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Abstract

Estradiol is synthesized from cholesterol in hippocampal
neurons of adult rats by cytochrome P450 and hydroxyste-
roid dehydrogenase enzymes. These enzymes are expressed
in the glutamatergic neurons of the hippocampus. Surprising-
ly, the concentration of estradiol and androgen in the hip-
pocampus is significantly higher than that in circulation.
Locally synthesized estradiol rapidly and potently modulates
synaptic plasticity within the hippocampus. E2 rapidly poten-
tiates long-term depression and induces spinogenesis through
synaptic estrogen receptors and kinases. The rapid effects of
estradiol are followed by slow genomic effects mediated by
both estrogen receptors located at the synapse and nucleus,
modulating long-term potentiation and promoting the for-
mation of new functional synaptic contacts. Age-related
changes in hippocampally derived estradiol synthesis and
distribution of estrogen receptors may alter synaptic plastic-
ity, and could potentially contribute to age-related cognitive
decline. Understanding factors which regulate hippocampal
estradiol synthesis could lead to the identification of alter-
natives to conventional hormone therapy to protect against
age-related cognitive decline.
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Abbreviations

AMPA a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid

AR androgen receptor

CREB cyclic-AMP response element binding

DHEA dehydroepiandrosterone

DHT dihydrotestosterone

DPN diarylpropionitrile

E2 estradiol

ER estrogen receptor

EPSP excitatory postsynaptic potential

ERK extracellular signal regulated kinase

GABA gamma-aminobutyric acid

GFAP glial fibrillary acidic protein

HSD hydroxysteroid dehydrogenase

LTP long-term potentiation

LTD long-term depression

MAP kinase mitogen-activated protein kinase

NMDA N-methyl-D-aspartic acid

ovXx ovariectomy

P45017« P450 17 a-hydroxylase

P450 arom P450 aromatase

P450scc P450 side chain cleavage

PI3K phosphoinositol-3-kinase

PD post-natal day

PREG pregnenolone

PKC protein kinase C

PPT pyrazole-trinyl-phenol

SERM selective estrogen receptor modulator
StAR steroidogenic acute regulatory protein

T testosterone
TSPO translocator protein receptor

Introduction

Estradiol (E2), an important modulator of synaptic plasticity,
is synthesized in the hippocampus, a center of learning and
memory [1-5]. Hippocampal sex steroids had long been
thought to be synthesized in the gonads, reaching the brain
via the blood circulation [6], since key steroidogenic
enzymes had not been successfully demonstrated in the
mammalian brain over many decades, due to extremely low
levels of expression [7-9]. However, the expression and
activity of the complete steroidogenic machinery necessary
for de novo E2 synthesis has now been demonstrated in the
hippocampus. Although the P450 and hydroxysteroid dehy-
drogenase (HSD) steroidogenic enzymes are expressed at
very low levels in the hippocampus compared to classic
endocrine organs such as the testes or ovary, unlike the clas-
sic endocrine actions of E2, where high concentrations of E2
are synthesized by the ovary and diluted in the circulation to
be transported to distal target organs, small quantities of hip-
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pocampally synthesised E2 can result in large effects on
brain function through synaptocrine, autocrine and paracrine
actions.

Hippocampal synthesis of estradiol

Technical limitations in the purification of neurosteroid hor-
mones from fatty brain tissue have hampered efforts to quan-
tify E2 levels in the hippocampus. However, recent
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advancements in the development and validation of sensitive
and specific measurement of neurosteroid levels, combining
pre-purification with high performance liquid chromatogra-
phy and mass spectrometry with picolinoyl derivatization,
have opened doors for these questions to be addressed in
specific brain regions including the hippocampus (Figure 1)
[10]. Surprisingly, contrary to the widely held belief that
brain E2 levels are very low compared to the periphery, in
male young adult rats, E2 concentrations were found to be
much higher in the hippocampus (~8 nM) compared with
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Figure 1 Mass-spectrometric determination of hippocampal sex-steroids. LC-MS/MS chromatograms and steroid derivatives of (A) E2
and (B) T. Shaded portions indicate the intensity of the fragmented ions of 173-E2-pentafluorobenzoxy-picolinoyl (m/z=39, A) and T-
picolinoyl (m/z=253, B), respectively. The vertical axis indicates the intensity of the fragmented ions. The horizontal axis indicates the
retention time of the fragmented ions, t=7.01 min for E2 and t=4.84 min for T. The time of injection to the LC system was defined as
t=0 min. (C) Reduced plasma and hippocampal T levels following castration. (D) Despite depleted hippocampal T, no effect of castration
on hippocampal E2 in young-adult male rats. (E) Schematic illustration of the preparation of ‘acute’ hippocampal slices resulting in
significant depletion of endogenous sex steroid concentrations. ‘Acute’ hippocampal preparations are widely used for measurement of LTP,

LTD and spinogenesis (modified from [10]).
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plasma (~0.014 nM) [1, 3, 10]. Hippocampal E2 levels in
male rats were even higher than hippocampal E2 concentra-
tions in young adult female rats (~ 1.7 nM at proestrus) [10].
In the female rat, hippocampal E2 concentrations fluctuated
throughout the estrus cycle, ranging from peak concentra-
tions of ~1.7 nM at proestrus to concentrations as low as
~0.2 nM E2 at diestrus [10]. Castration had little effect on
male hippocampal E2 levels, despite negligible plasma and
brain testosterone (T) levels, suggesting that hippocampal E2
is primarily synthesized locally rather than from gonadal T
(Figure 1) [10].

Local hippocampal E2 synthesis is catalyzed by the P450
and HSD enzymes, requiring the sequential conversion of
cholesterol — [P450 side chain cleavage (P450scc)] — preg-
nenolone (PREG)— [P450 17 a-hydroxylase (P45017a)] —
dehydroepiandrosterone (DHEA)— [173-HSD] — androste-
nediol — [33-HSD] — T — [P450 aromatase (P450 arom)] —
E2 (Figure 2) [3, 10]. T may also be synthesized from DHEA
through an alternative pathway: DHEA — [33-HSD] —
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Figure 2 Hippocampal E2 biosynthesis pathways. Pathway of sex-
steroid synthesis in the rat hippocampus, thus far identified. Cyto-
chrome P450scc is expressed at extremely low levels in the adult
hippocampus, therefore PREG synthesis from cholesterol may be
very slow. In addition to endogenously synthesized PREG, approx-
imately half of hippocampal PREG is incorporated from the circu-
lation. Only 3B-HSD type 1 is present, other types of 33-HSD
(types 2—4) are absent in the hippocampus. Androstenediol (ADiol)
is the major product of DHEA. Although sex differences in hip-
pocampal neurosteroid synthesis require further investigation, in the
male rat, adione conversion to estrone (E1) is very weak (indicated
by the dashed arrow). However, in the female rat adione may be
converted to El as efficiently as adione to testosterone (T). Once
hippocampal E2 is produced, it is not readily inactivated. PROG, T
and E2 are also significantly incorporated into the hippocampus
from the circulation, since gonadectomy decreases hippocampal
concentrations of these hormones between 50% and 80% (modified
from [11]).

androstenedione — [173-HSD] — T. T not only forms a sub-
strate for E2 synthesis, but is also converted to dihydro-
testosterone (DHT) by Sa-reductase. The complete comple-
ment of steroidogenic enzymes necessary for E2 synthesis
are expressed in hippocampal gultamatergic neurons in the
CA1-3 regions and the dentate gyrus, as demonstrated by
PCR, in situ hybridization, immunohistochemistry and West-
ern blot analyses.

Transport of cholesterol to the inner mitochondrial mem-
brane, where it is converted to pregnenolone, is the rate lim-
iting step in neurosteroid production; this process is regulated
by the translocator protein receptor (TSPO) and steroidogen-
ic acute regulatory protein (StAR) [12]. TSPO is expressed
in steroid synthesizing tissue including the brain [13], found
predominantly in microglia, reactive astrocytes [14—16] and
some neuronal cells [17-21]. While hippocampal TSPO
expression in the hippocampus of rat [22, 23] and humans
[24] has been demonstrated with radioligand binding studies,
cellular localization of TSPO in the hippocampus is yet to
be clarified. StAR is expressed in the hippocampal principal
neurons of CA1-3 and the dentate gyrus of rats [1-3, 5, 23,
25, 26] and mice [27]. However, little hippocampal coloca-
lization was observed between astrocyte marker glial fibril-
lary acidic protein (GFAP) and StAR immunoreactivity [I,
5]. StAR mRNA has also been identified in the human hip-
pocampus by RT-PCR [28].

Once localized at the inner mitochondrial membrane, cho-
lesterol is converted to PREG by the mitochondrial specific
enzyme, P450scc. PREG is the precursor to all other neu-
rosteroids and the most abundant neurosteroid hormone in
the brain. Early studies indicated that glial cells may con-
tribute significantly to neurosteroidogenesis, with extensive
P450scc immunolabeling of glia observed throughout the
adult rat brain with anti-P450scc antisera [29]. However,
while subsequent studies have demonstrated that cultured
glial cells synthesize PREG from cholesterol [30], in the
adult male rat hippocampus, little P450scc immunolabeling
of GFAP positive astrocytes is observed with purified
P450scc antibodies [1]. This suggests that neurons may be
the primary site of hippocampal PREG synthesis in the
healthy adult rat brain [1]. P450scc expression is colocalized
with StAR immunoreactivity in pyramidal and granule neu-
rons of the hippocampus of adult male rats [1, 3, 31]. In the
human brain, P450scc mRNA has also been observed in the
amygdala and hippocampus [28, 32, 33], with significantly
higher levels observed in women compared to men [32, 34].

Although DHEA concentrations are much higher in the
brain than in plasma [35-37], P45017a, the microsomal
enzyme which converts PREG to DHEA, was thought to be
absent from the mammalian brain, since early studies failed
to detect P45017 mRNA [9], protein [8] or activity [38].
With improved RT-PCR sensitivity, subsequent studies
detected P450c17 mRNA in the embryonic rodent brain [39],
neonatal astrocytes and neuronal cultures [40, 41] and adult
rat hippocampus [3]. Immunohistochemistry studies dem-
onstrated P45017a localization in the pyramidal cells of
CA1-3 and dentate neurons of the hippocampus [3]. Immu-
noelectron microscope studies, using postembedding immu-
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nogold, demonstrated that P45017a was localized in not only
the endoplasmic reticulum of hippocampal neurons, but also
presynaptic and postsynaptic terminals [3]. In the axon ter-
minals, P45017a immunolabeling was associated with syn-
aptic vesicles, while in dendritic spines, labeling was
localized within the head of the spine [3].

