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Long-term cyclic treatment with 17�-estradiol reverses age-related impairment in ovariectomized rhesus monkeys on a test of cognitive
function mediated by the prefrontal cortex (PFC). Here, we examined potential neurobiological substrates of this effect using intracellular
loading and morphometric analyses to test the possibility that the cognitive benefits of hormone treatment are associated with structural
plasticity in layer III pyramidal cells in PFC area 46. 17�-Estradiol did not affect several parameters such as total dendritic length and
branching. In contrast, 17�-estradiol administration increased apical and basal dendritic spine density, and induced a shift toward
smaller spines, a response linked to increased spine motility, NMDA receptor-mediated activity, and learning. These results document
that, although the aged primate PFC is vulnerable in the absence of factors such as circulating estrogens, it remains responsive to
long-term cyclic 17�-estradiol treatment, and that increased dendritic spine density and altered spine morphology may contribute to the
cognitive benefits of such treatment.
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Introduction
Although data on cognition, menopause, and hormone treat-
ments for women remain controversial (Turgeon et al., 2004), the
preclinical evidence is unambiguous in demonstrating neuropro-
tection (Nilsen and Brinton, 2002) and synaptic effects of estro-
gens on circuits that mediate memory and cognition (McEwen,
2001). For example, there is evidence that 17�-estradiol increases
the density of dendritic spines and axospinous synapses on CA1
pyramidal cells of young female rats (Gould et al., 1990; Woolley
and McEwen, 1992), and these effects are NMDA receptor-
dependent (Woolley and McEwen, 1994). 17�-Estradiol in-
creases NMDA receptor levels (Gazzaley et al., 1996) and facili-
tates NMDA receptor-mediated responses in CA1 pyramidal
neurons (Woolley et al., 1997). Effects of estrogens on GABAergic
synapses (Rudick and Woolley, 2001) and cholinergic mediation
of hippocampal function in young female rats have been de-
scribed as well (Gibbs, 2002; Rudick et al., 2003). The data from
nonhuman primates are largely consistent with rodent findings.
17�-Estradiol increases spine number in CA1 of ovariectomized

young African green monkeys (Leranth et al., 2002), and in young
and aged female rhesus monkeys (Hao et al., 2003). Studies of
young rhesus monkeys have also revealed estrogen effects on dor-
solateral prefrontal cortex (PFC), including an increase in spine
number (Tang et al., 2004a) in layer I, as well as enhancement of
cholinergic and monoaminergic inputs to PFC (Kritzer and Ko-
hama, 1999; Tinkler et al., 2004).

Whereas preclinical findings are consistent with the view that
estrogen therapy may promote healthy cognitive aging (Zandi et
al., 2002), the Women’s Health Initiative (WHI) studies, which
used a standard form of combined hormone treatment [conju-
gated equine estrogens (CEEs) and medroxyprogesterone acetate
(MPA); PremPro], not only failed to slow the rate of cognitive
decline in healthy postmenopausal women but significantly in-
creased the risk for dementia and stroke (S. R. Rapp et al., 2003;
Shumaker et al., 2003, 2004). The frequently contradictory data
from clinical studies on the cognitive effects of hormone treat-
ment in women have been attributed to several factors (Turgeon
et al., 2004). A resolution between clinical and basic research may
hinge on several issues regarding the schedule and formulation of
therapy, and age at the time treatment is initiated (Simpkins and
Singh, 2004). In fact, rodent studies highlight the importance of age,
in that the aged female rat is less responsive to 17�-estradiol therapy
with respect to CA1 synapse number (Adams et al., 2001a) and cog-
nitive enhancement (Savonenko and Markowska, 2003), and there
appears to be a “window of opportunity” after which intervention is
less effective (Gibbs, 2000; Adams et al., 2001b).

Given this background, we have initiated a multidisciplinary
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analysis of 17�-estradiol treatment in aged rhesus monkeys that
employs cyclical delivery of 17�-estradiol to monkeys that were
ovariectomized relatively early during the course of aging (mean
age of 22 years), before the onset of pronounced ovarian defi-
ciency and cognitive impairment that might prove refractory to
rescue (P. R. Rapp et al., 2003; Shideler et al., 2003). Our previ-
ously published behavioral analyses of these animals (P. R. Rapp
et al., 2003) showed that this cyclical regimen of estradiol treat-
ment reversed the most well established signature of cognitive
aging in ovariectomized monkeys, the delayed response (DR)
task, a behavioral assessment that critically requires the dorsolat-
eral PFC (P. R. Rapp et al., 2003). With behavioral results directly
implicating this region, we hypothesized that layer III pyramidal
neurons within the dorsolateral PFC might be affected by 17�-
estradiol, and such effects would impact corticocortical integra-
tion required for cognitive processes mediated by this region
(Goldman-Rakic, 1996, 2002). The data presented below support
this hypothesis and reveal a profound effect on pyramidal cell
spines within area 46 of PFC in the same aged monkeys that
displayed 17�-estradiol-induced enhancement of PFC function.

