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ABSTRACT. We examined anatomically the hearts of 198 
WKY/NCrj rats of 20 litters. There were 51 rats with 
moderate to severe thickening of the pulmonary valve and 
19 rats with a ventricular septal defect; the two lesions 
occurred together in 16 rats, in 15 of which there were 
overriding of the aorta, stenosis of the pulmonary outflow 
tract, and hypertrophy of the right ventricle, fulfilling the 
criteria for tetralogy of Fallot in man. The papillary muscle 
of the conus was absent in 65 rats. The heart was abnor- 
mally heavy in 18. We analyzed the relationship between 
cardiac hypertrophy and valvular lesions and septal defects 
in these rats plus 27 selected WKY rats with abnormally 
heavy hearts. Of the 151 rats with neither severe valvular 
lesions nor septal defects, six rats had abnormally heavy 
hearts and 67 rats had disproportionate ventricular septal 
thickening. This situation in the rats is similar to hyper- 
trophic cardiomyopathy. The occurrence of these abnor- 
malities, isolated or in association, in rats of an established 
inbred strain strongly suggests that they are etiologically 
or genetically linked, and that the rats should be a useful 
animal model for these diseases in man. (Pediatr Res 27: 
483-487,1990) 

Abbreviations 

P-valve, pulmonary valve 
VSD, ventricular septal defect 
POT, pulmonary outflow tract 
TOF, tetralogy of Fallot 
DST, disproportionate ventricular septal thickening 
RVH, right ventricular hypertrophy 
RVFW, right ventricular free wall 
LVFW, left ventricular free wall 
IVS, ventricular septum 

Stenosis of the P-valve and/or POT, VSD, overriding of the 
aorta, and RVH are well known to occur in humans with their 
full association being termed TOF (1-6). These lesions have been 
reported in animals also, i.e. TOF in Keeshond dogs (7-9), P- 
valve stenosis in beagle dogs (lo), and VSD in Long-Evans rats 

(1 1); they have been considered animal models for the human 
congenital heart diseases. 

Our report describes these cardiac anomalies that occur spon- 
taneously in rats of an inbred strain. We have already reported 
that various myocardial abnormalities similar to human HCM 
occur in the majority of these animals, e.g. cardiac hypertrophy, 
DST, muscle fiber disarrangement, myocardial fibrosis, coronary 
arterial wall thickening, and/or narrow left ventricular cavity 
(12, 13). These anomalous lesions, similar to TOF, were over- 
looked in our previous macroscopic observations. 

MATERIALS AND METHODS 

Animals. We used 225 WKY/NCrj rats: 198 rats of 20 litters 
obtained by random breeding and 27 rats with marked cardiac 
hypertrophy selected from 293 rats obtained in the process of 
selective breeding for hypertrophy on the basis of electrocardi- 
ographic findings (1  3). They were 8-40 wk old and weighed 130- 
420 g. They had been raised in an air-conditioned room free 
from specific pathogens. The results were compared with those 
of 30 wt-matched adult Wistar rats with normal hearts from 
Shimizu Jikken Zairyo Inc. (Kyoto, Japan) (12, 13). 

Methods. Under urethane anesthesia, the heart was arrested at 
end-diastole by an injection of saturated EDTA solution (0.1- 
2.0 mL) into the right atrium. The right atrium was incised to 
allow drainage of the perfusate, and the coronary arteries were 
immediately perfused with 10% formalin through the cannulated 
carotid artery under a perfusion pressure maintained at 80 mm 
Hg. The heart was weighed without the atria and then manually 
cut transversely midway between the apex and the aortic root in 
order to measure the thickness of the LVFW and IVS and the 
transverse wall area of the RVFW in the same way as in the 
previous studies (12, 13). 

After dissection of the great vessels, we observed the semilunar 
valves from the distal side and the atrioventricular valves from 
the ventricular side under a dissecting microscope. The thicken- 
ing of the P-valve was classified as: grade 0, no thickening; grade 
1, mild thickening of the cusps limited to their tips, which were 
obviously thicker than normally existing nodules; grade 2, ob- 
vious thickening of the cusp edges; grade 3, severe thickening 
over a wide area of the cusps with distortion and impaired 
apposition of the cusps with or without fusion of the commissures 
(Fig. 1). Several P-valves with grade 3 thickening were examined 
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areas. Membranous tissues that were very often present in VSD 
were excluded from the measurement. 

