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Abstract Arginine vasopressin (AVP) is known to a
neuropeptide that plays important roles in water conser-
vation, sodium homeostasis, and in the regulation of serum
osmolality. Several studies have reported that the elevated
AVP level is related with diabetes mellitus as an acute or
chronic stressor using type 1 diabetes mellitus animal
models. However, it is unclear as to how the immunore-
activity and protein level of AVP in the brain is regulated
in animal models of type 2 diabetes mellitus. In the present
study, Zucker diabetic fatty (ZDF) rats were employed as a
type 2 diabetes mellitus model and were compared with
Zucker lean control (ZLC) rats with respect to AVP protein
expression. Furthermore, in order to verify the regulation
of AVP expression before and after the onset of diabetes
mellitus, pre-diabetic rats (4 week-old) and obese-diabetic
rats (12 week-old) were used. Blood glucose levels and
water consumption were also measured and the results
showed significantly high in 12 week-old ZDF than any
other groups. AVP expression levels in the paraventricular
nucleus and supraoptic nucleus were found to be signifi-
cantly higher in 12 week-old ZDF rats than in 12 week-old
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ZLC rats and than in 4 week-old rats by immunostaining
and western blotting. Enhanced expression of AVP in these
animals may be associated with type 2 diabetes mellitus.
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Introduction

Diabetes mellitus is a common endocrine disorder that may
induce dysfunction of the hypothalamus-pituitary-adrenal
(HPA) axis due to its role as a stressor [1]. During acute
and chronic stressful stimuli induced by diabetes mellitus,
several neuropeptides levels are altered in the brain, e.g.,
arginine vasopressin (AVP), Neuropeptide Y, pro-
opiomelanocortin, cocaine-amphetamine-regulated transport,
corticotropin-releasing hormone, and adrenocorticotropin
(ACTH) [1-6]. AVP is known to play an important role in
water conservation, sodium homeostasis, cardiovascular
homeostasis, vasoconstriction, antidiuresis, and in the
regulation of serum osmolality [1, 7]. Moreover, AVP is
synthesized in magnocellular neurons of the paraventricu-
lar nucleus (PVN) and in the supraoptic nucleus (SON) of
the hypothalamus, and to be subsequently transported
axonally and released into the systemic circulation in
response to elevated osmotic pressure in the local micro-
environment and in the plasma from the nerve terminals in
the posterior pituitary [8, 9]. AVP is also released locally
from cell bodies and dendrites in the SON with a longer
delay and duration in response to systemic osmotic chal-
lenge [10, 11]. Several studies have reported that an
inappropriately elevated AVP level in hypothalamus could
be associated with diabetes mellitus, and elevated AVP is
enhanced in patients with type 1 and 2 diabetes mellitus
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and in animal models of experimental or genetic diabetes
mellitus [7, 8, 12-15].

The majority of animal models previously used have
involved the peripheral administration of streptozotocin
(STZ) to induce type 1 diabetes. Nevertheless, obese (fa/fa)
Zucker diabetic fatty (ZDF) rats are also considered to be a
good model for type 2 diabetes mellitus. ZDF rats have a
missense mutation in the extracellular domain of all leptin
receptor isoforms, which reduces signal transduction and
may affect leptin transport into the brain [16, 17]. More-
over, obese ZDF rats between 6 and 10 weeks old
spontaneously and rapidly develop diabetes. ZDF rats have
been used extensively since the late 1980s to investigate
the mechanisms of diabetes [18].

In order to determine the existence of a relation between
AVP and type 2 diabetes mellitus, the brains of pre-dia-
betic 4-week-old male ZDF and Zucker lean controls
(ZLC), and of obese diabetic 12-week-old male ZDF and
ZLC rats were compared. Under diabetic stress, an appar-
ent increase in the synthesis of AVP within PVN and SON
was demonstrated in STZ-induced diabetes. However,
there has not been introduced with ZDF rats according to
age matched (4- and 12-week) under the condition of type
2 diabetes. Therefore, in this study, the AVP expression
levels of PVN and SON were examined in ZLC and ZDF
by immunostaining and western blotting. It was hoped that
the results obtained would enable us to better understand
how AVP might affect regulation of diabetes mellitus.

