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Abstract
Estradiol (E) mediates increased synaptogenesis in the hippocampal CA1 stratum radiatum (sr)
and enhances memory in young and some aged female rats, depending on dose and age. Young
females rats express more estrogen receptor α (ERα) immunolabeling in CA1sr spine synapse
complexes than aged rats and ERα regulation is E sensitive in young but not aged rats. The current
study examined whether estrogen receptor β (ERβ) expression in spine synapse complexes may be
altered by age or E treatment. Young (3–4 months) and aged (22–23 months) female rats were
ovariectomized 7 days prior to implantation of silastic capsules containing either vehicle
(cholesterol) or E (10% in cholesterol) for 2 days. ERβ immunoreactivity (ir) in CA1sr was
quantitatively analyzed using post-embedding electron microscopy. ERβ-ir was more prominent
postsynaptically than presynaptically and both age and E treatment affected its synaptic
distribution. While age decreased the spine synaptic complex localization of ERβ-ir (i.e., within 60
nm of the pre- and post-synaptic membranes), E treatment increased synaptic ERβ in both young
and aged rats. In addition, the E treatment, but not age, increased dendritic shaft labeling. This
data demonstrates that like ERα the levels of ERβ-ir decrease in CA1 axospinous synapses with
age, however, unlike ERα the levels of ERβ-ir increase in these synapses in both young and aged
rats in response to E. This suggests that synaptic ERβ may be a more responsive target to E,
particularly in aged females.

INTRODUCTION
In young rats, elevated levels of estrogens (either in the proestrus phase of the estrous cycle
and with experimental replacement) increase axospinous synapse density on CA1 pyramidal
cells (Gould et al., 1990; Woolley et al., 1990; Woolley and McEwen, 1992, 1993). Parallel
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with changes in spine/synapse densities, estrogen treatment also has been shown to change
levels of synaptic proteins in CA1, CA3 and the dentate gyrus (Brake et al., 2001; Waters et
al., 2009) and activate second messenger pathways (Kelly and Ronnekleiv, 2009). In
contrast, estrogen fails to increase CA1 synapse density in aged female rats (Adams et al.,
2001c), which may be due in part to decreased synaptic ERα-immunoreactivity (ir) in CA1
synaptic profiles in aged rats as well as less down-regulation after estradiol (E) treatment
(Adams et al., 2002). Interestingly, these axospinous synapses do display estrogen-induced
alterations in synaptic glutamatergic N-methyl-D-aspartate (NMDA) receptors (Adams et
al., 2001a; Adams et al., 2004b).

There are two known forms of classical estrogen receptors (ERs), ERα and ERβ, and they
have a high and nearly equal affinity for estrogens (Levin, 2001). In the CNS, genomic
actions of estrogen are mediated through nuclear receptors (McEwen Alves, 1999).
Moreover, rapid, non-genomic actions of estrogen that may be mediated through
extranuclear ERα and/or ERβ (Levin, 2001; McEwen et al., 2001). Electron microscopic
studies have revealed that, like ERα (Milner et al., 2001; Towart et al., 2003), ERβ-ir is
located at extranuclear sites: dendritic spines, axons, terminals, and glia (Milner et al.,
2005). These findings strongly suggest that ERα and ERβ can mediate estrogen’s classical
transcriptional/genomic actions as well as more rapid signaling in the rat hippocampal
formation.

Although ERβ-ir has been analyzed in young and aged animals (Mehra et al., 2005; Milner
et al., 2005), estrogen regulation of the synaptic distribution has not been studied. While the
regulation of spine formation in CA1 pyramidal neurons by E may involve contributions
from both ERβ and ERα, the role of each receptor plays during the decline in estrogen
sensitivity with age is unclear. With increasing age, altered ER distribution would have
important implications for estrogen signaling and hippocampal dependent function. Indeed,
age-related alterations in ERβ distribution may lead to a decreased impact of E on aged
synapses. To address this hypothesis, the subcellular distribution of ERβ-ir in the stratum
radiatum (sr) of the CA1 region of the dorsal hippocampus was analyzed by quantitative
electron microscopy in young and aged female rats that were ovariectomized and treated
with either vehicle (Veh) or E.

