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Summary

The common forms of isolated congenital heart disease are usually not inherited in a Mendelian pattern, and
most are considered multifactorial threshold traits. A large subset consisting of a group of malformations of
the ventricular outflow region, termed “conotruncal defects” (CTDs), include subarterial ventricular septal
defects, tetralogy of Fallot, and persistent truncus arteriosus. Similar aggregations of CTDs have been reported
in human families and in the keeshond breed of dog. The results of our early breeding experiments utilizing
noninbred keeshonds were not consistent with any hypothesis of a fully penetrant monogenic inheritance. Here
we report a recent series of genetic and embryologic studies conducted after more than 10 generations of
selective inbred matings between affected-CTD-line dogs. The results are now consistent with a defect at a single
autosomal locus, the Mendelian pattern of transmission having been obscured prior to selective inbreeding by
genetic background. On the basis of morphometric embryologic studies, the mutant CTD allele causes
conotruncal malformations in homozygous animals by interfering with myocardial growth in the conotruncus
during the critical window when the conotruncal cushions fuse to form the conotruncal septum.

Introduction

Congenital malformations of the heart constitute one
of the largest classes of human birth defects, with the
prevalence of confirmed cardiac defects of all types re-
ported to be around 7/1,000 live births in studies con-
ducted in the United States and Europe (reviewed in
Ferencz et al. 1985, 1991; Pexieder et al. 1989a). Early
epidemiologic and family studies pointed out that the
common types of isolated cardiac malformations tend
to run in families and that affected relatives frequently
have the same or anatomically related defects
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(McKeown et al. 1953; Lamy et al. 1957; Campbell
1965; Ehlers and Engle 1966; Davison 1967; Fuhrman
1968; Nora 1968; Sanchez-Cascos 1978). These find-
ings were consistent with the conclusion that many
forms of congenital heart disease have a lesion-specific
genetic component in their etiology, but the patterns of
inheritance were usually not consistent with any hy-
pothesis of fully penetrant monogenic inheritance. In-
terpreted in the light of concepts of polygenic inheri-
tance that were developed by Wright (1934) and
Gruneberg (1952) and that were applied to human dis-
ease by Falconer (1960, 1965), Edwards (1960, 1969),
and Carter (1961, 1969), this evidence suggested the
hypothesis that most cardiac malformations are “multi-
factorial” (Nora 1968; Nora and Nora 19784, 1978b)
—i.e., are caused by the combined effects of alleles at a
number of gene loci interacting with stochastic and /or
environmental factors. In early discussions, the genetic
component was assumed to be polygenic (i.e., due to
many genes with small additive effects). However, more
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recently, the term “multifactorial” has been used to
refer to situations in which a defect is caused by a com-
bination of genetic, stochastic, and environmental
“factors,” without reference to the number or action of
the genes involved (Fraser 1976; Nora and Nora 19784,
1980; Kurnit et al. 1985, 1987). It has been estimated
that about 8% of congenital heart defects are due to
chromosomal anomalies or single mutant genes, that
2% are due to teratogenic agents in the environment,
and that the remaining 90% are multifactorial (Nora
1978a).

Epidemiologic and family studies of congenital heart
disease in the dog that were conducted in the late 1950s
and early 1960s indicated that the common cardiac
malformations are similar to those in humans and sup-
ported the hypothesis that lesion-specific genetic fac-
tors are important in the etiology of a number of forms
of congenital heart disease that occur with high fre-
quency in certain breeds (Patterson 1965, 1968; Mulvi-
hill and Priester 1973). These forms included a defect in
keeshond dogs that closely resembles tetralogy of Fal-
lot in man. Family studies (Patterson 1968) showed that
keeshond dogs with tetralogy of Fallot frequently had
close relatives with type I (subarterial) ventricular septal
defects (Soto et al. 1980), which are considered to be
related to failure of fusion of the conal cushions (Clark
1987).

