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a b s t r a c t

Estrogen receptor (ER)-mediated neuroprotection has been demonstrated in both in vitro and in vivo
model systems. Two types of estrogen receptors, ER� and ER�, are the major mediators of the biological
functions of estrogens. In the hippocampus, ER� is prevalent over ER�. Recently, we reported that during
the final phase of lactation there is a neuroprotective mechanism in the hippocampus of the adult female
rat against neuronal damage induced by systemic kainic acid administration vs. virgin (metestrus) rats. In
this study, we assessed differential ER expression and localization in CA1, CA3 and dentate gyrus regions
of dorsal hippocampus of metestrus and lactating adult rats at day 19 of lactation, during basal conditions
(metestrus and L19, respectively) and 24 h after systemic kainate administration. ERs were assessed by
actation western blot and immunohistochemistry. We found a significant increase in the expression of ERs in the
hippocampus during lactation as compared with metestrus. ER� was significantly increased in the CA1
and CA3 of lactating rats after the kainic acid insult. In addition, we observed a relocalization of ER�
from the cytoplasm to the nucleus of neuronal cells. Our results suggest that there is a strong correlation
between expression of ERs, especially ER�, in lactating CA1 and CA3 hippocampus regions in response to
kainate administration, and neuroprotection observed during this reproductive period. This may be one

ed in
of the mechanisms involv

. Introduction

Estrogens modulate gene expression in different tissues, the
ore studied effects are found in the reproductive tract and in

he central nervous system (CNS) [1,2]. Estrogens exert their effects
hrough two subtypes of estrogen receptors (ERs), ER� and ER�.
Rs belong to the nuclear receptor superfamily and are widely dis-
ributed in the brain and spinal cord [2].

Estrogens and their receptors can activate cell functions via
enomic and non-genomic mechanisms. The genomic mechanism

equires a series of steps such as binding of estrogens to the
eceptor, translocation of ERs into the nucleus, dimerization, and
nteraction with specific estrogen receptor binding sites (ERE)
n promoters of estrogen regulated genes. The indirect or non-
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the protection of the maternal brain to ensure offspring survival.
© 2009 Elsevier Ltd. All rights reserved.

genomic mechanisms consist of the activation of different signaling
pathways including mitogen activated protein kinases (MAPK), Akt,
cAMP-responsive element binding protein (CREB) and regulation
of intracellular ion concentration through ion channel modulation,
and Ca2+ homeostasis. In addition, they can also modulate anti-
apoptotic genes, such as members of the Bcl-2 family of proteins
and caspases [3–6].

Estrogen receptors mediate different effects on the structure
and function of the central nervous system, including excitability,
neurotransmitter release, memory processes, spine density, synap-
sis, neurogenesis and neuroprotection [7–14]. In the rodent brain,
estrogen receptors have been identified by autoradiography assay
using [3H]estradiol [15]. High expression of ERs was found in differ-
ent limbic system regions such as the hippocampus, amygdala and
lateral septum. These findings were later confirmed using immuno-
histochemical and in situ hybridization techniques [16,17].
It has been accepted that estrogens, through ERs, participate
in neuroprotection in different neurodegeneration models and
ischemia [18,19]. The contribution of ERs to neuroprotection has
been related to transcriptional regulation of proapoptotic and anti-
apoptotic molecules [20].

http://www.sciencedirect.com/science/journal/09600760
http://www.elsevier.com/locate/jsbmb
mailto:mcerbon85@yahoo.com.mx
mailto:mcerbon85@hotmail.com
dx.doi.org/10.1016/j.jsbmb.2009.02.015


2 iochem

p
h
e
l
m
m
h
c
k

2

2

(
t
0

s
s
e
(
l
m
e

t
w
b
i
2

f
c
s
w

S
A
p
I
A
A
[
e
t

2

f
L
c
H
4
s
t
m
m
E
C
j
(

avidin–biotin–immunoperoxidase technique [24]. Tissue was
labeled with cell-type-specific polyclonal rabbit antibody against
ER� (1:100, Santa Cruz Biotechnology, CA), or mouse mono-
clonal antibody against ER� (1:100, Santa Cruz Biotechnology,

Fig. 1. ER� expression in the hippocampus. (A) ER� expression was measured by
A. Vanoye-Carlo et al. / Journal of Steroid B

Recently, we reported that during lactation there is a neuro-
rotective effect against cell damage induced by kainate in dorsal
ippocampus. Using different methods to assess cell damage, we
stablished that the brain of the lactating rat was significantly
ess sensitive to excitotoxic damage induced by kainate than the

etestrus rat [21]. The aim of the present study was to deter-
ine changes in the expression of ERs and their distribution in the

ippocampus of normal and kainic acid treated lactating rats, to elu-
idate the possible contribution of ERs in neuroprotection against
ainic acid cell damage observed in lactating rats.

