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Summary
The heart beat of vertebrate embryos has been assumed body mass i), Vo, in sham-ligated embryos was described

to begin when convective bulk transport by blood takes
over from transport by simple diffusion. To test this
hypothesis, we measured eye growth, cervical flexure and
rates of oxygen consumption \[o,) in day 3—-4 chick
embryos denied cardiac output by ligation of the outflow
tract and compared them with those of embryos with an
intact cardiovascular system.

Eye diameter, used as the index for embryonic growth,
increased at a rate of approximately 4.5-5 %1 during the
observation period. There was no significant difference
(P>0.1) in the rate of increase in eye diameter between
control (egg opened), sham-ligated (ligature present but
not tied) and ligated embryos. Similarly, the normal
progression of cervical flexure was not significantly altered
by ligation (P>0.1).

Vo, (mlO2g71h71) at 38°C, measured by closed

by the equation Vo,=-0.48V1+24.06 (2=0.36, N=18,
P<0.01), whileVo, in ligated embryos was described by the
equation Vo,=—0.53M1+23.32 (2=0.38,N=16, P<0.01). The
regression line describing the relationship between body
mass andVo, for pooled sham-ligated and ligated embryos
(the two populations being statistically identical) was
Vo,=—-0.4M™M+23.24. The slope of this regression line, which
was significantly different from zero ¢2=0.30, N=34,
P<0.01), was similar to slopes calculated from previous
studies over the same range of body mass.

Collectively, these data indicate that growth and/o, are
not dependent upon cardiac output and the convective
blood flow it generates. Thus, early chick embryos join
those of the zebrafish, clawed frog and axolotl in developing
a heart beat and blood flow hours or days before required
for convective oxygen and nutrient transport. We speculate

respirometry, was not significantly different (°>0.1) on day
3 in sham-ligated (14.5+1.9ml@g1h™1) and ligated
17.6+1.8mlQg1h1) embryos. Similarly, on day 4,Vo,
in sham-ligated and ligated embryos was statistically
the same (sham-ligated 10.5+2.9migy1h=L; ligated
9.7+2.9mlO:g1h™1). Expressed as a linear function of

that angiogenesis is the most likely role for the early
development of a heart beat in vertebrate embryos.

Key words: development, heart, embryo, cardiac output, blood flow,
chick.

Introduction

Cardiovascular physiologists have long assumed that thbe pre-cardiac mesoderm (eliminating heart development) in
initiation of cardiac output in the developing embryo occursalamanderAmbystoma mexicangrambryos (Mellish et al.,
concomitant with the need for convective delivery of nutrients1994, 2000) or by elimination of hemoglobin oxygen-transport
and oxygen and the removal of wastes and carbon dioxidby carbon monoxide exposure and/or destruction of red blood
Certainly, the eventual replacement of diffusive withcells in embryos ofXenopus laevigTerrito and Burggren,
convective transport of materials is inevitable as a developing998) or zebrafisiXanio rerig) (Pelster and Burggren, 1996).
animal grows too large for simple diffusion to suffice, These studies refute the hypothesis of ‘synchronotropy’ (that
especially if tissue metabolic rates are high. Unresolvedhe heart starts to beat just as convective transport is required)
however, is whether the early initiation of a heart beat andnd instead support the hypothesis of ‘prosynchronotropy’
subsequent cardiac output occur on a ‘just in time’ basis whethat heart beat and convective flow of blood develop well
diffusive transport fails. Recent data from lower vertebratdefore the metabolic needs of the embryo outstrip material
embryos indicate that the heart may begin to generate blodadinsport by diffusion (Burggren and Territo, 1995; Burggren
flow well before convective transport of materials is requiredand Fritsche, 1997).

