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Abstract

Modulation of hippocampal synaptic plasticity by estrogen has been attracting much attention. Here, we demonstrated the rapid
effect of 17B-estradiol on the density and morphology of spines in the stratum oriens (s.o., basal side) and in the stratum lacunosum-
moleculare (s.l.m., apical side) by imaging Lucifer Yellow-injected CA1l neurons in adult male rat hippocampal slices, because spines
in s.0. and s..m. have been poorly understood as compared with spines in the stratum radiatum. The application of 1 nM estradiol-in-
duced a rapid increase in the density of spines of pyramidal neurons within 2 h. This increase by estradiol was blocked by Erk MAP
kinase inhibitor and estrogen receptor inhibitor in both regions. Effect of blockade by agonists of AMPA receptors and NMDA recep-
tors was different between s.o. and s.l.m. In both regions, ERa agonist PPT induced the same enhancing effect of spinogenesis as that

induced by estradiol.
© 2006 Published by Elsevier Inc.
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The hippocampus is essentially involved in learning and
memory processes, and is known to be a target for the
modulatory actions of estrogens and androgens produced
in the gonads, reaching the brain via blood circulation
[1-4]. Extensive studies have been performed to investigate
their role in modulating hippocampal plasticity and func-
tion, slowly and genomically (over 1-4 days). For example,
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the density of dendritic spines of pyramidal neurons in the
CA1 stratum radiatum (apical side) is modulated in vivo by
supplement of estrogens in ovariectomized animals [1,3-6]
and androgens in castrated animals [2], both showing
increase/recover of the number of spines. In vitro investiga-
tions have also shown that spine density is increased in the
CA1 stratum radiatum following several days’ treatment of
cultured hippocampal slices with estradiol [7,8].

On the other hand, little is known regarding estrogen
effect on other subregions of CAl pyramidal neurons.
CA1l neurons consist of four regions, i.e., the stratum
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oriens, the cell body, the stratum radiatum, and the stra-
tum lacunosum-moleculare. There is only one report show-
ing that the dendritic spine density of CAl neurons has
been increased in stratum oriens and stratum lacunosum-
moleculare in vivo by supplement of estrogens over 4 days
in ovariectomized rats [1].

In stratum radiatum, Schaffer collaterals, originating
from CA3 pyramidal neurons, project to dendrites of
CALl neurons. In the stratum oriens, recurrent collaterals
project to dendrites of pyramidal neurons, and in the stra-
tum lacunosum-moleculare, neurons from entorhinal cor-
tex project to dendrites of CA1 pyramidal neurons.

In addition to slow effect, we demonstrated that 17f-es-
tradiol rapidly (within 2 h) increased the spine density of
CAIl neurons in the stratum radiatum [9]. Interestingly in
the CA3, estradiol rapidly decreased the density of thorns
of pyramidal neurons in the stratum lucidum [10]. These
results suggest that estradiol-induced modulation of spines
is region specific.

In the present study, we demonstrated the similarity and
difference between the stratum oriens and the stratum
lacunosum-moleculare concerning the rapid (within 2 h)
modulation of density of spines of CAl neurons in acute
hippocampal slices by estradiol.

Materials and methods

Animals. Twelve-week-old adult male Wistar rats were purchased from
Saitama Experimental Animal Supply. Male rats are particularly used in
order to elucidate an essential function of endogenously synthesized
estradiol in the male hippocampus [11]. All experiments using animals in
this study were conducted according to the institutional guidelines.

Chemicals. Lucifer Yellow, 17-estradiol, ICI 182,780, (propyl-pyra-
zole-trinyl)tris-phenol (PPT), (4-hydroxyphenyl)-propionitrile (DPN),
MK-801, cyano-nitroquinoxaline-dione (CNQX), and PD98059 were
purchased from Sigma (USA). Actinomycin D was purchased from Wako
Pure Chemicals (Japan).

