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SUMMARY : Inorder to clarify the morphogenesis of the A-P septum, the cono-
truncal septum, the myocardial sheath and the smooth muscle cells of the great
arteries in the normal hearts and bis-diamine induced cardiovascular anomalies, an
immunohistochemical technique using the antibodies for vimentin, desmin and
fibronectin was applied. Morphological and immunohistochemical changes in the
treated hearts were as follows : (1) the A-P septum which was hypoplastic appeared
later than in the normal hearts ; (2) retraction of the myocardial sheath was delayed
compared with the normal hearts ; (3) switching from vimentin to desmin in the
muscles of the atria and ventricles caused a delay of one day behind that of the
normal hearts ; (4) vimentin immuno-reactivity in the smooth muscle cells of the
pulmonary trunk was weaker than that of the aorta, and (5) weak reactivity of fibro-
nectin occurred concomitant with weak vimentin reactivity. It is concluded that bis-
diamine may induce the morphological anomalies of the A-P septation by inhibiting
the production or perturbing the migration of neural crest cells which have been a
precursor of the mesenchyme in the anlage of the A-P septum, subsequently by
either inhibiting production or changing the nature of extracellular matrix, or by
affecting the coordination of intermediate filaments.

INTRODUCTION

The septation process of the aorta and the
pulmonary trunk has been controversial for a
long time because of the difficulty in tracing
the dividing process. Diverse opinions have
been caused by the complicated anatomical
structure of the outflow tract and the rapid
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procedure of the septation in every species.
There is no consensus to be found in the litera-
ture regarding the origin and histology of the
A-P geptum. Van MmEror®?) states that the
anlage of the A-P septum locates in the wall
between the sixth arches and ascending aorta.
On the other hand, Los?3) asserts that the A-P
septum does not exist, but is an artifact of
two-dimensional histology. Thus the presence
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of the A-P septum has remained obscure and
no definite evidence for its accurate location
has yet been demonstrated.

N, N’-bis- (dichloroacetyl) -diamine, 1, 8-
octamethylene diamine (bis-diamine) is an
effective inhibitor of spermatogenesis in
rats29), and recently has been used as a model
for DiGeorge syndrome 16.17.21,27.30) Byt it has
not been clearly explained where the bis-diamine
specifically affect, or the process of inducing
various anomalies. As for the developmental
mechanism of DiGeorge’s syndrome, several
hypotheses have been proposed, such as : (1) a
vascular insufficiency associated with disrup-
tion of the fourth arch?2%) ;(2) truncated
pharyngeal development3), and (3) the possible
role of the neural crest®). Furthermore, as for
the teratogenesity of the bisdiamine, two
hypotheses have been proposed as follows : (1)
the direct insult to the neural crest and subse-
quent dysgenesis of both the aortic sac and the
pharyngeal pouch derivatives, and (2) inter-
ference with the production of extracellular
matrix by mesenchyme, particularly hyaluro-
nate-rich glycosaminoglycan.

Considering these viewpoints, the present
study was performed to elucidate the morpho-
genesis of the A-P septum, outflow tract and
related mechanisms in the normal and bis-
diamine treated embryonic hearts. For this
purpose, desmin, vimentin and fibronectin
were used as markers in the development of
the wall of the A-P septum and outflow tract.

MATERIAL AND METHODS

1. Experimental animals

Female Wistar rats weighing about 250g
(Kyudo breeding farm, Saga, Japan ) were
mated with males overnight and isolated on
the morning that a vaginal plug was found
(9 : 00 AM was designated as gestation day 0).
Both the control and bis-diamine treated
females were sacrificed by ether anesthesia on
day 12 1/2, 13.0, 13 1/6, 13 1/2, 14.0, 15.0,
16.0 and 17.0 of gestation. The embryos were
removed and then fixed in a 10% phosphate-
buffered formalin (pH 7.4) or PLP fixative
(periodate-lysine-paraformaldehyde) for 12 to
24 hours at 4°C.
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2. Administration of the drug

N,N’-bis- (dichloroacetyl )- 1, 8-octamethylene
diamine (Fertilysin, Sigma chemical Co., St.
Louis, Missouri, U.S.A.) was blended with a
1% aqueous suspension of gum tragacanth to
produce a mixture of 100mg/ml. A single
dose of 2ml (200mg of bis-diamine) was
administered orally to the pregnant rats on
days 9, 10 and 11 consecutively, by means of a
stomach-tube. The same quantity of a 1%
aqueous suspension of gum tragacanth was
administered only to the control rats.

3. Preparation of tissues

After fixation. embryos were embedded in
paraffin wax. Serial sections were created and
then stained with Haematoxylin and Eosin.
Embryos fixed in PLP fixative were washed
for 3 hours in 0.05 M phosphate buffer (pH 7.4),
then quickly frozen in a mixture of 100%
ethanol and dry ice stored at —80°C. Frozen
sections were cut serially with a cryostat and
then mounted on glass slides coated with
albumin.

4. Immunohistochemical staining

Dewaxed sections and frozen sections were
rinsed with PBS for 5 minutes, and immersed
in 0.03% methanolic hydrogen peroxidase for
20 minutes to block intrinsic peroxidase activity.
These sections were then incubated with 59§
goat serum in a moist chamber for 10 minutes
at room temperature to block non-specific
protein binding. After removing excess liquid,
anti-vimentin antibody (monoclonal mouse
antibody to human : DAKOPATTS) was added
to the dewaxed sections and incubated with a
1: 200 dilution for 1 hour. Anti-desmin anti-
body (monoclonal mouse antibody to human :
DAKOPATTS, 1 :100 dilution) and anti-
fibronectin antibody (rabbit immunoglobulins
to human : DAKOPATTS, 1 : 200 dilution)
were added to frozen sections and incubated
for 1 hour. After all slides were rinsed in PBS,
and washed twice in PBS (10 min each), sec-
tions incubated with the anti-desmin antibody
and anti-vimentin antibody were incubated
with biotinylated goat anti-mouse immunoglo-
bulins (BioGenex Laboratories ), and sections
incubated with anti-fibronectin antibody were
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incubated with biotinylated goat anti-rabbit
immunoglobulins (BioGenex Laboratories) for
20 minutes. Then, excesses of antibody were
remowed with PBS, and all the sections were
washed twice (10 min each), and then incubated
with streptavidin-enzyme conjugate for 20
minutes. After incubation, all the slides were
rinsed in PBS and washed twice (10 min each),
“then were incubated in a 3-3’ diaminobenzidine
free-base substrate solution (DAB, Sigma )
mixed with HyO, for 2-10 minutes. Sections
were then quickly washed with distilled water
and running water, and subsequently counter-
stained with haematoxylin or methyl green
solution. Sections were dehydrated in graded
ethanol, cleared in xylene and mounted in
balsam. All of these procedures were performed
at room temperature.

