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ABSTRACT 

To obtain insight into the hemodynamics of abnormal cardiac 
development, a chick embryo model was recently developed in 
which a spectrum of doublc outiet right ventricle was induced 
with all-trans-retinoic acid. In Hamburger and Hamilton (HH) 
stage 34 white Leghorn chick embryos, we simultaneously mea- 
sured dorsal aortic flow velocities with a 20 MHz pulsed Doppler 
velocity meter and vitelline artery blood pressures with a servo- 
null system. These measurements were performed in embryos 
treated at HH stage 15 with 1 p g  of all-trans-retinoic acid (1% = 

47), or with the solvent DMSO (n = 15), and in control embryos 
(n = 21). After the wave form recordings were collected, all 
embryos were cxamined histologically. Embryos treated with 
all-trans-retinoic acid showed in 15 cases hearts with a rightward 
positioned aorta with an additional subaortic ventricular septal 
defect and 32 cases without septation abnormalities of the heart. 
Thc hemodynamic data wcre correlated with the morphology. 

Cardiac development is a dynamic process involving 
complex structural changes accompanied by dramatic 
changes in hemodynamic function. Hemodynamics is con- 
cerned with the forces generated by the heart and the 
resulting motion of blood through the cardiovascular sys- 
tem. The multifaceted process of the interrelationship be- 
tween form and function is a therefore major challenge to 
developmental biologists. Micro-Doppler and pressure stud- 
ies in chick embryos have provided valuable information on 
this relationship in normal heart development (1, 2). To 
obtain insight into the hemodynamics in abnormal cardiac 
development, a chick embryo model was recently developed 
in which cardiac malformations as part of a continuous 
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Statistical comparison was performed between control and ex- 
perimental values. There was no significant discrepancy in he- 
modynamics of sham-operated and control embryos. Heart rate, 
peak systolic and mean velocities, peak systolic and mean blood 
flows, and peak acceleration and stroke volumc were reduced in 
embryos treated with all-trans-retinoic acid ( p  < 0.01). Further- 
more, in the presence of a subaortic ventricular septal defect the 
diameter of the dorsal aorta was reduced. Pressure readings were 
not statistically significant. Our findings suggest that the hemo- 
dynamic changes are the result of a decrease in cardiac contrac- 
tion force. (Pediatr Res 38: 342-348, 1995) 

Abbreviations 
HH stage, Hamburger and Hamilton stage 
dP/dt, change in pressure per unit time 
dV/dt, peak acceleration 

spectrum were induced with all-trans-retinoic acid, a car- 
diac teratogen (3, 4). The heart malformations showed a 
spectrum of a rightward shift of the aorta. The rightward 
positioned aorta was still connected to the left ventricle in 
cases without a ventricular septal defect and were classified 
as having no septation abnormalities. In the presence of a 
ventricular septal defect, in combination with the rightward 
positioned aorta, this anomaly was diagnosed as double 
outlet right ventricle (5). This model will allow us to 
evaluate the cellular biologic aspects of the influence of 
all-trans-retinoic acid on cardiac morphogenesis as well as 
the assessment of the hemodynamic parameters involved. 

The objective of the present study was to establish whether 
a difference in hemodynamics existed between embryos with a 
normally developing heart and embryos with a developing 
double outlet right ventricle after all-trarzs-retinoic acid treat- 
ment. HH stage 34 was selected because the cardiac defect was 
easy to diagnose in this stage (5). 
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METHODS 

Fertilized White Leghorn chick eggs were incubated (blunt 
end up) at 38OC and staged according to Hamburger and 
Hamilton (6). The material was subdivided into groups of 
embryos treated with a solution of all-trans-retinoic acid and 
the solvent DMSO, embryos treated with only the solvent 
(sham-operated embryos) and control embryos. 

At HH stage 15 (d 2'/2 of a 21-d incubation) each embryo, 
with exception of the controls, was exposed by creating a 
window in the shell followed by removal of the overlying 
membranes. Either a solution containing 1.0 p g  of all-trans- 
retinoic acid or only the solvent 2% DMSO was then deposited 
on the vitelline membrane of the embryo using a Hamilton 
syringe (5). After administration of the solution, the window 
was sealed with tape and the egg reincubated. 

