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in Hyperthermia-Induced Exencephaly
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ABSTRACT—Hyperthermia of fetal rats is known to cause malformations of various organs including
brain. The present study was carried out to investigate the effect of the hyperthermia-induced brain dam-
ages on the development of the adenohypophysis. Mother rats of Day 9.5 of pregnancy were anesthetized
and immersed in hot water (43°C) for 15 min. At Day 21.5 of gestation, fetuses were removed by caesarian
section and examined for exencephaly. Hyperthermal stress induced varying degrees of exencephaly in
36% of surviving fetal rats. In extreme cases a considerable part of head was lost. Even in those fetuses
with severe brain deformities, the hypophysial stalk and neural lobe were present though they were mark-
edly underdeveloped. In exencephalic fetuses, no immunoreactive vasopressin was detected in the neural
lobe of the hypophysis. Immunchistochemical examination of the adenohypophysis showed that exenceph-
aly caused a marked decrease in the number of growth hormone (GH)-producing cells. Other types of hor-
mone-producing cells appeared to be unaffected by brain anomaly. The reason for a decreased population
of GH cells in exencephalic fetuses is discussed in relation to their adrenocortical hypotrophy.
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INTRODUCTION

The mammalian adenohypophysial primordium arising
as an invagination of the oral ectoderm of the stomodeum
maintains an intimate anatomical relationship with the brain
floor from its early developmental stage. Recently we
encountered an anomalous rat fetus where the adenohypo-
physis was ill-developed probably because of its failure to
get contact with the brain. Although congenital malforma-
tions of this category are of interest from a viewpoint of fetal
endocrinology, their incidence is quite low. In utero experi-
ments to elucidate the effect of the fetal brain on the devel-
oping adenochypophysis have been performed along several
different lines of approach. One is surgical removal of the
fetal diencephalon (Jost, 1966; Daikoku, 1966; Daikoku et
al., 1973), but difficulty of surgical encephalectomy in rat
fetuses before Day 16.5 of gestation has hindered applica-
tion of this method to investigate the early effect of the hypo-
thalamus on the pituitary development. A second method
has been hypothalamic destruction induced by hypervitami-
nosis A (Eguchi et al., 1971a, b, 1973). Although vitamin A
treatment can be done as early as on days 9-11 of fetal
age, it is known to cause a strong teratogenic effect on a
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wide range of developing organs (For reviews, see Geelen,
1979; Collins and Mao, 1999). The present study relied on
a third method: fetal rats were subjected to hyperthermal
stress in utero on day 9.5 of pregnancy. Hyperthermia at this
early stage of fetal period is known to cause brain malfor-
mations including anencephaly or exencephaly in rats
(Edwards, 1968, 1986; Mirkes, 1985; Webster et al., 1985;
Aoyama and Yamashina, 1994) and mice (Webster and
Edwards, 1984; Chernoff and Golden, 1988; Seller and Per-
kins-Cole, 1987; Shiota,1988; Shin and Shiota, 1999). The
results reported in this article will show the evidence that
hyperthermia-induced exencephaly causes marked growth
retardation of the adrenal cortex and a decreased popula-
tion of somatotropes in the adenohypophysis.

MATERIALS AND METHODS

Rats of the Sprague-Dawley strain were used. The animals
were kept under a control of light (lights on 6:00-18:00) and tem-
perature (20+£2°C). Adult males and females were mated at night.
Pregnancy was confirmed by the presence of sperms in the vaginal
smears of females. The morning of sperm detection was designated
as Day 0.5 of pregnancy.

On Day 9.5 of pregnancy, mother rats were anesthetized by
ketamine hydrochloride. The animals were then tied to a wooden
board and immersed in hot water (43°C) except their head for 15
min. After the hyperthermal treatment, the rats were wiped with dry
towels and kept at 37°C up to recovery. Control mothers were sim-
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ilarly anesthetized, fixed and immersed in water (38°C). In this
study, 16 pregnant rats were subjected to heat stress. Of these 6
rats died. On Day 21.5 of pregnancy, the animals were killed by cer-
vical dislocation and the fetuses were removed for inspection.

