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nuclei of the hypothalamus in rats.”
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Abstract

We examined the effect of food deprivation for three days on hypothalamic arginine vaso-
pressin (AVP) mRNA in rats. Simultaneously the effect of water deprivation for the same period
was examined as a model of dehydration. Levels of AVP mRNA in the supraoptic nucleus (SON)
and the paraventricular nucleus (PVN) were determined by semiquantitative in situ hybridization
histochemistry. Water deprivation increased AVP mRNA in both nuclei as previously reported.
In contrast, food deprivation decreased AVP mRNA in these nuclei. The changes in AVP mRNA
levels in the PVN were observed in the magnocellular subdivision of the nucleus. Plasma levels
of ACTH and corticosterone were greatly increased in both treated groups of rats. Plasma AVP
and osmolality levels were significantly elevated in water-deprived rats but not in food-deprived
rats. These observations indicated that both food deprivation and water deprivation stimulated
the pituitary-adrenal axis and that a reduction in AVP mRNA levels in food-deprived rats was
caused by food deprivation but not by glucocorticoid feedback suppression nor by altered plasma
osmolality.
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Food Deprivation Decreases Vasopressin mRNA in the Supraoptic and Para-
ventricular Nuclei of the Hypothalamus in Rats

Takashi Ogasa*, Kozo Hashimoto, and Zensuke Ota

Third Department of Internal Medicine, Okayama University Medical School, Okayama 700, Japan

We examined the effect of food deprivation for three days on hypothalamic
arginine vasopressin (AVP) mRNA in rats. Simultaneously the effect of water
deprivation for the same period was examined as a model of dehydration. Levels of
AVP mRNA in the supraoptic nucleus (SON) and the paraventricular nucleus (PVN)
were determined by semiquantitative in situ hybridization histochemistry. Water
deprivation increased AVP mRNA in both nuclei as previously reported. In contrast,
food deprivation decreased AVP mRNA in these nuclei. The changes in AVP mRNA
levels in the PVN were observed in the magnocellular subdivision of the nucleus.
Plasma levels of ACTH and corticosterone were greatly increased in both treated
groups of rats. Plasma AVP and osmolality levels were significantly elevated in water-
deprived rats but not in food-deprived rats. These observations indicated that both
food deprivation and water deprivation stimulated the pituitary-adrenal axis and that
a reduction in AVP mRNA levels in food-deprived rats was caused by food deprivation

but not by glucocorticoid feedback suppression nor by altered plasma osmolality.
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Recently there have been a growing awareness
of the hypothalamic neuropeptides participating in
the regulation of appetite and feeding such as
opioid peptides (1), corticotropin-releasing hor-
mone (CRH) (2-4), neuropeptide Y (4) eic.
CRH, the most potent secretagogue of ACTH, is
known as a major anorexic agent to reduce both
spontaneous or starvation-induced feeding (5). It
is well established that arginine vasopressin
(AVP) plays important roles in regulating the
body fluid balance and the stress-induced ACTH
secretion (6). In contrast to CRH, sparse data on
the roles of AVP in feeding have been accumulat-
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ed so far. Previous studies suggest that AVP is
involved in hypothalamic regulation of feeding (7,
8), and there is evidence that abnormal secretion
of AVP is associated with human dietary disorder
such as anorexia nervosa (9).

In this study we examined the effect of food
deprivation for three days on levels of AVP
mRNA in hypothalamic nuclei as a consequence
of abnormal feeding. To make a comparison with
the effect of food deprivation, we simultaneously
studied the effect of water deprivation for the
same 3-day period as a model of dehydration on
which the changes in AVP mRNA levels in the
hypothalamus (10, 11) and AVP concentration in
the plasma (12, 13), the posterior pituitary and the
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hypothalamus (14) have been well documented. In
situ  hybridization histochemistry using an
oligonucleotide probe was performed to detect
AVP mRNA expressed in the supraoptic (SON)
and paraventricular (PVN) nuclei. In addition,
the responses of the pituitary-adrenal axis and
alterations of plasma AVP and osmolality levels
were also examined following water or food
deprivation.

Materials and Methods

Experiment I

Animals. Six male Wistar rats weighing approxi-
mately 200g were housed with free access to standard rat
biscuits and water in an animal room (lights on 07.00~19.
00 h) for three days before the experiment.

