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Abstract
In rat hippocampus, estrogen receptor-alpha (ER-α) can initiate non-genomic signaling
mechanisms that modulate synaptic plasticity in response to either circulating or locally
synthesized estradiol (E). Here we report quantitative electron microscopic data demonstrating that
ER-α is present within excitatory synapses in dorsolateral prefrontal cortex (dlPFC) of young and
aged ovariectomized female rhesus monkeys with and without E treatment. There were no
treatment or age effects on the percentage of excitatory synapses containing ER-α, nor were there
any group differences in distribution of ER-α within the synapse. However, the mean size of
synapses containing ER-α was larger than unlabeled excitatory synapses. All monkeys were tested
on delayed response (DR), a cognitive test of working memory that requires dlPFC. In young
ovariectomized monkeys without E treatment, presynaptic ER-α correlated with DR accuracy
across memory delays. In aged monkeys that received E treatment, ER-α within the postsynaptic
density (30–60 nm from the synaptic membrane) positively correlated with DR performance.
Thus, while the lack of group effects suggests that ER-α is primarily in synapses that are stable
across age and treatment, synaptic abundance of ER-α is correlated with individual performance in
two key age/treatment groups. These data have important implications for individual differences in
the cognitive outcome among menopausal women and promote a focus on cortical estrogen
receptors for therapeutic efficacy with respect to cognition.
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Introduction
In recent years, studies of rodent hippocampus have highlighted the importance of the
estrogen receptors, particularly ER-α, as mediators of synaptic plasticity (Spencer et al.,
2008; Brinton, 2009). ER-α has been localized within synapses in rodent hippocampus
(Milner et al., 2001; Adams et al., 2002; Ledoux et al., 2009), where it likely directly
impacts synaptic function without requiring the traditional genomic actions of estrogen
receptors. It appears that ER-α can modulate synaptic function and behavior even in the
absence of circulating gonadal estradiol, in response to estradiol synthesized within neurons
(Hojo et al., 2004; Rune and Frotscher, 2005; Hojo et al., 2008). While ER-α has been
directly implicated in hippocampus-dependent cognitive performance (Foster et al., 2008),
other ERs such as ER-beta; and GPR30 may also contribute (Liu et al., 2008; Spencer et al.,
2008; Brinton, 2009)

Animal models have demonstrated mostly neuroprotective actions of estradiol (Spencer et
al., 2008; Frick, 2009), while a few have shown neurodamaging effects in ischemic stroke
models (Selvamani and Sohrabji, 2010). Human studies have been less consistent, perhaps
due to variability in the timing and formulations of treatments relative to menopause
(Sherwin and Henry, 2008; Maki and Sundermann, 2009). Recent analyses of the effects of
estradiol (E) treatment on aged nonhuman primates (NHPs) have extended the relevance of
animal studies to menopause and cognitive aging in women (Rapp et al., 2003; Hao et al.,
2006; Morrison et al., 2006; Hao et al., 2007; Voytko et al., 2009). The NHP studies have
been particularly important in demonstrating that dlPFC is a key target of E, which did not
emerge from the rodent studies yet is highly relevant to humans where PFC and related
functions also appear to be particularly sensitive to E (Joffe et al., 2006; Brann et al., 2007).
We previously reported two key observations using delayed response (DR), a task that is
particularly sensitive to age-related decline and that requires area 46 of the dlPFC (Gallagher
and Rapp, 1997) : 1) Young ovariectomized (OVX) rhesus monkeys perform equally well
whether administered E or vehicle (V), and 2) aged OVX animals with E perform similar to
young adults with or without E, whereas OVX vehicle-treated aged animals display
significant DR impairment (Rapp et al., 2003). Reconstructions of pyramidal neurons in area
46 showed that E increased the density of small, thin spines in both young and aged
monkeys (Hao et al., 2007). However, this effect of E occurred against a background of age-
related loss of small, thin spines, such that the density of this spine class was especially
impoverished in aged V monkeys (Hao et al., 2007). Given the importance of synaptic ER-α
with respect to E effects in rodent hippocampus, we investigated 1) whether it was present in
dlPFC synapses, 2) the potential effects of age and E on its distribution, and 3) the potential
links between synaptic ER-α and cognitive performance in the same monkeys used for the
studies described above.