Experimental procedures

Experimental animals, check of blood glucose level and
water consumption

Male and female ZDF (fa/+) were purchased from Genetic
Models (Indianapolis, USA) and mated each other. They
were housed in a conventional state under adequate tem-
perature (23°C) and humidity (60%) control with a 12-h
light/12-h dark cycle, and free access to food and water.
Purina 5008 rodent diets (7.5% fat) were provided as rec-
ommended by Genetic Models Co. (USA) [19, 20]. The
procedures for handling and caring for the animals adhered
to the guidelines that are in compliance with the current
international laws and policies (NIH Guide for the Care
and Use of Laboratory Animals, NIH Publication No. 85-
23, 1985, revised 1996). All of the experiments were
conducted to minimize the number of animals used and the
suffering caused by the procedures used in the present
study. Every animal of each group was fasted for 3 h
before sacrifice. The body weight and blood glucose levels
of animals were checked before sacrifice with a validated
one touch basic glucose measurement system. Daily water
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consumptions were recorded for 72 h in 4- and 12-week-
old ZLC and ZDF (n = 5, each group).

Genotyping of fa gene

Genotype of fa gene herein was determined with the
strategy described previous our study [20]. DNA was iso-
lated from 3 mm tail snips. The tissue was placed in 0.5 ml
of extraction buffer (100 mM/1 Tris-HCI, pH 8.5, 5 mM/1
EDTA, 0.2% SDS, 200 mM/1 NaCl, and 200 pg/ml pro-
teinase K) and incubated overnight at 55°C in a shaking
water bath. After 15 min centrifuged at 15,500g, the
supernatant was added to 0.5 ml of ice-cold isopropanol,
and the tubes were shaken to form a precipitant. The tubes
were centrifuged at 15,500g for 3 min, and the supernatant
was discarded. The pellets were washed two times with
cold 70% ethanol and air-dried. The DNA was dissolved in
500 pl of H,O at 55°C for 1 h, and the concentration was
determined spectrophotometrically. Polymerase chain
reactions (PCRs) were performed using the Promega PCR
Core system I, 100 ng of DNA, 14 pM of each primer, and
30 units of Taq enzyme with the following cycling con-
ditions: 92°C for 2 min, 49 cycles at 92°C for 30 s, 65°C
for 30 s, 68°C for 3 min, then 5 min at 68°C. The ampli-
fied product of 1.8-kb was digested with Msp 1 (New
England Biolabs, Beverly, USA).

Cresyl violet staining

To observe the overall morphology of PVN and SON, ZLC
and ZDF rats in 4-week-old and 12-week-old rats (n = 5 at
each time point) were used for cresyl violet staining. In
brief, the sections were mounted on gelatin-coated
microscopy slides. Cresyl violet acetate (Sigma, MO) was
dissolved at 1.0% (w/v) in distilled water, and glacial acetic
acid was added to this solution. Before and after staining
for 2 min at room temperature, the sections were washed
twice in distilled water. The fixed brain tissues were
dehydrated by immersing for 2 h in 50%, 70%, 80%, 90%,
95% and 100% ethanol baths in succession at room tem-
perature. After dehydration, the sections were mounted
with Canada balsam (Kato, Japan).

Immunohistochemistry for AVP

Immunohistochemistry was performed under the same
conditions in each group. Sections were treated with 0.3%
hydrogen peroxide (H,O,) in PBS for 30 min and then
10% normal horse serum in 0.05 M PBS for 30 min. They
were then incubated with diluted rabbit anti-AVP antibody
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(diluted 1:2,000, Phoenix, CA, USA) overnight at room
temperature and then exposed to biotinylated goat anti-
rabbit IgG and streptavidin peroxidase complex (diluted
1:200, Vector, USA). Sections were then visualized by
staining with 3,3’-diaminobenzidine in 0.1 M Tris-HCI
buffer (pH 7.2), and mounted on gelatin-coated slides and
dehydrated. A negative control test was carried out using
pre-immune serum instead of primary antibody in order to
establish the specificity of immunostaining. The tissue in
negative control contained no AVP immunoreactivity in
any structure.