After weighing all fetuses with or without brain anomalies, the
head was fixed in Bouin’s solution for a short time. Except in the
cases of severe brain deformities, lateral sides of the head were cut
to attain good penetration of fixative into the basal diencephalon.
The left adrenal and kidney were separated and weighed, while the
right adrenal was fixed for histological observation. After 24 hr of fix-
ation, all tissues were dehydrated in ethanol and embedded in
Paraplast. The heads were cut mostly in the sagittal plane at a
thickness of 3 um, whereas a few were also cut transversely. For
ordinary observation, sections were stained with hematoxylin and
eosin. Quantitative measurements of the hypophysis were per-
formed by using sagittal sections. The volume of the pars distalis
was compared using a volume index, which was calculated based
on a three-dimensional measurement of the gland. The antero-pos-
terior length was measured on a median sagittal sections of the
hypophysis. The mean thickness was the average of the two differ-
ent levels of dorso-ventral lengths; one was measured in a middle
part of a median sagittal section and the other in the thickest lateral
portion of the pars distalis. For these measurements, digitized
images were analyzed with the aid of NIH image software. Whereas
the width of the pars distalis was estimated from the number of sec-
tions.

Immunohistochemical staining was performed by using the
peroxidase anti-peroxidase (PAP) method. To ascertain the dam-
age of the hypothalamo-hypophysial axis, sections were immun-
ostained with an antibody to vasopressin (Chemicon, CA., USA).
While the hormone-producing cells of the adenohypophysis were
stained with antisera to human adrenocorticotropin (hACTH), o-
melanotropin (aMSH), rat growth hormone (rGH), B-subunit of
human thyrotropin (hTSHp), B-subunit of bovine luteinizing hor-
mone (bLHP) and rat prolactin (rPRL). The anti-oMSH was a gift
from Dr. S. Tanaka, Shizuoka University, and other antibodies were
provided by Dr. Parlow (NIDDK, USA). Since data are available to
show a heterogenous distribution of LH cells along the medio-lateral
axis (Watanabe and Daikoku, 1979), the numbers of the different
types of immunoreactive cells were counted on the three different
sagittal planes of the pars distalis, i.e., 1) a medial part, 2) a para-
median part including the lateral end of the neural lobe, and 3) a
lateral part where the profile of the anterior lobe attains maximum.
The easiness in identifying these three profiles in the sagittal plane

was also the reason for this choice. For actual cell counting, digi-
tized photographs of the selected areas were used. Immunoreac-
tive cells were counted irrespective of the presence of the nucleus
and staining intensity. In this study, the incidence of immunostained
cells observed were expressed as “density”, or the number of cells
per 10, 000 pum? of section. For this purpose, the numbers of immu-
noreactive cells from three different levels were summed and it was
divided by summed areas of section profiles which were measured
with an image analyzing system (IBAS, Germany). The data were
analyzed by Student’s T-test.

RESULTS

Effect of Hyperthermia

As reported by other investigators, hyperthermia was
found to cause anomalies in some fetuses, but in others the
effect was so little that no apparent malformation was rec-
ognized (Table 1). In this study, the fetuses subjected to
hyperthermal stress were divided into two groups according
to the external appearance of the head region. “Group Bm+~

Table 1.  Effects of hyperthermia on fetal rats on day 9.5 of gestation

Mother Number Brain malformations Absorbed
of fetuses = +* or dead

A 7 1 6 0

B 14 14 0 0

C 15 14 0 1

D 15 0 2 13

E 17 9 6 2

F 16 16 0 0

G 15 1 14 0

H 13 13 0 0

| 14 0 8 6

J 8 8 0 0
Total 134 76 36 22

* designated as Group BM—, ** designated as Group BM+

Fig. 1. Representative 21.5-day-old rat fetuses subjected to hyperthermia at Day 9.5 of gestation. A: External appearance of exencephalic
fetuses induced by heat stress. x1.8. B: Sagittal section through the hypophysis (arrow) of an exencephalic fetus shown in A. Note marked
destruction of the diencephalon. Inset: High magnification of adenohypophysial tissue showing enlarged blood sinusoids. HE stain. x30, inset

x100.
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consisted of 36 fetuses with externally recognizable brain fetuses without apparent brain deformity. As far as the sim-
malformations including anencephaly, exencephaly or ple histological examination was concerned, there could be

encephalocoele, whereas “Group Bm-" consisted of 76 found little difference between the fetuses of Group Bm-—