RESULTS

1. Morphogenesis in normal heart

(a) A-P septation :

@ Gross findings

The A-P septum was not evident on day 12
1/2 and 13.0 of gestation, but was observed
on day 13 1/6 at the top of the aortic sac and
soon touched with the upper ends of the truncal
swellings by day 13 1/2. The great arteries
were nearly divided on day 14.0 and completely
divided on day 15.0, 16.0 and 17.0 of gestation
(Fig. 1).

® Histological findings

On day 12 1/2 and 18.0 of gestation, both
the A-P septum and definitive A-P septation
were not observed throughout the aortic sac,
truncus and conus (Fig. 1-a, b). On day 13,
swellings were so prominent in both the distal
conus and proximal truncus as to nearly
connect with each other (Fig. 1-b).

On day 13 1/6, the A-P septum appeared as
a thick mesenchymal globus on the distal
truncus, which seemed to originate at the
junction between the ascending aorta and the
right sixth aortic arch. Fusion of the truncal
swellings at the valvar anlages had proceeded
more than on day 13.0. Bilateral conus ridges
drew closer to each other (Fig. 1-¢).

On day 13 1/2, the A-P septation proceeded
from the distal truncus to the level of both the

aortic and pulmonary valve anlages, the distal
conus being just prior to dividing. Septation
was not observed at the level of the proximal
conus (Fig. 1-d).

On day 14.0, the A-P septation proceeded
more downward to the level of the proximal
conus (Fig. 1-e).

On day 15.0, the A-P septation had almost
completed, and the aortic and pulmonary
channels were observed throughout the outflow
tract distally to proximally. (Fig. 1-f).

In this way, the aortic channel becomes
continuous with the right and inferior portion
of the trunco-aortic sac, while the sixth arches
shift to the left and the pulmonary channel
becomes continuous with the left portion of
the trunco-pulmonary sac and sixth arches.

(b) Formation of the myocardial sheath
and the tunica media, and arrangement of
the mesenchymal cells in the conotruncus
@ Formation of the tunica media in the

A-P septum

On day 18 1/6 of gestation, the mesenchymal
cells that formed concentric globus in the A-P
septum resembled the smooth muscle cells of
the great arteries in histology (Fig. 3-a). On
day 13 1/2, it became difficult to distinguish
the cells in the A-P septum from the smooth
muscle cells of the great arteries.

® Formation of the myocardial sheath
and the tunica media in the truncus

On day 12 1/2 of gestation, the myocardial
sheath occupied the outer layer of the distal
truncus to the proximal conus. No definitive
tunica media was formed within the truncal
swellings. The mesenchymal cells in the upper
truncus, which were prospective smooth muscle
cells, were round or oval and different in shape
from the multiform mesechymal cells in the
lower conotruncus (Fig. 1-a).

Onday 13.0, the myocardial sheath retracted
slightly than that of day 12 1/2. In the upper
truncus, uniform-size round and oval cells,
which were prospective smooth muscle cells,
packed densely together without a definitive
lamellar structure (Fig. 1-b).

On day 13 1/6, the myocardial sheath
retracted to the level of the dividing valvar
anlages. The two separated vascular walls
above the valvar anlages were densely packed
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day 13 1/6
It. VI : left sixth arch Cr : conus
rt. VI : right sixth arch
Ao :aorta
P : pulmonary artery
S : A-P septum
Sm : smooth muscle cells )
L : lateral mesenchymal condensation-
W : whorl formation of mesenchymal cells
A% : valvar swellings
Ms : myocardial sheath
Ts  :truncal swellings
Rv  : right ventricular wall
day14.0 day 15.0
Fig. 1. Schematic diagrams showing the A-P septation, formation of the tunica media of the great

arteries and retraction of the myocardial sheath in the normal rat hearts.

a: Day 12 1/2. Conotruncus is a single tube without septation. Tunica media is not formed. The
myocardial sheath occupied the outer layer of the distal truncus to the proximal conus. The
mesenchymal cells are scattered in the conotruncus with a slight whorl.

b : Day 13.0. The truncal swellings and the conus ridges are well developed. Lateral mesenchymal
condensation and whorl formations are prominent in the truncal swellings. The conus ridges
are associated with a slight whorl. Prospective smooth muscle cells are irregularly arranged
in the great arteries. The myocardial sheath slightly shortens than that of day 12 1/2.

c¢: Day 131/6. The A-P septum appears as a thick globus between ascending aorta and right sixth
aortic arch. Upper truncal swellings are fusing to each other with densed lateral mesenchy-
mal condensation. Prospective smooth muscle cells are densely packed in the great arteries.
The myocardial sheath shortens up to the valvar anlages.

d: Day 13 1/2. The A-P septation continues near the proximal conus. Tunica media is almost
formed. Whorl formations and lateral condensation increase in the truncal swellings and the
conus ridges.

e: Day 14.0. The A-P septation nearly completes. Tunica media is regularly formed. The myo-
cardial sheath shortens below valvar tissue.

f: Day 15.0. The A-P septation completes. The myocardial sheath is absorbed into the right
ventricle. -

with prospective smooth muscle cells which
almost formed a regular lamellar structure
(Fig. 1-c).

