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Abstract

 

Retinoids play a critical role in cardiac morphogenesis. To

examine the effects of excessive retinoid signaling on myo-

cardial development, transgenic mice that overexpress a

constitutively active retinoic acid receptor (RAR) controlled

by either the 

 

a

 

- or 

 

b

 

-myosin heavy chain (MyHC) promoter

were generated. Animals carrying the 

 

a

 

-MyHC–RAR trans-

gene expressed RARs in embryonic atria and in adult atria

and ventricles, but developed no signs of either malforma-

tions or disease. In contrast, 

 

b

 

-MyHC–RAR animals, where

expression was activated in fetal ventricles, developed a di-

lated cardiomyopathy that varied in severity with transgene

copy number. Characteristic postmortem lesions included

biventricular chamber dilation and left atrial thrombosis;

the incidence and severity of these lesions increased with in-

creasing copy number. Transcript analyses showed that mo-

lecular markers of hypertrophy, 

 

a

 

-skeletal actin, atrial

natriuretic factor and 

 

b

 

-MyHC, were upregulated. Cardiac

performance of transgenic hearts was evaluated using the

isolated perfused working heart model as well as in vivo, by

transthoracic M-mode echocardiography. Both analyses

showed moderate to severe impairment of left ventricular

function and reduced cardiac contractility. Thus, expres-

sion of a constitutively active RAR in developing atria and/

or in postnatal ventricles is relatively benign, while ventric-

ular expression during gestation can lead to significant car-

diac dysfunction. (

 

J. Clin. Invest.

 

 1997. 100:1958–1968.) Key

words: retinoic acid receptors 

 

•

 

 transgenic mice 

 

•

 

 left ven-

tricular function 

 

•

 

 dilated cardiomyopathy 

 

•

 

 heart failure

 

Introduction

 

Heart failure, a major consequence of cardiovascular disease,

 

afflicts 

 

z 

 

4.7 million Americans alone resulting in enormous
costs for care and treatment (1). While major advances have

been made in diagnosis and treatment, the molecular etiology
associated with specific cardiovascular diseases is just now be-
ing elucidated. Sarcomeric dysfunction is most often associ-
ated with diastolic failure and hypertrophy, and a number of
different mutations in sarcomeric proteins can cause familial
hypertrophic cardiomyopathy (FHC; for review see reference
2). Recent studies have shown that a variety of molecular
changes appear to affect systolic function and produce dilated
cardiomyopathy (DCM).

 

1

 

 Mutations in dystrophin (3) and myo-
tonin protein kinase (4) have been linked to familial DCM as-
sociated with Becker/Duchenne muscular dystrophy and myo-
tonic dystrophy. Loss-of-function studies with muscle LIM
protein (5) and desmin- (6) deficient mice, or gain-of-function
analysis in transgenics overexpressing diverse gene products,
such as polyoma virus large T (7), Epstein-Barr virus nuclear
antigen-leader protein (8), and G

 

s

 

a

 

 (9), can also reproduce as-
pects of DCM.

Retinoic acid (RA), the active metabolite of vitamin A,
plays a significant role in regulating cardiac form and function
throughout the life of the organism. Both cardiac morphogen-
esis and myocardial differentiation are affected by alterations
in RA homeostasis. During the early stages of cardiogenesis,
excess RA affects folding and septation of the outflow tract
and cardiac chambers (10). Conotruncal malformations, such
as double outlet right ventricle, transposition of the great ar-
teries, tetralogy of Fallot, supracristal ventricular septal defect,
and truncus arteriosus are common in cases of human retinoic
acid embryopathy (11). Molecular correlates for Wilson and
Warkany’s seminal studies of vitamin A deficiency–associated
cardiovascular defects (12) are becoming apparent using reti-
noid receptor gene ablations which demonstrated that expan-
sion of the compact layer of the heart is also critically depen-
dent upon retinoids during midgestation (13–15). More recent
in vitro data suggest that RA suppresses endothelin- and phen-
ylephrine-mediated myocardial hypertrophy (16, 17). Thus the
retinoids may have an important role in the adult heart as well.
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1. 

 

Abbreviations used in this paper:

 

 

 

b

 

-gal; 

 

b

 

-galactosidase; DCM, di-
lated cardiomyopathy; dpc, days post coitum; GAPDH, glyceralde-
hyde 3-phosphate dehydrogenase; hRAR

 

a

 

-CB, human RAR

 

a

 

 col-
lagen 

 

b

 

-galactosidase; h

 

s

 

, LV thickness; LV, left ventricular or
ventricle; LVED, LV end–diastolic; LVES, LV end–systolic; MyHC,
myosin heavy chain; RA, retinoic acid; RAR, retinoic acid receptor;
RXR, retinoid X receptor; SEM, scanning electron microscopy;
SERCA, sarcoplasmic reticulum calcium ATPase; VCFc, velocity of
fiber shortening, corrected for heart rate; 

 

1

 

dP/dt

 

, the first derivative
of the decrease in left ventricular systolic pressure with respect to
time, a measure of contractility.
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The pleiotropic effects of RA are mediated by two families
of nuclear receptors, the RA receptors (RARs) and retinoid X
receptors (RXRs). RXRs bind the 9-

 

cis

 

 congener of RA exclu-
sively while the RARs can be activated by both all 

 

trans

 

 and
9-

 

cis

 

 RA. These receptors are modular in structure and, based
on homology within the DNA binding domain, have been clas-
sified as members of the nuclear receptor superfamily of
ligand-activated transcription factors. A highly complex set of
interactions exists between the receptors, specific ligands, and
DNA target sequences or response elements within the pro-
moter regions of retinoid sensitive genes (for review see refer-
ence 18). RARs and RXRs form dimers in vitro, either ho-
modimers between the RXRs or RXR–RAR heterodimers.
Significantly, the RXRs act as dimerization partners for a
number of other members of the superfamily including thyroid
hormone receptors and vitamin D receptors. Depending upon
the receptor combination, the availability of ligand and the ori-
entation of the dimer pair on the DNA sequence, receptors
can activate or inhibit transcription of specific target genes (for
review see reference 19).