The conversion of DHEA to T is catalyzed via two path-
ways; the majority of hippocampal T is produced via the
conversion of DHEA — [173-HSD] — androstenediol — 33-
HSD —T; however T may also be synthesized through the
conversion of DHEA — [33-HSD] — androstenedione —
[178-HSD] — T [3, 10]. RNA expression of 173-HSD types
1, 3 and 4 have been demonstrated in human hippocampus
[34], while types 1-4 have been shown in rat hippocampus
[3] by RT-PCR. Immunohistochemical studies have shown
17B-HSD type-1 immunolabeling of principal neurons in rat
hippocampus [42]. Likewise, 3B3-HSD transcripts have
been demonstrated in hippocampal principal by in situ
hybridization [25].

P450arom, typically located in the endoplasmic reticulum,
catalyzes the conversion of T to E2. In the rodent brain,
expression of P450arom has been demonstrated in hippo-
campus [43], localized in the pyramidal and granule neurons
of the hippocampus via in situ hybridization and immuno-
histochemistry [3, 44, 45]. In the healthy rodent brain,
P450arom is expressed primarily in neurons [3, 46—49],
although P450arom expression is observed in cultured glia
[50-52], glioma cell lines [53] and in astrocytes following
injury [54-56]. Therefore, it is possible that aromatase
expression is induced in astrocytes following injury or under
pathological conditions as a neuroprotective mechanism
[56, 57]. P450arom mRNA [58, 59] and protein [60, 61] has
also been observed in human hippocampus. Unlike rats,
P450arom is also expressed in a subpopulation of astroglial
cells in the normal human brain [62]. Despite this, immu-
nohistochemical studies have demonstrated that humans [60]
and monkeys [61] have a similar pattern of hippocampal
P450arom localization to the rat, with P450arom immuno-

200

labeling observed in the pyramidal neurons of CA1-3 and
granule neurons of the dentate gyrus.

In situ and immunohistochemical studies indicate that in
the rodent hippocampus, CA1-3 pyramidal neurons and
granule neurons of the dentate gyrus are the predominant
steroidogenic cells, expressing the complete steroidogenic
machinery for E2 synthesis. To establish the functional activ-
ity of the hippocampal steroidogenic enzymes, de novo syn-
thesis of DHT, T and E2 from radiolabeled precursors in
adult male rat hippocampal slices was demonstrated [1, 3,
10]. Neurosteroid synthesis was abolished with specific phar-
macological inhibitors of the P450 enzymes [1, 3]. Likewise,
de novo E2 synthesis has been demonstrated in dissociated
neuron [63] and hipppocampal slice cultures [4]. In these
systems, E2 synthesis could be inhibited with the P450arom
inhibitor, letrozole [64]. In acute hippocampal slice prepa-
rations, synthesis of E2 from T was slow, however, E2 was
not readily converted to other metabolites or degraded, indi-
cating that upon synthesis, E2 may be relatively stable [3,
10].

Developmental changes in the expression of
steroidogenic enzymes and sex steroid receptors

Neurosteroidogenesis has been believed to be only transient-
ly active during fetal and neonatal development, becoming
inactive in the adult [65]. While expression of P450scc is
markedly downregulated in the adult compared to postnatal
rat hippocampus [66], despite the low levels of necessary
steroidogenic enzyme, PREG is abundant in adult rat hip-
pocampus [39]. On the other hand, only gradual decreases
in expression of downstream steroidogenic enzymes, includ-
ing 3B-HSD, 17B-HSD, P45017ac and P450arom, are
observed in adult the hippocampus, with adult hippocampal
mRNA levels decreasing by 30%—50% of levels observed in
rat hippocampus at postnatal day 1 (PD1) (Figure 3) [66,
67]. This gradual decrease in expression of steroidogenic
enzymes is accompanied by a moderate decrease in the rate
of sex-steroid metabolism in the adult hippocampus, with
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Figure 3 Developmental changes in the hippocampal mRNA expression of ER and steroidogenic enzymes. Hippocampal expression of
3BHSDI, 17BHSD typel (gene: Hsd17bl), P45017a (gene: Cypl7al) and P450arom (gene: Cyp19al) gradually declined between postnatal
day (PD) 1 and postnatal week (PW) 12. Expression of 17BHSD type 3 (gene: Hsd17b3) increased moderately in PW12 rat hippocampus
compared to PD1. Expression of ERa (gene: Esrl) and ER (gene: Esr2) also gradually declines to approximately 30% of PD1 levels in

the adult rat (PW12) (modified from [66]).

Bereitgestellt von | De Gruyter / TCS (De Gruyter / TCS)
Angemeldet | 172.16.1.226
Heruntergeladen am | 30.01.12 14:00



Barron et al.: Estradiol modulates hippocampal plasticity 365

neurosteroidogenesis in the mature adult between 2- and 7-
fold lower than PD10 rat hippocampus [67].

Concomitantly, estrogen receptors (ER) also gradually
decreases during development by approximately 30% of PD1
levels in the adult rat hippocampus [66]. In contrast, andro-
gen receptor (AR) levels gradually increase over three-fold
PD1 levels in the adult rat hippocampus [66]. The abundance
of ER in the postnatal rat hippocampus may reflect the
important organizational effects of E2 during development,
while in the adult male rat hippocampus, androgens may play
a more important role in activational hormone effects.

Regulation of hippocampal E2 synthesis

Although it is clear that the regulation of plasma and brain
E2 concentrations is not necessarily synergistic, the relation-
ship between the two is not well understood and factors reg-
ulating hippocampal neurosteroidogenesis remain largely
unknown. The regulation of brain neurosteroid synthesis has
been investigated more extensively in bird and amphibian
models, since higher neurosteroid production allows easier
quantification [68]. In rodents, synaptic activity and excita-
tion may induce transient increases in hippocampal E2 syn-
thesis through N-methyl-D-aspartic acid (NMDA) activation
[1]. In isolated hippocampal mitochondria, NMDA increases
levels of the active form of StAR [1], while in hippocampal
slices, NMDA application increases PREG and E2 levels
two-fold [1, 3, 31]. Changes in hippocampal E2 synthesis
may also contribute to the regulation of complex hippocam-
pal-dependent behaviors, for example, increased hippocam-
pal E2 levels and mRNA expression of StAR, P45017«
17BHSD and P450arom are observed in rats following social
isolation [69]. Further, some factors regulating gonadal E2
synthesis may also play a role in hippocampal E2 synthesis,
for example, retinol not only stimulates increases in testicular
P45017a and T and E2 production, but also dose depend-
ently increased E2 levels in the hippocampus [70].

Hippocampal E2 neurosteroidogenesis may also be up-
regulated in response to injury and disease. In astrocytes,
neurosteroidogenic machinery including TSPO [71] and
P450arom [56] are upregulated following injury. In Alzhei-
mer’s disease sufferers, increased brain mRNA levels of neu-
rosteroidogenic enzymes are observed compared to age-
matched cognitively normal controls, perhaps indicating a
compensatory increase in synthesis of neuroprotective hor-
mones [72]. However, hippocampal E2 metabolism may also
be disrupted by neuropathology, with impaired neurosteroi-
dogenesis observed in cell lines treated with the toxic Alz-
heimer’s beta amyloid peptide and oxidative stress [73, 74].
Abnormal expression of steroidogenic enzymes, including
StAR, is also observed in malignant glial tumors [75], how-
ever, whether increased neurosteroidogenesis contributes to
pathology in these cell lines, is unclear.

Hippocampal ER expression

The classic ER subtypes, ERa and ER, are thought to
mediate hippocampal E2 effects on synaptic plasticity,
although receptor-independent mechanisms have also been

proposed. Cell membrane ER elicits rapid, non-genomic, sig-
nalling cascades, including activation of ERK/mitogen-acti-
vated protein kinase (MAPK), phosphoinositol-3-kinase
(PI3K), protein kinase C (PKC) and Src/extracellular signal
regulated kinase (ERK) pathways. Activation of MAPK sig-
nalling can also contribute to slow-genomic effects through
the phosphorylation of cyclic-AMP response element bind-
ing (CREB). Nuclear ER induces slow-genomic effects,
altering transcription of target genes. In the hippocampus,
nuclear and synaptic ERa has been demonstrated in pyram-
idal neurons of CA1l and CA3, and granule cells of the den-
tate gyrus, using post-embedding immunogold electron
microscopic analysis [76]. Western blot analysis has dem-
onstrated that synaptic ERa is tightly associated with the
postsynaptic density (Figure 4) [76]. In this study, non-puri-
fied ERa antisera was found to react significantly with an
unknown 62 kDa protein in the brain, therefore affinity-col-
umn purified anti-ERa antibody RC-19 was used (Figure
4A). The specificity of the purified antibody to the 67 kDa
ERa protein was confirmed by Western blot and MALDI-
TOF mass spectrometry analysis [76]. Previous studies using
unpurified ERa antisera reported ERa-immunoreactivity in
the nuclei of inhibitory gamma-aminobutyric acid (GABA)-
ergic interneurons, therefore it had been thought that E2 tar-
geted interneurons [77-79]. However, the use of purified
antibody confirms synaptic and nuclear ER« in principle glu-
tamatergic neurons of the hippocampus. Several investiga-
tions post-embedding immunogold electron microscope
analysis, also suggest extranuclear expression of ER[3, local-
ized at dendritic spines in CA1 principal neurons of rat [80,
81] and mouse hippocampus [82].

AR has also been demonstrated in the hippocampus.
Immunoelectron microscopic analysis demonstrates that AR
is localized not only in cytoplasm and nuclei, but also in
axon terminals and spines [83]. AR mRNA and protein are
predominantly expressed in CA1 hippocampal neurons, with
lower levels of expression observed in CA3 and DG [84,
85]. Synaptic localization of AR suggests androgens, like E2,
may also play an important role in the rapid modulation of
synaptic plasticity.