RESULTS
Post-embedding immunocytochemistry was performed to quantitatively examine whether
the levels or subcellular distribution of ERβ-ir in the CA1sr of the dorsal hippocampus are
affected by age and/or E. Young and aged female rats were ovariectomized (OVX) for 7
days prior implanting silastic capsules containing either vehicle (Veh; cholesterol) or E
(10% in cholesterol). Two days after the implant, the animals’ brains were perfusion-fixed
with paraformaldehyde and glutaraldehyde and the dorsal hippocampus was embedded in
Lowicryl embedding resin. Sections through CA1sr were cut on an ultratome, collected on
grids and labeled with an antibody to ERβ. Immunoreactivity for ERβ was identified using
gold-conjugated secondary antibodies. The sections then were examined under an electron
microscope and the percentage of axodendritic synapses containing ERβ-ir and the number
of ERβ immunogold particles in pre- and post-synaptic compartments quantified (see details
in Experimental Procedures).

ERβ-ir is prominent in pre- and postsynaptic compartments in all groups
The subcellular distributions of ERβ-ir using post-embedding immunogold methods were
consistent with previous studies using pre-embedding electron microscopic methods (Milner
et al., 2005). Specifically, ERβ-ir was found in axon terminals, dendritic spines (Fig. 1) and
shafts (Fig. 5A) in all groups. Within all groups, the distribution of ERβ-ir was more
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pronounced in the postsynaptic profile as compared to the presynaptic terminal and synaptic
cleft. Moreover, the distribution of ERβ immunogold particles was non-uniform in both pre-
and postsynaptic profiles. In tissue processed in primary antibody that had been preadsorbed
with the antigenic peptide, in the absence of primary antibody or in the presence of non-gold
conjugated IgG secondary antibody, 99% of the gold particles in both pre- and postsynaptic
profiles were removed. Moreover, the gold particles were not limited to any particular
cellular compartment.

Both aging and estrogen, affect the percentage of ERβ-labeled dendritic spines
To determine whether the percent of axospinous synapses that contained ERβ changed with
aging or E treatment, the percentage of ERβ labeled dendritic spines within a 3000 μm2 area
in CA1sr was assessed. Dendritic spines that contained 2 or more immunogold particles
were considered labeled.

ERβ immunogold particles within axospinous synapses were significantly affected by age as
well as E treatment (Fig. 2). Specifically, multiple comparison analysis followed by Tukey-
Kramer post-hoc analysis revealed that the percentage of ERβ-immunoreactive synapses
was significantly elevated in young compared to aged rats (p < 0.02). However, E
significantly affected the percentage of ERβ immunoreactive axospinous synapses in both
young and aged rats (Fig. 2). In particular, the young OVX + E group had 45% more ERβ
immunoreactive synapses then young OVX + Veh group (p < 0.0001). Moreover, the aged
OVX + E group demonstrated 53% more labeled synapses then aged OVX + Veh group (p <
0.0001).

Aging decreases and estrogen treatment increases ERβ-ir within select compartments of
spine synapse complexes

To determine if aging and/or E affected the subcellular distribution of ERβ-ir in the spine
synapse complexes, the distribution of ERβ immunogold particles in dendritic spines and in
terminals presynaptic to dendritic spines was quantitatively analyzed using the Synbin
analysis (Adams et al., 2002; Adams et al., 2004b). The Synbin analysis divides the synapse
into discrete areas for analysis of gold particle distribution (Fig. 3). In dendritic spines,
postsynaptic ERβ immunogold particles were present in all areas including the core of the
spine (Bin 4), near the postsynaptic density (PSD; Bins 1 and 2) and in the synaptic cleft
(Bin 5). In terminals, ERβ immunogold particles were in the cytoplasmic compartment
where they were often affiliated with vesicles (Bin 8) as well as near the synaptic junction
(Bins 6 and 7). In all groups, almost no ERβ-ir was seen in the perisynaptic region (Bin 3) so
this region was excluded from the analysis.

Multiple comparison analysis followed by Tukey-Kramer post-hoc analysis revealed that
ERβ immunogold particles were significantly less in select cellular compartments in aged
OVX animals compared to young OVX animals (Fig. 4). Specifically, aged OVX rats had
significantly fewer ERβ immunogold particles within the 0–30 nm postsynaptic bin (Bin 1; p
= 0.02), in the core of dendritic spines (Bin 4; p = 0.01) and in the cleft (Bin 5; p < 0.03). No
significant differences were detected in the presynaptic bins (Bins 6–8; p > 0.05).