The modular nature of RARs makes them readily amena-
ble to modification such that dominant negative (20) as well as
constitutively active receptors (21) have been made. The use
of tissue specific promoters for targeting these constructs, and
the attendant effects of too little or too much RA to particular
organs at various times during development in transgenic ani-
mals has been well documented (20–22). Thus one can exam-
ine the specific effects of the retinoid state—deficiency or ex-
cess—on the organ system of interest without the global effects
RA has on development. In this study cardiac compartment-
specific overexpression of a constitutively active RAR (21) in
the developing myocardium was achieved using the myosin
heavy chain (MyHC) promoters. Mice that carry the transgene
under control of the 

 

a

 

-MyHC promoter are healthy and have
no signs of morphologic abnormalities or disease. In contrast,

 

b

 

-MyHC–RAR animals develop a characteristic DCM that
varies in severity with transgene copy number.

 

Methods

 

Transgene construction and production of mice. 

 

The construction and
constitutive activity of the chimeric hRAR

 

a

 

 transgene has been de-
scribed previously; it consists of a human RAR

 

a

 

 truncated at amino
acid 448 that was then fused, in frame, via a small collagen linker to
bacterial 

 

b

 

-galactosidase (

 

b

 

-gal) (21, 23). The 

 

a

 

-MyHC–human
RAR

 

a

 

 collagen 

 

b

 

-galactosidase (hRAR

 

a

 

-CB) construct and mice
have been described (24); the 

 

b

 

-MyHC–RAR construct was made by
inserting the human RAR

 

a

 

-collagen 

 

b

 

-gal transgene (21) into a plas-
mid vector containing the 

 

b

 

-MyHC promoter and simian virus 40
(SV40) splice and polyadenylation sequences (

 

b

 

-MyHC–hRAR

 

a

 

-CB).
The construct was prepared for microinjection as described previ-
ously; founder animals of both lines were identified by PCR screening
using primers for 

 

b

 

-gal (25). Embryos were generated from timed
matings between transgenic sires and nontransgenic dams and stained
for 

 

b

 

-gal activity (25). Embryos or excised hearts were routinely incu-
bated in substrate at room temperature overnight to allow for maxi-
mum color development, however, in line 30 (see below) 

 

b

 

-gal activ-
ity was readily detected after 3 h of incubation.

 

Histopathology analyses. 

 

Mice were killed by pentobarbital over-
dose and necropsied immediately. Body weights were obtained be-
fore dissection. Hearts were removed, rinsed briefly to evacuate
blood from the chambers, and then weighed. Tissues were fixed by
immersion in either 4% paraformaldehyde, acid-alcohol, or 10% neu-
tral-buffered formalin, processed routinely for paraffin embedding

 

(26) and 5-

 

m

 

m sections were stained with hematoxylin and eosin.
Photomicrographs were taken on an Olympus Vanox-S Model
AHBS Research Microscope. For scanning electron microscopy
(SEM), the left ventricular free wall was dissected from fresh hearts
and immersed in 4% paraformaldehyde in PBS. The samples were
dehydrated in ethanol and critical point dried (Tousimis Sandri-790)
with liquid carbon dioxide, sputter-coated with a 15–20 nm layer of
gold (Technics Hummergold), examined and photographed using a
Phillips XL-30 FEG scanning electron microscope.

 

Quantitative RNA analysis. 

 

RNA was isolated from hearts and
the different transcript species quantitated as described previously
(27). Transcript-specific oligonucleotides used in these analyses
included glyceraldehyde 3-phosphate dehydrogenase (GAPDH),

 

a

 

-MyHC, 

 

b

 

-MyHC, 

 

a

 

-cardiac actin, 

 

a

 

-skeletal actin, the sarcoplasmic
reticulum Ca

 

2

 

1

 

 ATPase (SERCA), phospholamban, and atrial natri-
uretic factor (ANF) (28). The following transcript-specific oligo-
nucleotides were also generated and used: TR

 

a

 

1; 5

 

9

 

-GCACTC-
GACTTTCATGTGGAGGAAGCGGCTGGCGTGGCAG; TR

 

a

 

2;
5

 

9

 

-GACCCTGAACAACATGCATTCCGAGAAGCTGCTGTCC-
CTCC. RNA levels were quantitated using a PhosphorImager (Image
Quant v3.3 software; Molecular Dynamics, Sunnyvale, CA) and dif-
ferences in loading corrected and normalized to the GAPDH signal.

 

Echocardiography and hemodynamic measurements. 

 

Mice were
anesthetized with inhaled isofluorane or with intraperitoneal injec-
tions of ketamine (50 

 

m

 

g/g body weight) and thiobutabarbital (100

 

m

 

g/g body weight). The ventral chest was shaved and the animal
placed on a thermally-controlled table in a custom fashioned foam
bed in a slight left lateral decubitus lie. Body temperature was contin-
ually monitored via rectal probe and maintained at 37

 

8

 

C. Echocardi-
ography was performed using a Hewlett Packard Sonos 2500 Ul-
trasound System equipped with a 7.5-MHz transducer (Hewlett
Packard, Andover, MA). In order to place the heart in the mid-field
of the ultrasound sector where axial resolution is optimal, the trans-
ducer was fashioned with a latex balloon filled with warm acoustic gel
producing a 1-cm standoff between the chest wall and the transducer
face. A layer of warm acoustic gel was applied to the left hemithorax
and the probe placed on the chest carefully avoiding excessive pres-
sure. Two dimensionally–guided M-mode echocardiography of the
left ventricle from its short axis was recorded on both 1/2 inch S-VHS
tape and a strip chart at a speed of 100 mm/s.

