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Abstract

Mineralocorticoid effects in the brain include the control
of cardiovascular functions, induction of salt appetite,
interaction with the vasoactive neuropeptides arginine
vasopressin (AVP) and angiotensin Il and development
or aggravation of hypertension. In this regard, mineralo-
corticoids may play a pathogenic role in rats with a ge-
netic form of hypertension (spontaneously hypertensive
rats, SHR). Our objective was to compare the response
of the hypothalamic vasopressinergic system to miner-
alocorticoid administration in SHR and control Wistar-
Kyoto (WKY) rats. Sixteen-week-old male SHR showing
a systolic blood pressure of 190 = 5 mm Hg and normo-
tensive WKY rats (130 = 5 mm Hg) were treated subcu-
taneously with oil vehicle or a single 10-mg dose of de-
oxycorticosterone acetate (DOCA). After 2 h, rats were
sacrificed and brains prepared for immunocytochemis-
try of Fos and vasopressin V1a receptor (V1aR) and for
non-isotopic in situ hybridization of AVP mRNA. In the
basal state, SHR demonstrated a higher number of AVP
mRNA- and V1aR-immunopositive cells in the magno-

cellular division of the paraventricular hypothalamic nu-
cleus (PVN) than WKY rats. After DOCA injection, SHR
responded with a significantincrease in both parameters
with respect to vehicle-injected SHR. In WKY rats, DOCA
was without effect on AVP mRNA although it increased
the number of V1aR-positive cells. Changes in the num-
ber of Fos-positive nuclei were measured in the PVN,
median preoptic nucleus (MnPO) and organum vasculo-
sum of the lamina terminalis (OVLT), a circumventricular
region showing anatomical connections with the PVN.
In vehicle-injected rats, the PVN of SHR showed a higher
number of Fos-positive nuclei than in WKY rats, whereas
after DOCA treatment, a significant increment occurred
inthe OVLT but notinthe PVN or MnPO of the SHR group
only. These data suggest that the enhanced response of
the vasopressinergic system to mineralocorticoids may
contribute to the abnormal blood pressure of SHR.
Copyright © 2004 S. Karger AG, Basel

Introduction

Mineralocorticoid actions in the brain include modu-
lation of memory and learning processes, maintenance of
ionic balance and membrane excitability, regulation of
cardiovascular functions and fluid ingestion, interaction
with neuropeptidergic and neurotransmitter systems and
control of the hypothalamic-pituitary-adrenal axis [1-4].
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Part of mineralocorticoid effects are subsequent to hor-
mone binding to intracellular receptors (type I or MR)
expressed in anatomically-defined regions of the brain [1,
4-6]. However, non-genomic actions due to direct mem-
brane effects of parent hormones [7] or their reduced
metabolites have also been described, particularly with
tetrahydro derivatives of the mineralocorticoid deoxy-
corticosterone (DOC) which binds to the GABA/benzo-
diazepine receptor [8].

When given to experimental animals, mineralocorti-
coids are important inducers of salt appetite and hyper-
tension. In normal rats, van de Berg et al. [9] have shown
that activation of central MR but not glucocorticoid re-
ceptors increases systolic blood pressure (BP) and that
daily warming and stress imposes mineralocorticoid de-
pendency of the pressor response. Adrenal steroids have
also a role in spontaneously hypertensive rats (SHR),
which present abnormalities in the BP response to hor-
mones. For instance, it is known that adrenal-derived
corticosterone is essential for the development of hyper-
tension in young SHR, while alterations in corticosteroid-
negative feedback occur in adult animals [10, 11]. Min-
eralocorticoids appear to participate in the maintenance
of hypertension of SHR. In this regard, administration of
the MR antagonist RU28318 to SHR induces a long-last-
ing reduction in BP, whereas infusion of aldosterone in-
creases BP of adrenalectomized SHR but not Wistar-
Kyoto (WKY) rats [12, 13]. Receptor studies have shown
increased hippocampal and hypothalamic MR binding
capacity in SHR compared to WKY, enhanced activation
of MR in heart and kidney and increased heart MR
mRNA content in the stroke-prone SHR [14-16]. Thus,
different experimental paradigms suggest that distur-
bances of the response to stress, high sensitivity to min-
eralocorticoids and abnormalities of central and periph-
eral MR may contribute to development or maintenance
of hypertension in the SHR strain.