On day 13 1/2, the myocardial sheath was
nearly at the same level as on day 13 1/6. The
lamellar structure of prospective tunica media
was fairly formed in the two divided vascular

walls (Fig. 1-d).

On day 14.0, the myocardial sheath retracted
to the level below the developing valvar tissue,
while the smooth muscle cells of the great
arteries progressed down to just above the
valve tissue (Fig. 1-e ).

The concentric lamellar structure of the
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tunica media was completed on day 15.0 (Fig. ‘ ® Arrangement of the mesenchymal cells
1_-f). The myocardial sheath was nearly incor- in the conotruncus

porated into the right ventricle on day 16 and On day 12.5 of gestation, the mesenchymal
17. cells ‘tended to show slight whorls in the

day 131/2

day 13 1/6

day131/2 day 14.0 day 14.0 day 15.0

Fig. 2.

a:

b:

Schematic diagrams showing formative process of cardiovascular anomalies in the treated
rat hearts

Day 12 1/2. Conotruncus is a single tube and hypoplastic. The mesenchymal cell density is
small. :

Day 13.0. The truncal swellings and the conus ridges are hypoplastic, where whorl formations
of the mesenchymal cells are not so prominent. The myocardial sheath is at similar level to
that of day 12 1/2.

: Day 13 1/6. Small and thin A-P septum appears between ascending aorta and right sixth aortic

arch, forming pulmonary hypoplasia. The myocardial sheath slightly shortens than that of
day 13.0. Whorl formations are slightly formed.

: Day 131/6. PTA (Type 1) is being formed without the A-P septatlon The myocardial sheath

still does not shorten. The mesenchymal cells are scattered in the truncal swellings and the
conus ridges.

: Day 13 1/2. The A-P septation is progressing to the level of valvar anlages, forming pulmonary

hypoplasia. Prospective smooth muscle cells are arranged in vascular walls. Slight whorl
formations and lateral mesenchymal condensation is seen in the truncal swellings and the
conus ridges.

: Day 13 1/2. Non-septation case is formed with hypoplsatic trucal swelhngs and the conus

ridges, which is developing to PTA. The myocardial sheath does not retract and is at a level
similar to day 12 1/2 and 13.0.

: Day 13 1/2. Type I of PTA is formed with a small amount of the mesenchymal cells in the

conus ridges.

: Day 14.0. Pulmonary hypoplasia is almost complete with delay of diminution of the conus

ridges. Whorl formations and lateral mesechymal condensation is poorly formed.

: Day 15.0. Pulmonary hypoplasia is complete. The conus ridges are diminutive with a slight

whorl formations.
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proximal truncus, valvar anlages and conus
(Fig. 1-a).

On day 13.0, a large number of the mesenchy-
nal cells arranged in whorls within the proxi-
mal truncus and the distal conus. Lateral
mesenchymal condensation was observed in
each side of the prospective valvar anlages and
the distal conus, but not in the proximal conus
(Fig. 1-b).

On day 13 1/6, whorl formations of the
mesenchymal cells were prominent in the valvar
and infra-valvar regions, which associated with
the occurrence of lateral mesenchymal condensa-
tion. The proximal conus was associated with
slight whorls, but not with lateral mesen-
chymal condensation (Fig. 1-c).

On day 13 1/2, whorl formations and lateral
mesenchymal condensation increased further
below the valvar region and the proximal
conus. Central mesenchymal condensation was
observed at the fusing region of the valvar
anlages (Fig. 1-d, 4-a, b ).

On day 14.0, intense whorl formations were
observed in the proximal conus ridges (Fig.
l-e).

Most of the whorl formations disappeared
from the truncus on day 15.0 (Fig. 1-f), and
whorls remaining only in the proximal conus
disappeared on day 16.0.

2. Expression of vimentin, desmin and fibro-
nectin in the normal developing hearts
(a) Vimentin
@ Vimentin in the smooth muscle cells
of the great arteries
Staining of the smooth muscle cells of the
great arteries using vimentin began on day
13.0 of gestation and coincided with the time
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of truncal division and the appearance of the
smooth muscle cells (Fig. 3-b ).

On day 13 1/2, the smooth muscle cells of
the great arteries were most intensely stained
with vimentin, and thereafter the immunoreac-
tivity decreased until disappearance on day
16.0 (Table 1.)

® Vimentin in the A-P septum

The A-P septum was depicted as a globular
formation with positive vimentin staining on
day 13 1/6 of gestation (Fig. 3-b ). Thereafter
it became difficult to differentiate between the
mesenchymal cells of the A-P septum and the
smooth muscle cells of the aorta (Table 3).

® Vimentin in the mesenchymal cells
within the conotruncus, semilunar valves
and cardiac jelly

Vimentin was stained in the cytoplasm of
almost all of the mesenchymal cells in the
conotruncus, particularly in the cells within
whorl formations, and lateral and central
mesenchymal condensation.

On day 13 1/2 of gestation, the mesenchymal
cells within central condensation, which were
in the process of fusing, showed intense staining
for vimentin and its globular cluster was
prominent (Fig. 4-a ). In lower portions, whorls
and lateral mesenchymal condensation were
stained with vimentin (Fig. 4-b). But the other
mesenchymal cells in the valvar swellings, and
cardiac jelly which did not contain the mesen-
chymal cells, showed no staining with vimentin
(Table 3).

