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Abstract

Salt appetite, a conditioning factor for hypertension and
cardiovascular diseases, is produced when high doses of
mineralocorticoids are given to experimental animals. A
commonly used procedure to identify neuronal activa-
tion is to determine the number of Fos-immunoreactive
cells. In rats with established salt appetite after 8 days of
deoxycorticosterone acetate (DOCA) treatment, Fos-pos-
itive cells were studied in seven brain areas. Significant
increases in Fos activity were recorded in the paraven-
tricular (PVN) and supraoptic (SON) nuclei, median
preoptic nucleus (MnPO), organum vasculosum of the
lamina terminalis (OVLT), preoptic area (POA), bed nu-
cleus of the stria terminalis (BNST) and amygdala
(AMYG). In most of these areas, increased Fos expres-

sion was also observed early (2 h) after a single DOCA
injection, well before salt appetite develops. Using a
mineralocorticoid receptor (MR) antibody, we studied
whether Fos-active regions also expressed MR. MR-posi-
tive cells were found in the OVLT, MnPO, AMYG and
BNST, but not in the POA, PVN and SON. In the PVN and
SON, nevertheless, prolonged or single DOCA treatment
increased expression of mMRNA for arginine vasopressin
(AVP). The present demonstration of Fos activation, in
conjunction with differential expression of MR and stim-
ulation of AVP mRNA, suggests that a neuroanatomical
pathway comprising the AMYG, osmosensitive brain re-
gions and magnocellular nuclei becomes activated dur-
ing DOCA effects on salt appetite. It is recognized, how-
ever, that DOCA effects may also depend on mecha-
nisms and brain structures other than those considered
in the present investigation. Since some Fos-positive
regions were devoid of MR, a comprehensive view of
DOCA-induced salt appetite should consider nonge-
nomic pathways of steroid action, including the role of
reduced DOC metabolites binding to GABAergic mem-
brane receptors.
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Introduction

High salt ingestion is a conditioning factor for the gene-
sis of hypertension and cardiovascular diseases. In experi-
mental animals, the development and maintenance of salt
appetite is hormonally regulated. Indeed, hypersecretion
of endogenous adrenal steroids caused by ACTH admin-
istration or stress [1-3] or high doses of exogenous miner-
alocorticoids have been shown to stimulate drinking of
concentrated NaCl solutions [4, 5]. The role played by the
classical mineralocorticoid receptor (MR), the interaction
of steroids with vasoactive peptides and enzymes and the
neuroanatomical circuitry responsible for this behavior
are the subject of continuing investigations in relation to
mineralocorticoid-induced salt appetite [6—13].

The observation that deoxycorticosterone acetate
(DOCA)-induced salt appetite goes into effect after a
latency period of about 24-48 h suggested the involve-
ment of a classical MR acting at the genome [4, 5, 9]. The
same conclusion was derived from experiments showing
that salt appetite was considerably reduced if animals also
received an MR antagonist or MR antisense oligonucleo-
tides [8, 11, 14]. MR-expressing cells in the amygdala
(AMYG), lateral hypothalamus, circumventricular organs
and the anteroventral third ventricular area (AV3V) were
considered targets for hormonal induction of salt appetite
[6, 15, 16]. However, an exclusive genomic effect may not
be the final answer, because DOCA also acts as a precur-
sor for tetrahydrodeoxycorticosterone (THDOC), a me-
tabolite that binds to the GABAa/benzodiazepine recep-
tor complex [12]. In this regard, administration of
THDOC and the GABAa receptor agonist flunitrazepam
resembled DOCA with regard to the induction of salt
appetite in intact, sodium-replete rats [11]. Additionally,
DOCA metabolites activate the mesolimbic peptidergic/
dopaminergic structures associated with reward and goal-
seeking behavior, introducing an additional anatomical
locus as well as mechanistic possibilities for the mineralo-
corticoid effects on salt appetite [12, 13].