The post-hoc analysis also revealed that E administration altered the subcellular distribution
of ERβ immunogold particles in pre- and postsynaptic profiles in young and aged animals. E
increased ERβ immunogold particle counts in young animals within the 0–30 nm
postsynaptic bin (Bin 1; p < 0.0001), cleft (Bin 5; p < 0.001) and 0–30 nm pre-synaptic bin
(Bin 6; p < 0.0001). There was also a strong trend (p = 0.05) for E to increase ERβ-ir in the
30–60 nm region near the synaptic contact of the presynaptic terminal (Bin 7). A treatment
effect for the aged animals was observed only in the postsynaptic Bins 1 (p < 0.0001) and 2
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(p = 0.02) and in the synaptic cleft (Bin 5; p = 0.0006). Unlike young rats, E did not
significantly increase ERβ–ir presynaptically (Bin 6; p > 0.05).

Estrogen, but not aging, affects ERβ-ir distribution in dendritic shafts
Like dendritic spines, ERβ-ir was detected in dendritic shafts in CA1sr in all groups. Thus,
we determined if aging and/or E treatment affected the distribution of ERβ immunogold
particles in dendritic shafts. Unlike dendritic spines, no significant (p > 0.05) overall effect
of aging was detected in the density of ERβ immunogold particle in the dendritic shafts.
However, like dendritic spines, E increased the density of ERβ immunogold particles in
dendritic shafts in both young and aged animals (Fig. 5B) Multiple comparisons analysis
with a Tukey-Kramer post hoc analysis revealed that OVX + E treated groups were
significantly different from OVX + Veh groups (i.e. treatment effect) for young animals (p <
0.02) and for aged animals (p < 0.01). E increased the number of ERβ immunogold particles
by approximately 50% in OVX + E groups compared to OVX + Veh groups in both young
and aged animals.

Estrogen induces a clustering of ERβ immunogold particles in dendritic profiles
During the above analysis, we noticed that the ERβ immunogold particles in dendritic spines
and dendritic shafts appeared to form clusters in the presence of E. Increased clustering
would suggest a relationship between protein levels and their distribution within the cell.
The clustering of ERβ gold particles in postsynaptic profiles was assessed by using average
distance between gold particles analysis (Elste and Benson, 2006). This analysis revealed
that the average distance between ERβ immunogold particles decreased 79% (p < 0.03) in
young animals and 109% (p < 0.003) in aged animals following E treatment.

DISCUSSION
The present study demonstrates that like ERα the levels of ERβ-ir decrease in CA1
axospinous synapses with age, however, unlike ERα the levels of ERβ-ir increase in these
synapses in both young and aged rats in response to E (Fig. 7). This suggests that synaptic
ERβ may be a more responsive target to E, particularly in aged females.

Dendritic ERβ is affected by estrogen in both young and aged rats
In agreement with our pre-embedding electron microscopic studies (Milner et al., 2005;
Mitterling et al., 2010), ERβ-ir using post-embedding electron microscopic methods was
detected in pre- and post-synaptic compartments in young and aged rat hippocampus. In
CA1sr, synaptic ERβ-ir increased with E treatment in young and aged animals. Although the
percentage of ERβ-labeled synapses was less in the aged animals compared to young
animals, in both groups E treatment increased the number of ERβ immunogold particles.
ERβ immunogold particles were seen in all of the sub-synaptic bins, they were highest in the
postsynaptic compartment of the synapse. In dendritic shafts ERβ immunogold particle
density was increased by E treatment in young and aged animals. Additionally, the average
distance between the ERβ immunogold particles in dendrites decreased with E treatment
resulting in clustering in both young and aged rats. These ERβ clusters may represent
increased expression and/or movement to distal parts of the cell or even translocation of
protein between subcellular compartments (Saneyorshi et al., 2010).