These data derive from studies in which convective transport The relative importance in embryos of diffusive and
of oxygen by the blood is eliminated by surgical removal oftonvective transport, and the timing of the absolute need for
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the transition from the former to the latter, will surely be Measurement d®o, in the air cell

affected by the metabolic rate of the embryonic tissue Opening the egg shell to access the heart of the embryo may
being examined. In this regard, the applicability of theresult in an artificial elevation of the partial pressure of O
‘prosynchronotropy’ hypothesis to all vertebrates, as opposegby,) in the air cell, and thus a non-physiological state of
to lower vertebrate ectotherms with intrinsically low relative hyperoxia for the developing embryos. This concern is
metabolic rates, requires that this hypothesis be tested inpedicated on air cePo, being significantly below that of air
vertebrate endotherm with a high metabolic rate. Earlyt the stages in which our experiments were conducted. To
experiments exploring the process of angiogenesis in chicketermine this, air cePo, in intact, normally incubated eggs
embryos suggest that elimination of cardiac output byyas determined each day from day 1 to day 10. To sample air
surgical ligation of the outflow tract is non-lethal in early cell gas, an egg was removed from its incubator and completely
chick embryos (Thoma, 1893; Chapman, 1918), but do&fnmersed in water at 37° C to eliminate possible
eventually result in developmental abnormalities. MetaboliGontamination of the air cell sample with room air. The tip of
rate and overall embryonic growth were not, howeverg 22 gauge needle connected to a 5ml glass syringe was used
assessed in these early experiments. Manner et al. (1998)penetrate the egg shell over the air cell and inserted into the
have shown that complete removal of the heart ircenter of the air cell. A 1-2ml sample of air cell gas was then
Hamilton—Hamburger (HH) stage 12 chick embryos resultgyithdrawn from the air cell and immediately analzyedMor

in cranial and other abnormalities, and that thesgsing a Cameron Instruments BGM200 blood gas meter.
abnormalities can be partially reversed by exposure to long-

term hyperoxia. They suggest that these data indicate tHdeasurement of eye diameter and cervical flexure as an index
importance of blood circulation in the development of the of normal growth
chick embryo. Is, then, prosynchronotropy applicable only to The diameter of the embryonic eye is an excellent indicator
vertebrate embryos with modest oxygen demands? of early embryonic growth, showing large increases during
To test the prosynchronotropy hypothesis in chick embryodays 3-5 (Romanoff, 1960). Eye diameter is also readily
at later, presumably more convection-dependent, stages thareasured because of the steady increase in eye pigmentation.
examined by Manner et al. (1995), we have examined th€ervical flexure has also been measured in chick embryos as
influence of outflow tract ligation and the ensuing eliminatioran index of normal growth (Manner et al., 1995). We employed
of cardiac output and convective blood transport on growth angloth morphological measurements in two distinct experimental
oxygen consumption of chick embryos at day 3 and day 4 (Hideries.
stages 18-25). Convective blood flow normally starts at On the day of the experiment, eggs were removed from the
approximately the end of the second day of development andcubator and temporarily placed in a sand bath heated to
has increased greatly from approximately 0.05u4Ds11 atthe  38°C. In all eggs, a portion of the shell covering the air cell
beginning of day 3 to more tharulis™! by the end of day 4 was removed, and the inner shell membrane was carefully
(see Clark, 1991). Thus, there is a major and increasingeeled back to expose the embryo. Three distinct groups of
perfusion of peripheral tissues during days 3-4, anémbryos were then generated: control, sham-ligated and
elimination of cardiac output during day 3 and day 4 ofexperimental. The control group, comprising 12 individuals,
development will rigorously test the dependence of metaboliconsisted of embryos with opening of the egg, as described
rate upon blood flow. above, being the sole disturbance. In 19 sham-ligated embryos,
a 10-0 silk ligature was passed around the outflow tract distal
to the ventricle and tied loosely so as to not interfere with blood
: flow. In the ligated group, consisting of 19 embryos, the
Animals cardiac outflow tract was completely ligated by tightening the
Fertile Rhode Island Red chicken eggs were obtained frohknot in the silk ligature, thus blocking all flow of blood from
a local breeder and transported to the laboratory in Las Crucele heart. Total occlusion was verified visually.
NM, USA. Eggs were set in commercial incubators (Turbo Embryos in eggs treated as described above were imaged at
Hova-bator) with continuous mechanical rotation through 90 16x using a Zeiss Stemi 2000-C dissecting microscope and a
and incubated at 38 °C. Experiments were performed on a tot8hmsung color video camera (SAC-410NA). Images were
of 66 day 3 and day 4 embryos. Observations were confined ¢aptured using a Matrox Comet video capture card and stored
4h periods on each day of development to limit the numbeor later analysis using Matrox Inspector software. Three
of developmental stages over which the experiments wergroups of embryos were examined: control, sham-operated and
performed. Following experiments, the wet body mass of thiégated. Following surgery, the eggs were imaged as described
embryo (minus yolk and extraembryonic membranes, whiclabove, sealed with oxygen-permeable plastic film held in place
were first dissected away) was carefully measured. Sinagith adhesive tape. These eggs were then returned to the
there was considerable variation in embryonic body masscubator. After 4h of further incubation, the eggs were
irrespective of incubation day, all subsequent data are reporteeimoved from the incubator, unsealed and a second image of
on the basis of body mass rather than hour or day dhe embryo was acquired. Following treatment appropriate for
development. its assigned group, each embryo was replaced in the incubator.