Treatments. Rats were weighed and randomly as-
signed to three groups; control, water-deprived and food-
deprived groups (n=2 per group). They were
maintained individually in each cage for three days. The
control rats had free access to food and water. The
water-deprived rats were supplied only with food while
the food-deprived rats were given only water.

Perfusion and tissue preparation. Three days after
starting the experiment, the rats were anesthetized with
sodium pentobarbital (45mg per kg body weight, ip.),
weighed and sacrificed between 11.00 and 13.00 h by the
transcardial perfusion of phosphate-buffered saline (about
100ml per rat) followed by ice-cold 4 % paraformalde-
hyde in sodium phosphate buffer (about 500ml per rat).
The brains were quickly removed and post-fixed in the
same fixative for 2 h, then immersed in 20 % sucrose
solution overnight to prevent an ice crystal artifact forma-
tion. Eight-pm-thick coronal sections at the levels of the
SON and the PVN were cut out on a cryostat at =20°C
and directly thaw-mounted onto autoclaved gelatin-coated
slides, then placed on a slide warmer at 45°C for 1-2 h
and stored at =70°C until in situ hybridization.

Oligonucleotide probe. A *S-labeled synthetic
oligonucleotide probe complementary to bases 286-315 of
the rat prepro-AVP mRNA was purchased from
DuPont/NEN  Products (Boston, Mass.,, USA).
According to the computer-based homology similarity
search program (Soft Ware Developing Company,
Tokyo, Japan) of all nucleic acid sequences in rodents
stored in the Los Alamos Nucleic Acid Data Base, this
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oligomer has no homology with oligomer sequences of
oxytocin and other hypothalamic peptides.  Specific
activity of the probe was 1.30 x 10° dpm/ug.

In situ hybridization. Tissue sections mounted on
gelatin-coated slides were denatured at 72°C for 30 min in
a solution of 40 ul of diethylpyrocarbonate in 200ml of
autoclaved 2 x SSC (0.3M sodium chloride, 0.03M
sodium citrate in autoclaved nanopure distilled water)
titrated to pH 3.5 with acetic acid, and then deproteinated
at 37°C for 15min in a solution of 1ug/ml pepsin in
autoclaved 2 x SSC-acetic acid (pH 3.5). The slides were
rinsed twice in a solution of autoclaved 0.2 x SSC for 1
min each and rinsed in 5 mM dithiothreitol (DTT) (77
mg/ml) in autoclaved nanopure distilled water for 1 min at
room temperature. Slides were permitted to air dry. A
microfuge tube containing prehybridization buffer (PHB;
contents below) was heated at 100°C for 10 min and then
cooled on ice. The buffer was diluted (1: 1) with 100 %
formamide. A 20xl of PHB-formamide solution was
applied to each section and incubated for 2 h at room
temperature to reduce the non-specific binding of the
labeled probe to the nucleic acids in the tissue. The
solution was then drained off the slides. The radioactive
probe of 10°cpm was dissolved in 20 ] of hybridization
buffer (HB; contents also below) containing 50 % for-
mamide, heat-denatured at 100°C for 10min and cooled
rapidly on ice. A 20ul aliquot of labeled probe in
HB-formamide solution was applied to each section and
incubated overnight at 20°C. The post-hybridization
procedure was performed as follows. The sections were
washed in autoclaved 2 x SSC, then in autoclaved 0.5 x
SSC containing 5 mM DTT at 20°C, dehydrated in
graded (50, 70, 90 and 100 % ) ethanol for 1 min each and
allowed to air dry in a desiccator. Ethanol at concentra-
tions of 50, 70 and 90% was diluted with 300 mM
ammonium acetate. The buffer used in the prehybridiza-
tion (PHB) and hybridization (HB) procedures contained
the following reagents per 5ml autoclaved, nanopure
distilled water: 1.2ml of 5.0 M sodium chloride; 100 #1 of
1.0M Tris pH 7.6;16.7 1l of 6% (w/v) bovine serum
albumin; 40 ¢l of 250 mM EDTA; 50 4l of 5% sodium
pyrophosphate ; 33 i1 of 6 % polyvinylpyrrolidone; 10 1
of 50mg/ml yeast tRNA ; 250 1 (PHB) or 50 x1 (HB) of
20mg/ml yeast total RNA (type III); 5001 (PHB) or
100 11 (HB) of 10mg/ml herring sperm DNA (type IV);
and 5ul of 20mg/ml dithiothreitol. The HB also
contained 1g/5ml of dextran sulfate and 331 of 15mg/
ml polyadenylic acid (15, 16).

