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ABSTRACT

Cardiac malformations (pulmonary trunk stenosis, ventricular
septal defect, and double outlet right ventricle) were induced by
the administration of two doses of retinoic acid (RA) to Wistar
rats on d I3 of pregnancy. Contractile performance of the
isolated perfused rat heart and its inotropic response to Ca®™
(0.6-10.0 mmol - L™ ') was studied in 20-d-old fetuses. The body
weight of RA-exposed fetuses was significantly lower compared
with controls. RA negatively influenced the contractile parame-
ters of the fetal rat heart. The most pronounced effect was, except
at a Ca®* concentration of 2.5 mmol+L ™!, observed at devel-
oped force at all other concentrations. Simultaneously, the sen-
sitivity to Ca®*, expressed as the Ca®™ concentration at which

; 30% of maximum was attained, was significantly lower in
RA-exposed hearts. This implies that the malformed heart is

CHD is the most frequent major malformation in human
population (1). It has been estimated that about 8% of CHD are
due to chromosomal anomalies, 2% to teratogenic agents in the
environment, but 90% have a multifactorial origin (2—4). Most
of the embryogenetic theories are, however, purely speculative
(5); one reason is the absence of an adequate animal model for
experimental analysis of the pathogenesis of CHD.

As early as in 1972, Shenefelt (6) described RA-induced
cardiac malformations in the hamster. Davis (7), Davis and
Sadler (8), Irie et al. (9), and Pexieder et al. (10) described
RA-induced cardiovascular malformations in mice and, finally,
Pexieder et al. (10) developed a similar model in rats. It has
been shown that the administration of all-zrans-RA to pregnant
dams induced cardiac malformations such as TGA and double
outlet right ventricle. RA obviously interferes with cardiac
development. It passes across the cell membrane to be bound
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by cellular RA-binding protein, which facilitates its transfer
across the nuclear envelope. Inside, the nuclear RA receptors
are involved in its interactions with DNA and DNA transcrip-
tion. This mechanism is responsible for the various biologic
effects known to influence almost every tissue in an organism.
Pharmacokinetic studies on RA in the pregnant mouse indicate
that its plasmatic half-life is 6-10 h (11).

Many of the cardiovascular malformations are amenable to
surgical intervention (12, 13) designed to correct abnormal
morphology, such as erroneous connections between the ven-
tricles and the great arteries. However, there is almost no
evidence of whether the macroscopical abnormality is associ-
ated with altered structural and functional properties of the
embryonic heart. The knowledge of these parameters may be
important for indications for cardiac surgery (14) and for
outcome prediction.

We have previously observed that the contractile parameters
and inotropic responsiveness of the rat heart changes signifi-
cantly during the early phases of postnatal ontogeny. The time
course of this development is closely related to the maturation
of the systems involved in calcium handling (15). Nakanishi ef
al. (15a) described perinatal development of the cardiac con-
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tractile system in the rabbit. At this stage of ontogenesis the
rabbit heart is, however, structurally and functionally different
in comparison with rat heart. Information on the prenatal
development of inotropic responsiveness in the rat heart is still
lacking. The aim of the present study was to compare the
inotropic effect of increasing concentration of Ca* in the fetal
rat heart with and without RA-induced malformations.

METHODS

Assessment of heart function. A total of three pregnant
Wistar rats (day of sperm in vaginal smear is ed 0) were given
125 mg - kg~ ! of all-trans-RA (Sigma), dissolved in olive oil,
by gastric tubing on ed 13 and 13.5. The control pregnant rats
(n = 3) were treated at the same stage and in the same way. On
ed 20 all pregnant females were anesthetized by thiopental, and
their fetuses were removed, weighed, and killed by cervical
dislocation. The experimental (» = 7) and control (n = 8)
hearts served for measurement of contractility. The hearts were
quickly dissected, and a stainless steel cannula (with an exter-
nal diameter of 0.45 mm) was inserted into the aorta. The
hearts were rapidly perfused in the Langendorff mode under
constant pressure (13 cm H,0), proportional to the mean
arterial blood pressure for the perinatal stage of rat develop-
ment (16). The hearts were perfused with the Tyrode solution
containing (mmol -L™": NaCl 145.0; KCl 5.9; CaCl, 1.25;
MgCl, 1.2; glucose 11.0; mannitol 1.1, and HEPES 5.0. The
pH was adjusted to 7.4 by Tris, and the solution was saturated
with 100% O,. Mannitol was used as a scavenger of oxygen
radicals. The temperature was maintained at 37°C. The hearts
were electrically stimulated at a rate of 2 Hz using silver
electrodes attached to the base of the heart. The stimulation
was performed with pulses of alternating polarity, 1-ms dura-
tion, and voltage set at 50% above the threshold level. The
resting force was gradually increased by means of a microma-
nipulator to the level at which the developed force was approx-
imately 80% of the maximum force reached at optimum pre-
load. The contractile function of the isolated heart was
measured using an isometric force transducer (17) connected
by means of a glass fiber, a two-arm titanium lever, and silk
suture (0.7 metric, Ethicon) to the apex of the heart. The
contractile force (DF, g) and its first derivative [(+dF/dt),,,,
g.s™! and (—dF/dT), ., g.s~'] were evaluated automatically
from the force signal using an on-line computer (18). After
measurement and drying on filter paper the control hearts were
weighed and the experimental hearts were prepared for mor-
phological evaluation (see below).