Western blot analysis

To confirm changes in AVP level in the PVN and SON of
ZDF and ZLC rats, five animals in ZLC and ZDF groups in
4- and 12-week-old rats were sacrificed and used for
western blot analysis. After sacrifice and brain removal,
brains were serially and transversely sectioned at 400 um
on a vibratome (Leica, Germany); Hypothalamic regions
were then dissected using a surgical blade. Tissues were
homogenized in 50 mM PBS (pH 7.4) containing 1 mM
EGTA (pH 8.0), 0.2% NP-40, 10 mM EDTA (pH 8.0),
15 mM sodium pyrophosphate, 100 mM f-glycerophos-
phate, S0 mM NaF, 150 mM NaCl, 2 mM sodium
orthovanadate, 1 mM phenylmethylsulfonyl fluoride
(PMSF), and 1 mM dithiothreitol (DTT). After centrifu-
gation, protein levels were determined in supernatants
using Micro BCA protein assay kits using bovine serum
albumin as the standard (Pierce Chemical, USA). Aliquots
containing 50 pg of total protein were boiled in loading
buffer containing 150 mM Tris (pH 6.8), 3 mM DTT, 6%
SDS, 0.3% bromophenol blue, and 30% glycerol. Aliquots
were then loaded onto 15% polyacrylamide gels. After
electrophoresis, gels were transferred to nitrocellulose
membranes (Pall Crop, East Hills, NY, USA). To reduce
background staining, membranes were incubated with 5%
non-fat dry milk in PBS containing 0.1% Tween 20 for
45 min, and then incubated with rabbit anti-AVP (1:2,000),
peroxidase-conjugated goat anti-rabbit IgG (Sigma, USA)
and an ECL kit (Pierce Chemical, Rockford, IL).

Quantification of data and statistical analysis

All measurements were performed in order to ensure
objectivity under blind conditions, by two observers per
experiment, who performed analyses using identical
conditions.

In order to quantitatively analyze AVP immunoreac-
tivity, corresponding the PVN and SON areas were
measured using in total 10 sections per animal. Images of

all AVP immunoreactive structures were taken using a
BXS51 light microscope (Olympus, Japan) equipped with a
digital camera (DP71, Olympus) connected to a PC mon-
itor. The number of AVP immunoreactive neurons was
measured using an image analyzing system equipped with
a computer-based CCD camera (software: Optimas 6.5,
CyberMetrics, USA) in all groups. The number of AVP
immunoreactive neurons was counted in 500 pm? of PVN
in 25 sections/each animal. The number of cresyl violet
positive neurons was compared to that of the 4-week-old
ZLC group. Western blots were scanned and quantified
using Scion Image software (Scion Corp., USA).

The data shown represent experimental means + SEM
for each experimental area. One-way analysis of variance
(ANOVA) was used to compare differences among groups,
and two-way ANOVA for repeated measure, followed by
Tukey and Duncan post hoc test, to compare the values.
Differences were considered significant if P < 0.05.

Results
Genotyping of the fa gene

We confirmed the genotype of the fa gene in order to
identify homo and others. The PCR amplified product of
1.8-kb was digested with Msp I to generate a 1.1-kb band
for the homozygote wild type (+/+), a 1.0-kb band for the
homozygotic fa gene (fa/fa), and 1.1- and 1.0-kb bands for
the heterozygote (fa/+) (Fig. 1)

Blood glucose levels

In the 4-week-old ZDF group, mean blood glucose
level was 166.2 + 8.65 mg/dl (mean + SEM) and in the

4——1.1kb
4+——1.0kb

++

SM Sal+

Jfalfa

Fig. 1 Genotyping the leptin receptor mutation in ZDF rats by PCR.
SM; size marker
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4-week-old ZLC group this was 156.2 + 13.83 mg/dl
(Fig. 2a). In the 12-week-old ZDF group mean blood
glucose was 395.2 + 12.91 mg/dl and in the 12-week-old
ZLC group it was 166.6 £ 5.09 mg/dl (Fig. 2a). There
were significant divergences between 12-week-old ZLC
and ZDF and between 4-week-old ZLC, ZDF and 12-week-
old ZDF (P < 0.0001).