For measurement of pressure indices, mice anesthetized as above
were allowed to breathe spontaneously through a tracheotomy cre-
ated by surgical placement of a short length of polyethylene tubing.
The right femoral artery was cannulated using custom fashioned
polyethylene tubing pulled to a small diameter from 0.25-inch OD
thick-walled tubing that was then connected to a COBE CDXIII
Pressure Transducer (COBE Cardiovascular, Inc., Arvada, CO). Us-
ing the same type of small-diameter tubing, the right femoral vein was
cannulated with three separate catheters connected to a CMA/100
Microinjection pump for infusion of experimental drugs. The left ven-
tricle was then cannulated via the right carotid artery with a 1.8-F
Millar MIKRO-TIP transducer with continuous monitoring of the
pressure wave form. This high-fidelity transducer has a tip diameter
of 

 

z 

 

0.60 mm, a frequency response that is flat to 10,000 Hz and,
therefore, provides accurate monitoring of the high frequency murine
ventricular pressure pulse (29). After surgery, all wounds were closed
using cyanoacrylate to minimize evaporative fluid loss and the mice
were stabilized for 30–45 min. The ventricular pressure waveform was
inputted into the ultrasound system and superimposed directly on the
echocardiographic image. Signals were also simultaneously recorded
using MacLab hardware and software.

Echocardiography was performed at eight study times in each
mouse as follows. Baseline contractility was assessed by performing
echocardiography at three different afterload states: (

 

#1

 

) at baseline
before administration of any experimental drugs; (

 

#2

 

) during phen-
ylephrine administration (40 ng/g per minute) to increase afterload;
(

 

#3

 

) during nitroprusside (10 ng/g per minute) administration to de-
crease afterload; (

 

#4

 

) after these experimental drugs had been discon-
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tinued and ventricular pressure returned to baseline levels. Dobu-
tamine was administered and contractility at the higher inotropic
state assessed by echocardiography at three different afterload states:
(

 

#5

 

) during dobutamine infusion (16 ng/g per minute) alone; (

 

#6

 

) dur-
ing dobutamine and phenylephrine infusion; (

 

#7

 

) during dobutamine
and nitroprusside infusion. The eighth and final echocardiographic
examination took place after all drugs were discontinued and ventric-
ular pressure returned to baseline levels. At each study time, left ven-
tricular end–diastolic and end–systolic dimension and thickness
(LVED, LVES, h

 

d

 

, h

 

s

 

, respectively), end-diastolic septal thickness
(s

 

d

 

), ejection time (ET), and the RR interval were measured from the
M-mode echocardiogram. End-diastole was defined as the initial por-
tion of the upstroke of the superimposed left ventricular pressure
trace. End-systole was defined as the smallest left ventricular dimen-
sion. Three consecutive cardiac cycles were measured in each mouse
at each study time. Pressure–volume loops were generated by digitiz-
ing the ventricular pressure waveform, septum, and posterior wall
(Curve Analysis; Digisonics, Houston, TX). This software generates
ventricular pressure and dimension data pairs at 1 ms intervals for the
entire cardiac cycle which were plotted graphically as (x, y) data pairs
to develop the pressure–dimension loop. The end-systolic pressure
(P

 

es

 

 

 

5

 

 the pressure immediately before isovolumic relaxation) was
calculated from the loop.

The following measurements were made by one investigator
(T.R. Kimball) blinded to transgenic status: 

 

left ventricular mass

 

(LV

 

mass

 

 in mg) 

 

5

 

 [0.8][1.04][(LVED 

 

1

 

 h

 

d

 

 

 

1

 

 s

 

d

 

)

 

3 

 

2 

 

(LVED)

 

3

 

]. 

 

Ejec-

tion phase indices:

 

 shortening fraction (SF 

 

5

 

 [(LVED 

 

2

 

 LVES)/
LVED][100]) and heart rate-corrected velocity of circumferential fi-
ber shortening (VCF

 

c

 

 

 

5

 

 (SF)(RR

 

0.5

 

)/ET) were calculated to assess
LV performance. These indices reflect overall left ventricular systolic
performance and, like all ejection phase indices, depend not only on
left ventricular contractility but also on loading conditions. There-
fore, indices that measure contractility independent of loading condi-
tions were also calculated. 

 

Left ventricular afterload

 

 was measured by
calculation of end-systolic wall stress, a reliable index of left ventricular
afterload, using the following equation: wall stress (WS) in g/cm

 

2

 

 

 

5

 

(1.35) (LVES)(P

 

es

 

)/(4)(h

 

s

 

)[l 

 

1

 

 h

 

s

 

/LVES)]. 

 

Left ventricular contractil-

ity.

 

 End-systolic pressure and dimension data pairs were calculated
from the pressure-dimension loops. Baseline contractility was as-
sessed by determining the regression line from the 3 pressure-dimen-
sion data pairs generated at study times 

 

#1

 

 (baseline), 

 

#2

 

 (phenyleph-
rine), and 

 

#3

 

 (nitroprusside). Contractile state during dobutamine
was assessed by determining the regression line from the three data
pairs generated at study times 

 

#5

 

 (dobutamine alone), 

 

#6

 

 (dobu-
tamine and phenylephrine), 

 

#7

 

 (dobutamine and nitroprusside).
From each regression line, slope- and y-intercept were determined.
Contractility was also assessed by determining the stress–velocity re-
lationship at end-systole. Specifically, the left ventricular VCFc, WS
data pair were examined at each study time. Baseline contractility
was assessed by determining the regression line from the three stress–
velocity data pairs generated at study times 

 

#1

 

, 

 

#2

 

, and 

 

#3.