. Materials and methods

.1. Animals

Adult virgin or pregnant (18–20 days) female Wistar rats
250–300 g) were housed individually under controlled tempera-
ure and lighting conditions (12:12 h light:dark cycle, lights on at
6:00 h), with food and water available ad libitum.

Lactating rats at the final phase of lactation were chosen for this
tudy based on the expected steroid hormone levels in compari-
on to metestrus rats. Similar levels of sexual steroid hormones,
stradiol (10.5 ± 6.3 pg/ml vs. 15.0 ± 5.7 pg/ml) and progesterone
<10.0 ng/ml) are exhibited under both conditions, but circulating
evels of corticosterone (>300 ng/ml in lactating vs. <300 ng/ml in

etestrus rats) are chronically higher during lactation [21,22]. Each
xperimental or control group contained five animals.

For lactating rats, 1 day after parturition, litter sizes were culled
o 8–10. Mothers were kept undisturbed with the litters, and they
ere used for experiments on lactating day 19, considered as the
asal condition. Treated animals received an intraperitoneal (i.p.)

njection of vehicle (PBS) or kainate (7.5 mg/kg) and were sacrificed
4 h later.

Vaginal smears of virgin female rats (200–250 g) were followed
or at least four cycles. Metestrus was considered to be the basal
ondition. Animals on this day of the oestrous cycle received the
ame treatment with vehicle (PBS) or KA (7.5 mg/kg) as above, and
ere perfused 24 h later.

The Institutional Animal Care and Use Committees of the
chool of Chemistry and Institute for Neurobiology at the National
utonomous University of Mexico approved all experimental
rotocols. Animals were handled in accordance with the National

nstitutes of Health Guide for the Care and Use of Laboratory
nimals and the Official Mexican Guide of the Ministry of
griculture (SAGARPA NOM-062-Z00-1999) published in 2001

http://www.sagarpa.gob.mx/ganaderia/NOM/029zoo.pdf]. All
fforts were made to minimize the number of animals used and
heir suffering.

.2. Western blot

Dorsal hippocampal regions, CA1, CA3 and dentate gyrus (DG),
rom lactating and virgin animals were dissected according to the
ein [23] procedure. Tissue was homogenized by sonication (four
ycles at 100% of amplitude during 20 s) in 200 �l of lysis buffer.
omogenates were centrifuged at 12,500 rpm during 15 min at
◦C and supernatants recovered. Thirty �g of total protein was

eparated by 8% SDS-PAGE for ER� and ER� detection. Following
ransfer onto PVDF membranes, blots were blocked with 10% dry

ilk in TBS-0.1% Tween and incubated overnight at 4 ◦C in pri-

ary antibodies against ER� (1:400, Santa Cruz Biotechnology),

R� (1:500, Santa Cruz Biotechnology) and �-actin (1:500, Santa
ruz Biotechnology) followed by horseradish peroxidase (HRP) con-

ugated secondary anti-rabbit or anti-mouse secondary antibodies
1:10,000, Santa Cruz Biotechnology). Immunoreactivity was visu-
istry & Molecular Biology 116 (2009) 1–7

alized using enhanced chemiluminescence. Data were expressed as
ratios of �-actin.

2.3. Tissue preparation

Rats were deeply anesthetized with pentobarbital (Sigma–
Aldrich, St. Louis, MO) to carry out transcardiac perfusion with
250 ml of 0.1 M PBS (pH 7.4) followed by 250 ml of 4% paraformalde-
hyde in PBS (pH 9.5, 10 ◦C). Brains were removed, postfixed in the
same fixative overnight and cryoprotected using 20% sucrose for
2–3 days at 4 ◦C. Coronal sections (30 �m) were cut through the
dorsal hippocampus on a freezing microtome, and six series were
collected and stored in cryoprotectant solution (30% ethylene gly-
col and 20% glycerol in PBS) at −20 ◦C. One of the six series was
employed for each staining, such that consecutive slices of tissue
were analyzed by the different methods. Before any procedure, free-
floating sections were rinsed 3 times for 10 min in PBS buffer. The
sections were mounted on poly-lysine slides, dried, and kept in PBS
overnight to eliminate residual cryoprotectant.

