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R1132, 1995.-Stroke volume (SV) and cardiac output (CO) 
were measured in anesthetized larvae of Xenopus Zaevis from 
hatching (3 mg) to the end of metamorphosis ( - 1 g). CO and 
SV were calculated from videotaped images of the intact 
beating heart. SV increased from 2.4 x 10B3 ~1 at 3 mg body 
mass to 7.6 ~1 at 1 g. CO increased from 0.25 kl/min at 3 mg to 
623 pl/min at 1 g. With use of CO, along with arterial 
pressures from another study [P.-C. L. Hou and W. W. 
Burggren. Am. J. Physiol. 269 (Regulatory Integrative Comp. 
PhysioZ. 38): R1120-R1125, 19951, peripheral resistance and 
cardiac work were also calculated. Resistance decreased rap- 
idly from 701 peripheral resistance units (PRU, mmHg l 

s l mme3) at 3 mg body mass to 79 PRU at 20 mg and gradually 
declined toward 0.9 PRU at 1 g. Cardiac work increased from 
0.06 dynmm at 3 mgbody mass to 1.27 dynmm at 20 mgand 
then climbed sharply to 717 dyn l mm at 1 g. The general 
pattern of change in hemodynamic variables (except heart 
rate) during larval development is similar in Xenopus Zaevis 
and chick embryos, suggesting a common pattern for hemody- 
namic development in vertebrate embryos/larvae. 

cardiovascular function; stroke volume; cardiac work; ontog- 
eny; amphibians 

SURPRISINGLY LITTLE is known of the early development 
of cardiovascular function in vertebrates.- The relatively 
few studies have focused on the chick embryo, with data 
available on cardiac output, central blood pressures, and 
peripheral resistance (1, 7-12, 14, 18). Heart rate in the 
chick embryo is variously reported to increase progres- 
sively, peak midway, or remain constant through incuba- 
tion (9, 16, 18, 31), whereas cardiac output and blood 
pressure increase (10, 12, 18). Peripheral resistance 
decreases dramatically and cardiac work increases expo- 
nentially in the developing chick embryos (18). 

Recently, studies of the functional development of the 
cardiovascular system have been expanded to anuran 
amphibian larvae (2-6, 17, 22, 24, 25). These studies in 
amphibians have focused primarily on heart rate (which 
decreases during development), blood pressure (which 
increases during development), and the pharmacological 
properties of cardiac muscle (which change in complex 
ways during development). Few studies have reported 
cardiac output (17, 22>, and no single investigation of 
amphibian larvae has determined pressure and flow 
relationships from which important variables such as 
cardiac work and peripheral resistance could be calcu- 
lated. Consequently, hemodynamic development in an- 
uran amphibian larvae has not been compared in any 
systematic fashion with that in chick embryos, the 

current major paradigm for vertebrate hemodynamic 
development. Such comparisons are essential in deter- 
mining whether there is a common vertebrate pattern of 
cardiovascular physiological development in early embry- 
onic stages. 

In another study (15), we measured heart rate and 
blood pressure in developing Xenopus laevis. We tested 
the hypotheses that heart rate would scale allometri- 
tally with body mass and that blood pressure would 
increase in proportion to body mass. We found that 
heart rate declined in larval Xenopus during develop- 
ment at a much slower rate than would be predicted 
from allometric equations based on interspecific compari- 
sons in adult vertebrates. Arterial blood pressure in- 
creased continuously from larvae to the adult. 

The present study presents measurements of stroke 
volume, cardiac output, and peripheral resistance as a 
function of development in X. laevis. We test the hypoth- 
esis that total cardiac output increases during develop- 
ment in proportion to growth of new body mass and that 
the addition of new vessels will be reflected in reduced 
peripheral resistance, as described for the chick embryo. 

MATERIALS AND METHODS 

Animals 

Larval X. Zaeuis were obtained and reared as described 
earlier (15). Forty-three animals from stage 41 (newly hatched) 
of the Nieuwkoop-Faber (NF) larval staging system (21) to NF 
stage 66 (newly metamorphosed) were studied. Body mass 
ranged from 3 mg to 1.026 g. 