The detection of ERβ-ir in synaptic compartments may facilitate estrogen’s rapid effects on
synaptic plasticity. The presence of ERs along with 125I-E binding in synapses (Milner et al.,
2008) supports a role for E modulation of synaptic transmission and plasticity. Moreover,
the detection of ERβ-ir on the plasma membrane of dendrites may be important in
modulating estrogen-mediated plasticity associated with neuropeptides. For example, opioid
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peptide receptors are found on the plasma membranes of dendritic shafts and are modulated
by estrogen levels (Torres-Reveron et al., 2009). Acute estrogen is reported to affect
learning and memory particularly mnemonic processes and consolidation (Packard and
Teather, 1997; Luine et al., 2003; Rhodes and Frye, 2006), facilitate long term potentiation
(LTP) (Foy et al., 1999; Bi et al., 2000; Kramar et al., 2009), translocate glutamatergic α-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors (Zadran et al.,
2009), and polymerize actin (Kramar et al., 2009; Zadran et al., 2009). The contribution of
ERβ to acute estrogen effects was demonstrated recently for LTP (Liu et al., 2008; Zadran et
al., 2009) and actin polymerization (Zadran et al., 2009). Thus, extranuclear ERβ likely
mediates estrogen’s rapid actions and its persistence during aging represents another
opportunity to explore alterations in estrogen signaling with age.

Estrogens and aging affect ERβ-ir differently than ERα
Like ERα-ir (Adams et al., 2002), ERβ-ir were found in dendritic spine synaptic complexes.
Although the SynBin analysis revealed that both ERα-ir and ERβ-ir had a similar subcellular
distribution, responsiveness of individual bins to E and age differed between the two
receptors. In particular, ERα-ir decreased only in the cytoplasmic portions of dendritic
spines and terminals (e.g., bins 4 and 8) in young rats following E treatment. Additionally,
ERα-ir did not change in aged rats following E treatment. In contrast, ERβ-ir increased in
the regions of the dendritic spines and terminals that were closest to the synapse (i.e., bins 1,
5 and 6) in young rats treated with E. Moreover, E elevated ERβ-ir in synaptic regions the
dendritic spine and synaptic cleft (i.e., bins 1, 2 and 5) in aged rats following E treatment.
These data, support previous studies (Tetel and Pfaff, 2010) suggesting ERα and ERβ have
functionally distinct roles in regulating synaptic function. For example, E may promote a
translocation of ERβ-ir from cytoplasmic pools into the synapse, where ERβ may have an
“active” role in synaptic transmission (Rizzoli and Betz, 2005). In contrast, E elevations
ERα-ir in the presynaptic cytoplasmic pool, where synaptic vesicles reside, may promote
neurotransmitter release (Becker 1990; Adams et al., 2002 ) and reuptake (O-Malley et al.,
1987; Adams 2002).

In aged rats E enhancement of ERβ would increase the ratio of ERβ to ERα. This alteration
in their ratio could contribute to the age-related loss of E induced synapse formation, since it
has been suggested that ERβ may be responsible for inhibiting E-induced synapse formation
(Szymczak et al., 2006). ERβ actions also have been associated with increased levels of the
glutamatergic AMPA receptor subunit GluR2 (Waters et al., 2009), which may increase
calcium impermeability and alter synaptic plasticity. The retention of E sensitive ERβ
regulation with aging concurrent with the loss of ERα protein and regulation supports a
greater role for ERβ affects without ERα opposition in the aging hippocampus.

ERβ and second messenger signaling pathways
Post-synaptic effects of E on ERs are mediated by second messenger signaling pathways.
We have studied two, LIMK and Akt. Both phosphorylated LIMK and Akt are detected
primarily in dendritic spines associated with the synapse and synaptic cleft (Yildirim et al.,
2008; Yildirim et al., 2010). In young rats, both pLIMK and pAkt increase in response to E
treatment. However, only pAkt increases in response to E treatment in aged rats. In mice,
high estrogen levels increase pLIMK and pAkt in the hippocampus of young females
(Spencer et al., 2008). Estrogen actions at a membrane estrogen receptor increases ERK
phosphorylation and enhances memory in young mice (Fernandez et al., 2008). In middle-
aged mice, estrogen mediated phosphorylation of ERK, PI3K and AKT enhances memory
retention but this effect did not occur in aged mice (Fan et al., 2010). These findings suggest
that the altered ERβ and ERα ratio contribute to signaling deficits that may affect memory
and plasticity.

Waters et al. Page 5

Brain Res. Author manuscript; available in PMC 2012 March 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Implications for aging and hippocampal function
Loss of estrogen and processes affected by this loss are defined by a “window of
opportunity” that closes with age and postmenopausal state. The persistence of E sensitive
ERβ regulation in aged animals in both estrogen sensitivity and direction is the first
demonstration of E sensitivity in acyclic animals. ERβ actions may offer an important route
for maintaining steroid homeostasis and altering plasticity in the aged brain. Indeed, ERβ
may be a major target for estrogen therapy in the aging hippocampus.