Physiologic measurements were performed at HH stage 34 
(d 8 of incubation) because the cardiac defect could be diag- 
nosed with certainty in this stage (5). An egg was removed 
from the incubator and positioned on the stage of a dissecting 
microscope. Each embryo was exposed either by removing the 
tape of the all-trans-retinoic acid-treated and sham-operated 
embryos or making a window in the shell and removing the 
overlying membranes of the controls. Only live embryos with 
the right side up and without any sign of bleeding were 
included in the final analysis. We simultaneously measured 
blood pressures in the vitelline artery and flow velocities in the 
dorsal aorta in 47 embryos treated with 1.0 p g  of all-trans- 
retinoic acid and in 15 sham-operated and 21 control embryos. 
The temperature of the embryo during the measurement was 
regulated by a thermoelement and was maintained at 37°C. 

Blood pressure was measured in the left vitelline artery with 
a servo-null system (model 900A, World Precision Instru- 
ments, Inc., Sarasota, FL) and a 10-pm glass micropipette. 
This pressure system was tested against a standing water 
column. A total of 26 measurements were performed. The 
relationship between the servo-null pressure system and the 
water column pressure was determined by regression analysis. 
The method was linear from -5 mm Hg to 40 mm Hg (y = 

1 . 1 4 ~  + 0.25, 2 = 0.99, SEM of estimate = 0.12 mm Hg). 
Zero trans-tip pressure was obtained by immersing the tip of 
the micropipette in the extraembryonic fluid at the level of the 
measured site (1). 

Mean dorsal aortic blood flow velocities were measured with 
a 20 MHz directional pulsed Doppler velocity meter (model 
545C-4 by Bioengineering, University of Iowa). In a previous 
study (2),  this equipment had been validated to be accurate 
above 5 mm/s. The Doppler probe consisting of a 750-pm 
piezoelectric crystal was positioned at a 45O angle to the dorsal 
aorta at the level of the sinus venosus as described in earlier 
reports (1, 2). 

The internal diameter of the dorsal aorta was measured at the 
same level with a filar micrometer eyepiece which was cali- 
brated against a 10-pm engraved glass standard. The vessel 
area was calculated from the equation area = ~ d ~ / 4  where d is 
the aortic diameter (mm). 

Hemodynamic parameters. The analog wave forms were 
sampled at 300 Hz by a LAB MASTER data acquisition 

analog-digital board (Axon Instruments Inc., Burlingame, CA) 
linked to a Commodore PC40 computer. The converter offered 
12 bits at an input range of -10 to 10 ' J .  Data were stored in 
a 5Jh-inch 90-megabyte Bernoulli disk cartridge (Iomega 
Corp., Roy, UT). 

Within each embryo a 2-min wave form recording was 
made. A technically high quality wave form recording of 10 s 
was selected for analysis. Each 10-s recording contained 20 to 
40 wave forms. 

Peak systolic, diastolic, and mean blood pressures were 
determined. Vitelline artery dP/dt (mm Hgls) was derived from 
the analog pressure signal by digital differentiation. 

Mean dorsal aortic blood flow (mm3/s) was calculated as the 
product of the mean velocity and the area of the dorsal aorta 
(2). By measuring the cycle length between pulse waves and 
converting this into beats per minute, the heart rate was 
calculated. The peak acceleration dV/dt (mm/s2) was derived 
from the dorsal aortic velocity by means of digital differenti- 
ation. Stroke volume (mm3) was determined from the quotient 
of mean dorsal aortic blood flow and heart rate multiplied by 
60. Cardiac work (mm3.mm Hg) is the product of stroke vol- 
ume and mean arterial pressure. Vascular resistance [mm Hg/ 
(mm"s)] is the quotient of mean arterial pressure and mean 
dorsal aortic blood flow. 

Morphologic examination. After the wave form recordings 
were collected all 83 embryos were removed from the egg and 
were processed for histologic sectioning in a routine way by 
fixing in Bouin and embedding in paraffin. Thereafter, the 
embryos including the hearts were serially sectioned. The 
sections were 5 p m  thick and stained with Mayer's hematox- 
ylinleosin (5). 

