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Estrogen regulates hippocampal dendritic spine density and syn-
apse number in an N-methyl-p-aspartate (NMDA) receptor-depen-
dent manner, and these effects may be of particular importance in
the context of age-related changes in endocrine status. We inves-
tigated estrogen’s effects on axospinous synapse density and the
synaptic distribution of the NMDA receptor subunit, NR1, within
the context of aging. Although estrogen induced an increase in
axospinous synapse density in young animals, it did not alter the
synaptic representation of NR1, in that the amount of NR1 per
synapse was equivalent across groups. Estrogen replacement in
aged female rats failed to increase axospinous synapse density;
however, estrogen up-regulated synaptic NR1 compared with aged
animals with no estrogen. Therefore, the young and aged hip-
pocampi react differently to estrogen replacement, with the aged
animals unable to mount a plasticity response generating addi-
tional synapses, yet responsive to estrogen with respect to addi-
tional NMDA receptor content per synapse. These findings have
important implications for estrogen replacement therapy in the
context of aging.

t the turn of the century, the life expectancy of American

women was roughly equivalent to the average age of the
onset of menopause (1). Presently, there is a 30-year discrepancy
between these two demographic indices, with a life expectancy
of ~80 years and the average onset of menopause remaining in
the early fifties (1). As such, it is critical that we understand the
interaction of reproductive senescence with the aging of other
systems, particularly the nervous system. The regulation of the
reproductive axis by estrogens has been characterized in great
detail (2). However, estrogens also impact synaptic communi-
cation in brain regions involved in cognitive processing, such as
the hippocampus (3), and these effects may be of particular
importance in the context of aging when both circulating estro-
gen levels change and hippocampal-dependent functions de-
cline. With respect to its nonreproductive functions, estrogen
improves verbal memory and the capacity for learning new
associations in both naturally and surgically menopausal women
(4). In rats, although findings are somewhat controversial (5-7),
learning was enhanced during the proestrus phase (i.e., high
estrogen) of the estrous cycle compared with the estrus phrase
(i.e., low estrogen) (8). Another study found improved learning
and memory on the Morris water maze task in ovariectomized
animals with intrahippocampal estrogen injection compared
with saline injection (9).

Our current understanding of estrogen effects on synaptic plas-
ticity in the hippocampus is based almost exclusively on data from
young animals. For example, dendritic spine density in CA1 pyra-
midal cells is sensitive to naturally occurring estrogen fluctuations
in young animals (10), as well as experimentally induced estrogen
depletion and replacement (11-14). Recent evidence suggests that
estrogens mediate these morphological changes through N-methyl-
D-aspartate (NMDA) receptors. Estradiol increases NMDA ago-
nist binding, as well as the NR1 levels in CAl dendrites (15, 16).
Moreover, estrogen-induced increases in dendritic spine density are
blocked by NMDA receptor antagonists (17, 18), and electrophys-
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iological properties of NMDA receptor-mediated transmission are
altered by estrogens (19-21).

For the hypothalamus, it is well documented that aged animals
respond differently than young animals to estrogen deprivation
(22-25). In addition, dendritic spines on the granule cells of the
dentate gyrus respond differently to estrogen replacement in
middle-aged and young animals (26). However, effects of estrogen
on the CAIl region of aged animals remain unexplored. More
importantly, the direct effects of estrogen on the synaptic repre-
sentation of the NMDA receptor have not been investigated and,
as such, the degree to which the observed synaptic effects of
estrogen on CAl pyramidal cells in young animals applies to aged
subjects is unknown. Therefore, the present study was designed to
examine the effects of estrogen on the synaptic distribution of the
NMDA receptor subunit, NR1, and the degree to which estrogen-
induced synaptic changes in CA1 hippocampal pyramidal cells are
equivalent in young and aged females. The analyses revealed
fundamental age-related differences in estrogen-induced synaptic
plasticity that have important implications for estrogen replacement
in the context of menopause.

Materials and Methods

Animals. Nine young (3-4 month; ~225 gm) and nine aged
(23-24 month; ~350 gm) female Sprague—Dawley rats were
purchased from Harlan Sprague—Dawley (Indianapolis, IN).
Young rats were virgins, and aged rats were either virgins or
retired breeders. Animals were housed in a temperature-
controlled room (12-h light/dark cycle; lights on at 0700). Food
and water were 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.