Regulation of synaptic plasticity
E2 modulates hippocampal LTP and LTD

Electrophysiological investigations demonstrate that E2 modul-
ates long-term potentiation (LTP) and long-term depression
(LTD), both of which play a critical role in the cellular mech-
anisms underlying memory formation and erasure, respec-
tively. E2 has been implicated in slow enhancement of LTP
through genomic effects [86, 87]. Rapid modulation of LTP
also occurs following E2 administration [88-90]. It is pos-
sible that the rapid effects of E2 on LTP may be age-depend-
ent. In the hippocampus from 4 to 6 weeks old or 200-350
g (approx. 6—8 weeks old) Sprague-Dawley rats, perfusion
of 1-10 nM E2 rapidly increased basal excitatory postsy-
naptic potential (EPSP) (thereby enhancing LTP) at CAl
synapses. In 4-week-old Wistar rats, rapid basal EPSP
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Figure 4 Synaptic and nuclear localization of ERa in hippocampus. (A) Western immunoblot with non-purified MC-20 antisera revealed
a single 67 kDa band in the ovary (OV), but a second, with an unknown 62 kDa protein, was observed in the cerebral cortex (CC),
hippocampus (HC) and hypothalamus (HT). (B) Western immunoblotting with column purified RC-19 antibody single 67 kDa ERa band
in postsynaptic density (PSD), presynaptic membrane (PRE) and cytosolic (CYT) fractions of the hippocampus. (C) ER immunoreactivity
in CA1-CA3 pyramidal neurons and granule cells of dentate gyrus using RC-19 antibody. (D) Immunoelectron microscope analysis dem-
onstrating extensive ERa (arrowheads) in the nuclei (nuc) of CA1 neurons. (E) Gold particles (arrowheads) indicating ERa at the pre and

postsynaptic regions in CAl neurons (modified from [3]).

elevation upon E2 perfusion was sometimes (<20% proba-
bility) observed [91, 92]. On the other hand, 1-10 nM E2
did not affect basal EPSP and LTP in the hippocampus of
3-month-old adult Wistar rats [76, 92, 93]. No rapid basal
EPSP elevation upon E2 perfusion was observed in 3-5 or
18-24 months old Sprague-Dawley rats [94]. Therefore, E2
may have significant effects on basal EPSP of younger rats
(4-8 weeks old) and may not have an effect on older adult
rats (12 or more weeks old). In 3—4 weeks old (early puber-
ty) rats, E2 even suppressed LTP down to the similar level
to that of 12 weeks old rats [93, 95]. In these investigations,
high-frequency tetanic stimulation is used for LTP-induction,
in which the phosphorylation of AMPA receptors by CaM
kinase II is a dominant process at the high Ca®>* concentra-
tion (approx. 10 wM) and ERa may not play an important
role in LTP induction.

E2 also rapidly enhances hippocampal LTD. In adult
hippocampus, LTD is experimentally induced by the tran-
sient application of NMDA, which results in a moderate
Ca’?" influx and subsequent activation of phosphatase and
dephosphorylation of a-amino-3-hydroxy-5-methyl-4-isoxa-
zolepropionic acid (AMPA) receptors [96]. E2 perfusion sig-
nificantly enhanced LTD in adult rat hippocampal slices,
decreasing the plateau EPSP amplitude in CA3-CAl syn-
apses 60 min after LTD-initiation by 30 wM NMDA appli-
cation [76]. E2 may enhance LTD through ERa, since the
ERa agonist, pyrazole-trinyl-phenol (PPT), also enhances
LTD in the CA1 [97]. In contrast, the ERB agonist, diaryl-
propionitrile (DPN), elicits the opposite effect, suppressing
LTD in the CA1l [97]. E2-bound ERa may activate phos-

phatase under moderate Ca>* concentrations induced upon
transient NMDA application and LTD induction [98], there-
by facilitating the dephosphorylation of AMPA receptors and
enhancing LTD. However, the role of classic ER in E2-
induced rapid modulation of electrophysiological properties
has been questioned, since these effects of E2 are not inhib-
ited by the ER antagonist, ICI-182780 (ICI) [99]. ICI inhibits
classic ER mediated signalling by preventing receptor dime-
rization, therefore, it is possible that E2 acts through ER
without dimerization.

ERa knock-out mice may be useful in investigating the
participation of ERa in the modulation of synaptic plasticity.
Electrophysiological investigations in ERa knock-out mice
reported no essential contribution of ERa to the E2-induced
rapid enhancement of the kainate currents of CA1l neurons
[99, 100]. ERa-Neo knock-out mice which have been con-
structed by the method of Neomycin insertion into exon 1
(the previously named exon 2) [101]. However, in ERa-Neo
knock-out mice, N-terminal-modified ERa (61 kDa) is still
expressed [101-103], which still binds E2 and drives genom-
ic processes [101-103]. ERa knock-out mice, in which the
whole exon 2 of the mouse ERa gene is deleted, may help
to resolve the role of ERa in E2 mediated synaptic plasticity
[104].

It should be considered that in the ‘acute’ hippocampal
slice, used for in vitro investigations of LTP/LTD, steroid
levels are depleted during recovery incubation in steroid-free
artificial cerebrospinal fluid (ACSF) following sectioning. In
the acute slice, concentrations of E2, T and DHT deplete to
<0.5 nM, therefore, in this E2 depleted system, the effects
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of very low E2 (1-10 nM) doses can be observed (Figure
1E) [10].

E2 induces hippocampal spinogenesis

E2 rapidly and potently alters hippocampal spine morphol-
ogy and promotes spinogenesis, creating potential sites for
new neuronal contacts. Slow, genomic modulation (over 1-4
days) of spinogenesis by E2 has been extensively studied
through the manipulation of gonadal and exogenous E2
sources [105]. The first evidence that E2 may play a role in
hippocampal spinogenesis came from the observations that
hippocampal spine density fluctuates with E2 levels through-
out the estrous cycle of female rats [106] and that ovariec-
tomy (OVX) decreases spine density on CAl pyramidal
neurons [105]. OVX induced reductions in spine density are
reversed by E2 supplementation [105-108], with spinoge-
nesis observed as rapidly as 5 h after E2 injection [107]. In
vitro, CA1 spine density increases following several days’
treatment of cultured hippocampal slices with E2 [109].

More recently, E2 has been demonstrated to rapidly mod-
ulate hippocampal spine density and morphology, acting
within 1-2 h of E2 application [76, 91, 110-112]. In acute
hippocampal slices, application of a low dose of E2 (1 nM)
increases spine density by 50% in the stratum radiatum of
the CAl region within 2 h [85]. In the acute hippocampal
slice model, endogenous neurosteroid levels are depleted,
with E2 concentrations < 1/10th normal adult hippocampus
E2 concentrations [10], allowing the effects of nanomolar
concentrations of E2 to be examined. Rapid effects of E2 on
spinogenesis, are also observed in vivo, E2 injection induces
synaptic rearrangement in OVX rats as rapidly as 30 min
post-injection [107].

E2 not only rapidly promotes increases in total spine den-
sity, but also induces distinct morphological changes. Analy-
sis of morphological changes in spines is helpful to discrim-
inate the different effects of steroid treatments. The effects
of E2, T and DHT on total spine density are indistinguish-
able, however, when we assessed spine head diameter dis-
tribution, different morphological profiles of T, DHT and E2
treatments were observed. Conventionally, spine morphology
is classified into mushroom (distinct head and neck), thin,
stubby (no neck) and filopodium (no head). However, in
adult hippocampal slices, the majority of spines (>95%)
have distinct heads and necks, while the populations of stub-
by spines (~5%) and filopodium (~ 1%) are very small. We
have applied an alternative spine morphology classification
determined by assessment of spine head diameter distribution
to differentiate complex morphological changes.

To automatically identify spines and accurately determine
their diameter for morphological classification, we developed
Spiso-3D software (Figure 5). Spiso-3D identifies spines
based on geometric features, rather than using brightness
alone to define spine boundaries as employed by other meth-
ods such as the ray-bursting method [114, 115]. Instead,
identification of a spine head is performed by extraction of
points in an isolated closed volume with a closed surface
after subtraction of the dendrite. For theoretical analysis, we
use Hessian tensor that is obtained as second derivatives

from Taylor expansion of the spine brightness function I(x)
in each optical slice, in 20-30 z-series optical slices obtained
by confocal images.
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where A, and A. (A, > \)) are the eigenvalues of diagonal-
ized Hessian tensor.

The spine head region points are extracted as points where
both A, and A_ yield negative values. Determination of spine
head diameter is performed using the ‘‘distance image’’ that
is, the digitized ‘‘radius detection image’’ which is assem-
bled from the spine head region points. The final spine diam-
eter is obtained by integration of spines 3-dimensionally.
Results obtained by Spiso-3D are almost identical to those
by Neurolucida (manual software, MicroBrightFeild, Willis-
ton, VT, USA), and Spiso-3D considerably reduces human
errors and experimental labor of manual software. For quan-
titative comparison, we classify spines into three subclasses,
i.e., small-head spines (0.2-0.4 pm), middle-head spines
(0.4-0.5 pm) and large-head spine (0.5-1.0 pum) (Figure 5D).

Using Spiso-3D, we clearly distinguished the different
effects of E2, T and DHT, on spine density and morphology
of CA1 pyramidal neurons in acute hippocampal slices (Fig-
ure 6). While the effects of T, DHT and E2 treatment on the
total spine density were indistinguishable, marked differenc-
es in the distribution of spine head diameter were observed
between the treatments. DHT increased large- and middle-
head spines, whereas T increased large- and small-head
spines. In contrast, E2 rapidly promoted the formation of
small headed spines (0.2—-0.4 wm) without affecting the den-
sity of large headed spines (0.5-1.0 pm). Differences in
spine subpopulations may have functional implications, for
example, large-head spines may contain more AMPA recep-
tors, since spine-head size positively correlates with the den-
sity of AMPA-type glutamate receptors [116, 117]. These
findings demonstrate the importance of the consideration of
spine diameter to distinguish different types of neurotrophic
effects of the steroid hormones.