Autoradiography and counterstaining. Dried slides
were dipped in Kodak NTB-3 nuclear track emulsion
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(diluted 1:1 with distilled water) and permitted to air dry.
After exposing the slides for 11 days at 4°C, they were
developed in Kodak D-19 developer, rinsed in water
twice, fixed in Kodak fixer and washed in distilled water.
Sections were counterstained with cresylviolet and cov-
ered with coverslips.

Image analysis. Anatomically level-matched sec-
tions at the rostral, middle and caudal parts of the SON
and the PVN on the counterstained slides were selected
from the control, water-deprived and food-deprived rats
for image analysis. Semiquantitative analysis of
autoradiographic silver grains was carried out using the
computerized image analyzer as we previously reported
(17). It was composed of a TV Image Processor Excel
TVIP-4100 (Nippon Avionics Company, Ltd., Tokyo,
Japan) and the TV Image Processor Excel Command
4198 (Ratoc System Engineering Company, Litd., Tokyo,
Japan). Silver grains projected onto the video monitor
through the light microscope were converted to densogra-
phy in which each grain was digitized. The threshold for
subtracting the non-specific background was determined
on densography. The outer margins of the SON and the
PVN on the video monitor were traced manually based
on their counterstains. The total area of each nucleus and
the area occupied by the silver grains (hybridized area)
within the nucleus (the SON and the PVN) were calcu-
lated automatically as g m? The per cent (%) occu-
pancy, presented as the ratio of the hybridized area to the
total area of each nucleus, was compared among
anatomically level-matched sections from the three
groups.

Experiment Il

Animals and treatments. Eighteen male Wistar rats
weighing approximately 200g were housed in an animal
room under the same conditions as described for the
experiment I. Before the experiment, the animals were
weighed and randomly divided into three groups; control,
water-deprived and food-deprived groups (n=06 per
group). They were treated for three days in the same
way as in the experiment 1.

Collection of blood.  After three days’ treatments the
rats were decapitated between 11.00 and 14.00 h and
weighed. The truncal blood was collected into chilled
glass tubes containing EDTA and centrifuged at 3,000g
at 4°C for 10min. The plasma was separated, frozen and
stored at =20°C until the measurement of ACTH, cor-
ticosterone, AVP and osmolality.

Tissue exiraction. The median eminence (ME), the
remaining tissue of the hypothalamus (rHy), the anterior

pituitary (AP) and the posterior pituitary (PP) were
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quickly dissected out and placed in plastic tubes on dry
ice. The block of the hypothalamic tissue obtained was
bounded by the optic chiasm and mammillary bodies
rostrocaudally and by the anterior commisure dorsally
(18). ME and rHy for CRH and AVP assays were
extracted by the acetone-petroleum ether methods previ-
ously reported (19) . The dried extracts were stored at
-20 °C until assays. AP for ACTH and PP for CRH
and AVP assays were homogenized in a 2 ml solution of
0.1 N HCl with a glass homogenizer. After centrifugation
at 7,000 g at 4 °C for 10 min, the supernatant of AP was
stored at -20 °C, and the supernatant of PP was
lyophilized overnight and stored at =20 °C until assays.
Tissue protein was measured by a protein assay kit (Bio
—Rad Laboratories, Richmond, VA., USA).