Water consumption

The water consumptions of each group were described in
Fig. 2b. In comparative analysis of differences cross the
groups, significant differences were observed between
12-week-old ZLC and ZDF and between 4-week-old ZLC,
ZDF and 12-week-old ZDF (P < 0.0001).

Cresyl violet staining

All cresyl violet positive neurons in PVN and SON
appeared structurally normal (Figs. 3 and 4). High density
large spindle-shaped cresyl violet positive neurons were
observed in the lateral magnocellular area of the PVN and a

A Blood glucose levels
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Fig. 2 Blood glucose levels (a) and water consumptions (b)
presented as bar graphs. Blood glucose levels in the 4-week old
ZDF and ZLC groups are similar, but levels differ in the correspond-
ing of 12-week-old groups. Moreover, significant differences are
observed between 4-week-old ZLC, ZDF and 12-week-old ZDF
(P < 0.0001). Water consumptions are recorded for 72 h in 4-week-,
12-week-old ZDF and ZLC. Moreover, significant differences are
observed between 4-week-old ZLC, ZDF and 12-week-old ZDF
(P < 0.0001)
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lower density of cresyl violet positive middle size neurons
were observed in the medial magnocellular area of the
PVN. In the medial parvocellular area of the PVN, small
neurons were stained by cresyl violet at low density. The
distributions and number of cresyl violet positive neurons
in SON and PVN were similar between 4-week and
12-week ZLC and ZDF rats (Table 1).

Immunohistochemistry

In PVN, mean numbers of AVP-positive neurons were
1354 £ 2.79 and 129.8 £ 3.37 in 4-week old ZDF and
ZLC rats, respectively (Figs. 5a, b and e). No significant
difference was observed between AVP positive cell num-
bers in the 4-week ZDF and ZLC groups in the PVN.
However, in 12-week-old rat, mean numbers of AVP-
positive neurons were 164.0 + 3.10 and 140.0 = 3.48 in the
ZDF and ZLC, respectively (Figs. Sc—e). Numbers of
AVP-positive neurons were significantly more frequent the
12-week-old ZDF group than that in age-matched ZLC
group and 4-week-old ZLC and ZDF groups. In addition, in
two-way ANOVA considered interaction analysis cross the
groups, there were significant differences with age and
genotypes (P < 0.005).

In SON, mean numbers of AVP-positive neurons were
55.2 £ 2.18 and 53.2 + 2.62 in 4-week-old ZDF and ZLC
rats, respectively (Figs. 6a, b and e), but no significant
differences were observed between the 4-week-old ZDF
and ZLC groups. However, in 12-week-old-rats, mean
numbers of AVP-positive neurons were 91.0 = 2.39 and
61.6 + 3.80 for ZDF and ZLC rats, respectively (Fig. 6¢c—
e). Increases in AVP-positive neurons were significantly
higher in 12-week-old ZDF rats than in 12-week-old ZLC
rats. Numbers of AVP-positive neurons were significantly
more frequent the 12-week-old ZDF group than that in age-
matched ZLC group and 4-week-old ZLC and ZDF groups.
In addition, in two-way ANOVA considered interaction
analysis cross the groups, there were significant differences
with age and genotypes (P < 0.005).

Change in AVP levels in 4- and 12-week ZDF and ZLC
rats

AVP levels in hypothalamus of the 4-week-old and
12-week-old group are shown in Fig. 7. AVP levels cor-
responded to immunohistochemically determined changes.
AVP expression levels were similar in the 4-week-old ZDF
and ZLC group. However, in 12-week-old rats, AVP
expression levels were much higher in ZDF rats than in
ZLC rats. No significant differences were observed
between AVP levels in 4-week-old ZDF and ZLC rats, but
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Fig. 3 Microphotographs of
cresyl violet stained neurons in
the paraventricular nucleus
(PVN). Neurons counts are
normally distributed and no
differences in neuron count in
PVN are found between ZDF
and ZLC rats. Bar = 100 um