Materials and methods
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After a further 4h observation period in the container aEmbryos were later blotted dry and weighed to the nearest
incubation temperature, the embryo was removed from th@.1 mg.

container and imaged a third time. Embryonic growth during

the observation period was analyzed both for degree of Statistical analyses

cervical flexure, using a modification of the technique The rate of oxygen consumption changes non-linearly over
described by Méanner et al. (1995), and for eye diametethe entire range of development in chick embryos (Romanoff,
Determination of flexure angle requires the establishment df941; Romijn and Lokhorst, 1960; Howe et al., 1995).
two reproducible reference lines. In our study, the firsHowever, over the range of days 3 and 4, the relationship
reference line was established by drawing a line that overldyetween metabolic rate and body mass is accurately
the linear portion of the dorsal aorta posterior to theepresented by a linear regression. Consequently, we have
confluence of the posterior and common cardinal veins. Themployed linear regressions over this narrow developmental
second reference line was drawn from the point of confluenaange for both our own data and those of previously published
of the posterior and common cardinal veins to the center aftudies.

the eye. The obtuse angle created by the intersection of theseDifferences in rates of oxygen consumption and eye
two line was used to define the degree of cervical flexuraliameters in the first set of experiments were assessed using a
Thus, an increasing amount of cervical flexure is indicated bgne-way analysis of variance (ANOVA; Jandel SigmaStat

a decrease in this angle. 2.03). Differences between eye diameters and differences
_ between flexure angles in the second set of experiments were
Measurement of metabolic rate analyzed by a repeated-measures general linear model