Among other brain regions, functional alterations of
the paraventricular hypothalamic nucleus (PVN) seem
particularly relevant to our present issue. The PVN has
been postulated as one of the sites responsible for the de-
velopment of hypertension in SHR [17]. Lesions of the
PVN delay development of hypertension, while pharma-
cological blockade of this nucleus in SHR reduces sym-
pathetic vasomotor tone [18, 19]. The PVN synthesizes
and secretes a variety of neuropeptides involved in stress
responses and hypertension, among them arginine vaso-
pressin (AVP) and corticotropin-releasing hormone
(CRH) [20, 21]. The PVN of unstressed SHR is enriched
in CRH mRNA, and following stress SHR but not WKY
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rats show activation of early genes and enhanced synthe-
sis of CRH and CRH receptor mRNA [17, 22]. Both mag-
no- and parvocellular CRH neurons are more numerous
in human hypertensive patients [23], which together with
findings in SHR suggest a hyperfunction of the CRH sys-
tem in hypertension. The vasopressinergic system is also
abnormal in SHR. These animals present a 3-fold higher
expression of AVP mRNA in the PVN at 4 weeks of age
still persisting at 10 weeks, increased plasma levels of
AVP and attenuation of hypertension after pharmaco-
logical antagonism of the vasopressin Vla receptor
(V1aR)[24, 25]. The V1aR is present in vasopressinergic
magnocellular neurons and may autocontrol excitability
and hormone release [26, 27], which may be important
for a role of AVP in hypertension.

Previous reports using deoxycorticosterone acetate
(DOCA)-treated normal rats developing a salt appetite
and hypertension have shown that AVP mRNA is rap-
idly upregulated in magnocellular cells of the PVN, recep-
torbinding of AVP is increased and cells of osmosensitive
regions become activated, according to the enhanced
number of Fos-positive nuclei [6, 28-30]. Based on data
obtained in DOCA-treated Sprague-Dawley rats, the
present investigation compared the response of the vaso-
pressinergic system to a single vehicle or DOCA admin-
istration of SHR and WKY rats. Two variables were mea-
sured in the PVN: the number of AVP mRNA-producing
cells using in situ hybridization and V1aR-positive cells
by means of immunocytochemistry. Additionally, Fos-
positive nuclei were counted in the PVN and anterior
hypothalamic regions as a measure of cell activation [31].
We thus intended to elucidate if the AVP system, being
a central target of mineralocorticoids, is hyperreactive to
the mineralocorticoid DOCA in this genetic model of hy-
pertension.

Materials and Methods

Experimental Animals

Sixteen-week-old male WKY rats and SHR (purchased from the
Lanari Institute, Faculty of Medicine, University of Buenos Aires)
were housed under conditions of controlled humidity and temper-
ature (22°C) with lights on from 07:00 h to 19:00 h. Animals were
given food and water ad libitum. Systolic BP determined by an in-
direct tail-cuff method in conscious rats demonstrated all SHR
were hypertensive (190 = 5 mm Hg) whereas all WKY rats were
normotensive (130 = 5 mm Hg). A group of WKY rats and SHR
was given a single subcutaneous injection of vegetable oil (0.2 ml)
whereas another group received 10 mg/rat DOCA (Sigma, St. Lou-
is, Mo., USA) dissolved in vehicle [6]. All groups (n = 4 per group)
were sacrificed 2 h after injection. The protocol was approved by
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the Animal Care and Use Committee of the Instituto de Biologia y
Medicina Experimental, Buenos Aires, Argentina. For in situ hy-
bridization or immunocytochemical procedures, rats were ether
anesthetized and perfused intracardially with 0.9% NaCl followed
by cold 4% paraformaldehyde in 0.1 M phosphate buffer pH 7.4.
Brains were rapidly removed and incubated during 1 h at 4°C in
the same fixative. After this step, brains were cryoprotected by over-
night incubation in 15% sucrose in phosphate-buffered 0.9% NaCl
(PBS), frozen on dry ice and kept at —80°C until use. Coronal sec-
tions (16 wm) were obtained in a cryostat and placed onto gelatine-
coated glass slides.