Materials and Methods
Animals and hormonal screening. Fourteen aged female rhesus monkeys
(Macaca mulatta; age range, 22 years � 7 months), were used in this
study, all of whom were previously behaviorally characterized (P. R.
Rapp et al., 2003). Female rhesus monkeys can live into their early thir-
ties, and at the age of these used for this study, they are typically just
before perimenopause or early perimenopause (Gilardi et al., 1997). The
monkeys were not used in any invasive or pharmacological analyses be-
fore this study and were screened for suitability for the behavioral arm of
this program (P. R. Rapp et al., 2003). They were singly housed in colo-
nies of �40 individuals (water and monkey chow were provided in excess
of nutritional needs) at the California National Primate Research Center,
University of California, Davis. All experiments were conducted in com-
pliance 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. Candi-
date monkeys, classified as premenopausal and perimenopausal by their
reproductive history, were selected for behavioral assessment and mor-
phological analyses.

Ovariectomy and 17�-estradiol replacement. All animals received bilat-
eral ovariectomies (OVXs) and were randomly assigned to age-matched
OVX plus vehicle (OVX�Veh) and OVX plus estrogen (OVX�E) treat-
ment groups. After an average post-OVX interval of 30 � 1.7 weeks
(mean � SEM), eight randomly assigned monkeys received estradiol
cypionate (100 �g/ml of sterile peanut oil, i.m.; Pharmacia, Peapack, NJ)
in a single injection every 3 weeks. Such a formulation injected intramus-
cularly guarantees that the dominant active estrogen that the treated
animals are exposed to is the physiologically relevant 17�-estradiol.
OVX�Veh age-matched monkeys were provided an equivalent volume
of vehicle injection according to the same schedule. Treatment extended
over 2–3 years of behavioral testing. Estradiol cypionate and vehicle in-
jections were coded and administered in a blinded manner until all ex-
periments were completed, with the blind codes retained through all
microscopic analyses. Serum 17�-estradiol values were measured 1 d
before treatment and 9 h, 2 d, and 3 d after treatment, and urine levels
were measured at multiple time points. As detailed previously for the
same animals as those examined here (P. R. Rapp et al., 2003; Shideler et
al., 2003), OVX reduced serum and urinary 17�-estradiol to near zero.
Estradiol cypionate injection provided every 21 d in treated monkeys
(group OVX�E) produced a rapid rise in circulating 17�-estradiol com-
pared with vehicle-treated animals (group OVX�Veh), which peaked
within 24 h at levels comparable with preovulatory values in intact fe-
males, followed by decline to baseline over the next several days. The
bioefficacy of hormone treatment was also confirmed by the observation
that all OVX�E monkeys exhibited instances of breakthrough bleeding
after treatment, whereas similar effects were not observed in vehicle-

treated subjects. Behavioral testing and endocrine treatments were con-
tinued right up to the times of perfusion. As published previously for
these same rhesus monkeys (P. R. Rapp et al., 2003), the cyclical 17�-
estradiol regimen described above substantially reversed the age-related
impairment on a DR test of spatial working memory displayed by the
OVX�Veh group. In fact, the OVX�E group performed at a level on DR
that was nearly equivalent to that of young intact rhesus monkeys (P. R.
Rapp et al., 2003).