Hormone assays. Concentration of ACTH in the
anterior pituitary and the plasma was measured using a
commercially available immunoradiometric assay kit
(ACTH-IRMA kit, Mitsubishi Yuka Petrochemical
Company, Tokyo, Japan). Assay sensitivity of plasma
ACTH was 5pg/ml.  Plasma corticosterone was
measured with a cortisol radioimmunoassay kit (SPAC
Cortisol Radioimmunoassay Kit, Daiichi Radioisotope
Laboratories, Tokyo, Japan) with corticosterone stan-
dard. Although the cross-reactivity of the antiserum to
corticosterone in this kit was low, the values obtained
were mostly ascribed to corticosterone, as the levels of
cortisol and 11-deoxycortisol are negligible in rat blood.
Plasma AVP was measured by AVP-RIA kit (Mitsubi-
shi Yuka Petrochemical Company, Tokyo, Japan). Tissue
concentrations of CRH (19) and AVP (20) were mea-
sured by the radioimmunoassay methods established in
our laboratory. Assay sensitivities for CRH and AVP
were 2 pg/tube and 0.5 pg/tube, respectively. Plasma
osmolality was measured by the descending freezing point
method. -

Statistical analysis. Values are presented as the
mean = SEM. The differences between the values were
conducted using unpaired Student’s #-test, with P < 0.05
established as significant.

Results

Body weight changes. Before starting the
experiment 11 there was no difference in body
weight among the control, water-deprived and
food-deprived groups. After three days’ treat-
ments the body weight was significantly lower in
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Table 1 Body weight changes following deprivation of water or food for three days in the experiment II.
Groups of Control Water-deprived Food-deprived
rats n=6) n=6) (n=16)
Weight at start (g) 225.8+20 215.0 £ 3.7 217.3£ 34
Weight at end (g) 2504 £ 3.1 186.3 £ 3.7* 189.0 + 2.3*
Weight change (%) 10908 —13410.8* —13.0£0.9*

Values are presented as the mean == SEM. Numbers in parentheses refer to the number of rats used.
* p < 0.001, compared to controls.

Fig. 1 Autoradiographic silver grains observed by in situ hybridization histochemistry (a,b) and the defined areas of the SON (c)
and the PVN (d) in a control rat. The SON and the PVN were outlined by tracing on the video monitor on the basis of the counterstaining
with cresylviolet. SON: the supraoptic nucleus, PVN: the paraventricular nucleus, V: the third ventricle, OC: the optic chiasm.
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both the water-deprived and the food-deprived
groups than that of the control group. Body
weight was reduced to a similar extent in the two
treated groups (Table 1). Similar changes were
seen in the mean body weight in the experiment
I.

AVP mRNA levels in the SON and the
PVN. Fig. 1 shows autoradiographic silver
grains indicating the localization of AVP mRNA
(a,b) and the traced areas of the SON (c) and the
PVN (d) of a control rat. The hybridized areas

Fig. 2 Comparable series of autoradiographic silver grains
showing the localization of AVP mRNA within the SON obtained
in the control (a), water-deprived (b) and food-deprived (c) rats.
Each section was rostrocaudally level-matched according to the
countrstaining, Water deprivation increased AVP mRNA signals
in the SON, while food deprivation decreased AVP mRNA signals
in the SON. OC: the optic chiasm. Bar = 200 zm.
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in the SON (Fig. 2;b) and the PVN (Fig. 3;b)
were expanded and the density of silver grains
increased in the water-deprived rats. By contrast,
in the food-deprived rats the hybridized areas and
the density of AVP mRNA signals were reduced
in both nuclei (Fig. 2;¢ and Fig. 3;c). The
changes in AVP mRNA signals in the PVN were
observed in the magnocellular subdivision and no
apparent changes were seen in the medial parvo-
cellular subdivision (mp). Semiquantitative image
analysis showed that the per cent occupancy of
AVP mRNA signals expressed in the SON and
the PVN tended to increase in the water-deprived
rats but to decrease in the food-deprived rats as
compared with controls (Table 2).

Plasma ACTH, corticosterone, AVP and
osmolality levels. In both the water-deprived and
the food-deprived rats the plasma ACTH levels
showed marked increases; 70.1 = 12.3pg/ml and
148.2 = 23.0, respectively, compared with control
values (24.86.7). The plasma levels of
ACTH were significantly higher in the food-
deprived rats than in the water-deprived rats.
Plasma corticosterone levels were greatly elevated
in both the water-deprived (20.0 & 2.4  g/dl) and
the food-deprived (26.5 & 2.7) rats as compared
with control values (1.3 £ 0.1). Plasma AVP and
osmolality levels were significantly elevated in the
water-deprived  (17.3 + 2.7pg/ml, 304.8 3.1
mQOsm/kg, respectively) rats, but not in the
food-deprived (1.4t 0.2, 288.3 1+ 4.8) rats,
compared to the controls (1.3 = 0.2, 290.3 +3.4)
(Fig. 4).

