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NCREASED AROMATASE EXPRESSION IN THE HIPPOCAMPUS OF
PONTANEOUSLY HYPERTENSIVE RATS: EFFECTS OF ESTRADIOL
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bstract—There is high incidence of hippocampal abnormal-
ties in spontaneously hypertensive rats (SHR), including de-
reased neurogenesis in the dentate gyrus, astrogliosis, low
xpression of brain derived neurotrophic factor and de-
reased neuronal density in the hilar region, respect of nor-
otensive Wistar Kyoto rats (WKY). Estradiol treatment
iven for 2 weeks normalized the faulty hippocampal param-
ters of SHR, without having effects on WKY rats. The
resent work studied the potential role of local estrogen
iosynthesis in the hippocampus of SHR and WKY, by mea-
uring the expression of aromatase, the key enzyme respon-
ible for estrogen biosynthesis and involved in neuroprotec-
ion. We used 4 month old male SHR and WKY, half of which
eceived a single sc pellet of 12 mg estradiol benzoate and
he remaining half a cholesterol implant. Hippocampi were
issected and processed for aromatase mRNA expression
sing real time PCR. A second batch of animals was pro-
essed for aromatase and glial fibrillary acidic protein (GFAP)
mmunocytochemistry. Basal level of aromatase mRNA was
igher in SHR respect of WKY. Following estradiol treatment,
romatase mRNA was further increased in the SHR group
nly. In the hilus of the dentate gyrus of cholesterol-im-
lanted SHR, we found aromatase immunoreactive cell pro-
esses and fibers more strongly stained respect of WKY rats.
stradiol treatment of SHR further increased the length of

mmunoreactive processes and fibers in the hilar region and
lso increased aromatase immunoreactivity in the CA1 but
ot the CA3 pyramidal cell region. WKY rats were spared
rom the estradiol effect. Double-labelling experiments
howed that aromatase� processes and fibers of the hilus of
HR-treated rats did no colocalize with GFAP� astrocyte cell
odies or processes. In conclusion, basal and estradiol-stim-
lated aromatase expression was enhanced in hypertensive
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iochemistry, Instituto de Biologia y Medicina Experimental, Obligado
490, 1428 Buenos Aires, Argentina. Tel: �54-11-4783-2869; fax:
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bbreviations: BDNF, brain-derived neurotrophic factor; GFAP, glial
brillary acidic protein; ILIGV/area, inverse logarithm of grain intensity
n
er area; SHR, spontaneously hypertensive rats; WKY, Wistar Kyoto
ats.
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oi:10.1016/j.neuroscience.2010.11.044

151
at hippocampus. A combination of exogenous estrogens
nd those locally synthesized may better alleviate hyperten-
ive encephalopathy. © 2011 IBRO. Published by Elsevier
td. All rights reserved.

ey words: spontaneously hypertensive rats, aromatase, es-
radiol, neuroprotection, hippocampus.

strogens function as hippocampal neuroprotectants for
athological conditions, including trauma, aging, neurode-
eneration, excitotoxicity, oxidative stress, hypoglycemia,
myloid-� peptide exposure and ischemia. In these cases,
ippocampal pathology is prevented in part or totally by
reatment with estrogens (Goodman et al., 1996; McEwen,
002; McCullough and Hum, 2003; Garcia-Segura et al.,
006; Wise, 2006; Suzuki et al., 2007). Estrogen effects
ould be mediated by interaction with intracellular recep-
ors of the ER� or ER� subtype although nonclassical,
on-genomic mechanisms may also be involved in estro-
en effects on the brain (Shughrue et al., 1997; Barha et
l., 2009). At the cellular and molecular level, estrogens
ontrol adult neurogenesis in the dentate gyrus, prevent
ell death, increase neuronal survival and neurite out-
rowth, show anti-apoptotic actions, stimulate synaptogen-
sis, regulate neurotransmission, interact with neurotro-
hic factors, activate several kinases and increase CREB
cyclic AMP-response element binding protein) phosphor-
lation (Gould et al., 2000; McEwen et al., 2001; Behl,
002; Scharfman and Maclusky, 2005; De Nicola et al.,
006; Garcia-Segura et al., 2006; Barha et al., 2009).
herefore, a multiplicity of mechanisms mediates estrogen
europrotective effects.