ERβ is a potential target and mechanism for understanding effects of estrogen in brain
regions and circuits mediating cognitive processes such as memory (Shughrue et al., 1997;
Rissman et al., 2002; Walf et al., 2009; Liu, et al., 2008). Estrogen influences hippocampal-
dependent learning (Sandstrom and Williams, 2001; Korol and Kolo, 2002; Luine et al.,
2003; Sandstrom and Williams, 2004) and is neuroprotective in brain injury, although it
remains unclear which ER is mediating estrogen’s beneficial effects (Dubal et al., 2001;
Miller et al., 2005). ERβ actions may be linked to Alzheimer’s Disease as ERβ disruption
increased neurodegeneration and modulated beta-Amyloid metabolism (Zhang et al., 2004).
With increasing time after estrogen loss, its beneficial effects cannot be simply restored with
E replacement. In addition, the aged brain is fundamentally different from the young brain in
its capacity for synaptic plasticity (Miranda et al., 1999; Adams et al 2001b), and
hippocampal dependent functions (Burke and Barnes, 2010). Decreased levels of ERα and
ERβ in the aged brain suggest that alterations in the receptor retinue along with a decline in
circulating estrogen levels may be involved in loss of E actions.

The relative levels and location of ERα and ERβ in the brain, in particular in the
hippocampal formation, provides a fruitful ground for understanding the effects of estrogens
on neuronal plasticity. ERα and ERβ have been shown to work in a complex, both
complementary and sometimes antagonistic, manner in a number of biological systems
(Lindberg et al., 2003; Monroe et al., 2003). ER partial antagonists also reveal differences in
how ERα and ERβ interact in the regulation of gene expression (Paech et al., 1997) and non-
genomic signaling pathways (Razandi et al., 2004). Moreover, the balance of ERα and ERβ
may determine the outcome of E action. For example, increased ERβ expression in
hippocampal neurons has been related to decreased spine formation (Szymczak et al., 2006)
and ERβ deletion in female mice results in spatial learning deficits (Rissman et al., 2002).
ERα and ERβ are not only present in neuronal compartments at different levels, but they
also change differentially as a result of aging and by E treatment. This implies a changing
balance of ERα and ERβ effects in the aging compared to young brain and suggests that
further research is needed to understand the interactions between steroids and their receptors
particularly in the aging brain.

The onset of alterations in ERs that occur as a result of age and hormone availability are
likely a primary characteristic of the “window of opportunity”. This “window” is a critical
period that occurs during perimenopause and prior to postmenopause where hormone
replacement could be initiated. ERβ targeted therapy for the central nervous systems may
allow for a strategy that benefits the brain without activating untoward effects of estrogen in
other organs.

MATERIALS AND METHODS
Animals

Female Sprague-Dawley rats, including eleven young (3–4 month; 225 grams) and eleven
aged (23–24 month; 350 grams), were obtained from Harlan (Indianapolis, IN) for use in
post-embedding electron microscopic studies. These animals have been used in previous
studies examining the interaction of estrogen replacement and aging on markers of synaptic
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plasticity (Adams et al., 2001a; Adams et al., 2001b; Adams et al., 2002; Adams et al.,
2004b). Animals were housed in a temperature-controlled room (12 hour light/dark cycle;
lights on at 0700) and had food and water available ad libitum. All experiments were
conducted in accordance with Guidelines for the Care and Use of Experimental Animals, by
using protocols approved by the Institutional Animal Care and Use Committee at Mount
Sinai School of Medicine.

Ovariectomy and estrogen replacement
Seven days after bilateral OVX, a silastic capsule (capsule dimensions: inner diameter 1.96
mm; outer diameter 3.18 mm) filled with either 17β-Estradiol (E) (10% in cholesterol) or
cholesterol (Veh) was implanted subcutaneously. Young animals received an implant that
was 1 cm in length and aged animals received an implant that was 2 cm in length. Implant
lengths was adjusted by age to account for differences in body weight, resulting in similar E
levels in both groups of rats (Lauber et al., 1990; Funabashi et al., 1998). Prior to OVX, all
young rats had normal estrous cycles. Aged rats have been previously shown to be acyclic
(i.e., constant estrous or diestrus (Adams et al., 2001a). Effectiveness of the E replacement
was determined by examination of the uterus from each animal at the time of sacrifice.
Regardless of age, the uteri in vehicle treated animals were very small and atrophied, while
uteri from E treated animals were hypertrophied. A similar E replacement paradigm after a
longer-term ovariectomy in aged animals resulted in a similar uterine responses and
circulating E levels were within a physiological range (Adams et al., 2002).