AVP concentration in the pituitary and the
hypothalamus. The concentration of AVP was
lower in the posterior pituitary of the water-
deprived rats and in the median eminence of the
food-deprived rats than in those of the controls,
while AVP concentration in the rest of the
hypothalamus did not differ significantly among
the three groups (Fig. 5).

ACTH and CRH concentrations in the
pituitary and the hypothalamus. The ACTH
concentration in the anterior pituitary was
significantly reduced in the water-deprived rats
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Fig. 3 Autoradiographs of AVP mRNA localization within the PVN obtained in the control (a), water-deprived (b) and food-deprived
(¢) rats. Each section was anatomically level-matched according to the counterstaining. Water deprivation increased AVP mRNA signals
in the magnocellular subdivision of the PVN, while food dprivation decreased AVP mRNA signals in this region. No apparent changes
were seen in the medial parvocellular subdivisions of the PVN among the three groups. Clusters of silver grains in the medial part of
the PVN are localized within the magnocellular neurons normally scattered in this region (arrows). PM: the posterior magnocellular
subdivision. mp: the medial parvocellular subdivision. V: the third ventricle. Bar =200 zm.
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Table 2 Semiquantitative analysis of AVP mRNA signals in the SON and the PVN of the control,
water-deprived and food-deprived rats.

A. Per cent (%) occupancy of AVP mRNA in the SON

Anatomical Treatments

level Control Water-deprived Food-deprived
Rostral 62.8 75.6 41.7
Middle 68.7 794 55.2
Caudal 62.7 75.2 55.3

B. Per cent (%) occupancy of AVP mRNA in the PVN

Anatomical Treatments

level Control Water-deprived Food-deprived
Rostral 36.4 41.0 32.8
Middle 35.2 42.0 29.1
Caudal 33.1 38.8 24.0

Anatomically level-matched sections at the rostral, middle and caudal parts of the SON and the PVN were
selected from the three groups of rats (n =2 per group). Per cent occupancy is expressed as the ratio of the
hybridized area to the total area of the supraoptic nucleus (SON) or the paraventricular nucleus (PVN). The
hybridized areas tended to increase in the water-deprived rats but to decrease in the food-deprived rats at the three
rostrocaudal levels tested, compared with controls.
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Fig. 4 Effect of deprivation of water or food for three days on the plasma levels of ACTH, corticosterone, AVP and osmolality.
Values are presented as the mean & SEM. Numbers in parentheses refer to the number of determinations.
*p<0.01 +»+p<0.001 #p<0.02
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(4134 + 30.8ng/mg protein), but not in the
food-deprived rats (527.5 & 38.6) as compared to
the controls (515.0 & 34.1). The concentration of
CRH in the posterior pituitary, the median emi-
nence and the remaining hypothalamic tissue did

not differ significantly among the three groups
(Fig. 6).

Discussion

In this study we investigated the changes in
hypothalamic AVP mRNA levels and the CRH-
ACTH-corticosterone axis induced by food or
water deprivation. AVP mRNA in the magnocel-
lular neurons of the SON and the PVN was
increased by water deprivation. The marked
reduction of AVP concentration in the posterior
pituitary of the water-deprived rats may be
ascribed to the excess release of AVP by hyper-
osmotic and hypovolemic stimuli. On the other
hand, Young et al. recently reported that CRH
mRNA was decreased in both the magnocellular
and the parvocellular neurons of the PVN after
three days of water deprivation in rats (21). It is
well established that CRH is the most potent
secretagogue of pituitary ACTH, and that AVP
originating from the parvocellular subdivision of
the PVN predominantly potentiates the action of
CRH to secrete ACTH from the corticotrophs
but AVP from the magnocellular subdivision only
partly does (6, 22, 23). Therefore, it seems likely
that AVP, instead of CRH, is at least partly
involved in the secretion of ACTH during water
deprivation.