The rapid effects of E2 on spinogenesis are ER-dependent,
with E2-dependent spinogenesis ablated [97] and morpho-
logical changes in spine head diameter reversed to the con-
trol distribution [113] following coadministration of the ER
antagonist, ICI 1822,780. E2 primarily acts through ERa to
induce rapid spinogenesis, with the ERa agonist, PPT,
almost as efficacious as E2 in increasing spine density [97].
However, ERB contributes little to rapid modulation of spi-
nogenesis by E2, since the ERP agonist, DPN, only
increased density by 10% [97]. ERa probably acts through
ERK MAP kinase to modulate spinogenesis, as E2-mediated
spinogenesis is completely ablated by blocking the phospho-
rylation of ERK MAP kinase [111]. E2 mediated spinoge-
nesis is also inhibited by blockade of the NMDA receptors,
suggesting that basal levels of calcium may be necessary for
ERa induced spinogenesis [111]. NMDA receptors also play
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Figure 5 Automated spine density and spine head diameter analysis with Spiso-3D. (A) Original image of dendrite. (B) Traced image of
dendrite (red) and spines (yellow) superimposed on original image. Traced dendrite is comprised of a connected series of circles. (C)
Magnified image of identified spine head and calculated head diameter. (D) Typical spine head diameter distribution in the statum radiatum
of CAl pyramidal neurons in male rat hippocampal slices. For morphological analysis, spines are classified as small (0.2—0.4 pm), middle

(0.4-0.5 wm) or large (0.5-1 pwm) (modified from [113]).

a role in the slow effects of E2 on spine density, since the
slow effects of E2 on spine density are also blocked by
NMDA receptor antagonists [118, 119]. However, the slow
effects of E2 on spine density assessed in vivo may be the
result of not only direct actions of E2 in the hippocampus,
but also indirect effects of E2 on cholinergic or serotonergic
neurons projecting to the hippocampus [107, 120].

The contribution of hippocampal derived E2 to the mod-
ulation of spine density is difficult to address, however, Rune
and co-workers demonstrated that suppression of endoge-
nous E2 synthesis markedly decreases the density of spines,
spine-synapses, spinophilin (spine marker) and the presynap-
tic marker, synaptophysin, in CAl of cultured slices [4].
Application of exogenous E2 restores synaptophysin expres-
sion following letrozole treatments. However, interestingly,
E2 application had no effect on spine density in hippocampal
slice cultures in the absence of letrozole. This suggests that

exogenous E2 is only effective on spine density when endo-
genous E2 is depleted.

In contrast to the extensive investigations into the role of
E2 in the modulation of spines, androgenic regulation on the
formation and morphologic changes of dendritic spines is
poorly understood in the hippocampus. Leranth, MacLusky
and co-workers found T to be important for maintenance of
normal spine density in the male rat hippocampus, observing
reduced spine density in the CA1 pyramidal neurons of the
hippocampus of male GDX rats, an effect that could be res-
cued with injection of T propionate or DHT [121]. While in
males, aromatization of T to E2 contributed little to the
effects of T on spine density, in females the effect of T on
dendritic spines is largely mediated by local conversion to
estradiol [122]. In acute hippocampal slice preparations,
androgens also rapidly enhance spines in CAl and CA3
within 1-2 h [113, 123].
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Figure 6 E2 and androgens differentially regulate spine morphology. Spine density and head diameter were assessed using Spiso-3D in
hippocampal slices that had been treated for 2 h with either vehicle, DHT, T or E2. (A) DHT, T and E2 promoted a rapid increase in total
spine density. (B) DHT, T and E2 altered the hippocampal spine head diameter distribution; for morphological analysis and comparison of
steroid hormone treatments, spine heads were classified as either small (0.2-0.4 wm), middle (0.4-0.5 pm) or large (0.5-1 wm). (C)
Density of small-, middle- and large-spine head subtypes. E2 promoted an increase in small-headed spines, T increased both small and large
head spines, while DHT increased middle and large headed spines. Results are reported as mean £ SEM. *p <0.05, **p<0.01 vs. control

(modified from [113]).

Hippocampal E2 in aging and disease

While an age-related decline in circulating levels of E2 at
menopause has been well characterized, the relationship
between neurosteroidogenesis, age and disease is not well
understood [124]. Few studies have addressed the effect of
aging on brain hormone levels and investigations have been
limited by low neurosteroid assay sensitivity and difficulty
in obtaining human tissue, resulting in small sample sizes
and limited capacity to analyze the differences in neuroste-
roid levels between gender [125-129] or brain regions [130].
Nonetheless, neurosteroids have been identified as potential
biomarkers of cognitive aging [124, 131]. Female brain lev-
els of E2 have been found to qualitatively mirror circulating
E2 levels, with significant declines observed in the brains of
postmenopausal women compared to premenopausal women
[127, 130]. Age-related declines in brain T levels in men
have been described, with brain T levels depleted to negli-
gible levels by 80 years of age [130, 132]. However, whether
hippocampal neurosteroidogenesis becomes impaired during
aging as it does in gonad, is yet to be determined. Interest-
ingly, despite much higher serum T and E2 levels in aged
men than women [133—135], brain concentrations of T and
E2 are similar between aged men and post-menopausal wom-
en [130]. Depleted brain E2 levels may be a risk factor for
neurodegenerative disease. Multiple studies have described a
relationship between low circulating levels of E2 in women

and an increased risk of Alzheimer’s disease [136, 137].
Likewise, depleted E2 is observed in female AD brains com-
pared to age-matched cognitive controls [130, 132, 138, 139].

In addition to declining neurosteroid levels, hippocampal
responsiveness to E2 may also diminish, due to age-related
changes in ER expression and subcellular localization. The
first evidence that ER expression and distribution may
change with age, was that E2 binding decreased in nuclear
extracts from the whole brain of middle-aged rats [140, 141].
Immunohistochemical studies have shown that ERa and
ERp levels are decreased in the hippocampus of aged female
rats [80, 142]. Expression of ERa and ER is reduced at the
pre- and post-synaptic densities [80], with spines containing
ERa reduced by 50% in aged rat hippocampus [143]. Fur-
ther, while hippocampal expression of ERa and ERf
increased following E2 treatment in young adult rats, ERa
expression is not altered by E2 treatment in aged rats [80].
In contrast to the rat, an age-related increase in ERa immu-
noreactivity has been observed in the human hippocampus
[144]. Age-related changes in ER expression may alter E2
mediated synaptic plasticity. For example, although long-
term E2 administration increases spine density in the dentate
gyrus of young-OVX rats, the opposite is true in aged-OVX
rats, where short-term, but not long-term E2 administration
increased spine density [145]. E2 administration has also
been found to differentially alter the synaptic distribution of
NMDA receptors in the hippocampus of young and aged-
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OVX rats [146]. These age-related changes in E2-mediated
synaptic plasticity may also alter the functional outcomes of
E2 on learning and memory. Some behavioral effects of E2
are aged-dependent, for example, improved T-maze perform-
ance observed following E2 treatment in young adult, but
not reproductively senescent, rats challenged with the mus-
carinic receptor antagonist scopolamine [147]. Further, OVX
impaired performance in the Morris water maze in young-
adult but not middle-aged rats and E2 supplementation had
diminished benefits in middle aged rats [148].

Expert opinion

E2 is recognized as an important modulator of hipppocampal
synaptic plasticity. Much of our understanding of the role of
E2 in the modulation of hippocampal synaptic plasticity
comes from the manipulation of gonadal and exogenous
sources of E2. However, in addition to peripherally derived
E2, the hippocampus endogenously synthesizes E2 from cho-
lesterol which can elicit rapid synaptocrine, autocrine and
paracrine effects in the hippocampal microenvironment. Hip-
pocampal fluctuations in E2 concentrations rapidly potentiate
synaptic signalling at existing synapses and induce an
increase in spine density, most likely mediated by ERa locat-
ed at the synapse. E2 action through both synaptic and nucle-
ar ERa also sets genomic effects in motion, increasing
functional synaptic contacts and facilitating LTP. Brain-
derived sex hormones may play a crucial role in the rapid
and continuous modulation of synaptic plasticity and cog-
nitive functions.

Outlook

The potential use of E2-based hormone therapy (HT) to pro-
tect against age-related cognitive decline and/or neurodege-
nerative diseases, including Alzheimer’s disease, has been
extensively studied in animal models with promising results
[149-151]. However, translation of these therapies to the
clinical setting has thus far proven unsuccessful [152, 153].
The clinical failure of hormone therapy has been partly the
result of deleterious effects of HT including increased risk
of breast cancer, cardiovascular disease and stroke [154].
This has led to investigation of selective estrogen receptor
modulators (SERMs) as the next generation of HT [155].
SERMs elicit tissue specific agonist and antagonistic effects.
For example, the SERM raloxifene is currently used in the
treatment of osteoporosis, acting as a partial E2 agonist to
prevent bone loss, while functioning as an antiestrogen in
breast and endometrial tissue [156—158]. Understanding of
the role of ER in E2 mediated synaptic plasticity is crucial
to successful develop pharmacological interventions which
could protect against cognitive aging.

One of the key questions remaining to be addressed is the
role of neurosteroidogenesis in aging, neurotrauma and dis-
ease. As our understanding of factors regulating brain E2
synthesis increase, drug targets which promote brain neuro-

steroidogenesis could offer a therapeutic alternative to con-
ventional hormone therapy, not only to protect against
age-related cognitive decline, but also as a potential thera-
peutic intervention in neurodegenerative diseases such as
Alzheimer’s disease.

Highlights

* CA1-3 pyramidal neurons and granule cells neurons of
the dentate gyrus are the predominant steroidogenic cells
in the hippocampus, expressing the complete complement
of necessary steroidogenic machinery for de novo E2
synthesis.

» Although steroidogenic enzymes are expressed at very
low levels in the hippocampus, compared to classic endo-
crine organs, small quantities (but high concentrations) of
hippocampally synthesized E2 act locally through synap-
tocrine, autocrine and paracrine actions to modulate syn-
aptic plasticity.

* Hippocampal E2 synthesis is stimulated by synaptic activ-
ity through NMDA.

* E2 modulates synaptic plasticity through classic ERa and
ER[ receptors located at the synapse where they rapidly
(<2 h) modulate synpatic plasticity and at the nucleus
where they elicit slow-genomic effects on synaptic
plasticity.

* E2 rapidly induces spinogenesis through synaptic ER«a
which activates the ERK MAP kinase signalling pathway.

* Synaptic ERa may also contribute to the slow genomic
effects of E2 on spinogenesis through ERK/MAP kinase
phosphorylation of CREB.

* Endogenously synthesized hippocampal E2 plays an
important role in the maintenance of hippocampal spine
density, since inhibition of E2 synthesis has been shown
to markedly decrease CA1 spine density.

 Using Spiso-3D software to classify spine morphology by
head diameter, E2 promoted the formation of small head-
ed spines, while androgens increased large and middle
headed spines.

» Age-related changes in hippocampal E2 synthesis and ER
expression and distribution may alter effects of E2 on syn-
aptic plasticity.

