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The hippocampus of spontaneously hypertensive rats (SHR) and deoxycorticosterone (DOCA)-salt
hypertensive rats shows decreased cell proliferation and astrogliosis as well as a reduced num-
ber of hilar cells. These defects are corrected after administration of 17p-oestradiol (E,) for
2 weeks. The present work investigated whether E, treatment of SHR and of hypertensive
DOCA-salt male rats modulated the expression of brain-derived neurotrophic factor (BDNF), a
neurotrophin involved in hippocampal neurogenesis. The neurogenic response to E, was simulta-
neously determined by counting the number of doublecortin-immunopositive immature neuro-
nes in the subgranular zone of the dentate gyrus. Both hypertensive models showed decreased
expression of BDNF mRNA in the granular zone of the dentate gyrus, without changes in CA1
or CA3 pyramidal cell layers, decreased BDNF protein levels in whole hippocampal tissue, low
density of doublecortin (DCX)-positive immature neurones in the subgranule zone and decreased
length of DCX+ neurites in the dentate gyrus. After s.c. implantation of a single E, pellet for
2 weeks, BDNF mRNA in the dentate gyrus, BDNF protein in whole hippocampus, DCX immuno-
positive cells and the length of DCX+ neurites were significantly raised in both SHR and DOCA-
salt-treated rats. These results indicate that: (i) low BDNF expression and deficient neurogenesis
distinguished the hippocampus of SHR and DOCA-salt hypertensive rats and (ii) E, was able to
normalise these biologically important functions in the hippocampus of hypertensive animals.
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Studies in hypertensive humans have shown that high levels of
blood pressure are associated with atrophy of the hippocampus
and temporal lobe and an increased risk of cognitive decline, sug-
gesting increased risk of Alzheimer's disease (1, 2). Along the same
line, neurofibrillary tangles, senile plaques and neuronal lesions
have been described in hypertensive patients (3). Therefore, a rela-
tionship appears to exist between hypertension, cerebrovascular dis-
ease and the decline of cognition, an index of hippocampal
dysfunction (4).

Studies in spontaneously hypertensive rats (SHR) show a pro-
nounced encephalopathy, distinguished by hippocampal neuronal
loss, astrogliosis with increased expression of the marker glial fibril-
lary acidic protein, blood-brain barrier disruption, decreased white
matter volume in forebrain regions and changes of hippocampal
neurogenesis (5-9). Because these changes are similar to those

occurring in mental disorders with cognitive impairment, SHR have
been considered models of dementia and the attention deficit
hyperactivity syndrome (5). The question remains whether hippo-
campal changes are the consequences of a pre-existing hyperten-
sion or whether hypertension and brain pathology reflect a central
defect (5, 10-12).

In hypertension produced by the administration of deoxycorticos-
terone acetate (DOCA) plus high salt diet, hippocampal changes
resemble SHR because both models present astrogliosis and reduc-
tions of hilar cell number and of cell proliferation (7, 8). It is likely
that DOCA elicits hippocampal changes after activation of brain
mineralocorticoid receptors (MR) (13-15). Mineralocorticoids as well
as MR may also be involved in the encephalopathy of SHR (11, 16-
19). This hypothesis is supported by demonstrations that SHR are
hyper-responsive to mineralocorticoid administration (14), whereas
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the administration of MR antagonists decreases blood pressure
(20). Therefore, SHR may represent a form of endocrine hyperten-
sion as a result of MR overactivation. (11, 16, 19).

In is now accepted that sex steroids behave as neuroprotectants
in cases of CNS trauma, ischaemia, ageing and neurodegeneration
(21-23). In models of ageing, diabetes mellitus and, in SHR and
DOCA-salt-treated male rats, oestradiol, normalises cell proliferation
and the number of hilar cells in the dentate gyrus and attenuates
hippocampal astrogliosis (8, 24). Because the available data suggest
that oestradiol only enhances neurogenesis in normal female but
not male rats (25), the results obtained in the above mentioned
models using male rats may have some relevance regarding differ-
ential oestrogen effects under normal and pathological situations.
Oestrogens also decrease blood pressure acting on the cardiovascu-
lar regulatory centres of the brain (26). In the brain, oestrogens
increase the vasodilators nitric oxide and atrial natriuretic peptide,
decrease angiotensin ll-induced hypertension and catecholaminergic
activity and attenuate damage as a result of ischaemia and stroke
(22, 27, 28). In SHR and DOCA-salt hypertensive rats, oestradiol
exposure reduces the expression of the hypertensinogenic peptide
arginine vasopressin (AVP) in the hypothalamus (14). This is an
important effect because the paraventricular nucleus is involved in
the pathogenesis of hypertension (10), supporting the idea that
neuroactive oestrogens decrease hypertension of central origin.