 

 Contractil-
ity during dobutamine was assessed by determining the regression
line from the three data pairs generated at study times 

 

#5

 

, 

 

#6

 

, and 

 

#7.

 

Results

 

Production of 

 

a

 

- and 

 

b

 

-MyHC–hRAR

 

a

 

-CB transgenic mice.

 

In mice, the linked 

 

a

 

- and 

 

b

 

-MyHC genes are cardiac compart-
ment specific and antithetically regulated throughout the life
of the animal (30). The promoter regions for these genes have
been cloned, extensively characterized, and used to express a
number of transgenes in the heart. The 

 

a

 

-MyHC promoter
used in this study is activated in the primitive atria by 9.5 d
post coitum (dpc) and maintains expression in this compart-
ment in both the embryo and adult (24). In the neonatal ven-
tricle, transgene expression is activated shortly after birth
mimicking endogenous 

 

a

 

-MyHC expression. In contrast, the

 

b

 

-MyHC promoter construct directs transgene expression pre-
dominantly in the fetal ventricles during development and to a
lesser extent in the developing atria (depending upon copy
number, see below). In order to easily correlate the effects of
excess retinoid signaling with transgene expression on myocar-
dial development, multiple lines of transgenic mice carrying a
constitutively active human RAR fused to the bacterial 

 

lacZ

 

(21) under control of the 

 

a

 

- or 

 

b

 

-MyHC promoters were gen-
erated (see Methods). For the 

 

a

 

-MyHC promoter construct,
nearly 30% of the potential founders were transgene positive
and 50% of these had high levels of cardiac b-gal activity (Ta-
ble I). No abnormalities in cardiac morphogenesis or heart size
were grossly apparent at any developmental stage (for devel-
opmental b-gal expression see reference 24); cardiac histology
was also unremarkable (e.g., see Fig. 3 B). The animals were
healthy, without unusual morbidity or mortality, bred nor-
mally, and produced litters of normal size. It appears, there-
fore, that excess RA signaling in developing atria or in postna-
tal atria and ventricles does not produce overtly detectable
abnormalities.

The b-MyHC–hRARa-CB transgenic mice are in striking
contrast to the above animals. Only 3/101 potential founders
(lines 30, 32, 50; Tables I and II) had significant cardiac b-gal
activity. All F1 animals produced by line 50 died by 6 mo of
age and no F2 animals could be derived. The litters of this fe-
male founder were approximately half-size and approximately
one animal per litter was transgene positive. This, and the low
percentage of expressing founders, suggests that high level
transgene expression in developing ventricles is embryonic le-
thal. The two remaining animals, 30 and 32, were outbred to
nontransgenic mates, copy number determined by standard
dot blot analyses (reference 31, Table II) and stable lines es-
tablished (phenotypes described below).

Table I. Comparison of hRARa-CB Transgenic Lines

a-MyHC promoter b-MyHC promoter

Animals screened 34 101

FO identified 10 9

b-gal expression 5 3

Phenotype None DCM

FO, founder generation.

Table II. Summary of b-MyHC–hRARa-CB Transgenic Lines

Line number Copy number b-gal expression Phenotype

12 15 1/2, Embryonic None

17 4 ND None

26 95 1/2, Embryonic None

29 70 ND None

30 12 11, Embryonic DCM

32 6 1, Embryonic DCM

39 5 ND None

47 4 ND None

50 150 1111, Adult DCM

ND, not detected.
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b-MyHC–receptor transgene expression leads to cardiac ab-

normalities. Transgene expression, indicated by myocardial
b-gal staining, was first detected in cells of the primitive heart
tube in 6–8 somite embryos of lines 30 (Fig. 1 A) and 32 (data
not shown). At 10.5 dpc the primitive left ventricle stained
heavily; outflow tract and atria were also positive (Fig. 1 B).
Both atria and ventricles were intensely positive for b-gal ac-
tivity at 17.5 dpc (Fig. 1 C) when the endogenous b-MyHC
promoter reaches maximal activity (30). At 15 dpc and con-
tinuing throughout fetal and early postnatal stages, transgenic
hearts were more globose than nontransgenic hearts (compare
stained and unstained hearts in Fig. 1 C). Furthermore, strong
b-gal activity was present in both cardiac compartments of

neonatal and 2 wk postnatal hearts (data not shown). This ex-
pression pattern is aberrant compared to both the endogenous
b-MyHC gene and other transgenic reporters used with this
promoter (32). Developmental downregulation of the trans-
genic promoter is copy number–dependent; if # 24 copies per
genome are present, expression is largely restricted to the ven-
tricle and is shut down at or around birth (31). Line 30 has 12
copies of the transgene and therefore should downregulate
ventricular expression postnatally. In b-MyHC transgenics,
however, b-gal expression persists throughout the atria and
ventricles even in adults in all three lines of affected mice (Fig.
1 D). Thus it appears that expression of the mutated RAR di-
rectly or indirectly affects the transgenic b-MyHC promoter
activity during development.

Both the age of onset and severity of the phenotype varied
with transgene copy number; the pathologies are shown in
Figs. 2 and 3. Line 50 (150 copies) males and females showed
poor to no mating behavior and the line was lost within 12 mo.
Clinical signs of distress, characterized by labored breathing
and rough haircoat, developed by 4–6 mo of age in 8/8 animals.
At necropsy, typical gross lesions included serosanguinous
pleural effusion, pulmonary congestion and edema, cardiomeg-
aly due to biventricular dilation with thinning of ventricular
walls, and chronic left atrial thrombosis (Fig. 2, A and B).
Microscopic cardiac lesions included marked myofiber hyper-
trophy, characterized by increased fiber diameter with large ir-
regularly-shaped nuclei (karyomegaly), mild to moderate myo-
cardial fibrosis, and mild myofiber sarcoplasmic vacuolation
(Fig. 3 E).