2.4. Immunohistochemistry

Immunoreactivity for estrogen receptor-alpha (ER�) and estro-
gen receptor-beta (ER�) was detected using a conventional
western blot in CA1, CA3 and DG hippocampal regions of virgin and lactating rats
during basal conditions (metestrus and lactation day 19, respectively) and 24 h
after vehicle (V) or kainate (K) administration. A representative western blot of
five independent experiments is shown. (B) Western blot densitometric analysis.
Data represent the mean ± S.D. of five animals/treatment. Metestrus vs. lactation:
*p < 0.001; a vs. b: p < 0.01; c vs. d: p < 0.05; e vs. f: p < 0.05.

http://www.sagarpa.gob.mx/ganaderia/NOM/029zoo.pdf
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ig. 2. ER� cellular localization in the hippocampus. ER� protein was detected in situ
m–x) rats, in basal conditions (a–d; m–p), and after vehicle (e–h; q–t) or kainate (i–
b, f, j, n, r and v) and granular cells of DG (c, g, k, o, s and w) and hilus region (d, h,

A). Sections were mounted and dried on poly-l-lys-treated
lides and treated with boiling sodium citrate 10 mM pH 6.0
uring 20 min, 3% hydrogen peroxide for 30 min to quench
ndogenous peroxidase activity, 1% sodium borohydride in
BS at 4 ◦C for 30 min, Triton X-100 0.3% in PBS for 30 min
ith several washes in PBS. The tissue was then incubated
ith blocking solution (5% BSA/2% goat or rabbit serum/1%

riton X-100 in PBS) for 1 h to decrease non-specific label-
ng.

Sections were incubated with primary antibody in block-
ng solution at 4 ◦C overnight. After washing, primary antibody
as detected with the biotinylated secondary antibody and the

vidin/biotin system (Vectastain Elite ABC kit, Vector Laboratories,
urlingame, CA). Sections without primary antibodies or with pri-
ary antibodies preadsorbed with the corresponding peptide were

rocessed in parallel as negative controls.
.5. Statistical analysis

Western blot densitometric results for each group are presented
s mean ± S.D. Statistical significance between groups was estab-
munohistochemistry in dorsal hippocampus of virgin metestrus (a–l) and lactating
) administration, in pyramidal cells of CA1 region (a, e, i, m, q and u) and CA3 stratus
nd x). ER� is preferentially located in the nuclei of neurons. Bar = 100 �m.

lished with a one-way ANOVA followed by the Bonferroni multiple
comparisons test. p < 0.05 was considered significant.

Positive cell nuclei for ER� immunolabeling count were per-
formed with microscopic images obtained from pyramidal cell
layers in CA1 and CA3 and hilus and granular cell layers in DG
subdivisions of the hippocampus using 40× magnification. Statisti-
cal significance between groups was established with a one-way
ANOVA followed by the Bonferroni multiple comparisons test.
p < 0.05 was considered significant.

3. Results

3.1. Cellular localization and expression assessment of ER˛ in
hippocampal areas
The level of ER� in total protein extracts from dorsal hippocam-
pal regions was analyzed by western blot (Fig. 1A). The results
showed that during metestrus, there was an increased expres-
sion of ER� in the CA1 region as compared with the CA3 region.
Decreased expression of ER� was observed in CA3 and DG hip-
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Fig. 3. ER� expression in the hippocampus. (A) ER� expression was measured by
western blot in CA1, CA3 and DG hippocampal regions of virgin and lactating rats
during basal conditions (metaestrus and lactation day 19, respectively) and 24 h
A. Vanoye-Carlo et al. / Journal of Steroid B

ocampal regions 24 h after systemic kainic acid administration
Fig. 1B).

Lactating rats on day 19 showed a similar expression of ER� to
he metestrus rats in CA3 and DG hipocampal regions, while the
A1 region showed a lower expression of the receptor (Fig. 1A and
). Vehicle treatment did not affect ER� expression. After kainate
reatment, we observed a significant decrease in ER� expression
n the CA3 region as compared with basal conditions and vehicle
reatment (Fig. 1B).