Since preliminary analysis revealed no difference in growtitANOVA (GLM; SPSS). Nopost-hoctests were required
between embryos in eggs that had been opened and those thetause there were no significant differences between
had additionally had a silk ligature loosely passed around theeatments. A fiduciary level of 0.05 was adopted for all tests.
outflow tract (sham-ligated), metabolic experiments were
subsequently performed on sham-ligated edgs16) and
ligated eggs N=18). After appropriate preparation, sham- Results
ligated and experimental eggs were individually placed upright Role of the egg shell in embryonic gas exchange
in a plastic or glass jar that served as a closed-chamberChanges inPo, of air cell gas are shown in Fig. 1.
respirometer (volume approximately 250 ml). Carbon dioxideEssentially, the egg shell presents no significant boundary to
absorbent (moist KOH) was placed in the respirometer remotaward oxygen diffusion in days 3-5, since air &} was no
from the egg. An airtight lid containing fittings for a water more than 0.2kPa below incubator R, during the period
manometer to measure pressure in the respirometer and an aifrdevelopment in which metabolic and growth measurements
filled syringe for adjusting respirometer volume/pressure wawere made. Even by day 10, the gradient between the air and
then screwed onto the respirometer, which was then immerséke air cell was only approximately 0.8 kPa.
in a circulating water bath maintained at 38 °C. The embryo in To ensure that opening the egg shell had no effect on oxygen
the respirometer was allowed to acclimate and thermallgxchange dynamics, measurements of oxygen consumption
equilibrate for 20-45min. A flow of water-saturated air atwere made in day 3 and day 4 embryos before and after
38°C was maintained through the respirometers during thepening the egg shell. There were no significant differences in
acclimation period. After equilibration, a syringe was placedhe rate of oxygen consumption after the shell had been opened
in one of the lid fittings, and this injection port was closed. A(P=0.48; paired-test).
water-filled manometer was attached to the other port in the
lid, and the manometer level was measured. After a significant Embryonic body mass
and measurable change in respirometer volume had occurredEmbryonic body mass (minus yolk) is presented in Table 1.
(typically 1-2h), a measured volume of air was injected tdhere was considerable variation in body mass for each day of
return the level in the manometer to the volume at the start of

the respirometer run. The volume of air injected was, therefor.  T5pje 1. Mean values of body mass and rate of oxygen
equal to the amount of oxygen consumed by the embryo. Mo ¢onsumption in day 3 and day 4 chick embryos either sham-

determinations were duplicated, and the average value W jigated or with their ventricular outflow tract completely
used in all further calculations. Mass-specific rates of oxyge ligated

consumption were calculated from whole-egg oxyger -
consumption and embryonic mass. We chose not to include tl Body mass Oxygen 091”S_Ll‘mpt'°“
mass of the extraembryonic membranes, given their very lo (mg) (mlG2g™"h™)
mass-specific rate of oxygen consumption (Romanoff, 1941)Condition Day 3 Day 4 Day 3 Day 4
After oxygen consumption measurements had beeSham-ligated 16.5+2.0 (11) 24.943.0 (5) 14.5+1.9 (11) 10.5+2.9 (5)
completed, the egg was carefully removed from theLigated 14.2+1.9 (13) 27.3+3.0 (5) 17.6+1.8 (13) 9.7+2.9 (5)
respirometer and weighed. The embryo was then remove
from the egg and fixed in 10% neutral buffered formalin. Values are meanssm. (N).
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Fig. 2. Growth in eye diameter during incubation at 38°C in day 3
chick embryos. Data for three conditions (control, sham-ligated and
B ligated) are shown. For each condition, diameters before (open
14
E columns) and after (filled columns) the observation period are
1.2 presented. An asterisk indicates a significant increase in eye diameter
during the measurement period. Values are meamsm:
1.0
<
£ 08 : :
= Table 2.Mean values of eye diameter and cervical flexure
O 0.6 before and after surgery (opening of the egg shell for suture
< 04 placement) in day 3 chick embryos
Eye diameter Cervical flexure
0.24 (mm) (degrees)
0 Before After Before After
o 1 2 3 4 5 6 7 8 9 10 surgery surgery surgery surgery
Development (days) Sham-ligated 0.68+0.06 0.82+0.05 103.8¢6.0 101.7+18
Fig. 1. Development-related changes in air ¢&, in the chick (20) (20)* (20) (20)*
embryo. (A) Actual air celPo, (water-saturated, at 37°C) (filled Ligated 0.72+0.05  0.80t0.06  104.3t7.9  101.7+2.5
symbols show airPo,), (B) Po, differential (\Po,) between (15) (15) (19) (19

incubator air and air cell gas. The vertical hatched column shows tt
period during which metabolic and growth measurements wer Values are meanssem. (N).

made. Note that data from four infertile eggs indicate that air cell an * indicates a value significantly different from that before surgery
incubator air were in equilibrium. Values are measEm. as indicated by repeated-measures ANOVA. There were no

significant differences between sham-ligated and ligated groups.