Spontaneously hypertensive rats (SHR) are animal
odels of essential (or primary) hypertension ideally suited

o study estrogen neuroprotection. This is due to the fact
hat besides myocardial fibrosis, abnormalities of mi-
rovessels and kidney damage, a pronounced hippocam-
al pathology distinguishes SHR. Hippocampal changes

nclude neuronal loss, gliosis with increased expression of
he astrocyte marker glial fibrillary acidic protein (GFAP),
ecreased growth factor expression and abnormal neuro-
enesis (Sabbatini et al., 2000, 2002; Tomassoni et al.,
004; Ueno et al., 2004; Pietranera et al., 2006, 2008;
ronenberg et al., 2007; Hennigan et al., 2009). SHR also
resent additional brain abnormalities, consisting of blood–
rain barrier disruption, hydrocephalus, decrease white
atter volume in the forebrain and increases in the syn-

hesis of the vasoactive peptides angiotensin II and argi-

ine vasopressin (Sabbatini et al., 2000; Ueno et al., 2004;

s reserved.

mailto:alejandrodenicola@ibyme.conicet.gov.ar
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ietranera et al., 2004; Saavedra et al., 2006). Behavior-
lly, SHR have been considered models for dementia,
rain aging and the attention deficit hyperactivity syndrome
Jesmin et al., 2004; Paglieri et al., 2008). However,
hether hippocampal neurochemical and behavioral
hanges depend on a pre-existing hypertension or whether
ypertension and brain pathology reflect a central defect of
his strain is still undecided (Imaki et al., 1998; Rahmouni
t al., 2001; Miyakubo et al., 2002; Sabbatini et al., 2002).

Our laboratory has reported that hippocampal vulner-
bility of hypertensive rats is normalized by estrogens.
hus, estradiol administration to SHR increases neuronal
recursor proliferation and differentiation in the subgranu-

ar zone of the dentate gyrus, increases the number of hilar
eurons in the dentate gyrus, attenuates astrogliosis, and

ncreases the expression of brain-derived neurotrophic
actor (BDNF) mRNA and protein in the hippocampus (Pi-
tranera et al., 2004, 2006, 2008, 2010). It is highly aus-
icious, then, that the hippocampus of hypertensive rats
etains estrogen responsiveness. In humans, estrogens
nd the cytochrome P450 19 (CYP19) gene (aromatase)
re thought to be susceptibility factors for essential hyper-
ension (Shimodaira et al., 2008).

In addition to being secreted from peripheral endocrine
lands and transported into the brain, there is local estra-
iol synthesis from cholesterol or androgen precursors by
rain cells. Early studies by Naftolin et al. (1996) and
althazart et al. (1992) have detected aromatase in the

imbic and hypothalamic regions by immunocytochemistry.
he hippocampus is endowed with all the enzymes nec-
ssary for estradiol biosynthesis, including the aromatiza-
ion step converting C19 androgens into C18 estrogens.
romatase activity and expression have been reported in

he hippocampus of several species, including mice, rats,
sh, birds, monkeys and humans (Balthazart et al., 1992;
aftolin et al., 1996; Strobl-Mazzulla et al., 2008; Yague et
l., 2008, 2010; Zhao et al., 2008; Yilmaz et al., 2009). The
nzyme seems highly active in the hippocampus, since in
ice the content of estradiol in this tissue is six-fold higher

han in plasma (Hojo et al., 2009). Light and electron
icroscopy examinations localized aromatase immunore-
ctivity in neuronal perikarya, dendrites, axonal processes
nd terminal boutons (Naftolin et al., 1996). A role for
euronal aromatase activity in the hippocampus may in-
olve synaptic development and plasticity (Rune et al.,
006). In addition, reactive astrocytes strongly expressed
romatase following diverse forms of brain injury in several

esioned areas including the hippocampus (Garcia Segura
t al., 1999; Azcoitia et al., 2003; Carswell et al., 2005;
aldanha et al., 2009).

Brain estradiol biosynthesis is under regulatory control
y a number of factors as reported for human glioma cell
ultures, hippocampal dispersion cultures, and different
rain regions from rat, mouse, quail, songbirds and fish
Zhao et al., 2008; Munetsuna et al., 2009; Prange-Kiel et
l., 2009; Yague et al., 2009; Yilmaz et al., 2009; Charlier
t al., 2010). Both androgens and estrogens show modu-

atory effects on aromatase, explained by the presence of

ndrogen and estrogen-responsive elements in the CYP19 E
ene (Harada et al., 1993; Lephart, 1996; Bourguiba et al.,
003; Strobl-Mazzulla et al., 2008; Zhao et al., 2008;
ilmaz et al., 2009). Interestingly, tonic estrogen treatment
f ovariectomized mice increases by 69% aromatase gene
xpression in the hippocampus, whereas cyclic estradiol
dministration has the opposite effect (Iivonen et al.,
006).