@ Vimentin in the myocytes in the atr-
ium, ventricle and the myocardial sheath

Vimentin reactivity in the myocytes of the
atrium, the ventricle and the myocardial sheath
persisted from day 12 1/2 to 14.0 of gestation,

Table 1. Immunohistochemical properties of the smooth muscle cells in normal rat embryos
Antibody Site 12 1/2 13.0 131/6 13 1/2 14.0 15.0 16.0 17.0
Vimentin Aorta (+) + ++ +* +* - -
Pulmonary trunk (+) o+ ++ +* +* — —
Desmin Aorta - - - - - - +
Pulmonary trunk - - - - - — +
Fibronectin Aorta - + ++ ++ +* (+ -
Pulmonary trunk - + ++ ++ +* (+) -

+ : positive staining
++ : intensely positive staining  —

+*: focal positive staining
: negative staining

(+) : faintly positive staining
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Fig. 3. Light microscopic and immunohistochemical findings of normal and treated rat hearts
a: Normal heart on day 13 1/6. The A-P septum fuses with the upper truncal swellings.
Aortic and pulmonary channels are divided by the A-P septum, which forms mesenchymal
globus. (H. E stain)
S:A-Pseptum Ao :aorta P :pulmonaryartery Ts: truncal swelling
VI : right sixth aortic arch artery
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: Normal heart on day 13 1/6. Vimentin is stained in the smooth muscle cells of the aorta, pul-
monary artery and sixth arches (arrow).
Globular formation of the A-P septum is depicted by vimentin (asterisk). (Vimentin, X10G)
Ao : aorta P : pulmonary artery Ts : truncal swelling

: Treated heart on day 13 1/2. Aorta and pulmonary channels are divided by hypoplastic A-P

septum (S). Pulmonary hypoplasia is seen as slit-like channel. (H. E stain, X100)
S : A-P septum Ao : aorta Ph : pulmonary hypoplasia Ms : myocardial sheath

: Treated heart on day 13 1/2. Vimentin is fairly stained in the smooth muscle cells of the aorta
(double arrow), while faintly stained in hypoplastic pulmonary trunk (arrowhead). The A-P
septum is also faintly stained with vimentin. (Viemtin, X100)
S : A-P septum Ao : aorta Ph : pulmonary hypoplasia Ms : myocardial sheath

: Normal heart on day 13 1/6. Fibronectin is stained in the smooth muscle cells of the aorta and

pulmonary artery, and the A-P septum.(Fibronectin, X100)
S : A-P septum Ao : aorta P : pulmonary artery

: Treated heart on day 13 1/2. Fibronectin is stained faintly and focally in the A-P septum, the

smooth muscle cells of the aorta and hypoplastic pulmonary trunk. The mesenchymal cells
in the truncal swellings are also stained with fibronectin.(Fibronectin, X100)
S : A-P septum Ao : aorta Ph : pulmonary hypoplasia Ts : truncal swelling

: Treated heart on day 13 1/2. The smooth muscle cells in common truncus of PTA are faintly
and focally stained with fibronectin (arrow).(Fibronectin, X100)

Table 2. Immunohistochemical properties of the smooth muscle cells of great arteries in treated

rat embryos

Antibody | Cardiovascular Anomalies [12 1/2 13.0 13 1/6 13 1/2 14.0 15.0 16.0 17.0
Non-septation (+) (+) +
Ph Aorta + + + + +* —
Vimentin pulmonary trunk +* +) ) ) - -
PTA  |.common truncus RGO M CO NN CO NN C DN -
pulmonary trunk () (B (B (H)* - -
Non-septation - -
Ph Aorta - - - - - -
Desmin Pulmonary trunk - — - -
' PTA common truncus - - — -
pulmonary trunk - - - -
Non-septation (+) (H* (B
Ph Aorta (+)* (‘f‘)*,< + + + +)
Fibronectin pulmonary trunk (+)* (+)* + + + (+)
PTA common truncus (+H* + + + =
pulmonary trunk (+)* + + + -
+ : positive staining —  : negative staining
+ + : intensely positive staining Ph : pulmonary hypoplasia
(+) : faintly positive staining PTA : persistent truncus arteriosus

(4+)*: faintly and focal positive staining

and th

en gradually decreased. On day 16.0 and pulmonary trunk began to express fibronectin

17.0, vimentin staining disappeared completely from day 13 1/6 of gestation, and intense

from these areas (Table 5). staining was observed on day 13 1/2 and 14.0.
(b) Fibronectin Lamellar structure of the tunica media was
(D Fibronectin in the smooth muscle clearly revealed by fibronectin (Fig. 4-g ).
cells of the graeat arteries Fibronectin in the smooth muscle cells decreased

The smooth muscle cells of the aorta and from day 16.0 and began to localize in the
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Immunohistochemical findings of normal and treated rat hearts

: Normal heart on day 13 1/2. Central mesenchymal condensation shows prominent reactivity
with vimentin (asterisk). Vimentin reactivity is not so prominent in the scattered mesenchy-
mal cells in the valvar tissue.

V : valvar tissue

: Normal heart revealing proximal conus, more downward to Fig. 4-a on day 13 1/2. Mesenchy-
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mal whorl formations in the conus ridges are depicted by vimentin staining.(Vimentin, ><100)
Cr : conus ridge

: Treated heart on day 13 1/2. Scattered mesenchymal cells in the truncal swellings are stained
with vimentin. The mesenchymal cells in the aortic intercalated valve swelling (V) are not
stained with vimentin. Pulmonary intercalated valve swelling does not develop. (Vimentin, X
100)
Ts : truncal swelling V : aortic intercalated valve swelling

: Treated heart more downward to Fig. 4-c on day 13 1/2. The mesenchymal cells in the truncal
swellings are stained with vimentin, but whorl formations are not so prominent. (Vimentin,
X100 ; compare with Fig. 4-b).
Ts : truncal swelling

: Normal heart on day 18 1/2. Fibronectin is stained in the mesenchymal cells and extracellular
matrix of the truncal swellings, which are in the process of fusing. (Fibronection, X100 :
compare with Fig. 4-a,b )
Ts : truncal swelling

: Treated heart on day 13 1/2. Fibronectin is stained in the meserichymal cells and extracellular

matrix of the truncal swellings. (Fibronectin, X100 ; compare with Fig. 4-b, d, e)
Ts : truncal swelling

: Normal heart on day 14.0. Fibronectin is stained intensely in the tunica media of pulmonary
artery, aortic valve and intermediate region between the aorta and pulmonary artery.(Fibro-
nectin, X100)
Ao : aorta P : pulmonary artery