Line 30 males (12 copies) older than 4–6 mo were unable to
breed successfully. Females usually deliver one litter but died
before or shortly after delivering a second consecutive preg-
nancy. 7 of 27 animals aged 4 mo or older developed clinical
signs similar to those described for line 50 or died during
stress-inducing activities such as anesthesia or transportation
(Fig. 2 D). At necropsy severe biventricular dilation and atrial
thrombosis were typically observed; these also presented in
two animals without apparent clinical symptoms. SEM clearly
revealed marked attenuation of papillary muscle and trabecu-
lations associated with the interior surface of the left, but not
the right, ventricle (Fig. 2, E and F). Few details could be ob-
served in the heavily muscled interior of the control left ventri-
cle (Fig. 2 E). In contrast, the walls of the transgenic heart (Fig.
2 F) were thin, the chamber was very dilated, trabeculae and
papillary muscles were much smaller, and the mitral valve leaf-
lets were easily seen. Necropsies performed on a total of 25 ap-
parently healthy mice (1–7 mo) showed mild cardiomegaly and
no evidence of atrial thrombi (Fig. 4); there were no age-
related statistical differences in the onset of the hypertrophy.
By z 2 mo of age, however, all examined hearts had histologic
evidence of myofiber hypertrophy similar to changes de-
scribed for line 50 hearts (Fig. 3, D and E), which were increas-
ingly pronounced with age. Therefore, morphologic and histo-
pathologic changes, observed only in the ventricles, were
apparent 2–3 mo before the onset of clinical symptoms.

No clinical signs of disease or obvious changes in breeding
behavior other than those generally associated with aging were
noted in line 32 (six transgene copies). Of 13 animals necrop-
sied (5–16 mo), only 2 had atrial thrombosis and obvious car-
diomegaly; neither animal had exhibited signs of distress.
When compared to nontransgenic hearts (Fig. 3 A), histologic
evidence of myofiber hypertrophy was absent or very mild in

Figure 1. Developmental expression patterns of b-gal in b-MyHC 
line 30 transgenic mice. (A) b-gal activity is clearly present in the 
primitive heart tube of a 6–8 somite embryo. (B) By 10.5 dpc expres-
sion can be detected throughout the heart and in the myotomal half 
of the somites (arrowhead). (C) Fetal hearts at 17.5 dpc show strong 
b-gal staining and appear more globose than the controls (unstained). 
(D) Expression in the adult (. 8 wk) hearts is maintained. a, atria.
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line 32 (Fig. 3 C), although heart weight to body weight ratios
were higher than in control animals (Fig. 4).

Molecular markers of hypertrophy and failure. On the ba-
sis of the morphologic data and heart weight/body weight ra-

tios (Fig. 4), it appeared likely that molecular markers of myo-
cardial hypertrophy, as represented by activation of the fetal
gene program and elevated transcript levels of b-MyHC, ANF,
and a-skeletal actin (33–35) might be present. RNA from indi-

Figure 2. Gross pathology and SEM of 
b-MyHC–hRARa-CB transgenic 
hearts. (A) An intact, unfixed heart 
from a line-50 animal depicts a mark-
edly enlarged left atrium (LA), en-
larged and rounded LV and mildly en-
larged right atrium. (B) The same heart 
opened longitudinally depicts a large 
chronic left atrial thrombus and dilated 
left ventricular chamber (LV). The 
small white–tan nodule near the apex 
of the LV chamber is a small mural 
thrombus (arrowhead). The ventral 
wall was cut away from control (C) and 
line 30 (D) transgenic hearts to expose 
the interior of the ventricular cham-
bers. Note the normal appearance of 
the papillary muscles within the LV 
chamber of the nontransgenic heart 
(C). (D) In contrast, the heart of the 
line-30 transgenic animal shows left 
ventricular dilation with attenuation of 
papillary muscles (see below) as well as 
large chronic left atrial thrombus. (E 
and F) Scanning electron micrographs 
show the interior landscape of the left 
ventricle of the same control (E) and 
transgenic hearts (F). Arrows mark the 
course of the remaining papillary mus-
cle. Hearts for SEM were photo-
graphed at the same magnification 
(332).
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vidual hearts derived from asymptomatic line 30 animals were
subjected to quantitative dot blot analyses. Although asymp-
tomatic, significant upregulation of each transcript was ob-
served in transgenic animals compared to nontransgenic con-

Figure 3. Histopathology correlates with gene dosage. (A) Sections 
of control and (B–E) transgenic hearts stained with hematoxylin and 
eosin were examined in similar areas of the interventricular septum 
near the LV chamber. (A) Control, and (B) a-MyHC–hRARaCB 
sections depict essentially indistinguishable myocardial histomor-
phology with normal myofiber diameter and myofiber nuclear mor-
phology. (C) Sections from line 32 b-MyHC–RAR hearts indicate 
that hypertrophy was absent or very mild and well-defined sarco-
meric striations are readily apparent. (D) Line 30 and (E) line 50 
show moderate to marked myofiber hypertrophy characterized by in-
creased myofiber diameter and significant variation in nuclear size 
and shape. Note the progressive loss of anisotropy from line 32 (C) to 
line 30 (D) to line 50 (E). All animals were z 5 mo of age. All photo-
micrographs (3440).