Surgical Procedures. The estrous cycle status of the young and
aged rats was not monitored before ovariectomy. Presumably all
young rats were cycling and all aged rats were acyclic (i.e.,
constant estrous or diestrus), as was demonstrated previously in
our laboratory in a different cohort of animals (27). Although
our aged rats were most likely exposed to elevated and unop-
posed estradiol before ovariectomy, we determined that the
vehicle and estrogen regimen after ovariectomy were effective by
examining the uterus from each animal. In both young and
aged rats treated with a vehicle, uteri were very small and
atrophied, and those that received estrogen displayed uterine
hypertrophy. Bilateral ovariectomy was performed under isoflu-
orane anesthesia. After 7 days, a silastic capsule (capsule di-
mensions: inner diameter 1.96 mm; outer diameter 3.18 mm)
filled with either 17-B estradiol (10% in cholesterol) or choles-
terol was implanted s.c. under anesthesia. Young animals re-
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ceived an implant that was 1 cm in length and aged animals
received an implant that was 2 cm in length. Different implant
lengths were used for animals of different ages to account for
differences in body weights (28, 29), presumably resulting in
comparable estrogen levels in young and aged rats. Moreover, we
used a similar estrogen replacement in paradigm in a longer-
term ovariectomy in aged animals and observed a similar uterine
response and the circulating estrogen levels were within a
physiological range (30).

Tissue Processing and Perfusion. Animals were anesthetized with
30% chloral hydrate and perfused transcardially 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. The carcasses were examined to confirm
complete removal of both ovaries and the presence of the s.c.
implant. The uterus of each animal was also examined to
determine whether the estrogen replacement was effective, with
uterine hypertrophy seen only for estrogen-treated animals. No
animals in the present study had obvious pituitary tumors,
incomplete removal of ovaries, or lack of implant. The brains
were removed and postfixed overnight. Two blocks from the
dorsal hippocampus (=1 um thick) were randomly selected from
each animal and processed for postembedding immunogold.

Postembedding Immunogold. Freeze substitution and low-
temperature embedding of the specimens were performed as
described previously (31-33). Slices were cryoprotected by im-
mersion in increasing concentrations of glycerol in phosphate
buffer (10, 20, and 30%) and were plunged rapidly in liquid
propane cooled by liquid nitrogen (—190°C) in a Universal
Cryofixation System KF80 (Reichert-Jung, Vienna). The sam-
ples 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).
The temperature increased in steps of 4°C/h from —90 to —45°C.
The samples were washed with anhydrous methanol and infil-
trated with Lowicryl HM20 resin (Electron Microscopy Sci-
ences, Fort Washington, PA) at —45°C with a progressive
increase in the ratio of resin to methanol for 1 h each, followed
by pure Lowicryl (overnight). Polymerization was performed
with UV light (360 nm) at —45°C for 48 h, followed by 24 h at
room temperature. An area in the stratum radiatum of CAl
(=150-200 pum from the cell bodies) was sectioned. Pairs of
ultrathin sections (=~70-80 nm in thickness, as determined by
interference colors) were cut by diamond knife on a Reichert—
Jung ultramicrotome and mounted on slot grids for spine density
analysis. Another series of two adjacent sections were collected
and mounted on a nickel mesh grid for immunogold analysis.
Sections for the spine density analysis were counterstained with
1.0% uranyl acetate and Reynolds lead citrate and then viewed
on a JEOL 1200EX electron microscope. The mesh grids with
ultrathin sections for the immunolabeling studies were treated
with a saturated solution of NaOH in absolute ethanol, rinsed,
and incubated in the following solutions at room temperature:
0.1% sodium borohydride and 50 mM glycine, and then in
Tris-buffered saline (TBS) containing 2% human serum albumin
(HSA). Single immunolabeling was performed, and sections
were incubated with primary antibody [54.1 (34); 10 pg/ml] in
the above diluent overnight, washed, and incubated in secondary
gold-tagged (10 nm) antibody in TBS (2% HSA and polyethyl-
eneglycol 20,000; 5 mg/1 ml). Sections were washed and dried,
counterstained with 1% uranyl acetate and Reynolds lead
citrate, and viewed on the electron microscope. Images were
captured by using the Advantage charge-coupled device camera
(Advanced Microscopy Techniques, Danvers, MA). Controls
omitting the primary antibody were performed, and no immu-
nogold labeling was observed. The specificity of this primary
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Fig. 1. Synapse density in stratum radiatum of CA1 in young and aged
estrogen (OVX + Ey)- and vehicle (OVX + Veh)-treated groups. Ultrastructural
images from a representative young animal illustrating the disector method.
For each animal, 15 pairs of adjacent digital images were taken. One section
was considered the reference (a) and the other the look-up (b). Only synaptic
profiles (*) contained in the reference but not in the corresponding look-up
planes were counted. [Note: (®), Solid circles denote profiles contained in both
planes.] This procedure was repeated by switching the reference and look-up
sections. (c) Analysis revealed a significant increase in young OVX + E; com-
pared with OVX + Veh (P < 0.005) but no difference between aged OVX + E;
and OVX + Veh (P > 0.38). The young OVX + E, were significantly different
from both aged groups (both P values < 0.0001).