Fig. 2. Transverse sections through the hypophysis immunostained for GH. A: Hypopysis of 21.5-day-old intact control showing many
intensely stained GH cells. B: Hypophysis of exencephalic fetus. The shape of the pars distalis differs from that of the control. GH cells are less
strongly stained and fewer in number. x75.

Table 2. Comparison of the size of the pars distalis in different groups of fetal rats

Rostro-Caudal Width (mm) Thickness (x0.1 mm) Volume
(n) Length (mm) (a) (b) Medial (c) Lateral (d) Mean (e) Index (axbxe)
Intact 1.05+0.034 1.81+0.041 1.45+0.11 3.30+0.16 2.3840.12 4.95+0.46
(15)
Bm- 1.03+0.029 1.79+0.031 1.52+0.096 3.02+0.076 2.26+0.069 4.57+0.15
(21)
Bm+ 1.59+0.11** 0.80+0.024** 2.96+0.35"**  4.12+0.17** 3.58+0.024* 4.13+0.29

(34)
Values are means#S.E. **P<0.01 and *** P<0.001 vs. Intact and Bm- fetuses

Fig. 3. Sagittal sections through the hypophysis immunostained for vasopressin (A, B) and GH (C—E). Anterior is to the left. Arrowhead indi-
cates the pars intermedia. A: Hypophysis from heat-stressed but nonexencephalic 21.5-day-old fetus (Group Bm-) showing the presence of
strongly immunoreactive vasopressin in the pars nervosa. The profile of the pars distalis (*) is rather flat. x75. B: In hyperthermia-induced
exencephaly (Group Bm+), no vasopressin was observed in the small-sized pars nervosa (arrow). Flattening of the pars distalis (x) is not con-
spicuous. x75. C: Normal hypophysis containing many GH cells. x75. D: GH cells are also abundant in number in the hypophysis of Group
Bm-—. x75. E: In exencephalic fetus of Group Bm+, GH cells are markedly fewer in number. x75.
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and intact controls.

General Histology

Fig. 1A shows representative fetuses of Group Bm+
where the upper par of the head is lacking. Histological
examination of these anomalies revealed that the brain
including the diencephalic floor was destroyed to variable
degrees. In many fetuses of this group, the hypophysis was
completely open to the amniotic fluid due to a deep cleft run-
ning through the malformed diencephalon (Fig. 1B). On
occasions, the blood sinusoids were distended in the ade-
nohypophysis of Bm+ (Fig. 1B, inset). In spite of severe
damage of the diencephalon, a thin infundibular tissue was
observed in all the fetuses of Group Bm+. The shape of the
adenohypophysis in exencephalic fetus was notably differ-
ent from that in normal animals. As shown in Fig. 2, this
morphological difference was obvious when the hypophysis
was cut transversely. In Group Bm+ fetuses, the lateral
growth of the pars distalis was suppressed. Instead, the
entire pars distalis was rather thicker in this group (Fig 2B).
The rostro-caudal length of the adenohypophysis was also
greater in Group Bm+ (Fig. 3B). Table 2 summarizes the
size of the pars distalis of the three groups. Although the
pars distalis of Group BM+ fetuses was thicker and had a
longer rostro-caudal axis, their volume index was almost
similar when compared to intact control and Group Bm-
fetuses.

Immunohistochemistry of the hypophysis

First of all, immunoreactivity of vasopressin was exam-
ined since this substance reflects the functional relationship
between the hypothalamus and hypophysis. At the end of
gestational period, intensely immunostained vasopressin
was observed in the pars nervosa of both intact and Group
Bm-— fetuses (Fig. 3A). In contrast, no vasopressin immu-
noreactivity was recognizable in the pars nervosa of Group
Bm+ animals (Fig. 3B).