Imaging and analysis of dendritic spine morphology. Spine imaging and
analysis with confocal microscopy was performed essentially as described
previously [9,10,12]. Briefly, the brains were removed from rats and placed
in artificial cerebrospinal fluid (ACSF) at 4 °C. The hippocampal slices
were prepared with a vibratome (Dosaka, Japan) with 400 pm thickness.
ACSEF consisted of (mM): 124 NaCl, 5.0 KCl, 1.25 NaH,PO,, 2.0 MgSO,,
2.0 CaCl,, 22 NaHCOs;, and 10 glucose, and was equilibrated with 95%
0,/5% CO,. Hippocampal slices were incubated in ACSF held at 25 °C for
2 h. Slices were then incubated with 0 or 1 nM estradiol or other drugs
such as 50 M MK-801, 20 uM CNQX, 100 nM PPT, 100 nM DPN, or
50 uM PD98059. Slices were prefixed with 4% paraformaldehyde. Neu-
rons within slices were visualized by an injection of Lucifer Yellow under
E600FN microscope (Nikon, Japan) equipped with an infrared camera
C2400-79 H (Hamamatsu Photonics, Japan).

The imaging was performed from sequential z-series scans with MRC-
1024 confocal microscope (Bio-Rad, USA) [12]. For analysis of spines,
three-dimensional images were constructed from approximately 40
sequential z-series sections of neurons scanned every 0.5 um with a 60x oil
immersion lens.

The density of spines was analyzed by tracing neurons with Neurolu-
cida software (MicroBrightField, USA). Spine shapes were classified into
four categories as follows [13]. (1) A mushroom spine, which has a large
distinguishable head and neck. The head diameter (D) is greater than
0.6 um. (2) A thin spine, which has a small distinguishable head and an
elongated spine neck, D < 0.6 um. (3) A filopodium, which is a long fila-
mentous protrusion with no distinguishable head. The total spine length

(L) is much longer than the neck diameter (d). (4) A stubby spine, which
does not have a distinguishable head, has an L value similar to d.

Results

The Lucifer Yellow-injected neurons of the CAl region
were imaged using confocal laser microscopy. Fig. 1 shows
the maximal intensity projections onto XY plane.

We here focus on the stratum oriens (basal side) and
stratum lacunosum-moleculare (apical side) of CA1l neu-
rons for analysis of spinogenesis. Note that, we already
reported the analysis on estradiol-induced rapid spinogen-
esis in stratum radiatum elsewhere [9]. Following a 2-h
treatment with 17B-estradiol, treated dendrites have signif-
icantly more spines than control dendrites (i.e., with no
estradiol). Because a 2-h treatment with 1 nM estradiol
was most effective in spinogenesis from time-dependence
and dose-dependence experiments [9], these incubation
conditions were used in the current investigations unless
specified.
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Fig. 1. Confocal micrographs showing spines along the secondary
dendrites of hippocampal CA1 pyramidal neurons. (Left) A whole image
of Lucifer Yellow-injected CA1 neuron with vertical bar 100 pm. (Right)
Maximal intensity projections onto XY plane from z-series confocal
micrographs, showing spines along the dendrites of CAl pyramidal
neurons. From top to bottom, distribution of spines along the basal
dendrite in stratum oriens (Control and E2), distribution of spines along
the apical dendrite in stratum radiatum (Control), and the distribution of
spines along the apical dendrite in stratum lacunosum-moleculare (Con-
trol and E2), horizontal bar 2 um. Slices were treated in ACSF for 2 h
without drugs (Control) or with 1 nM E2 (E2).
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A 2-h treatment increased the total spine density
from 0.74 spines/um (control, 0 nM estradiol) to 1.01
spines/um (1 nM estradiol) in the stratum oriens (by
1.36 times), and from 0.84 spines/um (control, 0 nM
estradiol) to 1.30 spines/um (1 nM estradiol) in the
stratum  lacunosum-moleculare (by  1.55  times)
(Fig. 2A). PPT at 100nM induced a significant
enhancement of the spine density to 1.04 spines/um
in the stratum oriens, and to 1.26 spines/um in the
stratum lacunosum-moleculare (Fig. 2A). However,
ERPB agonist DPN [14] at 100nM did not increase
the spine density.