Neuroanatomical studies suggested a steroid-sensitive
neural pathway for salt appetite control which included
the AMYG, lateral hypothalamus and structures con-
tained within the AV3V region [15, 16]. This pathway
may differ from the angiotensinergic pathway originating
in the subfomical organ (SFO) and descending to the
organum vasculosum of the lamina terminalis (OVLT)
[16]. Lesions placed in the steroid-sensitive route made
animals resistant to DOCA induction of salt appetite [4,
15-17]. In addition to these structures, the paraventricu-
lar (PVN) and supraoptic (SON) nuclei also showed ste-
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roid sensitivity, since magnocellular cell synthesis and
secretion of arginine vasopressin (AVP) is modulated by
mineralocorticoids. Thus, DOCA treatment increased
AVP mRNA in the PVN and SON, increased plasma
AVP [9, 10] and stimulated peptide binding to V1 recep-
tors in models of salt appetite and/or hypertension [18].
Therefore, the PVN and SON could become direct miner-
alocorticoid targets or functionally depend on afferent
outputs from steroid-sensitive areas projecting to these
nuclei.

A commonly used procedure to identify the cellular
site of hormone action is to determine the number of Fos-
positive cells by immunocytochemistry [19]. In response
to osmotic changes caused by sodium depletion and
hypertonic saline, or variations in the level of protein hor-
mones, neuropeptides and steroids, specific sets of neu-
rons become activated, thereby increasing nuclear Fos
expression [20-28]. Several steroids induce Fos in the
nervous system, among them glucocorticoids and minera-
locorticoids [23, 26, 28, 29]. In one report, it was shown
that systemic DOCA treatment increased Fos staining in
the OVLT and to a lesser magnitude in the median preop-
tic nucleus (MnPO), but not elsewhere [28], whereas in
another study, direct application of THDOC or aldoste-
rone in the AMYG increased Fos immunostaining in the
OVLT, bed nucleus of the stria terminals (BNST), MnPO,
PVN, SON and SFO [26]. In view of the aforementioned
evidence, several objectives were pursued to elucidate the
participation of different cell groups in DOCA-induced
salt appetite. First, to determine which brain regions are
activated following DOCA treatment, Fos-immunoposi-
tive nuclei were determined in seven forebrain structures
from rats before salt appetite was induced (2 h) and after
salt intake was established (8 days) by systemic steroid
exposure. Second, to confirm the involvement of hypo-
thalamic neuropeptides, changes in AVP mRNA were
monitored in the PVN from rats receiving DOCA for 2 h
or 8 days. Third, to elucidate if steroid effects involve a
genomic type of interaction, the presence of MR-positive
cells was studied in brain areas showing increased Fos
immunoreactivity in response to DOCA treatment.

Materials and Methods

Salt Appetite Induction

Sixty male Sprague-Dawley rats weighing 200-250 g were housed
under conditions of controlled humidity and temperature (22 °C),
with lights on from 7.00 to 19.00 h. Animals were caged singly, with
free access to tap water and 3% NaCl given in separate bottles (dou-
ble-preference test). A previously used treatment protocol for salt
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appetite induction was used in the present study [8—10]. Thus, after a
3-day period during which basal ingestion of salt and water was mon-
itored, a group of 5 rats was given subcutaneous injections of DOCA
(Sigma, St. Louis, Mo., USA) in vegetable oil on alternate days (4
injections of 10 mg/rat/day). Control rats (n = 5) received vegetable
oil vehicle only. Animals were sacrificed 1 day after the last DOCA or
vehicle injection. For acute treatment studies, another group of 5 rats
received a single subcutaneous injection of 10 mg/rat DOCA dis-
solved in vegetable oil, whereas 5 controls received vehicle only (n =
5); both groups were sacrificed 2 h after injection. Three different
groups of rats were used to study Fos immunoreactivity, MR immu-
noreactivity and AVP mRNA expression, respectively. Salt intake
was pooled for all three groups. The protocol was approved by the
Animal Care and Use Committee of the Instituto de Biologia y Medi-
cina Experimental, Buenos Aires, Argentina.

