
00 3 1-3998/90/ 2805-0429$02.00/0
PEDIATRIC RESEARCH
Copyright © 1990 International Pediatric Research Foundation, Inc.

Vol. 28, No.5. 1990
Printed in U.S.A .

Tetralogy of Fallot, Cardiac Hypertrophy,
Pulmonary Hypertension, and Anomalies
of Great Vessels in Fetuses and Neonates

ofWKYjNCrj Rats

TOSHI RO KURIBAYASH I, KAZUTOS HI SHIMOO, TAKASHI NAKAMURA, KENZI HAMAOKA,
MASAO NAKAGAWA, YASU HIKO IBATA, TADAS HI MIZUTA , TOMOH IKO KOM EDA, AND

AK INOBU NAGAOKA

Department ofAnatomy [T Ku, Y I.}. Department ofMedicine [K.s., TN., M.N.], Children 's Research Hospital
[K.H. ] , Kyoto Prefectural University ofMedicine, Kyoto, Meiji Institute of Health Science, Odawara [TM.j,

and Central Research Division, Takeda Chem ical Industries, Ltd., Osaka [T Ko., A.N.], Japan

Received April 24. 1989: accepted June 13. 1990.
Correspondence and repri nt requ ests: Toshiro Ku ribayashi, MD.• Second De

pa rtment of Ana tomy. Kyoto Prefectural Un iversity of Medic ine. Kaw aram achi
Hirokoj i, Ka mikyo-ku, Kyoto 602. Japan .

Support ed in part by Grant no. 028 07096 from the Ministry of Ed ucation,
Science, and Culture of Japan .

MATERIALS AND MET HODS

We have previo usly noted that TOF, P-valve dysplasia, VSD,
and cardiac hypertrophy occur spontan eously in WKY / NCrj
rat s ( I). In our study, we examined the morphologic features of
the cardio vascular system in fetuses and neonates, Our serial
stud y takes advantage of this animal model.

What att racted our atten tion at th e start of this study was th e
findi ng tha t the MLB of the ventricular wall was not smoothly
continuous between the IVS and the LVFW and between the
RVFW and the LVFW (2). In the normal heart , the MLB is
smoothly continuous among these structures, constituting cir
cumferential un its that surround the left ventricle, and the left
an d right ventricles together (3, 4), T he cont inuiti es were dis
turbed by tissue clefts, ab norma l fiber arrangeme nts , and/or
myocardial fibrosis in WKY rats. The less the con tinuity, the
greater the cardiac hypert roph y, suggesting that the disco ntinui
ties crea ted an inabi lity to efficientl y generate pressure in the two
vent ricles and allow development of cardiac hypert rophy in
WK Y rats. Therefore, we paid particular attention to the process
by which the discontinuity developed .

We exami ned 159 fetuses and 110 neonates bred from eight
ma le and 15 female WKY /NCrj rats that had been obtained in
the process of selective breedi ng for a strai n with marked cardiac
hypertrophy on the basis of the electrocardiographic findings
reported previously (2). Fetuses of two to eight litters each were
sampled on d 17, 19, and 21 of gestation (GI7, G 19, G2 l) , on
th e day of birth (AD), and on d 2 and 4 after birth (A2 and A4).
Th e day after the ident ification of sperm in the vagina l smear
was considered as the 1st d of gestation; birth usually occurred
22 d later. T hese WKY rats were compared with stage-matched
Wistar rats of one to two litters from Shimizu Jikken Zairyo,
Inc. (Kyoto, Japan).

Isolation ofheart and great vessels. With the moth er rats under
urethane anesthesia, fetuses were removed and immersed in 10%
formalin ma intained at 18- 20°C with the placenta and umbilical
cord kept intact to prevent bleeding from the cord and inflation
of the lung, which could affect the size of the heart and vessels.
Th e G2 1 fetuses and postnatal rats, the latter being anesthetized
with ether, were immersed in form alin after wide incision of the
diaphragm and thorax to fix the fetal ductus arteri osus before its
physiologic constriction and to prevent postmortem degenera
tion of organ tissues. After fixation of the whole bod y for several
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Abbreviations

ABSTRACT. We examined anatomically the hearts, lungs,
and great vessels of 269 WKY/NCrj rats at three fetal and
thr ee neonatal stages. Severe pulmonary valve thickening
was present in 16 and ventricular septa l defects with over
riding of the aort a in 15 of the 90 near-term fetuses and in
10 and nine, respectively, of the 79 neonates at 2-4 d of
age. These abnormalities occurred together (tetralogy of
Fallot) in seven of the near-term fetuses and in five of the
neonates. A narrow pulmonary outflow tract was present
in 55% of the fetuses and in 56% of the neonates. Th e wall
of the pulmonary arterial branch was abnormally thick in
19% of the fetuses and in 26% of the neonate s, most of
which did not have septal defects. In about 80% of the
fetuses, the middle latitudinal muscle bundle of th e ven
tricul ar septum was not continuous with the left ventricular
free wall, but rather with the right; after birth, it was
discontinuous with both free walls. The heart was abnor
mally heavy in 49% of the 79 neonates. In about half of
the heavy hearts, th ere were no septal defects or pulmonary
valvular and arterial lesions. There were double aortic
arch es in four and right aortic arches in six of the total
WKY fetuses and neonat es; the ductus arteriosus was
abnormally small in 47% and th e aorta was large in 51%
of the near-term fetuses. Thi s constellation of congenital
heart disease is genetic in origin, but altered by hemody
namics late in fetal life. (Pediatr Res 28: 429-436, 1990)