Acknowledgements

AMB is funded by a Japan Society for the Promotion of Science
Postdoctoral Fellowship.

References

1. Kimoto T, Tsurugizawa T, Ohta Y, Makino J, Tamura H, Hojo
Y, Takata N, Kawato S. Neurosteroid synthesis by cytochrome
p450-containing systems localized in the rat brain hippo-
campal neurons: N-methyl-d-aspartate and calcium-dependent
synthesis. Endocrinology 2001;142:3578-89.

Bereitgestellt von | De Gruyter / TCS (De Gruyter / TCS)
Angemeldet | 172.16.1.226
Heruntergeladen am | 30.01.12 14:00



Barron et al.: Estradiol modulates hippocampal plasticity 371

11.

12.

13.

14.

15.

16.

17.

18.

. Kawato S, Yamada M, Kimoto T. Brain neurosteroids are 4th

generation neuromessengers in the brain: cell biophysical anal-
ysis of steroid signal transduction. Adv Biophys 2003;37:1-48.

. Hojo Y, Hattori TA, Enami T, Furukawa A, Suzuki K, Ishii HT,

Mukai H, Morrison JH, Janssen WG, Kominami S, Harada N,
Kimoto T, Kawato S. Adult male rat hippocampus synthesizes
estradiol from pregnenolone by cytochromes p45017alpha and
p450 aromatase localized in neurons. Proc Natl Acad Sci USA
2004:101:865-70.

. Kretz O, Fester L, Wehrenberg U, Zhou L, Brauckmann S, Zhao

S, Prange-Kiel J, Naumann T, Jarry H, Frotscher M, Rune GM.
Hippocampal synapses depend on hippocampal estrogen syn-
thesis. J Neurosci 2004;24:5913-21.

. Sierra A, Lavaque E, Perez-Martin M, Azcoitia I, Hales DB,

Garcia-Segura LM. Steroidogenic acute regulatory protein in
the rat brain: cellular distribution, developmental regulation and
overexpression after injury. Eur J Neurosci 2003;18:1458-67.

. Baulieu EE, Robel P. Dehydroepiandrosterone (dhea) and dehy-

droepiandrosterone sulfate (dheas) as neuroactive neurosteroids.
Proc Natl Acad Sci USA 1998;95:4089-91.

. Warner M, Gustafsson JA. Cytochrome p450 in the brain: neu-

roendocrine functions. Front Neuroendocrinol 1995;16:224-36.

. Le Goascogne C, Sananés N, Gouézou M, Takemori S, Komi-

nami S, Baulieu EE, Robel P. Immunoreactive cytochrome p-
450(17 alpha) in rat and guinea-pig gonads, adrenal glands and
brain. J Reprod Fertil 1991;93:609-22.

. Mellon SH, Deschepper CE. Neurosteroid biosynthesis: genes

for adrenal steroidogenic enzymes are expressed in the brain.
Brain Res 1993;629:283-92.

. Hojo Y, Higo S, Ishii H, Ooishi Y, Mukai H, Murakami G,

Kominami T, Kimoto T, Honma S, Poirier D, Kawato S. Com-
parison between hippocampus-synthesized and circulation-
derived sex steroids in the hippocampus. Endocrin 2009;150:
5106-12.

Mukai H, Kimoto T, Hojo Y, Kawato S, Murakami G, Higo S,
Hatanaka Y, Ogiue-lkeda M. Modulation of synaptic plasticity
by brain estrogen in the hippocampus. Biochim Biophys Acta
2010;1800:1030—44.

Papadopoulos V, Baraldi M, Guilarte TR, Knudsen TB, Laca-
pere J-J, Lindemann P, Norenberg MD, Nutt D, Weizman A,
Zhang M-R, Gavish M. Translocator protein (18 kda): new
nomenclature for the peripheral-type benzodiazepine receptor
based on its structure and molecular function. Trend Pharmacol
Sci 2006;27:402-9.

Lacapere J-J, Papadopoulos V. Peripheral-type benzodiazepine
receptor: structure and function of a cholesterol-binding protein
in steroid and bile acid biosynthesis. Steroids 2003;68:569—85.
Kuhlmann AC, Guilarte TR. Cellular and subcellular localiza-
tion of peripheral benzodiazepine receptors after trimethyltin
neurotoxicity. J Neurochem 2000;74:1694-704.

Maeda J, Higuchi M, Inaji M, Ji B, Haneda E, Okauchi T,
Zhang M-R, Suzuki K, Suhara T. Phase-dependent roles of
reactive microglia and astrocytes in nervous system injury as
delineated by imaging of peripheral benzodiazepine receptor.
Brain Res 2007;1157:100-11.

Park C, Carboni E, Wood P, Gee K. Characterization of periph-
eral benzodiazepine type sites in a cultured murine bv-2 micro-
glial cell line. Glia 1996;16:65-70.

Anholt R, Murphy K, Mack G, Snyder S. Peripheral-type ben-
zodiazepine receptors in the central nervous system: localiza-
tion to olfactory nerves. J Neurosci 1984;4:593-603.
Jayakumar AR, Panickar KS, Norenberg MD. Effects on free
radical generation by ligands of the peripheral benzodiazepine

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

receptor in cultured neural cells. J Neurochem 2002;83:1226—
34.

Girard C, Liu S, Cadepond F, Adams D, Lacroix C, Verleye M,
Gillardin J-M, Baulieu E-E, Schumacher M, Schweizer-Groyer
G. Etifoxine improves peripheral nerve regeneration and func-
tional recovery. Proc Natl Acad Sci USA 2008;105:20505-10.
Bolger GT, Mezey E, Cott J, Weissman BA, Paul SM, Skolnick
P. Differential regulation of central and peripheral benzodiaze-
pine binding sites in the rat olfactory bulb. Eur J Pharm 1984;
105:143-8.

Karchewski LA, Bloechlinger S, Woolf CJ. Axonal injury-
dependent induction of the peripheral benzodiazepine receptor
in small-diameter adult rat primary sensory neurons. Eur J Neu-
rosci 2004;20:671-83.

Marangos PJ, Patel J, Boulenger JP, Clark-Rosenberg R. Char-
acterization of peripheral-type benzodiazepine binding sites in
brain using [3h]ro 5-4864. Mol Pharmacol 1982;22:26-32.
Avital A, Richter-Levin G, Leschiner S, Spanier I, Veenman L,
Weizman A, Gavish M. Acute and repeated swim stress effects
on peripheral benzodiazepine receptors in the rat hippocampus,
adrenal, and kidney. Neuropsychopharmacol 2001;25:669-78.
Doble A, Malgouris C, Daniel M, Daniel N, Imbault F Bas-
baum A, Uzan A, Guérémy C, Le Fur G. Labelling of periph-
eral-type benzodiazepine binding sites in human brain with
[3h]pk 11195: anatomical and subcellular distribution. Brain
Res Bull 1987;18:49-61.

Furukawa A, Miyatake A, Ohnishi T, Ichikawa Y. Steroidogen-
ic acute regulatory protein (star) transcripts constitutively
expressed in the adult rat central nervous system: colocalization
of star, cytochrome p-450scc (cyp xial), and 3beta-hydroxys-
teroid dehydrogenase in the rat brain. J Neurochem 1998;71:
2231-8.

Joon Kim H, Ha M, Hwan Park C, Ja Park S, Min Youn S,
Soo Kang S, Jae Cho G, Sung Choi W. Star and steroidogenic
enzyme transcriptional regulation in the rat brain: effects of
acute alcohol administration. Mol Brain Res 2003;115:39-49.
King SR, Manna PR, Ishii T, Syapin PJ, Ginsberg SD, Wilson
K, Walsh LP, Parker KL, Stocco DM, Smith RG, Lamb DJ. An
essential component in steroid synthesis, the steroidogenic
acute regulatory protein, is expressed in discrete regions of the
brain. J Neurosci 2002;22:10613-20.

Inoue T, Akahira J-I, Suzuki T, Darnel AD, Kaneko C, Taka-
hashi K, Hatori M, Shirane R, Kumabe T, Kurokawa Y, Satomi
S, Sasano H. Progesterone production and actions in the human
central nervous system and neurogenic tumors. J Clin Endo-
crinol Metab 2002;87:5325-31.

Le Goascogne C, Robel P, Gouezou M, Sananes N, Baulieu E,
Waterman M. Neurosteroids: cytochrome p-450scc in rat brain.
Science 1987;237:1212-5.

Jung-Testas I, Hu Z, Baulieu E, Robel P. Neurosteroids: bio-
synthesis of pregnenolone and progesterone in primary cultures
of rat glial cells. Endocrin 1989;125:2083-91.

Kawato S, Hojo Y, Kimoto T. Histological and metabolism
analysis of p450 expression in the brain. Methods Enzymol
2002;357:241-9.

Watzka, Bidlingmaier, Schramm, Klingmiiller, Stoffel W. Sex-
and age-specific differences in human brain cypllal mrna
expression. J Neuroendocrinol 1999;11:901-5.

Yu L, Romero DG, Gomez-Sanchez CE, Gomez-Sanchez EP.
Steroidogenic enzyme gene expression in the human brain. Mol
Cell Endocrinol 2002;190:9-17.

Beyenburg S, Stoffel-Wagner B, Watzka M, Bliimcke I, Bauer
J, Schramm J, Bidlingmaier F Elger CE. Expression of cyto-

Bereitgestellt von | De Gruyter / TCS (De Gruyter / TCS)
Angemeldet | 172.16.1.226
Heruntergeladen am | 30.01.12 14:00



372 Barron et al.: Estradiol modulates hippocampal plasticity

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45

46.

47.

48.

49.

50.

S1.

52.

53.

chrome p450scc mrna in the hippocampus of patients with tem-
poral lobe epilepsy. Neuroreport 1999;10:3067-70.

Corpéchot C, Robel P, Axelson M, Sjovall J, Baulieu EE. Char-
acterization and measurement of dehydroepiandrosterone sul-
fate in rat brain. Proc Natl Acad Sci USA 1981;78:4704—7.
Baulieu E-E, Robel P. Dehydroepiandrosterone and dehydroe-
piandrosterone sulfate as neuroactive neurosteroids. J Endocri-
nol 1996;150:5221-S39.