Figure 4. Hypertrophy varies in proportion to gene dosage. Heart 
weight to body weight ratios for lines 30 and 32 demonstrate hyper-
trophic changes that correlate with gene dosage. Heart weight to 
body weight ratios were determined for line 30, line 32, and control 
animals. The lowest copy number line, 32 (six transgene copies), 
shows an intermediate level of hypertrophy when compared to con-
trol and line 30 (12 transgene copies). Values are reported as mean; 
error bars indicate standard error of the mean. Control versus line 30, 
P , 0.0001; control versus line 32, P # 0.0074; line 30 versus line 32
P # 0.0152. Control, n 5 25; line 30, n 5 25; line 32, n 5 16. A one 
way ANOVA was performed with Bonferroni post hoc testing for 
comparisons between the lines. Tests for significance, defined as P # 

0.0167, were performed using Statview 4.01 (Abacus Concepts Inc., 
Berkeley, CA).
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trols (Fig. 5), even though they had yet to display overt signs of
physical distress. A concomitant downregulation of a-cardiac
actin and a-MyHC isoforms, normally observed during hyper-
trophy, also occurred. Sensitive markers for cardiac failure in-
clude the SERCA and phospholamban transcripts; both are
downregulated in models of cardiac failure (36, 37) as alter-
ations occur in the myocardial Ca21–handling apparatus of
failing hearts. Both of these transcripts are significantly de-
creased in transgenic hearts (Fig. 5) indicating that before
overt signs of distress the hearts are already functionally com-
promised and conversion to decompensated failure may be in
progress.

Cardiac physiology. To delineate the phenotype more
precisely, cardiovascular function, specifically left ventricular
(LV) function, was evaluated using an isolated working heart
model (27, 28). Control littermates and transgenic animals, 3–6
mo for line 30 and 5–7 mo for line 32, were used. To determine
the extent with which transgenic hearts could tolerate increas-
ing volume loads (venous return), the cardiac minute work was
varied from 200–600 (mmHg 3 ml/min). In spite of identical
loads, maximal rates of pressure development for lines 30 and
32 were reduced significantly compared with control hearts:
the first derivative of the increase in left ventricular systolic
pressure with respect to time, a measure of contractility (1dP/

dt), was reduced by 63% in line 30 hearts and 44% in line 32
hearts (Table III). Relaxation rates were also reduced: the first
derivative of the decrease in left ventricular systolic pressure
with respect to time, a measure of relaxation (2dP/dt), was re-
duced by 64% in line 30 hearts and 42% in line 32 hearts. The

Frank-Starling relationships, increased minute work as a func-
tion of the rate of pressure development (1dP/dt), were also
examined to determine if there were significant differences in
cardiac contractility. Control hearts showed a strong positive
correlation of 1dP/dt to increased left ventricular minute
work, exhibiting a classic Starling response (Fig. 6 A). The
Starling responses of transgenic hearts were compromised and,
like the histopathologic phenotype, varied with transgene copy
number. Line 32 hearts (six copies) showed a modest decrease
in slope (Fig. 6 B), although the correlation was statistically
similar to the normal response to increased work load. In con-
trast, line 30 hearts (12 copies; Fig. 6 C) demonstrated severely
impaired cardiac function and significantly decreased slope. It
was not possible to analyze hearts from line 50 because of their
severe pathology.

To further evaluate LV function in vivo, line 30 animals
were subjected to transthoracic M-mode echocardiography,
with and without direct measurement of LV pressure. The re-
sults of the echocardiographic studies (Table IV, Fig. 7) con-
firm that LV size and mass were significantly increased in line
30 versus control mice and conclusively demonstrate increased
right ventricular chamber size as well (Fig. 7). The indices of
LV systolic performance (shortening fraction and VCFc) were
also significantly decreased compared to control (Table IV).

In human studies, LV volume measurements are typically
combined with pressure measurements to generate a pressure–
volume loop. In mice, calculating volume from M-mode and/or
two dimensional echocardiographic measurements might re-
sult in significant errors because of geometric assumptions of
these derivatives. Therefore, a ventricular pressure–dimension
loop was derived at each study time by digitizing the ventricu-
lar pressure wave form, septum, and posterior wall (Fig. 8).
Control and transgenic animals were assessed at baseline (Fig.
8 A) and under conditions of increased (phenylephrine infu-
sion, Fig. 8 B) or decreased (nitroprusside infusion, Fig. 8 C)
afterload. In all circumstances, the area circumscribed by the
pressure–dimension loops, an index of total LV stroke work,
was substantially reduced in line 30 animals compared to con-
trols. Left ventricular contractility (Table V), as assessed by
the pressure–dimension data at end-systole, was decreased in
transgenic mice (a more shallow slope). Although this change
did not reach statistical significance, it may be more of a reflec-
tion of the small sample size (n 5 5) as values for transgenics
were consistently worse than for controls. Some animals were
too ill and did not survive the surgical procedure which con-
tributed to the small sample number. Left ventricular contrac-
tility, as assessed by the relationship of fiber shortening to end-

Figure 5. Molecular markers of hypertrophy. Cardiac specific gene 
expression was examined in line 30 hearts at 4–6 mo of age. Ventricu-
lar RNA was analyzed by hybridizations to dot blots with transcript-
specific oligonucleotide probes (see Methods). Data were quantitated 
using a PhosphorImager, normalized to GAPDH and expressed as 
6fold increase/decrease compared to nontransgenics. Error bars indi-
cate standard error of the mean. n 5 7.

Table III. Means6Standard Error of the Mean of Measured 
Cardiac Parameters

Control Line 30 Line 32

n 5 10 n 5 4 n 5 8

Working heart

Heart rate (beats per minute) 31565 304610 31266

1dP/dt (mmHg/ms) 48906125 1816667* 27186123*

2dP/dt (mmHg/ms) 3363653 1204653* 19626102*

*P # 0.0001, transgenic versus control, unpaired Student’s t test.
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systolic wall stress was significantly decreased in line 30 hearts,
as shown by a parallel shift in the relationship down and to the
left and reflected by a significantly lower y-intercept and no
difference in slope. These findings are indicative of depressed
left ventricular systolic performance and contractility in the
transgenic mice.