RVFW, right ventricular free wall
IVS, ventricular septum
LVFW , left ventricular free wall
M LB, middle latitudinal muscle bundle
G, days of gestation
A, days aft er birth
TO F, tetralogy of Fallot
P-valve, pulmonary valve
VSD, ventricular septa l defect
POT, pulmonary outflow tract
PA, pulmonar y artery
WT/ LR, wall thickness/lumen radiu s ratio
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days, it was weighed, and the heart was removed togeth er with
th e grea t vessels (Fig. I).

Great vessels and foramen ovale. We measured th e major (a)
an d minor (b) diameters of the foramen ovale at th eir grea test
from th e right side of the heart , using an eye-piece micrometer
under x 66 magnificat ion to calculate th e area of the foramen as
7l"ab/4. The cross-sectio na l lumen area of th e aorta, du ctu s, and
PA were also determined from th eir major and minor diameters,
the former two at the level of th eir j unction, where the ir lumen
size was sma llest (Figs. I and 2).

Heart weight and ventricular wall thickness. The ventricles
were cut transversely with a razo r midway between the apex and
th e ao rt ic root (Fig. 3) and were th en weighed. We measured the
greatest thickness of th e IVS, th e LVFW between th e anterior
and posterior papillary mu scles, and the RVFW in th e middle
region without trabeculae. G 17-1 9 fetuses were not available for
the measurement of the RVFW becau se the internal margin of
th e RVFW was unclear due to th e development of coarse trabe
cul ae.

Architecture ofMLB. The cut surface of the ventricular walls,
under a dissecting microscope , showed th at the MLB of th e IVS

Fig. I . Left viewof the heart and great vessels. A, from a G19 Wistar
fetus.Arrow,ductus arteriosus; arrowhead, left PA. B, from a G19 WKY
fetus with TOF. The ductus arteriosus is obviously smaller than the aorta
at the level of their junction in B and larger in A . Asterisks, left superior
vena cava. C, from an A2 WKY neonate. The ductus isclosed, producing
a ligamentum arteriosum. D, from an A2 WKY neonate with TOF. The
pulmonary trunk and PA are large, and the ligamentum is short. Scale
hal' in panel B, I mm.

Fig. 2. Cross-section of the aorta (A) and the ductus arteriosus (B)
just proximal to their junction. Upper, the same as in A of Figure I '
lower, the same as in B of Figure I . Scale bar, 0.5 mm.

was convex toward the right and co ntinuo us with th e LVFW in
the Wistar rats , whereas in man y of the WKY fetuses and AD
neon ates it was straight or convex toward th e left and continuo us
with th e RVFW or terminated in th e subendocardium between
th e RVFW and th e LVFW. Furtherm ore, many A2- 4 WKY
hearts showe d a clear discontinuity of th e septal MLB with both
th e LVFW and RVFW du e to mar ked tissue clefts (Fig. 3). We
assessed thi s abnormal situa tion semiquantitatively. The convex
ity of th e septal MLB was graded from - 2 (most to the left) to
+2 (most to the right ); th e continuity of the septal MLB with th e
R VFW and LVFW , each in the anterior and posterior junction s,
was also graded from -2 (strong continuity with th e RVFW) to
+ 2 (strong continuity with th e LVFW). Thus, the total score
ranged from -6 to +6.

Valves. We examined th e semilunar and atrioventricul ar
valves in the same way as in th e previous study (1) and com pared
th em with those of Wistar ra ts at the same stage. We assessed
qu alitatively the thickness and shape of the cusps; thi ckening
with distortion of the three cusps was considered to be severe
(Fig. 4). Tissue sections of several th ickened P-valves of th e G21
WKY fetuses were examined histologically after being stained
with hematoxylin-eosin and Masson-Goldner's trichrome.

VSD and POT. The RVFW was dissected so th at VSD, POT,
cona l septum , and papill ary muscles could be examined (Fig. 5).
We determined the area of POT and VSD ostia from their major
and minor diameters on the right side. The RVFW thickness
was measured at th e level of th e POT also; thi s was possible in
th e G 17-1 9 fetu ses, becau se th e trabeculae were dense and
smoothly lined th ere.