antibody has been demonstrated in numerous experimental
paradigms (15, 35, 36).

Disector Analysis of Axospinous Synapse Density. Axospinous syn-
apse counts were performed by using IGL trace (Harris Labo-
ratory; Boston University, Boston). A disector analysis of syn-
apse density, as previously described (12, 37-39), was performed
within the stratum radiatum of CAl (Fig. 1). A total area of
~1,950 um? was analyzed with an average section thickness of
75 nm, generating a volume thickness of 146 um (3). Approxi-
mately 150-300 synapses per animal were recorded.

Synaptic Bin Analysis for NR1. The immunogold particle density
and distribution were analyzed by using software developed in
our laboratory with Sun Microsystem’s (Mountain View, CA)
JAVA DEVELOPMENT KIT, Ver. 1.2.2, and JAVA ADVANCED IM-
AGING toolkit, Ver. 1.0.2 (i.e., SYNBIN; Fig. 2), on the basis of
principles regarding proximity to membranes articulated by
Ottersen and colleagues (40, 41). Accordingly, the position of
each gold particle is determined as it relates to the post- and
presynaptic membrane structures. The program analyzes the
resulting data map and objectively assigns each gold particle to
a given bin, with bin sizes and targeted synaptic domains
established prospectively. Through this process, a precise gold
particle/bin density emerges that is an accurate reflection of

Adams et al.



Fig. 2.

I
T
I
1
!
N l=fenfy
I
I
I
1
”~
e

Bin analysis of synaptic NR1. Images illustrate software used for this analysis. (a) Outlines of the relevant synaptic components, i.e., presynaptic and

postsynaptic membranes, length of the postsynaptic density (PSD), and length of the presynaptic membrane that corresponds to the length of the PSD. (b) The
program provides a data map of the distribution of gold particles relative to these membranes. (c) A schematic diagram of different postsynaptic (PoS)
compartments. Two major postsynaptic bins were designated: Bin 1 is 0-30 nm from the inner leaflet of the postsynaptic membrane, and Bin 2 is 30-60 nm from
the postsynaptic membrane. Bins 3 and 4 are side bins, 15 nm lateral to Bins 1 and 2. Bin 5 is the synaptic cleft; Bin 6 is a cytoplasmic bin that includes gold particles
>60 nm from the postsynaptic membrane. Two major presynaptic (PreS) zones were designated: Bin 7 is 0-30 nm from the inner border of the presynaptic
membrane; Bin 8 is 30-60 nm from the presynaptic membrane. Bin 9 is a presynaptic bin that includes gold >60 nm from the presynaptic membrane. Sp, spine;

Ax, Axon.

gold particle distribution and density in different compartments
of the synaptic complex.