Effects of oestrogens on the hippocampus may the result of an
interaction with neurotrophins such as brain-derived neurotrophic
factor (BDNF), which could mediate some of the reported oestrogen
neuroprotective mechanisms (29). The intermediary role of the
growth factor is reinforced by the presence of an oestrogen recep-
tor responsive element on the BDNF promoter, the stimulation of
BDNF mRNA and protein in the hippocampus and the increased
release of BDNF from the dentate gyrus promoted by oestrogens
(30-32). Another interesting interaction between oestrogens and
BDNF is the finding that both enhance dentate gyrus neurogenesis
(29). There is also evidence that oestrogens enhance cell prolifera-
tion and survival in the hippocampus of adult animals (33, 34). In
the subgranular layer of the dentate gyrus of ageing mice, oestro-
gens also stimulate labelling for doublecortin (DCX) (24), a microtu-
bule-associated protein required for neuronal migration and axonal
wiring, that is commonly used as a marker of immature neurones.
Oestrogen effects on neurogenesis may be genomic because 80%
of proliferating cells of the dentate gyrus express the oestrogen
receptor (ER) isoforms ERa and ERB (35), although nonclassical,
nongenomic mechanisms may also be involved in oestrogen control
of hippocampal cell proliferation (36). Similar to oestrogens, evi-
dence obtained from in vivo and in vitro studies has shown that
BDNF plays a key role in neurogenesis, by the enhancement of cell
proliferation, progenitor survival and terminal differentiation of
newborn neurones (29). Of great interest is that BDNF expression is
down-regulated in a genetically hypertensive strain of Wistar rats,
in which impaired learning and memory correlates with decreased
BDNF expression in the dentate gyrus (37), and in SHR receiving
carotid artery occlusion, in which BDNF mRNA and protein are
decreased in the CA1 region and cortical areas (38). Finally, a muta-
tion in the BDNF specific receptor TrkB gene in the stroke-prone

SHR impairs neurotrophic function in this strain (39). Thus, cumula-
tive evidence suggests that BDNF expression and hypertension are
negatively inter-related.

Given that oestrogens promote BDNF expression and neurogenesis
in the rodent hippocampus, we investigated changes with respect
to both this neurotrophin and neurogenesis in oestrogenised-hyper-
tensive rats. The experiments involved SHR and DOCA-salt-treated
rats, in which a group were exposed to oestradiol for 2 weeks. The
effects of oestrogen was then focused on: (i) an analysis of hippo-
campal BDNF mRNA by in situ hybridisation (ISH) and BDNF protein
by enzyme-linked immunoadsorbent assay (ELISA) and (i) the deter-
mination of DCX immunoreactive immature neurones and neurites in
the dentate gyrus.

Materials and methods

Experimental animals

Sixteen-week-old male Wistar-Kyoto (WKY) rats and SHR (approximately
250 g body weight, obtained from the University of La Plata, La Plata,
Argentina) were housed under conditions of controlled humidity and tem-
perature (22 °C) under a 12 : 12 h light/dark cycle (lights on 07.00 h).
Animals were given food and water ad /ib. At this age, the mean + SD
blood pressure of SHR measured 180 4+ 2 mmHg. At the time of perfusion,
SHR showed cardiac hypertrophy (SHR: 1.7 4+ 0.025 g versus WKY rats:
1.09 + 0.04 g; P <0.001) that was attenuated by oestradiol treatment
(1.4 + 0.08 g; P < 0.05 versus SHR; n = 4 rats per group). Previous studies
have shown that treatment of SHR with oestrogens produces antihyperten-
sive effects and decreases cardiac hypertrophy (26, 40). For the DOCA-salt
model, 2-month-old male Sprague-Dawley rats (250-280 g body weight;
Instituto de Biologia y Medicina Experimental colony) were divided into
two groups. The first group received s.c. injections of 10 mg of DOCA/rat
every other day (Sigma, St Louis, MO, USA) dissolved in vegetable oil for
4 weeks and a solution of 1% NaCl as drinking water (DOCA + salt). The
second group received s.c. injections of vegetable oil every other day for
4 weeks and a solution of 1% NaCl as drinking water. DOCA-treated rats
developed hypertension (157 4 11 mmHg), which was ameliorated by oes-
tradiol administration (126 &+ 5 mmHg; P < 0.05 versus steroid untreated
DOCA-treated group). The development of cardiac hypertrophy in the
DOCA-treated rats (1.9 4 0.07 g) was also attenuated by oestradiol admin-
istration (1.57 4 0.11 g; P < 0.05 versus DOCA only; n =5 animals per
group).

Hypertensive  animals were  anaesthetised using ketamine
(50 mg/kg)/xylazine (10 mg/kg) and implanted s.c. with a single 14 mg
pellet of 17f-oestradiol (E,) (Sigma) during the last 2 weeks of the experi-
ment. Steroid-naive rats were sham-operated and implanted with cholesterol
pellets. This hormone regimen effectively normalises hippocampal astroglio-
sis, cell proliferation and the neuronal density of the hilar region of SHR
and DOCA-treated rats (8) and increases hippocampal glucocorticoid recep-
tors and forebrain choline-acetyltransferase immunoreactive neurones of
ageing rats (41). Levels of E, at the time of killing (i.e. 2 weeks after pellet
implantation) were approximately 2500 pg/ml serum as measured by radio-
immunoassay (8). Oestrogenised and steroid-untreated SHR, WKY rats and
Sprague-Dawley rats with or without DOCA treatment were used for BDNF
mRNA, BDNF protein measurement and DCX immunocytochemistry. Animal
handling followed the Guide for the Care and Use of Laboratory Animals
(NIH Guide, Instituto de Biologia y Medicina Esperimental Animal Facility
Assurance Certificate # N-A5072-01) and was approved by the Institute's
Animal Care and Use Committee. Every effort was made to minimise animal
suffering and to reduce the number of animals used in the experiments.