Fig. 4 Microphotographs of
cresyl violet stained neurons in
the supraoptic nucleus (SON).
All neurons counts are normally
distributed and no differences in
neuron counts in SON are found
between ZDF and ZLC rats.
Bar = 100 pm

Table 1 The counts of cresyl violet stained neurons were not sig-
nificantly different between genotype and age

Age Genotype PVN SON

4 week ZDF 190.4 = 4.37 934 +4.12
ZLC 193.6 + 6.73 932 +3.48

12 week ZDF 194.2 +3.50 93.0 £ 3.36
Z1LC 192.2 + 5.00 922 +4.18

a significant difference was observed between AVP levels
between 12-week-old ZDF and ZLC rats and between
4-week-old ZLC, ZDF and 12-week-old ZDF. In addition,
in two-way ANOVA considered interaction analysis cross
the groups, there were significant differences with age and
genotypes (P < 0.005).

Discussion

The present study demonstrates the expression of AVP in
ZDF rats represent type 2 diabetes mellitus. A number of
studies have demonstrated AVP expressional changes in
type 1 diabetes mellitus using STZ-induced diabetic rats
[1, 8, 13, 14, 21, 22]. However, few studies have been
conducted on AVP in animal models of type 2 diabetes.
Morita et al. (2001) reported the mRNA expression
levels of AVP and vasopressin Vla receptor in type 2
diabetic db/db mice, but not their protein levels. A signif-
icant increase in brain AVP mRNA levels was observed
10 week-old db/db mice verses control mice (+/+). How-
ever, it remained unclear whether AVP protein expression
levels in brain were up-regulated in type 2 diabetes animal
models versus normal controls since mRNA upregulation
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Fig. 5 Microphotographs of
arginine vasopression (AVP)
immunoreactivity in the
paraventricular nucleus in ZLC
(a and ¢) and ZDF (b and d) rats
at 4 (a and b) and 12 weeks (c
and d) of age. Note that AVP
immunoreactivity is
significantly elevated in the
parvocellular and magnocellular
regions of the hypothalamus in
12-week-old ZDF rats.

Bar = 100 pm. Numbers of
AVP-positive neurons are
presented as bar graphs. The
bars indicate means + SEM

Fig. 6 Microphotographs of
arginine vasopressin (AVP)
immunoreactivity in the
supraoptic nucleus in ZLC (a
and ¢) and ZDF (b and d) rats at
4 (a and b) and 12 weeks (¢ and
d) of age. Note that the AVP
immunoreactivity is
significantly elevated in both
sides of the SON in 12-week-
old ZDF rats. Bar = 100 pm.
Numbers of AVP-positive
neurons are presented as bar
graphs. Bars indicate

means + SEM
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Fig. 7 Western blot analysis of AVP in the hypothalamus of 4- and
12-week-old ZDF and ZLC rats. Relative mean values of western
blotting are shown. The bars indicate means + SEM

does not imply concomitant protein up-regulation. There-
fore, the present study may be the first to report elevated
AVP peptide expression in the brain by immunohisto-
chemistry and western blotting in a genetically established
type 2 diabetic animal model. In addition, body weights,
blood sugar levels, liver weights, and plasma osmolality
were significant different in 10-week-old db/db mice versus
control (+/+) mice [7]. Blood sugar levels were coincided
with the present study with ZDF rat models. As hyper-
glycemia can result in hyperosmolality, which is known to
be the physiological impetus for AVP secretion, plasma
osmolality may be higher in ZDF than in ZLC rats [23].
In the STZ-induced diabetic rat model, similar results to
those mentioned above have been reported in brain. AVP
and oxytocin-immunoreactive neurons were found to be
elevated in the PVN and SON of the hypothalamus [8, 13,
21, 22]. In particularly, dysfunction of the HPA axis was
induced during the acute and chronic stress of both diabetes
mellitus types. Elevated levels of AVP stimulate the
secretion of ACTH, which stimulates the synthesis and
release of glucocorticoids [24]. Moreover, chronic increa-
ses in plasma glucocorticoid levels aggravate the
symptoms by elevating blood glucose levels and enhancing
insulin resistance. The effects of HPA axis hyperactivation
in diabetes are not clear, however, AVP is presumed to
have a key role during acute or chronic stress [1, 22].
There were no significant differences in water con-
sumption between ZLC and ZDF of 4-week-old groups,
however, there were between those of 12-week-old groups.
There were also significant differences between 4-week-old
ZLC, ZDF and 12-week-old ZDF groups. It is considered
that osmotic demands in response to AVP climbing are