: Treated heart on day 14.0. Fibronectin is stained in the tunica media of common truncus of
PTA.(Fibronectin, X100)

Table 3. Immunohistochemical properties of the A-P septum, mesenchymal cells and cardiac jelly

in normal rat embryos

Antibody Site 12 1/2 13.0 13 1/6 13 1/2 14.0 15.0 16.0 17.0
A-P septum + +*
Vi . Mesenchymal |conotruncus + + ++ 4+ + +
imentin >
cells semilunar valves - - - — - -

Cardiac jelly - - - - — -

A-P septum - -
: . Mesenchymal |conotruncus - - - - - - - -
Desmin ;
. cells semilunar valves| — - - - - - - -
Cardiac jelly - - - - - -
A-P septum + +*  +*
. . | Mesenchymal |conotruncus + + + ++ + (+) (B -
Fibronectin cells semilunar valves| + ++ + + ) -
Cardiac jelly - - - - - -
+ : positive staining +*: faintly and focal positive staining
+ + : intensely positive staining — : negative staining
(+) : faintly positive staining
endothelium of the great arteries, and finally  3-e, Table. 3).
disappeared on day 17.0 of gestation (Table. 1) ® Fibronectin in the mesenchymal cells
® Fibronectin in the A-P septum within the conotruncus, semilunar valves
The A-P septum was entirely stained with and cardiac jelly
fibronectin on day 13 1/6 of gestation, and Fibronectin was stained in the cytoplasm of

partially stained on day 13 1/2 and 14.0 (Fig. the mesenchymal cells and extracellular matrix
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Table 4. Immunohistochemical properties of the A-P septum, mesenchymal cells and cardiac jelly
in treated rat embryos
Antibody Site 12 1/2 13.0 183 1/613 1/2 14.0 15.0 16.0 17.0
A-P septum +* +*

. . Mesenchymal |conotruncus + + ++ + + +
Vimentin T g — —
cells semilunar valves - - - -

Cardiac jelly - - - —
A-P septum —_ —
. Mesenchymal |conotruncus — - - - - - -
Desmin - _ _ . = _ _ .
cells semilunar valves
Cardiac jelly - - - - - - -
A-P septum - ()
Fib " Mesenchymal | conotruncus + + + 4 + (+) (+)
rbronecin | oos semilunar valves + ++ + (+
Cardiac jelly - - - - -
+ : positive staining (+) : faintly positive staining

+ + : intensely positive staining

(+)*: faintly and focal positive staining

+* : focal positive staining - : negative staining
Table 5. Immunohistochemical properties of the atrium, ventricle and myocardial sheath in
normal rat embryos
Antibody Site 12 1/2 13.0 13 1/6 13 1/2 14.0 15.0 16.0 17.0
Atrium + + +* +* +* +* - -
Vimentin Ventricle + + +* +* +* — - -
Myocardial sheath + + + +* +* - - -
Atrium - - - - (+) +) + +
Desmin Ventricle - - - - +> (+) + + -
Myocardial sheath - - - - - - — -
Atrium ++ ++ + + + ) - -
Fibronectin Ventricle ++ ++ + + + -+ - -
Myocardial sheath | ++ + -+ + + (+) (+) — —
+ . positive staining +™: focal positive in diffuse negative staining

++ : intensely positive staining
(+) : faintly positive staining

circumscribing the mesenchymal cells within
the truncus and the conus all through embryonic
stage, and was intensely stained on day 13 1/2
of gestation (Fig. 4-e ). Fibronectin reactivity
began to decrease from day 15.0 (Table. 3).
Cardiac jelly, only in the myxomatous region
which did not contain the mesenchymal cells,
was never stained with fibronectin throughout

the embryonic stage (Table. 3).
@ Fibronectin inthe myocytes in the at-
rium, ventricle and the myocardial sheath

: negative staining

Myocytes of the atrium and ventricle were
intensely stained with fibronectin on day 12
1/2 and 13.0 of gestation and its reactivity
decreased from day 15.0, completely disappear-
ing on day 16.0 (Table. 5).

® Desmin staining

Desmin was not stained in the heart at any
time from day 12 1/2 to 13 1/2 of gestation,
but faint and partial staining appeared in both
the atrium and ventricle on day 14.0. From
day 15.0, desmin was fairly stained in both the
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atrium and ventricle as the vimentin staining
gradually disappeared (Table 5).

3. Morphogenesis of bis-diamine treated heart

(a) A-P septation in the treated heart

@ Gross findings

The A-P septum and the A-P septation was
not evident on day 12 1/2 and 13.0 of gesta-
tion. From day 13 1/6, pulmonary hypoplasia,
type II of persistent common truncus arteriosus
(PTA), and non-septation of the outflow tract
could be identified (Fig. 2).

® Histological findings

On day 12 1/2 and 13.0 of gestation, the A-P
septum and definitive A-P septation was not
observed. The swellings of both truncus and
conus were hypoplastic compared with those of
the normal hearts (Fig. 2-a, b).

On day 13 1/6, pulmonary hypoplasia (two
out of eight cases) and PTA (three out of
eight cases) were identified. Pulmonary hypo-
plasia was divided into the aorta and pulmo-
nary channels by a small and thin A-P septum
at the level of the prospective semilunar valvar
anlages (Fig. 2-c). No definitive septation was
observed throughout the outflow tract in three
other cases, showing a single tube. They may
be the cases developing to the PTA (Fig. 2-d).

On day 18 1/2, out of eight cases examined,
three were pulmonary hypoplasia (Fig. 2-e),
one case was PTA (type II ) and the remaining
four showed non-septation of the outflow tract
(Fig. 2-f). In the case of the pulmonary hypo-
plasia, septation of the outflow tract proceeded
from the distal truncus to the valvar anlage,
while the distal conus was just prior to divid-
ing (Fig. 2-e ; Fig. 3-c, d, f). In the case of the
PTA, the upper part of the truncus was hypo-
plastic without septation (Fig. 2-f, 3-g).