To assess ER� distribution in the hippocampus, we employed
n immunohistochemical approach. ER� was detected at high lev-
ls in the nuclei of pyramidal neurons of the CA1 and CA3 regions
nd the DG granular and hilar neurons in virgin animals during
asal conditions (Fig. 2a–d). After 24 h of vehicle administration, an

ncrease in cytoplasmic ER� in the CA1 and CA3 pyramidal neurons
nd hilar neurons was observed in the hippocampus of diestrus
ats, where immunoreactivity extends into axonal projections of
he neurons (Fig. 2e–h). This change, from preferentially nuclear to
uclear–cytoplasmic distribution of ER�, was prevented by kainate
reatment. The hippocampus of metestrus animals, 24 h after sys-
emic administration of kainic acid, showed a preferential nuclear
attern of ER� distribution, similar to basal conditions (Fig. 2j–l).

Hippocampal regions of lactating animals, in basal conditions
lactating day 19), showed ER� immunoreactivity in pyramidal neu-
on nuclei of the CA1 and CA3 regions and in the nuclei of granular
nd hilar neurons of the dentate gyrus, with slight reactivity in the
ytoplasm (Fig. 2m–p). The nuclear–cytoplasmic distribution pat-
ern of ER� in lactating rats shows no change after vehicle (Fig. 2q–t)
r kainate administration (Fig. 2s–x).

.2. Cellular relocalization and expression changes of ERˇ in
ippocampal areas after kainic acid administration to lactating
ats

Expression of ER� was measured in total protein extracts from
orsal hippocampal regions by western blot (Fig. 3A). Metestrus
ats showed low expression levels in the CA1 hippocampal region
s compared with the CA3 and DG regions under basal conditions.
fter 24 h of vehicle administration, on diestrus day of the oestrous
ycle, we observed an increase in ER� expression in the CA1 region
nd a decrease in the DG region, whereas ER� expression in the CA3
egion was not modified. The systemic administration of kainic acid
nduced a decrease in ER� concentration in the CA1 region while an
ncrease in ER� expression was observed in the DG region (Fig. 3A
nd B).

During lactation, ER� protein in the hippocampus showed sim-
lar levels to those during metestrus, as detected by western blot,
n all the studied areas. Vehicle administration did not affect ER�
xpression in the CA1, CA3 and DG regions of lactating rats. After
4 h of kainic acid administration, a significant increase in ER� pro-
ein levels was detected in the CA1 and CA3 dorsal hippocampal
egions (Fig. 3A and B).

Localization of ER� in dorsal hippocampus in virgin and lac-
ating rats was visualized by immunohistochemistry. Virgin rats
n metestrus day showed a marked perinuclear localization of
R� protein in CA1 and CA3 pyramidal neurons. Additionally,
mmunoreactivity was positive in interneuron strata (data not
hown). In the dentate gyrus, ER� expression showed perinuclear
mmunoreactivity both in granular and hilar neurons (Fig. 4a–d).
reatment with vehicle or kainate did not affect perinuclear distri-
ution of ER� protein (Fig. 4e–l and 5A).
The hippocampus of lactating rats under basal and vehicle
onditions showed perinuclear distribution in the soma of pyra-
idal, granular and hilar neurons of the CA1, CA3 and DG regions

Figs. 4m–t and 5A). Immunoreactivity was positive for axonal pro-
ections in the principal strata of the hippocampus. In addition,
after vehicle (V) or kainate (K) administration. A representative western blot of
five independent experiments is shown. (B) Western blot densitometric analysis.
Data represent the mean ± S.D. of five animals/treatment. Metestrus vs. lactation:
*p < 0.05, **p < 0.001; a vs. b: p < 0.05; c vs. d: p < 0.01; e vs. f: p < 0.05; g vs. h: p < 0.01.

we observed ER� in interneuronal strata (data not shown). Kainic
acid systemic administration dramatically changed the distribu-
tion of ER� in CA1, CA3 and DG regions (Fig. 5A). About 30% of
the cells in the principal strata of hippocampal regions showed
cytoplasmic localization of ER� before kainate treatment (Fig. 5B).
After 24 h of kainate administration, the principal strata of the hip-
pocampus showed a redistribution of ER� protein from cytoplasmic
localization to a nuclear–cytoplasmic distribution in about 75% of
pyramidal granular and hilar neurons (Figs. 4u–x and 5).