Materials and Methods
Animals and hormonal screening

Twelve young adult (age range, 9 years ± 7 months) and fourteen aged (age range, 22 years
± 7 months) female rhesus monkeys (Macaca mulatta) were used in this study. The same
monkeys were subjects in our previous investigation of cognitive performance and neuronal
morphometric analyses (Rapp et al., 2003; Hao et al., 2006; Hao et al., 2007). All monkeys
were singly housed in colonies of approximately 40 individuals (water and monkey chow
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were provided in excess of nutritional needs) at the California National Primate Research
Center, University of California, Davis, CA. Animals underwent tests of cognitive function
prior to perfusion, including DR. The aged females in these studies were generally pre- or
perimenopausal (Gilardi et al., 1997) prior to surgical OVX. All experiments were
conducted in compliance with the National Institutes of Health Guidelines for the Care and
Use of Experimental Animals and approved by the Institutional Animal Care and Use
Committee at the University of California, Davis.

Ovariectomy and estradiol cypionate replacement
All animals received bilateral OVX and were randomly assigned to age-matched OVX+V
and OVX+E groups. After an average post-OVX interval of 30 ± 1.7 weeks (mean ± SEM),
half of the monkeys in each age group received 100 μg of estradiol cypionate regardless of
weight (100 μg/ml of sterile peanut oil, i.m.; Pharmacia, Peapack, NJ) in a single injection
every 3 weeks. OVX+V age-matched monkeys were provided an equivalent volume (i.e., 1
ml) of V injection according to the same schedule. Treatment extended over 2–3 years of
behavioral testing. E and V injections were coded and administered in a blinded manner
until all experiments were completed, with the blind codes retained through all microscopic
analyses. Serum E values and urine levels of E metabolites were measured at multiple time
points. As published previously for the same animals as those examined here (Rapp et al.,
2003; Shideler et al., 2003; Hao et al., 2007), OVX reduced serum and urinary E to
approximately zero. Estradiol cypionate injection provided every 21 d in treated monkeys
(group OVX+E) produced a rapid rise in circulating E compared with V-treated animals
(group OVX+V), which peaked within 24 h at levels comparable with preovulatory values
in intact females, followed by decline to baseline over the next several days. Behavioral
testing and endocrine treatments were continued up to the time of perfusion.

Perfusion and tissue processing
Perfusion and dissection—All animals were perfused 24 h after the last E or V
treatment. They were anesthetized with ketamine hydrochloride (25 mg/kg) and
pentobarbital sodium (20–35 mg/kg, i.v.), and perfused as described previously (Hao et al.,
2007). The brain was subsequently removed from the skull and dissected, including the
entire region comprising the principal sulcus (Brodmann’s area 46) in the frontal block. The
frontal block was postfixed for 6 h at 4°C in 4% paraformaldehyde and 0.125%
glutaraldehyde in phosphate buffered saline (PBS) and then cut serially on a vibratome.
Series of 1.3 mm thickness of sections, which contained two 400 μm thick and ten 50 μm
thick sections, throughout area 46 were collected for electron microscopy with intervening
sections used for immunohistochemistry and intracellular injections of Lucifer yellow (Hao
et al., 2007).