Data analysis. Males and females were analyzed together 
because there were no significant differences between sexes. The 
incidence of each lesion was determined in the 198 rats of 20 
litters. The relationship between various lesions was analyzed in 
225 rats, the 198 plus 27 selected rats with heavy hearts which 
were usually full of lesions. The heart wt was corrected by body 
wt raised to the power of 0.9; this correction was done to 
normalize the heart wt of rats with a wide range of body wt. The 
mean values between the WKY and Wistar rats were not com- 
pared due to F ratios of more than 5% in a vast majority of the 
pairs. An individual value in a WKY rat was judged to be 
abnormal when it was outside the mean + 2 SD of the value for 
the Wistar rats. The mean values in the multiple groups were 
compared by Duncan's multiple comparison test. The percentage 
of WKY rats with an abnormal value or a lesion was compared 
by the x' test. Correlation coeficients were expressed as a 95% 
confidence interval. 

RESULTS 

Valves. There were P-valves with grade 1 and grade 2-3 
thickening in 33 and 26%, respectively, of the nonselected 198 
WKY rats (Table 1). Dome-shaped valves were not found in any 
of the 225 rats. 66 of the 68 rats with grade 2-3 ~ - ~ ~ l ~ ~  Fig. 2. View of the right side of the heart showing the basal half with 

thickening, commissura~ fusion of the cusps was not seen or was the RVFW dissected. A,  from a normal Wistar rat. Asterisk, crista 

mild, and the basal of the cusps was not thick; in the supraventricularis. Star, septal band or trabecula septomarginalis. Arrow, 

remaining two rats, the three cusps were totally thickened with papillary muscle of the conus. B, from a WKY rat. Arrow, VSD. There 

moderate commissura~ fusion ( ~ i ~ ,  1). ~h~ tricuspid valve was are membranous tissues in the VSD, which were continuous with the 

slightly thick, usually when grade 2-3 ~ - ~ ~ l ~ ~  lesions and/or po"eri0' cusp of the aorta, aortic ring, tricuspid valve, and the VSD 

VSD were present; the thickening occurred along the edges of edge. The POT is very narrow, being surrounded by anteriorly deviated 
septal (asterisk) and parietal bands (star), and thick RVFW with marked 

Fig. 1. Distal view of the P-valve. A, from a Wistar rat; there is no 
thickening except the nodule of the cusp. B, grade 1 thickening in WKY 
rats; thickening is restricted to the tip of the cusps. C, grade 2 thickening; 
the edges of the cusps are totally thickened with no commissural fusion. 
D, grade 3 thickening; all three cusps are severely thickened, and show 
cauliflower-like deformation with their apposition impaired but with no 
commissural fusion; note that the basal portion of the cusps is not 
thickened. E, grade 3 thickening; the three cusps are all very thick with 
their basal commissures fused. The aortic valve is not thick in D and E. 
F, Histology of the P-valve of a Wistar rat. Masson-Goldner's trichrome 
staining. Scale, 100 pm for F and G. Arrow, nodule of the cusp. Small 
arrows, the outer half of the cusp membrane consists of dense collagen 
fibers (lamina fibrosa). G, from the same P-valve as in E. Dense and 
disarranged collagen fibers were distributed throughout the cusps. There 
are blood vessels (arrow head) with no infiltration of inflammatory cells. 
The endothelium is not clear. 