4. Discussion

In the present study we demonstrate that estrogen receptor beta
expression is significantly increased in the CA1 and CA3 regions of
the hippocampus in lactating rats after treatment with kainic acid,
but not in the DG. In contrast, the expression of estrogen receptor
alpha decreased significantly after kainic treatment in CA3, in both
metestrus and lactating rats, and in the DG of the metestrus rats.
In addition, a signicant relocalization of ER� from the cytoplasm
to the nucleus was observed in hippocampal neurons, suggesting
the participation of ER� in neuroprotection against kainic acid cell
death induction in this brain area.

Recently, we reported that the dorsal hippocampus of the
mother is protected against cellular damage caused by systemic
administration of KA, as compared to virgin rats during metestrus
phase of the oestrous cycle, and the mechanisms that participate
in this process are not fully understood [21]. However, the hor-

mones involved in lactation, such as steroid hormones, are thought
to participate in this phenomenon.

Given that contribution of both estrogen receptor subtypes
to neuroprotection in the hippocampus has been demonstrated
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Fig. 4. ER� cellular localization in the hippocampus. ER� protein was detected in situ by immunohistochemistry in dorsal hippocampus of virgin (a–l) and lactating (m–x)
rats, under basal conditions (a–d; m–p), and after vehicle (e–h; q–t) or kainate (i–l; u–x) administration, in pyramidal cells of CA1 (a, e, i, m, q and u) and CA3 stratus (b,
f h, l, p
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, j, n, r and v) and granular cells of DG (c, g, k, o, s and w) and the hilus region (d,
ippocampus, ER� immunoreactivity was detected in the perinuclear region and in
trata. The localization pattern of ER� in virgin rats was not affected by treatments.
rom a perinuclear pattern to a nuclear and cytoplasmatic distribution after kainate

20], in the present study we sought to evaluate the changes in
he expression of estrogen receptors alpha and beta in order to
etermine their contribution to the neuroprotection observed in

actating animals against kainic acid cell death induction.
Our finding that ER� was significantly increased in hippocampal

reas after kainate administration is on-line with previous observa-
ions about the important role of this receptor in this brain region.
lthough both ER� and ER� are involved in mechanisms leading to
strogen-inducible neuronal responses, it has been demonstrated
hat they exhibit different signaling responses. The recent and
mportant work of Zhao and Brinton, demonstrated that there is
greater potentiation of physiological glutamate-induced increase

n intracellular Ca2+ exerted by an ER�-selective agonist, suggesting
hat ER� may be more involved than ER� in promoting mechanisms

hat modulate estrogen-inducible neuronal morphological plastic-
ty and memory function [25]. This finding is also consistent with

number of in vivo animal observations, which demonstrate the
mportant role of ER� in regulating neurogenesis and brain devel-
pment [26–28].
, t and x). ER� was found in a perinuclear pattern in virgin rats while in lactating
l projections of pyramidal and granular neurons. ER� was detected in interneuron

trast, in the hippocampus of the lactating rats, a relocalization of ER� was observed
ent. Bar = 100 �m.

In other brain injury models, such as ischemia, it has been
demonstrated that estrogen receptors mediate neuroprotection.
Interestingly, Cimarosti et al. [29] reported changes in the expres-
sion of ER� and ER� in rat organotypic hippocampal slice cultures
treated with estradiol and subsequently exposed to oxygen–glucose
deprivation (OGD). The levels of ER� protein were significantly
reduced after OGD in both vehicle- and estradiol-treated cultures,
whereas ER� was significantly up-regulated in the estradiol-treated
cultures. These findings suggest that estrogen-induced neuropro-
tection against ischemia might involve regulation of ER�, and
consequently, of the genes influenced by this receptor. In a very sim-
ilar way, in the present study we found that while ER� presented
only small changes in expression after treatment with kainic acid
in the hippocampus of normal and lactating rats, ER� was signifi-

cantly up-regulated in the CA1 and CA3 regions of the hippocampus
of lactating rats after kainic acid exposure, highlighting the impor-
tance of this protein in neuroprotection processes. Furthermore, the
major finding of the present work was the fact that ER� presented
a relocation from cytoplasm to the nucleus in different areas of the
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Fig. 5. Relocation of ER� in hippocampal neurons. (A) Hippocampus of metestrus
rats showed preferential cytoplasmic localization of ER� protein in the principal
strata of hippocampal regions (a and b), and the treatment with kainate did not affect
distribution of the ER� protein (e and f). The hippocampus of lactating rats showed
cytoplasmic distribution in the soma of pyramidal, granular and hilar neurons of the
CA1, CA3 and DG regions (c and d). Interestingly, positive neurons for nuclear ER�
immunoreactivity increased significantly after 24 h of kainic acid administration
(
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g and h). (B) Percentage of positive neurons for nuclear ER� immunoreactivity in
A1, CA3, hilus and DG regions of metestrus (M) and lactating (L) rats. Vehicle (V)
s. kainate (KA) treatment: *p < 0.001. Arrowheads indicate cells with cytoplasmic
taining; arrows indicate cells with nuclear staining.