Perfusion and tissue processing. Animals were perfused in groups of 2 or
3 as they completed their behavioral assessment. All animals were deeply
anesthetized 24 h after the last 17�-estradiol or vehicle treatment with
ketamine hydrochloride (25 mg/kg) and pentobarbital sodium (20 –35
mg/kg, i.v.), intubated, and mechanically ventilated. The chest was
opened to expose the heart and 1.5 ml of 0.5% sodium nitrate was in-
jected into the left ventricle. The descending aorta was clamped and they
were perfused transcardially with cold 1% paraformaldehyde in PBS for 1
min, followed by cold 4% paraformaldehyde in PBS for 12 min. After
perfusion, the brain was removed from the skull and dissected, taking
care to include the entire region surrounding the principal sulcus (Brod-
mann’s area 46) in the frontal block. The frontal block was postfixed for
6 h in 4% paraformaldehyde in PBS with 0.125% glutaraldehyde and
then cut serially on a vibratome. A series of 400 �m thick sections every
2.6 mm throughout area 46 were collected for intracellular injection of
Lucifer yellow (LY; Molecular Probes, Eugene, OR). Because the precise
position of the first slab is random, this results in a systematic random
series of 8 –12 sections throughout area 46 available for cell loading.
Multiple sections are used to obtain the total number of cells, such that
the sampled neurons represent a random selection throughout area 46.

Intracellular injection. The approach used here was based on a modi-
fication of previous studies (Duan et al., 2003). Sections were stained
with 4,6-diamidino-2-phenylindole (DAPI, a fluorescent nucleic acid
stain; Sigma, St. Louis, MO) and mounted on nitrocellulose filter paper
(Whatman, Maidstone, UK) immersed in 0.1 M PBS. Pyramidal cells
from layer III of area 46 were identified under epifluorescence using a UV
filter, impaled with sharp micropipettes, and loaded with 5% LY in dis-
tilled H2O under a direct current of 3– 8 nA for 5–10 min, or until the dye
filled distal processes and no additional loading was observed. Generally,
four to six neurons were injected per slice and injections were far enough
apart to avoid overlapping of dendritic arbors, although only a subset of
these were included for analysis. Sections containing loaded cells were
washed, mounted, and covered with PermaFluor mounting medium
(Thermo Electron, Pittsburgh, PA). To be included for three-
dimensional (3D) reconstruction and additional analysis, filled neurons
had to satisfy three criteria: (1) be located within layer III and within the
boundary of area 46 (accurate determination of cortical layers as per-
formed on the fixed slice after counterstaining selected sections with
DAPI), (2) the dendritic tree had to be filled completely, as evidenced by
well defined endings, and (3) a sufficient distance between loaded cells
was required to allow for unambiguous determination of the exact origin
of every dendritic segment. These neurons that satisfied the criteria and
were fully reconstructed thus represented a subset of the total number
injected, and were distributed widely throughout area 46.

Quantitative analyses of dendritic arbors. Two animals that were behav-
iorally characterized (one from the OVX�Veh group and one from the
OVX�E group) were omitted from the morphological analysis because
of poor tissue preservation, resulting in n � 7 in each group. The
OVX�Veh animal omitted was the same animal that failed to learn the
DR task (P. R. Rapp et al., 2003). Pyramidal cell dendritic arbors (see Fig.
1a,b; total of 168 neurons) were reconstructed in 3D using a computer-
assisted morphometry system consisting of a Zeiss (Thornwood, NY)
Axioplan 2 photomicroscope equipped with an Applied Scientific Instru-
mentation (Eugene, OR) MS-2000 XYZ computer-controlled motorized
stage, a DAGE-MTI DC-330 video camera, a Gateway computer, and the
NeuroLucida and NeuroExplorer morphometry software (MicroBright-
Field, Williston, VT). Neurons were visualized, and the dendritic tree was
reconstructed using a Zeiss Apochromat 40� objective with a numerical
aperture (NA) of 1.4. In this manner, the spatial coordinates of each
dendritic segment were accurately recorded to enable later 3D rendering.
Seven to 17 pyramidal cells in area 46 were reconstructed from each
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monkey. NeuroLucida datasets were then exported to NeuroExplorer to
generate 3D renderings of the traced neurons. Analyses of dendritic arbor
and Sholl analyses were performed for each neuron with NeuroExplorer.
Results were expressed in terms of total dendritic length, total branch
number, and number of intersections and dendritic length per radial
distance from the soma, in 30 �m increments.