With dobutamine administration, both groups of mice
showed changes in the y-intercept of the end-systolic pressure-
dimension relationship indicative of increased contractility;
however, this change reached statistical significance in control
mice only (Table V). When contractility was assessed by end-
systolic stress–velocity relationships, both groups of mice
showed statistically significant increases in contractility with
dobutamine reflected by increases in the y-intercepts. In addi-
tion, the slope of the relationship in the control mice signifi-
cantly increased, indicating a shift of the hemodynamics to-
wards decreased afterload.

Discussion

The cardiac compartment–specific effects of retinoid signaling
are striking. Both transgenic constructs are expressed in the
atria pre- and postnatally, yet there is no sign of atrial ana-
tomic defects or impaired atrial function. The development of
the atrial thrombus in the b-MyHC transgenics, like the effects
on ventricular trabeculations and papillary muscle insuffi-
ciency, are secondary to ventricular dysfunction. Interestingly,
in the RXRa (13, 14), RAR/RAR (15), or RXR/RAR (14, 38)
gene knockout animals, the lack of RA signaling has little ef-
fect on atrial development or compartment-specific gene ex-
pression (39). Thus the atrial appendages appear to be insen-
sitive to changes in retinoid status. However, ventricular
morphogenesis and function are significantly affected by loss
or gain of RA-mediated signaling. This is particularly apparent

Figure 6. LV minute work and the rate of pressure development 
(1dP/dt) in work performing hearts. The baseline recordings were 
taken under similar load conditions: mean aortic pressure (MAP, af-
terload), 50 mmHg; venous return, z 5 ml/min; LV minute work,
z 250 mmHg 3 ml/min; heart rate, 300–390 bpm. The data were ob-
tained by varying preload and afterload from 100–600 (mmHg 3 ml/
min). (A) Nontransgenic hearts (open circles, 88 measurements from 
10 hearts; slope 5 9.8, r 5 0.70, P , 0.0001) show a strong positive 
correlation of 1dP/dt to increased LV work. (B) Line 32 (open trian-

gles, 41 measurements from 8 hearts; slope 5 8.5, r 5 0.75, P , 
0.0001) show a more moderate positive correlation of 1dP/dt to in-
creased left ventricular work. (C) Hearts from line 30 (closed triangles, 
31 measurements from 4 hearts; slope 5 4.7, r 5 0.04, P , 0.0001) 
show a significantly decreased response of 1dP/dt to increased left 
ventricular work. The slopes of the top and bottom regression curves 
are significantly different (P , 0.01). r values are from a linear least 

squares fit of the data. A value of P , 0.05 was considered statisti-
cally significant.

Table IV. Echocardiographic Indices

Variable Control6SD Line 306SD

n 5 8 n 5 9

Heart rate 407650 439658

LV end-diastolic dimension (mm) 3.460.4 4.460.9*

LV end-systolic dimension (mm) 1.960.2 3.360.8‡

LV posterior wall thickness (mm) 0.660.2 0.660.1

Septum (mm) 0.760.1 0.860.1

LV mass (g) 49620 94639*

Indexed LV mass (mg/g body weight) 1.960.8 3.461.2§

Shortening fraction (percentage) 4367 2467i

VCFc (circ/s) 2.460.6 1.260.3¶

End-systolic wall stress (g/cm2) 44624 73627**

Ejection time (ms) 7168 7869

*P , 0.01; ‡P , 0.0002; §P , 0.008; iP , 0.0001; ¶P , 0.0017; **P ,

0.10; control versus transgenic were compared using an unpaired Stu-

dent’s t test.
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in the vitamin A–deficient (12) and receptor-knockout models
(13–15), which result in agenesis of the compact zone. These
hearts have very thin myocardial walls and the embryos de-
velop generalized edema associated with heart failure. Based
upon persistent expression of MLC2a in the hearts of RXRa2/2

embryos, Dyson et al. (39) hypothesized that lack of RA sig-
naling results in ventricular “atrialization” such that full differ-
entiation and the fetal ventricular phenotype never occurs.

Our data show that ventricular development and its ulti-
mate phenotype are sensitive to excess RA signaling as well.
The initial embryonic and persistent high levels of hRARaCB
expression in the neonate, juvenile, and adult myocardium
evokes progressive and dose-dependent effects leading even-
tually to heart failure. However, the timing of exposure is criti-
cal to the phenotype as postnatal expression of hRARaCB (as
occurs for the a-MyHC–driven transgene) is not deleterious.

In contrast to a lack of RA signal that prevents full expression
of the fetal ventricular phenotype, perhaps continuous reti-
noid-mediated signaling inhibits complete activation of the
adult ventricular phenotype and maintains a fetal ventricle.
The b-MyHC promoter that drives transgene expression does
not downregulate appropriately in these mice even though the
surviving lines are well below the copy number threshold at
which aberrant regulation was observed (31); it should be
noted that expression of this promoter is characteristic of the
fetal ventricle only. It is also possible that the fetal molecular
phenotype merely reflects the hypertrophic response and it is
likely that a combination of these factors come into play in

Figure 7. Transthoracic M-mode echocardiography. Representative 
tracings show significant dilation of both the left (LV) and right (RV) 
ventricle in a heart derived from a line-30 animal as compared to a 
control. No increases in left ventricular posterior wall width (LVPW) 
or intraventricular (IVS) thicknesses were noted. See Table IV for a 
compilation of the measured indices.