ippocampus in the lactating rats after kainic acid administration,
ndicating the possibility that ER� may acquire some new functions
uring excitotoxicity (Fig. 5).

Furthermore, other studies on estrogen-mediated neuroprotec-
ion in the hippocampus of post-ischemic adult macaque monkeys
howed that ER� was present in control CA1 pyramidal neu-
ons, decreasing after ischemia. In contrast, ER� immunoreactivity
ncreased remarkably in the radiate and molecular layers of the CA1,

here it was present in astrocytes and microglia. ER� was neg-
igible in both control and post-ischemic monkeys. These results
uggest that ER� is the major receptor responsible for the direct
strogen actions on the monkey hippocampus [30].

The Bcl-2 protein family has been implicated in the regulation
f apoptosis [31]. Bcl-2 is the main antiapoptotic protein, and it has
een shown to be involved in maintaining cellular viability in the
rain [32]. Early observations about the role of Bcl-2 expression

n experimental brain injury models were described by Nakamura
33]. The neuroprotective actions of ER� and more recently of ER� in
europrotective models include regulation of Bcl-2 protein expres-
ion [34,35]. Recent results from our group showed increased Bcl-2
mmunolabeling in CA1 in the hippocampus, cerebral cortex (Ctx),

nd piriform cortex (Pyr ctx) in lactating rats suggesting that Bcl-
protein participates in the protection against damage induced

y KA [21]. However, more studies are necessary to confirm this
bservation and to determine the role of estrogens in this pathway.

[

[

istry & Molecular Biology 116 (2009) 1–7

The overall results of our study indicate that changes in the
expression and relocalization of ER� from the cytoplasm to the
neuronal nucleus, occurring during excitotoxicity by kainic acid
treatment in lactating rats, may be involved in neuroprotection
observed in the hippocampus, and further support the idea that this
receptor plays a major role in neuroprotection in this brain region.

Acknowledgements

This work was performed with partial financial support from,
The National Council of Science and Technology (CONACyT), and
PAPIIT, PAIP programs from the National Autonomous University of
Mexico, Mexico City, Mexico.

References

[1] N. Heldring, A. Pike, S. Andersson, J. Matthews, G. Cheng, J. Hartman, M. Tujague,
A. Ström, E. Treuter, M. Warner, J.A. Gustafsson, Estrogen receptors: how do they
signal and what are their targets, Physiol. Rev. 87 (3) (2007) 905–931.

[2] B.S. McEwen, Estrogens effects on the brain: multiple sites and molecular mech-
anisms, J. Appl. Physiol. 91 (6) (2001) 2785–2801.

[3] L. Björnström, M. Sjöberg, Mechanisms of estrogen receptor signaling: conver-
gence of genomic and nongenomic actions on target genes, Mol. Endocrinol. 19
(4) (2005) 833–842.

[4] C. Behl, Oestrogen as a neuroprotective hormone, Nat. Rev. Neurosci. 3 (2002)
433–442.

[5] L. Zhao, S. Chen, J. Ming Wang, R.D. Brinton, 17Beta-estradiol induces Ca2+

influx, dendritic and nuclear Ca2+ rise and subsequent cyclic AMP response
element-binding protein activation in hippocampal neurons: a potential ini-
tiation mechanism for estrogen neuroprotection, Neuroscience 132 (2005)
299–311.

[6] M.J. Kelly, J. Qiu, O.K. Rønnekleiv, Estrogen modulation of G-protein-coupled
receptor activation of potassium channels in the central nervous system, Ann.
N.Y. Acad. Sci. 1007 (2003) 6–16.

[7] C.S. Woolley, Estrogen-mediated structural and functional synaptic plasticity
in the female rat hippocampus, Horm. Behav. 34 (2) (1998) 140–148.