Quantitativeanalysesofspinedensityandspinemorphology.NeuroLucida/
NeuroExplorer-generated complete dendritic reconstructions were printed
to allow identification of segments for spine analysis. We developed an ap-
proach that avoided sampling bias of the segments to be used for spine
analysis after imaging on a confocal laser scanning microscope (CLSM; 410;
Zeiss). A scaled transparency with a series of concentric circles 60 �m apart
was placed over each NeuroLucida reconstruction (see Fig. 1b). The points of
intersection were noted as the segments to be visualized on the CLSM at high
magnification. Each designated segment (25–50 �m in length) was located
in the microscope field, and confocal stacks of 100–300 digital images sepa-
rated by a z-step of 0.1 �m were captured using a Plan-Apochromat 100�/
1.4 NA Zeiss oil-immersion objective on the CLSM. LY was excited by an
Ar/Kr laser at 488 nm (attenuation set at 10). All confocal stacks included at
least 1 �m above and below the identified dendritic segment. Settings for
pinhole size, aperture, gain, and offset were optimized initially and then held
constant throughout the study to ensure that all images were digitized under
the same illumination conditions at a resolution of 256 � 256 pixels. An
average of 12 high-resolution z-stacks were captured per neuron (a total of
115 neurons were used for spine analysis: 55 from OVX�Veh and 60 from
OVX�E animals). The confocal stacks were deconvolved with AutoDeblur

(version 8.0.2.; Autoquant, Troy, NY) and im-
ported to NeuroLucida for spine density analysis
(see Fig. 1c,d), and to Volume Integration and
Alignment System (VIAS; version 2.1) (Rodri-
guez et al., 2003) for 3D spine morphology anal-
ysis (see Fig. 1e). VIAS uses a maximal intensity
method to create two-dimensional (2D) projec-
tions from the 3D stacks of CLSM images, and
comprehensively scans every image for relative
pixel intensity to develop an accurate 2D projec-
tion of the shaft, spine heads, and spine necks
suitable for measurement. All spine measure-
ments were done manually from z-axis projec-
tions obtained from the 3D z-stacks (total of 9393
spines for apical and 1297 spines for basal den-
drites, 4495 spines for OVX�Veh, and 4898
spines for OVX�E). Rigorous criteria were es-
tablished to ensure that measurements were un-
biased and consistent. For example, neck length
(Nl) was always taken as the distance from the
shaft to the most proximal edge of the spine head.
Head length (Hl) was taken from the pixel desig-
nated at the end of the neck, along the axis
through the spine head in general register with
the direction of the neck but bisecting the head
symmetrically to allow for spine heads at an angle
from the neck. Head diameter (Hd) similarly bi-
sected the spine head at a right angle to the mea-
surement of head length (see Fig. 1e). No clear
cutoffs that suggested qualitative categories were
found with any combinations of the indices men-
tioned above. In addition, to determine whether
changes in spine dimensions occurred equally
across the entire spectrum of size measurements
or are more pronounced in specific subpopula-
tions of spines (e.g., the smallest and largest), all
spine parameters from both groups were pooled
and the 25th and the 75th percentiles for each
parameter were determined. Then, for a given
size parameter, the difference in proportions of
spines below the 25th percentile, as well as above
the 75th percentile, was examined between
groups (OVX�E vs OVX�Veh).

Statistical analysis. Statistical analyses were
performed using ANOVA to assess possible differences in the various
morphometric parameters between groups. The values are shown as
means � SEM, calculated based on one aggregate (e.g., average) per
animal. The two-way mixed model for repeated measures was used to test
the treatment effect on dendritic length and branch number across apical
and basal dendritic trees, and on spine density across basal and apical
trees, both overall and for each individual apical branch order. For spine
morphology measurements, the � 2 test was used to compare the propor-
tions below the first quartile cutoffs between the groups, as well as the
proportions above the third quartile cutoffs; in addition, the overall dis-
tribution difference between groups was examined using the Kolmogor-
ov–Smirnov test. The Wilcoxon rank sums test was used to examine the
group difference among small spines (Hd � 0.4 �m). The statistical
significance level was set at � � 0.05.

Results
Measurements of dendritic arbors
All intracellularly filled neurons that satisfied criteria for inclu-
sion were fully reconstructed (a total of 168 neurons) and used
for analyses of dendritic arbor, spine density, and spine morphol-
ogy (Fig. 1). The average total dendritic lengths of apical and basal
dendrites in the OVX�E group were 1568.7 � 87.2 �m and
1734.1 � 124.6 �m, respectively (Table 1, Fig. 2a). There were no
differences between these values and those from the OVX�Veh