Guazzo EP, Kirkpatrick PJ, Goodyer IM, Shiers HM, Herbert
J. Cortisol, dehydroepiandrosterone (dhea), and dhea sulfate in
the cerebrospinal fluid of man: relation to blood levels and the
effects of age. J Clin Endocrinol Metab 1996;81:3951-60.
Akwa Y, Young J, Kabbadj K, Sancho MJ, Zucman D, Vourc’h
C, Jung-Testas I, Hu ZY, Le Goascogne C, Jo DH, Corpéchot
C, Simon P, Baulieu EE, Robel P. Neurosteroids: biosynthesis,
metabolism and function of pregnenolone and dehydroepian-
drosterone in the brain. J Steroid Biochem Mol Biol 1991:40:
71-81.

Compagnone NA, Bulfone A, Rubenstein JL, Mellon SH. Ste-
roidogenic enzyme p450c17 is expressed in the embryonic cen-
tral nervous system. Endocrin 1995;136:5212-23.

Zwain IH, Yen SS. Neurosteroidogenesis in astrocytes, oligo-
dendrocytes, and neurons of cerebral cortex of rat brain. Endo-
crin 1999;140:3843-52.

Zwain IH, Yen SS. Dehydroepiandrosterone: biosynthesis and
metabolism in the brain. Endocrin 1999;140:880-7.

Pelletier G, Luu-The V, Labrie E Immunocytochemical locali-
zation of type i 17[beta]-hydroxysteroid dehydrogenase in the
rat brain. Brain Res 1995;704:233-9.

Roselli CE, Abdelgadir SE, Rgnnekleiv OK, Klosterman SA.
Anatomic distribution and regulation of aromatase gene expres-
sion in the rat brain. Biol Reprod 1998;58:79-87.
Wehrenberg U, Prange-Kiel J, Rune GM. Steroidogenic factor-
1 expression in marmoset and rat hippocampus: co-localization
with star and aromatase. J Neurochem 2001;76:1879-86.

. Wagner CK, Morrell JI. Neuroanatomical distribution of aro-

matase mrna in the rat brain: indications of regional regulation.
J Steroid Biochem Mol Biol 1997;61:307—14.

Beyer C, Green SJ, Barker PJ, Huskisson NS, Hutchinson JB.
Aromatase-immunoreactivity is localised specifically in neu-
rones in the developing mouse hypothalamus and cortex. Brain
Res 1994;638:203-10.

Jakab RL, Harada N, Naftolin E Aromatase-(estrogen synthe-
tase) immunoreactive neurons in the rat septal area. A light and
electron microscopic study. Brain Res 1994;664:85-93.
Lephart E. A review of brain aromatase cytochrome p450.
Brain Res Rev 1996;22:1-26.

Sanghera MK, Simpson ER, McPhaul MJ, Kozlowski G,
Conley AJ, Lephart ED. Immunocytochemical distribution of
aromatase cytochrome p450 in the rat brain using peptide-gen-
erated polyclonal antibodies. Endocrin 1991;129:2834—-44.
Cesi PN, Melcangi RC, Celotti F, Martini L. Aromatase activity
in cultured brain cells: difference between neurons and glia.
Brain Res 1992;589:327-32.

Cesi PN, Melcangi RC, Celotti F Martini L. Distribution of
aromatase activity in cultured neurons and glia cells. J Steroid
Biochem Mol Biol 1993;44:637-9.

Zwain IH, Yen SS, Cheng CY. Astrocytes cultured in vitro pro-
duce estradiol-17[beta] and express aromatase cytochrome p-
450 (p-450 arom) mrna. Biochimica et Biophysica Acta (BBA)
— General Subjects 1997;1334:338-48.

Yague JG, Lavaque E, Carretero J, Azcoitia I, Garcia-Segura
LM. Aromatase, the enzyme responsible for estrogen biosyn-

54.

55.

56.

57.

58.

59.

60.

61.

62.

63

64.

65.

66.

67.

68.

69.

70.

thesis, is expressed by human and rat glioblastomas. Neurosci
Lett 2004;368:279-84.

Azcoitia I, Sierra A, Veiga S, Garcia-Segura LM. Aromatase
expression by reactive astroglia is neuroprotective. Ann NY
Acad Sci 2003;1007:298-305.

Carswell HV, Dominiczak AF Garcia-Segura LM, Harada N,
Hutchison JB, Macrae IM. Brain aromatase expression after
experimental stroke: topography and time course. J Steroid Bio-
chem Mol Biol 2005;96:89-91.

Garcia-Segura LM, Wozniak A, Azcoitia I, Rodriguez JR, Hut-
chison RE, Hutchison JB. Aromatase expression by astrocytes
after brain injury: implications for local estrogen formation in
brain repair. Neuroscience 1999;89:567-78.

Roselli CE Brain aromatase: roles in reproduction and neuro-
protection. J Steroid Biochem Mol Biol 2007;106:143-50.
Stoffel-Wagner B, Watzka M, Schramm J, Bidlingmaier F
Klingmiiller D. Expression of cypl9 (aromatase) mrna in dif-
ferent areas of the human brain. J Steroid Biochem Mol Biol
1998;70:237-41.

Sasano H, Takahashi K, Satoh F Nagura H, Harada N. Aro-
matase in the human central nervous system. Clin Endocrinol
1998;48:325-9.

Yague JG, Azcoitia I, DeFelipe J, Garcia-Segura LM, Mufioz
A. Aromatase expression in the normal and epileptic human
hippocampus. Brain Res 2010;1315:41-52.

Yague JG, Wang AC, Janssen WG, Hof PR, Garcia-Segura LM,
Azcoitia I, Morrison JH. Aromatase distribution in the monkey
temporal neocortex and hippocampus. Brain Res 2008;1209:
115-27.

Azcoitia I, Yague JG, Garcia-Segura LM. Estradiol synthesis
within the human brain. Neuroscience. [Epub ahead of print].

. Prange-Kiel J, Wehrenberg U, Jarry H, Rune GM. Para/auto-

crine regulation of estrogen receptors in hippocampal neurons.
Hippocampus 2003;13:226-34.

Rune GM, Frotscher M. Neurosteroid synthesis in the hippo-
campus: role in synaptic plasticity. Neuroscience 2005;136:
833-42.

Konkle AT, McCarthy MM. Developmental time course of
estradiol, testosterone, and dihydrotestosterone levels in dis-
crete regions of male and female rat brain. Endocrin 2011;152:
223-35.

Kimoto T, Ishii H, Higo S, Hojo Y, Kawato S. Semicompre-
hensive analysis of the postnatal age-related changes in the
mrna expression of sex steroidogenic enzymes and sex steroid
receptors in the male rat hippocampus. Endocrin 2010;151:
5795-806.

Higo S, Hojo Y, Ishii H, Kominami T, Nakajima K, Poirier D,
Kimoto T, Kawato S. Comparison of sex-steroid synthesis
between neonatal and adult rat hippocampus. Biochem Biophys
Res Commun 2009;385:62-6.

Do Rego JL, Seong JY, Burel D, Leprince J, Luu-The V, Tsutsui
K, Tonon M-C, Pelletier G, Vaudry H. Neurosteroid biosynthe-
sis: enzymatic pathways and neuroendocrine regulation by neu-
rotransmitters and neuropeptides. Front Neuroendocrinol 2009;
30:259-301.

Munetsuna E, Hattori M, Komatsu S, Sakimoto Y, Ishida A,
Sakata S, Hojo Y, Kawato S, Yamazaki T. Social isolation stim-
ulates hippocampal estradiol synthesis. Biochem Biophys Res
Commun 2009;379:480—4.

Munetsuna E, Hojo Y, Hattori M, Ishii H, Kawato S, Ishida A,
Kominami SA, Yamazaki T. Retinoic acid stimulates 173-estra-
diol and testosterone synthesis in rat hippocampal slice cultures.
Endocrin 2009;150:4260-9.

Bereitgestellt von | De Gruyter / TCS (De Gruyter / TCS)
Angemeldet | 172.16.1.226
Heruntergeladen am | 30.01.12 14:00



Barron et al.: Estradiol modulates hippocampal plasticity 373

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Chen M-K, Guilarte TR. Translocator protein 18 kda (tspo):
molecular sensor of brain injury and repair. Pharmacology &
Therapeutics 2008;118:1-17.

Luchetti S, Bossers K, Van de Bilt S, Agrapart V, Morales RR,
Frajese GV, Swaab DE Neurosteroid biosynthetic pathways
changes in prefrontal cortex in Alzheimer’s disease. Neurobiol
Aging 2009 [Epub ahead of print].

Schaeffer V, Meyer L, Patte-Mensah C, Eckert A, Mensah-Nya-
gan AG. Dose-dependent and sequence-sensitive effects of
amyloid-[beta] peptide on neurosteroidogenesis in human neu-
roblastoma cells. Neurochem Int 2008;52:948-55.

Schaeffer V, Patte-Mensah C, Eckert A, Mensah-Nyagan AG.
Modulation of neurosteroid production in human neuroblasto-
ma cells by Alzheimer’s disease key proteins. J Neurobiol
2006;66:868—-81.

Kim HJ, Kang SS, Cho GJ, Choi WS. Steroidogenic acute reg-
ulatory protein: its presence and function in brain neurosteroi-
dogenesis. Arch Histol Cytol 2004;67:383-92.

Mukai H, Tsurugizawa T, Murakami G, Kominami S, Ishii H,
Ogiue-lkeda M, Takata N, Tanabe N, Furukawa A, Hojo Y,
Ooishi Y, Morrison JH, Janssen WG, Rose JA, Chambon P,
Kato S, Izumi S, Yamazaki T, Kimoto T, Kawato S. Rapid
modulation of long-term depression and spinogenesis via syn-
aptic estrogen receptors in hippocampal principal neurons. J
Neurochem 2007;100:950-67.

Weiland NG, Orikasa C, Hayashi S, McEwen BS. Distribution
and hormone regulation of estrogen receptor immunoreactive
cells in the hippocampus of male and female rats. ] Comp Neu-
rol 1997;388:603-12.

Milner TA, McEwen BS, Hayashi S, Li CJ, Reagan LP, Alves
SE. Ultrastructural evidence that hippocampal alpha estrogen
receptors are located at extranuclear sites. J Comp Neurol
2001;429:355-71.

Orikasa C, McEwen BS, Hayashi H, Sakuma Y, Hayashi S.
Estrogen receptor alpha, but not beta, is expressed in the inter-
neurons of the hippocampus in prepubertal rats: an in situ
hybridization study. Dev Brain Res 2000;120:245-54.