© 2010 The Authors. Journal of Neuroendocrinology © 2010 Blackwell Publishing Ltd, Journal of Neuroendocrinology, 22, 1082-1092
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BDNF ISH

ISH for rat BDNF was carried out under RNAse-free conditions in accor-
dance with previously published protocols (42). Animals anaesthetised as
described above were killed by decapitation and their brains were removed
and frozen on dry ice. Coronal sections through the dorsal hippocampus
corresponding to plates 27 to 36 from the stereotaxic atlas of the rat brain
(43) were cut on a cryostat and collected on slides. The sections were fixed
in 2% paraformaldehyde, washed in 0.5 x sodium citrate/sodium chloride
buffer (SCC; 1x SCC: 0.15 m sodium chloride/0.015 m sodium citrate, pH
7.0), dried and acetylated with acetic anhydride. To detect BDNF-specific
mRNA, we used a 48-mer synthetic oligonucleotide probe (Oligos Etc, Inc.,
Wilsonville, OR, USA) containing the complementary sequence to bp 562-
609 of rat BDNF (44). The probe was end-labelled with (**S)dATP using the
enzyme terminal transferase (Roche, Mannheim, Germany). Hybridisation
was carried out using 10° c.p.m. of **S-labelled probe in 100 ul hybridisa-
tion cocktail containing: 0.02% Ficoll 400, 0.02% polyvinylpirrolidone, 0.02%
bovine serum albumin, 50% formamide, 3x SCC buffer, 10 mm dithiothreitol,
0.1 mg/ml salmon sperm DNA, 1 mwm EDTA, 4 ug/ml heparin, 0.4 mg/ml
tRNA and 109% dextran sulphate. After overnight hybridisation at 42 °C,
sections were washed several times in SCC, and dried under a cold air
stream. Sections were then apposed against 3*S- sensitive film (Kodak Bio-
Max MR, Rochester, NY, USA) in the dark for 24 h. At the end of this per-
iod, film autoradiograms were analyzed using a computer-assisted
densitometer consisting of a CCD-X77 video camera coupled to a Macintosh
computer with NIH-Image software, version 1.5 (Dr W. Rasband, NIMH,
Bethesda, MD, USA). Relative optical density (OD; mean & SEM) was
expressed as a percent of background levels, determined from a set of
slides hybridised with 10° c.p.m. of **S-labelled oligonucleotide in the pres-
ence of a 20-fold excess of unlabelled probe. In addition, the specific signal
was absent when control tissue sections were preincubated with RNAse
(20 pug/ml, 30 min at 37 °C) before ISH. To avoid bias in the interpretation
of results, the experimenter was blind when calculating the OD of film
autoradiograms.

BDNF protein assay

A set of rats different from the group used for BDNF mRNA studies was
anaesthetised as described above, decapitated and their bilateral hippo-
campi were quickly dissected, frozen on dry ice and stored al —70 °C. At
the time of analysis, samples were removed from the freezer and pro-
cessed for BDNF total protein quantification by an ELISA (Promega BDNF
Emax™ Inmunoassay System; Promega, Madison, WI, USA). Briefly, tissue
was manually homogenised using a teflon pestle in lysis buffer containing
protease inhibitors [137 mm NaCl, 20 mm Tris-HCl (pH 8.0), 1% Triton
X-100, 10% glycerol, 1 mm phenylmethylsulphonyl fluoride, 10 pg/ml
aprotinin, 1 ug/ml leupeptin, and 0.5 mm sodium vanadate]. Samples were
then centrifuged at 10 000 g for 30 min at 4 °C and the supernatant
was collected. An aliquot was removed from each sample to determine
protein concentration using the colorimetric method of Bradford and
100 ul of the supernatant was diluted in 400 ul of DPBS (2.7 mm KCI,
0.137 m NaCl, 1.47 mm KH,PO,, 8.1 mm Na,HPO,, 0.5 mm MgCl,, 0.9 mwm
CaCl,, pH 7.35). To maximise BDNF recovery, samples were acid treated
with 20 ul of 1 N HCI to decrease the pH to 2.5, followed by incubation
at room temperature for 15 min. Samples were then neutralised with
20 ul of 1 N NaOH. ELISA was in accordance with the manufacturer's
instructions, and the optical density of the colorimetric reaction was mea-
sured at 450 nv using a plate reader. A standard curve, generated using
BDNF standards (0-1000 pg/ml) was used to determine the concentration
of BDNF in each tissue sample. BDNF levels were expressed as pg
BDNF/mg total protein.