Tissue preparation
Transcardial perfusion under deep anesthesia (30% chloral hydrate, i.p.) was used to collect
brains. Animals were perfused with 2% dextran in 0.1 M phosphate buffer (PB; pH 7.4, 50
ml/min) for 1 min, followed by 4% paraformaldehyde and 0.125% glutaraldehyde in PB for
10–15 min. Post-perfusion, the animals were inspected for the presence of the implant, to
confirm complete removal of ovaries and to assess uterine condition. The brains were
removed and postfixed in the same fixative overnight.

Post-embedding immunogold electron microscopic labeling
Tissue slices (1 mm) were prepared for low temperature embedding as described previously
(van Lookeren Campagne et al., 1991; Adams et al., 2002; Janssen et al., 2005). Briefly,
slices were cryoprotected in increasing concentrations of glycerol (10, 20, and 30%) in PB,
then rapidly submerged in liquid propane cooled by liquid nitrogen (−190°C) in a Universal
Cryofixation System KF80 (Reichert-Jung, Vienna). Next, samples were immersed in 1.5%
uranyl acetate (for en bloc fixation) in anhydrous methanol (−90°C, 24 h) in a
cryosubstitution Automatic Freeze-Substitution System unit (Leica, Vienna) and the
temperature was increased in steps of 4°C/h from −90 to −45°C. After a final wash with
anhydrous methanol, samples were infiltrated with Lowicryl HM20 resin (EMS,
Washington, PA) at −45°C with an increasing ratio of resin to methanol for 1 h each,
followed by pure Lowicryl overnight. UV light (360 nm) was used to induce polymerization
at −45°C for 48 h and finally 24 h at room temperature.

From the dorsal hippocampus of each animal, two blocks (1 mm thick) were randomly
selected and processed for post-embedding immunogold localization of ERβ. An area (150–
200 μm from the cell bodies) in CA1sr was sectioned. Ultrathin sections (75 nm in
thickness) were cut by diamond knife on a Reichert-Jung ultramicrotome and mounted on a
nickel mesh grid. The mesh grids with ultrathin sections for the immunolabeling studies
were treated with a saturated solution of NaOH in absolute ethanol, rinsed, and incubated at
room temperature in 0.1% sodium borohydride and 50 mM glycine and Tris-buffered saline
(TBS) containing 2% human serum albumin (HSA). The primary antibody (1:100; goat
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polyclonal anti-ER-β antibody; L-20; Santa Cruz Biotechnology, Santa Cruz, CA) was
incubated overnight. The next day, grids were washed with TBS and incubated in secondary
gold-tagged (10 nm) rabbit-anti-goat IgG antibody (diluted 1:75, EMS) in TBS containing
2% HSA and polyethyleneglycol 20,000 (5 mg/ml). Sections were washed and dried,
counterstained with 1% uranyl acetate and Reynolds lead citrate. The sections were analyzed
on a JEOL 1200EX electron microscope (JEOL, Tokyo, Japan). Images were captured using
an Advantage charge-coupled device camera (Advanced Microscopy Techniques, Danvers,
MA). For figures, images were prepared in Adobe Photoshop 9.0 to adjust brightness and
contrast and sharpness. These changes did not alter the original content of the raw image.

To assess the degree of non-specific labeling by the anti-ERβ antibody, sections on grids
were processed as described with primary antibody that had been preadsorbed with the
immunogenizing peptide. For this, the primary antibody was diluted 1:100 and incubated
with 10x the concentration of ERβ blocking peptide (sc-6822P, Santa Cruz Biotechnology),
overnight at 4°C. The preadsorbed antibody was then spun at 4K for 5 minutes and the
supernatant was then used as the primary antibody. Sections were also processed in the
absence of primary antibody using the procedure described above. To assess the degree of
nonspecific absorption of the protein-gold complex of the secondary antibody to the tissue,
the secondary antibody was replaced with non-conjugated secondary antibody, at the same
protein concentration.