trabecular formation. The POT ostium is lined by fibrous nodules. The 
anterior papillary muscle is large. The papillary muscle of the conus is 
absent. C, from a WKY rat. There is a VSD with membranous tissues 
(arrow). Papillary muscles are large; chordae tendineae are well devel- 
oped; and the edges of the tricuspid leaflets are mildly thickened. The 
POT is narrow, surrounded by the hypertrophied crista supraventricularis 
and circumferentially oriented trabeculae with a lining of fibrous nodules. 
The parietal (arrow head) and septal (star) bands appear to be anteriorly 
deviated, but do not constitute the POT ostium. D, There is a large VSD 
(arrow). The POT is narrow. The RVFW is thick due to the development 
of longitudinal trabeculae. The papillary muscle of the conus is absent; 
instead, there is a large papillary muscle originating from the conal 
RVFW, participating in narrowing of the POT instead of the parietal 
band. The septal band (star) is not anteriorly deviated. E, VSD is 
obstructed by dense membranous tissues (large arrow). POT narrowing 
is not severe, although the parietal band (white arrow) show slight anterior 
deviation, the RVFW is thick, and a large papillary muscle of the RVFW 
(small arrows) is present. F, VSD was closed by the posterior cusp of the 
aortic valve, which adhered to the membranous septum; the anterior 
tricuspid leaflet was continuous with them through a large chordal 
structure. The conal RVFW is slightly thick, but POT narrowing is not 
obvious. 

the leaflets and at the points of attachment of the chordae 
tendineae (Fig. 2). Histologic study of the thickened valves 
showed dense and disarranged collagen fibers with increased 
vasculature, but no inflammatory cells (Fig. 1 F). The aortic and/ 
or mitral valves were mildly thickened in several rats with VSD. 

VSD. VSD of various sizes was present in 10% of the nonse- 
lected 198 rats (Table 1). In the entire series of 225 rats, all the 
VSD were accompanied by grade 1-3 P-valve thickening; the 
higher the grade, the more frequent was the association (Table 
2). The right-sided orifice of the VSD was always located between 
the crista supraventricularis and the tricuspid ring (Fig. 2B-D), 
and the left-side orifice was immediately beneath the aortic valve, 
with the lumen most visible from the sinus of Valsalva when the 
posterior and right cusps were dissected (Fig. 3B). Longitudinal 
sectioning of the heart clearly indicated that the luminal axis was 
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Table 1 .  Incidence of various abnormalities in 198 nonselected POT, making the ostium very narrow (Fig. 2B), or the parietal 
WKY rats* band was inserted into the POT. Severe narrowing of POT was 

WKY Wistar always accompanied by very thick conal RVFW with circumfer- 

(n = 198) (n = 30) ential or longitudinal trabeculations (Fig. 2 C and D); the trabe- 
culae sometimes traversed the middle of the POT ostium. In 

P-valve thickening addition, small fibrous nodules frequently lined the perimeter of 
grade I (33%) (0%) the narrow POT ostia (Fig. 2 B-D). The infundibulum between 
grade 2 (14%) (0%) the constricted POT ostia and the P-valves was not narrow and 
grade 3 (12%) (0%) there was no thickening ofthe RVFW, producing an infundibular 

VSD [l-solt (10%) (0%) chamber (3). The size of the POT ostia showed significant 
POT (x lo3 flm2) 100 c 39 (59%) 185 + 35 negative correlations with the RVFW area (-0.67 < r < -0.50) 
Absence of papillary (33%) (0%) and with the IVS/LVFW (-0.45 < r < -0.22). 

muscle of conus Right ventricularpapillary muscles. In the hearts with tricuspid 
Papillary muscle of (62%) (0%) valve thickening, the anterior and posterior papillary muscles 

RVFW were noticeably enlarged and the attached chordae were well 
Heart wt (mg) 8.09 t 1.42 (9%) 8.26 + 0.62 developed (Fig. 2). The papillary muscle of the conus, which is 
IVS/LVFW 1.12 + 0.1 l (53%) 0.95 +- 0.06 always present in Wistar rats, was absent in 33% of the 20 litters 
Transverse area of 0.41 + 0. I0 (40%) 0.34 + 0.03 of WKY rats (Fig. 2; Table 1). When this papillary muscle was 

RVFW (mm') absent, there were usually papillary muscles which originated 
* Data in WKY rats were obtained from 20 litters. Values, mean + from the RVFW or the large trabeculae in the POT, sometimes 