development and, consequently, there was no significal

difference P>0.1) between body mass on days 3 and 4. increased over 4h of development in both ligated and sham-
_ _ ligated embryos R<0.01; Table 2). Similarly, there were no
Embryonic eye growth and cervical flexure significant differences between the two groups in cervical flexure

Changes in eye diameter during early embryonic growth an@>0.2) and, in both groups, flexure decreased with ##%6.01;
development of the three populations are shown in Fig. Zlable 2). In no case was there a significant interaction between
There were no significant differencd®>Q.1) in eye diameter experimental group and time. There was a strong interaction
before treatment between control, sham-ligated and ligatdaketween eye diameter and flexuPe@.01).
embryos. All three populations showed highly significant and
almost identical levels of eye diameter growth during the Embryonic oxygen consumption
observation period, eye diameter increasing by approximately There were no significant differenceB>0.1) in mass-
0.15-0.20mm (Fig. 2). These increases were significargpecific metabolic rate between sham-ligated embryos on day
(P<0.01) in all three populations. Importantly, eye diameter a8 (14.5mlQg1h™1) and day 4 (10.5mIgy1h™1) (Table 1).
the end of the measurement period was not significantijs indicated above, there was considerable variation in body
different P>0.1) among the three groups. mass within a given day of development. Fig. 3 shows data

In a second set of experiments that included cervical flexuf®r metabolic rate plotted as a function of embryonic body
measurements, there were also no significant differences in eyess. The slopes and intercepts of the regression lines
diameter growth imposed by ligatioRX0.1), and eye diameter describing the mass-specific rate of oxygen consumption for
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sham-operated and ligated embryos were very similaearly embryo and its blood vessels does not artificially elevate
indicating that ligation of the outflow tract had no effect onair cell Po,. Thus, we could work with eggs through a small
the mass-specific rate of oxygen consumption. However, iapening without altering normal gas exchange dynamics. Only
sham-ligated embryos, body massr seaccounted for less during the later stages of chick development does aiPegll
than half of the total variance in mass-specific metabolic rateegin to deviate significantly from atmospheric, for example,
(r2=0.36). The correlation coefficient was similarly low for reaching a very mildly hypoxic value of approximately
ligated embryosrg=0.38). 19.5-20kPa by day 10 (Fig. 1) and approximately 17-18 kPa
The regression line describing the relationship between bodyy day 12 of development (Tazawa et al., 1980).
mass 1) and the rate of oxygen consumption for pooled sham- Opening the egg shell could also result in dehydration of the
ligated and ligated embryos (there being no statistical reas@arly embryo if the infused air were less than fully saturated
to maintain their individuality) wa¥o,=-0.4™+23.24. The with water vapor and the shell was opened for long periods.
slope of this regression line was significantly different fromHowever, our metabolic measurements were made on embryos
zero (2=0.30,N=34, P<0.01). in opened eggs that were maintained in air saturated with
water vapor over a period no longer than 4 h. Moreover, the
) , embryos, weighing less than 50 mg, were essentially floating
Discussion in a relatively enormous aqueous reservoir. The cervical
Critique of ‘open’versusclosed’ egg shell preparations  flexure and eye diameter measurements were performed on
The avian eggshell provides a barrier to the flux of oxygerembryos maintained in incubators with 70 % relative humidity,
carbon dioxide and water vapor between embryonic tissues asd these egg shells were closed following initial surgery,
the atmosphere surrounding the egg. Opening the egg shalliminating any concerns regarding embryo dehydration.
and thus removing this potential diffusion barrier might,
therefore, result in an artificial elevation of air cell and  Metabolic rate in control and sham-ligated embryos
embryonic tissué®o, if the embryo acts as a major, @ink. Metabolic rate \o,) measured in the present study in day 3
However, our demonstration th@g, in the air cell on days 3 and 4 embryos over a body range of 10-47mg was
and 4 is in equilibrium with air indicates that the egg shell i@pproximately 25-35% lower than that over the same
not a significant barrier todnovement in this early stage of developmental range calculated by the present authors from
development wheXio, is extraordinarily low in absolute terms. Romijn and Lokhorst (1960) and Romanoff (1967). Regression
Consequently, opening the egg shell to provide access to thiees are shown in Fig. 4. These studies show similar rates of
decline of mass-specific metabolic rate with increasing body
mass. However, thg-intercept in the present study reveals a