In situ Hybridization (ISH) for AVP mRNA

Non-isotopic ISH was used to measure AVP mRNA levels, fol-
lowing EMBO (European Molecular Biology Organization) proce-
dures [32], as previously used in our laboratory [6]. The 48 mer
AVP probe 5'-GTA-GAC-CCG-GGG-CTT-GGC-AGA-ATC-
CAC-GGA-CTC-TTG-TGT-CCC-AGC-CAG-3" was complemen-
tary to the glycoprotein coding region of the AVP gene [33]. The
probe was labeled with digoxigenin (Boehringer, Germany) at the
3’ end using the enzyme terminal transferase (Gibco, Gaithersburg,
Md., USA). Slides were immersed in 4% paraformaldehyde for
fixation during 20 min at 4°C and then washed with PBS. This
double fixation procedure was used previously to study AVP mRNA
and Fos protein expression [6]. Protocols for prehybridization and
hybridization were previously described [6, 34]. The concentration
of labeled probe was 10 nM. A second incubation (overnight) at
4°C was carried out with an alkaline phosphatase-conjugated anti-
digoxigenin antibody (1:5,000; Boehringer). Development of the
reaction was carried out in the dark at room temperature by expos-
ing the sections to the alkaline phosphatase substrates NTB (nitro-
blue tetrazolium) and BCIP (bromo-chloride-indolphosphate)
(Gibco) during 150 min. The specificity of the hybridization was
determined by (1) competition of the labeled probe with a 20-fold
excess unlabeled probe and (2) replacing the antidigoxigenin anti-
body by non-reactive serum. Under these conditions, the AVP sig-
nal was reduced to background levels.

V1a Receptor Immunoreactivity

Slides were immersed in 4% paraformaldehyde for fixation dur-
ing 6 min at 4°C and then washed with PBS [6]. They were treated
with 10% normal goat serum for 10 min at 37°C followed by incu-
bation with the V1aR antibody at 1/750 dilution for 40 h. This
antibody (anti-Vla rec, Alpha Diagnostics International, Inc., San
Antonio, Tex., USA) was made against 19 amino acids at the ex-
tracellular N-terminal domain of the rat V1a receptor, and its spec-
ificity has been previously reported [35]. Sections were washed
twice with PBS, incubated in goat anti-rabbit serum (1/200) for
2 h and processed following the ABC kit instructions (Vector Labs,
‘Elite’ ABC reagent). Development was carried out using 0.5 mg/ml
diaminobenzidine containing 0.01% H,0, and 0.25 g/ml nickel
ammonium sulfate during 6 min at room temperature. Finally,
slides were dehydrated with ethanol and xylene and mounted with
Permount.

Fos Immunoreactivity

Slides were immersed in 4% paraformaldehyde for fixation dur-
ing 6 min at 4°C and then washed with PBS [6]. They were treated
for 15 min with 10% normal goat serum, followed by a primary
antibody (Fos H-125 polyclonal rabbit antiserum, St. Cruz Biotech-
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nology) at 1/1,000 dilution in PBS 0.15% Triton X-100 at room
temperature overnight. Sections were washed twice with PBS, in-
cubated in goat anti-rabbit serum (1/200) in PBS 0.15% Triton X-
100 for 1 h and processed following the ABC kit instructions (Vec-
tor Labs, ‘Elite’ ABC reagent). Development was carried out using
1 mg/ml diaminobenzidine containing 0.01% H,O, during 2 min
at room temperature. Finally, slides were dehydrated with ethanol
and xylene and mounted with Permount. Specificity and controls
for the H-125 antibody have been reported previously [36].

Quantitative Analysis

A computer-assisted image analysis system (Bioscan Optimas,
Edmonton, Wash., USA) was used to determine the number of Fos
and V1aR-immunoreactive cells and the number of cells expressing
AVP mRNA. For all measures, counts were generated automati-
cally by the software. The investigators who processed the cell
counting were blinded to the procedure. Cell densities (number of
cells/unit area) were determined in 6-9 anatomically matched sec-
tions of the PVN, the median preoptic nucleus (MnPO) or the or-
ganum vasculosum of the laminae terminales (OVLT) per rat. The
anatomical limits of the PVN [17] corresponded to plates 17 (breg-
ma -1.3)-18 (bregma -1.8) of the Paxinos and Watson atlas of the
rat brain [37]. Limits of the OVLT and MnPO were those consid-
ered in a previous publication [6]. Data were expressed as the mean
number of labeled cells = SEM. Unpaired t-test or one-way analy-
sis of variance followed by the Bonferroni post-hoc test were used
to determine group differences.