Gold particle analysis was done on 50-75 randomly chosen
spines per animal. Synapses cut obliquely that lacked clear
visualization and delineation of classic synaptic structures, such
as pre- and postsynaptic membranes, a synaptic cleft, and
postsynaptic density, were excluded from the quantitative anal-
ysis. For the present analysis, 30 nm was chosen for the bin width
because it assures high resolution yet comfortably accommo-
dates the theoretical limit of resolution, i.e., 25 nm. The follow-
ing zones were defined for each synapse: (i) two postsynaptic
bins: the first one was 0-30 nm from the inner leaflet of the
postsynaptic membrane and the second 30-60 nm from the
postsynaptic membrane; (i) side bins that were 15 nm lateral to
both of the postsynaptic bins; (iif) the synaptic cleft; (iv) a
cytoplasmic bin that included gold particles >60 nm from the
postsynaptic membrane; (v) two presynaptic zones, one extend-
ing 0-30 nm from the inner border of the presynaptic membrane
and an additional bin extending 30—60 nm from the inner border
of the presynaptic membrane; and (vi) a presynaptic bin that
included gold >60 nm from the presynaptic membrane. With
such a design, gold particles in the 0- to 30-nm postsynaptic
density bin are unquestionably synaptic in location, whereas all
other postsynaptic bins may include particles representing non-
synaptic pools of NR1. In addition, the lateral bins (i.e., Bins 3
and 4 in Fig. 2c) were used to establish a “buffer zone” at the
lateral edge of the synapse to account for gold particles at the
edge (i.e., within 15 nm) that might be labeling proteins asso-
ciated with the postsynaptic density.

Adams et al.

Quantitative and Statistical Analysis. Statistical analyses were per-
formed by using STATVIEW 5.0 (Abacus Concepts, Berkeley, CA).
Potential group differences in spine number and number of gold
particles per synaptic compartment between young ovariecto-
mized vehicle- and estrogen-treated animals, as well as aged
ovariectomized vehicle- and estrogen-treated rats, were evalu-
ated by unpaired ¢ tests. Significance was set at P < (.05.

Results

To determine whether the young and aged hippocampi respond
similarly to estrogen manipulation, we analyzed axospinous
synapse density in CA1. Qualitative observation of the sections
from the young and aged animals revealed no gross anatomical
differences between the groups. We observed a significant
increase (30%; P < 0.005; Fig. 1c) in the density of axospinous
synapses in the estrogen-treated compared with vehicle-treated
young animals. This result is consistent with previous studies
demonstrating increases in the density of spines and synapses
with estrogen in young animals (11-14). Unlike the young
animals, the synapse density between the aged estrogen- and
vehicle-treated groups was similar (P > 0.40; Fig. 1c). These data
demonstrate that the estrogen-induced increase in dendritic
spine density is attenuated in aged animals. We also observed a
significant difference in the spine density between the young
estrogen-treated animals and aged animals (both P values <
0.0001), indicating that there is an age-related decrease in spine
density and showing that estrogen treatment does not reverse
this decline under conditions in which it did elevate spine density
in young animals and caused uterine hypertrophy in both young
and aged animals.
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Fig. 3. Bin analysis of NR1 in young and aged OVX + E; and OVX + Veh.

Images from young (a and b) and aged (c and d) animals illustrating the
distribution of the NR1 postembedding immunogold. (e) Analysis revealed no
significant differences in the synaptic distribution of NR1 between the young
(a) OVX + E; and (b) OVX + Veh (P > 0.15). However, the aged (c) OVX + E;
had significantly more NR1 per postsynaptic Bin 1 compared with (d) OVX +
Veh (P < 0.05). (Bar = 100 nm.)

Estrogen replacement in young animals has been shown to
increase the intradendritic levels of NR1, the obligatory subunit
for a functional NMDA receptor (15). Therefore, we determined
the degree to which such an estrogen-induced increase in
dendritic NR1 reflected increased NR1 per synapse of CAl
pyramidal neurons or increased NR1 to serve more synapses
without a shift in NR1 per synapse. Qualitative observation of
CALl in young and aged animals revealed that all hormonally
manipulated groups had synapses with gold particles located in
the postsynaptic density, synaptic cleft, and spine head (Figs. 2
and 3 a—d), in general agreement with previous observations (42,
43). Occasionally, gold particles were also found to be located
presynaptically (Figs. 2 and 3 a—d). Only synapses that contained
two or more gold particles within the postsynaptic density and/or
cleft were considered labeled in the NR1 quantitative analysis.
We observed that over 90% of the asymmetrical synapses in all
of the young and aged groups contained NR1 labeling (data not
shown). Statistical analysis revealed no significant differences
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between any groups in this respect (both P values > 0.20), and
this percentage of NR1-labeled synapses is in good agreement
with other studies (42, 43).