The pars distalis of intact, Group Bm+ and Bm-— fetuses
was immunostained with antisera against GH, PRL, ACTH,
TSH, LH. Among the cells immunoreactive for these hor-
mones, only GH cells were significantly fewer in number in
hyperthermia-induced exencephaly. The immunohistochem-
ical results illustrating this decrease of GH cells are given in

Figures 2 and 3C-E. The average number of GH cells in
group Bm+ (337.2+£26.3) were fewer than in intact control
(485.0+£19.2). Whereas the average area measured in group
Bm-+ (35.6+1.9x10* um?) was rather greater than in control
(20.5+0.9x0* um?). Fig. 4 summarizes the number of differ-
ent types of cells per area in different groups of fetuses. The
population density of immunoreactive GH cells was reduced
to a half of that in the control pituitaries. A slight reduction
in GH cell density was also seen in the fetuses of Group
Bm- but this was statistically insignificant.

Adrenal weight

The body weight was generally more or less reduced in
the hyperthermia-induced exencephalic fetus, which was
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Fig. 4. Number of different types of hormone-producing cells of the
adenohypophysis in Intact (n=8), Group Bm— (n=6) and Bm+ (n=28)
fetal rats. * p<0.001 vs. Intact controls.

Table 3. Comparison of adrenal and kidney weight in different
groups of feta rats

Body Adrenal Kidney
Group (n)  (n)  weight (g) (mg) (mg)
Intact 19 5.2+0.08 0.8+0.08 16.5+0.6
Bm— 23 5.3+0.09 0.94+0.04 17.940.9
Bm+ 36 4.1+0.09"** 0.4+0.03"** 17.8+£0.5

Values are means#S.E. *** P<0.001 vs. Intact and Bm- fetuses

Fig. 5. Section through a medial part of adrenal gland of 21.5-day-old rat fetus. A: Intact normal fetus has the well-developed fetal cortex ().
x45. B: Fetal cortex (*) is also abundant in volume in Group Bm—. x45. C: Atrophic adrenal of Group Bm+. x45
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partly due to the loss of the head region. In spite of such
decrease in body weight, no difference was seen in the kid-
ney weight among the Bm+, Bm— and intact groups (Table
3). In contrast, there was a marked change in the weight of
adrenal gland in the exencephalic fetuses. The adrenal in
the fetuses of Group Bm+ was almost half as heavy as that
of intact controls. No difference was seen in the adrenal
weight between Bm— and intact controls. During the fetal
period, the zonation of the adrenal cortex was still incom-
plete and it is roughly divided into the outer dense (perma-
nent) and inner pale (fetal) cortex (Fig. 5A, B). Although the
decrease in the entire size of the adrenal in Group Bm+
resulted from the reductions in the volume of both cortical
layers, atrophy of the inner layers was more conspicuous
(Fig. 5C).

DISCUSSION

Previous investigations on human anencephaly (Ange-
vine, 1938; Tuchmann-Duplessis,1959; Hatakeyama, 1969;
Salazar et al., 1969; Osamura, 1977; ) were carried out with
the purpose of determining the effect of the brain on the
development of adenohypophysial cells. Experimental data
are available to show the importance of a direct contact
between the diencephalic floor and the adenohypophysial
primordium. We showed that organ culture of Rathke’s
pouch in the absence of the brain resulted in a marked
decrease in the number of ACTH cells (Watanabe, 19823,
b). In frogs too, ACTH cells failed to differentiate (Kawamura
and Kikuyama, 1995) or were markedly decreased in num-
ber (Matsumoto and Watanabe, 2000) without the infundibu-
lum. The contact between the hypophysis and brain,
however, is essential only at the early stage of development.
Watanabe (1982) has shown that the effect of the dienceph-
alic floor on the differentiation of ACTH cells was remarkable
at day 12.5 of gestation, but not at day 13.5. Since hyper-
thermia employed in this study apparently failed to destroy
the diencephalic floor including the infundibulum and neuro-
hypophysis, cell differentiation and proliferation of the
adenohypophysis at the early developmental period are
thought to occur rather normally. In this connection, the
adenohypophysis of exencephalic fetuses shown in this
study differs from that of the congenitally anomalous rat in
which completely dislocated adenohypophysis has markedly
suppressed differentiation of hormone-producing cells
(Watanabe, 1996).

