronotropy (and Why They Should)

One might reasonably ask that apart from the drive to carry
out so-called curiosity-driven or basic research, who should
care about experiments on the embryonic heart and specifically
testing of the hypothesis of morphogenic prosynchronotropy?
The medical implications may prove profound. Fetal surgery
is becoming more and more commonplace and now includes
the use of interventional cardiac procedures (Evans et al. 2002;
Levi et al. 2003). Both the rate of advancement of sophistication
in in utero surgery and the rate at which surgeries are being
extended earlier and earlier back in development have accel-

erated in just the last few years (Flake 2003). Consequently, it
is possible that embryonic surgery along with gene therapy,
directed in combination at the earliest stages of development
with the greatest self-repair capabilities, may be among the
arrows in the quiver of the future pediatric cardiovascular sur-
geon. Significantly, there may well be cardiovascular bioengi-
neers following the trend to more complex and earlier fetal
surgeries who are trying to think far ahead and imagine the
construction of microheart lung machines used in support of
embryonic surgeries, again borrowing on experience—and
dogma—from studies on adults. Yet the basic studies on the
developmental physiology of the embryonic heart described in
this article provide the insight that circulation may not be nearly
so vulnerable to interruptions in convective blood flow. Con-
sequently, a 30-min (or 3-h?) interruption of O2 and nutrient
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supply by the blood—a truly catastrophic event in older de-
velopmental stages—may have little or no consequence in the
early embryo undergoing surgery. Consequently, microheart
lung machines may simply not be needed in the future em-
bryonic surgical theater.

Broader Lessons Learned

For the Developmental Physiologist. For the developmental phys-
iologist working in the area of cardiovascular development, the
data reviewed in this article support the hypothesis we have
called morphogenic prosynchronotropy. We suggest that the
heart begins to beat and generate convective blood flow to aid
in cardiac morphogenesis and related angiogenesis rather than
to generate bulk flow of respiratory gases, nutrients, and wastes.
It is quite unlikely that the early heart beat is simply an un-
productive dress rehearsal. Developmental processes follow par-
simonious developmental pathways that conserve hard-won en-
ergy passed on to the embryo in the form of maternally supplied
nutrients. As a consequence, the heart is unlikely to begin con-
tracting and generating flow and thus expending this precious
energy (however small this energy may be as a proportion of
the total embryonic energy budget) without the developing
organism receiving some tangible dividend. The developmental
physiologist’s task is to determine precisely why the heart does
begin to beat.

For the Developmental Biologist. For biologists working in de-
velopment generally, a broader lesson may lie in the importance
of questioning the validity of our base assumptions. Irrespective
of what we conclude to be the ultimate purpose for the onset
of embryonic blood flow, the data reviewed here collectively
indicate that dogmatic views derived strictly from studies on
mature animals can be misleading. That is, the function of
organs and tissues (and perhaps even cells and molecules) in
developing animals should not be based on adult animals with-
out verification, which would usually require additional ex-
perimentation. If the heart does not necessarily start to beat
for convective blood flow, why should we automatically assume
that the developing kidney first functions to filter plasma, that
the developing alimentary tract first shows peristalsis to move
its contents, or that the skeletal muscle first contracts to create
body movement? Developing animals are not simply very little
adults, and increasingly we are discovering qualitative differ-
ences in their physiology to accompany the obvious quantitative
differences (Burggren 1992, 1995; Burggren and Crossley 2002).
While time-honored data from the study of adults provide the
developmental physiologist with a wonderful starting point,
emerging studies are showing the previously unappreciated
richness and uniqueness of embryonic physiology.

A central tenet of the prosynchronotropy hypothesis is that
physiological events that consume energy have a discrete pur-
pose. A corollary of this is that energetic considerations drive

development. Few developmental biologists would argue this
contention, but the typical view of the role of energy in de-
velopment is that genes and their products drive development
in certain directions provided that sufficient energy is available.
However, as engineers, mathematicians, and materials scientists
learn more about the energetics of artificial self assembling
systems (SAMs; see Nolfi and Floreano 2000), and as contem-
porary science fiction writers show us “what could be” by in-
corporating SAMs into popular fiction (e.g., Crichton 2002),
it appears to be increasingly appropriate to incorporate ener-
getic considerations into the analysis of developing organisms.
As one example, some believe that animals may develop the
way they do because such patterns of biological macroassembly
are simply more thermodynamically favorable (Zotin 1972,
1990; Gladyshev 1996). Future studies of the hypothesis of
synchronotropy (perhaps as expanded to other organs and
physiological processes) may do well to consider energetic im-
plications more carefully.

In conclusion, this article has attempted to answer the simple
question “Why does the embryonic heart beat?” The answer
has led to considerations of morphogenesis, energetics, and
bioengineering. Perhaps the true lesson learned is that there is
no harm in, and that occasionally new insights are gained from,
asking seemingly simple questions about developmental
physiology.
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