Fos Immunoreactivity

Animals anesthetized with ketamine (60 mg/kg i.p.) were per-
fused intracardially with 0.9% NaCl followed by 4% paraformalde-
hyde in 0.1 M phosphate-buffered 0.9% NaCl (PBS; pH 7.4). Brains
were stored in the same fixative for 6 h at 4°C. After fixation, brains
were cryoprotected in 20% sucrose and 0.1 M phosphate buffer and
stored overnight at 4°C. Sixty-micrometer coronal sections were
made in a vibrotome; the resulting free-floating slices were treated
with 10% normal goat serum, followed by immunostaining for Fos
according to the procedure of Xu and Johnson [24]. A primary anti-
body (Fos H-125 polyclonal rabbit antiserum, Santa Cruz Biotechno-
logy, USA) was added at 1/3,000 dilution in 0.15% Triton X-100 at
room temperature overnight in a shaker. Sections were washed twice
with PBS, incubated in goat anti-rabbit serum (1:200) in 0.15% Tri-
ton X-100 for 1 h and processed following the ABC kit instructions
(Vector Laboratories, ‘Elite’ ABC reagent). Development was carried
out using 1 mg/ml diaminobenzidine containing 0.01% H,0, during
2 min at room temperature. Finally, sections were mounted on gela-
tin-coated slides, dehydrated with ethanol and xylene and mounted
with Permount. Specificity and controls for the H-125 antibody have
been reported previously [24].

MR Immunoreactivity

Previously used immunocytochemical methods were followed
[10, 30]. Animals were perfused with 0.9% NaCl, followed by 4%
paraformaldehyde prepared in 0.2 % saturated picric acid solution in
ethanol and 0.1 M phosphate buffer, pH 7.2. Brains were removed,
fixed overnight in the same solution maintained at 4°C and then cut
every 60 um in a vibrotome. Free-floating sections were incubated in
0.3% H,0; in PBS during 15 min, washed with PBS and blocked
with 10% normal rabbit serum. Sections were then transferred to a
1/300 dilution of the anti-MR antibody MCR N-17 (Santa Cruz Bio-
technology) and incubated overnight at 4°C in a shaker. Sections
were washed in PBS, incubated with the second antibody (biotiny-
lated anti-goat antibody) and processed following the ABC kit
instructions (Vector Laboratories, ‘Elite’ ABC reagent). Chromogen
was 0.05% diaminobenzidine prepared in 0.05% Tris and 0.015%
H,0; during 8 min. Finally, sections were mounted on gelatin-coated
slides, dehydrated with ethanol and xylene and mounted with Per-
mount [10, 30].

In situ Hybridization for AVP mRNA
For in situ hybridization, rats were ether anesthetized and per-
fused intracardially with 0.9% NaCl followed by cold 4% parafor-
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maldehyde 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 overnight incubation in 15%
sucrose in PBS, frozen on dry ice and kept at —80 ° C until use. Coro-
nal sections (10 um) were obtained in a cryostat and placed on gela-
tin-coated glass slides. Nonisotopic in situ hybridization was used to
measure mRNA levels, following European Molecular Biology Orga-
nization procedures [31]. The 48-mer AVP probe 5'-GTAGACCCG-
GGGCTTGGCAGAATCCACGGACTCTTGTGTCCCAGCCAG-
3’ was complementary to the glycoprotein coding region of the AVP
gene [32]. The probe was labeled with digoxigenin (Boehringer, Ger-
many) at the 3’ end using the enzyme terminal transferase (GIBCO,
Rockville, Md., USA) [33]. Slides were immersed in 4% paraformal-
dehyde for fixation during 6 min at 4°C and then washed with PBS.
Prehybridization and hybridization were carried out as previously
described [34]. The concentration of labeled probe was 10 nM. A sec-
ond incubation (overnight) at 4°C was carried out with an alkaline
phosphatase-conjugated antidigoxigenin antibody (1:5,000; Boehrin-
ger). Development of the reaction was carried out in the dark at room
temperature by exposing the sections to the alkaline phosphatase
substrates nitroblue tetrazolium and 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 of unlabeled probe and (2) replacing the antidigoxigenin anti-
body by nonreactive serum. Under these conditions, the AVP signal
was reduced to background levels.