To quantify the synaptic distribution of NR1, we used software
that we developed (i.e., SYNBIN; Fig. 2). Our analysis revealed
that no shifts in NR1 levels occurred in any compartment of the
dendritic spine of young animals after estrogen replacement (all
P values > 0.15; Fig. 3e). However, we observed that aged rats
with estrogen replacement have significantly more NR1 (26%;
P < 0.05; Fig. 3e) in the postsynaptic compartment within 30 nm
of the postsynaptic membrane compared with vehicle-treated
animals. This bin represents the pool of receptor that is consis-
tently located within the boundaries of the postsynaptic density
and thus is unequivocally synaptic. No other pool of receptor
displayed a significant difference between the aged estrogen-
and vehicle-treated groups (all P values > 0.22). In fact, the aged
vehicle-treated animals had the lowest NR1 representation in
Bin 1 (i.e., within 30 nm of the postsynaptic membrane) of all
four groups, with the difference between the aged vehicle-
treated and young estrogen-treated rats representing a strong
trend yet failing to reach statistical significance (P = 0.053).

We also determined whether there was an effect of estrogen
on the average length of the postsynaptic density (i.e., the active
synaptic zone) that might contribute to the estrogen-related shift
observed in aged animals. We observed no difference in the
length of the postsynaptic density between the young estrogen-
(243 nm) and vehicle-treated (232 nm) animals (P > 0.61; data
not shown). Analysis of the aged animals revealed no significant
effect of estrogen treatment on the length of the postsynaptic
density between the estrogen- (241 nm) or vehicle-treated (243
nm) groups (P > 0.84). In addition, we observed no significant
correlation between the length of the postsynaptic density and
NRI1 distribution within the young and aged groups (r = 0.07;
P > 0.79; data not shown). This is consistent with a previous
study reporting no correlation with the length of the postsynaptic
density and NMDA receptor levels (43) and suggests that the
age-related shift in NR1 after short-term estrogen treatment is
not because of a shift in the length of the postsynaptic density.

Discussion

In this study, we used quantitative ultrastructural approaches to
reveal age-related differences in estrogen-induced synaptic plas-
ticity. We found a significant decrease in axospinous synapse
density within CA1 of young compared with aged rats, similar to
the age-related decrease reported in the dentate gyrus of male
rats (44). Furthermore, estrogen treatment did not reverse this
decline under conditions in which it did elevate spine density in
younger animals and cause hypertrophy of an atrophied uterus
in both young and aged animals. Moreover, estrogen treatment
was able to increase NMDA receptors in both young and aged
CAl, with the important difference that it increased NMDA
receptors in proportion to new spines in younger rats but
increased NMDA receptors per axospinous synapse in aged
animals without increasing spine density (Fig. 4). These funda-
mentally different responses to estrogen may enhance NMDA-
mediated transmission in both situations but may carry a differ-
ent degree of risk for excitotoxicity mediated by NMDA
receptors.

Our data on estrogen’s effects on plasticity in the aged
hippocampus suggest that the estrogen-induced morphological
plasticity is attenuated in aged subjects compared with young
animals. It has been well documented for the reproductive axis
that the hypothalamus of aged animals has a blunted response to
estrogen deprivation or replacement compared with young
animals (45-52). This may be caused, at least in part, by the
condition of constant estrous or diestrous, because both condi-
tions involve constant levels of unopposed estrogen rather than
the normal fluctuations of estradiol and progesterone in the

Adams et al.



Young
o
© . o0 o [o]
©9°%080 o ) +Estrogen © 500.%% o

.

Aged
o ° o [} °
050097 o +Estrogen 0,00 %% o

Fig. 4. A schematic of estrogen-induced plasticity in young and aged
animals. Estrogen treatment increases NR1 expression per synapse in aged
hippocampus, whereas it increases spine number but not synaptic NR1 in
young female rat hippocampus. Small black dots represent immunogold
particles labeling NR1 associated with postsynaptic Bin 1; open circles are
synaptic vesicles; the gray zone indicates the postsynaptic density.
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ovarian cycle (53-55), and this condition in the aged animal may
underlie the blunted spine response we observed. Other reflec-
tions of hippocampal plasticity may be attenuated with age as
well. Previous studies have described a decreased sprouting
response and synaptogenesis in the hippocampus, as well as a
reduced up-regulation of growth-associated proteins in the hilus
of aged animals after a perforant path lesion (56-62), and we
observed an attenuated up-regulation of NR1 in the dentate
gyrus of aged animals after a perforant path lesion (M.M.A,
A. H. Gazzaley, and J.H.M., unpublished observations). Al-
though these data suggest that some elements of synaptic
plasticity are blunted in aged animals, they do not address
plasticity at the level of NMDA receptor subunit representation
at the synapse. The present results demonstrate a critically
important capacity for synaptic plasticity in aged animals: the
aged female rats treated with estrogen had significantly more
NRI1 per synapse than those receiving a vehicle and, in fact, had
alevel of NR1 per synapse very similar to the young groups. This
increase was selective to the postsynaptic bin that was within 30
nm of the postsynaptic membrane, i.e., the bin that was consis-
tently associated with the postsynaptic density. In addition, that
there were no effects of estrogen on the length of the postsyn-
aptic density between groups suggests that the estrogen-related
NRI1 increase in aged subjects is not because of an overall
increase in the postsynaptic density length but rather because of
an increase in NR1 representation per synapse.