To exclude growth retardation at HK stage 34, the embryo, 
heart, and extraembryonic vascular bed were weighed in an 
additional study of 32 embryos. These were subdivided into 17 
embryos treated with all-trans-retinoic acid, seven sham- 
operated embryos, and eight controls. For this purpose the 
vitelline membrane was stripped away from the yolk, and each 
tissue was removed and rinsed with chick Ringer's solution. 
The specimen was placed on Parafilm and gently blotted to 
remove excess water and weighed on a Mettler balance accu- 
rate to 2100  pg. The ventricles and atria including the great 
vessels were weighed after the vessels distal to the aorta and 
pulmonary trunk were trimmed off. 

Statistical analysis. From each control embryo an additional 
wave form recording of 10 heart cycles was selected to analyze 
the reproducibility of the blood pressu:re readouts. The repro- 
ducibility ( r )  was defined according to the equation: r = 

a,2/(aB~ + aw2), in which a B 2  represents the between-embryo 
variance and a w 2  the within-embryo variance. These variances 
were estimated from an analysis of variance. The reproducibil- 
ity of the flow velocity parameters had been determined to be 
satisfactory (2). 

Finally, the hemodynamic data were correlated with the 
morphology. The distribution of hemodynamic parameters was 
non-Gaussian. Therefore, a nonparametric statistical analysis 
was carried out. The data are presented as characteristics of the 
frequency distribution of the hemodynamic parameters by 
medians and ranges (minimum, maximum). Statistical compar- 
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ison was done by the Kruskal-Wallis test, whereas the Mann- 
Whitney test was used to determine significant differences 
between control and experimental values. An exact trend test in 
a 3 X 2 cross-table was used for the dorsal aortic area because 
this parameter had only three ordered levels. The statistical 
significance level was defined as a p value of less than 1% (p 
< 0.01) because several parameters were tested. 

RESULTS 

Morphology. After histologic analysis, the heart malforma- 
tions showed a spectrum of a rightward shift of the aorta. In 32 
out of 47 embryos treated with all-trans-retinoic acid, no 
septation abnormalities of the heart could be found. The re- 
maining 15 hearts showed a rightward positioned aorta with an 
additional subaortic ventricular septal defect. Therefore, all 47 
embryos treated with all-trans-retinoic acid were subdivided 
into two major groups, those with a (subaortic) ventricular 
septal defect (n = 15) and those without a ventricular septal 
defect (n = 32). All hearts of the controls (n = 21) and 13 
hearts of sham-operated embryos were normal. Two hearts of 
the sham-operated embryos had a subaortic ventricular septal 
defect although different from the ventricular septal defect 
encountered in embryos treated with all-trans-retinoic acid. 
The results of measurements of whole embryo, heart, and 
extraembryonic vascular bed wet weights are presented in 
Table 1. There was no significant difference between embryos 
treated with all-trans-retinoic acid, sham-operated embryos, 
and control embryos. 

Hemodynamics. The characteristics of the frequency distri- 
bution of the dorsal aortic wave form parameters of control 
embryos, sham-operated embryos, and embryos treated with 
all-trans-retinoic acid can be seen in Figure 1, A-G. There was 
no significant discrepancy in hemodynamics of control and 
sham-operated embryos. The two sham-operated embryos with 
a subaortic ventricular septal defect had normal hemodynamic 
parameters. Hemodynamics of control and sham-operated em- 
bryos were compared with all-trans-retinoic acid-treated em- 
bryos. Heart rate, peak systolic and mean velocities, peak 
systolic and mean blood flows, and peak acceleration and 

Table 1. Embryo, heart, and extraembryonic vascular bed wet 
weights of HH stage 34 control and experimental chick embryos, 

p > 0.01 

Retinoic acid treated 

Control Sham No VSD Subaortic VSD 
(n = 8) (11 = 7 )  (12 = 10) (n = 7 )  

Embryo (g) 
Minimum 1.189 1.214 1.024 1.135 
Median 1.253 1.326 1.209 1.199 
Maximum 1.336 1.388 1.432 1.481 

Heart (g) 
Minimum 0.012 0.011 0.012 0.011 
Median 0.013 0.014 0.014 0.015 
Maximum 0.016 0.017 0.017 0.017 