In human anencephaly the neural lobe was reported to
occur in 20—-40% of fetuses (Covel, 1927; Angevine, 1938).
Although the number of fetuses are insufficient, Osamura
(1977) reported that 3 out of 4 anencephalies possessed the
pars nervosa. From these data, the adenohypophysial pri-
mordium in anencephalic fetuses may have a chance to get
contact with the neurohypophysial primordium. In fact, Vogel
(1961) stated that the brain of human anencephalies may
develop normally through the first 6 or 7 weeks of fetal life,
after which abnormal angiogenesis causes the destruction

of neural tissue. In the present study, too, all heat-stressed
fetal rats had both the infundibulum and pars nervosa.
Owing to the presence of these neural elements, the differ-
entiation of ACTH cells could occur almost normally irre-
spective of subsequent brain malformations. In human
anencephaly, on the other hand, Osamura (1977) provided
immunohistochemical data showing a marked decrease in
the number of ACTH cells. At present it is not known whe-
ther the discrepancy between his and our data is due to the
difference in the developmental manner of ACTH cells
between the two species or in the methodologies employed.

Other than the direct tissue contact, hormones from tar-
get organs have been known to be necessary for the cyto-
differentiation of the adenohypophysis. There is good
evidence that the development of GH cells is under the influ-
ence of adrenal corticosteroid. Thus GH cells appear only
when cortisol (Hemming et al., 1984, 1988) was added to
serum-free cultures of the adenohypophysial primordium.
Sato and Watanabe (1998) further showed a correlation
between the number of GH cells in culture explants and the
cortisol concentrations administered. This direct effect of
glucocorticosteroid on developing GH cells well accounts for
the marked decrease in the number of this type of cell in
hyperthermia-induced exencephaly in this study. The ade-
nohypophysis in exencephalic fetuses apparently received a
insufficient amount of corticosteroids from the ill-developed
adrenal glands. The question then arises as to the reason
for the adrenal atrophy of the brain-malformed rats where
ACTH cells appeared to differentiate almost normally. In
view of the reports on congenital anencephaly in human
babies (Angevine, 1938; Tuchmann-Duplessis, 1959; Osa-
mura, 1977; Parker et al., 1983; Young et al., 1989) or
experimentally decapitated fetal rats (Jost, 1966; Jost et al.,
1974), the underdevelopment of the adrenal has been attrib-
uted to the decreased production rate of hypothalamic CRH
or hypophysial ACTH. For the functional maturation of the
hypothalamic-pituitary-adrenal axis, however, not only the
normal formation of each organ itself but also vascular
development is absolutely necessary. As already stated,
anencephaly is usually accompanied by abnormal angio-
genesis of the head region (Vogel, 1961). In view of the
abnormally distended blood sinusoids filled with blood cells
in the adenohypophysis in anencephalic human babies
(Covel, 1927; Salazar et al., 1969) and exencephalic fetal
rats (Fig. 1B, inset) in the present study, blood circulation is
believed to be considerably lower than normal in the hypo-
physis as well. In addition to this disturbed blood flow, brain
damage presumably lead to a subnormal level of CRH as
suggested by Eguchi et al. (1971b). Thus a reduced amount
of ACTH release was insufficient for the normal production
of glucocorticoids, which in turn caused maldevelopment of
GH cells in the adenohypophysis.

In this study, GH cells were also found to decrease in
number in heat-stressed nonexencephalic fetuses though
this change was not statistically significant. It cannot be
excluded that hyperthermia suppressed the function of the
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fetal adrenals without remarkable change of their morphol-
ogy. Further studies are needed to investigate the effect of
thermal stress on the rate of hormone release from the
hypothalamus, hypophysis and adrenal cortex.
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