Therefore, taken into consideration the reported estra-
iol regulation of brain aromatase and the effects of estro-
ens in the hippocampus of SHR, the present investigation
ursued three main objectives. First, to identify possible
ifferences between the hippocampus of SHR and the
ontrol normotensive Wistar Kyoto (WKY) rats in the basal
xpression of aromatase mRNA and protein. Second, to

nvestigate if exogenously administered estradiol was able
o regulate aromatase expression in the hippocampus of
HR and WKY rats, considering previous differences in
ormonal responses between the two strains. The third
bjective intended to localize the enzyme at the cellular

evel using double immunofluorescence histochemistry for
romatase and the astrocyte marker GFAP.

EXPERIMENTAL PROCEDURES

xperimental animals

our month old male WKY rats and SHR (� 250 g body weight)
ere purchased from Charles River, Madrid, Spain and the Uni-
ersity of La Plata, Argentina. Rats were group-housed based on
lood pressure values and steroid treatment. Animals were kept
nder conditions of controlled humidity, temperature (22 °C), a
2:12 h light/dark cycle (lights on at 07.00h) and given food and
ater ad libitum. At this age period, mean blood pressure (BP)
easured by a tail cuff method measured 192�10 mm Hg in SHR
nd 113.0�5 mm Hg in WKY rats (P�0.001).

For steroid treatment, animals were anesthetized using isoflu-
rane and implanted sc with a single 12 mg pellet of 17 �-estradiol
enzoate (Sigma, St. Louis, MO, USA) during the last 2 weeks of
he experiment. For sham-treatment, rats were also anesthetized
nd received a 12 mg pellet of cholesterol (Sigma, St. Louis, MO,
SA) instead of estradiol. Previous work demonstrated that this
stradiol regime normalizes neurogenesis, the number of hilar
eurons, growth factor expression, choline-acetyltransferase im-
unoreactive neurons, glucocorticoid receptors and astrogliosis

n the hippocampus and forebrain of SHR and Dexicorticosterone
cetate (DOCA)-salt-treated rats and in aging rats (Ferrini et al.,
999; Pietranera et al., 2008). Circulating levels of 17 �-estradiol
ere measured at the time of sacrifice (i.e., after 2 weeks of pellet

mplantation) by radioimmunoassay (Pietranera et al., 2008). Es-
radiol levels in steroid-untreated rats were similar between WKY
6.7�0.04 and SHR 26.1�2.1 pg/ml serum. A substantial in-
rease in estradiol levels were shown in estradiol-treated WKY
201.7�192 and SHR 2028.6�297.5 pg/ml serum (P�0.01 vs.
espective untreated group). Although mean serum estradiol lev-
ls appeared higher in the SHR � estradiol group respect of the
KY � estradiol group, differences were not statistically signifi-

ant using ANOVA and Bonferroni’s post hoc test or a non-
arametric test followed by Dunn’s multiple comparison test
P�0.05). Estrogenized and cholesterol-implanted SHR and nor-
otensive control WKY rats were used to quantify aromatase
RNA using real time PCR and for the immunocytochemical
etection of aromatase and GFAP. Animal handling followed the
uide for the Care and Use of Laboratory Animals (NIH Guide),
nd was approved by local Animal Care and Use Committees.

very effort was made to minimize animal suffering and to reduce
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he number of animals used to the minimum required for statistical
ccuracy.