SD. The area values and heart wt were corrected by body wt (g) raised participating in the POT narrowing (Fig. 2 D and E). These two 
to the power of 213 and 0.9, respectively. papillary muscles were both present in 71 rats, but both were 

t Brackets, range of lumen area ( x  103 pm?); 7 VSD smaller than 1 absent in 9 of the total series of 225 WKY rats. In the latter 
were considered to be closed. cases, the anterior tricuspid leaflet was always continuous with 

the aortic ring and/or with the aortic cusps directly (Fig. 2F) or 
directed toward the aorta with the aortic cusps making the roof through the membranous tissue in the VSD lumen (Figs. 2B and 
of the VSD (Fig. 30).  The IVS was deviated to the left due to C; 30). Abnormality of the ~ a ~ i l l a ~  muscles also was Preva- 
the opening of the VSD to the sinus and was overriden by the lently associated with VSD and severe P-valve lesions (Table 2). 
aorta. Membranous tissues or small fibrous nodules were fre- Cardiac hypertrophy. Abnormally heavy hearts with 
quently plastered along the edge of the VSD, with the former (IVS/LVFW > 1 and RVH occurred in the 198 non-selected 
usually being continuous with the tricuspid valve, membranous rats with a similar incidence and magnitude as in our previous 
septum, aortic ring, and posterior and right aortic cusps (Figs. 2, study (1 3) (Table 1). These three abnormalities were more Prev- 
B and C;  and 30).  Ventricular aneurysms (Fig. 2E) were present alent and marked when severe P-valve lesions and VSD were 
in 12 of the 198 rats. In addition, in 10 of the 198 rats, muscular Present (Table 2). However, in the total series of 225 rats, six of 
defects were closed by the posterior and right aortic cusps, which the 45 rats with abnormally heavy hearts and 67 of the 124 rats 
adhered to the membranous septum and were continuous with with DST did not have either VSD or grade 2-3 P-valve lesions 
the tricuspid valve through the chordae tendineae (Fig. 2F). (Table 2). In these six rats, ventricular aneurysms were present 

POT. The POT was abnormally narrow in 59% of the 198 in two and muscular defects were closed by aortic cusps adherent 
WKY rats compared with the Wistar rats (Table 1). The narrow- to the membranous septum in one. 
ing was especially severe when VSD and/or grade 3 P-valve 
lesions were present; however, it was also present in more than DISCUSSION 
half of the rats with neither of the two lesions (Table 2). In the 
hearts with POT narrowing, the crista supraventricularis was Various anomalous cardiac lesions, isolated or in association, 
deviated more or less anteriorly (Fig. 2); sometimes the crista occurred spontaneously in an inbred strain of rats. Because 30 
and well-developed parietal and septa1 bands surrounded the of the 36 rats with VSD also had moderate to severe P-valve 

Table 2. Relations between various abnormalities in 225 rats* 

Lesion 
Rats (n)" [225] 

VSD [361 
POT [ 1381 

Heart wt [45 1 

RVFW area [lo51 

Absence of papillary muscle of [851 
conus 

Presence of papillary muscle of [I511 
RVFW 

grade 0 
[8 11 

P-valve 
grade 1 

[701 

(6) 8 t  
(38) 54 
103 + 31 
(5) 7 

7.82 & 0.91 
(33) 47 
1.09 + 0.09 
(23) 33 
0.38 & 0.04 
(17) 24 

P-valve 
grade 2 

[221 

(10) 311-4 
(12) 55 
109 + 39 
(2) 9 

8.57 + 0.80t 
(1 1) 50 
1.14 + 0.06 
(12) 551 
0.44 + 0.07t 
(16) 731-1 

P-valve 
grade 3 

[I61 

(20) 56t 
(1 1) 69 

79 + 42 
(4) 251- 

8.75 + 0.87t 
(1 1) 69 
1.16 f 0.14 
(1 1) 69t 
0.49 k 0.091- 
(1 I) 69t 

VSD 
[361 

* Brackets, number of rats with lesions or abnormal values. Parentheses, number of rats with both lesion on top and abnormality on left. u, 
number of rats with P-valve lesions do not include number of rats with VSD. Total of numbers in parentheses in a line equal number in bracket on 
left. %. percentage of the number of rats in parentheses when rats have lesion on top: e.g. b, 0% = [0/(81 + O)] X 100; c, 54% = (44181) X 100. 5,  
mean f SD concerning item on left when rats have lesion on top. 