However, we consider that ISH data may be misleading when
comparing different experimental groups, since this method is at
best semiquantitative. In order to test the reproducibility of the
method, the number of cells expressing AVP mRNA from the same
animal sections was measured in two different experiments. The
number of AVP mRNA-expressing cells per hemi-PVN was 133 +
12 (exp. A) and 129 + 14 (exp. B), t =0.83, two-tailed p value: 0.49
(non-significant). Thus, reproducibility with a high expression
mRNA such as AVP seemed acceptable using our standard meth-
odology. In the case of immunocytochemistry, consistency of the
procedure was intended by staining sections from all experimental
groups simultaneously and also including sections from different
animals in the same slide. This procedure eliminated conflicts that
may arise using different batches. To minimize inter-experimental
variability, conditions of the procedures were kept rigorously
throughout the assays.

Results

In WKY rats, cells expressing AVP mRNA were mod-
erately abundant in the magnocellular posterior portion
of the PVN (fig. 1, 2A). In this group of animals, DOCA
administration did not change the numerical density
or regional distribution of AVP mRNA-producing cells
(fig. 2B). In untreated SHR, however, significantly more
AVP mRNA-producing cells were present in the magno-
cellular PVN than in WKY (p <0.001) (fig. 1, 2C). In the
SHR group, DOCA treatment further increased the num-
ber of AVP mRNA-containing cells (p < 0.05 vs. untreat-
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Fig. 1. Effect of DOCA treatment on the number of AVP mRNA-
expressing cells in the paraventricular nucleus (PVN) of SHR and
WKY rats. Data correspond to measurement of cell densities (num-
ber of positive cells/mm?) in untreated WKY rats and SHR (WKY
CTL, SHR CTL) or rats receiving 10 mg DOCA s.c. 2 h before sac-
rifice (WKY DOCA, SHR DOCA). Six to 9 anatomically matched
sections were counted per rat; data were pooled per animal and
animals (n = 4 per group) were used as independent variables.
Statistical analysis demonstrated that without treatment SHR con-
tained more AVP mRNA-expressing cells than WKY (a: p<0.001)
and the same result was obtained following DOCA treatment
(b: SHR DOCA p < 0.001 vs. WKY DOCA). DOCA treatment
further increased AVP mRNA labeled cells in SHR (c: p < 0.05 vs.
SHR CTL) but was inactive in WKY rats (WKY CTL vs. WKY
DOCA: ns).
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Fig. 2. In situ hybridization profile of AVP mRNA-expressing cells in a representative experiment. A WKY control; B WKY
DOCA; € SHR control; D SHR DOCA. Clearly, AVP mRNA-expressing cells were more numerous in € than A. DOCA
further increased labeled cells in SHR (€ vs. D) but not in WKY rats (A vs. B). In addition, some magnocellular cells ex-
pressing AVP mRNA were allocated to the parvocellular division in both untreated and DOCA-treated SHR in comparison

with their respective WKY group (arrows). 100 x .
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Fig. 3. Effect of DOCA treatment on the density (number of posi-
tive cells/mm?) of V1aR-immunoreactive cells in the PVN of the
groups of animals depicted in the legend to figure 1. Six to 9 ana-
tomically matched sections were counted per rat; data were pooled
per animal and animals (n = 4 per group) were used as independent
variables. Statistical analysis demonstrated that DOCA treatment
significantly increased V 1aR-positive cells in WKY rats (a: p<0.05
vs. WKY CTL). Both untreated SHR and DOCA-treated SHR
showed more labeled cells than WKY (b: p<0.001 vs. WKY CTL;
c:p<0.01 vs. WKY DOCA). ANOVA further demonstrated that
the SHR DOCA group ranked the highest in terms of V1aR-posi-
tive cells.