Blocking of ERa by 1 uM ICI 182,780 suppressed the
enhancing effect of estradiol on the spine density signifi-
cantly in both the stratum oriens (0.85 spines/um) and
the stratum lacunosum-moleculare (0.70 spines/pm).
Blocking of AMPA receptors by 20 uM CNQX prevented
estradiol enhancing effect completely in the stratum oriens
(0.74 spines/um), but only partially in the stratum lacuno-
sum-moleculare (1.17 spines/um). Blocking of NMDA
receptors by MK-801 prevented estradiol enhancing effect
partially in the stratum oriens (0.89 spines/um), and com-
pletely in the stratum lacunosum-moleculare (0.69 spines/
um). Blocking of phosphorylation of Erk MAP kinase by
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Fig. 2. Changes in the density and morphology of spines upon 2-h treatments of 17B-estradiol (E2) and drugs in hippocampal slices. Spines were analyzed
along the secondary dendrites of pyramidal neurons in the stratum oriens (s.0.) and the stratum lacunosum-moleculare (s.l.m.) of CA1 neurons. (A) Effect
of drug treatments on the total spine density in CA1 neurons. (A1) The stratum oriens and (A2) the stratum lacunosum-moleculare. Vertical axis is the
average number of spines per 1 um. A 2-h treatment in ACSF without drugs (Control), with 1 nM E2 (E2), with 100 nM PPT (PPT), with 100 nM DPN
(DPN), with 1 nM E2 and 1 uM ICI 182,780 (ICI + E2), with 1 nM E2 and 20 pM CNQX (CNQX + E2), with 1 nM E2 and 50 pM MK-801 (MK + E2),
with 1 nM E2 and 50 uM PD98059 (PD + E2), with 1 nM E2 and 4 pM Actinomycin D (Act + E2). (B) Density of four subtypes of spines in (B1) the
stratum oriens and (B2) the stratum lacunosum-moleculare. Vertical axis is the average number of spines per 1 um of dendrite. A 2-h treatment in ACSF
without drugs (Control), with 1 nM E2 (E2), with 100 nM PPT (PPT), with 100 nM DPN (DPN), with 1 nM E2 and 1 uM ICI 182,780 (ICI + E2), with
1 nM E2 and 20 uM CNQX (CNQX + E2), with 1 nM E2 and 50 uM MK-801 (MK -+ E2), with 1 nM E2 and 50 pM PD98059 (PD + E2). In each group,
from left to right, (a) mushroom (black column), (b) thin (dotted column), (c) filopodium (hatched column), and (d) stubby (open column). (C) Four
different spine subtypes are indicated as: mushroom type, thin type, filopodium type, and stubby type. Bar 1 um. In (A) and (B) results are reported as
mean + SEM from N = 4-9 different neurons, and » = 300-1000 total spines were analyzed. The significance of the drug effect was examined using Tukey—
Kramer post hoc multiple comparisons test when one way ANOVA tests yielded *P < 0.05 or **P < 0.01.
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50 uM PD98059 completely prevented the estradiol-in-
duced spinogenesis in both the stratum oriens and the stra-
tum lacunosum-moleculare.

Blocking by Actinomycin D did not have a significant
effect in both s.o. and s.l.m., implying that genomic pro-
cesses do not contribute significantly to the estradiol-in-
duced spinogenesis.