Postembedding immunogold—Freeze substitution and low-temperature embedding of
the specimens was performed as described previously (Adams et al., 2001; Adams et al.,
2002; Yildirim et al., 2008), modified from previous reports (van Lookeren Campagne et al.,
1991; Hjelle et al., 1994; Chaudhry et al., 1995). Ultrathin sections from layer III of area 46
were cut by a diamond knife on a Reichert-Jung ultramicrotome and mounted on nickel 300
hexagon mesh grids (Electron Microscopy Sciences, Fort Washington, PA) for immunogold
analysis, as performed in our laboratory previously (Adams et al., 2001; Adams et al., 2002;
Adams et al., 2004; Park et al., 2008). The mesh grids with ultrathin sections for
immunolabeling studies were treated with: 0.1% sodium borohydride and 50 mM glycine,
washed with 0.3% saline/0.005 M Tris (TBS) and then incubated in TBS containing 2%
human serum albumin at room temperature for 30 minutes. Sections were incubated with
primary antibody against ER-α (Santa Cruz HC20, dilution 1:800) overnight, washed, and
incubated in secondary gold tagged (10 nm) antibody (Electron Microscopy Sciences, Fort
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Washington, PA, USA) in TBS with 2% human serum albumin and polyethyleneglycol
(20,000 Da; 5 mg/ml). Sections were washed and dried, counterstained with 1% uranyl
acetate, and viewed on a Jeol (Tokyo, Japan) 1200EX electron microscope. Images were
captured using the Advantage CCD camera (Advanced Microscopy Techniques
Corporation, Danvers, MA). Control experiments were performed in which the primary
antibody was omitted, or co-incubated with a blocking peptide, and no immunogold labeling
was observed in either case.

Quantitative EM analyses
Analysis of percentage of axospinous synapses labeled for ER-α—For each
monkey, 10 micrographs from each of 10 gridded hexagons were taken at 7500× (total of
100 micrographs). The first hexagon (area=8740 μm2) was chosen randomly from the mesh
grid. Non-overlapping images were taken systematically starting at one point and
progressing clockwise within the hexagon until 10 images were captured. Ninety
micrographs from subsequent 9 hexagons were captured similarly. Although some hexagons
were adjacent to one another, they were separated by at least 25 μm (grid bar width). This
imaging method assured a collection of a representative sample of a vast area of PFC area
46. All images contained two or more axospinous synapses, structures that have been shown
to be most vulnerable to the effects of age and ovariectomy (Hao et al., 2007). Any synaptic
profile that contained at least two gold particles in the pre- or postsynaptic region (i.e., in the
terminal, synaptic cleft, postsynaptic density, or spine head) was considered positive for ER-
α. There were 250–400 synapses examined per animal in the analysis. All axospinous
synapses fell into one of four categories: 1) gold labeled perforated synapses; 2) unlabeled
perforated synapses; 3) gold labeled non-perforated synapses; and 4) unlabeled non-
perforated synapses. Perforated synapses were defined by the presence of a discontinuity in
the PSD. Analyses of perforated synapses based on single sections results in a significant
underestimation because approximately only half of perforated synapses appear non-
perforated when examining only one section (data not shown). However, PFC perforated
synapse counts based on single sections versus serial sections show a significant correlation
(Pearson r=0.948; p=0.000029). Thus, this underestimation applies across all animals and is
unlikely to bias the outcome of group comparisons or correlations.

Synaptic bin analysis of ER-α—The immunogold particle density and distribution was
analyzed using software developed in our laboratory (SynBin; (Adams et al., 2001), based
on principles regarding proximity to membranes articulated by Ottersen, Blackstad, and
colleagues (Blackstad et al., 1990; Ruud and Blackstad, 1999). Bin sizes and targeted
synaptic domains were established prospectively, with the bins generally established in
reference to the pre- and postsynaptic membranes associated with the synapse (described
below). The program analyzes the resulting data map and then assigns each gold particle to a
given bin. It also recorded the PSD length of each synapse. We also measured PSDs of
unlabeled synapses using Photoshop and calibrated the measurements according to the same
scale used in the SynBin program. A detailed analysis of gold particle distribution was
conducted for 50 randomly chosen axospinous synapses per animal. Only synapses with
clearly delineated classic synaptic structures, such as presynaptic and postsynaptic
membranes, synaptic vesicles, a synaptic cleft, and postsynaptic density (PSD), were used
for quantitative analysis. Thirty nanometers (nm) was chosen for the bin width because it
assures high resolution well within the theoretical resolving power of EM (i.e., 25 nm). For
this analysis, presynaptic labeling was not broken down into finer bins, but post-synaptic
labeling was separated into: (1) two PSD bins, the first one 0–30 nm from the inner leaflet of
the postsynaptic membrane and the second 30–60 nm from the postsynaptic membrane; (2)
side bins that were 15 nm lateral to both of the PSD bins; (3) the synaptic cleft; and (4) a
cytoplasmic bin that included gold particles >60 nm from the postsynaptic membrane (i.e.,
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the spine core). Particles within the 0–30 nm domain are highly likely to be anchored to the
synapse, whereas particles 30–60 nm from the membrane are more likely to be involved
with secondary signaling molecules (Spencer et al., 2008).