On day 14.0, conotruncal anomalies were
nearly completed. Four cases of five were
pulmonary hypoplasia and one was PTA (type
I : Fig. 2-g). In the pulmonary hypoplasia,
the A-P septation proceeded up to the level of
the distal conus, and the two proximal conus
ridges were prior to fusing (Fig. 2-h).

On day 15.0, three cases of five were
pulmonary hypoplasia, one was PTA (typeII )
and one was a non-septation case (probably
PTA). In the case of the pulmonary hypoplasia,
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the A-P septation proceeded up to the level of
the distal conus, while the proximal conus
ridges were in a stage just prior to fusing (Fig.
2-i).

On day 16.0 and 17.0, complete malforma-
tions were observed.

(b) Tormation of the myocardial sheath -
and the tunica media, and arrangement
of the mesenchymal cells within the cono-
truncus in the treated hearts.

@ Formation of the tunica media in the
A-P septum

On day 13 1/6 of gestation, prospective
smooth muscle cells arranged irregularly within
the thin A-P septum in the case of pulmonary
hypoplasia (Fig. 2-c ). Mesenchymal globular
formation was not observed within the A-P
septum. On day 13 1/2, it became difficult to
distinguish histologically the cells in the A-P
septum from the smooth muscle cells in the
vascular walls of the great arteries (Fig. 3-c ).

® Formation of the myocardial sheath
and the tunica media in the truncus

Developmental retraction of the myocardial
sheath was delayed in all cases of the pulmo-
nary hypoplasia, PTA and non-septation
through all the fetal ages compared to that of
the normal hearts. Prospective smooth muscle
cells arranged almost regularly within the
vascular walls on day 13 1/2 (Fig. 2-e, f ).

® Arrangement of the mesenchymal cells
in the conotrucus '

On day 12 1/2 and 13.0 of gestation, the
mesenchymal cells in the conotrucus showed
less cell density and whorl formations compared
with a normal one. Neither lateral nor central
mesenchymal condensation was observed
throughout the conotruncus (Fig. 2-a, b).

On day 13 1/6 and 13 1/2, whorl forma-
tions and lateral mesenchymal condensation
were observed in the truncal swellings and the
conus ridges, but not so prominent as that of
the normal hearts. Central mesenchymal
condensation was not ebserved because of a
failure in conotruncal fusing. The distal and
proximal conus ridges showed a retardation of
development (Fig. 2-c, d, f ; Fig. 4-c, d ).

On day 14.0, lateral mesenchymal condensa-
tion and whorl formations were poor in the
conus ridges (Fig. 2-g, h).
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On day 15.0, 16.0 and 17.0, the mesenchymal
cells in the proximal conus, semilunar valves,
and the endocardial cushion in the atrio-
ventricular canal were arranged at random in
an edematous stroma, associating with a slight
whorl. Diminution of the conus ridges lagged
half a day to a day behind that of the normal
hearts. In the case of the pulmonary hypoplasia,
the mesenchymal cells condensed and made a
globular condensation at the subendocardium
of the proximal conus. In the case of PTA,
almost all the proximal conus ridges departed
from the semilunar valves, and also from the
cephalic portion of the interventricular septum.

2. Expression of vimentin, desmin and fibrone-

ctin in the treated hearts

(a) Vimentin

@ Vimentin in the smooth muscle cells.

of the great arteries
In the case of the pulmonary hypoplasia,
vimentin appeared in the smooth muscle cells
in the aorta on day 13 1/6 of gestation, and
persisted until day 16.0. Disappearance of
vimentin from the aorta lagged a day behind
that of the normal hearts (Table 2). Interes-
tingly, the smooth muscle cells of the hypo-
plastic pulmonary trunk were weakly stained
with vimentin compared with those of the
aorta from day 13 1/2 to day 15 (Fig. 38-d ),
while the pulmonary trunk showed a similar
intensity with the aorta in the normal hearts.
In the case of PTA, the smooth muscle cells of
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both the common truncus and pulmonary
arteries were faintly and focally stained with
vimentin (Table 2, Fig. 3-g ).

® Vimentin in the A-P septum

In the case of pulmonary hypoplasia on day
13 1/6 and 13 1/2 of gestation, the mesenchy-
mal cells within a small thin A-P septum were
faintly stained with vimentin (Fig. 3-d ). But
the cases on other gestation days showed no
vimentin staining in the A-P septum (Table 4).

® Vimentin in the mesenchymal celis
within the conotruncus, semilunar
valves and cdrdiac jelly.

There was no difference in vimentin staining
of the mesenchymal cells in the conotruncus
and semilunar valves between the treated and
normal hearts. But whorl formations and
lateral mesenchymal condensation which were
stained with vimentin were slightly less in the
treated hearts (Fig. 4-c, d ; Table 4).

@ Vimentin in the myocytes of the atr-
ium, ventricle and the myocardial sheath

Vimentin reactivity in the atrium, ventricle
and the myocardial sheath began to decrease
from day 13 1/6 or 13 1/2 of gestation and
its disappearance from the ventricle was about
two days earlier than in the normal hearts
(Table 6).

(b) Fibronectin staining

@ Fibronectin in the smooth muscle cells
of the great arteries

Prospective smooth muscle cells of the

“truncus arteriosus in non-septation cases were

Table 6. Immunohistochemical properties of the atrium, ventricle and myocardial sheath in
treated rat embryos

Antibody Site 121/2 13.0 1831/6 131/2 14.0 15.0 16.0 17.0
Atrium + -+ +* +* + +* - -
Vimentin Ventricle + + +£* - - — - -
Mpyocardial sheath + + + +* — - - —
Atrium - - — - - +) + +
Desmin Ventricle - - - - - (+) + +
Myocardial sheath - - - - - - - -
Atrium ++ + +- + + (+ - -
Fibronectin Ventricle ++ + + + + (+ — -
Myocardial sheath| ++ + + + (+) (+) — -

+ : positive staining +*: focal positive in diffuse negative staining

++ : intensely positive staining
(+) : faintly positive staining

: negative staining
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weakly stained with fibronectin from day 13.0

to 18 1/2 of gestation (Table 2). In the case

of pulmonary hypoplasia, the smooth muscle
cells of both the aorta and pulmonary artery
showed faint and partial staining of fibronectin
on day 13 1/6and 13 1/2 (Fig. 3-f) and show-
ed fairly staining from day 14.0 to 16.0.
Fibronectin in the smooth muscle cells began
to disappear on day 18.0 and lagged a day
behind that of the normal hearts (Table 2).