The morphological changes in spines induced by 2-h
drug-treatments were quantitatively assessed (Fig. 2Bl1,
B2, and C). In control slices (0 nM estradiol), the relative
population of spines was approximately 13% and 18% for
mushroom spine, 72% and 73% for thin spine, 1% and
2% for filopodium, and 15% and 8% for stubby spine, in
the stratum oriens and the stratum lacunosum-moleculare,
respectively. Upon estradiol treatment, the density of thin
spine was increased significantly, from 0.53 to 0.71
spines/pm in the stratum oriens, and from 0.61 to 0.90
spines/um in the stratum lacunosum-moleculare (Fig. 2B1
and B2). The density of filopodium was also increased sig-
nificantly upon estradiol treatment, from 0.01 to 0.08
spines/um in the stratum oriens, and from 0.01 to 0.13
spines/um in the stratum lacunosum-moleculare. On the
other hand, the densities of mushroom spine (from 0.09
to 0.07 spines/um in the stratum oriens, and from 0.15 to
0.23 spines/pm in the stratum lacunosum-moleculare) and
stubby spine (from 0.11 to 0.14 spines/um in the stratum
oriens, and from 0.06 to 0.11 spines/um in the stratum
lacunosum-moleculare) were not significantly altered with-
in experimental error (Fig. 2B1 and B2). PPT induced near-
ly an identical change to that obtained by estradiol.
Blocking by PD98059, ICI significantly suppressed the
enhancing effect of estradiol on the density of thin spines
(Fig. 2B1 and B2).

Discussion

Until the current investigations, the stratum oriens and
the stratum lacunosum-moleculare have not been exten-
sively investigated concerning the rapid estradiol effect on
spinogenesis and spine morphology. We selected acute hip-
pocampal slices as most intact in vitro adult neuron net-
works, suitable for investigations of rapid effect of
estradiol, free from indirect effects of estradiol on glutama-
tergic neurons via serotonergic/cholinergic neurons, pro-
jecting to the hippocampus [2,5].

We recently reported that in the CA1 stratum radiatum
the total density of spine having contacts with Schaffer col-
lateral terminals originated from CA3, increased dramati-
cally to 154% upon 2 h application of 1 nM estradiol (see
Fig. 3) [9]. PPT induced the same enhancing effect as estra-
diol on spinogenesis but DPN did not enhance spinogene-
sis. In stratum radiatum this estradiol-induced
enhancement of spinogenesis was suppressed completely
by ICI, MK-801, and PD98059 but only partially by
CNQX. From the morphological investigations, estradiol
treatments selectively increased the density of thin spine
from 0.57 to 0.97 spines/um.
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Fig. 3. Changes in the density and morphology of spines of CAl neurons
in the stratum radiatum upon treatments of 17f-estradiol (E2) and drugs
in hippocampal slices. Effect of drug treatments on the total spine density
in CA1 neurons. Vertical axis is the average number of spines per 1 um. A
2-h treatment in ACSF without drugs (Control), with 1 nM E2 (E2), with
100 nM PPT (PPT), with 100 nM DPN (DPN), with 1 nM E2 and 1 uM
ICI 182,780 (ICI + E2), with 1 nM E2 and 20 pM CNQX (CNQX + E2),
with 1 nM E2 and 50 uM MK-801 (MK + E2), with 1 nM E2 and 50 uM
PD98059 (PD + E2), with 1 nM E2 and 4 uM Actinomycin D (Act + E2).

Our results showed that in all three subregions (the stra-
tum oriens, the stratum radiatum, and the stratum lacuno-
sum-moleculare) of CAIl, the density and the spine
morphology was demonstrated to be significantly affected
by short (2 h) estradiol treatments in adult male hippocam-
pus. The density of thin spines was dramatically increased,
although the density of mushroom and stubby spines was
not significantly altered. This enhancement of the total
spine density by estradiol was nearly the same between
the stratum oriens (1.36-fold), the stratum lacunosum-
moleculare (1.38-fold), and the stratum radiatum (1.54-
fold) (Fig. 3). Such a selective modulation of thin spines
is essential for synaptic plasticity controlled by estradiol.

We demonstrated the rapid effects of estradiol were
mediated by a signal transduction pathway via Erk MAP
kinase, as judged from inhibitor analysis (Fig. 2A). Appli-
cation of PD98059 suppressed the estradiol-induced
increase in the density of spines in all three subregions of
CAl, indicating that the increase was triggered by Erk
MAP kinase pathway. In addition, previously we reported
that in CA3 pyramidal neurons of the adult male rat hippo-
campus, application of PD98059 also suppressed the effect
of estradiol-induced rapid decrease of thorns of thorny exc-
rescences [10].