 
Table V. End-systolic Echocardiographic Indices

End-systolic

Baseline Dobutamine

Control Line 30 Control Line 30

Pressure-dimension

relationship

Slope 41 16 36 15

y-intercept 39 56* 78* 74

HR-corrected velocity

of fiber shortening

end-systolic wall

stress relationship

Slope 20.0096 20.0082 20.10* 20.016§

y-intercept 3.2 2.1* 5.5* 2.9‡§

*P , 0.05 versus control mice at baseline; ‡P , 0.05 versus transgenic

mice at baseline; §P , 0.05 versus control mice during dobutamine treat-

ment. Statistical comparisons were used on analysis of covariance using

a one/two way ANOVA.

Figure 8. Representative pressure–dimension loops from (A) control 
and (B) line 30 transgenic animals. In each mouse, pressure–dimen-
sion loops were generated during three different conditions: (a) at 
baseline, no pharmacologic intervention (filled loops); (b) during in-
travenous phenylephrine infusion to increase left ventricular after-
load; and (c) during nitroprusside infusion to decrease left ventricular 
afterload (see Methods). The area subtended by each of the three 
loops (an index of total left ventricular stroke work) in line 30 is less 
than control. The pressure–dimension line generated from data pairs 
at end-systole is also less steep in line 30 compared to control.
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these animals. Studies in progress that focus on the precise
temporal development of the phenotype and the expression of
endogenous a- and b-MyHC, both pre- and postnatally, may
help delineate between these and other hypotheses.

The data presented are significantly different from those
seen in classical animal teratology (10, 12) and human retinoic
acid embryopathy (11), which typically produce a variety of
structural malformations of the heart including septal and out-
flow tract defects. The structural changes then produce func-
tional deficits in the heart. In contrast, in these experiments,
the transgenic defect is primarily functional with the structural
abnormalities in the atria, the trabeculae and papillary muscles
occurring secondarily. Two major factors that may contribute
to the observed differences are the timing and kinetics of expo-
sure. Transgene transcription is concomitant with onset of con-
tractile protein synthesis in the heart tube. The greatest tran-
scriptional activity and hence the highest retinoid signal may
occur after the critical period (10). Thus the heart’s maximum
sensitivity to retinoid signaling may have occurred earlier dur-
ing cardiogenesis. Furthermore, the kinetics of exposure are
different. The transgenic signal represents a chronic retinoid
signal whereas teratogenesis results from an acute, high level
exposure. While it is possible that sufficiently high transgene
copy number could approximate those levels, the results would
most likely be lethal and hence escape detection. Although
one high copy number (150 copies) line was established, litter
sizes were small, the F1 animals too ill to breed and the line
nonviable.

Ventricular dilation with poor systolic function, the hall-
mark of a DCM, distinguish it from hypertrophic cardiomyop-
athy. DCM exhibits decompensating chamber dilation while
hypertrophic cardiomyopathy is characterized by diastolic dys-
function in the face of enhanced systolic function (1, 40). Con-
tinued overexpression of hRARaCB in the mouse ventricle
correlates with decreased systolic performance and contractile
function. Progressive impairment of LV function correlates
with gene dosage; line 30 hearts were severely dysfunctional
while line 32 hearts were only modestly impaired. Further-
more, line 30 mice exhibited poor in vivo LV contractility,
again, a definitive feature of DCM in humans. Finally, right
ventricular dilation was readily apparent by echocardiographic
analyses, the first time, to our knowledge, that this has been
observed in a mouse model.

While changes in the more traditional indices (i.e., shorten-
ing fraction, cardiac output, 1dP/dt) reflect both changes in
contractility and loading conditions, changes in end-systolic in-
dices reflect altered contractility alone. Therefore, to extend
the physiologic data, the end-systolic stress shortening and
pressure-volume relationships, which are useful measures of
left ventricular contractility, were determined in vivo. The data
confirm that contractility is severely impaired and suggest a
potential role for RA, either directly or indirectly, in regulat-
ing expression of contractile proteins during ventricular devel-
opment. Furthermore, the b-MyHC–hRARaCB transgene is
also expressed in a subset of skeletal muscle fibers (Colbert,
M., unpublished observations). Experiments are in progress to
determine whether retinoids affect contractile protein gene ex-
pression in skeletal muscle as well.

The mechanistic basis for RA–mediated DCM remains to
be determined. The phenotype may result from the direct ac-
tion of hRARaCB on unique target genes during develop-
ment. These interactions could have positive or negative tran-

scriptional effects or act indirectly by posttranscriptional
mechanisms. Alternatively, excess hRARaCB could act in a
dominant negative fashion, either as a sink for transcriptional
activators such as CBP/P300 (41), or by sequestration of
RXRs, necessary components for transduction of other nu-
clear hormone signals. A case can be made for coregulatory
signaling of RA and thyroid hormone in the heart. SERCA,
a-skeletal actin, a-MyHC, and SmN, a gene that encodes a tis-
sue specific splicing protein, show co-regulation by both nu-
clear receptors (42–44). Developmental regulation of the a-
and b-MyHC promoters and the role thyroid hormone plays in
this process have been extensively documented (see reference
45 for review). Increased cardiac expression of TRa1 and TRa2

has been noted in cases of thyroid hormone deficiency (46).
This association was particularly intriguing as DCM in humans
is one consequence of hypothyroidism (47). Since the trans-
genic b-MyHC promoter fails to downregulate in these ani-
mals, receptor transcript levels in these hearts were examined;
however, no changes in endogenous levels of either TRa1 or
TRa2 could be detected (Colbert, M., and J. Robbins, unpub-
lished observations).

These transgenic mouse lines may provide a useful model
for human DCM and heart failure because both mild as well as
moderately severe phenotypes are represented. For example,
the mice could be used for testing pharmacologic agents for al-
tering cardiac inotropy or slowing or reversing cardiomyo-
pathic properties. Alternatively, the mice can be used in mo-
lecular studies as reagents for exploring downstream targets of
RA signaling. These studies may provide further insight into
RA’s actions as well as additional clues concerning the etiol-
ogy of some types of idiopathic DCM.
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