t 11 < 0.05, for comparison with value in grade 0 P-valve lesion. 
8 11 < 0.05. for comparison with value in left column only. 
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Fig. 3. A, from a normal Wistar rat, with the aortic valve dissected. 
P, A, M, and T ;  pulmonary, aortic, mitral, and tricuspid rings; arrows, 
left ventricular outflow tract; arrow head, right coronary artery. B, from 
a WKY rat. A VSD (arrow head) is visible through the sinus of Valsalva 
mainly beneath the dissected posterior aortic cusp. The IVS is deviated 
toward the left ventricle due to the presence of the VSD and is overridden 
by the aorta. The P-valve shows grade 2 thickening. C, longitudinal 
sectioning of a Wistar rat heart in a plane containing membranous 
septum and left ventricular outflow tract. Asterisk, IVS. Arrows, right 
and left cusps of the aortic valve. Arrow head, the IVS is continuous with 
the aortic ring through the membranous septum to which the tricuspid 
valve is attached. D, Longitudinal sectioning of a WKY heart in the 
same plane as in C. The continuity between the IVS and aortic ring is 
disturbed by the presence of a VSD (arrow head). The axis of the VSD 
is oriented toward the aorta, being roofed by the right and posterior cusps 
(dissected) of the aortic valve and by membranous tissue (arrows) be- 
tween the cusps and the IVS. The tricuspid valve was continuous with 
the aortic ring, the aortic cusps, and the membranous tissue. There was 
no adhesion between the membranous tissue and aortic cusps. 

thickening, POT narrowing, overriding of the aorta, and RVH, 
the 30 rats could be diagnosed as having TOF. The way in which 
the cardiac malformations are manifested in the rats seems 
similar to that in the Keeshond dogs (7-9). A wide spectrum of 
these lesions, except for narrowing of the POT, occurs within a 
single litter in the dog also, strongly suggesting that both animals 
are genetically predisposed to the development of the lesions. 
Familial studies in humans also have indicated that P-valve 
stenosis, VSD, and TOF occur significantly more frequently in 
families than in the general population (14, 15). 

In our study, there was no typical dome-shaped P-valve ste- 
nosis that occurs often in man (1, 6); most of the P-valve lesions 
in the rats were similar to the type termed "pulmonary valvular 
dysplasia," which is characterized by three distinct cusps with 
thickening, but with no commissural fusion (16). The extensive 
studies on beagles and Keeshond dogs (7- 10) demonstrated that 
both the dome-shaped stenosis and the valvular dysplasia oc- 
curred in dogs of the same litters, suggesting that the two types 
are not separate etiologic entities. The histologic appearance of 
the valves, with no inflammatory cells, was not consistent with 
bacterial or nonbacterial endocarditis (17). Neovascularization 
in dysplastic P-valves has been demonstrated in beagles (10) and 
in humans (16) also. It has also been noted that tricuspid valvular 
thickening is often associated with P-valve stenosis in man (1) 
and Keeshond dogs (8), possibly as a reaction to the excessive 
physical stresses placed on the valve apparatus (1). 

The VSD in WKY rats correspond to membranous defects in 
Long-Evans rats ( I  I),  membranous (2) or perimembranous (4) 
defects in humans, and defects of the conotruncal septum in 
Keeshond dogs (7-9) depending on their location. The VSD 
always opened into the sinus of Valsalva through the cusps, with 
the axis of the lumen always oriented towards the sinus; this 

indicates that the size of the VSD conditions the degree of 
leftward deviation of the IVS and the overriding of the aorta. 
The growth of membranous tissue in the VSD, which may have 
been derived either from the tricuspid valve or from the remnants 
of the membranous septum (4), may be responsible for sponta- 
neous closure of the defects (4, 7), together with the adhesion of 
the aortic cusps to the membranous septum. 