600 c
L]
2
‘2
& 400 b
28 -
S 2004
2 I
£
>
=2
0 ¥
4 4
cf‘ 00 ) oc’v.
& O & °
& >3

SR R
] ‘,f.r ii-' :

Fig. 4. Low (100 x: A-D) and high (600 x: E-H)
magnification photomicrographs showing Vl1aR-
immunopositive cells in WKY rats untreated (A, E)
or receiving DOCA (B, F), and in SHR untreated
(C, G) or receiving DOCA (D, H). Reactivity was
present in cytoplasm and some cell processes (ar-
rows). DOCA treatment elicited an increase in im-
munopositive cells in both WKY rats (B, F vs. A,
E) and SHR (D, H vs. C, G), but the SHR plus
DOCA group (D, H) showed the highest number of
V1aR-immunoreactive cells in the PVN.
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Fig. 5. Quantitative analysis of Fos-immunoreactive cells in the
paraventricular nucleus (A), organum vasculosum of the lamina
terminales (B), and median preoptic nucleus (C) of the groups of
animals depicted in the legend to figure 1. Statistical analysis dem-
onstrated higher number of Fos-positive nuclei in the PVN of SHR
(a: p<0.01 vs. WKY CTL, b: p< 0.01 vs. WKY DOCA). In the
OVLT, the SHR DOCA group showed more Fos-immunoreactive
nuclei than the other groups: b: p<0.01 vs. WKY CTL and WKY
DOCA; c: p<0.001 vs. SHR CTL. No changes were obtained in
the MnPO across the experimental groups.
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ed SHR) (fig. 1, 2D). A further distinction between rat
strains was the appearance in SHR of new labeled cells in
the medial portion of the magnocellular PVN (fig. 2C, D).
Counting of AVP mRNA-expressing cells in the medial
PVN demonstrated that the SHR (101 * 4) and SHR +
DOCA (118 £ 4) groups showed a higher cell density
than the WKY (36 * 5) and WKY + DOCA (28 = 95)
groups. These findings suggested that strain differences
exist regarding the distribution of AVP mRNA-contain-
ing cells. Furthermore, the stimulatory effect of mineralo-
corticoid treatment in the SHR group was restricted to
dorsal magnocellular cells of the PVN.

In addition to the PVN, we also determined the AVP
mRNA cell density in the supraoptic nucleus (SON),
since the SON is an important site of AVP synthesis and
secretion [20, 21]. In this case, untreated SHR showed a
higher AVP mRNA cell number than WKY rats (140 *
10 vs. 77 £ 7 cells per nucleus, p < 0.01). DOCA treat-
ment had no effect on this parameter in WKY (73 * 6)
or the SHR groups (113 * 4). Thus, DOCA effects on
AVP mRNA seemed exclusive of the PVN.

In the next series of experiments, the V1aR was quan-
titated in the PVN of the four groups of rats (fig. 3, 4). In
all groups, immunostaining was detected in cytoplasm
and some cell processes (fig. 4, note arrows in E and G).
Similar to findings with AVP mRNA, the hypertensive
group receiving vehicle showed a significant increase in
V1aR-expressing cells compared to untreated WKY (p <
0.001) (fig. 3, 4A, C). Quantitative analysis demonstrated
that DOCA treatment increased the number of cells im-
munostained for V1aR in both rat strains. Thus, after
DOCA treatment, V1aR-immunostained cells were more
abundant in WKY rats vs. untreated WKY (p <0.05) (fig.
4A, B, E, F), and a similar increase (~1.6-fold) was elic-
ited by DOCA in the SHR group compared to untreated
SHR (p<0.01) (fig. 4C, D, G, H). However, ANOVA fol-
lowed by post-hoc test demonstrated that the highest
number of V1aR-immunostained cells was measured in
the SHR + DOCA group (fig. 3, 4D, H; p < 0.01 vs. all
other groups).