uantitative assay of aromatase mRNA by real time
CR

or real time PCR, four groups of animals were used: WKY (10
ats), SHR (10 rats), WKY plus estradiol (12 rats) and SHR plus
stradiol (12 rats). Anesthetized rats were killed by decapitation
nd the whole brain removed from the skull. Bilateral hippocampi
ere dissected out from the brain and total RNA was then ex-

racted using Trizol reagent (Life Technologies, Invitrogen) and
Neasy Lipid Tissue Mini Kit (Quiagen). Total RNA was subjected

o Dnase 1 (Invitrogen) treatment (2 U for 10 min at room tem-
erature) to remove residual contaminating genomic DNA. cDNA
emplates for PCR amplification were synthesized from 2 �g of
otal RNA using a SuperScript II Rnase H reverse transcriptase
Invitrogen) for 60 min at 42 °C in the presence of random hex-
mer primers. Primers for real-time RT-PCR were designed using
ligo Primer Analysis Software version 6.54 (Molecular Biology

nsights Inc., Cascade, CO, USA). Sequences for aromatase gene
mplification were sense: 5=-TATTGGAAATGCTGATTGCGG-3=
nd antisense: 5=-TTGGGCTTGGGGAAATACTCG-3. Ribosomal
8s was chosen as a housekeeping gene based on the similarity
f mRNA expression across all samples templates.

The relative gene expression for the aromatase mRNAs was
etermined using the ABI PRISM 7500 sequence Detection Sys-
em (Applied Biosystems, Foster City, CA, USA). Relative gene
xpression data were calculated using the 2 ���ct. method (Livak
nd Schmittgen, 2001) and it was determined as fold induction
ith respect to its respective control. PCR was performed in

riplicate under optimized conditions: 95 °C at 10 min followed by
0 cycles at 95 °C for 0.15 s and 60 °C for 1 min. Primer
oncentrations were 0.2 �M for ribosomal 18s and 0.4 �M for
romatase.

mmunocytochemical determination of aromatase
nd GFAP

or aromatase and GFAP immunocytochemistry, four groups of
ats were used: WKY, SHR, WKY plus estradiol and SHR plus
stradiol. Each group was comprised of n�5 rats. Anesthetized
ats were transcardially perfused with 60 ml of 0.9% saline fol-
owed by 60 ml 3% paraformaldehyde (PFA) in phosphate buffer
PB), pH: 7.4. After overnight incubation in 3% PFA, brains were
ransferred to Tris-buffered saline (TBS), pH: 7.4, sectioned fron-
ally at 50 �m using a vibrating microtome and processed for
ree-floating immunocytochemistry. Briefly, sections were first
reated for 45 min with a solution of methanol (50%) and hydrogen
eroxide (5%) in TBS to quench endogenous peroxidase activity.
or single immunocytochemistry, sections were then incubated
ith a rabbit polyclonal anti-aromatase antibody (1/500 dilution)

or 48 h at 4 °C. The aromatase antibody was generated at the
ajal Institute against a 15 amino acid peptide corresponding to

esidues 488–502 of mouse aromatase. Specificity of this anti-
ody has been previously described and cross reacts with rat,
uman and monkey cytochrome P450 aromatase (Garcia Segura
t al., 1999; Yague et al., 2008, 2010). After incubation with the
rimary antibody, sections were exposed to a biotinylated goat
nti-rabbit IgG (dilution 1/1000 dilution, Pierce Meridian, IL, USA)
nd processed following the Vectastain ABC kit instructions (Vec-
or, Burlingame, CA, USA). Immunoreactions were visualized with
,3=-diaminobenzidine tetrahydrochloride (DAB) in 0.01% hydro-
en peroxide. The same number of sections (n�6 per animal)
ere studied for each experimental group.

Double immunocytochemistry staining was employed to discern
f aromatase colocalizes with GFAP, a marker of quiescent and
eactive astrocytes. In this case, sections were incubated with the

bove-mentioned aromatase antibody and with a mouse monoclonal

S
a

nti-GFAP antibody (1/1000 dilution, Sigma, St. Louis, MO, USA).
he sections were then incubated with goat anti-rabbit IgG conju-
ated to Alexa Green 488 and with goat anti-mouse IgG conjugated
o Alexa Red 568 both at 1/1000 dilution (Molecular Probes, Eugene,
R, USA). Immunofluorescent microscopic images were examined
sing a Leica confocal laser microscope (Heidelberg, Germany).

ensitometric analysis of immunoreactive aromatase

taining intensity and immunoreactive aromatase area (�m2)
ere determined for the CA1 and CA3 hippocampal areas by
omputer-assisted image analysis (Labombarda et al., 2002). The
ptimas program used in our analysis transforms differences in
olor intensity of immunopositive cells into gray differences, and
esults were expressed as the inverse logarithm of grain intensity
er area (ILIGV/area; Ferrini et al., 1999; Labombarda et al.,
002). Digitalized images of tissue sections (six sections per rat,
ve rats in each group) were processed simultaneously under
dentical operating conditions, such as light beam, wavelength and
ray-scale threshold throughout the experiment. Images were
cquired at the same magnification using a digital camera Pana-
onic GP-KR222 connected to an Olympus BH2 microscope and
he image analysis software Bioscan Optimas VI.