Quantitative Analysis

A computer-assisted image analysis system (Bioscan Optimas,
Edmonton, Wash., USA) was used to determine the number of Fos-
immunoreactive cells. The areas studied included the AMYG (me-
dial), preoptic area (POA) (medial), PVN (lateral magnocellular sub-
division), SON, dorsal BNST (dBNST) (lateral division), ventral
BNST (vBNST) (lateral division), dorsal MnPO (dMnPO), ventral
MnPO (vMnPO) and OVLT. Anatomical limits for these areas were
based on the Paxinos and Watson atlas [35]. Fos-immunoreactive
nuclei (neuronal-like profiles showing brown nuclear staining) were
counted in 6-9 sections per rat (5 animals per group) from the PVN,
SON, AMYG, dBNST, vBNST, dMnPO, vMnPO, POA and OVLT.
Data were expressed as the number of Fos-immunoreactive nuclei +
SEM per brain region analyzed. Photography was carried out with a
Zeiss Axioplan optic microscope equipped with an automatic optic
microscopy camera.

AVP mRNA determined by in situ hybridization was quantified
within the lateral (mainly magnocellular) division of the PVN [32]
using computerized densitometric analysis previously validated for
hypothalamic neuropeptides (Optimas Bioscan program) [9, 10, 30].
Digitized images of tissue sections (6—9 sections per rat, 5 rats in each
group) were displayed on the video screen under identical lighting
conditions and the program was made to calculate the average optical
density of the pixels contained within the boundaries of the outlined
area by using a 256-unit gray level scale. The densitometric reading
of a comparable area outside the PVN but devoid of AVP mRNA
was considered as background and subtracted from the staining read-
ings of the magnocellular cells. Results were expressed as the total
immunoreactivity area (um? x 103) and immunoreactivity intensity
of cells expressing AVP mRNA.
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Fig. 1. Intake of 3% NaCl (ml/day) during mineralocorticoid treat-
ment. After a control period of 3 days, DOCA (10 mg/rat/day; A)
dissolved in vegetable oil vehicle was administered to a group of rats
on alternate days (4, 6, 8 and 10; arrows). Control animals received
the vehicle only (M). Animals were used 2 h after a single DOCA
injection on day 4, or on day 11, 24 h after the last DOCA injection
on day 10. All rats had free access to bottles containing 3% NaCl
solution or tap water. * Significantly different from control rats (p <
0.005).

Fig. 2. Quantitative analysis of Fos-immunoreactive cell nuclei in
brain regions from control (white columns) and DOCA-treated
(black columns) rats. A Number of Fos-positive nuclei in rats receiv-
ing vehicle or a single injection of 10 mg/rat/day of DOCA, with ani-
mals sacrificed 2 h later. B Number of Fos-positive nuclei in rats
receiving vehicle or 4 injections of DOCA (10 mg/rat/day) given on
alternate days, with animals sacrificed on the 9th day, i.e. 24 h after
the last DOCA injection. * p<0.05, ** p<0.01, *** p <0.001 versus
control rats (Student’s t test).

Results

Salt Appetite Induction

Salt appetite was determined for the Fos immunoreac-
tivity, MR immunoreactivity and AVP mRNA groups.
Since animals receiving natriorexigenic doses of DOCA
drank comparable amounts of salt solution, data from the
different experiments were pooled for statistical purposes.
Figure 1 shows, in agreement with previous studies, that
salt drinking behavior following the first DOCA adminis-
tration started after a delay of 24-48 h and continued at a
rate of approximately 30 ml/day for the rest of the experi-
ment. In contrast, salt appetite did not develop in rats
receiving a single DOCA injection and used 2 h after-
wards (fig. 1).