Doublecortin immunocytochemistry

Rats anaesthetised as described above were transcardially perfused with
60 ml of 0.9% saline followed by 60 ml 4% paraformaldehyde in phosphate
buffer, pH 7.4. After an overnight incubation in 4% paraformaldehyde,
brains were transferred to Tris-buffered saline (pH 7.4), sectioned frontally
at 50 um using a vibrating microtome and processed for free-floating
immunocytochemistry. To study neurogenesis, we employed an antibody rec-
ognising DCX, a microtubule-associated protein expressed by immature neu-
rones (45). Accordingly, coronal brain sections were first exposed to
methanol: H,0, (100 : 1) for 10 min at room temperature, washed and
blocked for 30 min in phosphate-buffered saline containing 10% rabbit
serum at 37 °C. Sections were incubated overnight with a goat polyclonal
DCX antibody (dilution 1 : 250, sc-8066; Santa Cruz Labs, Santa Cruz, CA,
USA) followed by a biotinylated anti-goat immunoglobulin G made in rabbit
(dilution 1 :200; Sigma) and processed in accordance with the ABC kit
instructions (Vector Laboratories, Burlingame, CA, USA). For development, we
used diaminobenzidine chloride 0.25 mg/ml, 0.05% H,0, at room tempera-
ture. Nonspecific staining was assessed in the absence of primary antibody.
The number of DCX-positive cells was determined in every eight section in a
series of coronal sections comprising the subgranular zone of the dentate
gyrus using stereological methods (46). The subgranular zone comprised a
50-um band between the granular cell layer and the hilus, as defined by Sli-
wowska et al. (47). Six histological sections were assessed per rat using a
X 60 objective of an Olympus BH-2 microscope (Olympus, Tokyo, Japan). All
stained cells that came into focus in the subgranular zone were counted;
thus, the couting frame was the entire subgranular zone The number of
DCX+ cells counted was multiplied by 8 to estimate the total number of
DCX+ cells in the dentate gyrus (46). Afterwards, each individual animal
(n = 5 per group) contributed a single value generated by adding all the sec-
tions collected from the same animal. To obtain a consistency of immuno-
staining, sections from the three experimental groups in the SHR experiment
(WKY rats, SHR and SHR + E,) or the three groups in the DOCA experiment
(control, DOCA and DOCA + E,) were stained simultaneously. This procedure
eliminated conflicts that may arise using different batches. Sections were
analyzed in a double-blinded manner by different investigators.

In addition to quantitation of DCX cell number, we also determined the
length of DCX immunopositive processes using Optimas Bioscan software
for images in accordance with a previously described method (24). The soft-
ware outlines the soma-associated cell processes giving the corresponding
length in micrometre. Five soma-associated processes were counted per slice
containing the dorsal blade of the dentate gyrus. From six slices per animal
and five rats per group, we obtained the average length of cell processes
per animal and per experimental group. The results were expressed as the
length of the cell processes (um; mean + SEM).

Statistical analysis

Group differences for BDNF mRNA and protein levels, number of DCX+ cells
and the length of DCX-immunopositive neurites were determined by one-
way analysis of variance followed by Bonferroni's post-hoc test. P < 0.05
was considered statistically significant.

Results

BDNF mRNA in control and hypertensive rats

To localise the neuroanatomical expression of BDNF mRNA, we
employed a specific BDNF oligonucleotide probe hybridised to hip-
pocampal sections from rats with experimental hypertension. As

© 2010 The Authors. Journal of Neuroendocrinology © 2010 Blackwell Publishing Ltd, Journal of Neuroendocrinology, 22, 1082-1092
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shown in the film autoradiograms (Fig. 1), a strong signal for
BDNF mRNA was found in the CA1-CA3 pyramidal areas and
granule cell layer of the dentate gyrus. However, there was a
region-specific reduction of the BDNF mRNA signal in both SHR
and DOCA-treated rats (Fig. 18,E) compared to their control strains,
the WKY rats and Sprague-Dawley control rats (Fig. 1a0). This
reduction was preferentially found in the granule cell layer of the
dentate gyrus, rather than in the CA1-CA3 hippocampal regions
of control and hypertensive animals, as shown in the insets of
Fig. 1, which depict the dorsal hippocampal formation. Further-
more, oestradiol administration to SHR and DOCA-treated rats
(Fig. 1c,f), normalised the signal intensity of film autoradiograms
to control levels.

These observations were substantiated by statistical comparison
of the OD of films autoradiograms (Fig. 2). Significant reductions
of BDNF mRNA were found for the granule cell layer of the
dentate gyrus of the hypertensive groups, as shown in Fig. 2(a)
for SHR (F,;, = 9.58; overall P < 0.05) and Fig. 2(8) for DOCA-
treated rats (Fyi, = 9.32; overall P <001) (P <005 for both
hypertensive groups versus control strains). After oestradiol treat-
ment, BDNF mRNA levels were significantly increased compared
to the untreated groups for both the SHR and DOCA experi-
ments (dark columns of Fig. 2(a8); SHR + E, and DOCA + Ej;
P < 0.05 versus respective steroid-naive hypertensive groups).
However, when the same groups and treatment regime was
compared for the hipocampal CA1 and CA3 regions (i.e. taken as
representative of pyramidal cell regions), the changes did not
replicate those of the subgranule cell layer of the dentate gyrus.
Thus, levels were similar between WKY rats, SHR and SHR + E,
(Fig. 2c) and between CTL, DOCA and DOCA + E,-treated rats
(Fig. 20,9, reinforcing the hypothesis that pyramidal cell areas
from hypertensive animals were spared from changes of BDNF
mRNA levels.