In addition, digital images from the hilus of the hippocampus
ere taken. After background substraction and gray-scale thresh-
ld determination, aromatase-immunopositive fiber density was
uantified by image analysis (Optimas, Bioscan VI) according to
reviously reported protocols (Abrahám et al., 2000; González et
l., 2009; Skup et al., 2002). Surface area covered by aromatase-
ositive fibers and the length of positive fibers were computed and
xpressed as aromatase-immunopositive fiber density (�m immu-
opositive fiber/0.02 mm2) (González et al., 2009).

tatistical analysis

roup differences in aromatase mRNA determined by real time
CR and differences in aromatase immunopositive fiber density
nd intensity was performed by one-way ANOVA followed by
ewman–Keuls post hoc test. Results were expressed as mean
rbitrary units � SEM (mRNA), mean ILIGV/area � SEM (immu-
oreaction intensity of CA1-CA3 subregions) or mean fiber length
�m) � SEM per 0.02 mm2 (immunoreactive fiber length of the
ilus). A P�0.05 was considered to be significant.

ig. 1. Quantitative analysis of aromatase mRNA in whole hippocam-
us obtained by real time PCR of normotensive Wistar Kyoto (WKY)
ats without or with estradiol treatment (WKY�E2) and spontaneously
ypertensive rats (SHR) without or with estradiol (SHR�E2) treatment.

tatistical analysis by ANOVA and post hoc test demonstrated:
P�0.05 vs. WKY; b P�0.05 vs. all other groups.
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RESULTS

ig. 1 shows quantitative data obtained by real time PCR
f aromatase mRNA levels in whole hippocampus of WKY
ats and SHR with or without estradiol administration. A
ignificantly higher basal level of aromatase mRNA was
ound in SHR (2.76�0.29 au) respect of WKY rats
1.17�0.15) (F(3,40)�16.07; P�0.05). Estradiol treatment
f SHR produced a further elevation of aromatase mRNA,
urpassing the high basal levels of the same group im-
lanted with cholesterol. In contrast, estradiol treatment
as inactive regarding aromatase mRNA levels of WKY

ats (Fig. 1, SHR�E2: 3.36�0.46 au, P�0.05 vs. SHR,
KY and WKY�E2 groups). Although real time PCR dem-

nstrated group changes in aromatase gene expression,
he neuroanatomical site(s) of the hippocampus responsi-
le for the observed changes remained unknown.

To answer this question, we performed immunocyto-
hemistry with a specific antibody to compare at the mi-
roanatomical level the distribution of aromatase protein
xpression in SHR and WKY rats. Results showed that
romatase immunoreactivity was localized in cell pro-
esses and cytoplasm of neurons of several hippocampal
reas, such as the pyramidal CA1, CA2, and CA3 subre-
ions (Fig. 2). In the CA pyramidal neurons, staining for
romatase was observed in perikarya, cell processes and
ccasional small varicosities. We found significant differ-
nces in aromatase immunoreactivity in the CA1 (Fig. 3A)
ut not in the CA3 pyramidal cell layer (Fig. 3B). In the CA1
rea, the SHR plus estradiol group showed the highest
taining intensity compared to all other groups (F(3,16)�
4.28; P�0.001).

ig. 2. Immunocytochemistry for aromatase in the CA1 pyramidal are

roups. Stronger immunostaining of CA1 pyramidal cell processes and the pres

n the stratum radiatum, below the CA1 area, are observed in SHR�E2 (D) re
Weak aromatase immunostaining was found in the
ranule cell layer of the dentate gyrus. Statistical analysis
f the immunoreaction intensity of the cell layer (ILIGV/
rea) did not reveal group differences (WKY: 0.25�0.006;
KY � estradiol: 0.246�0.001; SHR: 0.255�0.004; SHR �

stradiol: 0.258�0.009; n�5 rats per group, P: NS). In
ontrast, strong aromatase immunolocalization was found

n the hilar region of the dentate gyrus. An interesting
nding was a stronger aromatase staining of fiber collater-
ls, axonal varicosities and occasional cell bodies in the
ilar region of the dentate gyrus of SHR compared to WKY
ats (Fig. 4A vs. C). The immunoreactive fibers of this hilus
ight correspond to mossy fibers arising from granule cells
f the dentate gyrus (Claiborne et al., 1986). Computerized

mage analysis to determine the length of immunoreactive
rocesses in this area showed significant group differ-
nces (Fig. 5). Thus, length of immunoreactive processes
as significantly higher in steroid-naive SHR (1576�23
m) respect of steroid-untreated WKY (742�66 �m)