increased in diabetic stress. In lithium (Li)-induced dia-
betes insipidus (DI) rats, it has been found that the plasma
concentration of sodium is significantly increased com-
pared with that of controls. Thus, it could be explained that
stimulation of sodium receptors or osmoreceptors in the
brain or in the hepato/portal circulation may contribute to
the secretion of AVP and upregulation of AVP gene
expression in the PVN and SON in Li-induced DI rats [25].
Gillard et al. (2007) reported that stimulation of local AVP
release within SON in response to osmotic challenge is
dependent on stimulation of magnocellular neuron cell
AVP autoreceptors by locally released AVP, signaling
mediated nitric oxide, and ionotropic glutamate receptor
activity [26].

In ZDF rats, the pre-diabetic condition (4-week-old) was
selected since the diabetic condition appears from 6 weeks.
Conversely the typical diabetes condition (12-week-old)
was selected since the obese diabetic condition started from
10 weeks. Moreover, cresyl violet stained positive cells
were not different statistically in 4-week-old ZDF and ZL.C
rats in the PVN and SON. Immunostaining and western
blotting findings were also similar in these two groups.
However, cresyl violet stained positive cells were not dif-
ferent in every group in the PVN and SON,
immunostaining and western immunoblot findings were
significantly different between 4-week-old ZLC, ZDF and
12-week-ZDF groups in PVN and SON.

AVP has a high affinity for the oxytocin receptor and
three vasopressin receptor types, Vla, V1b and V2 receptor
[27]. Several reports have shown that plasma AVP level
was increased in patients with type 1 and type 2 diabetes
[28, 29]. In addition, the antidiuretic or hepatic function of
AVP was decreased in human and rodent subjects with
type 1 and type 2 diabetes [30-32]. From these findings
proposed that the altered glucose homeostasis could occa-
sionally result in or from AVP resistance, which is, in part,
mediated via the Vl1a receptor [30-32]. The phenotype of
V. receptor knocked out (VlaR'/') mice was consistent
with clinical data from a type 2 diabetes patient [33], who
showed impaired glucose tolerance and intact insulin
secretion [34]. Moreover, because the V;,R”" mice exhib-
ited high hepatic glucose production, VlaR could
contribute to developing glucose intolerance. V;, receptor
is known to a receptor via which AVP-induced insulin and
glucagons secretion is mediated [35-39]. Fujiwara et al.
[27] recently reported that the effect of AVP on regulating
blood glucose levels in V;, receptor-deficient mice. When
V1,R was deficient, it showed lower plasma glucose levels
were recorded by decreased plasma insulin levels and
glucagons secretion under the fasting condition. They also
indicated the possibilities of reduced plasma glucose levels
by affecting glucocorticoid hormone regulation. The
reduced plasma glucose levels in V;,R”" mice could have
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been discriminated by enhanced insulin sensitivity, reduced
glucagons, and/or reduced corticosterone levels [27].

The glucose levels of 4-week-old ZLC, ZDF and
12-week-old ZLC is seemed to be slightly higher than
previously published levels (<150 mg/dl) [18]. The causes
of increased blood glucose levels could be diverse, how-
ever, we couldn’t get to the exact answers. Since the values
were under the constant range, however, it is considered
that there are not severe problems in this study and the
reason must be further confirmed.

In conclusion, AVP immunoreactivity and protein levels
were significantly increased in the PVN and the SON of
ZDF rats compared to those of ZLC rats. In addition, The
AVP levels above mentioned were higher in diabetic rats
(12-week-old) than that in pre-diabetic rats (4-week-old)
and in that of control (12-week-old). These results suggest
that type 2 diabetes mellitus may be crossly related with
water conservation and homeostasis by AVP regulation in
the brain.
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