A small group of related keeshonds with tetralogy of
Fallot and isolated ventricular septal defects was ob-
tained from breeders and used to found a breeding col-
ony to investigate the genetic and developmental basis
of these malformations. Subsequent studies confirmed
that a series of malformations, all attributable to vary-
ing degrees of maldevelopment of the conotruncal sep-
tum, were inherited in the keeshond line and that de-
fects of other organ systems were not present
(Patterson et al. 1974). The spectrum of conotruncal
defects (CTDs) included subclinical defects of the crista
supraventricularis, small and large ventricular septal de-
fects, ventricular septal defects with pulmonic valve ste-
nosis, and ventricular septal defects with pulmonic
valve atresia. After further studies showed that affected
dogs occasionally had persistent truncus arteriosus, this
rare malformation, not previously reported in the dog,
was added to the spectrum of conotruncal malforma-
tions produced in the CTD line (Patterson 1978; Van
Mierop et al. 1978). The cardiac defects observed in the
CTD line include most of those considered to be cono-
truncal malformations in humans (Clark 1987), and it
has been noted that some human families have aggrega-
tions of CTDs, including types seen in the keeshond

389

dog (Fraser and Hunter 1975; Miller and Smith 1979;
Takao et al. 1980; Corone et al. 1983).

Results of Mendelian experiments in the initial col-
ony of noninbred keeshonds were not consistent with
any fully penetrant single-gene hypothesis and were fit-
ted to a threshold model in which multiple genes act
additively to determine the liability to CTD (Patterson
et al. 1974). Descendants of the original colony of kees-
honds were maintained in a closed breeding colony and
used for a series of embryologic studies. These studies
confirmed that the malformations observed are asso-
ciated with hypoplasia of the conotruncal cushions, re-
sulting in abnormal septation of the conal and truncal
outflow portions of the heart; the degree of abnormal
development varied in a way that explained the spec-
trum of lesions found at term (Van Mierop et al. 1977,
1978; Van Mierop 1978). The anatomic lesions and
underlying embryonic pathology form a continuum,
with subclinical defects of the crista supraventricularis
at one end and persistent truncus arteriosus at the other
(table 1 and fig. 1). On the basis of genetic studies prior
to selective inbreeding, it was assumed that the spec-
trum of anomalies and embryonic pathology observed
in the CTD line represented thresholds along a continu-
ous scale of liability to abnormal development pro-
duced by multiple genes (Patterson et al. 1974).

A portion of the CTD line has been propagated by
matings between affected dogs, utilizing animals with
the most severe defects (e.g., isolated ventricular septal
defects and acyanotic tetralogy of Fallot) compatible
with survival and reproduction. In a series of matings
extending over approximately 10 generations, inbreed-
ing coefficients of offspring in the colony reached levels
exceeding .50 in some animals. Having produced, by
selective inbreeding, an increased degree of genetic ho-
mogeneity in the CTD line, we recently conducted a
series of breeding experiments designed to retest the
inheritance hypotheses. These studies, described in the
present paper, show that abnormal conotruncal devel-
opment in the CTD line can now be explained as the
effect of a mutant allele at a single genetic locus. Addi-
tional embryologic studies, also reported here in sum-
mary, confirm that the mutant allele interferes with
normal myocardial growth in the conotruncal region
during the critical developmental window of conotrun-
cal septation.

Material and Methods
Genetic Studies

The CTD line of keeshond dogs has been maintained
in a closed colony at the University of Pennsylvania
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Table |

Classification and Embryopathogenesis of Conotruncal
Lesions in CTD Line

Anatomic Lesion® Embryologic Correlation®

Grade 1—subclinical
anomalies of the crista
supraventricularis

Mild hypoplasia of conus
cushions; delayed fusion of
conotruncal septum at its
proximal (upstream) border;
and failure of papillary muscle
of conus to form