F(3,15)�15.70; P�0.01). Furthermore, estradiol treat-
ent did not change the length of aromatase immunore-
ctive fibers in the normotensive group, but significantly

ncreased the length of fibers in the SHR group (2110�22
m; P�0.01 vs. all other groups).

We also carried out double immunofluorescence stain-
ng in the hilar region of the dentate gyrus to elucidate if
romatase immunopositive fibers colocalize with GFAP�
strocyte processes. This possibility was considered in
iew of the fact that a pronounced GFAP� astrogliosis was
resent in SHR (Tomassoni et al., 2004; Pietranera et al.,
006). However, as shown in the representative image
rom an estradiol-treated SHR (Fig. 6), we discarded the

ippocampus from WKY (A), WKY�E2 (B), SHR (C) and SHR�E2 (D)
a of the h

ence of scattered immunoreactive neuronal bodies and cell processes
spect of the other groups. Scale bar: 150 �m.
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olocalization of GFAP� astrocyte bodies or processes
red) with aromatase (green) in the hilar region. In some
ases, aromatase immunopositive processes aroused
rom granule cells showing a patchy aromatase immuno-
eactive cytoplasmic profile (white arrows). Double-label-
ng for GFAP-aromatase was also studied in the CA1 and
A3 areas, but in agreement with results obtained in the
ilar region of the dentate gyrus, aromatase staining was
bsent from GFAP� astrocytes.

DISCUSSION

comparison basal and estradiol-stimulated aromatase
xpression between SHR and WKY rats produced three

nteresting sets of data. First, our results showed for the first
ime that basal and estradiol-stimulated aromatase mRNA
evels were enhanced in hypertensive rat hippocampus,
ompared to the normotensive WKY rats. Second, our
xperiments also showed a higher basal and estradiol-
timulated aromatase protein expression in cell processes

ig. 3. Effects of estradiol on aromatase immunostaining intensity in
he CA1 pyramidal cell layer (A) and CA3 pyramidal cell layer (B) in

KY, WKY�E2, SHR and SHR�E2 groups. Statistical analysis using
NOVA and post hoc test demonstrated that higher immunostaining

ntensity was restricted to the CA1 layer of the SHR�E2 group
* P�0.001 vs. all other groups in CA1).
nd fibers delimited by the upper and lower blades of the h
entate gyrus and within the hilar region of SHR, respect of
KY rats. Finally, our data demonstrated that estradiol

reatment preferentially increased aromatase immunore-
ction intensity in the CA1 pyramidal cell region of SHR,
espect of WKY, WKY�E2 and SHR groups.

These findings add new information on the effects of
ypertension and a sex steroid on aromatase expression

n the hippocampus. Two important questions arise from
he study of aromatase in SHR. First, why was the enzyme
igher in steroid-untreated SHR than WKY? Second, why
id estradiol preferentially stimulated aromatase mRNA
nd protein in SHR over WKY? It is possible that high
asal aromatase levels of SHR constituted a reparative
esponse to hippocampal damage. Ischemic damage in-
reases aromatase in the peri-infart area of SHR (Carswell
t al., 2005), whereas ischemic damage is greater in aro-
atase KO mice respect of controls (McCullough and
urn, 2003), supporting a protective role for brain aro-
atase. Thus, vascular changes may partly account for

he high basal expression of aromatase in SHR. Addition-
lly, several factors including neurotransmitters, neuropep-
ides, changes of cell signaling and steroids modulate
romatase expression and/or activity. The enzyme re-
ponds to several neurotransmitters including the glutama-
ergic neurotransmission, which is hyperactivated in SHR
Balthazart et al., 2006; Russell, 2001; Li and Pan, 2007).
he work of Balthazart et al. has shown that in the quail,
alcium-induced phosphorylation rapidly decreases en-
yme activity (Balthazart et al., 2003), although participa-
ion of this mechanism in SHR is unknown. Among the
europetides, vasopressin levels are higher in SHR (Imaki
t al., 1998; Pietranera et al., 2008); this could lead to
odulation of corticosterone levels, and hence to modifi-