Extraembryonic vascular bed (g) 
Minimum 0.975 0.927 0.935 0.630 
Median 1.434 1.198 1.065 0.985 
Maximum 1.963 1.364 1.466 1.352 

VSD = ventricular septal defect. 

stroke volume were reduced in embryos after treatment with 
all-trans-retinoic acid, i.e. embryos with and without a subaor- 
tic ventricular septal defect ( p  < 0.01). Moreover, when the 
latter two subgroups were compared with each other all pa- 
rameters derived from the flow velocity wave form recording 
were significantly reduced ( p  < 0.01) in the presence of a 
subaortic ventricular septal defect except heart rate and peak 
acceleration. 

An example of dorsal aortic flow velocity and pressure wave 
forms for a HH stage 34 control embryo, sham-operated em- 
bryo, and an embryo treated with all-trans-retinoic acid that 
appeared to have a subaortic ventricular septal defect is shown 
in Figure 2. It is clear from this figure that there is a reduction 
in peak systolic velocity and peak acceleration in the embryo 
with a subaortic ventricular septal defect after treatment with 
all-trans-retinoic acid compared with the control and sham- 
operated embryo. The vitelline artery pressure shows no sig- 
nificant difference between the three groups of embryos. 

A cross-table of the dorsal aortic area can be seen in Table 
2. The exact trend test in a 3 X 2 cross-table determined that 
this parameter was reduced in embryos with a subaortic ven- 
tricular septal defect after treatment with all-trans-retinoic acid 
( p  < 0.01). 

The peak systolic and diastolic blood pressures measured in 
the left vitelline artery of control and sham-operated embryos 
and embryos treated with all-trans-retinoic acid showed no 
significant difference (Table 3). The dP/dt showed a reduction 
in embryos treated with all-trans-retinoic acid but was not 
significant. It was not possible to collect satisfactory pressures 
in all embryos because sometimes the tip of the glass micropi- 
pette was clogged up before an adequate pressure could be 
recorded. The results of the analysis of variance for each of the 
pressure parameters is shown in Table 4. The correlation 
coefficient (r) that represents the reproducibility, using the 
average of 10 cycles as measurement outcome, was above 
0.95. 

The vascular resistance and cardiac work are shown in 
Figure 3, A and B. Vascular resistance was elevated and cardiac 
work reduced in embryos with a subaortic ventricular defect 
when compared with the sham-operated embryos ( p  < 0.01). 
Furthermore, in contrast with control embryos, embryos with a 
subaortic ventricular defect showed a significant decrease in 
cardiac work ( p  < 0.01). The degree of dextroposition of the 
aorta in embryos without ventricular septal defect, does not 
seem to have a significant impact on the hemodynamic param- 
eters measured. 

DISCUSSION 

In the present study dorsal aortic flow velocity and vitelline 
artery pressure wave forms were recorded in HH stage 34 (d 8 
of incubation) embryos treated with all-trans-retinoic acid, 
sham-operated embryos and control embryos. Hemodynamics 
of control and sham-operated embryos showed no significant 
difference. The presence of a ventricular septal defect in 2 out 
of 15 sham-operated embryos had no effect on hemodynamic 
outcome. The 13.3% incidence of this type of ventricular septal 
defect is in the range of spontaneous occurred of 11.7% of 
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CONTROL SHAM RETINOIC ACID Table 4. Results of analysis of variance 
TREATED 

Pressure (rnmHg) cwZ* ~ B ~ I  i 

Peak systolic 0.02 7.38 1 .OO 
Diastolic 0.10 3.57 0.97 
Mean 0.01 4.77 1.00 

* Variance within embryos. 
i. Variance between embryos. 
$ Reproducibility (correlation coefficient). 

VlTELLlNE ARTERY 
PRESSURE 

(mm Hg) 

O J  H 
1 S 

Figure 2. Hemodynamic wave forms. Flow velocity and pressure wave forms 
of a control embryo, sham embryo and a retinoic acid treated embryo that 
appeared to have a subaortic ventricular septal defect. 