Statistical analysis—Statistical analyses were performed using SPSS 11.0 (SPSS Inc.,
Chicago, IL). Potential age and treatment effects on the percentage of labeled synapses and
number of gold particles per synaptic compartment were evaluated by two-way analysis of
variance (ANOVA). To determine if the ER-α labeling is preferentially localized to
synapses of a specific size, the cumulative frequency distribution of labeled and unlabeled
PSD lengths were compared using the Kolmogorov-Smirnov test. Pearson correlations were
computed to determine the relationships between ER-α labeling and cognitive performance,
and a significance value of 0.0125 was adopted for these analyses to correct for multiple
comparisons (4 comparisons per analysis).

Results
The pattern of postembedding immunogold labeling of ER-α in area 46 of female rhesus
monkeys was qualitatively similar to previous observations in rat hippocampus (Adams et
al., 2002). The majority of gold particles were distributed in axon terminals, typically
associated with synaptic vesicles. In the postsynaptic spine, gold particles were occasionally
observed within the PSD but more often adjacent to the PSD or within the core of the spine
head (Fig.1A). We determined the percentage of synapses that contained ER-α in layer III of
area 46 in all four groups. Approximately 50% of axospinous synapses were labeled for ER-
α in both young and aged monkeys, with or without E (Fig. 1B). Approximately 57 % of
labeled axospinous synapses (50 synapses per animal) had ER-α located in both post- and
pre-synaptic regions as shown in Figure 1. Approximately 28% of sampled axospinous
synapses had ER-α located only in presynaptic terminals. About 15% of sampled synapses
had ER-α located only in post-synaptic compartments. Two-way ANOVA showed that there
was no difference across age and treatment groups in percent labeling for ER-α (P>0.05)
(Fig.1B). This is in striking contrast to rat CA1, where we previously documented a robust
age-related loss of synaptic ER-α (Adams et al., 2002). In general, ER-α labeled synapses
were larger than non-labeled synapses, regardless of age or treatment. PSD length for ER-α
containing synapses averaged (±S.E.M.) 344.65±5.25 nm, whereas for non ER-α containing
synapses the average PSD length was 302.89±6.73. (Fig.1C). Kolmogorov-Smirnov test
indicated that the cumulative frequency distributions of PSD length were significantly
different between ER-α-labeled and unlabeled axospinous synapses (p= 5.95×10−8) (Fig.
1D). Furthermore, a two-way ANOVA of perforated synapses showed significant age
(p=0.009) and treatment (p=0.016) effects such that aged monkeys had a higher percentage
of perforated synapses than young monkeys, and E-treated monkeys had a lower percentage
than V-treated (Fig 1E). We do not interpret this as a direct effect of age and estradiol
treatment on the number of perforated synapses, but rather a reflection of a relative shift in
the percentage of total axospinous synapses that are perforated due to the loss of small
spines with age and the induction of small spines with estradiol treatment (Hao et al., 2007).
Perforated synapses are limited to large mushroom spines, which our previous study
demonstrated to be relatively stable with respect to age and estradiol treatment.