Pn-branch. Forty-two G21 WKY fetuses (four litters) and 42
A2 WKY neonates (four litters) were avai lable. Specim ens were
dissected out from th e middle 113 between th e hilus and th e m ost
distant cauda l edge of th e left lung, which consists of one long
lobe in rats. Tissue sectio ns were made perp endicul ar to th e
hilus-edge axis of th e lobe for stai ning with Masson-Goldner's
trich rome. Selecting the largest artery in one section, we meas-

Fig. 3. Midventricular transverse view of the heart. A , B, and C, from
Wistar rats at G21 , AD, and A4. D, E, and F, from WKY rats at the
same stage as A, B, and C. The anterior surface of the heart is on the top.
The heart in D was accompanied by a small ductus but neither YSD nor
severe P-valve dysplasia; that in E and F, by TOF. In A, B, and C, the
IYS as a whole is convex toward the right ventricular side and smoothly
continuous with the LYFW. In D and E, the IYS as a whole is not
convex toward the right, and latitudinal fiber bundles of the IYS are
continuous with the RYFW or terminate in the subendocardium; in F,
the continuity of the MLB of the IYSwith that of the LYFW and RYFW
seemsto bedisturbed by tissue clefts. The gradeofcontinuity was assessed
to be 3, 3, and 5 in A, B, and C and - 3, -3, and D in D, E, and F,
respectively. Left scale for A and D, middle scale for Band E, and right
scale for C and F all represent 2 mm.
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Fig. 4. A , P-valve from a G2 1 Wistar fetus. Band C, P-valves from
G21 WKY fetuses. The cusps are thick and distorted and their appo sition
seems to be impaired in both panel s. They were fused and dome-shaped
in C. D and E, histology of the P-valve in A and C. Cellular component s
are densely distributed with sparse collagen fibers in both panels . In E,
there is a vessel (as terisk) with no infiltrat ion of inflammatory cells, and
the endothelium (lower edge) is obscure. Scale, 50 I'm for D and E.

Fig. 5. A , the heart from a G2 1 Wistar fetus as viewed from right
ventri cular side with the RVFW dissected. Asterisk, crista supraventri
cularis. Th e septal band is not clear. B, from a G2I WKY fetus with
VSD (arrow). Aortic cusps are visible through the VSD. Parietal band
(asterisks is well developed and anteriorly deviated , making the POT
ostium narrow. The RVFW is not thick. C, from a G2 1 WKY fetus with
no VSD but with a P-valve lesion and a small duct us arteriosus. The
parietal iasterisk ) and the septal (star; bands are well developed and
anteriorly deviated, and the RVFW is thick, mak ing the POT narrow.
D, from an A2 Wistar neonate. As terisk , crista supraventric ularis. The
septal band is not clear. E, an A2 WKY neonate with a large VSD
(arrow). The RVFW is very thick. Th e parietal ban d (asterisk ) is deviat ed
anteriorly and inserted into the almost obliterated POT; the septal band
(sm all arrows) is anteriorly deviated but does not face the POT ostium.
F, from an A2 WKY neonate. Arrow, ventricular aneurysm. A parietal
band tasteriski is present , but the RVFW is not thick and the POT is
not narrow. The edges of the tricuspid leaflets are slightly thickened.

ured the major and minor lumen diameters and the thickness of
the media of the arterial wall at two sites where the media was
most clearly discernib le to calculate the WT/ LR. The WT/ LR
was quite similar in serial tissue sections from the same specimen .
It was difficult to measure accurately the thickness of the media
of smaller arteries with an eye-piece micro meter when there was
no wall thickening, particularly in the fetuses.

Statistical analysis. The difference in mean values, abnormal
ity of an individual value, percentage of abnormalities, and
correlation coefficients were estimated in the same way as in the
previous study ( I).

RESULTS

Mortality. In the WKY rats, the mean litter size before birth
(11.4 ± 1.3) was significantly greater (p < 0.05) than that after
birth (9.9 ± 1.7), whereas there was little or no difference in the
Wistar rats. This suggests that a substantial number ofWKY rats
die soon after birth , although dead rats could not be ident ified,
probably because the mothers ate them. Int rauterine death was
not rare in the WKY.

Valves. Severe thickening of the P-valve with distortion and
impaired apposi tion of the three cusps, which may correspond
to grade 3 thickening in adult WKY rats ( I), occurred in 7-27%
of the G 19- A4 WKY fetuses and neonates (Table I, Fig. 4).
Obvious fusion of the cusps was very rare. The P-valve seemed
to be more or less thickened with no distortion of the three cusps
in many of the others. The tricuspid valve was slightly thickened
at the edge and at the junctional area with chordae tendineae,
usually when a severe P-valve lesion and/or a VSD was present.
Severe thicke ning was very rare. The histology of the thickened
valve in the WKY fetus did not differ essentially from that in
the Wistar fetus except for increased vasculature (Fig. 4D and
E) . The aortic and mitra l valves were normal.