ation of aromatase levels. Glucocorticoids can increase
romatase levels, at least in cultured glioma cells (Yague
t al., 2009). In turn, the response to estradiol is in line with
revious demonstrations that other faulty hippocampal pa-
ameters are normalized by estrogen treatment of SHR
ithout effect on WKY rats (Pietranera et al., 2008, 2010).
long the same direction, animal models of aging and type
diabetes that show hippocampal deficits resembling SHR,
re sensitive to estradiol stimulation in contrast to young
nimals or non-diabetic controls that are not affected by
strogenization (Saravia et al., 2004, 2007). Therefore, it is
o unreasonable to hypothesize that estradiol neuropro-
ection is more easily unveiled under conditions of in-
reased oxidative stress, hypertension, ischemia, aging or
eurodegeneration (De Nicola et al., 2009).

There are many reports that testify the positive, nega-
ive or lack of hormonal regulation of aromatase in several
pecies. Early work has shown that brain aromatase is
egulated by androgens in mammals and by estrogens in
irds and fish (Roselli et al., 1985; Balthazart et al., 1992).
n monkeys aromatase immunoreactive protein has been
ound in CA1-CA3 pyramidal neurons, granule cells of the
entate gryus and interneurons but not in astrocytes, with-
ut evidences for estrogen sensitivity (Yague et al., 2008).
owever, hippocampal aromatase expression is raised in

ypoestrogenic postmenopausal women (Ishunina et al.,
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007; Luchetti et al., in press). Alzheimer’s neurodegen-
ration is also associated with several aromatase gene
olymorphisms (Butler et al., 2010). In type I diabetic rats,
romatase levels are unchanged in hippocampus at 4
eeks but increased after 12 weeks of hyperglycemia

Burul-Bozkurt et al., 2010). In rat hippocampus cell cul-
ures, retinoic acid shows positive effects on the enzyme
Munetsuna et al., 2009). Recent work has shown that
stradiol regulation of aromatase mRNA in mouse hip-
ocampus seems highly dependent on administration pro-
ocols, showing increases after tonic steroid exposure and
ecreases following phasic steroid treatment (Iivonen et
l., 2006). The strong stimulation by estradiol of aromatase

ig. 4. Aromatase protein expression in the dentate gyrus of normoten
HR receiving estradiol treatment for 2 wks (D). Immunostaining was m
stradiol treatment further increased immunostaining for aromatase in
cale bar: 100 �m.

ig. 5. Statistical analysis of the length of aromatase immunoreactive
ell processes in WKY, WKY�E2, SHR and SHR�E2 groups. Results
ere expressed as length in �m per 21064 �m2 area of the hilus of the

a b
entate gyrus. P�0.01 vs. WKY and WKY�E2; P�0.001 vs. WKY
nd WKY�E2.

a
r

n the central nervous system of fish and mouse hypothal-
mus (Strobl-Mazzulla et al., 2008; Yilmaz et al., 2009) is
xplained by the presence of an estrogen-responsive ele-
ent on the CYP 19 gene (Harada et al., 1993; Lephart,
996). Other studies have linked estrogen potentiation of

tar Kyoto rat without (A) and with estrogen treatment (B), SHR (C) and
nse in fibers and cell processes in steroid-naive SHR respect of WKY.
sses and in sparse neuronal bodies of the dentate gyrus of SHR only.

ig. 6. Double immunofluorescence staining for aromatase (green)
nd glial fibrillary acidic protein (GFAP, red) in the hilus of the dentate
yrus of an SHR receiving estradiol. Aromatase immnunofluorescence

s present in fibers and processes but not in GFAP� astrocytes. White
sive Wis
ore inte
rrows point to aromatase � processes emanating from granule neu-
ons of the dentate gyrus. Scale bar: 50 �m.
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alcium influx via neuronal L-type calcium channels to
odulation of hippocampal neuroprotection in an estro-
en-receptor independent manner (Sarkar et al., 2008). Of

nterest to the present work, aromatase gene polymor-
hisms are linked with essential hypertension in human
atients (Shimodaira et al., 2008): Altogether, these re-
orts support the high plasticity but also a complex regu-

ation of brain aromatase, due to its differential modulation
y hormones and environmental situations.