304 V,=-0.48M+24.06 rate of oxygen consumption 25-35 % lower than that reported
(r2=0.36, N=18, P<0.01) previously. The reason for these differences in rates of oxygen
o
254
oe
~ 40 1
£ e0 o
& 207 3 T Romanoff (1967)
€ ° = 04 .. Z
\:‘ IU) fe. .
= 15 E ~
L 5 ~ -
= L 204 ~ - Romijin and
% . o \é/ Lokhorst (1960)
@ 104 g_ ..
= o Present study
: g 104 ° =
5 V02=—O.53|\/|+23.32 ° . s VOZ:_0'47M+23'24 \
7 (r2=0.38, N=186, P<0.05), (r2=0.30, N=34, P<0.01)
[ ] .
0 : : : . ; . . . . . 0 5 10 15 20 25 30
0 5 10 15 20 25 30 35 40 45 50 Body mass (mg)

Body mass (mg) : o "
Fig. 4. Mass-specific rates of oxygen consumptidi,)( as a

Fig. 3. Mass-specific rates of oxygen consumptidk,)( as a  function of body massM) in chick embryos up to 30 mg body mass
function of body masd\) in day 3—4 chick embryos that were either (i.e. up to approximately day 4 of development). Regression lines for
sham-ligated (open circles, dotted lines) or had their aorta ligateRomanoff (1967) and Romijn and Lokhorst (1960) were calculated
(filled circles, solid lines). Equations and correlation coefficient forby the present authors from several tables presented by Romanoff
each regression line are shown. See text for statistical interpretati(1967) and in the original study of Romijn and Lokhorst (1960) (see
of the data. these references for original citations).
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consumption are not clear. Metabolic differences betweesmall distances in day 3—4 chick embryos permit diffusive gas
studies in adults can often be attributed to differences iand nutrient transport at rates sufficient to support normal
activity levels and stress, but this seems an unlikely source embryonic growth and metabolism.
variation in such early embryos. Possible explanations for That heart rate and blood flow begin well before the
our lower metabolic rates are systematic methodologicalertebrate embryo must make the transition from diffusive
differences in either metabolic measurements or in separating convective material transport, a hypothesis termed
the yolk from the embryo during body mass determination. ‘prosynchronotropy’ (Burggren and Territo, 1995; Territo and
Mass-specific metabolic rate decreased at a similar rate wiBurggren, 1998), is well supported by our current findings on
increasing body mass in all the studies, as would be predictélde chick embryo. The chick therefore joins the salamander
from allometric metabolic equations. Allometric relationshipsAmbystoma mexicanugivlellish et al., 1994), the clawed frog
are best revealed by measuring the variable of interest overXnopus laevigBurggren and Territo, 1995; Territo and
least a 10-fold range of body mass, especially if there amurggren, 1998) and the zebrafiBrachydanio rerio(Pelster
developmental changes occurring alongside changes in bodyd Burggren, 1996) as vertebrates that develop a heart beat,
mass. The linear regressions shown in Fig. 4 for other studisgnificant blood pressure and measurable blood flow well
over a very narrow body mass range (25 mg) were derived frobefore the absolute need for convective oxygen and nutrient
regressions based on the entire range of chick developmenansport by the blood. The diversity of taxa represented in this
(see above). Even with other significant sources of variatiogroup suggests that ‘prosynchronotropy’ is indeed a general
the similarities in slope suggest that there are no majorertebrate characteristic, although no examination of the
differences between the allometry of growth during earlychronology of this diffusion-to-convection transition in
development in days 3—4 and during the rest of developmendeveloping mammals has been carried out and is warranted.
Although an allometric component of growth can beWhether mammals might represent a special case in which the
demonstrated during days 3—4, the low correlation coefficiertardiac output develops to meet the immediate needs for
suggests that other factors are exerting a strong effect @onvection would depend in part upon whether mammalian
metabolic rate. Although determination of these factors igmbryos have markedly higher metabolic demands than
beyond the scope of the present study, we now know thatmilarly sized bird embryos; we know of no evidence to
genetic effects on physiological variables can be importargupport this contention. Embryonic body mass and body size
throughout the development of bird embryos (Burggren et algontinue to increase rapidly after day 4, and the metabolic rate