In the case of PTA, the smooth muscle cells
of both the aorta and pulmonary artery showed
faint and focal staining of fibronectin from
day 14.0 to 16.0 of gestation (Fig. 4-h). Subse-
quently, fibronectin disappeared on day 17.0
(Table 2).

® Fibronectin in the A-P septum

The A-P septum was not stained with fibro-
nectin on day 13 1/6 of gestation, but faintly
and focally stained with it on day 13 1/2 (Fig.
3.f : Table. 4).

® Fibronectin in the mesenchymal cells
within the conotruncus, semilunar valves
and cardiac jelly

The mesenchymal cells showed almost the
same staining of fibronectin as the normal
hearts in the conotruncus, semilunar valves
and cardiac jelly (Fig. 4-f ; Table 4). However,
the time of occurrence of fibronectin lagged
1/3 day behind that of the normal hearts
coinciding with the time lag of the formation
of the semilunar valves in the treated hearts
(Table 4).

@ Fibronectin in the myocytes of the
" atrium, ventricle and the myocardial
sheath

Fibronectin staining in the atrium, ventricle
and the myocardial sheath was similar with
that of the normal hearts, but the intensity on
day 13.0 of gestation was weaker than that of
the normal hearts (Table 6).

(¢) Desmin

Desmin was not stained in the smooth muscle
cells of the A-P septum and the mesenchymal
cells in the conotruncus, semilunar valves and
cardiac jelly as in the normal hearts, while it
began to be stained in the atrium and vetricle,
lagging one day behind the normal hearts
(Table 6).
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DISCUSSION

The present study deals with the abnormal
development of the A-P septum, outflow tract
and their histochemical properties using anti-
bodies of vimentin, desmin and fibronectin in
the bis-diamine treated hearts.

1. Normal morphogenesis of the A-P septum
and septation of the conotruncus

Recently, the anlage of the A-P septum is
considered to be the mesenchymal cells or the
smooth muscle cells of the great arteries, which
are driven from branchial mesenchyme. In our
study using normal embryonic rat hearts,
septation through the distal truncus to the
proximal conus was completed in only three
days, which is comparable to five and three
days in humans and mice, respectively. The
dorsal wall of the aortic sac between ascending
aorta and right sixth arch invaginates and
forms mesenchymal condensation growing
proximally to fuse the distal truncal swellings.
We refer to this mesenchymal condensation as
the A-P septum. However, it soon became
difficult to distinguish the mesenchymal globus
of the A-P septum from the smooth muscle
cells of the great arteries.

Summa et al.3%) simply described without
detailed findings that the A-P septum appeared
as mesenchymal condensation in the distal
truncal swellings including the aortic sac. But
from the reslut of this study, it is emphasized
that the appearance of the A-P septum and
septation of the conotruncus begins separately.
As beforementioned, the A-P septum is a small
vertical tubercle driven from the dorsal wall
of the trunco-aortic sac between ascending
aorta and right sixth aortic arch. On the other
hand, the truncus septum is formed by a fusing
of mesenchymal condensation in both ' the
truncal swellings. Then, the proximal conus
quickly appears to form mesenchymal conden-
sation. Therefore, central or lateral mesenchy-
mal condensation seems to be formed distally
to proximally, concomitant with the truncus
septation. It is concluded that the mesenchymal
condensation in the truncal swellings and the
A-P septum are essentially different and the
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A-P septum are soon incorporated into the
smooth muscle cells of the great arteries and
upper ends of the truncal swellings.

2. Relationship among the myocardial sheath,

mesenchymal arrangement and the septa-

tion of the outflow tract

In the normal hearts, considerable whorls of
the mesenchymal cells and lateral mesenchymal
condensation appeared to develop simultaneously
with the initial retraction of the myocardial
sheath and appearance of the A-P septum as
Trompson et al') described. It is suggested that
bis-diamine suppresses the formation of
mesenchymal condensation and sebsequently
delays the retraction of the myocardial sheath,
based upon the fact that the lateral mesenchy-
mal condensation in the treated heart is
hypoplastic compared with those in the normal
hearts, and that the retraction of the myocar-
dial sheath lags behind that of a normal one.
Therefore, the formation of the mesenchymal
condensation and retraction of the myocardial
sheath may be necessary for the septation of
" the outflow tract.

8. Expression of vimentin and desmin in the
normal hearts and the bis-diamine induced
anomaly
The major subunit proteins of muscle-type

and fibroblast-type intermediate filaments are

now widely referred to as desmin and vimentin,
respectively. Vimentin is an intermediate
filament protein of mesenchymal cells, which
in many cases coexists with GFAP, keratin
and neurofilament protein as well as with
desmin. On the other hand, desmin exists in
muscular cells and distributes in Z-band of
skeletal muscles, bridging myofilaments or
between myofilaments and cytoplasmic
membrane. Nac et al.?4) reported that these
vimentin and desmin in embryonic cardiac
myocytes showed a gradual increase in concent-
ration as the cell matured in culture. BENNET et
al.?) and Toxuvasu et al.® 3)obtained the same
results, that both desmin and vimentin were
distributed in immature myotubes, but as the
myotubes matured, vimentin gradually disap-
peared and was not detected after maturation,
whereas desmin continued to appear in those

which had matured. Nac? et al, and Garp and

Lazarmes'!? have never observed the disappea-
rance of desmin and vimentin in developing
myotubes in culture.