[8] P. Tanapat, N.B. Hastings, A.J. Reeves, E. Gould, Estrogen stimulates a transient
increase in the number of new neurons in the dentate gyrus of the adult female
rat, J. Neurosci. 19 (14) (1999) 5792–5801.

[9] S.J. Lee, B.S. McEwen, Neurotrophic and neuroprotective actions of estrogens
and their therapeutic implications, Annu. Rev. Pharmacol. Toxicol. 41 (2001)
569–591.

10] M. Segal, D. Murphy, Estradiol induces formation of dendritic spines in hip-
pocampal neurons: functional correlates, Horm. Behav. 40 (2) (2001) 156–159.

[11] H.E. Scharfman, N.J. Maclusky, Similarities between actions of estrogen and
BDNF in the hippocampus: coincidence or clue? Trends Neurosci. 28 (2) (2005)
79–85.

12] A. Verrotti, G. Latini, R. Manco, M. De Simone, F. Chiarelli, Influence of sex hor-
mones on brain excitability and epilepsy, J. Endocrinol. Invest. 30 (9) (2007)
797–803.

13] S.M. Fernandez, M.C. Lewis, A.S. Pechenino, L.L. Harburger, P.T. Orr, J.E. Gre-
sack, G.E. Schafe, K.M. Frick, Estradiol-induced enhancement of object memory
consolidation involves hippocampal extracellular signal-regulated kinase acti-
vation and membrane-bound estrogen receptors, J. Neurosci. 28 (35) (2008)
8660–8667.

14] D.A. Keefer, W.E. Stumpf, M. Sar, Estrogen-topographical localization of
estrogen-concentrating cells in the rat spinal cord following 3H-estradiol
administration, Proc. Soc. Exp. Biol. Med. 143 (2) (1973) 414–417.

15] P.J. Shughrue, M.V. Lane, P.J. Scrimo, I. Merchenthaler, Comparative distribu-
tion of estrogen receptor-alpha (ER-alpha) and beta (ER-beta) mRNA in the rat
pituitary, gonad, and reproductive tract, Steroids 63 (10) (1998) 498–504.

16] R.E. Papka, M. Storey-Workley, P.J. Shughrue, I. Merchenthaler, J.J. Collins, S. Usip,
P.T. Saunders, M. Shupnik, Estrogen receptor-alpha and beta-immunoreactivity
and mRNA in neurons of sensory and autonomic ganglia and spinal cord, Cell
Tissue Res. 304 (2) (2001) 193–214.

[17] I. Merchenthaler, T.L. Dellovade, P.J. Shughrue, Neuroprotection by estrogen in
animal models of global and focal ischemia, Ann. N.Y. Acad. Sci. 1007 (2003)
89–100.

[18] G.E. Hoffman, I. Merchenthaler, S.L. Zup, Neuroprotection by ovarian hormones
in animal models of neurological disease, Endocrine 29 (2) (2006) 217–231.

19] M.C. Morale, P.A. Serra, F. L’episcopo, C. Tirolo, S. Caniglia, N. Testa, F. Gen-
nuso, G. Giaquinta, G. Rocchitta, M.S. Desole, E. Miele, B. Marchetti, Estrogen,
neuroinflammation and neuroprotection in Parkinson’s disease: glia dictates
resistance versus vulnerability to neurodegeneration, Neuroscience 138 (3)
(2006) 869–878.
20] D. Amantea, R. Russo, G. Bagetta, M.T. Corasaniti, From clinical evidence to
molecular mechanisms underlying neuroprotection afforded by estrogens,
Pharmacol. Res. 52 (2) (2005) 119–132.

21] A. Vanoye-Carlo, T. Morales, E. Ramos, A. Mendoza-Rodríguez, M. Cerbón, Neu-
roprotective effects of lactation against kainic acid treatment in the dorsal
hippocampus of the rat, Horm. Behav. 53 (1) (2008) 112–123.



iochem

[

[

[

[

[

[

[

[

[

[

[

[

[

pocampal neurons, Brain Res. 1010 (2004) 22–34.
[35] T.W. Wu, J.M. Wang, S. Chen, R.D. Brinton, 17Beta-estradiol induced Ca2+ influx
A. Vanoye-Carlo et al. / Journal of Steroid B

22] J. Brusco, R. Wittman, M.S. de Azevedo, A.B. Lucion, C.R. Franci, M. Giove-
nardi, A.A. Rasia-Filho, Plasma hormonal profiles and dendritic spine density
and morphology in the hippocampal CA1 stratum radiatum, evidence by light
microscopy, of virgin and postpartum female rats, Neurosci. Lett. 438 (3 (June))
(2008) 346–350.