Figure 1. Representative LY-loaded, 3D reconstruction and analysis of a layer III pyramidal cell in area 46. a, Example of
LY-loaded layer III pyramidal cell in area 46. The NeuroLucida dataset is exported to NeuroExplorer to generate a 3D rendering of the
traced neuron (b). Examples of deconvolved confocal stacks from apical (c) and basal (d) segments are shown. The spine density
was calculated for each dendritic segment that intersected with a concentric circle, as shown in b. The sampled dendrites were then
categorized as primary, secondary, tertiary, etc., branches to arrive at a spine density for each branch order. Single spines (e) were
analyzed for Hd, Hl, Nl, and Nd. Scale bars: a, b, 50 �m; c, d, 5 �m; e, 0.5 �m.
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group (1603.4 � 99.9 �m for apical den-
drites and 1875.0 � 99.2 �m for basal
dendrites; p � 0.3; n � 7). Total branch
numbers in both apical and basal den-
drites in these neurons also did not differ
across groups ( p � 0.3; n � 7) (Table 1,
Fig. 2b). The branching pattern of apical
and basal dendrites was assessed using
Sholl analysis with radial unit distances of
30 �m (Fig. 2c–f). No statistically signifi-
cant differences were observed between
the two groups at any distance from the
soma in both apical and basal dendrites,
suggesting that overall dendritic complex-
ity was also unaffected by 17�-estradiol.

17�-Estradiol effects on spine density
and spine morphology
Next, we investigated the possibility that,
against this background of stability in
gross dendritic architecture, 17�-
estradiol might regulate spine number and morphology in the
primate PFC. Quantitative 3D analyses revealed that long-term
cyclic 17�-estradiol treatment substantially increased spine den-
sity across all dendritic branch orders of layer III pyramidal neu-
rons in area 46 (Table 1, Fig. 3), resulting in a 31.5 and 24.1%
increase among apical and basal dendrites, respectively, relative
to values for aged OVX�Veh monkeys ( p � 0.01; n � 7, in both
cases).

Spine morphology, including head size and related synapse
size, bears an important relationship to glutamate receptor prop-
erties (Takumi et al., 1999; Matsuzaki et al., 2001; Kasai et al.,
2003; Nimchinsky et al., 2004), receptor trafficking (Racz et al.,
2004), and the capacity for synaptic plasticity (Kasai et al., 2003).
Accordingly, we investigated the effects of 17�-estradiol on sev-
eral indices of spine size (10,693 spines were analyzed). To deter-
mine whether there was an overall shift in the spine size distribu-
tion, or a disproportionate increase in the incidence of spines
with small or large heads, we analyzed the frequency of spines in
the top and bottom quartile for the subject population as a whole
(i.e., OVX�E and OVX�Veh groups combined). The quartile
analysis was done for Hd, Hl, and Nl. For spine head parameters
(Hd, Hl) examined, the proportion of observations from
hormone-treated monkeys was greater in the lowest quartile, and
lower in the highest quartile, relative to the vehicle-treated group
( p � 0.001) (Table 2, Fig. 4). Also, nonparametric tests showed
that the overall curves in the OVX�E group for Hd and Hl shifted
leftward ( p � 0.001) (Fig. 4). For spine neck parameter Nl, how-
ever, the quartile analysis indicated a higher proportion of
OVX�E spines in the highest quartile and a lower proportion in
the lowest quartile ( p � 0.001) (Table 2, Fig. 4). The overall curve
of Nl for OVX�E shifted to the right ( p � 0.001) (Fig. 4), sug-
gesting that E treatment resulted in an overall increase in neck
length. The effect of estrogen on the Hd is particularly pro-
nounced, suggesting that spines induced by 17�-estradiol treat-
ment are predominantly those with a relatively small spine head,
a morphological distinction linked to enhanced plasticity over
larger spines (Kasai et al., 2003). To resolve further the size of the
spine population preferentially affected by 17�-estradiol, we di-
vided the range of Hd into six bins and applied those bins to each
animal, calculating each animal’s cumulative percentage for each
bin (Fig. 4). The six bins are the following with respect to Hd:
�0.4 �m, 0.4 – 0.5 �m, 0.5– 0.6 �m, 0.6 – 0.7 �m, 0.7– 0.8 �m,

�0.8 �m. The overall treatment effect was assessed with the Kol-
mogorov–Smirnov test using the cumulative percentages (see
Fig. 4b). Although Figure 4b suggests a favorable trend for the
OVX�E group, the overall difference did not reach significance;
however, there are nearly 50% more small spines (i.e., Hd � 0.4)
in the OVX�E group than in the OVX�Veh group, and the
difference is statically significant ( p � 0.05).