BDNF protein levels in control and hypertensive rats

Figure 3 shows data for BDNF protein determined by a commercial
ELISA method. Despite the fact that changes of BDNF mRNA were
exclusive to the dentate gyrus, the BDNF protein content of whole
hippocampus was in accord with the BDNF mRNA study. Thus,
BDNF protein was reduced by half in oestrogen-free SHR (Fig. 34)
(Fy10 = 5.78; overall P < 0.05) and oestrogen-free DOCA-treated
rats (Fig. 38) (Fy19 = 6,52; overall P < 0.01) compared to their con-
trol strains. Similar to changes obtained for BDNF mRNA, oestradiol
treatment normalised the BDNF protein levels of SHR to those of
WKY rats (Fig. 3a) (SHR versus WKY rats and SHR + E,; P < 0.05)
and BDNF protein levels of DOCA-treated rat to those of the con-
trol Sprague-Dawley group (Fig. 38) (DOCA versus control and
DOCA + E,; P < 0.05).

Doublecortin immunoreactive cells in control and
hypertensive rats

The subsequent experiments report the effects of oestradiol on
neurogenesis of hypertensive rats. We have already shown that
oestradiol stimulates bromodeoxyuridine uptake in the subgranular
zone and granular cell layer of SHR and DOCA-treated rats (8). To
determine whether oestradiol stimulated a further step of neuro-
genesis, we used DCX immunocytochemistry to label immature
neurones. Conventional microscopy readily distinguished differences
in DCX+ cell morphology between control strains (WKY and Spra-
gue-Dawley rats), hypertensive rats (SHR and DOCA-treated rats)
and hypertensive rats receiving oestradiol treatment. Light micros-
copy observations (Fig. 4) demonstrated abundant DCX+ cells in
the subgranular cell layer of the dentate gyrus of WKY rats at low
(Fig. 4a) as well as at high magnification (Fig. 4p). This profile con-
trasted with the scarce density of DCX+ cells of SHR, as shown

Fig. 1. Representative film autoradiograms of in situ hybridisation of brain-derived neurotrophic factor (BDNF) mRNA. () Normotensive Wistar-Kyoto (WKY)
rat; (8) spontaneously hypertensive rat (SHR); (c) SHR treated with oestradiol; (0) Sprague-Dawley (SD) rat; (¢) deoxycorticosterone (DOCA)-treated hypertensive
SD rat; (F) DOCA-treated hypertensive rat treated with oestradiol. (a-F) High magnification views from the dentate gyrus; insets are low magnification views of
dorsal hippocampus with dentate gyrus inside squares. BDONF mRNA signal is decreased in SHR (8) compared to WKY (a) and also in DOCA-treated rats (£) com-
pared to SD control rats (p). In both strains, oestradiol treatment normalised BDNF mRNA (c, ). CA1, CA2 and CA3 in (a correspond to hippocampus pyramidal

cell layers; DG, dentate gyrus.

© 2010 The Authors. Journal of Neuroendocrinology © 2010 Blackwell Publishing Ltd, Journal of Neuroendocrinology, 22, 1082-1092
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Fig. 2. Optical density (OD) of brain-derived neurotrophic factor (BDNF) mRNA measured on film autoradiograms corresponding to the experimental groups of
Fig. 1. (s c, £) Data from the granule cell layer of the dentate gyrus (DG) (a), the CA1 pyramidal cell layer (8) and the CA3 pyramidal cell layer (€) for the spon-
taneously hypertensive rat (SHR) experiment. (8, o, F) Data from the same hippocampal regions for the deoxycorticosterone (DOCA) experiment: in the granule
cell layer of the dentate gyrus (a), OD for SHR was significantly lower than the Wistar-Kyoto (WKY) rat and SHR plus oestradiol (*P < 0.05). In the dentate
gyrus (8), OD for DOCA was significantly lower than control (CTL) and DOCA + oestradiol (E;) (*P < 0.05). BDNF mRNA in the CA1 or CA3 pyramidal cell layers
showed no significant differences between the three groups of animals studied in the SHR or DOCA experiments. Results correspond to the mean £+ SEM % of
background (BG) of n = 5 animals per group. Statistical analysis was performed by analysis of variance followed by the Bonferroni post-hoc test.

under low and high magnifications (Fig. 48,). The reduced number
and atrophic morphology of DCX+ cells of SHR was normalised fol-
lowing oestradiol treatment, as shown in the low and high magni-
fication views of the subgranule cell layer (Fig. 4cF). Analogous
images were obtained for the DOCA experiment (Fig. 46-1). Thus,
low and high magnification views showed that DOCA-treated rats
presented few DCX-labelled cells (Hk), in sharp contrast to the
numerous DCX-immunopositive cells of the control Sprague-Daw-
ley rat (Fig. 46)) and DOCA-salt-treated rat receiving oestradiol
(Fig. 41,0).