VSD. Membranous type VSD (excluding pinhole defects) of
varying size were present in 52 and 18% of the WKY fetuses at
G 17 and G21 , respectively, and in 10-29 % of the AO-A4 neo
nates (Table 1). In the Wistar rat, a pinhole defect was observed
in the same region in two of 16 rats at G 17, but never thereafter.
The aortic valve was clearly visible from the right ventricle on
the opposite side through the lumen when the VSD was large
(Fig. 5B), indicating overriding of the aorta (1, 6). There were
no membranous tissues in VSD before birth, but they were
common after birth. A ventricular aneurysm (Fig. 5F ) was
present in eight of 79 A2-4 WKY rats. Severe P-valve lesions
were present in about 40% of G21 and A2-4 rats with VSD
(Table 2), and mild thickening existed in most of the other rats
with VSD.

POT. The POT were abnormally narrow in 7-8% of the WK Y
rats at G17-19 and in 55-60% at G21-A4 when com pared with
those of the Wistar rats at the same stages (Ta ble 1), particularly
when VSD and/or severe P-valve lesions were present in the
fetuses and when VSD were present in the neonates. However ,
the POT were narrow in many fetuses and neonates with neither
of the two lesions (Table 2). In the fetuses with narrow POT, the
crista supraventicularis and well-developed parietal and septal
bands were deviated anteriorly, with either a thickened or norm al
RVFW (Fig. 5B and C). In the neonates, the parietal band
sometimes inserted into the obliterated POT (Fig. 5E) , or hyper
trophied parietal and septal bands surrounded the ostium. Severe
narrowing of the POT after birth was always accompanied by a
very thick RVFW as in the adul t rats; the conal RVFW was
abnormally thick in 25% at G21 and 77- 75% at A2-4 (Table
I). The size of the POT correlated significantly with that of the
VSD at G 17-19 and at A2-4, and with the conal RVFW
thickness at G21 and A2-4 (Table 3).

PA-branch. The mean WT/ LR ratio of the PA-branch de
creased markedly after birth in both strains (Table 1). In some
WKY fetuses and neonates, the wall media was very thick due
to proliferation of smooth muscle cells (Fig. 6). The WT/ LR
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Table I. Quantitati ve and qualitative data of heart and arteries in Wistar and WKY rats"

Stage

G17 G I9 G21 AO A2 A4

nt
Wistar 16 [1] 24 [2] 28 [2] 26 [2] 23 [2] 27 [2]
WKY 25 [2] 44 [4] 90 [8] 3 1 [3] 49 [5] 30 [3]

Body wt (g)
Wistar 1.00 ± 0.06 3. 15 ± 0.17 5.16 ± 0.52 6.93 ± 0.54 8.36 ± 0.59 10.70 ± 0.90
WKY 1.20 ± 0.1 2 2.90 ± 0.35 4.8 1 ± 0.43 5.3 5 ± 0.56 7.08 ± 0.97 8.65 ± 1.5 1

Pvvalvef NM 7% (26 %) 17% (30%) 27 % (50%) 13% (43%) 10% (34%)
VSD (X IO·1 52% 39 % 18%11 29% 10% 17%

(5- 102) (2- 59) (5- 102) (4- 47) (7- 74) (3- 6 1)
PO T (x 1

Wistar 169 ± 22 152±. 25 144 ± 21 133 ± 30 225 ± 3911 229 ± 42
WK Y 149 ± 23 131 ± 32 93 ± 3111 95 ± 54 132 ± 45 135 ± 43

12% 20 % 55 %11 52 % 53% 60 %
Thickne ss of conal R VFW (urn)

Wistar 290 ± 30 386 ± 36 541 ± 32 510 ± 86 333 ± 4511 340 ± 42
WKY 292 ± 54 377 ± 42 556 ± 49 5 18 ± 95 495 ± 78 483 ± 94

8% 7% 25% 3% 77 %11 75%
WT/ LR of PA-branch**

Wistar N M N M 0.21 ± 0.0 2 N M 0. 13 ± 0.0211 NM
WKY N M N M 0.23 ± 0.06 N M 0.15 ± 0.0411 NM

19% 26%
Continu ity of M LB

W istar NM 1.8 ± 0.8 1.5 ± 0.7 1.9 ± 0.9 5.1 ± 0.611 5.0 ± 0.7
WKY N M 0.2 ± 0.9 -0.8 ± 1.4 -0.5 ± 1.0 1.7 ± 1.311 I.S ± 1.2

< 0, 80% <0,81 % <0, 81 % < 2,75% <2, 80 %
Heart wt/ body wt (rng/g)

Wistar 5.17 ± 0.25 4.97 ± 0.32 5.24 ± 0.39 5.32 ± 0.43 5.78 ± 0.2211 5.42 ± 0.3711
WKY 4.60 ± 0.4 3 4.61 ± 0.54 5.09 ± 0.53 5.15 ± 1.11 6.38 ± 0.8911 6.58 ± 1.29