Experimental ProtocoZ for Stroke VoZume Measurement 

Larvae were anesthetized and prepared as described previ- 
ously for heart rate and blood pressure measurement (15). 
Measurements were performed 30- 180 min after anesthesia, 
as described below. Anesthetic bath temperature for all ani- 
mals was ZO-24°C but the temperature range for any indi- 
vidual animal was only l-2°C. At end of the measurements, 
the animal was killed and weighed. For small larvae ( < stage 
47), the pooled mass of two to five animals was measured, and 
mean body mass then used as individual mass for each animal. 

Stroke VoZume Measurement 

Video and anaZytic equipment. Stroke volume was deter- 
mined as the difference between end-diastolic (EDV) and 
end-systolic volume (ESV) of the ventricle. EDV and ESV were 
calculated from video images of the ventricle, as described 
below. Complete cardiac cycles of the ventricle were recorded 
with a Panasonic model WV-1550 black-and-white TV camera 
attached to a Wild M5 dissecting microscope, which was used 
to view the intact beating heart. The video camera, operating 
at 30 frames/s, was connected to a Panasonic Omnivision II 
video recorder. Continuous cardiac cycles were recorded on 
VHS tapes. 
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The video-recorded cardiac cycles were subsequently ana- 
lyzed with a personal computer equipped with a video hard- 
ware card (PCVISIONplus Video Card, Imaging Technology, 
Woburn, MA) and an image analysis program (Measure- 
mentTV, Garr Updegraff and DataCrunch, San Clemente, 
CA). Frames containing the ventricle at exactly end systole 
and end diastole, as judged by ventricle size, were selected for 
measurement of EDV and ESV (see selection protocol de- 
scribed below). Length-width measurements of the ventricle 
were obtained on the basis of epicardial outlines. Size calibra- 
tion of the video image was performed by videotaping a 
0.3125mm-diameter metal rod with use of the same magnifi- 
cation used to videotape the ventricle. 

Calculation of stroke volume. In preliminary studies, the 
ventricle was videotaped at two angles perpendicular to each 
other to assess its three-dimensional shape change during 
different phases of cardiac cycles. Examination of the trace of 
ventricle outlines from two viewing angles indicated that the 
ventricle during all phases of the cardiac cycle closely approxi- 
mated a prolate spheroid. The shape and volume of such 
spheroids can be derived from length-width dimensions when 
the spheroid is viewed at a right angle to its long axis. 
Consequently, all subsequent measurements were based on a 
single viewing angle, which was perpendicular to the ventri- 
cle’s long axis. 

Ventricular volume (V) was calculated using the formula for 
a prolate spheroid 

V = 4/3.r.a.b2 

where a and b are the long and short radii, respectively 
(one-half of the measured long and short axes) of the ventricle. 
The long and short axes of the ventricle were measured as 
depicted in Fig. 1. The actual outline of the ventricle was 
drawn by eye, rather than by edge-defining analytic programs, 
which were found to be unreliable when applied to these 
videotaped images. Inherent in these calculations is the as- 
sumption that all volume changes of the heart were due to 
changes in luminal volume, i.e., that even though changes in 
wall thickness occurred, there was no change in the total 
volume of the ventricle walls. 

The EDV and ESV of three cardiac cycles separated by 
5-min intervals were measured, and mean values were calcu- 
lated for individual animals. 

Calculated Variables 

The CO for each individual larva was calculated by multiply- 
ing mean heart rate for an animal of that body mass, derived 
from Ref. 15, by mean stroke volume, calculated from actual 
heart volume changes as described above. Total vascular 
resistance was calculated by dividing mean truncus blood 
pressure (from Ref. 15) by cardiac output. An index for cardiac 
work was obtained by multiplying mean truncus pressure by 
stroke volume (9). Mean truncus blood pressure, stroke vol- 
ume, and cardiac output for calculations of vascular resistance 
and cardiac work were derived from the respective regression 
lines of this and another study (15). Whereas stroke volume 
and cardiac output were measured in embryos a small as N 3 
mg in the present study, blood pressures were measured in 
embryos beginning at N 17 mg. Thus values for vascular 
resistance and cardiac work in 3- to 17-mg larvae are based on 
interpolations. 