We then quantified the spatial distribution of ER-α to determine the relative representation
in presynaptic terminals as compared to postsynaptic spines, as well as within specific
postsynaptic domains. This analysis demonstrated that ER-α is distributed widely
throughout multiple compartments, with twice as many gold particles in the presynaptic
terminals as compared to the postsynaptic domains in all groups. We observed no difference
in ER-α distribution in any compartment of the synapse as a function of age or treatment
(p>0.05; data not shown), revealing a remarkable level of stability across groups.
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We then determined whether synaptic ER-α correlated with acquisition or retention on DR
across monkeys. There were no significant correlations between DR acquisition (number of
trials to learn the task with 0 or 1 second delay) and percentage of ER-α labeled synapses or
number of gold particles per synaptic compartment within any of the groups. We then
examined the relationship between DR accuracy across increasingly challenging retention
intervals and ER-α labeling. The percentage of ER-α labeled synapses in layer III of area 46
had no significant correlation with DR performance (average accuracy across all delay
intervals) when all animals were included. However, there was a positive correlation with
DR performance in young OVX+V animals that we view as a strong trend since it failed to
reach the p value required for multiple comparisons (Pearson correlation; r=0.83, p=0.021),
whereas this correlation in the aged OVX+V animals was not significant (Pearson
correlation; r=0.735, p=0.060) (Fig. 2A). There were no correlations between DR
performance and the percentage of perforated AS within any of the four groups (p>0.05).
There were also no correlations between DR performance and the proportion of unlabeled
perforated AS within any of the groups (p>0.05). However, the percentage of perforated
synapses that contained ER-α was highly correlated with DR performance in the young
OVX+V group (Pearson correlation; r= 0.824, p=0.005).

Given that ER-α is present both pre- and postsynaptically, we refined the regression analyses
to investigate whether pre- or postsynaptic ER-α was driving this correlation. The total
amount of presynaptic ER-α labeling was strongly coupled with average DR accuracy in the
young OVX+V group (Pearson correlation; r=0.912, p=0.004, Fig 3A). None of the other
groups demonstrated a correlation between presynaptic ER-α and DR accuracy (p>0.05). In
contrast, a striking correlation emerged between DR performance and ER-α in the
postsynaptic domain internal to the PSD (i.e., 30–60 nm from the synaptic membrane) that
was only present in the aged OVX+E group (Fig. 3B, Pearson correlation; r=0.912,
p=0.004).

Discussion
Stability of ER-α abundance and distribution in dlPFC regardless of age or treatment

This is the first report demonstrating that ER-α is present in axospinous synapses in area 46
of monkey neocortex. Approximately 50% of the axospinous synapses contained ER-α, with
axon terminals more likely to contain ER-α than spines. Presynaptic ER-α was often
associated with vesicles, whereas postsynaptic ER-α was widely distributed in the PSD,
adjacent to the PSD, and in the spine core. Importantly, there were no age or treatment group
effects on either the percentage of synapses labeled for ER-α or its distribution within the
synapse. This stability contrasts with rat CA1, where E induced a synaptic redistribution of
ER-α in young OVX females, and aged females displayed a dramatic loss of synaptic ER-α
(Adams et al., 2002). While initially puzzling, the comparison of synapse size (i.e., PSD
length) in labeled and unlabeled axospinous synapses revealed that this observation is
consistent with our previous conclusions in monkey regarding the relative vulnerability of
spines/synapses based on size. In this study, we found that the PSDs in axospinous synapses
containing ER-α are significantly larger than unlabeled synapses. PSD length is highly
correlated with spine size (Harris and Stevens, 1989), suggesting that ER-α is preferentially
localized in relatively large spines. In a previous study in these same animals we
demonstrated that small spines are selectively vulnerable to aging and restored by E in layer
3 of area 46 (Hao et al., 2007). Thus, the lack of age and treatment effects on ER-α labeled
synapses is entirely consistent with our previous spine analyses, since age and treatment
effects observed earlier in these same animals were limited to small spines in area 46. We
conclude that ER-α is preferentially present in the class of axospinous synapses that is
structurally stable regardless of age or E levels, i.e., larger spines/synapses. ER-α also might
stabilize existing small spines or play a role in spine maturation rather than spinogenesis.
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This conclusion is supported from data on perforated synapses, which are among the largest
axospinous synapses. The relative percentage of total axospinous synapses that are
perforated is increased with aging and decreased with E. We do not interpret this as a direct
effect on the highly stable perforated synapses, but more as a reflection of age-related loss of
small spines and an E-induced increase in small spines that lead to a shift in the relative
representation of perforated synapses in the total population of axospinous synapses. In
addition, ER-α is quite abundant in perforated synapses, and as discussed below, correlated
with individual variability in DR performance. Given these findings, the observed
relationship between DR performance and synaptic ER-α in young OVX+V animals (see
below) is likely unrelated to E-induced spinogenesis, but rather involves the modulation of
existing, stable axospinous synapses.