These results demonstrate that the same long-term cyclical
estradiol treatment that reverses age-related cognitive impair-
ment on a test of spatiotemporal memory that requires the dor-

Table 1. Morphometric dendritic measurements of layer III pyramidal neurons in area 46

Parameter OVX � Veh OVX � E % Difference

Total dendritic length
Apical 1603.4 � 99.9 1568.7 � 87.2 �2.2
Basal 1875.0 � 99.2 1734.1 � 124.6 �8.1

Total branch number
Apical 15.4 � 0.5 15.2 � 0.5 �1.3
Basal 19.1 � 0.8 18.7 � 0.7 �2.1

Spine density
Apical 0.89 � 0.04 1.17 � 0.03** �31.5
1st 1.40 � 0.06 1.81 � 0.12** �29.3
2nd 0.79 � 0.02 1.03 � 0.03** �30.4
3rd 0.75 � 0.03 1.01 � 0.02** �34.7
4th 0.75 � 0.05 1.01 � 0.03** �34.7
5th 0.74 � 0.08 0.96 � 0.03** �29.7
Basal 0.79 � 0.02 0.98 � 0.03** �24.1

Dendritic lengths are in �m and spine densities are expressed per �M. Data represent means�SEM. No 17�-estradiol effects were observed on total dendritic
length and total branch number. 17�-estradiol significantly increased the apical (across 1st, 2nd, 3rd, 4th, and 5th order) and basal dendritic spine density of
layer III pyramidal neurons in area 46. **p � 0.01. The two-way mixed model for repeated measures was used for testing the treatment effect, both overall
and for each individual apical branch order. % Difference refers to the percentage increase (�) or decrease (�) in the OVX � E group relative to the OVX �
Veh group.

Figure 2. Quantitative analysis of 17�-estradiol effects on the global morphology of layer III
neurons in area 46. There were no 17�-estradiol-induced changes in total dendritic length (a)
and total branch number (b) observed. Sholl analysis showed that long-term cyclic 17�-
estradiol treatment had no effects on the degree of branching of layer III neuron in area 46
(c–f ). A two-way mixed model for repeated measures was used for testing the treatment
effect, both overall and for each individual radial distance point from the soma. Error bars
represent SEM.
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solateral PFC also increases PFC spine density, favoring the rep-
resentation of small spines. By comparison, the small number of
subjects available was not sufficient to permit a robust correlation
analysis with the previously published behavioral data (Rapp et
al., 2003), and scores averaged across the delay component of the
DR task failed to predict individual variability on PFC spine den-
sity or morphology when control and hormone-treated animals
were considered independently.

Discussion
Several studies have shown that 17�-estradiol induces spine for-
mation in CA1 of hippocampus in young female rats (Woolley
and McEwen, 1992, 1994), as well as in nonhuman primates (Le-

ranth et al., 2002; Hao et al., 2003), although the impact of 17�-
estradiol on the neocortex, particularly in nonhuman primates,
has been studied in far less detail. We have shown an increase in
spines in layer I of area 46 in young macaque monkeys (Tang et
al., 2004a) with brief cyclical 17�-estradiol therapy, and 17�-
estradiol-induced alterations in monoaminergic and cholinergic
innervation patterns have been demonstrated in the PFCs of
young macaque monkeys (Kritzer and Kohama, 1999; Tinkler et
al., 2004), which could also contribute to enhanced cognitive
performance, although no such data are available on aged non-
human primates. Human behavioral data have suggested that the
PFC may be a key target for estrogens, perhaps even more so than
the hippocampus (Keenan et al., 2001). Our behavioral data on
the same aged rhesus monkeys used in this study support this
view, in that cyclical 17�-estradiol treatment restored perfor-
mance on a task dependent on the PFC to young normative val-
ues, whereas a task linked to the medial temporal lobe memory
system showed a more modest improvement (P. R. Rapp et al.,
2003). Here, we report the first data on spine and dendritic mor-

phology that address potential synaptic
underpinnings of 17�-estradiol-induced
enhancement of PFC function in aged fe-
male monkeys. In addition, it is the first
analysis using long-term (2–3 years) cycli-
cal exposure to 17�-estradiol, the domi-
nant estrogen to which female monkeys
and women are exposed in a cyclical man-
ner before menopause. The present data
demonstrate clearly that the 17�-
estradiol-induced enhancement of DR
performance reported previously in these
animals (P. R. Rapp et al., 2003) is accom-

Table 2. Morphometric spine morphology measurement

Dimensions Min-max values

Percentile �25th (%) �75th (%)