1994, Burggren, 1999). of the embryo increases accordingly (Romanoff, 1941; Romijn
_ and Lokhorst, 1960; Howe et al., 1994). The point at which the
Lack of dependence of growth on cardiac output transition from diffusive to convective oxygen delivery occurs

Normal growth (measured by eye diameter), developmerih the chick is unknown. Unfortunately, by day 5, the heart has
(measured by cervical flexure) ank, in day 3-4 chick subsided into the interior of the egg from its earlier more
embryos are not affected by experimentally eliminating cardiaperipheral location, and we were unable to ligate the outflow
output and all associated peripheral blood flow. These dateact of the heart at day 5 without damaging surrounding
would seem to be at odds with those of Manner et al. (1995jissues.
but there are several significant differences between the two
studies that preclude their direct comparison. In their study, the Timing of the onset of the embryonic heart beat
heart was completely excised at HH stage 12, and the embryosWhy does the embryonic heart begin to beat ‘prematurely’,
were incubated for 27-29 h before morphometric examination.e. before it is absolutely required for convective respiratory
In our study, the outflow tract was ligated (but the heart wagas nutrient and waste transport? There are a number of
otherwise left intact) in older embryos with greater rates opossible explanations, including continuing heart formation,
oxygen consumption (HH stage 18-25), and incubation was fangiogenesis and protection against environmental hypoxia.
only 2—4h. Although the experimental studies of M@nner et al. Current data suggest that cardiac function is directly linked
(1995) seem to indicate that a convective supply of oxygen t® changes in structure, both in embryos and in adults. For
required for normal morphological development, our data@xample, increased cardiac work results in cardiac hypertrophy
clearly show that, even in later stages, convection is ndfor a review and additional citations, see Keller, 1997). It was
required. Their more radical intervention of heart removal antherefore logical to assume that the early beating of the heart
perhaps concomitant removal of mechanical forces induced mpntributed to its structural development, with centrifugal and
the growing heart may explain the differences in results.  other forces acting to sculpt and shape the forming heart. The

Our data on older embryos with greater rates of oxygeheart was thought to beat to aid in its own development, an
consumption than those used in Manner et al. (1995) clearbttractive hypothesis supported by some experimental data
show that the delivery of oxygen and nutrients and the removéClark et al., 1989). However, detailed examination of heart
of carbon dioxide and other byproducts of metabolism are ndbrmation in a variety of cardiac mutants that fail to develop a
dependent upon convection produced by blood flow within theeart beat show that grossly normal heart development occurs
developing cardiovascular system on days 3 and 4. Although the complete absence of heart contraction and blood flow
simple diffusion is a very slow process, the relatively verythrough the interior chambers (Mellish et al., 2000). Thus,
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while heart contraction appears to influence heart developmerthe early embryo can survive without convective blood

it is not essential for cardiac formation and maturation. transport. Whether other, less readily observed but equally
Previously published studies, including some more than enportant physiological, processes (e.g. osmoregulation) are

century old, suggest that angiogenesis might be heavilsimilarly facultative rather than obligatory during early

dependent on the embryonic heart beat. Thoma (1893) awlévelopment should be the focus of future studies.
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