That the synaptic distribution of NR1 is equivalent across
young estrogen- and vehicle-treated groups suggests that the
increase in the intradendritic levels of this subunit (15) serves to
provide adequate NR1 to the additional spines induced by
estrogen replacement. Thus, the estrogen-induced enhance-
ments of NMDA-mediated transmission, i.e., larger NMDA-
mediated long-term potentiation (LTP) (19, 20), cannot be
explained by increased synaptic NMDA receptors; however, it is
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possible that more axospinous synapses with equivalent NMDA
receptor per synapse might underlie some of these physiological
changes. It has been documented that structural synaptic mod-
ifications (i.e., increases in the number of perforated axospinous
synapses with multiple completely partitioned transmission
zones) occur after LTP induction (63). Although the exact
function of structural synaptic modifications is unknown, they
may represent a more efficacious synapse. It is also possible that
synaptic changes in the other NMDA receptor subunit levels,
such as NR2A and NR2B, might also be contributing to the
enhancements in NMDA-mediated receptor LTP (19, 20), as
well as increased Ca?" influx through NMDA receptors (21).
Studies have shown that recombinantly expressed heteromeric
NR1-NR2 subunit receptors have distinct subunit-dependent
biophysical and physiological properties that vary, depending on
their stoichiometry, in the strength of the Mg?* block, sensitivity
to modulation by glycine-reducing agents, and phosphorylation,
desensitization, and offset decay kinetics, as well as affinities for
antagonists and agonists (64). Future studies need to be directed
towards examining the synaptic distribution of other NMDA
receptor subunits after estrogen manipulation in young and aged
animals.

Although the nature of estrogen-dependent synaptic plasticity
differs in young and aged CAIl, both scenarios might affect
NMDA receptor-mediated transmission. Although the func-
tional implications of these age-related differences in estrogen-
mediated effects on the synapse have yet to be clarified, estrogen
has been demonstrated to affect cognitive performance in both
animal models and women (4-9). The different mechanisms of
plasticity displayed in young and aged females in response to
estrogen may have implications for vulnerability to excitotoxicity
as well. The spine has well-characterized calcium buffering
capabilities (65, 66) that likely play a protective role in gluta-
matergic transmission, yet such capacity may be taxed by an
increase in NMDA receptor representation per spine and syn-
apse. This suggests that the form of estrogen-induced plasticity
evident in aged subjects may render them more vulnerable to
excitotoxicity mediated by NMDA receptors. This prediction is
consistent with a study demonstrating that aged female rats are
more susceptible to NMDA-mediated excitotoxicity than young
animals (67).

Conclusions

These data demonstrate that the effects of estrogen on CAl
synapses must be viewed in the context of brain aging. The
synaptic scenario most conducive to NMDA receptor-mediated
effects in CAl is that of the young female with estrogen
treatment, in that this condition results in the highest synaptic
density, and the synapses have a representation of NR1 equiv-
alent to or higher than all of the other groups. Young females
without estrogen retain the same NR1 per synapse but have
fewer axospinous synapses. With age, there is a loss of axospinous
synapses in CA1, and this loss is not reversible or apparently even
impacted by the presence of estrogen in this paradigm. However,
aged animals without estrogen display an additional compromise
in NMDA receptor-mediated CA1 synapses: their synapses
exhibit a low synaptic representation of NMDA receptors. Thus,
although estrogen impacts the aged CA1 synapse in a manner
that might help preserve hippocampal function, it does so in the
context of a synaptic density compromised by age.
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