Moderate to severe hypoplasia of
conus cushions, with failure

Grade 2—grade 1 defects plus
ventricular septal defect

(small to large) of fusion at proximal border
Grade 3:
Grade 2 defects Severe hypoplasia of conus

cushions, with incomplete
conus septum

Severe dysplasia of truncus
cushions, with right ventricular
outflow obstruction

Severe hypoplasia of conus
cushions with absence of
conus septum; severe
hypoplasia and failure of
fusion of truncus cushions; and
normal aorticopulmonary
septum

Grade 2 defects plus
pulmonic valve stenosis
or atresia

Grade 4—persistent truncus
arteriosus, type |

2 Based on pathologic studies by Patterson et al. (1974) and Patter-
son (1978).

b Based on embryologic studies by Van Mierop et al. (1977, 1978)
and Van Mierop (1978).

School of Veterinary Medicine since 1968. Normal
beagles with no family history of congenital heart dis-
ease were purchased from White Eagle Laboratories
(Pottstown, PA), for breeding experiments and em-
bryologic studies. All dogs were maintained in a temper-
ature-controlled animal colony, and all care, treatment,
and euthanasia were carried out in accordance with the
humane principles and procedures recommended by
the Guide for the Care and Use of Laboratory Animals
(198S). Clinical diagnosis of cardiac malformations was
made by a combination of cardiac auscultation, electro-
cardiography, radiography, ultrasonography, cardiac
catheterization, and angiography, using standard meth-
ods for the dog (Ettinger and Suter 1970; Detweiler et
al. 1979). In initial outcrosses to produce an F1 genera-
tion, affected CTD-line parents were crossed to normal
beagles. The CTD-line dogs were as follows: males, pe-
digree numbers 987 (tetralogy of Fallot) and 1010 (ven-
tricular septal defect); and females, pedigree numbers
975 (tetralogy of Fallot) and 988 (ventricular septal de-
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fect). In the F1 backcross generation, three F1 males
were backcrossed to a number of different affected
(grade 2 or grade 3) CTD-line females, and 10 F1 fe-
males were backcrossed to either CTD-line male 987 or
CTD-line male 1010, to produce an F1 backcross gener-
ation of 183 offspring. The F1 offspring of CTD female
988 were utilized in F2 crosses but not in backcrosses.
F1 males and females were mated inter se to produce an
F2 generation of 62 offspring. In addition, five matings
were made between affected (grade 2) members of the
F1 backcross generation, producing 28 offspring.

Of the 304 offspring produced in these matings, 88
pups (29%) were stillborn or died in the first week after
birth. After clinical examination, all but 15 of the sur-
viving pups were euthanatized. Five clinically normal F1
offspring and 10 clinically affected F1 backcross dogs
were retained for further breeding. Cardiovascular
diagnoses in the 289 animals that died or were euthana-
tized were made by detailed postmortem examination
of the heart, using a dissecting microscope for smaller
hearts.

Embryologic Studies

CTD-line embryos from matings between two af-
fected keeshonds (grade 2 CTD) and from control em-
bryos from matings between normal beagles were re-
moved by uterotomy under general anesthesia. After
fixation in Bouin’s solution, the embryos were staged as
in previous studies (Van Mierop et al. 1977), using the
criteria for developmental stages originally established
for human embryos by Streeter (1948). After standard
processing (dehydration, clearing, paraffin infiltration,
and embedding), serial sections were prepared and
stained with Meyer’s hematoxylin and eosin. Five con-
trol and five CTD-line embryos at stage 17, totaling 261
and 239 serial sections, respectively, were compared.
With the image-analysis system, Quantimet 920 (Cam-
bridge Instruments), the contours of each of the follow-
ing cardiac-tissue compartments were traced with the
help of a digitizing pad: lumen, endocardial cushion
tissue, and myocardium. At various levels of the cono-
truncus, the relative volume -percent of each compart-
ment was computed using a program written in the
metalanguage Quips (Pexieder et al. 1989b). Point-by-
point comparisons between CTD-line and control em-
bryos were evaluated by a version of the small-sample
Mann-Whitney nonparametric test (Siegel 1956)
adapted from the Mann-Whitney test in the Hewlett-
Packard statistical library (HP09845-15251).
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Anatomy of conotruncal anomalies in the CTD line. The heart is viewed in the frontal plane, with the right ventricular wall