Waters EM, Yildirim M, Janssen WG, Lou WY, McEwen BS,
Morrison JH, Milner TA. Estrogen and aging affect the synaptic
distribution of estrogen receptor beta-immunoreactivity in the
cal region of female rat hippocampus. Brain Res 2011;1379:
86-97.

Milner TA, Ayoola K, Drake CT, Herrick SP, Tabori NE,
McEwen BS, Warrier S, Alves SE. Ultrastructural localization
of estrogen receptor 3 immunoreactivity in the rat hippocampal
formation. J Comp Neurol 2005;491:81-95.

Mitterling KL, Spencer JL, Dziedzic N, Shenoy S, McCarthy
K, Waters EM, McEwen BS, Milner TA. Cellular and subcel-
lular localization of estrogen and progestin receptor immuno-
reactivities in the mouse hippocampus. J Comp Neurol 2010;
518:2729-43.

Tabori NE, Stewart LS, Znamensky V, Romeo RD, Alves SE,
McEwen BS, Milner TA. Ultrastructural evidence that androgen
receptors are located at extranuclear sites in the rat hippocampal
formation. Neuroscience 2005;130:151-63.

Kerr JE, Allore RJ, Beck SG, Handa RJ. Distribution and hor-
monal regulation of androgen receptor (ar) and ar messenger
ribonucleic acid in the rat hippocampus. Endocrin 1995;136:
3213-21.

Xiao L, Jordan CL. Sex differences, laterality, and hormonal
regulation of androgen receptor immunoreactivity in rat hip-
pocampus. Horm Behav 2002;42:327-36.

Smith CC, McMahon LL. Estrogen-induced increase in the
magnitude of long-term potentiation occurs only when the ratio

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

of nmda transmission to ampa transmission is increased. J
Neurosci 2005;25:7780-91.

Smith CC, McMahon LL. Estradiol-induced increase in the
magnitude of long-term potentiation is prevented by blocking
nr2b-containing receptors. J Neurosci 2006;26:8517-22.

Foy MR, Xu J, Xie X, Brinton RD, Thompson RF, Berger
TW. 17B-estradiol enhances nmda receptor-mediated epsps
and long-term potentiation. J Neurophysiol 1999;81:925-9.
Bi R, Broutman G, Foy MR, Thompson RE Baudry M. The
tyrosine kinase and mitogen-activated protein kinase pathways
mediate multiple effects of estrogen in hippocampus. Proc
Natl Acad Sci USA 2000;97:3602-7.

Kramar EA, Chen LY, Brandon NJ, Rex CS, Liu E, Gall CM,
Lynch G. Cytoskeletal changes underlie estrogen’s acute
effects on synaptic transmission and plasticity. J Neurosci
2009;29:12982-93.

Mukai H, Tsurugizawa T, Ogiue-Ikeda M, Murakami G, Hojo
Y, Ishii H, Kimoto T, Kawato S. Local neurosteroid produc-
tion in the hippocampus: influence on synaptic plasticity of
memory. Neuroendocrin 2006;84:255-63.

Ogiue-lIkeda M, Tanabe N, Mukai H, Hojo Y, Murakami G,
Tsurugizawa T, Takata N, Kimoto T, Kawato S. Rapid mod-
ulation of synaptic plasticity by estrogens as well as endocrine
disrupters in hippocampal neurons. Brain Res Rev 2008;57:
363-75.

Ito K-I, Skinkle KL, Hicks TP. Age-dependent, steroid-spe-
cific effects of oestrogen on long-term potentiation in rat hip-
pocampal slices. J Physiol 1999;515:209-20.

Vouimba RM, Foy MR, Foy JG, Thompson RE 17[beta]-
estradiol suppresses expression of long-term depression in
aged rats. Brain Res Bull 2000;53:783-7.

Shibuya K, Takata N, Hojo Y, Furukawa A, Yasumatsu N,
Kimoto T, Enami T, Suzuki K, Tanabe N, Ishii H, Mukai H,
Takahashi T, Hattori TA, Kawato S. Hippocampal cytochrome
p450s synthesize brain neurosteroids which are paracrine neu-
romodulators of synaptic signal transduction. Biochimica et
Biophysica Acta (BBA) — General Subjects 2003;1619:
301-16.

Lee H-K, Kameyama K, Huganir RL, Bear ME Nmda induces
long-term synaptic depression and dephosphorylation of the
glurl subunit of ampa receptors in hippocampus. Neuron
1998;21:1151-62.

Harrington WR, Sheng S, Barnett DH, Petz LN, Katzenellen-
bogen JA, Katzenellenbogen BS. Activities of estrogen recep-
tor alpha- and beta-selective ligands at diverse estrogen
responsive gene sites mediating transactivation or transrepres-
sion. Mol Cell Endocrinol 2003;206:13-22.

Lisman J. A mechanism for the hebb and the anti-hebb pro-
cesses underlying learning and memory. Proc Natl Acad Sci
USA 1989;86:9574-8.

Gu Q, Moss RL. 17B-estradiol potentiates kainate-induced
currents via activation of the cAMP cascade. J Neurosci 1996;
16:3620-9.

Gu Q, Korach KS, Moss RL. Rapid action of 173-estradiol
on kainate-induced currents in hippocampal neurons lacking
intracellular estrogen receptors. Endocrin 1999;140:660-6.
Couse JE Curtis SW, Washburn TE Lindzey J, Golding TS,
Lubahn DB, Smithies O, Korach KS. Analysis of transcription
and estrogen insensitivity in the female mouse after targeted
disruption of the estrogen receptor gene. Mol Endocrinol
1995;9:1441-54.

Kos M, Denger S, Reid G, Korach K, Gannon E Down but
not out? A novel protein isoform of the estrogen receptor

Bereitgestellt von | De Gruyter / TCS (De Gruyter / TCS)
Angemeldet | 172.16.1.226
Heruntergeladen am | 30.01.12 14:00



374

Barron et al.: Estradiol modulates hippocampal plasticity

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

alpha is expressed in the estrogen receptor alpha knockout
mouse. J Mol Endocrinol 2002;29:281-6.

Pendaries C, Darblade B, Rochaix P, Krust A, Chambon P,
Korach KS, Bayard F, Arnal J-E The af-1 activation-function
of era may be dispensable to mediate the effect of estradiol
on endothelial no production in mice. Proc Natl Acad Sci
USA 2002;99:2205-10.

Dupont S, Krust A, Gansmuller A, Dierich A, Chambon P,
Mark M. Effect of single and compound knockouts of estro-
gen receptors alpha (eralpha) and beta (erbeta) on mouse
reproductive phenotypes. Development 2000;127:4277-91.
Gould E, Woolley CS, Frankfurt M, McEwen BS. Gonadal
steroids regulate dendritic spine density in hippocampal
pyramidal cells in adulthood. J Neurosci 1990;10:1286-91.
Woolley CS, Gould E, Frankfurt M, McEwen BS. Naturally
occurring fluctuation in dendritic spine density on adult hip-
pocampal pyramidal neurons. J Neurosci 1990;10:4035-9.
MacLusky NJ, Luine VN, Hajszan T, Leranth C. The 17« and
178 isomers of estradiol both induce rapid spine synapse for-
mation in the cal hippocampal subfield of ovariectomized
female rats. Endocrin 2005;146:287-93.

Woolley CS, McEwen BS. Estradiol mediates fluctuation in
hippocampal synapse density during the estrous cycle in the
adult rat. J Neurosci 1992;12:2549-54.

Pozzo-Miller LD, Inoue T, Murphy DD. Estradiol increases
spine density and nmda-dependent ca2 + transients in spines
of cal pyramidal neurons from hippocampal slices. J Neuro-
physiol 1999;81:1404-11.

Komatsuzaki Y, Murakami G, Tsurugizawa T, Mukai H,
Tanabe N, Mitsuhashi K, Kawata M, Kimoto T, Ooishi Y,
Kawato S. Rapid spinogenesis of pyramidal neurons induced
by activation of glucocorticoid receptors in adult male rat
hippocampus. Biochem Biophys Res Commun 2005;335:
1002-7.

Murakami G, Tsurugizawa T, Hatanaka Y, Komatsuzaki Y,
Tanabe N, Mukai H, Hojo Y, Kominami S, Yamazaki T,
Kimoto T, Kawato S. Comparison between basal and apical
dendritic spines in estrogen-induced rapid spinogenesis of cal
principal neurons in the adult hippocampus. Biochem Biophys
Res Commun 2006;351:553-8.

Tsurugizawa T, Mukai H, Tanabe N, Murakami G, Hojo Y,
Kominami S, Mitsuhashi K, Komatsuzaki Y, Morrison JH,
Janssen WG, Kimoto T, Kawato S. Estrogen induces rapid
decrease in dendritic thorns of ca3 pyramidal neurons in adult
male rat hippocampus. Biochem Biophys Res Commun 2005;
337:1345-52.

Mukai H, Hatanaka Y, Mitsuhashi K, Hojo Y, Komatsuzaki
Y, Sato R, Murakami G, Kimoto T, Kawato S. Automated
analysis of spines from confocal laser microscopy images:
application to the discrimination of androgen and estrogen
effects on spinogenesis. Cereb Cortex 2011; In Press.
Wearne SL, Rodriguez A, Ehlenberger DB, Rocher AB, Hen-
derson SC, Hof PR. New techniques for imaging, digitization
and analysis of three-dimensional neural morphology on mul-
tiple scales. Neuroscience 2005;136:661-80.

Rodriguez A, Ehlenberger DB, Dickstein DL, Hof PR, Wearne
SL. Automated three-dimensional detection and shape clas-
sification of dendritic spines from fluorescence microscopy
images. PLoS ONE 2008;3:e1997.

Shinohara Y, Hirase H, Watanabe M, Itakura M, Takahashi
M, Shigemoto R. Left-right asymmetry of the hippocampal
synapses with differential subunit allocation of glutamate
receptors. Proc Natl Acad Sci USA 2008;105:19498-503.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

Kopec CD, Real E, Kessels HW, Malinow R. Glurl links
structural and functional plasticity at excitatory synapses. J
Neurosci 2007;27:13706—-18.

Woolley CS. Estrogen-mediated structural and functional syn-
aptic plasticity in the female rat hippocampus. Horm Behav
1998;34:140-8.

Murphy DD, Segal M. Regulation of dendritic spine density
in cultured rat hippocampal neurons by steroid hormones. J
Neurosci 1996;16:4059-68.