POT narrowing is due partly to the anterior deviation of the 
crista supraventricularis with varying participation of the septal 
and parietal bands, and partly to the thickening of the outflow 
RVFW with marked trabecular formation. The POT were al- 
ready more or less narrow in many of the WKY fetuses, partic- 
ularly when VSD and/or P-valve lesions were present (Kuribay- 
ashi T, Shimoo K, Nakamura T, Hamaoka K, Nakagawa M, 
Ibata Y, Mizuta T, Komeda T, Nagaoka A, unpublished data). 
The drastic hemodynamic changes after birth will initiate a 
vicious circle; the narrowed POT, P-valve stenosis, and/or left to 
right shunting through the VSD will synergistically enhance the 
pressure overload on the right ventricle, which in turn may lead 
to further thickening of the outflow RVFW with various re- 
sponses of the septal and parietal bands, promoting further 
constriction of the POT. The association of POT narrowing with 
P-valve stenosis (1) and hypertrophic cardiomyopathy (18) in 
humans has been attributed to RVH and DST, respectively. 

The absence of papillary muscle of the conus is another feature 
in WKY rats as well as in Keeshond dogs (7-9). This occurred 
more frequently in the presence of P-valve lesions and VSD in 
both rats and dogs. A new finding in the rats was the presence of 
papillary muscles originating from the RVFW. The anterior 
tricuspid leaflet was continuous with either of the above two 
papillary muscles or aortic ring through the VSD lumen. It seems 
as though the anterior tricuspid leaflet requires some support for 
the anteriorly directed mechanical stress. 

The abnormal wt of the heart, DST, and RVH in WKY rats 
became severe when VSD and/or P-valve stenosis was present, 
probably due to their hemodynamic effects. The prevalent asso- 
ciation of DST and myocardial disarray with P-valve stenosis 
( 19-2 l), pulmonary hypertension (1 8), and TOF (2 1, 22) has 
been reported in humans also. It should be emphasized, however, 
that a considerable number of rats showed abnormally heavy 
hearts and DST in the absence of severe P-valve thickening and 
VSD. This is a situation not incompatible with hypertrophic 
cardiomyopathy, although other factors such as pulmonary hy- 
pertension remain to be excluded by hemodynamic studies. 

The incidence of abnormally heavy hearts in the present 20 
litters, as well as in the adult rats of 30 litters in the previous 
study (8.3%) (2), was significantly lower than in the neonates 2- 
4 d after birth (49.4%) (Kuribayashi T, Shimoo K, Nakamura 
T, Hamaoka K, Nakagawa M, Ibata Y, Mizuta T, Komeda T, 
Nagaoka A, unpublished data). This lower incidence is not 
considered to be related to their mortality because the litter size 
in the 20 and 30 litters (9.9 f 1.6, 10 f 1.713) did not differ from 
that in the neonatal groups (9.9 + 1.7), suggesting that much of 
the abnormal heaviness of the neonatal heart regresses with age. 
This regression seems to occur particularly when there is no 
VSD, and may be related to the postnatal closure of VSD. The 
higher incidence of cardiac hypertrophy in the neonates may be 
due to the fact that they were offspring of pairs selectively bred 
for hypertrophy. However, rats obtained from selective breeding 
over five generations with a litter size and incidence of VSD and 
P-valve lesions similar to those of the rats in this study did not 
have a higher incidence of hypertrophy when examined after 8 
wk of age (Shimoo K, unpublished data); this ineffective selection 
may be reasonable considering that WKY/NCrj is an established 
inbred strain in which genes are presumed to be identical and 
present in homozygous form. 

The WKY strain of rats is being used widely as a normotensive 
control in studies of spontaneously hypertensive rats (23). Pfeffer 
et al. (24) first described a subset of WKY rats with naturally 
occurring biventricular hypertrophy associated with left to right 
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shunting, and they proposed it as an animal model of volume- 
load cardiac hypertrophy. Our study suggests that the shunting 
occurs through VSD, and it adds new possibilities for the WKY 
rat as an animal model of congenital cardiac malformations. 
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