0% 5% 8% 19% 48%* 53%
IVS/LVFW

W istar 1.68 ± 0. 10 1.44 ± 0. 1011 1.37±0. 12 1.32 ± 0.1411 1.07 ± 0.0911 0.99 ± 0.07
WKY 1.60 ± 0. 16 1.63 ± 0.17 1.6 1 ± 0.17 1.67 ± 0.24 1.27 ± 0.1811 1.20 ± 0.21

0% 55 % 44 % 68% 53% 53%
RVFW/LVFW

Wistar NM NM 0.90 ± 0.10 0.84±0.17 0.4 3 ± 0.05 11 0.35 ± 0.05 11
WK Y N M NM 1.00± 0. 10 1.06 ± 0.19 0.69 ± 0.12 11 0.65 ± 0.20

20 % 30% 87% 90%
Ductus (x

Wistar 71 ± 8 48 ± 511 41 ±411 AC AC AC
WKY 60 ± 13 41 ± 811 33 ± 711 AC AC AC

40 % 38% 47%
Aorta (x 1

Wista r 48 ± 6 30 ± 411 23 ± 311 29 ± 31i 28 ± 3 29 ± 2
WKY 56 ± 19 38 ± 1211 35 ± 13 34 ± 16 30 ± 5 29 ± 5

36% 38% 51 % 30 %11 15% 17%
PA (X !O'

Wista r 29 ± 4 31 ± 3 30 ± 3 46 ± 511 53 ± 4 11 56 ± 4
W KY 25 ± 5 26 ± 4 27 ± 3 44 ± 1111 58 ± 911 64 ± 9

Foramen ovale (X 10'
Wistar 287 ± 41 ISO ± 3811 69 ± 2211 20 ± 1911 AC AC
WKY 243 ± 31 155 ± 27 11 70 ± 2511 33 ± 1411 ACH ACH

* Valu es a rc mean ± SD . Percentages refer to percentage of rats with an abnormal findi ng. All area values were corrected by body wt (g) raised to
the powe r of 211. Abbreviati on s: NM , not measured or not clear ; AC, almost co mpletely closed.

t Squ are brackets, nu mber of litt ers.
t Perc entage of WKY rats with severe th icken ing (m ild thi ckening in parentheses).
§ Percentage of WK Y rats with VSD and ran ge of size in parentheses.
II P < 0.05; significa nt ly different from the value in the preceding stage .
11 P < 0.0 I; significantly different from th e value in the preceding stage .
** Number of G21 and A2 WKY rats tested for WT/ LR rati o of PA-bran ch was 42 (four litt ers).
tt Number of G21 W KY rats tested for the PA and for the foramen ova1e was 44 (four litt ers).
H Patent in four of the A2-4 neonates.
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Tabl e 2. Relations between various abnormalities"

No abn orm ality Disordered MLB
of ML B or P-valve, without P-valve P-valve lesion

no VSD lesion or VSD without VSD VSD

lit
G21 [90] [16] [50] [8] [16] 7t
A2-4 [79] [17] [48] [4] [10] 5t

POT
G2 1 [50] (2) 121 ± 24 (25) 97 ± 25§ (8) 76 ± 16§1I (15) 63 ± 3 1§
A2-4 [44] (5) 159 ± 33 (30) 13 1 ± 38 (I) 160 ± 56 (8) 104 ± 63§11

Heart wt/ body wt
G21 [7] (0) 4.89 ± 0.33 (0) 4.90 ± 0.39 (2) 5.64 ± 0.62§11 (5) 5.54 ± 0.60§
A2- 4 [39] (3) 5.96 ± 0.37 (23) 6.20 ± 0.57 (3) 6.84 ± 0.35§ (10) 8.51 ± 1.34§11

IVS/LVFW
G2 1 [40] (4) 1.57 ± 0.13 (22) 1.60 ± 0.16 (6) 1.71 ± 0.17§ (8) 1.61 ± 0.20
A2-4 [42] (7) 1.19 ± 0.14 (24) 1.24 ± 0.18 (2) 1.26 ± 0.06 (9) 1.50 ± 0.30§ 11

RVFW/LVFW
G21 [18] (3) 0.98 ± 0.08 (7) 1.01 ± 0.10 (6) 1.15 ± 0.08§11 (2) 0.95 ± 0. 1611
A2-4 [70] ( 11) 0.57 ± 0.10 (45) 0.66 ± O. II § (4) 0.68 ± O.IO§ (10) 0.92 ± 0.2 1§1I

Ductus
G21 [42] (2) 39 ± 4 (2 1) 34 ±4§ (6) 26 ± 7§1I ( 13) 26 ± 9§

Aorta
G2 1 [46] (3) 27 ± 8 (22) 31 ± 6 (7) 40 ± 6§1I (14) 54 ± 17§1I
A2-4 [12] (1) 28 ± 3 (2) 28 ± 3 (I) 32 ± 1 (8) 39 ± 5§1I

* Values are mean ± SD concerni ng the left item when rats have the abnorma lity on the top . Parentheses, nu mber of rats with both the
abn ormality of the left item and that on the top . Th e total number in parentheses in a line equ als the number in the left square brac ket.

t Square brackets, number of rats with abnormalities.
t Nu mber of rats that have P-valve lesion also.
§ p < 0.05, for compariso n with the mea n value in first colum n.
II p < 0.05, for comparison with the value in just the left column.