Quantitative analysis (Fig. 58) determined a 50% reduction of
DCX+ cells in SHR compared to WKY rats (Fy0 = 12.68; overall
P < 0.01). A significant stimulation of DCX+ cell number followed
oestradiol treatment (Fig. 5a) (SHR versus SHR plus oestradiol and
WKY rats; P < 0.05), although the magnitude of the change of oes-
tradiol-treated SHR remained below the WKY rat level. Figure 5(c)
shows that DOCA-treated rats contained fewer DCX+ cells in the
subgranular cell layer of the dentate gyrus compared to Sprague-
Dawley control rats (F, 10 = 12.69; overall P < 0.01). Oestradiol
treatment during 2 weeks normalised the number of DCX+ cells of

© 2010 The Authors. Journal of Neuroendocrinology © 2010 Blackwell Publishing Ltd, Journal of Neuroendocrinology, 22, 1082-1092
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Fig. 3. Determination of brain-derived neurotrophic factor (BDNF) protein
(pg/mg hippocampal protein) by enzyme-linked immunosorbent assay in the
spontaneously hypertensive rat (SHR) experiment (a) and deoxycorticosterone
(DOCA) experiment (g). (a) Levels of BDNF protein were significantly lower in
SHR (*P < 0.05) compared to the Wistar-Kyoto (WKY) rat and SHR + oestra-
diol (E,). (8) DOCA-treated rats showed reduced BDNF protein levels com-
pared to control (CTL) and DOCA + E, (*P < 0.05). Results expressed as the
mean £ SEM of n = 5 animals per group. Statistical analysis was performed
by analysis of variance followed by the Bonferroni post-hoc test.

DOCA-treated rats to the level of Sprague-Dawley rats (Fig. 5¢)
(DOCA versus DOCA plus oestradiol; P < 0.05).

We also observed that changes of DCX immunostaining induced
by oestradiol treatment of hypertensive animals also comprised the
length of DCX immunopositive neuronal processes besides the neu-
ronal soma. Thus, in contrast to the short neurites of steroid-naive
SHR, oestradiol treatment during 2 weeks of SHR significantly
enhanced the DCX+ neurite length in this group (Fig. 58)
(Fp9 = 85,28, overall P < 0.0001) (SHR versus SHR + E,; P < 0.001).
In an analogous manner, the extent of neurites in the DOCA-trea-
ted oestrogenised rats was enhanced compared to DOCA-treated
rats without steroid treatment, approaching control values (Fig. 5p)
(Fy10 = 31.22; overall P < 0.0001) (DOCA versus DOCA + Ey;
P < 0.001). Thus, quantitative analysis reinforced morphological
observations that oestradiol treatment increased the density of
DCX+ immature neurones and the length of neurites in the hippo-
campus of hypertensive rat models.

Discussion

The results obtained in the present study show that oestradiol
treatment normalised BDNF mRNA and protein expression of SHR
and DOCA-treated rats and enhanced DCX labelling of immature
neurones in the subgranular cell layer of the dentate gyrus. In the
absence of oestradiol treatment, both parameters were severely
compromised in hypertensive strains compared to WKY and Spra-
gue-Dawley control rats. Previous studies have shown that oestro-
genisation of SHR and DOCA-treated rats increases cell
proliferation and hilar cell number in the dentate gyrus, reduces
hippocampal astrogliosis and attenuates the synthesis in the hypo-
thalamus of AVP, a peptide endowed with hypertensinogenic and
adrenocorticotrophin-releasing properties (7, 8, 14). Taken together,
these studies strengthen the neurotrophic and neurogenic proper-
ties of oestrogens in animals suffering from genetic or mineralocor-
ticoid-induced hypertension.

There is evidence that oestrogens per se could ameliorate hyper-
tension and normalise brain parameters by decreasing blood pres-
sure acting at the periphery (26, 40). Indeed, oestrogen treatment
of SHR and DOCA-treated rats decreases blood pressure and atten-
uate cardiac hypertrophy, as shown in previous studies (26, 40) and
confirmed by the present study. One way to discern between the
central and peripheral effects of oestrogen on blood pressure would
involve injecting oestrogens directly into the brain. Although this
approach is lacking for SHR, central injection of oestrogens prevent
the development of high blood pressure in rats with mineralocorti-
coid/salt-induced hypertension (48). Furthermore, the fact that oes-
trogens reduce central peptides involved in the pathogenesis of
hypertension (i.e. AVP expression in the paraventricular nucleus) in
an analogous manner in SHR and DOCA-treated rats (8) also
supports the possibility of a central effect of oestrogen in both
models.