Leranth C, Shanabrough M, Horvath TL. Hormonal regulation
of hippocampal spine synapse density involves subcortical
mediation. Neuroscience 2000;101:349-56.

Leranth C, Petnehazy O, MacLusky NJ. Gonadal hormones
affect spine synaptic density in the cal hippocampal subfield
of male rats. J Neurosci 2003;23:1588-92.

MacLusky NJ, Hajszan T, Leranth C. Effects of dehydroe-
piandrosterone and flutamide on hippocampal cal spine syn-
apse density in male and female rats: implications for the role
of androgens in maintenance of hippocampal structure. Endo-
crin 2004;145:4154-61.

Hatanaka Y, Mukai H, Mitsuhashi K, Hojo Y, Murakami G,
Komatsuzaki Y, Sato R, Kawato S. Androgen rapidly increas-
es dendritic thorns of ca3 neurons in male rat hippocampus.
Biochem Biophys Res Commun 2009;381:728-32.

Vallée M, Purdy RH, Mayo W, Koob GE, Le Moal M. Neu-
roactive steroids: new biomarkers of cognitive aging. J Steroid
Biochem Mol Biol 2003;85:329-35.

Hammond GL, Hirvonen J, Vihko R. Progesterone, andros-
tenedione, testosterone, 5[alpha]-dihydrotestosterone and
androsterone concentrations in specific regions of the human
brain. J Steroid Biochem 1983;18:185-9.

Lacroix C, Fiet J, Benais J-P, Gueux B, Bonete R, Villette J-
M, Gourmel B, Dreux C. Simultaneous radioimmunoassay of
progesterone, androst-4-enedione, pregnenolone, dehydroe-
piandrosterone and 17-hydroxyprogesterone in specific
regions of human brain. J Steroid Biochem 1987;28:317-25.
Bixo M, Backstrom T, Winblad B, Andersson A. Estradiol
and testosterone in specific regions of the human female brain
in different endocrine states. J Steroid Biochem Mol Biol
1995;55:297-303.

Bixo M, Andersson A, Winblad B, Purdy RH, Béckstrom T.
Progesterone, 5[alpha]-pregnane-3,20-dione and 3[alpha]-
hydroxy-5[alpha]-pregnane-20-one in specific regions of the
human female brain in different endocrine states. Brain Res
1997;764:173-8.

Weill-Engerer S, David J-P, Sazdovitch V, Liere P, Eychenne
B, Pianos A, Schumacher M, Delacourte A, Baulieu E-E,
Akwa Y. Neurosteroid quantification in human brain regions:
comparison between alzheimer’s and nondemented patients. J
Clin Endocrinol Metab 2002;87:5138—43.

Rosario ER, Chang L, Head EH, Stanczyk FZ, Pike CJ. Brain
levels of sex steroid hormones in men and women during
normal aging and in alzheimer’s disease. Neurobiol Aging
2009 [Epub ahead of print].

Vallee M, Mayo W, Darnaudery M, Corpechot C, Young J,
Koehl M, Le Moal M, Baulieu E-E, Robel P, Simon H. Neu-
rosteroids: deficient cognitive performance in aged rats
depends on low pregnenolone sulfate levels in the hippocam-
pus. Proc Natl Acad Sci USA 1997;94:14865-70.

Rosario ER, Chang L, Stanczyk FZ, Pike CJ. Age-related tes-
tosterone depletion and the development of alzheimer disease.
J Am Med Assoc 2004;282:1431-2.

Militello A, Vitello G, Lunetta C, Toscano A, Maiorana G,
Piccoli T, La Bella V. The serum level of free testosterone is

Bereitgestellt von | De Gruyter / TCS (De Gruyter / TCS)
Angemeldet | 172.16.1.226
Heruntergeladen am | 30.01.12 14:00



Barron et al.: Estradiol modulates hippocampal plasticity 375

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

reduced in amyotrophic lateral sclerosis. J Neurol Sci
2002;195:67-70.

Rasmuson S, Nasman B, Carlstrom K, Olsson T. Increased
levels of adrenocortical and gonadal hormones in mild to
moderate alzheimer’s disease. Dement Geriatr Cogn Disord
2002;13:74-9.

Paoletti AM, Congia S, Lello S, Tedde D, Orru M, Pistis M,
Pilloni M, Zedda P, Loddo A, Melis GB. Low androgenization
index in elderly women and elderly men with alzheimer’s dis-
ease. Neurology 2004;62:301-3.

Manly JJ, Merchant CA, Jacobs DM, Small S, Bell K, Ferin
M, Mayeux R. Endogenous estrogen levels and alzheimer’s
disease among postmenopausal women. Neurology 2000;54:
833-7.

Tsolaki M, Grammaticos P, Karanasou C, Balaris V, Kapouk-
ranidou D, Kaldipis I, Petsansis K, Dedousi E. Serum estra-
diol, progesterone, testosterone, fsh and lh levels in
postmenopausal women with alzheimer’s dementia. Hell J
Nucl Med 2005;8:39-42.

Yue X, Lu M, Lancaster T, Cao P, Honda S-I, Staufenbiel M,
Harada N, Zhong Z, Shen Y, Li R. Brain estrogen deficiency
accelerates a3 plaque formation in an alzheimer’s disease ani-
mal model. Proc Natl Acad Sci USA 2005;102:19198-203.
Marx CE, Trost WT, Shampine LJ, Stevens RD, Hulette CM,
Steffens DC, Ervin JE Butterfield MI, Blazer DG, Massing
MW, Lieberman JA. The neurosteroid allopregnanolone is
reduced in prefrontal cortex in alzheimer’s disease. Biol Psy-
chiat 2006;60:1287-94.

Rubin BS, Fox TO, Bridges RS. Estrogen binding in nuclear
and cytosolic extracts from brain and pituitary of middle-aged
female rats. Brain Res 1986;383:60-7.

Wise PM, Parsons B. Nuclear estradiol and cytosol progestin
receptor concentrations in the brain and the pituitary gland
and sexual behavior in ovariectomized estradiol-treated mid-
dle-aged rats. Endocrin 1984;115:810-6.

Mehra RD, Sharma K, Nyakas C, Vij U. Estrogen receptor o
and 3 immunoreactive neurons in normal adult and aged
female rat hippocampus: A qualitative and quantitative study.
Brain Res 2005;1056:22-35.

Adams MM, Fink SE, Shah RA, Janssen WG, Hayashi S,
Milner TA, McEwen BS, Morrison JH. Estrogen and aging
affect the subcellular distribution of estrogen receptor-alpha
in the hippocampus of female rats. J Neurosci 2002;22:
3608-14.

Ishunina TA, Fischer DE, Swaab DE Estrogen receptor [alpha]
and its splice variants in the hippocampus in aging and alz-
heimer’s disease. Neurobiol Aging 2007;28:1670-81.
Miranda P, Williams CL, Einstein G. Granule cells in aging
rats are sexually dimorphic in their response to estradiol. J
Neurosci 1999;19:3316-25.

Adams MM, Shah RA, Janssen WG, Morrison JH. Different
modes of hippocampal plasticity in response to estrogen in

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

young and aged female rats. Proc Natl Acad Sci USA 2001;
98:8071-6.

Savonenko AV, Markowska AL. The cognitive effects of ovar-
iectomy and estrogen replacement are modulated by aging.
Neurosci 2003;119:821-30.

Talboom JS, Williams BJ, Baxley ER, West SG, Bimonte-
Nelson HA. Higher levels of estradiol replacement correlate
with better spatial memory in surgically menopausal young
and middle-aged rats. Neurobiol Learn Memory 2008;90:
155-63.

Petanceska SS, Nagy V, Frail D, Gandy S. Ovariectomy and
17@3-estradiol modulate the levels of alzheimer’s amyloid
peptides in brain. Exp Gerontol 2000;35:1317-25.

Carroll JC, Rosario ER, Chang L, Stanczyk FZ, Oddo S,
LaFerla FM, Pike CJ. Progesterone and estrogen regulate alz-
heimer-like neuropathology in female 3xtg-ad mice. J Neu-
rosci 2007;27:13357-65.

Barron AM, Cake M, Verdile G, Martins RN. Ovariectomy
and 17beta-estradiol replacement do not alter beta-amyloid
levels in sheep brain. Endocrin 2009;150:3228-36.
Shumaker SA, Legault C, Rapp SR, Thal L, Wallace RB,
Ockene JK, Hendrix SL, Jones BN, Assaf AR, Jackson RD,
Kotchen JM, Wassertheil-Smoller S, Wactawski-Wende J.
Estrogen plus progestin and the incidence of dementia and
mild cognitive impairment in postmenopausal women: the
women’s health initiative memory study: a randomized con-
trolled trial. J Am Med Assoc 2003;289:2651.

Espeland MA, Rapp SR, Shumaker SA, Brunner R, Manson
JE, Sherwin BB, Hsia J, Margolis KL, Hogan PE, Wallace R,
Dailey M, Freeman R, Hays J. Conjugated equine estrogens
and global cognitive function in postmenopausal women:
women’s health initiative memory study. J] Am Med Assoc
2004;291:2959-68.

Writing Group for the Women’s Health Initiative Investiga-
tors. Risks and benefits of estrogen plus progestin in healthy
postmenopausal women: principal results from the women’s
health initiative randomized controlled trial. ] Am Med Assoc
2002;288:321-33.

Brinton RD. Requirements of a brain selective estrogen:
advances and remaining challenges for developing a neuro-
serm. J Alzheimers Dis 2004;6:527-35.

Bryant HU, Dere WH. Selective estrogen receptor modulators:
An alternative to hormone replacement therapy. Proc Soc Exp
Biol Med 1998;217:45-52.

Delmas PD, Bjarnason NH, Mitlak BH, Ravoux AC, Shah
AS, Huster WIJ, Draper M, Christiansen C. Effects of raloxi-
fene on bone mineral density, serum cholesterol concentra-
tions, and uterine endometrium in postmenopausal women. N
Engl J Med 1997;337:1641-7.

Baker VL, Draper M, Paul S, Allerheiligen S, Glant M, Shi-
fren J, Jaffe RB. Reproductive endocrine and endometrial
effects of raloxifene hydrochloride, a selective estrogen recep-
tor modulator, in women with regular menstrual cycles. J Clin
Endocrinol Metab 1998;83:6—13.

Bereitgestellt von | De Gruyter / TCS (De Gruyter / TCS)
Angemeldet | 172.16.1.226
Heruntergeladen am | 30.01.12 14:00