T a ble 3. R elations between quantitative data"

VSDt
G I7
G I9
G21

POT
GI 7
G I9
G21
A2-4

WT/ LR of the PA-bra nch
G2 1

Ductus

- 0.92 < r < - 0.46
-0.75 < r < 0.08
- 0.76 < r< 0.10

0.39 < r < 0.90
0.44 < r < 0.79
0.50 < r < 0.75

- 0.70 < r < -0.30t
- 0.88 < r < - 0.60§

Aorta

0.43 < r < 0.91
0.26 < r < 0.86
0.16 < r < 0.85

VSDt

-0.91 < r < - 0.32
- 0.8 1 < r < - 0.12
- 0.67 < r < +0 .28
- 0.93 < r < - 0.16

IVS/ LVFW
(A2- 4)

RVFW/ LVF W
(A2- 4)

Thickness of conal RVFW

- 0.60 <r <0.14
- 0.53 < r < 0.02
-0.59 < r < - 0.25
- 0.70 < r < - 0.40

Heart wt/body wt

0.41 < r < 0.70

0.46 < r < 0.76

* r, correlation coefficients between items on the line and on the top expressed as a 95 % confidence interval.
t Rats with no VSD are not included .
t Rats with VSD are included.
§ Rats with VSD are not includ ed.

ratio was a bno rm a lly high in eight o f the 42 G 2 1 WKY fetuses,
in so m e of which there were severe P-va lve lesio ns and/ or slightly
narro w POT, but no VSD . A fter b irth, the WT/ LR was h igh in
11 of the 42 A2 neon ates; five o f them had VS D. In the o ther
six, t he re we re no VS D , se ve re P- va lve lesions, o r PO T stenosis.
In o ne neonate with a la rge VS D and an obliterated POT (Fig.
5£ ), the WT/ L R ra ti o was n ot hi gh .

Architecture ofM LB. In both the W istar and the WKY ra ts,
the degree o f co n tinu it y o f the MLB increased m arkedly at A2 -

4 . H owever, in 80% of the WKY ra ts, the degree of contin ui ty
was a b no rmally low co m pared with that in the Wistar rats at a ll
the stages examined (Table 1).

Cardiac hypertrophy. The hea rt wt/ body wt was abnormally
h igh in only 5-8% of the G 19- 21 WKY fetuses a nd in about
50% o f the A 2- 4 neo nates. In b ot h strains , the IVS/LV F W a nd
R VFW/ LVFW ratios were ve ry high before birth a nd d ecreased
m arked ly a fter b irth , with m any of the WKY rats sh owing
abnormally h igh rat ios afte r birth (Table 1). In the A2- 4 WKY
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Fig. 6. Bronchiole and artery in the lung. A, from a G21 Wistar fetus.
B. from a G2l WK Y fetus with a small ductus arteriosus but with no
YSD. C. from an A2 Wistar rat. D, from an A2 WKY rat with TOF. In
Band D, the arterial wall is markedly thickened due to proliferation of
smooth muscle cells of the media. The wall of a smaller branch is also
thick in B. Upper scale is for A and B, lower scale for C and D; both, 50
I'm.

Fig. 7. Dorsal view of great vessels of WKY rats with right side of
rats on the top. A, left aortic arch from a G2l fetus. B, double aortic
arch from a G21 fetus. The right common carotid and subclavian arteries
diverge directly from the right aortic arch with no brachiocephalic artery.
C. right aortic arch with a right ductus arteriosus from an AO neonate.
The left brachiocephalic artery (asterisk) gives off the left common
carotid and left subclavian arteries. D, right aortic arch with a left ductus
from a G2l fetus. The aortic arch first gives ofTthe left common carotid
artery. and then the right common carotid and right subclavian arteries.
The left subclavian artery diverges from the portion distal to the ductus.
Arterial branching from the aortic arch in other rats with aortic arch
anomalies showed the same pattern as in these rats according to the type
of anomalies. The vascular ring in Band D was penetrated by the trachea
and esophagus. In A and C, a single PA diverges from the pulmonary
trunk. which then gives ofTright and left branches. The ductus is very
small in A and B and moderate in D. All the hearts had TOF and were
in situs solitus.

rats, the heart wt/body wt correlated significantly with the IVS/
LVFW and the RVFW/LVFW (Table 3). There was also a good
correlation between the IVS/LVFW and RVFW/LVFW ratios
(0.52 < r < 0.77).