By contrast, food deprivation reduced
magnocellular AVP mRNA levels in both the
SON and the PVN, indicating a reduction in the
synthesis of AVP. No apparent changes could be
detected in the parvocellular neurons of the PVN.
The significant reduction of AVP concentration in
the median eminence may reflect a decreased
axonal transport of AVP from the SON and the
PVN to the posterior pituitary via the internal
layer of the median eminence. By the way, several
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immunohistochemical studies revealed the heavy
noradrenergic innervation to the SON and the
PVN from the brain stem (24, 25). Norepine-
phrine (NE) has been reported to stimulate AVP
release through @,—adrenergic receptors (26, 27)
and to inhibit AVP release through a,—adrenergic
receptors (27). Brooks et al indicated that a,—
adrenergic receptors exert their tonic inhibitory
effect on AVP release (27). Jhanwar-Uniyal et al.
reported that food deprivation for 48 hours
decreased a,—adrenergic receptor binding and
increased NE turnover in the rat PVN (28).
Together with their reports, the present observa-
tions suggest that a food deprivation-induced
reduction in AVP mRNA levels in the PVN and
the SON neurons are presumably mediated by the
decreased a;—adrenergic receptor binding and
relatively predominant a,—adrenergic activity.

It has been found that hyperphagia induced by
NE injection into the PVN is mediated by a,—
adrenergic receptors (29). Kow et al. reported
that AVP stimulated the function of the
ventromedial hypothalamus (VMH), the satiety
center of feeding, leading to a reduction in appetite
and feeding (7). Aravich et al. carried out an
experiment using Brattleboro rats and reported
that AVP could have a role in the central regula-
tion of feeding as a satiety factor (8). These data,
along with the present finding that AVP mRNA
levels in the PVN and the SON were decreased
by food deprivation, lead us to the hypothesis that
the appetite is increased in the food-deprived rats
by relatively predominant a»—adrenergic receptors
in the PVN and by the attenuated stimulation of
the VMH function.

In the water-deprived rats plasma AVP and
osmolality levels were significantly elevated, but
not in the food-deprived rats. And plasma ACTH
and corticosterone levels were greatly elevated in
both the food-deprived and the water-deprived
rats. These results indicated that a reduction in
AVP mRNA levels was induced by food depriva-
tion, but not by the feedback suppression due to
the increased levels of circulating corticosterone,
nor by the altered plasma osmolality. This notion
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is compatible with the several previous studies
using in situ hybridization (30, 31) and immuno-
histochemistry (32, 33) that show the magnocel-
lular vasopressinergic neurons were not under the
negative feedback regulation by glucocorticoid.

The present observation of the greatly elevated
ACTH levels in the plasma, despite the un-
changed ACTH concentration in the anterior
pituitary of the food-deprived rats, suggested that
the synthesis of ACTH was accelerated to com-
pensate for its release into the peripheral circula-
tion. Therefore, it was likely that CRH was
responsible for the food deprivation-induced
secretion of ACTH. The present data showed,
however, no significant changes in the concentra-
tion of CRH in the median eminence, the remain-
ing hypothalamic tissue, and the posterior pitui-
tary of the food-deprived rats. As the CRH
concentration in the hypothalamus is expressed as
the integration of CRH synthesis, storage and
release, the data on the tissue CRH concentration
did not give evidence as to whether CRH was
unaffected, or whether CRH synthesis and release
were equivalently increased to restore balance in
the food-deprived rats. Very recently, however,
Brady et al. observed that 4 -day food restriction
or deprivation decreased CRH mRNA levels in
the PVN (4). As for their results, the plasma
levels of ACTH and corticosterone were not
affected by 4 days’ food deprivation in male rats.
Their results on plasma ACTH and corticoster-
one levels were quite different from our results
and other previous reports (3, 34, 35). Suemaru
et al. reported the reduction of the hypothalamic
CRH concentration and the greatly elevated
plasma corticosterone levels in the rat after 7
days’ food deprivation, and suggested that food
deprivation might accelerate the CRH turnover in
the hypothalamus (3). The influence of food
deprivation on the CRH-ACTH-corticosterone
axis must be elucidated by further examination of
hypothalamic CRH mRNA levels following food
deprivation.

In conclusion, our finding of decreased AVP
mRNA levels in the supraoptic and par-
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aventricular nuclei in the food-deprived rats sug-
gests a possible role of AVP in the inhibition of
feeding and appetite, and the disinhibition leading
to an appetite increase during food deprivation.
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