removed. A, Normal. B, Grade 1 CTD—subclinical anomalies of crista supraventricularis. C, Grade 2 CTD—ventricular septal defect. D, Grade
3 CTD—tetralogy of Fallot. E, Grade 3+ CTD—pseudotruncus arteriosus. F, Grade 4 CTD—persistent truncus arteriosus, type 1.

Results
Genetic Studies

The anatomic types of CTDs found in the offspring
were classified as grade 1-4 CTDs, according to our
previous observations in the CTD line (Patterson et al.
1974; Patterson 1978). The grading system used in clas-
sification of anatomic lesions is summarized in table 1
and illustrated in figure 1.

The results of breeding experiments are presented in
table 2, which shows the number of offspring in each
category of anatomic diagnosis in F1, F1 backcross
(F1BC), and F2 generations, as well as those in five mat-
ings between affected offspring of the F1 backcross
generation.

The litter size did not differ significantly between
mating types when compared with the average of 5.8
pups/litter for all matings (x2 = 2.4, df = 3,.7>P>.5).
There was no difference between the frequency of de-
fects in male offspring (75/155) and that in female (74/
149) offspring (x> = 0.5, .7>P>.5). The sexes were
combined for further analysis in table 2.

FI generation.—All 31 F1 generation offspring were
normal on clinical examination. Postmortem studies
were performed on 26 of the F1 offspring, and § were
retained for further breeding. Two (7.7%) of the 26
dogs studied postmortem had grade 1 subclinical de-

fects (fig. 1B), and the remainder had hearts that were
anatomically normal.

FI backcross (FIBC) generation.—Affected animals
with grade 1-3 CTD occurred in the F1 backcross gen-
eration originating from each of three affected CTD-
line keeshonds (table 2). A pedigree depicting the mat-
ings originating from CTD-line male 1010 is shown in
figure 2. One grade 4 defect (persistent truncus arterio-
sus type I) occurred in the group originating from male
987. When the grade 4 defect was combined with the
grade 3 defect, the proportions of normal and affected
hearts in the various anatomic grades were not signifi-
cantly different between the three F1 parent groups (?
= 8.8, df = 6, .20>P>.10).

In the combined F1 backcross generation, 105 /183
dogs (57.4%) were affected, slightly exceeding the 50%
expected in autosomal recessive inheritance (x2 = 3.98,
P<.05). When the F1 backcross matings are subdivided
and examined according to the individual CTD-line par-
ents that produced the F1 offspring used in the back-
crosses, it can be seen that the percentages of affected
pups in parental groups 1010 and 975 are consistent
with the 50% expected under the autosomal recessive
hypothesis. In the 987 group, the proportion of af-
fected offspring (69.4%) exceeds that expected (x?
= 9.3, P<.01).



Table 2

Breeding Experiments
No. oF No. or CTDs
No. oF TotAL No. NORMAL % WITH
MATING MATINGS OFOFFSPRING OFFSPRING Grade1 Grade2 Grade3 Grade4 Total CTD
3 5 31 29 2 0 0 0 2 7.7
F1 backcross:
1010 Male ................. 18 96 46 20 22 8 0 50 521
987 Male .................. 12 62 19 18 21 3 1 43 69.4
975 Female ................ 3 25 13 7 5 0 0 12 48.0
All F1 backcross ......... 33 183 78 45 48 11 1 105 57.4
22 9 62 48 8 5 1 0 14 22.5
Affected to affected .......... S 28 0 10 7 10 1 _28 100.0
All matings ............ 52 304 155 65 60 22 2 149 49.0