These three ratios were high after birth, especially when VSD
and/or severe P-valve lesions were present (Table 2). However,
neither of these lesions was present in 26 of the 39 A2-4 rats

with heavy hearts, and in 31 of the 42 rats with disproportionate
septal thickening (Table 2). Instead, there was a decrease in
continuity of the MLB between the IVS and LVFW in most of
the rats without the two lesions. Ventricular aneurysms were
present in four of the 26 rats with heavy hearts but no severe P
valve lesions. In 19 neonates with heavy hearts, in which the PA
branch was also examined, there were VSD and/or P-valve
lesions in nine rats and isolated PA-branch lesions in two rats;
all the remaining rats showing a decreased continuity of the
MLB.

Great vessels and foramen avale. The ductus arteriosus was
abnormally small in 38-47% of the WKY fetuses, whereas the
aortic isthmus was abnormally large in 36-51 % of them (Figs. 1
and 2, Table I). The PA tended to be smaller before birth but
larger after birth in the WKY than in the Wistar rats. The PA
and pulmonary trunk were markedly enlarged in the WKY
neonates with VSD and/or severe P-valve lesions (Fig. ID). The
size of the foramen ovale varied greatly, and the mean value was
similar in the two strains at every stage. In four of the A2-4
WKY neonates with VSD, the foramen was patent.

A double aortic arch was present in four, and a right aortic
arch with a left or right ductus in six of the WKY fetuses and
neonates, many of which had a small ductus, a VSD, a P-valve
lesion, and/or TOF (Fig. 7). In 132 of the 269 WKY rats, a
single PA diverged directly from the pulmonary trunk, which
then separated into the right and left arteries. In the Wistar rats,
the left and right PA always branched separately from the pul
monary trunk. The left superior vena cava was always present in
both the Wistar and WKY rats (Fig. IA and B).

The fetal ductus was usually small but the aortic isthmus was
large when there were VSD, P-valve lesions, marked rightward
continuity of the septal MLB (Table 2), marked POT narrowing,
and/or PA-branch lesions. There were significant correlations
between the size of VSD and that of the ductus and the aorta,
especially at G 17; moreover, the size of the ductus correlated
significantly with that of POT, and with the WT/LR ratio of the
PA-branch (Table 3).

DISCUSSION

This study demonstrates the coexistence of various cardiovas
cular abnormalities that occur during inbreeding of WKY rats.
Because of the high frequency of congenital heart disease, we
were able to follow serially the cardiac anomalies in these ani
mals. These observations suggest several possible causal mecha
nisms, in addition to the obvious genetic one, in the development
of the anomalies from fetal to postnatal life. In particular, our
data support the concept of Van Mierop et al. (II) that hemo
dynamic changes caused by one defect induce a constellation of
abnormalities during late fetal life.

Thickening and distortion of the P-valves, usually accom
panied by mild lesions of the tricuspid valve, was present before
birth in WKY rats and the incidence was similar to that in
neonates and adults (I), suggesting a congenital or developmental
origin with persistence after birth. The increased vasculature in
the cusps of dysplastic P-valves (I) was also present before birth,
which may reflect an increased requirement of blood to supply
the greater tissue mass, as has been suggested in dogs (5).

The incidence of VSD in the fetuses decreased as the stage
advanced, which suggests that the normal process of muscular
closure of the IVS region is delayed but is still in progress until
birth. Membranous tissues in VSD appeared immediately after
birth, with some of them possibly closing VSD. This, together
with neonatal death, may explain the lower incidence of VSD in
the A2-4 neonates and adults (l) than in G21 fetuses.

POT narrowing before birth seems related to anterior deviation
of the crista supra ventricularis and development of anteriorly
deviated parietal and septal bands, which occurred in the absence
of VSD also, and partly to thickening of the outflow RVFW.
Constriction of the POT may progress after birth due to further
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thickening of the outflow RVFW, especially when VSD are
present. The way in which the parietal and septal bands partici
pate in the POT narrowing after birth is variable (6).

The association ofTOF with a double or right aortic arch (6),
agenesis of the ductus arteriosus, and a large aorta (7, 8) is not
rare in hum ans. Anomalies of the great vessels attributable to
abnormal development of the aortic arch system that derives
from the neural crest (9) have been described in Keeshond dogs
also (10, II ).

What relationships are there among these abnormalities in
rats? P-valve lesions, together with VSD and absence of the
papillary muscle of the conus (I ), may be the result of the
primaril y occurring hypoplasia or dysplasia of the conotruncal
septum, as has already been suggested in the study on Keeshond
dogs (10, 11). Underdevelopment of the pulmonary infundibu
lum may be the basic malform ation as suggested in humans (8).