As to the expression of vimentin and desmin
in the atrium and ventricle, the author agrees
with the results of Bexwer?) and Toxuyasu®® 360 ,
because vimentin staining in the atrium and
ventricle of the normal hearts switches to
desmin staining on day 14 of gestation. In the
bis-diamine treated embryos, this switching
lagged one day behind the normal hearts.
Furthermore, vimentin staining in the smooth
muscle cells of the pulmonary trunk was less
than that of the aorta in pulmonary hypoplasia
and PTA. We could not explain the reason for
this delayed appearance of desmin and a weak
staining of vimentin in the pulmonary trunk
of the treated hearts. Bis-diamine may have a
direct or indirect suppressing action in delaying
the switching and decreasing of the intensity
of the staining in the hypoplastic pulmonary
trunk.

Sumipa et al.32)reported in their recent study
using chick embryos that the developing tunica
media in the truncus did not react to the anti-
desmin antibody at the time when cellular
condensation in the A-P septum was intensely
stained with it, and, on the contrary, staining
in the A-P septum was decreasing when the
tunica media of the great arteries was stained
with anti-desmin antibody as the embryos
grew. From these results, they concluded that
the cells within the A-P septum are referred to
as muscle-type cells, and that they are neither
developing smooth muscle cells nor their pre-
cursor cells of the tunica media of the great
arteries. In the present experiment, however,
desmin has never appeared in the smooth
muscle cells of the A-P septum, although it did
appear in the great arteries of the normal
hearts on day 17. This diverse results may
have been caused by the difference in the anti-
body and animal species used.

Recent studies using quail-chick chimeras
have shown that the neural crest cells contri-
bute to the formation of the A-P septum and
differentiate into the smooth muscle and elas-
tin fibrils of the tunica media of the great
arteries® 1819.22) It ig plausible explanation
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of the present result that the globular forma-
tion depicted by vimentin in the normal hearts
is derived from the neural crest, while globular
formation is not depicted by vimentin in the
treated hearts due to the failure of the neural
crest cells’ migration.

Toxuvasu et al3% 3) indicated the presence of
desmin in muscle cells and its absence in fibro-
blast. In this study, the mesenchymal cells in
the conotrucus, myocytes in the atrium and
ventricle, and the smooth muscle cells of the
great arteries show vimentin filaments at the
early developmental stages of the hearts, and
in the smooth muscle cells of the greaf arteries
the expression of vimentin filaments switching
to desmin filaments at the later stages of
development. It is suggested vimentin filaments
appeared in the immature tissue and acquired
muscle-type nature of desmin filaments with
maturation. Therefore, we agree partly with
the result of Summa et al., yet it can not be
denied that the cells within the A-P septum are
developing smooth muscle cells or precursors
of the smooth muscle cells of the tunica media
of the great arteries. On the other hand, loose
mesenchymal cells in semilunar valve leaflets
were not stained with vimentin at all. This
may be due to the acquisition of the mature
type of cell nature, such as a fibroblast and/
or collagenous nature in preexisting mesenchy-
mal cells of the semilunar valve leaflets not to
be stained with vimentin.

It is not known why the mesenchymal cells
change their shape into fusiform at the fused
region of the conotruncus. But it is conceivable
that the intermediate filaments, particularly
vimentin filaments, reorient the fused or fusing
region, and activate or induce the fusing
process of the conotruncus.

Interestingly, vimentin positive areas in the
A-P septum and lateral or central mesenchymal
condensation in the conotruncus of rats in this
study corresponded to the desmin positive areas
in the truncus swellings of the chick in the
study by Summa et al.. Further study is needed
to clarify the species differences in the expres-
sion of vimentin and desmin as well as the
switching mechanisms.
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4. The relationship between the development
of the normal hearts and the bis-diamine
induced anomaly and the tmmunoreactivity
of fibronectin ’
Fibronectin is a high-molecular-weight glyco-

protein believed to play an important role in

cell migratory processes, embryonic differentia-
tion and neoplastic transformation in vitro as
well as in vivo® 25) Fibronectin was distributed
in the areas similar to those with vimentin,
and both fibronectin and vimentin increased
with the production of the mesenchymal cells.

It is suggested that fibronectin may play an

important role in the interaction between these

mesenchymal cells and the extracellular matrix,
and in the process of cellular migration from
endocardium toward myocaridum. As to the

possible mechanisms, fibronectin may act as a

role of contact guidance or as a vectorical

component in the cardiac jelly with concentra-

tion gradient. But there was no evidence of a

concentration gradient in the conotruncus in

either normal or treated hearts in the present
study. Fibronectin was positive in the tunica
media of the great arteries and the semilunar
valves during the development in both the
normal and treated hearts in this study.

However, it is uncertain whether accumulation

of fibronectin in the developing tunica media

is related to an attraction of the neural crest
cells into the tunica media as described by

Summa et al.. The mesenchymal cells may be

involved in the formation of the A-P septum

and in the formation of the arterial tunica
media as described by ICARDO13), though the
anlage .of the semilunar valves was also
intensely stained with fibronectin in this study,
contrary to the findings of Icarno3).  The
difference in antibody, method and species
may affect the distribution and intensity of
fibronectin staining. The fact of the delay in
the most intense reactivity of fibromectin in
the semilunar valves and the smooth muscle
cells of the great arteries, and the weak reac-
tivity in the great arteries and the A-P septum
in the malformed hearts suggests that fibro-
nectin is necessary for the development of the
tunica media of the great arteries, the semi-
lunar valves and the A-P septum. Thus, an
insufficient introduction of the mesenchymal
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cells in the anlage of these areas may lead to
an insufficient production of fibronectins and
result in anomalies of the A-P septation.

Fibronectin has recently been discussed in
relation to intracellular actin cables®’, fibro-
nectin receptor® 1’, a cell surface linkage bet-
ween fibronectin and cytokeratin, and an
anchoring role of cells to the substrate to
maintain normal morphology.

It would be necessary to carry out further
immunoelectron microscopic study to identify
the relationship between induced anomaly and
the expression of immunohistochemical markers.
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