It is important to discuss the etiopathogenic factors involved in
the hippocampal damage of hypertension. Among them, microvas-
cular damage and ischaemia are liable factors (4-6). In addition,
there may be enhanced hippocampal vulnerability to overactivation
of MR in a hypertension context (11, 15-19), considering the simi-
larity of changes in SHR and rats receiving a mineralocorticoid load.
Several studies have assigned a role to the mineralocorticoid system
in the brain of SHR and DOCA-treated rats, concerning an abnormal
aldosterone hormonal system, hypersensitivity to mineralocorticoids
and the effectiveness of MR antagonists with respect to decreasing
blood pressure and ischaemic damage (11, 14, 20, 49, 50). Some
studies have shown increased MR binding capacity in the hippo-
campus and hypothalamus of male SHR (16), whereas others have
found normal levels of MR and GR mRNA (51). Increased MR levels
have been detected in the microcirculation, kidney and heart of
SHR (19, 52). We have also found increased MR mRNA and protein
in hippocampus and hypothalamus of SHR, employing ISH,
real-time polymerase chain reaction and immunocytochemistry
(L. Pietranera and A. F. De Nicola unpublished data).

It is presently accepted that hippocampal MR show some pecu-
liarities with respect to the receptor expressed in peripheral organs.
Thus, hippocampal MR is considered to be a high affinity receptor
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Fig. 4. Morphology of doublecortin (DCX) immunopositive cells (immature neurones) in the dentate gyrus of control and hypertensive rat models with or
without oestradiol treatment. (a, 8, ¢) Low magnification of DCX+ cells in Wistar-Kyoto (WKY) rat (a), spontaneously hypertensive rat (SHR) (8) and SHR plus
oestradiol-treated rats (c). (o, £, F) High magnification of DCX+ cells in WKY, SHR and SHR plus oestradiol (E,) groups, respectively. (s, H, 1) Low magnification
of DCX+ cells in Sprague-Dawley control rat (), deoxycorticosterone (DOCA) (1) and DOCA plus oestradiol-treated rat (). (4, k, 1) High magnification of DCX+
cells in control, DOCA and DOCA plus oestradiol-treated rat, respectively. Fewer DCX-labelled cells were observed in SHR compared to WKY and SHR plus oes-
tradiol rats. Similarly, DOCA-treated rats expressed fewer DCX+ cells compared to Sprague-Dawley control and DOCA plus oestradiol-treated rats. (a-c, 6-1)

magnification x 100; (o-f, J-1) magnification x 400.

binding both glucocorticoids and mineralocorticoids. However, hip-
pocampal MR prefers corticosterone, which circulates in high
amounts, rather than aldosterone, which circulates in minor
amounts. This irreqularity is a result of the low hippocampal
expression of the enzyme 11f-hydroxysteroid dehydrogenase type
2 that oxidises corticosterone to inactive metabolites (53). Plasma
corticosterone levels measured under basal conditions have been
reported to be both high or normal in SHR compared to WKY rats
(51, 54), although the adrenocortical response to stress is exagger-
ated in hypertensive rats (10). In this case, stress levels of cortico-
sterone can activate glucocorticoid receptors (GR), an event
generally related to detrimental neuronal effects in the hippocam-
pus. However, the literature is not concise on the role of GR in
SHR. There are reports of enhanced GR density in the mesenteric
microcirculation and pituitary, decreased GR binding capacity in the
hypothalamus and normal GR mRNA in hippocampus of SHR (51,
52). Therefore, the likelihood that GR occupation by corticosterone

leads to hippocampal abnormalities deserves further appraisal aim-
ing to better understand the role of GR in the SHR strain.
Nevertheless, there is also evidence for MR being overactive in
SHR, and this abnormality in receptor function may additionally
participate in the neuropathology of SHR and DOCA-treated rats.
Three situations indicate a distinctive role of brain MR in SHR. First,
it is known that prevailing stress conditions lead to the activation
of hippocampal MR by glucocorticoids (53) and, as already pointed
out, SHR are hyper-responsive to stress (10). Second, oxidative
stress could initiate the pathological ligand-independent activation
of MR (55). Third, there is enhanced sensitivity to exogenous miner-
alocorticoid treatment in SHR (14). The involvement of mineralocor-
ticoids and MR is more obvious in the hypertension of DOCA-
treated rats. DOCA-derived deoxycorticosterone can occupy and
activate brain MR, eliciting typical mineralocorticoid-responses.
These include induction of salt appetite, increased AVP synthesis,
increased angiotensin Il binding and the development of hyperten-
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Fig. 5. Morphometric analysis of the number of doublecortin (DCX)-immunopositive cells and the length of DCX-immunoreactive processes in the dentate
gyrus of the spontaneously hypertensive rat (SHR) experiment (a, 8) and deoxycorticosterone (DOCA) experiment (c, p). (o) DCX+ cell number per dentate gyrus
was lower in SHR (*P < 0.05) compared to Wistar-Kyoto (WKY) rat and SHR + oestradiol (E,). (c) DOCA-treated rats showed the lowest DCX-positive cells com-
pared to Sprague-Dawley control (CTL) and DOCA plus oestradiol (E,)-treated rats (*P < 0.05) (n = 5 animals per group). (8, o) Length of DCX-immunoreactive
cell processes (neurites) was reduced in SHR (8) compared to WKY (P < 0.001) and in DOCA-treated rats (p) compared to control Sprague-Dawley rats
(P < 0.01). Oestradiol treatment enhanced the length of neurites in both hypertensive models compared to steroid-naive SHR (P < 0.001) and DOCA-treated
rats (P < 0.001). Data correspond to the mean of six sections per animal and five rats per group. Statistical analysis was performed by analysis of variance fol-

lowed by the Bonferroni post-hoc test.

sion (13, 56). Furthermore, i.c.v. administration of the antagonists
prorenone and RU-28318 block hypertension produced by systemic
mineralocorticoid loading (18, 50). However, our hypothesis that
MR may be linked to the hippocampus abnormalities of SHR is in
apparent conflict with studies showing that MR-mediated actions
preserve the integrity and stability of the hippocampus (57). As an
alternative, it is possible that MR changes its properties from pro-
tective to damaging in a context of hypertension, oxidative stress
and ischaemia (11, 15, 18, 19, 55). In a different scenario, cortico-
sterone activation of both MR and GR may contribute to the
encephalopathy of SHR.