The number of Fos-positive immunostained cell nu-
clei was determined in the PVN, OVLT and MnPO of
the four groups of experimental animals. As already
shown [6], Fos-positive cells were present in control ani-
mals, suggesting that anesthesia and vehicle injections
were sufficient to elicit a Fos response in animals killed
2 h afterwards. When the number of Fos-positive nu-
clei was counted per unit area in WKY rats, DOCA treat-
ment did not produce changes in any of the three areas
with respect to steroid-naive animals of the same strain

Neuroendocrinology 2004;80:100-110 105



» s ) 50
] - L]
.
." ' ‘
\'.
] e ) ‘
P - W N '
‘t. ~ £ ¥ > [ ]
r ¥ . » .
L v b '. '3
’, v ' i
,_.. y » ¢
Kotk 78 ¥ 1
, 5 ¢ r
a ANy Med
’ : i
¥ ‘ - \
~ .
.‘ c' L
a - ~ &
L.
w
‘ L
|
P \ .
] e we/
)
'
C X o

o L ’ "~
g ’
%, : \
J 4 Ll
v I ‘ .
ale ’ ‘ \ -‘
" {
. ; i
.'. 'l L
) by - e |
(4 - i 1N
s 4 % A
L rF
ANy 4 ¥z
L
-.B, i -
. ‘
'o‘ . A 5 < ]‘
o g 4 { . &
L o g
s " A 2
Mo LA & X
L ‘-
» -
v ., -
S
.
. - -
: . S / i
y o .
A 5. e
-7 2 & ’ : ;
’: - L] ) . .
s - - 3 ._..'\'_
A . ,‘h Iz *
ws “13 YR LI
o # > .".‘ .
D_ X 'l '

Fig. 6. Representative photomicrographs of Fos-immunoreactive nuclei in the OVLT of WKY (A), WKY plus
DOCA (B), SHR (C) and SHR plus DOCA (D). Density of Fos-positive nuclei was higher in the SHR + DOCA
rat than in rats corresponding to the other groups. 100 x.

(fig. 5). In contrast, significantly more Fos-positive nuclei
were present in the PVN but not in the other two areas of
untreated SHR (fig. 5). Mineralocorticoid exposure of
SHR was without effect in the PVN, but resulted in a ro-
bust increase of Fos-immunopositive cell nuclei in the
OVLT (~2.3-fold, p< 0.01 vs. WKY + DOCA, p<0.001
vs. untreated SHR, respectively) (fig. 6).

Discussion

The present study demonstrated constitutive differ-
ences of the vasopressinergic system of the hypothalamus
as well as the hyperresponse of this system following
short-term mineralocorticoid treatment in SHR com-
pared to age-matched WKY rats. Changes occurring in
the PVN and OVLT of the SHR strain included (a) in-
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creased number of AVP mRNA-producing cells in the
dorsal magnocellular division of the PVN and in the SON
of untreated SHR; (b) a significant increment in AVP
mRNA-producing cells following DOCA treatment in the
PVN but not in the SON; (¢) the appearance of the AVP
mRNA signal in the medial division of the PVN, the den-
sity of which was similar in the basal state and after
DOCA treatment; (d) increased number of V1aR in the
magnocellular division of the PVN of untreated SHR
which showed a further increment after DOCA treat-
ment, and (e) a significantly higher number of Fos-posi-
tive nuclei in the PVN of untreated SHR, which further
increased in the OVLT but not in the PVN following min-
eralocorticoid treatment.

It is possible that the hyperresponse of the AVP-pro-
ducing cells in SHR may have consequences for the car-
diovascular system. In the present experiments, BP was
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not determined because 2 h after DOCA administration
may be too short for a significant effect on this parameter.
On the contrary, DOCA effects on BP may take weeks to
develop in SHR [39] and in normotensive rats drinking
water, increases in BP and plasma AVP take longer than
7 days following DOCA injections on alternate days [28].
However, it is worthwhile pointing out that the roles of
AVP in adult SHR have been debated, with some reports
favoring its etiopathogenic role in hypertension and oth-
ers denying it [reviewed in 21]. Nevertheless, it has been
conclusively shown that adult SHR present higher expres-
sion of AVP mRNA in the PVN and increased plasma
levels of AVP throughout the course of hypertension [24].
In a preliminary study, we found that immunoreactive
AVP content of the posterior pituitary was significantly
reduced by 30% in untreated SHR compared to WKY
rats (p < 0.01), whereas DOCA treatment produced a
further 10% reduction in the SHR group only [unpubl.
data]. This suggests that a continuous release of AVP
from the posterior pituitary occurs in SHR. However,
since treatment with the AVP V1 receptor antagonist
OPC-21268 during the developmental phase of hyper-
tension, attenuated but did not completely block the
high BP [25], it was concluded that AVP is probably one
among a number of factors involved in genetic hyperten-
sion. In this regard, the function of the brain renin-an-
giotensin II (Ang II) system has been strongly implicated
in SHR, since expression of the angiotensinogen mRNA,
angiotensin II receptors and cell sensitivity to the pep-
tide are all amplified in the subfornical organ, the ante-
rior hypothalamic and anteroventricular third ventricu-
lar areas of SHR [38, 40, 41]. However, since Ang II
binding is a potent releaser of AVP from the PVN
[21, 42], newly-generated AVP could also contribute to
Ang II effects on BP.