Correlation between cognitive performance and the abundance of synaptic ER-α
While our results demonstrated compelling correlations between synaptic representation of
ER-α in area 46 of monkey dlPFC and individual performance on DR, this association only
appears in specific groups. The percentage of ER-α-labeled non-perforated axospinous
synapses showed a trend toward correlation with performance on DR in the Young OVX+V
group. However, labeled perforated synapses correlated strongly with performance on DR in
this group, whereas the percentage of total perforated synapses or unlabeled perforated
synapses bore no correlation with performance, reinforcing the importance of ER-α in this
subclass of synapses with respect to cognitive performance. No correlations between percent
labeled and cognitive performance emerged in any of the other three age/treatment groups.
When the analysis was refined and restricted to pre- or postsynaptic labeling for ER-α, a
strong correlation emerged between the abundance of presynaptic ER-α and DR
performance in the same young OVX+V group. A similar correlation between synaptic ER-
α and cognitive performance was also present for aged OVX+E monkeys, however, for this
group, the correlation was with postsynaptic levels within a specific domain (30–60 nm
from synaptic membrane). In addition, while scores for the memory components of DR
correlated with these synaptic indices, task acquisition was not coupled with any measure of
synaptic ER-α.

While it is important to bear in mind that such correlations are not causal, the synapse/
behavior correlations in young OVX+V monkeys are particularly interesting given that
young OVX+V monkeys perform as well on DR as those with E, whereas this was not the
case with aged OVX monkeys (Hao et al., 2007). Our previous morphologic studies of spine
number and size in these same animals highlighted the importance of E-induced small,
highly plastic spines for preserved cognitive function during aging. The current data suggest
that performance in young OVX +V monkey may partially rely on a mechanism other than
spinogenesis. Perforated synapses are perhaps the largest and most stable of axospinous
synapses (Ganeshina et al., 2004). They clearly represent a very different class of spines
from the small thin spines induced by E in our previous analyses (Hao et al., 2007). One of
the strongest predictors of individual cognitive performance that emerged from this study
was the percentage of perforated synapses with ER-α in area 46. Specifically, the percentage
of perforated synapses containing ER-α varied from 35% to 80% in young OVX+V
monkeys, and the correlation coefficient for this synaptic index and DR performance was
0.82. Our current hypothesis is that in the absence of circulating E, mechanisms that enhance
cognitive performance may operate largely independent of the formation of new synapses
and support memory through existing, stable, large axospinous synapses. In addition, the
contribution of these ER-α-positive synapses to cognitive performance does not require
circulating E as administered with our treatment. While our data do not reveal the
underlying mechanism(s) for such effects, several possibilities come to mind. It is
conceivable that the synaptic pool of ER-α in young monkeys is activated primarily by
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intraneuronal E (Rune and Frotscher, 2005), a source that may be increased following OVX
(Galmiche et al., 2006). Alternatively, circulating adrenal steroids such as
dehydroepiandrosterone (DHEA) may be converted to E (Lasley et al., 2002; MacLusky et
al., 2004; Labrie, 2010) which could activate synaptic ER-α. DHEA is particularly relevant
in this regard, since it is readily converted to E and it has been proposed that E synthesized
from DHEA may serve as a significant source of E in the absence of gonadal E (MacLusky
et al., 2004; Labrie, 2010). It is also possible that E synthesized in adipose tissue contributes
sufficiently since it is a potential source of E in women after menopause (Hemsell et al.,
1974; Bulun et al., 1994), though it seems unlikely that this source would generate sufficient
levels of E. There is a fourth possibility that involves epidermal growth factor-mediated
activation of the mitogen-activated protein kinase pathway, which results in estrogen
receptor phosphorylation and activation without a ligand (Kato et al., 1995; Bunone et al.,
1996). In contrast, aged OVX monkeys are more reliant on circulating E to sustain cognitive
function, consistent with the finding that the abundance of postsynaptic ER-α correlates with
DR performance among aged OVX+E monkeys. The postsynaptic domain 30–60 nm from
the synaptic membrane is of particular importance since ER-α in this location is ideally
suited to link synaptic receptor activity to signaling cascades involved with spine/synapse
formation (Spencer et al., 2008). Finally, it will be important to pursue other ERs at the
ultrastructural level in monkey area 46, such as ERbeta;, which has been shown to induce
spines and improve cognition in a rodent model (Liu et al., 2008) and/or GPR30, which
mediates E effects through G-protein coupled signaling (Prossnitz et al., 2008). These
receptors may be more appropriately positioned to mediate spinogenesis in area 46 than ER-
α.