Fos Immunoreactivity
For this experiment, animals in the vehicle- and
DOCA-treated group were killed on the 9th day (4 injec-
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tions) or 2 h after a single injection, and brain sections
were used for counting Fos-immunoreactive nuclei. Fos-
positive nuclei were already present in control animals,
suggesting a constitutive and basal level of expression. As
shown in figure 2B, 4 injections of DOCA significantly
increased the number of Fos-immunoreactive nuclei
above basal levels in most regions explored, i.e. the
dBNST, vBNST, dMnPO, vMnPO, POA, PVN, SON and
OVLT. In the medial AMYG, a slight increase was
noticed which did not reach significance. However,
changes were not uniform in magnitude, as the greatest
differences with vehicle were noted in the SON (26.5-
fold), PVN (3.65-fold) and dMnPO (3.63-fold). Typical
photomicrographs of Fos expression in the PVN (fig. 3A,
B), MnPO (fig. 3C, D) and OVLT (fig. 3E, F) in control
rats (fig. 3A, C, E) and rats receiving 4 DOCA injections
(fig. 3B, D, F) are shown in figure 3.

Figure 2A shows Fos-immunoreactive nuclei from ani-
mals killed 2 h after a single vehicle or DOCA injection.

Neuroendocrinology 2001;74:396-406 399




Fig. 3. Representative photomicrographs showing Fos-immunoreactive cell nuclei in a control rat (A, C, E) and a rat
receiving 4 DOCA injections (B, D, F). A, BPVN. C, D MnPO. E, FOVLT. x 400.

This time period was too short for the development of
salt-seeking behavior (fig. 1). As in the prolonged DOCA
treatment group, most brain areas from animals receiving
a single DOCA injection showed increased number of
Fos-immunopositive nuclei (fig. 2). However, significant
increments were recorded for the AMYG, vBNST,
vMnPO, POA, SON and OVLT, while a nonsignificant
increase was registered in the PVN, dBNST and dMnPO
(p>0.05). The most remarkable changes due to the single
DOCA treatment occurred in the AMYG (6.7-fold) and
SON (4.2-fold). Figure 4 shows representative photomi-

400 Neuroendocrinology 2001;74:396-406

crographs of Fos-positive nuclei in the PVN (fig. 4A, B),
MnPO (fig. 4C, D) and OVLT (fig. 4E, F) from control
rats (fig. 4A, C, E) and rats receiving a single DOCA injec-
tion (fig. 4B, D, F).

MR Immunoreactivity

The ability of the MCR N-17 antibody to recognize the
rat brain receptor was first tested in the dorsal hippocam-
pus, due to its high content of MR [6, 36—40]. As shown in
figure 5A, the hippocampus from male rats displayed MR
immunoreactivity which was predominantly nuclear in
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Fig. 4. Representative photomicrographs showing Fos-immunoreactive cell nuclei in a control rat (A, C, E) and a rat
receiving a single DOCA injection (B, D, F). A, B PVN. C, D MnPO. E, FOVLT. x 400.

some cells of the pyramidal cell layer. However, and in
agreement with a previous report [40], MR staining was
absent in the PVN (fig. 5B) and SON (results not shown).

MR-expressing cells of variable intensity were also
found in other brain regions. In the MnPO, MR staining
was mainly localized in perikaryon and long cell processes
and occasionally in the nucleus (fig. 5C, D). Weak, al-
though specific staining was obtained in the OVLT,
another structure pertaining to the lamina terminalis
(fig. 5F). Cells with MR-positive nuclear staining were
also observed in the BNST (fig. SE). Thus, a receptor-

Mineralocorticoid Effects on Fos Express

mediated, genomic effect of DOCA seemed feasible in
MR-positive areas, whereas lack of detectable MR in the
PVN and SON made nongenomic or indirect effects of
the mineralocorticoid more likely possibilities.

AVP mRNA Expression

In animals receiving DOCA or vehicle for 2 h or 8
days, AVP mRNA levels were detected by nonisotopic in
situ hybridization in the lateral PVN (mainly magnocellu-
lar) and SON. Measured by computerized image analysis,
the total area of AVP mRNA expression in the PVN was

Neuroendocrinology 2001;74:396-406 401

Downloaded by:

Univ. of California San Diego

132.239.1.231 - 6/27/2017 7:20:40 AM



Fig. 5. MR immunoreactivity in the hippocampus (A), MnPO (C, D), BNST (E) and OVLT (F). The photomicro-
graphs also show that the PVN (B) lacked detectable MR. MR showed a nuclear localization in the hippocampus (A)
and BNST (E), whereas cytoplasmic staining prevailed in the MnPO (C, D) and OVLT (F). A, C-F x 400. B x 100.