Blockade by CNQX and MK-801 resulted in different
effects depending on subregions. CNQX did not inhibit
the estradiol-induced increase in the spine density in the
stratum lacunosum-moleculare as well as the stratum rad-
iatum, however, CNQX completely suppressed the increase
in the spine density in the stratum oriens. MK-801 com-
pletely suppressed the increase in the spine density in the
stratum lacunosum-moleculare as well as the stratum rad-
iatum, however, MK-801 only partially suppressed the
increase in the spine density in the stratum oriens. These
results suggest that estradiol-induced spinogenesis requires
spontaneous postsynaptic Ca®" influx via NMDA recep-
tors of the apical dendritic spines (in the stratum lacuno-
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sum-moleculare and the stratum radiatum). On the other
hand, in basal dendritic spines (in the stratum oriens),
estradiol-induced spinogenesis might depend on postsynap-
tic Ca®" influx via different Ca?" channels other than
NMDA receptors, for example, voltage activated calcium
channels which participated in the estradiol-induced
decrease of the density of thorns in the CA3 pyramidal
neurons.

Interestingly, the spine density is not always increased
by the estradiol-treatments. In CA3 pyramidal neurons,
total density of thorns of thorny excrescences (spine-like
postsynaptic structures in CA3), having contacts with
mossy fiber terminals originated from granule cells,
decreased dramatically to approximately 70% [10]. There-
fore, the estradiol-induced spinogenesis is highly region
specific and heterogeneous.

The rapid effects of estradiol are probably mediated by a
signal transduction pathway via postsynaptic ERo as
judged from agonist or antagonist analysis in all regions
of CAl (Figs. 2A and 3). We demonstrated that the
increase in the spine density was suppressed by ICI, ERa
antagonist. In addition, ERa agonist PPT induced the
increase in the spine density, however ER agonist DPN
did not modulate spine density. The significant localization
of ERa in spines was demonstrated in CA1 pyramidal neu-
rons in addition to nuclei using immunogold electron
microscopy and purified ERa antibody, RC-19 [9,10,15].
Because both ERa and Erk MAP kinase were demonstrat-
ed to be present in the postsynaptic density of spines, there-
fore an efficient coupling between these two proteins can
occur at spines [9].

Chronic and genomic effect of estradiol on spinogenesis

In previous observations, a number of in vivo studies have
been performed about the effect of estrogen supplement on
the density of spines of CA1 pyramidal neurons in the stra-
tum radiatum, showing the increase of the density of CAl
spines [16,17]. It should be noted that the mechanisms of
estradiol action may be different between in vivo and in vitro
experiments, because indirect effects of estradiol may also
occur in vivo via cholinergic or serotonergic neurons, project-
ing to the hippocampus, in addition to direct influence of
estradiol on glutamatergic neurons [2,17-20]. In stratum
oriens and stratum lacunosum-moleculare there is only one
report showing that dendritic spine density of CA1 neurons
has been increased in vivo by supplement of estrogens over 4
days in ovariectomized female rats [1]. Note that detailed
investigations with agonists, antagonists, or other inhibitors
have not been performed in in vivo studies.

The current investigations demonstrated that the signal-
ing of estradiol-driving spinogenesis is subregion specific
even within the CAl. Careful attention should be paid to
explain the estradiol-induced spinogenesis of primary cul-
tured hippocampal neurons [7], because dispersed primary
cultures are mixture of CAl, CA3, and dentate gyrus
neurons.

In addition to endocrine-derived hormones, we recently
demonstrated endogenous de novo synthesis of estrogens in
male adult rat hippocampal neurons [11,15,21,22]. These
results imply that hippocampal neurons are exposed to
locally synthesized estradiol which might modulate synap-
tic plasticity rapidly. The observation of synaptic localiza-
tion of ERa in glutamatergic principal neurons is in good
accordance with the rapid modulation on the density of
spines by ERa specific agonist PPT as well as estradiol.
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