In this context, the finding that the AVP system is hy-
perresponsive to mineralocorticoids in SHR becomes im-
portant in the light of existing evidence that these hor-
mones play a pathogenetic function in the maintenance
of hypertension. Thus, a variety of experimental ap-
proaches including the injection of a MR antagonist, in-
fusion of aldosterone or measurement of agonist binding
to MR, support the participation of mineralocorticoids
and MR in this form of hypertension [12-16]. It is likely
that after DOCA hydrolysis, free DOC binds to MR in
brain regions which control BP and cardiovascular func-
tions. The MR-expressing cells are found in the hippo-
campus where MR and GR are regulated differentially by
corticosterone [43], amygdala, lateral hypothalamus, the
circumventricular organs, the anteroventral third ven-

Vasopressin and Mineralocorticoids in
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tricular area (AV3V) but not the PVN [2, 6, 44-46]. This
anatomical location suggests that if stimulation of AVP
synthesis requires the activation of a MR-dependent
mechanism, it must take place in regions outside the
PVN. Similarly, DOCA effects on development of salt
appetite and hypertension involving magnocellular AVP,
probably take place in a mineralocorticoid-sensitive cir-
cuit outside the PVN [6, 47].

Furthermore, while this investigation concentrated on
AVP, it should be mentioned that oxytocin — which is also
synthesized in the PVN - has an important role in salt
regulation and water balance. In a preliminary experi-
ment, we found that steroid-naive SHR showed a slightly
higher density of oxytocin mRNA-expressing cells com-
pared to untreated WKY (86 £ 11 vs. 68 *+ 14 cells per
PVN), but differences were not significantly different.
However, the oxytocin response to mineralocorticoids
may require addition of salt to the drinking water. Previ-
ous data in control Sprague-Dawley rats demonstrated
that oxytocin mRNA responded to DOCA treatment in
animals drinking 3% NaCl, but not in those drinking wa-
ter [28]. Thus, further studies are needed to define the
response of oxytocin to acute mineralocorticoid treat-
ment in hypertensive rats.

Fos immunoreactivity has been considered a land-
mark of cellular activation which helps to localize the
regional site of hormone action [31]. In the present situ-
ation, a single DOCA injection stimulated the number of
Fos-positive nuclei in the OVLT but not the PVN or
MnPO of SHR, pointing to the OVLT as a mineralocor-
ticoid target which may coordinate DOCA effects on
AVP synthesis in the PVN [6]. This assumption is sup-
ported by the presence of MR and retention of injected
mineralocorticoid in the OVLT [2, 6]. In this respect, the
OVLT belong to a group of structures with efferent neu-
ronal connections to the PVN influencing the secretion
of AVP [48, 49]. Instead, changes in basal Fos levels in
the PVN of SHR could be due to this region playing a
more active role in the stress response of SHR [17, 22,
23]. Collectively, data obtained using changes of Fos im-
munoreactivity, reinforce the hypothesis that one path-
way involved in DOCA effects may involve extrahypo-
thalamic areas. However, this assumption considered
that DOCA-effects in SHR involved a genomic mecha-
nism involving the classical intracellular steroid receptor.
This may be a partial answer, because DOC also acts as
aprecursor fortetrahydrodeoxycorticosterone (THDOC),
an allosteric modulator of the GABAa receptor in meso-
limbic regions [8]. Thus, DOC metabolism creates addi-
tional interpretations to our present data, in view of the
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fact that GABAergic responses are different in the brain
of SHR and WKY rats [50].