2.3 times higher in rats receiving 4 DOCA injections than
in controls (p < 0.05), while it was 3 times higher than
controls in the SON (p < 0.05) (fig. 6C). In contrast to data
in animals given 4 DOCA injections and showing a salt
appetite, the AVP mRNA area in rats given a single
DOCA injection did not differ significantly from the area
of control animals (fig. 6A). However, cells expressing
AVP mRNA in the 2-hour DOCA group showed in-
creased staining intensity compared to those of control

402 Neuroendocrinology 2001;74:396-406

rats both in the PVN and SON (fig. 6B), whereas the
intensity was unchanged in these nuclei after 4 DOCA
injections (fig. 6D). Therefore, while a single DOCA in-
jection increased the content of AVP mRNA, prolonged
DOCA treatment possibly recruited additional cells ex-
pressing normal amounts of neuropeptide mRNA.
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Fig. 6. Effects of DOCA treatment on AVP mRNA. Data correspond
to measurement of the total area expressing AVP mRNA (in um? X
103) (A, €) and the intensity of the reaction (LIGV = ILIGV/area) (B,
D) in hypothalamic PVN and SON from control rats (white columns)
and DOCA-treated (black columns) rats receiving 1 (A, B) or 4 injec-
tions (C, D) of the mineralocorticoid. LIGV: mean log inverse gray
value; ILIGV: integrated log inverse gray value. * p < 0.05, **p <
0.02 versus controls (Student’s t test).

Discussion

DOCA Stimulation of Fos Immunoreactivity

In the present study, we first determined the number of
Fos-immunoreactive nuclei in some regions of the brain
of rats receiving two different time courses of mineralo-
corticoid treatment: a prolonged course which induced a
salt appetite and a short treatment which did not change
this behavior. Under both conditions, Fos immunoreac-
tivity was activated to some extent by mineralocorticoid
treatment. Furthermore, Fos activation occurred not only
in regions containing immunoreactive MR, but also in
others devoid of detectable MR. Thus, the possibility
exists that brain regions showing both Fos induction and
MR immunoreactivity may be genomically responding to
systemic DOCA treatment. However, early gene induc-
tion in otherwise MR-negative cells could indicate a
membrane-mediated effect of the steroid or that activa-
tion in these areas was a secondary event following steroid
action in MR-expressing cells located elsewhere.

Under our experimental conditions, rats with estab-
lished salt appetite presented a significantly increased
number of Fos-immunoreactive nuclei in the dBNST,
vBNST, dMnPO, vMnPO, POA, OVLT, PVN and SON,
while a single DOCA injection promoted significant Fos

Mineralocorticoid Effects on Fos Express

induction in the AMYG, vBNST, vMnPO, POA, SON
and OVLT. Thus, neurons became activated in ‘osmosen-
sitive’ structures of the lamina terminalis (OVLT,
MnPO), hypothalamic regions (PVN, SON, POA) and
two components of the so-called ‘extended amygdala’, i.e.
the medial AMYG and BNST.

Our results also show that rats given a single DOCA
injection displayed significant Fos induction in the
AMYG, vBNST, vMnPO, POA, SON and OVLT. In con-
trast, the experimental group with established salt appe-
tite demonstrated significant increases in Fos immunore-
activity in all of the sampled regions with the exception of
the AMYG. Thus, compared with the nonappetitive
group, in the salt-drinking group, neurons became acti-
vated in ‘osmosensitive’ structures of the lamina termi-
nalis (MnPO), hypothalamic regions (PVN) and compo-
nents of the so-called ‘extended amygdala’, i.e. the BNST,
and deactivated in the AMYG. Therefore, the results of
Fos immunoreactivity suggest that the expression of salt
appetite involves a coordinative effect upon many brain
regions, as suggested by Johnson et al. [41]. An additional
point noted in our experiments was a substantial differ-
ence between control groups after the single and the 4
injections of vehicle, as exemplified for the PVN and
POA (fig. 2). Although this effect did not interfere with
the DOCA effect, changes in basal Fos levels could be due
to injection stress [42] acting differently in regions with
more active roles in the stress response.