2 Of the 31 offspring in the F1 generation, all were clinically normal; 26 were examined postmortem, and 5 were retained for further breeding.
Of those examined postmortem, 2/26 (7.7%) had grade 1 defects. The other 24 had hearts that were anatomically normal.
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Figure 2 F1 outcross and backcross matings to CTD keeshond 1010. Male 1010, which has a grade 2 CTD, was the offspring of a
brother-sister mating between two affected CTD dogs that were also inbred. If breeding contributions from common ancestors in previous
generations (not shown) are included, the inbreeding coefficient of male 1010 is .45. Male 1010 was mated to two normal female beagles, and
the F1 females were backcrossed to 1010.
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Figure 3 Landmarks in the embryonic heart, stage 17—sche-
matic representation of the opened right ventricle of a normal canine
embryo at stage 17. The aortic sac has already been partitioned into
the aorta and pulmonary artery distal to the semilunar valves, and the
conotruncal cushions have formed and partially fused. In the distal
(downstream) portion of the conotruncus, part of the right and left
truncus cushions form the right and left cusps of the pulmonic valve.
The right and left conus cushions are fused in the distal and mid
portion of the conus but, as yet, are not fused in their proximal
portions, leaving an interventricular opening, i.e., interventricular fo-
ramen III, at the future site of the lower border of the crista supra-
ventricularis (for normal anatomy of the heart at term, see fig. 1A).
AO = aorta; APS = aorticopulmonary septum; CS = conotruncal
septum (entirely fused truncus and partially fused conus); IVF = inter-
ventricular foramen III; LCC = left conus cushion (unfused, proximal
portion); LV = left ventricle; PA = pulmonary artery; RA = right
atrium; RCC = right conus cushion (unfused, proximal portion);
RPV = right pulmonary valve cusp; RV = right ventricle; and TV
= tricuspid valve orifice.

F2 generation.—Nine F2 matings were made be-
tween normal F1 males and females derived from out-
crosses of the following affected CTD-line dogs to nor-
mal beagles: CTD-line male 987 (two matings),
CTD-line male 1010 (three matings), and CTD-line fe-
male 988 (four matings). In the combined F2 genera-
tion, the proportion of affected pups was 14/62
(22.5%), not significantly different from the 25% ex-
pected under the autosomal recessive hypothesis (x*
= 0.2, .70>P>.50). If one assumes, as an alternative,
the hypothesis that recessive alleles at two separate un-
linked loci are involved, the expected proportion of
affected in F2 would be 1/16. The observed propor-
tion of affected is significantly greater than expected
under this hypothesis (x> = 28.2, P<.001).

Affected-to-affected matings.—To further examine
the hypothesis of autosomal recessive inheritance, five
matings were performed between surviving offspring
with clinically verified ventricular septal defects (grade
2 CTD). Of the 28 offspring produced, all had CTDs,
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ranging from grade 1 to grade 4. Among affected off-
spring, the proportion of severe defects (grades 3 and 4)
was greater in affected-to-affected matings (11/28
= 39.3%) than in the FIBC (12/105 = 11.4%) and F2
(1/14 = 7.1%) generations (x> = 13.6, df = 3, P<.01).

Embryologic Studies

The embryonic conotruncal septum arises as two op-
posing endocardial outgrowths from the myocardium,
the conotruncal cushions or swellings. These grow and
eventually fuse along a path that divides the primitive
single-outflow region of the ventricles (conal region)
into right and left ventricular outflow tracts. The cush-
ions divide the more distal truncal region into the roots
and semilunar valves of the aorta and pulmonary artery.
Embryologic studies in the dog, as in man (Van Mierop
et al. 1977), have shown that fusion of the conotruncal
cushions normally occurs first in the truncal region,
forming the pulmonary and aortic semilunar valves, and
proceeds proximally to form the conus septum. The
conus septum gives rise to the muscular medial wall of
the right ventricular outflow tract, the crista supraven-
tricularis. At embryonic stage 17, the aortic and pulmo-
nary valves have already formed, and the conus cush-
ions are fused in the more distal (dlownstream) part of
the conal region, leaving a large interventricular fora-
men bordered by the unfused conal cushions in the
proximal region of the conus (fig. 3). The aorta and
pulmonary artery distal to the level of the semilunar
valves are separated by the aorticopulmonary septum, a
structure derived from cells migrating from the neural
crest (Kirby et al. 1983).