It is likely that the increased levels of aromatase and its
timulation by estradiol provide beneficial effects to the
ippocampus of SHR. The neuroprotective role of brain
romatase has been thoroughly reviewed (Garcia Segura,
008; Saldanha et al., 2009), and as shown by Rune et al.
2006), it is involved in hippocampus synaptogenesis and
ynaptic plasticity. In this trend, our previous work has
hown that 2 weeks of exposure of SHR to estradiol en-
ances the expression of BDNF mRNA in the dentate
yrus, increases BDNF protein levels in whole hippocam-
al tissue, increases the density of doublecortin-positive

mmature neurons in the granule cell layer of the dentate
yrus, increases neuronal density in the hilar region and
ttenuates hippocampal astrogliosis (Pietranera et al.,
006, 2008, 2010). Altogether, previous data in conjunc-
ion with the present investigation, suggest that a combi-
ation of exogenous estrogens and those locally synthe-
ized by the enhanced aromatase expression may in-
rease local estrogen levels sufficiently to alleviate the
ncephalopathy of SHR. A question remains, however,
egarding the neuroanatomical site where systemic estra-
iol administration regulates hippocampal aromatase ex-
ression. Direct estrogen effects on the hippocampus are
ell accepted. Nevertheless, additional evidence shows

hat afferent pathways arising from estrogen-sensitive sub-
ortical regions regulate hippocampal plasticity (Prange-
iel and Rune, 2006). This paracrine, indirect mechanism
ay be also involved in estradiol effects on aromatase
xpression.

Estrogens play important roles in the hippocampus,
elated to learning and memory, neurotransmission, syn-
ptogenesis, neurogenesis, trophic factor expression, an-
iaging and antioxidant effects and the control of glial cell
unction (Goodman et al., 1996; Behl, 2002; McEwen,
002; Garcia Segura et al., 2006; Manthey and Behl, 2006;
ise, 2006; Spencer et al., 2008; Barha et al., 2009). We

nd others have demonstrated beneficial effects of estro-
ens in SHR, and the present work showed that aromatase
ctivation may be a potential parameter involved in this
ffect. An interesting clue arises from the increased aro-
atase immunoreactive fiber network and cell processes
f the dentate gyrus of SHR. Some of these fibers might
orrespond to mossy fiber trajectories connecting granule
ells of the dentate gyrus with the CA3 pyramidal cells,
hich in turn connect with CA1 neurons via the Schaffer
ollaterals (Swanson, 1982; Bayer, 1985). This possibility
elies on an exclusive neuronal source of aromatase, dis-
arding the contribution by astrocytes (this work), oligo-
endrocytes and microglia (Cesi et al., 1993; Yague et al.,

010). It is possible, then, that locally-synthesized neuro-
al estrogens, in addition to exogenously given estradiol,
ight influence the “trisynaptic” hippocampal circuit and
eurons of the CA1 area involving higher hippocampal
unctions. The lack of estradiol effect on the CA3 region
ay represent a ceiling effect, in which under our experi-
ental conditions does not allow additional aromatase

timulation. A ceiling effect has been previously postulated
or estradiol modulation of hippocampus spine density
Prange-Kiel and Rune, 2006). Further investigations are
arranted to understand the role of estrogen-stimulated
romatase expression in the hippocampal circuit with be-
avior, learning, memory and neuroendocrine responses
f SHR.

CONCLUSION

he present results show important changes of aromatase
xpression in the hippocampus from rats with essential
ypertension (SHR) respect of normotensive WKY rats.
hus, basal expression levels of aromatase mRNA in
hole hippocampus and of aromatase immunoreactive
rotein of cell processes in the hilus were increased in
HR respect of WKY rats. Tonic estradiol treatment of
HR via pellet implantation produced a further increase of
romatase mRNA in whole hippocampus and also in-
reased immunoreactive aromatase in the CA1 pyramidal
ell layer and of cell processes in the hilar region. The
ame parameters were unmodified in WKY receiving es-
radiol. Finally, aromatase immunoreactivity did not colo-
alize with the astrocyte marker GFAP, suggesting its
euronal origin. The current findings support that a com-
ination of exogenous estrogens and those locally synthe-
ized may better alleviate the hippocampal encephalopa-
hy previously described in SHR.
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