Previous studies have used Fos to monitor changes in
neural activation in DOCA-treated animals. Interestingly,
divergent results were obtained with animal models of salt
appetite induction and suppression due to different doses
of DOCA. In rats with salt appetite due to subcutaneous
DOCA pellet implantation, strong Fos staining was seen
in the OVLT but to a much lesser extent in the MnPO
[23]. In another study [26], as early as 1 h after implants of
THDOC or aldosterone into the AMYG, salt appetite was
induced and Fos immunoreactivity was enhanced in the
OVLT, BNST, MnPO, SFO, PVN and SON. In contrast,
low doses of DOCA able to suppress salt appetite caused
by adrenalectomy reduced the number of Fos-positive
nuclei in the OVLT and SFO [28]. Thus, experimental
treatments designed to induce or suppress salt appetite go
in parallel with changes in Fos. These results indicate the
value of Fos as a neuroanatomical marker to elucidate the
participation of neural regions sensitive to variations in
hormonal input. Collectively, data obtained using
changes in Fos immunoreactivity, lesion studies and ste-
roid implants reinforce the hypothesis that one pathway
involved in steroid control of salt appetite connects the
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AMYG, the amygdalofugal tract, BNST, AV 3V structures
and hypothalamic nuclei (PVN, SON) [11, 16, 41]. The
question remains, however, whether DOCA causes the
Fos response per se or whether the function of osmotic
stress evoked by DOCA is the reason for this response.
Although DOCA-treated rats exhibit normal plasma sodi-
um levels [10], the possibility that osmotic changes in spe-
cific regions induce the Fos response cannot be discarded.
Such questions still remain to be answered.

However, an intriguing fact is that before salt appetite
begins, several regions showed positive Fos immunoreac-
tivity in rats receiving a single DOCA injection. This
observation questions the specificity of the DOCA/Fos
response in relation to the time of development of salt
appetite. It is possible that in addition to neuronal activa-
tion indicated by the Fos response, steroid effects upon
other brain structures such as those pertaining to the basal
ganglia dopaminergic systems [11, 13] may be needed for
the full expression of salt-craving behavior. Future experi-
ments are planned to study Fos activity in these areas
from control and DOCA-treated rats.

Localization of MR Immunoreactivity

Salt appetite after systemic administration of DOCA
usually develops after 24-48 h of hormone exposure. Ac-
cording to Sakai et al. [11], this delay is due to genomic
effects under conditions of systemic steroid administra-
tion, a possibility supported by experiments showing that
administration of MR antagonists and MR antisense ther-
apy blocks DOCA-induced salt appetite [8, 11, 14]. To
understand the relationship between Fos induction and
genomic steroid effects, MR-immunoreactive cells were
studied in areas of stimulated Fos expression. Extrahippo-
campal MR-immunoreactive cells and/or fibers were
present in the OVLT, BNST and MnPO. Here, it is likely
that salt appetite induction depended on the hormone
interaction with an intracellular receptor, with subse-
quent modulation of the transcriptional machinery. Min-
eralocorticoid-selective receptors and binding sites were
previously studied using a variety of techniques. A DOC-
binding protein responsible for salt appetite and hyper-
tension was described in the hypothalamus by Lassman
and Mulrow [43]. Hypothalamic, amygdaloid nuclei and
septal binding of labeled aldosterone was also observed
during in vitro incubations with the spirolactone deriva-
tive [3H]-ZK 91587 [39]. Yongue and Roy [44] found the
highest cell nuclear concentration of endogenous aldoste-
rone in the hypothalamus, while the AMYG contained
about half of the hypothalamic levels. Localization stud-
ies using immunohistochemistry and in situ hybridization
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also disclosed that the MnPO, POA, SFO and medial
AMYG expressed MR protein and mRNA [38, 40].
Moreover, after intravenous administration of [3H]-aldo-
sterone to adrenalectomized animals, considerable up-
take occurred in MR-selective sites from circumventricu-
lar structures and the corticomedial AMYG, while the
POA and other hypothalamic areas contained lower but
still appreciable levels [6]. Thus, analysis of MR comple-
ments Fos expression studies to delineate the mineralo-
corticoid-sensitive neural circuit subserving sodium appe-
tite.