Another interesting aspect of the AVP system in SHR
was the presence of additional AVP mRNA-producing
cells in the parvocellular division of the PVN. These cells
were already present in the PVN of steroid naive animals,
and also in the DOCA-treated SHR group. Traditionally,
magnocellular-derived AVP was thought to respond to
osmotic stimuli, traveling within axons which project to
the neurohypophysis. AVP is released from these termi-
nals and acts on the periphery [reviewed in 21]. However,
morphological and neurochemical evidence suggests that
magnocellular AVP also gains access to the pituitary por-
tal circulation and influences ACTH secretion from the
anterior lobe [20]. Magnocellular AVP is released after
stress [51], although its cellular origin is unknown. Al-
though further investigations are needed to understand
the contribution of different populations of magnocellu-
lar-derived AVP to stress levels of circulating AVP in
SHR [24], the magnocellular cells ascribed to the medial
division of the PVN are an intriguing possibility.

Another abnormality of SHR was the increased num-
ber of V1aR-immunoreactive cells in the magnocellular
division of the PVN from rats not receiving DOCA. After
DOCA treatment, V1aR-immunostained cells were more
abundant in both WKY rats and the SHR group, which
is in agreement with a former study using binding tech-
niques [30]. However, group comparison indicated that
in the SHR group, DOCA most prominently increased
the number of V1aR-containing cells. The V1aR is part
of a transmembrane receptor family which is localized in
the forebrain, circumventricular organs, cerebral blood
vessels, choroids plexus, the PVN and SON [26]. Evi-
dence exists that V1aR colocalize with AVP in magnocel-
lular neurons, suggesting that AVP may act directly on
these neurons to exert an autoregulatory control [26, 27].
Working through this mechanism, DOCA could cause
supplementary release of AVP from a hyperresponsive
PVN of the SHR.

In connection with the hyperresponsive PVN of the
SHR, it is known that the hippocampus maintains a high
excitatory tone over an inhibitory gabaergic tone imping-
ing upon the PVN [1]. Theoretically, a faulty hippocam-
pus may result in increased neuropeptide biosynthesis in
the PVN. Indeed, the occurrence of neuronal loss, astro-
cyte reactivity and changes of neurogenesis in the hippo-
campus of SHR has been reported [52, 53]. However,
total hippocampectomy of normal rats precipitated a
marked increase in CRH and AVP mRNA limited to the
parvocellular division [54]. Thus, increased AVP mRNA
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and V1aR in the magnocellular division cannot be fully
ascribed to a faulty hippocampus, but more likely reflects
the hyperreactivity of the PVN or stimulation of other
regions (i.e. OVLT) by mineralocorticoid treatment.

Overall, this investigation opens the possibility that
the abnormal mineralocorticoid/AVP interaction of SHR
may have functional consequences. While hypertension
in this rat strain may involve Ang II, monoamines and
the neuropeptides CRF, oxytocin and proopiomelano-
cortin-derived peptides [21, 38, 40, 41], it may originate
in part from the abnormal response of the vasopressiner-
gic system to mineralocorticoids. As already discussed,
mineralocorticoid hormones are increased in blood and
their cognate receptors are hyperactivated in the brain
and other tissues of SHR. The stimulated levels of AVP
may affect BP after binding to V1aR in the PVN, a pro-
cess which further stimulates AVP release. Furthermore,
excess magnocellular AVP may be directed to vasopress-
inergic pathways projecting to centers of the brainstem
and spinal cord involved in BP control [19, 21, 55], ini-
tiating and sustaining the hypertension.

However, it is worth mentioning that whereas the
WKY inbred strain is usually employed as a control of
the SHR strain, WKY rats are also described as hypoac-
tive and show reduced responsiveness to a number of
stressors [56]. Thus, one interpretation of the mRNA ex-
pression pattern is that SHR looks more like other normal
strains whereas the WKY are more aberrant, in spite that
the hypertensive rats derive from WKY animals. Thus,
further studies are needed to look for additional factors
which may generate the high sensitivity to DOCA and
perhaps AVP in SHR.
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