Statistical Analysis 

All variables are expressed as a function of body mass (on 
arithmetic or logarithmic scales). A linear regression line by 
least-squares mean method was calculated for each variable. 

Fig. 1. Video images of ventricle at end diastole (a) and end systole 
(b) in a 23-mg Xenopus laevis at stage 48. Variables measured 
for calculating ventricular volume are long axis (2 x A), short axis 
(2 x B), and area enclosed by epicardial outlines. Dashed lines, 
outlines of conus arteriosus. Both images are on the same scale as 
shown in b. 

Analysis of covariance was made to distinguish the difference 
between the two regressions. All statistics were performed 
using a computer program (BIOSTAT I, Sigma Soft, Placentia, 
CA). 

RESULTS 

EDV and ESV 

EDV of the ventricle increased significantly from 
3.7 x 10m3 pl at 3 mg to 11.1 p,l at 1 g (Fig. 2). ESV 
increased from 4.2 x 10m3 p1 at 3 mg to 3.5 pl at 1 g. 

Stroke Volume and Cardiac Output 

Stroke volume increased from 2.4 x 10e3 l.~l at 3 mg to 
7.6 p,l at 1 g (Fig. 3). Mass-specific stroke volume also 
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Fig. 2. Ventricular volumes in developing X. laeuis calculated with 
prolate spheroid formula at end diastole (0) and end systole (0). 
Equations of regression lines are given in Table 1. 

increased with increasing body mass, i.e., from 7.6 x 
low4 pl/mg at 3 mg to 7.6 x 10B3 kl/mg at 1 g (Fig. 3B). 

Cardiac output increased from 0.25 kl/min at 3 mg to 
623 pl/min at 1 g (Fig. 4A). Mass-specific cardiac output 
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Fig. 3. Stroke volume (A) and mass-specific stroke volume (B), 
calculated with prolate spheroid formula, in developing X. Zaeuis. 
Values for regression lines are given in Table 1. 

B 
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Fig. 4. Cardiac output (A) and mass-specific cardiac output (B) in 
developing X. Zaeuis. Values for regression values are given in Table 1. 

also increased from 7.84 x 10S2 to 0.62 ~l*rni~+*rng-~ 
between 3 mg and 1 g body mass (Fig. 4B). 

Peripheral Vascular Resistance 

Peripheral vascular resistance, calculated from the 
regressions of cardiac output (Table 1) and arterial 
blood pressure (X5), showed an asymptotic decrease 
with increasing body mass (Fig. 4). Peripheral resis- 
tance decreased precipitously from 701 peripheral resis- 
tance units (PRU, mmHg* s l mmS3) at 3 mg body mass 
to 79 PRU at 20 mg and gradually declined toward 0.9 
PRU at 1,000 mg. On a log-log plot, resistance decreased 
linearly (Fig. 5). 

Cardiac Work 

Calculated cardiac work increased from 0.06 dynmm 
at 3 mg to 1.27 dynmm at 20 mg and then climbed 
sharply to 717 dyn l mm at 1,000 mg. Cardiac work 
increased linearly when expressed on logarithmic scales 
(Fig. 6). 

DISCUSSION 

Critique of Methods 

The measurement of stroke volume in vertebrate 
embryos with use of magnified visual images was first 
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Table 1. Relationships between cardiovascular 
variables and body mass in Xenopus laevis 

Y  n log a b r2 P 

EDV 
ESV 
sv 
sv* 
co 
co* 
R 
W 

43 -2.843 1.296eO.043 0.978 <O.Ol 
43 -2.956 1.168+_0.039 0.974 <O.Ol 
43 -3.319 1.399kO.056 0.960 <O.Ol 
43 -3.319 0.399kO.045 0.664 <O.Ol 
43 -1.285 1.360+0.056 0.957 <O.Ol 
45 -1.285 0.360+0.046 0.610 <O.Ol 

3.310 -1.115 
-1.851 1.618 

Values for b are means 2 SE. Relationships are expressed as logy = 
log a + b log M, where 4.4 is body mass (in mg). EDV and ESV, 
end-diastolic and end-systolic volumes (in pl), respectively; SV, stroke 
volume (in ~1); CO, cardiac output (in pl/min); R, peripheral vascular 
resistance (in peripheral resistance units, mmHg. s * ~1-9; W, cardiac 
work (in dyn . mm). Measurements are based on prolate spheroid 
formula (see text for details). *Mass-specific values. n, r, and r2, 
sample size, coefficient of correlation, and coefficient of determination 
for correlation, respectively. All regressions and correlations are 
significant at P < 0.01. 

used for the heart of the chick (12). The advent of 
computerized analysis of videotaped images has greatly 
facilitated analysis of different phases of single cardiac 
cycles. Yet several complicating factors may affect the 
accuracy of ventricular volume measurements by video 
recording techniques. 