Table 2. A cross-table of dorsal aortic area by control and 
experimental HH stage 34 chick embryos - 0 

Retinoic acid treated 

1 
Dorsal aortic Control Sham No VSD Subaortic VSD 
area (mrn2) (n = 21) (n = 15) (tz = 32) (n = 15) ( y  < 0.01) 

0.19 1 0 3 4 
0.23 4 1 11 10 
0.28 16 14 18 1 

VSD = ventricular septal defect 

Table 3. Characteristics of the frequency distrib~~fion of the 
vitelline arterial pressure parameter.r. of control and experimental 

HH stage 34 chick embryos, p > 0.01 

Rctinoic acid treated 

Control Sham No VSD Subaortic VSD 
(n  = 11) (n = 11) (n = 27) (n = 10) 

Peak systolic pressure (mmHg) 
Minimum 0.8 0.7 0.5 0.9 
Median 2.9 1.8 2.2 1.7 
Maximum 4.2 4.1 6.4 2.7 

Diastolic pressure (mmHg) 
Minimum 0.05 0.06 0.01 0.05 
Median 0.6 0.6 0.5 0.3 
Maximum 1.9 1.6 2.7 0.9 

Mean pressure (mmHg) 
Minimum 0.3 0.4 0.03 0.2 
Median 1.1 0.9 1.1 0.8 
Maximum 2.9 2.1 3.2 1.4 

dPidt max (mm Hg/s) 
Minimum 20.5 20.2 5.7 9.8 
Median 33.8 34.2 30.4 25.3 
Maximum 52.4 50.3 96.3 34.1 

VSD = ventricular septal defect. 

cardiac malformations seen in the chick embryo, and the 
majority closes before hatching (7). It is described that DMSO 
by itself can interfere with normal development by producing 
defects of head and limbs (8). As solvent it can produce very 
important changes in the teratogenic effectiveness of biologi- - 

tally active compounds. This could explain the 31.9% inci- 

- .-. 
Control 

... . . - - 
.. -. ... ... . . ... . . .. .. 

Sham Retinoic acid treated 
no VSD subaortic VSD 

C a r d i a c  work (rnrn3x rnmHg) 

# * 

o 1  
Control Sham Retinoic acid treated 

no VSD subaortic VSD 

Figure 3. (A and B) The characteristics of the frequency distribution of the 
vascular resistance and cardiac work. #, Significantly different from control 
embryos (p < 0.01). ", Significantly different from sham operated embryos (p 
< 0.01). VSD = ventricular septal defect. 

dence and severity of the cardiac malformations seen after 
treatment with all-trans-retinoic acid. 

Hernodynamics of retinoic acid-treated embryos and control 
and sham-operated embryos were compared with each other. A 
significant decrease in heart rate, peak systolic and mean 
velocities, peak systolic and mean blood flows, and peak 
acceleration and stroke volume was observed in embryos 
treated with all-trans-retinoic acid. A comparison was also 
carried out between the two subgroups of embryos treated with 
all-trans-retinoic acid. All parameters derived from the flow 
velocity wave form recording were significantly reduced in the 
presence of a subaortic ventricular septal defect except heart 
rate and peak acceleration. Moreover, the dorsal aortic area, 
that was determined from the vessel diameter, was reduced in 



HEMODYNAMIC CHANGES AFTER RETINOIC ACID TREATMENT 347 

these embryos. Pressure readings were not essentially different 
between control and sham-operated embryos and all embryos 
treated with all-trans-retinoic acid. Therefore, the increase in 
vascular resistance and decrease in cardiac work in embryos 
with a subaortic ventricular defect can only be explained by the 
observed decrease in volume flow. The latter finding could not 
be the result of a possible growth retardation because the 
measurements of whole embryo, heart, and extraembryonic 
vascular wet weights showed no significant differences be- 
tween retinoic acid treated embryos, sham-operated embryos, 
and control embryos. 