In previous studies, we noted by microdissection and
scanning electron microscopy that the first morpho-
logic sign of deviation from normal cardiac develop-
ment in the CTD-line embryos was apparent at stage
15. At this stage, hypoplasia of the right ventricle, with
accompanying elongation of the conotruncus, was pres-
ent (Pexieder and Patterson 1984). At this stage, the
conotruncal cushions are just beginning to form, and
the right and left ventricular outflow tracts are as yet
undivided (Van Mierop et al. 1977). In subsequent pre-
liminary studies reported in abstract form, we analyzed
a limited number of CTD-line and control embryos by
morphometric methods (Alaili et al. 1985; Pexieder et
al. 1989b). These studies suggested that the right ven-
tricular hypoplasia seen at stage 15 and also observed at
subsequent stages in association with failure of normal
development and fusion of the conotruncal cushions
was due primarily to a deficiency of myocardium. To
confirm these preliminary observations, in the studies
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Table 3

Comparison of Tissues Composing the Entire Conotruncus
at Stage 17

MEAN + SD RELATIVE

VOLUME IN
(%)
SIGNIFICANCE
TISSUE Controls CTD Line (a)
Myocardium ............ 279 +£10.6 23.8 +17.8 .001°
Cushion tissue........... 43.1 +£18.4 40.4 £22.0 .070
Lumen............oun.e 28.9 +24.0 35.7 +29.8 .003*
2 Significantly different.

reported here we examined in detail the tissues consti-
tuting the embryonic conotruncus, by computer-as-
sisted morphometric analysis at stage 17, the stage im-
mediately prior to that when conotruncal septation is
normally completed (Van Mierop et al. 1977). The nor-
mal heart at this stage is depicted schematically in figure
3. Embryos from affected-to-affected CTD-line mat-
ings were compared to normal beagle embryos at the
same developmental stage, first with respect to the pro-
portions of the entire conotruncus comprised by myo-
cardium, cushion tissue, and lumen (table 3). When the
volumes of each tissue type integrated over the entire
conotruncus are compared, it is apparent that the
CTD-line conotruncus contains significantly less myo-
cardium, slightly less cushion tissue, and a larger lumen
than do the normal beagle embryos of the same stage.

Because these tissues vary over the length of the con-
otruncus, local variations in tissue composition in the
CTD-line and control embryos were then compared at
three levels: proximal, mid, and distal conotruncus (fig.
3 and table 4). The hypoplasia of both myocardium and
cushion tissue in the CTD line is most pronounced in
the proximal conotruncus, where the right and left
conus cushions are not fused. In the mid conotruncus,
where the conal cushions are fused in controls, the
myocardium is deficient in CTD-line embryos, but
cushion tissue in CTD-line embryos is not significantly
different from that in control embryos. In the distal
conotruncal region, proportions of myocardium are
not significantly different between CTD-line embryos
and control embryos. However, there is an increase in
the cushion tissue and a narrowed lumen in the CTD-
line embryos, consistent with the narrowed outflow
tract and subpulmonic stenosis observed in some af-
fected dogs at term. In these and previously reported
embryologic studies in the CTD line, no morphologic
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abnormalities were found in the aorticopulmonary
septum.