Measurements of EDV and ESV based on the epicar- 
dial outline include the volume of the ventricle walls. 
Although wall thickness surely changes during the 
cardiac cycle, the wall itself is largely noncompressible, 
and its volume should not change appreciably during the 
cardiac cycle. Consequently, stroke volume measured as 
the difference between estimated EDV and ESV should 
represent the true change in ventricular blood volume 
during each cardiac cycle. 
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Fig. 5. Peripheral vascular resistance in developing X. Zaeuis. PRU, 
peripheral resistance unit (mmHg* s. mme3>. Curve is generated from 
data points calculated from regressions of mean arterial pressure (Ref. 
15) and cardiac output in Table 1. Inset: data plotted on log-log axes. 
Equation of line is given in Table 1. 
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Fig. 6. Cardiac work in developing X. Zaeuis. Curve is generated from 
data points calculated from regressions of mean arterial pressure (Ref. 
15) and cardiac output in Table 1. Inset: data plotted on log-log axes. 
Equation of line is given in Table 1. 

The frame rate of image acquisition can also affect 
selection of the true end-diastolic and end-systolic video 
images. The video system used in this study acquired 
and displayed consecutive video fields at a rate of 30 Hz, 
which allows 15 frames/cardiac cycle at heart rate of 120 
beats/min. This sampling rate should provide enough 
temporal resolution for the current study, inasmuch as 
heart rates of Xenopus larvae usually do not exceed 120 
beats/min. 

Stroke Volume 

Mass-specific stroke volumes in older larval and juve- 
nile Xenopus measured in this study exceed those of 
adult anurans and neotenic amphibians reported in the 
literature (Table 2). Using electromagnetic flowmeters, 
Shelton (27) measured blood flows of 0.044 and 0.013 
ml/s in the systemic and pulmonary arches, respec- 
tively, from one side of the body in a 104-g adult 
Xenopus. Cardiac output calculated from these data is 
6.84 ml/min (not including blood to the carotid arches, 
which leads to an underestimate of flow). At a heart rate 
of 40 beats/min, stroke volume will be 0.17 ml in a 104-g 
Xenopus. Hoyt et al. (17) calculated a stroke volume of 
0.044 ml, which is 25% of that calculated from data 
reported by Shelton (27), for a 90- to 150-g adult 
Xenopus. Nevertheless, calculated mass-specific stroke 
volume of the adult Xenopus based on data reported by 
Shelton, 1.63 x 10s3 ml/g, is equivalent to a 35-mg 
larva, as determined in the present study. Shelton and 
Jones (28), using a fluid displacement method, showed 
stroke volume of 0.035 ml in a 21-g Rana pipiens. 
However, in a later study by the same authors (29) using 
tine photography (similar to the video recording method 
of the current study), a stroke volume of 0.15 ml was 
measured in a 20. to 30-g R. pipiens. -From the latter 
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Table 2. Literature values for heart rate, stroke volume, and cardiac output in amphibians 

Stage of Sample 
Development Size 

Body 
Mass, g 

Heart Rate, 
beats/ min 

Stroke Volume, 
ml-g-l- 1O-4 

Cardiac Output, 
ml-min-l-g-l Ref. 