The hemodynamic changes seen in retinoic acid treated 
embryos, in particular the reduced peak acceleration and stroke 
volume, suggest a decrease in cardiac contraction force. The 
peak acceleration was derived from the dorsal aortic velocity 
and indicates the contraction potential of the heart. Stroke 
volume was determined from mean dorsal aortic blood flow 
and heart rate. The decrease in heart rate may be caused by an 
immature impulse formation in the conduction system due to a 
delay in the maturation process of the heart. In a previous 
report we described the physiologic increase of heart rate 
between stage 20 to stage 35 (2). Comparison between the two 
subgroups of retinoic acid treated embryos revealed in embryos 
with a subaortic ventricular septal defect a significant reduction 
of all wave form parameters, except heart rate and peak 
acceleration. The latter suggests no significant difference in 
cardiac contraction force between the two subgroups. The 
abnormal morphology in combination with the decrease in 
cardiac contraction force could account for the impaired vol- 
ume flow and could lead to the calculated reduction in vessel 
area in these embryos. 

We propose that the hemodynamic changes presented in this 
study are mainly due to myocardial dysfunction and to a lesser 
extent to abnormal cardiac morphology in embryos that were 
treated with all-trans-retinoic acid. A decrease in cardiac con- 
traction force was found in these embryos regardless the 
presence of a ventricular septal defect. Although the mecha- 
nism is unclear, we postulate that all-trans-retinoic acid may 
have an indirect and a direct effect on the myocardium. 

The indirect effect may result from an impaired parasympa- 
thetic innervation through a disturbance of the migration of 
cells from the neural crest. It is described that neural crest cells 
contribute to the cardiac ganglia (9, 10). Parasympathetic 
innervation of the heart via the cardiac ganglia could be 
impaired after treatment with retinoic acid. The effect of all- 
trans-retinoic acid on the neural crest may be through cytotox- 
icity (11) or result from alterations in region-specific signals 
necessary for homing of neural crest cells or for their differ- 
entiation (12). Furthermore, in vitro mesenchymal cell migra- 
tion is inhibited by retinoids (13, 14). Impaired parasympa- 
thetic innervation could lead to an alteration of the tonus of the 
cardiac myocytes. 

A direct effect cannot be excluded. Evidence exists that 
13-cis-retinoic acid and all-trans-retinoic acid have multiple 
effects on growth and differentiation of cardiac myocytes, 
including an inhibition of cell proliferation, development of 
heart contractions, and delay in a-actin synthesis (15). Retinoic 
acid may have direct effects on the myocytes by disruption of 

gap junctional communication (16) that could be mediated 
through retinoid-binding proteins (17, 18) and the nuclear 
receptors (19). Pexieder et al. (20) showed that all-trans- 
retinoic acid can modify cardiac contractility. In rat fetuses 
treated during early pregnancy with all-trans-retinoic acid, a 
higher sensitivity toward extracellular calcium ion variations 
was found. This could indicate a larger permeability (immatu- 
rity) of the sarcolemma and/or delayed development of the 
sarcoplasmic reticulum (20). Furthermore, they reported that 
all-trans-retinoic acid significantly decreased the total amount 
of protein in morphologically normal mouse hearts and hearts 
that showed a double outlet right ventricle. In these morpho- 
logically normal and abnormal hearts, the concentration of 
sarcoplasmic proteins was significantly increased and that of 
contractile proteins decreased. Results of our study coincide 
with their data that, in embryos treated with all-trans-retinoic 
acid complementary with structural changes of the myocar- 
dium, the function of the embryonic heart is also affected. Both 
direct and indirect effects on the myocardium could generate 
myocardial dysfunction in various ways and lead to the same 
result i.e., a decrease in cardiac contraction force. 

In conclusion we put forward that the hemodynamic changes 
observed in embryos after treatment with all-trans-retinoic acid 
are the result of a decrease in cardiac contraction force. Our 
results suggest there was no significant difference in contrac- 
tion force between the two subgroups, embryos with and 
without ventricular septal defect, of retinoic acid-treated em- 
bryos. The presence of a subaortic vent.ricular septal defect in 
combination with the myocardial dysfunction could account 
for impaired volume flow and could lead to the observed 
diminished dorsal aortic diameter in these embryos. 

Regulation of cardiac growth and €unction involves the 
orchestration of hemodynamic and cellular events. Further 
longitudinal studies will be conducted to evaluate the degree of 
altered myocardial contractility. These studies concern myo- 
cardial innervation and immunohistochemistry of the contrac- 
tile apparatus. 
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