The neuroendocrine interactions taking place in the brain of SHR
and DOCA-treated rats could prime the reduction of BDNF expres-
sion in the dentate gyrus. As mentioned in the Introduction, BDNF
is down-regulated in the dentate gyrus of hypertensive Wistar rats
and SHR with carotid artery occlusion (37, 38). In addition to
hypertension, stress and high levels of glucocorticoids are risk fac-
tors for BDNF mRNA and protein expression in the hippocampus
(58). Therefore, a role for corticosterone in the reduction of BDNF
and cell proliferation in SHR cannot be discounted. On the other
hand, our experimental evidence suggests that female steroids
powerfully stimulate BDNF expression in hypertensive animals. This
is in context with the modifications of hippocampal BDNF that
occur during the oestrous cycle and the demonstration that oestra-
diol replacement after ovariectomy increases the levels of BDNF

mRNA and protein (29). Oestrogens may induce BDNF transcription
as a result of the localisation of an ER element in the BDNF pro-
moter (30). In the present study, the stimulatory effect of oestradiol
in the hippocampus was obtained both at the mRNA as well as the
protein level. This was an interesting finding because the effect on
BDNF mRNA was observed in the granule cell layer of the dentate
gyrus, whereas the increase of BDNF protein, as determined by
ELISA, was obtained in whole hippocampal homogenates. We pro-
pose that oestradiol treatment of hypertensive rats produced two
effects on BDNF: one at the level of gene transcription in the den-
tate gyrus, and the other on translation and secretion of the
growth factor from nerve terminals. According to the ‘anterophin’
hypothesis, locally synthesised BDNF is stored into presynaptic ter-
minals and later released post-synaptically (59). In connection with
this event, it has been recently shown that oestrogen stimulates
BDNF release from the dentate gyrus (32). This positive interaction
between oestradiol and BDNF could result in trophic effects for the
hippocampus involving neurogenesis.

Thus, changes of BDNF expression in oestrogen-receiving hyper-
tensive rats may contribute to changes of neurogenesis, considering
the intimate association between these events (29). Similar to the
effects on BDNF, stress and adrenal steroids could have a direct
impact on cell proliferation in the dentate gyrus, considering that
neural cell precursors of the hippocampus express MR and GR (60,
61). As a result, changes of circulating adrenal steroids or an
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enhanced response to stress could mediate the changes of neuro-
genesis observed in the hypertensive rats. BDNF expression and
cell proliferation in the subgranular and granular zones of the
dentate gyrus are highly responsive to oestrogens (29, 33, 34). In
certain circumstances, oestradiol also enhances the differentiation
of progenitors into immature neurones, according to the increased
number of DCX immunolabelled cell bodies and cell processes
found in oestradiol-treated middle age mice (24) and presently
observed for SHR and DOCA-treated rats receiving oestradiol. The
influence of oestradiol on maturation and survival of cells
committed to a neural lineage could be BDNF-mediated, because
terminal differentiation of newborn neurones in the adult hippo-
campus is under BDNF control (62). Therefore, middle-aged mice
and hypertensive rats become useful tools for unveiling the inter-
actions between oestradiol, growth factors and neurogenesis under
pathological conditions. In this regard, it is worth noting that the
neuroprotective effects of oestrogens may require special patho-
physiological conditions prevailing in SHR because the effects of
oestrogen on hippocampal or hypothalamic parameters have not
been observed in WKY control rats (7, 8, 14). We are aware that,
in the present study, plasma oestradiol levels of rats receiving ste-
roid treatment were in the supraphysiological range. However, this
steroid regime normalises the stress response, increases hippocam-
pal glucocorticoid receptors, enhances immunoreactive levels of
choline acetyltransferase and stimulates mRNA for the growth-
associated protein 43 in the brain of ageing rats (41). Considering
that the normal oestradiol content of the rodent hippocampus is
already six-fold higher than that in plasma (63), it is possible that
high amounts may be required to normalise grossly altered hippo-
campal parameters.

We propose that modulation of BDNF expression could underlie
oestradiol neuroprotection of the hippocampus of SHR and DOCA-
salt hypertensive rats. These effects may have important functional
and behavioural outcomes for the encephalopathy of hypertensive
rats. Thus, further evidence is needed to link changes in the hippo-
campus with reductions in blood pressure and the behavioural
effects provided by natural and synthetic oestrogens in hyperten-
sive rat models.
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