Discussion

The multifactorial hypothesis for the etiology of con-
genital heart disease has been attractive because it ex-
plains the lack of clear Mendelian ratios in human fami-
lies and holds the promise that cardiac malformations
might be prevented by avoiding specific environmental
triggers. However, it has been difficult to test the multi-
factorial hypothesis, because of problems inherent in
investigating the genetics of human cardiac malforma-
tions. They represent a diverse group of anatomic de-
fects, and accurate diagnostic data spanning gen-
erations of a family are usually not available.
Nonsymptomatic individuals are frequently not avail-
able for study, and minor subclinical lesions such as
those observed in the CTD-line dogs by postmortem
examination go undetected. Although modern imaging
techniques would undoubtedly detect some of the
grade 1 CTDs seen in these studies of the dog, the more
subtle anomalies would probably not be detectable, in
vivo, by any present technique. Additional difficulties
in studying the genetics of congenital heart disease in

Table 4
Local Variations in the Stage 17 Conotruncus Composition

MEAN + SD RELATIVE

VOLUME IN
(%)
SIGNIFICANCE
LEVEL AND TISSUE Controls  CTD Line (a)
Proximal conotruncus,

right and left conus

cushions (unfused):
Myocardium ........ 257+ 7.1 163+ 6.4 .008*
Cushion tissue ....... 39.7+125 82+134 .001*

Lumen .............. 345+ 16.8 55.4+194 .001*
Mid conotruncus,
conotruncal septum

(fused):
Myocardium ........ 317+ 39 275+ 9.1 .00s*
Cushion tissue ....... 586+ 6.5 61.1+11.7 127
Lumen .............. 9.7+ 41 114+ 48 .059

Distal conotruncus,
conotruncal septum

(fused):
Myocardium ........ 351+ 59 36.6+135 267
Cushion tissue ....... 45.7+£169 53.2+13.9 .024
Lumen .............. 192+ 128 101+ 81 .001*
2 Significantly different.
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human families include lack of assurance, when families
are pooled, that they have homologous developmental
defects. Since, over time, there is great environmental
variation both within and between families, it is also
difficult to assess the possible effects of nongenetic fac-
tors. Thus, while patterns of fully penetrant Mendelian
inheritance are usually not apparent, it has been diffi-
cult to determine in human families whether the genetic
component in a given type of congenital heart defect
consists of many genes, a few, or, in some cases, a single
major gene. This is an important distinction, for, if
there are single loci of major importance in the etiology
of specific malformations, and if they can be identified,
it might then be possible for the morphologic abnormal-
ities in cardiac development to be traced to the under-
lying molecular derangements.

The results of our studies indicate that a defect in a
single autosomal gene underlies the developmental ab-
normality leading to conotruncal malformations in the
CTD line of keeshond dogs. The model that best ex-
plains the observations is one in which the mutant CTD
allele is partially penetrant in heterozygotes, as indi-
cated by the lack of clinically significant defects but the
occurrence of a few subclinical anomalies of the crista
supraventricularis in the F1 generation (2 /26 = 7.7% of
animals examined postmortem). The slight excess of
affected offspring in the F1 backcross matings is also
consistent with partial penetrance in heterozygotes.
There is complete penetrance of the CTD gene in the
homozygous state, in that the observed proportions of
offspring with some degree of anatomical evidence of
abnormal conotruncal development fit those expected
for fully penetrant autosomal recessive inheritance in
the F1 backcross, F2, and affected-to-affected matings.
The degree of abnormal development differs among
homozygotes, as is most evident in the offspring of
matings between two affected individuals, where all
four grades of CTD are represented (table 2).

Both the slight penetrance of CTD in heterozygotes
and the complete penetrance but variable expression in
homozygotes can be viewed as evidence of the same
phenomenon: a single-major-gene effect on conotrun-
cal development, with superimposed additional minor
variation. The latter can, in theory, be due to either the
effects of genes at other loci, the environment, or
chance. The finding of an excess of affected offspring
in F1 backcross matings involving one CTD-line male
(987) suggests the possibility that genes at other loci
may affect the severity of the developmental abnormal-
ity. Kurnit et al. (1985, 1987) have proposed a stochas-
tic single-gene model for defects in cardiac septation, as
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well as for other congenital malformations in which
variation in penetrance/expressivity is due largely to
random (chance) effects. According to their model, de-
velopmental processes in the early embryo, such as
growth and fusion of endocardial cushions, can be
made sensitive to early perturbations that become mag-
nified as development progresses. When the genotype
at a single locus shifts an embryologic process to a point
near a critical developmental threshold, two individuals
with identical genotypes can have different phenotypes,
simply because of chance effects.