ERβ antibody
The ERβ antibody used in this study was raised in goat against a peptide (aa 420–480)
mapping near the C terminus of the human ERβ (L-20, sc-6822; Santa Cruz Biotechnology).
This antibody reacts to human, rat and mouse ERβ (Santa Cruz spec. sheet). On Western
blots, this antibody recognizes ERβ1 (~MW 59 kDa) and ERβ2 (~MW 53kD) and does not
cross-react with ERα (Roger et al., 2005). Seminoma cells and platelets which are
immunolabeled using the L-20 antibody also contain ERβ mRNA as determined with
reverse transcriptase polymerase chain reaction (Roger et al., 2001; Alonso-Magdalena et
al., 2008). Preadorption of the L-20 antibody with the immunizing peptide eliminates
labeling in Western blots (Nealen et al., 2001; Royuela et al., 2001) as well as in human
prostate and smooth muscle cells (Royuela et al., 2001; Speir et al., 2000). Additionally,
omission of the L-20 antibody in pancreas, seminoma cells and smooth muscle cells
processed for immunocytochemistry yields no labeling of these tissues (Alonso-Magdalena
et al., 2008; Roger et al., 2005; Speir et al., 2000). The L-20 antibody has been used for light
and electron microscopic examinations of ERβ labeling in the brain (Ishunina et al., 2000;
Ishunina and Swaab, 2001; Milner et al., 2005). In the human supraoptic nucleus, the L-20
antibody yields an identical labeling pattern as that seen with the N-terminus antibody to
ERβ (sc-6821, Santa Cruz Biotechnology) (Ishunina et al., 2000). In the rat hippocampus,
L20 labeling exhibits similar labeling patterns at the ultrastructural level as three other ERβ
antibodies (Merck 485; Zymed Z8P and Santa Cruz sc-6821) (Milner et al., 2005). In
particular, all four antibodies label dendritic spines and terminals in a similar pattern when
viewed under the electron microscope. In addition, the L-20 and Zymed Z8P antibodies
labeled the same synaptic compartments in dual label colocalization studies (see
supplemental data). In estrogen receptor beta knock out mice, no labeling is detected with
the Z8P antibody (Snyder et al., 2010). Although the immunogenic peptide used to generate
the L-20 antibody was selected to uniquely recognize ERβ, the possibility remains that it
recognizes other proteins with similar structures, particularly other ERβ isoforms or estrogen
binding proteins (Snyder et al., 2010).
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Analysis of percentage of axospinous synapses labeled for ERβ
The analyses were performed by an experimenter “blind” to age and E treatment. In each
block, a region of sr that was greater than 50 μm away from the pyramidal cell layer was
randomly selected at low magnification (600x). The magnification was then increased to
7,500 and photographs were taken of the at least 150 synapses. An ERβ immunoreactive
synapse was identified as containing two or more gold particles per pre- or postsynaptic
profile (i.e., in the axon terminal, synaptic cleft, postsynaptic density, or spine head) (Adams
et al., 2002; Adams et al., 2004a, 2004b).

Sub-Synaptic distribution of ERβ
The density and distribution of immunogold particles in the various synaptic compartments
was analyzed using SYNBIN software (Adams et al., 2002; Adams et al., 2004b). This
software employs the proximity to membranes principles established by Ruud and Blackstad
(Ruud and Blackstad, 1999) where the position of each immunogold particle is determined
in relation to pre- and postsynaptic membranes and structures. This allows each gold particle
to be assigned to a bin, whose size and synaptic location was predetermined. Bin sizes are
based on both the lateral resolution of the electron microscopy techniques and the optimal
separation of synaptic and non-synaptic pools of receptors. This procedure generates a
synaptic map of immunogold particles that accurately reflects both gold particle density and
distribution in the synaptic complex. An average of 40 randomly chosen spines per animal
were collected at a magnification of 40,000 and analyzed. The final analysis excluded any
synapses that lacked clearly defined synaptic structures such as pre-and postsynaptic
membranes, a synaptic cleft, and a postsynaptic density.