25th 75th OVX � Veh OVX � E OVX � Veh OVX � E

Hd (�m) 0.10 –1.70 0.41 0.64 21.6 29.3*** 30.8 24.4***
Hl (�m) 0.14 –2.01 0.54 0.89 21.1 26.0*** 28.3 23.7***
Nl (�m) 0.10 –3.03 0.32 0.86 27.9 24.8*** 22.0 26.1***

The minimum and maximum values (Min-max values) for the entire spine population (the first column) are shown. The targeted analyses of the 25th and 75th
percentiles were performed to determine whether changes in spine dimensions occur equally across the entire spectrum of size measurements or are more
pronounced in specific subpopulations of spines (i.e., if spines from one treatment group are disproportionately represented in the smallest or largest 25%) (see
Materials and Methods). The data show that for Hd and Hl, spines from OVX � E animals are over-represented in the 1st quartile, and those from OVX � Veh
animals are over-represented in the 4th quartile; for Nl, however, spines from OVX � E animals are over-represented in the 4th quartile and those from OVX �
Veh animals are over-represented in the 1st quartile. ***p � 0.001; �2 test.

Figure 3. Histogram showing the quantitative data on spine density (spine number per
micrometer of dendritic length). 17�-Estradiol significantly increased the apical and basal
dendritic spine density across all dendritic orders (a). **p � 0.01; a two-way mixed model for
repeated measures was used for testing the treatment effect, both overall and for each individ-
ual apical branch order. Error bars represent SEM. b, c, Examples of apical dendrites from
OVX�Veh and OVX�E groups, respectively. d, e, Examples of basal dendrites from OVX�Veh
and OVX�E groups, respectively. Note the higher density of the spines. Scale bar: (in e) b– e, 5
�m.

Figure 4. Frequency distributions of spine head dimensions. The dashed vertical lines show
the 25th and the 75th percentiles of the entire spine population. The relative frequency curve (a,
Hd; c, Hl; d, Nl) representing the OVX�E group showed a leftward shift for Hd and Hl, which
indicated that there were significantly more spines with smaller head dimensions and fewer
spines with large head dimensions in the OVX�E group as compared with the OVX�Veh
group. The analysis also demonstrated a shift toward longer spine necks in the OVX�E group
(d). The analysis of 17�-estradiol effects on cumulative frequency across subgroups was based
on Hd measures (b). The Kolmogorov–Smirnov test on Hd cumulative percentages showed an
overall trend toward smaller spines with estrogen treatment, but it failed to reach statistical
significance. However a nonparametric Wilcoxon rank sums test showed that there are signifi-
cantly more of the smallest spines (Hd � 0.4 �m) in the OVX � E group than in the OVX � Veh
group ( p � 0.05).
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panied by an increase in spines per unit dendrite across the entire
apical and basal dendritic trees of layer III pyramidal neurons,
with no alteration in dendritic length, or branch number. This
increase in spines is most pronounced among the small, thin
spines that are viewed as the most motile, plastic, and least stable
morphological type (Kasai et al., 2003). Virtually all layer III py-
ramidal neurons in area 46 participate in corticocortical circuitry
and these neurons are vulnerable to aging (Hof and Morrison,
2004). Cholinergic and monoaminergic projections to monkey
prefrontal cortex are also vulnerable to aging (Wenk et al., 1989;
Arnsten, 1999) and responsive to estrogen, particularly in the
supragranular layers (Kritzer and Kohama, 1998, 1999;
Kompoliti et al., 2004; Tinkler et al., 2004), the layers that contain
most of the dendritic arbor of our target neurons. Thus, estrogen
treatment in aged monkeys potentially impacts key corticocorti-
cally projecting neurons, as well as the cholinergic and monoam-
inergic circuits that modulate these circuits. These data have im-
portant implications for 17�-estradiol-induced plasticity in the
PFC in the context of aging and the potential for reversing age-
related cognitive decline.