Individual variation in synaptic ER-α and implication for hormone therapy
These correlations between synaptic ER-α and cognitive performance have important
implications for therapeutic strategies for both surgically menopausal young women and
women who are in the menopausal transition. There is considerable variability among
women with respect to perimenopausal symptoms, and symptom onset does not correlate
well with circulating E levels (Skurnick et al., 2009). In addition, the effectiveness of
hormone therapy is now thought to depend on the formulation and timing of administration
(Maki, 2006; Sherwin, 2006; Sherwin and Henry, 2008; Maki and Sundermann, 2009). Our
data suggest that individual variation in levels of synaptic ER-α might be partially
responsible for the variability in the cognitive response to menopause and hormone therapy
in women. In addition, targeting brain ER-α through synthetic or naturally occurring
agonists or E precursors such as DHEA may be very promising with respect to improving
cognitive function as an alternate to systemic E replacement (Labrie, 2010). Targeting ER-α
is consistent with a study showing improvement of spatial learning in ER-α knockout mice
with viral vector mediated delivery of ER-α to the hippocampus (Foster et al., 2008). The
current results from our NHP model have important implications for understanding
variability in both vulnerability to E depletion and response to hormone treatment for
women with surgical ovariectomies and naturally occurring ovarian hormone decline.
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Figure 1.
ER-α distribution in axospinous synapses in layer III of area 46. (A) An electron micrograph
showing ER-α immunogold particles in a dendritic spine (SP) and an axon terminal (AT).
Scale bar=100 nm. (B) A bar graph showing % ER-α labeling in ovariectomized young and
aged monkeys treated with V (Young OVX+V, Aged OVX+V) or E (Young OVX+E, Aged
OVX+E). Two-way ANOVA showed an absence of age or treatment effect on % ER-α
labeling (p>0.05). (C) PSD length of ER-α containing AS (344.65±5.25 nm) is larger than
non ER-α containing AS (302.89±6.73). (D) A cumulative frequency demonstrating the size
difference between ER-α labeled and non-labeled AS. (E) Age (p=0.009) and treatment
(p=0.016) significantly affect the % of total perforated synapses in the PFC.
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Figure 2.
(A) A strong correlation between % ER-α labeling and DR % correct is seen in
ovariectomized young monkeys treated with V (Young OVX+V; Pearson correlation;
r=0.830, p=0.021). (B) A strong correlation between % of perforated synapses containing
ER-α and DR% correct is seen in ovariectomized young monkeys treated with V (Young
OVX+V; Pearson correlation; r=0.824, p=0.005)
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Figure 3.
Quantitative analysis of ER-α labeling in pre- and postsynaptic domains and correlation with
performance on DR. (A) Regression analyses correlating the average number of gold
particles in presynaptic terminals with DR performance in each group. Note the strong
correlation between abundance of presynaptic gold particles and DR performance in Young
OVX+V (Pearson correlation; r=0.912, p=0.004). No significant correlation exists in the
other three groups (p> 0.5). (B) Regression analyses correlating the average number of gold
particles in the postsynaptic domain 30–60 nm from the synaptic membrane with DR
performance in each group. Note the strong correlation between performance on DR and
gold particles in the 30–60 nm bin for the aged OVX+E group (Pearson correlation; r=0.912,
p=0.004) and the lack of such a correlation in the other three groups. No other postsynaptic
bin displayed a correlation with DR performance.
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