Estimation of inotropic response to Ca’*. The hearts were
initially perfused with 1.25 mmol - L' Ca®* for 40 min. The
Ca®* concentration was then decreased to 0.625 mmol - L™!
and thereafter gradually increased (1.25, 2.5, 5.0, 7.5, and 10.0
mmol - L™"). The maximal effect of each concentration was
recorded and expressed as ) absolute values, 2) a percentage
of the value reached at the lowest Ca?* concentration, and 3)
a percentage of the maximum response.

Morphological examination. After assessment of heart
function, the ventricles from RA-treated hearts were perfused
with a fixing solution (a mixture of 2% glutaraldehyde and 1%
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formaldehyde in 0.1 mol - L™! cacodylate buffer; the osmolar-
ity of cacodylate buffer was adjusted to 330 mOsm-L™" by
NaCl). After fixation the type of cardiac defect was determined
using microdissection and scanning electromicroscopic deter-
mination (19) of the phenotype.

Data analysis. All data were presented as means+SEM. The
statistical significance of differences (p<<0.05) between exper-
imental and control group for each concentration was evaluated
by the Mann-Whitney nonparametric test (see Figs. 1 and 2) or
by two-way analysis of variance with logarithmic transforma-
tion to stabilize variances (see Table 1).

RESULTS

Morphologic characteristic of heart defects. The body
weight of fetuses exposed to RA decreased significantly com-
pared with controls (2.52 = 0.07 g versus 3.30 = 0.14 g).

Among the seven RA-exposed hearts analyzed morpholog-
ically, after the functional investigations, five fetal hearts were
diagnosed as having a DORYV, one heart had a VSD and one
heart pulmonary trunk stenosis.

Inotropic response to Ca’*. The effect of increasing Ca’*
concentration on the contractile parameters [DF, (-++dF/dt),.,
(—dF/dt),,,] of malformed and control hearts is shown in
Figure 1, A—C. In malformed hearts the absolute values of DF
were, excepting a Ca?" concentration of 2.5 mmol - Lfl,
significantly lower (p<<0.05) over the whole range of Ca®"
concentrations. This trend was obvious also for curves of
(+dF/dt),,, and (—dF/dt),,,.. The absolute values of (+dF/
dt) . and (—dF/dt) .. in malformed hearts were significantly
decreased at Ca®' concentrations of 0.625, 1.25, and 5.0
mmol - L™

The magnitude of the inotropic response to Ca** (DF),
expressed as the percentage of the lowest value, increased with
increasing concentrations in both groups. This value in the
malformed hearts was, however, starting from a Ca®" concen-
tration of 2.5 mmol - L™", significantly higher than in con-
trols (Fig. 2A4). The maximum rate of force development
[(+dF/dt),,.,] was higher starting from the Ca®" concentration
of 2.5 mmol-L™!; on the other hand, the values of the
maximum rate of relaxation did not differ (Table 1).

The sensitivity to extracellular Cat, expressed as the con-
centration at which half-maximum DF was attained, did not
differ in control and malformed hearts (2.69+0.19 and
2.73+0.20 mmol - L™}, respectively). However, the concentra-
tion at which 30% of the maximum DF was attained was
significantly higher in malformed than in control hearts
(1.56£0.07 and 1.15+0.08 mmol - L™, p<<0.01), suggesting a
decreased sensitivity at the low Ca®" concentration (Fig. 2B).