Amphiuma tridactylum Adult 1 750 
Ambystoma tigrinum Neotenous 5 105 
Rana catesbeiana Adult 80 269 
Rana pipiens Adult 1 20-30 

Adult 1 21 
Rana temporaria Adult 1 35 
Xenopus laevis Adult 1 104 

Larva (NF stage 40) 0.002 
Larva (NF stage 51) 0.1 

62 
30 
47 
69 
60 
40 

116 
89 

9.3 0.030 19 
17.1 0.106 17 
25.3 0.076 4, 32 

50.0-75.0 0.237-0.355 29 
16.7 0.114 28 
10.3 0.063 29 
16.3 0.066 28 
6.7 0.078 Present study 

31.8 0.284 Present study 

NF, Nieuwkoop-Faber staging system for larval development. 

data (29), we calculate a mass-specific stroke volume of 
5 x 10-3-7.5 x 1o-3 ml/g in adult R. pipiens. In the 
neotenic Ambystoma tigrinum, stroke volume is 0.18 ml 
at a mean body mass of 105 g (17), again showing a 
much smaller mass-specific value than a lOO-mg Xeno- 
pus larva. 

Besides Xenopus, chick embryos are the only verte- 
brate species in which stroke volume early in develop- 
ment has been determined. Because our other study (15) 
has shown that patterns of blood pressure development 
are very similar in these two vertebrates, we have also 
compared developmental changes in mass-specific stroke 
volume during development in these two species. The 
pattern of change in mass-specific stroke volume during 
development of larval Xenopus is qualitatively quite 
different from that in chick embryos (Fig. 7). In larval 
Xenopus, absolute stroke volume increases more rapidly 
than body mass; i.e., the slope of the regression line is 
> 1 (Table 1). However, in chick embryos, the increase 
in absolute stroke volume is slower than the increase in 
body mass; i.e., the slope of the regression line is < 1 
(Fig. 7A; data from Ref. 18). 

Growth of the heart probably is the most important 
factor influencing the increase in mass-specific stroke 
volume in developing Xenopus larvae. A close relation- 
ship was found between heart mass and stroke volume 
in mammals (26). Furthermore a parallel relationship 
between the growth of heart mass and the increase in 
stroke volume was also found in the chick embryo. 
Ventricular mass in the chick embryo increased with 
increasing embryonic mass to the power of 0.85 (11). 
Interestingly, the calculated relationship between stroke 
volume and body mass is 0.80 for the chick embryo (Fig. 
7A). If this is the case for larval X. Zaevis, ventricular 
mass should increase faster than body mass. 

Cardiac Output 

Total cardiac output increased more rapidly than body 
mass over the range l-1,000 mg (b = 1.36). In the 
youngest developmental stages, a considerable propor- 
tion of “body mass” in fact consists of nonperfused 
lipids stored in the attached yolk sac and elsewhere. As 
development progresses, more and more of this material 
is converted to metabolizing tissue requiring perfusion, 
presumably being reflected in a rate of increase in 
demand for cardiac output that exceeds the rate of 
increase in body mass. Mass-specific cardiac output 

increased during early development. Data from a range 
of body mass of adult animals indicates that mass- 
specific cardiac output decreases slowly as body mass 
increases, paralleling a decrease in mass-specific oxygen 
consumption (26). The present data for cardiac output 
show that allometric relationships derived from large 
mature animals cannot be applied in a simple fashion to 
smaller animals passing through intense periods of 
organogenesis. 

Mass-specific cardiac output in all amphibian larvae 
that have been examined, including Xenopus, is larger 
than that in adult Xenopus (Table 2). Mass-specific 
cardiac output in other adult or neotenic amphibians, 

Chick Embryo 
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Fig. 7. Stroke volume (A) and mass-specific stroke volume (B) in chick 
embryos (solid lines) and Xenopus larvae (dashed line). Plotted points 
for chick were calculated using data from Ref. 18. Regression equa- 
tions and statistics for calculated chick data are indicated. 
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ranging from 0.03 ml l min-l l g-l in a 750-g Amphiuma 
to 0.24-0.36 ml l min-l l g-’ in a 20- to 30.g R. pipiens, is 
also lower than that in a 120-mg Xenopus larva (Table 
2). Collectively, these data suggest a decline of mass- 
specific cardiac output after metamorphosis in amphib- 
ians. 