For this analysis bin width was set at 30 nm, which assures high resolution yet encompasses
the theoretical limit of resolution of the immunogold particles (i.e., 25 nm). For each
synapse, eight bins were established (Fig. 3). Postsynaptic bins defined included, [Bin 1] 0–
30 nm from the inner leaflet of the postsynaptic membrane, [Bin 2] 30–60 nm from the
postsynaptic membrane, [Bin 3] 15 nm lateral to both of the postsynaptic bins, [Bin 4] a
cytoplasmic bin that included gold particles >60 nm from the postsynaptic membrane, and
[Bin 5] comprised the synaptic cleft. Three presynaptic bins were established, [Bin 6] 0–30
nm from the inner border of the presynaptic membrane, [Bin 7] 30–60 nm from the inner
border of the presynaptic membrane, and [Bin 8] >60 nm from the presynaptic membrane.
With this layout, gold particles within the 0–30 nm of the synaptic membranes are
unquestionably synaptic in location. All other postsynaptic bins then include the particles
representing non-synaptic pools of ER-β-ir. Lateral bins established a “buffer zone” at the
edges of the synapse (i.e., within 15 nm) to account for gold particles that might be labeling
proteins associated with the postsynaptic density. When analyzed, gold particles in these
lateral bins (Bin 3) were so insignificant that they were not included in this study.

Dendritic shaft analysis of ERβ
Density analysis of dendritic shafts was limited to primary dendrites or those with a
minimum 2500 nm width. A minimum of 50 images was collected with an average of 10
dendrites per animal were analyzed. Dendritic images were captured at 30,000 magnification
to give an area of 2 μm2 for each image, with a minimum total area of 100 μm2 analyzed per
animal. Immunogold particles were mapped on dendrite tracings using Neurolucida 6.0
(MicroBrightField, Williston, VT) and the distances between gold particles were measured
using NeuroExplorer 6.0 (MicroBrightField).

The average distance between markers analysis was performed for ERβ immunogold
particles in dendrites. Using NeuroExplorer 6.0, the average distance between every pair of
gold particles was computed. The average distance between markers analysis is useful in
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understanding the distribution of markers in a population or an area (Elste and Benson,
2006).

Statistical analysis
Statistical analyses were performed using StatView 5.0 (Abacus Concepts, Inc., Berkeley,
CA). Group differences in percentage of labeled synapses and number of gold particles per
synaptic compartment were evaluated between young ovariectomized Veh- and E-treated
animals, as well as aged OVX Veh- and E-treated rats by two-way analysis of variance
(ANOVA). Each bin was also compared with two-way ANOVA, and post-hoc comparisons
were made by Tukey-Kramer adjustments. Significance was set at p < 0.05. All values are
given as means ± SEM.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Representative electron micrographs show the distribution of ERβ immunogold particles
(black puncta) in the CA1 stratum radiatum of young OVX + Veh (A), young OVX + E (B),
aged OVX + Veh (C) and aged OVX + E (D) rats. t, terminal; sp, dendritic spine. Bar, 100
nm
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Fig. 2.
The overall percentage of ERβ immunoreactive axospinous synapses labeled dendritic
spines is not affected by age but is significantly increased following E-replacement in both
young and aged OVX rats. N = number of animals. * p < 0.02
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Fig. 3.
Schematic drawing showing a pre- and postsynaptic profile with the eight Bin divisions used
in the EM analysis.
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Fig. 4.
Both age and estrogen altered the subcellular distribution of ERβ immunogold particles in
pre- and postsynaptic profiles in the CA1sr region. A. In young OVX rats, E administration
significantly increased ERβ-ir presynaptically (Bin 6) and postsynaptically (Bin 1) and in
the synaptic cleft (Bin 5). B. In aged OVX rats, E administration significantly increased
ERβ-ir only in Bins 1 and 8. Moreover, E administration to aged OVX significantly
decreased ERβ-ir in Bin 4. * p < 0.05
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Fig. 5.
The overall numbers of ERβ immunogold particles in dendrites are not significantly
different in aged rats compared to young rats. A. Clusters of ERβ immunogold particles are
visible in dendrites in the CA1sr. B. ERβ immunogold particles are significantly increased
following E-replacement in both young and aged rats. * p < 0.02
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Fig. 6.
The average distance between ERβ immunogold particles in postsynaptic profiles (dendritic
spines, Bins 1 – 4) significantly increased following E administration in both young and
aged rats. * p < 0.02
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Fig. 7.
Schematic diagram depicting the effects of E administration on the levels and subcellular
distribution of ERβ immunogold particles in spine synapse complexes in young and aged
rats. ERβ-ir was detected in pre- and postsynaptic compartments of asymmetric synapses in
the CA1sr in young and aged females. Although synapses contained fewer ERβ immunogold
particles in aged females compared to young females, in both groups E treatment increased
synaptic ERβ-ir.
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