DISCUSSION

It has been established that RA is a potent cardiovascular
teratogen in rodents (for review, see Ref. 20). Our results have,
however, clearly shown that the administration of RA signifi-
cantly influenced the growth of rat fetuses, supporting the view
that its effect is more complex and the heart is not the only
target tissue (21). Furthermore, Ruberte er al. (22, 23) and
Dolle er al. (24) have shown that cellular RA-binding protein
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Figure 1. Inotropic response to increasing Ca®™ concentration expressed as
absolute values DF (4), (+dF/db),,.. (B) and (—dF/dt)_,., (C) of the control
(circles, eight hearts) and malformed hearts (triangles, seven hearts). Data are
means=SEM; *significantly different (p < 0.05).

and RA receptors have a specific pattern of localization in
different embryonic tissues, such as the cardiogenic plate, the
adjacent mesenchyme, and neural crest cells.

RA given in a proper dosage and at proper time of gestation
induces extracardiac and cardiac malformations whose pheno-
type is species- and strain-dependent. In the rat (11) as well as
in NMRI mice the most frequent lesions are DORV (43% of
the offspring), VSD (16% of the offspring), and aortic arch
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Figure 2. Inotropic response to increasing Ca>* concentration expressed as a
percentage of the lowest value of DF (A) and as a percentage of the maximum
value of DF (B) of the control (circles, eight hearts) and malformed hearts
(triangles, seven hearts). Data are means*+SEM; *significantly different (p <
0.05).

Table 1. Inotropic response to increasing Ca*™ concentration
(maximum response)

Ca*>* concentration (4dF/dt) s (—dF/dt),ax

(mmol - L™") (%) (%)

Controls
0.62 100 100
1.25 119 =6 121 £ 6
2.50 201 = 15 200 £ 16
5.00 318 £ 18 283 =27
7.50 417 *= 44 281 + 32
10.00 410 £ 25 287 + 29

Malformations
0.62 100 100
1.25 117 = 10 107 £ 10
2.50 274 £ 24%* 231 =23
5.00 370 £ 41%* 287 * 41
7.50 461 * 45% 318 + 49
10.00 471 £ 57* 299 + 82

Controls (n = 8); RA-induced malformations (n = 7). Values are means *

SEM.

*p < 0.05 vs controls.

anomalies (4.2%). In the ICR strain of mice, the most frequent
were right and left TGA followed by DORV and VSD. Not yet
published data on RA-exposed mice (Pexieder, T, personal
communication) indicate an abnormal architecture of ventric-
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ular myocardium such as decreased thickness of the compact
layer, disorganized spongy layer, and aberrant papillary mus-
cle. When the RA treatment was combined with short-time
fasting, the incidence of TGA rose up to 65% of the offspring
(25).

Our results demonstrate that RA negatively influenced the
contractile parameters of the fetal rat hearts. The most pro-
nounced was this effect on DF at most Ca** concentrations.
Simultaneously, the sensitivity to Ca*", expressed as the con-
centration at which 30% of maximum was attained, was sig-
nificantly lower in malformed hearts. This implies that the
malformed heart is significantly more dependent on the extra-
cellular sources of Ca®", suggesting that the mechanisms
responsible for intracellular Ca®" transients are influenced
(26). It was found that the amount of contractile proteins in
RA-treated mouse fetal hearts was significantly less than in
controls (25). It has been shown previously that some func-
tional sarcoplasmic reticulum already exists during the late
fetal life (27) as well as in newborn rats (28). During further
development, the ability of sarcoplasmic reticulum to accumu-
late Ca?" increases, and there is a progressive maturation of
Ca®™" release from the sarcoplasmic reticulum (15, 29). It may
be suggested that the RA-induced cardiac malformations might
be connected with the significant changes of structures in-
volved in Ca2™ in the fetal heart. To our knowledge, this is the
first time that altered inotropic responsiveness could be dem-
onstrated in structurally abnormal (malformed) fetal hearts.

On the basis of our data, however, it is difficult to distinguish
whether the described changes are due to an RA effect on Ca®*
handling or whether they are the consequences of abnormal
cardiac morphology. Furthermore, the number of hearts ob-
served in the study is inadequate for a subgroup of cardiac
lesions.

In this connection it is necessary to mention that the terat-
ogenic effect of RA on the rat heart is very heterogeneous, both
qualitatively and quantitatively. Similar heterogeneity may
exist also in the pathogenetic mechanism responsible for the
functional consequence of structural changes. Detailed analysis
of myocardial ultrastructure in RA exposed hearts, with par-
ticular attention to the systems involved in the Ca** handling,
may be very helpfull in this respect. Moreover, no data are as
yet available on the hemodynamic alterations in different types
of RA-induced malformations. Recent results (25) that show
the impact of RA on cardiac protein synthesis in mice might be
the expression of the fetal heart adaptation, trying to cope with
the abnormal structure.
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