The findings in the present study differ from those
obtained in the original breeding experiments using
noninbred keeshonds in crosses to dogs of a number of
different breeds (Patterson et al. 1974). In the earlier
studies, the results were not consistent with any fully
penetrant monogenic hypothesis. By selectively in-
breeding affected animals to affected animals for over
10 generations and utilizing purebred beagles in out-
crosses, it appears that we have reduced the effects of
minor genes (genetic background) that previously ob-
scured Mendelian transmission. This is the first strong
evidence that a common type of cardiac malformation
that behaves in a non-Mendelian fashion in an outbred
population has a single-gene defect as the major deter-
minant.

Our earlier embryologic studies at the organ level
indicated that the CTD allele produces a spectrum of
conotruncal anomalies by interfering with growth and
fusion of the conotruncal cushions (Van Mierop et al.
1977, 1978). Subsequent preliminary morphometric
studies at the tissue level suggested that conotruncal
cushion hypoplasia in CTD dogs is associated with a
generalized deficiency of myocardial growth in the
conotruncal region during the normal period of cono-
truncal septation (Pexieder and Patterson 1984; Alaili
et al. 1985; Pexieder et al. 1989b). In the present, more
extensive morphometric study, we have confirmed the
presence of hypoplasia of myocardium in the proximal
and mid portions of the embryonal conotruncus, just
prior to the stage when conotruncal septation is nor-
mally completed (tables 3 and 4). Conotruncal cushion
tissue is also hypoplastic in the proximal, unfused cush-
ions, but not in the mid and distal portions of the cono-
truncus. In fact, there is an increase in the cushion tis-
sue in the distal conotruncus. Whether this is a primary
phenomenon or perhaps is related to hemodynamic ef-
fects and functional adaptations (Pexieder 1981) due to
the more proximal developmental abnormalities is not
clear. However, the increased cushion tissue and
narrowed lumen in the distal conotruncus are consis-
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tent with the narrowed right ventricular outflow tract
and pulmonic stenosis observed in CTD-line dogs with
grade 3 defects (tetralogy of Fallot and pseudotruncus
arteriosus) at term.

Thus it appears that myocardial, rather than cushion-
tissue hypoplasia, is the primary developmental abnor-
mality in the CTD-line embryos. Recent evidence indi-
cates that the embryonic myocardium has a primary
inductive role in controlling the morphogenesis of en-
docardial cushion tissue (Markwald et al. 1990; Mjaat-
vedt et al. 1991; Sinning et al. 1992). Hypoplasia of
conus cushions in the unfused regions of the conus
septum may be secondary to the myocardial defect
leading to myocardial hypoplasia.

Our findings support the hypothesis that the normal
allele at the CTD locus is important in growth of the
conotruncal myocardium during the critical phase of
conotruncal septation, but its mode of action at the
molecular level is as yet unknown. Isolation of the CTD
gene and analysis of its structure could lead to an un-
derstanding of both its function and the molecular
pathogenesis of hereditary CTDs. Relevance to congeni-
tal heart defects in humans is suggested by the reported
aggregation, in human families, of cardiac malforma-
tions similar to those in the CTD line (Pitt 1962; Fuhr-
man 1968; Real 1968; Emanuel 1970; Fraser and
Hunter 1975; Miller and Smith 1979; Takao et al. 1980;
Corone et al. 1983). A few human families with cono-
truncal malformations have been reported to have ag-
gregations of affected offspring consistent with single-
gene inheritance (Pitt 1962; Miller and Smith 1979).
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