However, some evidence also favors a role for the glu-
cocorticoid receptor (GR), since GR occupation occurred
in brain regions in animals given high doses of DOCA [8].
Also, treatment with the GR antagonist RU 486 did not
inhibit but rather potentiated the DOCA effects on salt
appetite [8], an effect possibly due to a weak agonist activ-
ity of this compound [45]. In the same way, coadministra-
tion of DOCA and dexamethasone facilitated mineralo-
corticoid-induced sodium intake [45, 46]. Thus, although
DOCA effects on GR alone cannot explain mineralocorti-
coid-induced salt appetite, synergistic modulation of MR
and GR may underlie this phenomenon.

DOCA Effects on AVP mRNA Levels

In the third part of the present study, we measured
changes in AVP mRNA in magnocellular cells. In a pre-
vious publication, De Kloet et al. [7] postulated that the
mineralocorticoid-selective MR located in the AV3V re-
gion acts in coordination with locally secreted neuropep-
tides to control fluid homeostasis. Among the interme-
diate vasoactive neuropeptides, AVP synthesized by the
magnocellular cells of the PVN and SON seemed a likely
candidate. Here, we showed that AVP mRNA staining
intensity was increased in the PVN during short DOCA
treatment, whereas the prolonged DOCA administration
eliciting a salt appetite increased the total area of AVP
mRNA expression. These data suggest that increased
AVP mRNA synthesis per cell was the primary response
of magnocellular cells to acute stimulation with DOCA,
whereas additional AVP-producing cells were recruited
upon prolonged DOCA treatment. In the latter case,
although the level of AVP mRNA per cell was unaffected,
increased numbers of neuropeptide-producing cells would
assure a continuous replenishment of AVP in DOCA-
treated rats. This assumption is supported by former pub-
lications from our laboratory, in which the changes in
AVP mRNA and peptide in the PVN and SON were cou-
pled with an increased AVP content in blood [9, 10]. AVP
released from pituitary stores into the peripheral circula-
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tion after DOCA treatment contributes to the develop-
ment of hypertension through its antidiuretic and vaso-
constrictor effects [47, 48]. While it is unknown if periph-
eral AVP contributes to salt drinking behavior, the latter
could be due to centrally derived AVP. Thus, besides
releasing AVP into the bloodstream and the portal sys-
tem, the PVN sends vasopressinergic projections to sever-
al brain areas, including the AMYG, circumventricular
organs and the third ventricle and tissues around the PVN
[49, 50]. Whatever the mechanism, a role of AVP in salt
appetite is suggested by attenuation of salt drinking be-
havior when DOCA-treated rats receive peripheral infu-
sions of a V1/V2 AVP receptor antagonist [51]. However,
the exact mechanism(s) underlying the stimulatory effects
of DOCA on AVP mRNA is as yet unclear. It is conceiv-
able that DOCA may be unable to directly promote AVP
gene expression due to the lack of MR and GR in magno-
cellular neurons of the PVN or SON. More likely is that
steroid treatment may regulate synthesis of this neuropep-
tide by direct action on MR-containing cells present in the
AMYG, BNST or structures of the lamina terminalis or
elsewhere in the brain [6, 40].

Conclusions

The present demonstration of Fos activation in osmo-
sensitive regions of the brain, in conjunction with the role
of MR and hypothalamic AVP mRNA, focused on the
anatomical locus and cellular pathways activated during
DOCA effects on salt appetite. It is recognized, however,
that DOCA effects on salt appetite may also depend on
mechanisms and brain structures other than those ana-
lyzed in the present investigation, since DOC is extensive-
ly reduced in response to the GABAa receptor agonist
THDOC [52], which does not bind to classical intracellu-
lar steroid receptors. A more comprehensive view of
DOCA-induced salt appetite should thus consider the
multiplicity of genomic and nongenomic pathways of ste-
roid action in the brain.
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