If so, under an elevated right ventricular pressure due to
stenosis of the P-valve or POT, the VSD may allow a substantial
am ount of right-to-left shunting, possibly together with a flow
increase through the foramen ovale, leading to enlargement of
the aorta and hypoplasia of the ductus in accord with changes of
their flow volume-a mechan ism that has also been proposed in
the study of hum ans (8) and dogs (10). Th is possibility is sup
ported by our findings that the size of the aorta correlated with
the size of the VSD. Moreover, the size of the ductus showed
negative correlation with that of VSD, but was positively corre
lated with the size of POT, particularly in G 17 WKY fetuses.

However, it has been stated that the occasional occurrence of
aortic arch defects in dogs with no obvious defects of the heart
suggests that the above interpretation may not be correct (10).
This applies to WKY rats also. Rather, agenesis or premature
closure of a ductus may lead to fetal cardiac failure and death in
the absence of large intracardiac communications (7); this may
in part be supported by hum an autopsy studies (12) and experi
mental studies in dogs (13). Thus, if the ductus arteriosus is
primarily hypoplastic in many of the WKY fetuses, a VSD should
be favorable as a vent for the right ventricle.

The wall thickening of the PA-branches associated with VSD
after birth is likely secondary to the hemodynamic effects of the
VSD (14) . The PA-branch lesions in the WKY neonates in the
absence of VSD, which are considered to be continuous with
those before birth, may be comp arable to persistent pulmonary
hypertension of the newborn in hum ans (14).

It has been demonstrated that a significant elevation of pres
sure in the pulmonary trunk results from constriction of the
ductus arteriosus induced pharmacologically (15-1 7) or sur
gically (18). Studies on lambs ( 17- 20) and humans (21, 22) have
indicated that wall thickening of the PA-branches results from
chronic constriction of the ductus and leads to the development
of sustained pulmonary hypertension after birth . A small ductus
in the WKY fetuses may have exerted a similar effect on the PA
branch . In this case, the patency of the IVS region may prevent
the wall thickening by reducing the pressure overload on the
right ventricle.

The MLB of the IVS was continuous with the RVFW in man y
of the WKY fetuses.This situation in the fetus may be inadequate
for the generation of pressure in the left ventricle, particularly
after birth when the afterload on the left ventricle increases
rapidly. This abnormal situat ion, ifi t is not readily resolved after
birth, may predispose to discont inuity of the MLB between the
IVS and LVFW, and between the RVFW and the LVFW. Th is
may in turn participate in the postnatal development of cardiac
hypertrophy with myocardial lesions similar to those of hyper
trophic cardiomyopathy (2) in association with, or independently
of, the hemodynamic effects of the P-valve lesions, VSD, narrow
POT, and PA-branch lesions.

The abnormality of the septal MLB could be a primary lesion
or could occur secondarily. The continuity of the MLB between
the IVS and RVFW is favorable for the generation of pressure
in the right ventricle. This idea tempts us to suggest that the

abnormality may be secondary to a pressure overload on the
right ventricle, which may be imposed by P-valve lesions, PA
branch lesions, narrow POT, and/or small ducti. It has been
suggested that the myofibrils in the embryonic heart are aligned
in accord with the direction of the mechanical stress imposed on
them (23, 24).

In lambs, a degenerative change of the tricuspid valve was
associated with pharmacologic constriction of the ductus, which
has been suggested to result from the direct effect of the pressure
elevation in the right ventricle (19). The elevated pressure may
augment the mechanical stimulus to closure of the valve which
is still developing and is susceptible to the stimulus. If this idea
were applied to the tricuspid and P-valves in WKY rats, it could
explain the selective involvement of cardiac valves on the right
side.

In the fetuses of both rat strains, the IVS/LVFW and RVFW/
LVFW ratios were very high-as has already been noted in
normal humans (25) and rats (26). Unlike the hearts of neonates,
the fetal hearts of the WKY tended to be only slightly heavy
even when VSD, POT narrowing, P-valve, and/or PA-branch
lesions were present. The lesions may have progressed after birth
to such a degree that they led to the rapid increase in heart
weight. However, progression of POT narrowing and new in
volvement of the PA-branch were seen after birth in only a
relatively few rats with VSD. The functional significance of these
lesions may be quite different between the fetus and the neonate
because of their underl ying hemod ynamics; e.g. POT , P-valve,
and PA-branch lesions will impose a much higher afterload on
the right ventricle after birth than before birth when the foramen
ovale and ductus are patent (27). Moreover, it is unl ikely that an
isolated VSD in the fetus causes a large shunt, because the
pressures in the two ventricles are normall y equal in the fetal
circulation (27).

There are many possible interpretations of the interrelations
between various cardiovascular abnormalities of WKY fetuses
and neonates. The pathogenesis and implication of these abnor
malities and their associations in the rat remain to be elucidated
by further detailed studies, which will be facilitated by the wide
availability of this genetically abnormal strain of rats with con
genital heart disease.
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