23] C.L. Thompson, S.D. Pathak, A. Jeromin, L.L. Ng, C.R. MacPherson, M.T. Mortrud,
A. Cusick, Z.L. Riley, S.M. Sunkin, A. Bernard, R.B. Puchalski, F.H. Gage, A.R. Jones,
V.B. Bajic, M.J. Hawrylycz, E.S. Lein, Genomic anatomy of the hippocampus,
Neuron 60 (6) (2008) 1010–1021.

24] C.A. Peto, C. Arias, W.W. Vale, P.E. Sawchenko, Ultrastructural localization of
the corticotropin-releasing factor-binding protein in rat brain and pituitary, J.
Comp. Neurol. 413 (2) (1999) 241–254.

25] L. Zhao, R.D. Brinton, Estrogen receptor alpha and beta differentially regulate
intracellular Ca(2+) dynamics leading to ERK phosphorylation and estrogen
neuroprotection in hippocampal neurons, Brain Res. 1172 (2007) 48–59.

26] E.F. Rissman, A.L. Heck, J.E. Leonard, M.A. Shupnik, J.A. Gustafsson, Disruption
of estrogen receptor beta gene impairs spatial learning in female mice, Proc.
Natl. Acad. Sci. U.S.A. 99 (6) (2002) 3996–4001.

27] L. Wang, S. Andersson, M. Warner, J.A. Gustafsson, Estrogen receptor (ER)beta

knockout mice reveal a role for ERbeta in migration of cortical neurons in the
developing brain, Proc. Natl. Acad. Sci. U.S.A. 100 (2) (2003) 703–708.

28] K. Pettersson, J.A. Gustafsson, Role of estrogen receptor beta in estrogen action,
Annu. Rev. Physiol. 63 (2001) 165–192.

29] H. Cimarosti, I.R. Siqueira, L.L. Zamin, M. Nassif, R. Balk, R. Frozza, C. Dalmaz, C.A.
Netto, C. Salbego, Neuroprotection and protein damage prevention by estradiol
istry & Molecular Biology 116 (2009) 1–7 7

replacement in rat hippocampal slices exposed to oxygen–glucose deprivation,
Neurochem. Res. 30 (4) (2005) 583–589.

30] N. Takahashi, A.B. Tonchev, K. Koike, K. Murakami, K. Yamada, T. Yamashima,
M. Inoue, Expression of estrogen receptor-beta in the postischemic monkey
hippocampus, Neurosci. Lett. 369 (1) (2004) 9–13.

31] J.J. Shacka, K.A. Roth, Regulation of neuronal cell death and neurodegeneration
by members of the Bcl-2 family: therapeutic implications, Curr. Drug Targets
CNS Neurol. Disord. 4 (2005) 25–39.

32] K.I. Strauss, R.K. Narayan, R. Raghupathi, Common patterns of bcl-2 family
gene expression in two traumatic brain injury models, Neurotox. Res. 6 (2004)
333–342.

33] M. Nakamura, R. Raghupathi, D.E. Merry, U. Scherbel, K.E. Saatman, T.K.
Mcintosh, Overexpression of Bcl-2 is neuroprotective after experimen-
tal brain injury in transgenic mice, J. Comp. Neurol. 412 (1999) 681–
692.

34] L. Zhao, T.W. Wu, R.D. Brinton, Estrogen receptor subtypes alpha and beta
contribute to neuroprotection and increased Bcl-2 expression in primary hip-
via L-type calcium channels activates the Src/ERK/cyclic-AMP response element
binding protein signal pathway and BCL-2 expression in rat hippocampal neu-
rons: a potential initiation mechanism for estrogen-induced neuroprotection,
Neuroscience 135 (2005) 59–72.


	Estrogen receptors increased expression during hippocampal neuroprotection in lactating rats
	Introduction
	Materials and methods
	Animals
	Western blot
	Tissue preparation
	Immunohistochemistry
	Statistical analysis

	Results
	Cellular localization and expression assessment of ERalpha in hippocampal areas
	Cellular relocalization and expression changes of ERbeta in hippocampal areas after kainic acid administration to lactating rats

	Discussion
	Acknowledgements
	References