The increase of cardiac output during larval develop- 
ment of X. Zaeuis is due completely to the increase in 
stroke volume, because heart rate declines during larval 
development 
accounts for 

(1% 
most 

The increase in stroke volu me also 
of the increase of cardiac output 

during development in the chick embryo. Hu and Clark 
(18) reported a 120-fold increase in cardiac output in 
chick embryos from 1.2 kl/min at stage 12 to 144 $/min 
at stage 29. However, heart rate increased only 
over the same period of development. 

twofold 

Cardiac output in larval X. Zaeuis is lower than that in 
chick embryos of similar body mass. The elevated car- 
diac output in chick embryos may reflect the higher body 
temperature of chicks. For example, cardiac output in a 
4.6-mg chick embryo at stage 14 at 38°C is 4.8 pl/min 
(18), which is 10 times that of a 4.6-mg Xenopus at 
21-24OC. Cardiac output after correction for tempera- 
ture difference is 1.42 pl/min at 38°C with the assump- 
tion of a Q10 of 2. The remaining large difference in 
cardiac output, after a temperature correction, between 
Xenopus and chick embryos may reflect the greater 
metabolic requirement in avian embryos than in anuran 
larvae (13). The higher cardiac output in avian embryos 
may also be correlated with the high capillary density of 
the enormous extraembryonic circulation of the avian 
egg. The difference in mass-specific CO between Xeno- 
pus and the chick decreases as progressively larger 
embryos are compared. Cardiac output in a 270-mg 
chick embryo at stage 29 is only 40% greater than that in 
Xenopus of the 
ture correction. 

same body mass, even with no tempera- 

Peripheral Vascular Resistance 

The decrease in vascular resistance during develop- 
ment that we observed in X. laevis has also been 
observed in developing bullfrog larvae (20) and chick 
embryos (18). Vascular resistance measured by experi- 
mental perfusion of the circulation is 2.5-0.15 PRU in 
4.5- to 8.5-g larval Rana catesbeiana (20). These values 
are higher than those predicted for aXenopus of similar 
size. However, vascular resistance in adult Xenopus 
calculated from mean arterial pressure (30) and cardiac 
output (27) is 0.25 PRU. This value is considerably 
lower than that in larvae, indicating a decrease in 
vascular resistance after metamorphosis. In chick em- 
bryos, vascular resistance decreases from 24.71 PRU at 
2.2 mg to 0.63 PRU at 267.5 mg. These values are much 
lowerthan those in Xenopus larvae of simil .ar body mass. 

Changes in vascular resistance during development 
could result from an increase in cross-sectional area 
produced by growth of existing vessels as well as addi- 
tion of new vascular beds in parallel to the existing ones 
(6). Growth of th e vessels also results in an increase in 
vascular length, which increases vascular resistance. 
Because vascular resistance is inversely proportional to 

the second power of vascular cross-sectional area, the 
effect of increase in vascular diameter on vascular 
resistance is more prominent than the length effect 
during development. Developmental changes in vascu- 
lar reactivity, which influences in vivo vascular diam- 
eter, could also affect vascular resistance during develop- 
ment of Xenopus. 

Cardiac Work 

Cardiac work increases during development of larval 
Xenopus, as it does in chick embryos (18). An increase in 
the number of myocardial cells as well as an increase in 
percentage of contractile protein within individual myo- 
cardial cells during development may account for the 
increase in cardiac work (1 l), although this too requires 
further study in amphibians. 

Summary 

Except for heart rate, the general pattern of hemody- 
namic changes during development ofX. Zaeuis is similar 
to that of chick embryos (18). Blood pressure, stroke 
volume, cardiac output, and cardiac work increase and 
peripheral vascular resistance decreases with increasing 
body mass during development in both species. How- 
ever, heart rate decreases in Xenopus larvae, whereas it 
increases in chick embryos. The pattern of blood pres- 
sure development in the skate (23) and most other 
anuran larvae (3, 24) is also very similar to that of 
Xenopus. Although more studies in piscine, reptilian, 
and mammalian embryos are needed, strong commonal- 
ties in amphibian and avian hemodynamics during 
development suggest a common pattern for hemody- 
namic development in vertebrate embryos/larvae. The 
chick embryo has served as the major model for studies 
of hemodynamic development in the mammalian em- 
bryo. However, because all vertebrate embryos/larvae 
examined so far seem to display patterns of developmen- 
tal change quite similar to those of the chick, the choice 
of an animal model for future studies may be based more 
on experimental convenience than “phylogenetic appro- 
priateness.” 
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