Functional implications of spine number and
spine morphology
Hippocampal spine number has been linked to learning and
memory (Moser et al., 1994; Trommald et al., 1996). The increase
in density of spines on layer III pyramidal neurons in area 46
reported here is consistent with our previous analyses of young
animals using a stereologic approach to count spinophilin-
immunoreactive spines (Tang et al., 2004a). In that study, the
analysis was confined to layer I because of methodological limi-
tations, but importantly, 17�-estradiol led to a very dramatic
increase in spine number in layer I of area 46, yet had no such
effect in the primary visual cortex of the same animals, suggesting
that area 46 is particularly responsive to 17�-estradiol with re-
spect to spine number (Tang et al., 2004a), although we cannot
rule out an estradiol effect on related prefrontal regions. This
regional selectivity is reminiscent of the rodent studies demon-
strating high spine turnover in the somatosensory cortex (Tra-
chtenberg et al., 2002), but more stability in spine morphology
and number in the visual cortex (Holtmaat et al., 2005). Although
electron microscopic studies will be required to prove that the
observed increase in spines is accompanied by increased axospi-
nous synapse density, at least in both rat (Gould et al., 1990;
Woolley and McEwen, 1992) and monkey hippocampus (Hao et
al., 2003; Tang et al., 2004b), the estrogen effect on spines is
manifested as an increase in axospinous synapses as well.

Our data on spine morphology demonstrating a shift in spine
size such that small spines became more prevalent allows us to
consider the increase in spine number in the context of spine
stability and plasticity. Smaller spines have been shown to be less
stable and more motile (Trachtenberg et al., 2002; Kasai et al.,
2003; Holtmaat et al., 2005), and as a result, more plastic than
large spines (Grutzendler et al., 2002). Spine size is also positively
correlated with synapse size (Harris and Stevens, 1989), and
larger postsynaptic densities have more AMPA receptors (Nusser
et al., 1998; Kharazia and Weinberg, 1999; Takumi et al., 1999),
consistent with the relative stability credited to the large spines
(Kasai et al., 2003). Small spines are more dominated by NMDA
receptors (Kasai et al., 2003), and are more sensitive to Ca 2�-
mediated signaling than large spines (Nimchinsky et al., 2004).
Spine size is also related to the distribution of endocytic proteins,
with such proteins closer to the synaptic edge in small spines
(Racz et al., 2004), which might facilitate insertion into the syn-

apse. The specific impact on receptor dynamics of a small mag-
nitude shift in size such as we observed (i.e., a mean decrease in
spine volume of �25%; data not shown) is hard to predict, al-
though it is consistent with an increase in spines that are perhaps
more dynamic with respect to receptor trafficking and Ca 2�-
mediated processes. In the context of plasticity, Kasai et al. (2003)
have proposed that the small spines represent “learning spines”
that can either retract or become stabilized in the context of
learning. By this view large spines are “memory spines” that are
stabilized and retain information over the long term. It would
appear that our analysis captured a time-point (i.e., 24 h after
treatment) where there was a particularly high representation of
small spines, a subset of which might be poised for an increase in
size and stability and consolidation in the context of learning
(Matsuzaki et al., 2004). Although we currently have no equiva-
lent data on young monkeys, it is particularly important that
these effects occurred in aged monkeys, because pyramidal neu-
rons in the PFC have been shown to be altered physiologically in
aged monkeys (Chang et al., 2004) and structurally in humans
(Jacobs et al., 1997). Such dynamic shifts in spine morphology
and number is in keeping with the conceptualization that PFC
functions not only to learn the “rules of the game,” but also to
allow updating of those rules in a dynamic continuous manner
(Goldman-Rakic, 1996; Miller, 2000). In this context, the cyclic
delivery of estradiol may be critical. Animals were exposed to an
injection every 21 d for two to three years over the course of their
behavioral assessment, and were killed 24 h after the last injec-
tion. We assume that the increase in spines is partially or primar-
ily an acute effect. Although analyses of spines and synapses at
additional time points further removed from the cyclical treat-
ment would be informative in this regard, no such data currently
exist. Notably, DR performance was stable across the 21 d, with
no detectable decline in accuracy in the days before the next
injection, when circulating 17�-estradiol levels were low. Under
normal physiological conditions, exposure to 17�-estradiol is
highly cyclical (Shideler et al., 1993). We suggest that cyclical
exposure to 17�-estradiol or at least cyclical peaks may be most
effective in inducing spine generation, turnover, and consolida-
tion, thereby facilitating learning, and that dynamic regulation of
spine number and morphology may be as important as absolute
spine number. The therapy used in this case was hormonal, but
the data have broader implications, demonstrating a capacity for
plasticity that may be important for treating age-related cognitive
decline through related signaling mechanisms.

Clinical implications
The WHI studies concluded that the overall health risks of com-
monly prescribed hormone therapy (i.e., PremPro) exceed ben-
efits (Espeland et al., 2004), that this formulation does not im-
prove cognitive function (S. R. Rapp et al., 2003; Shumaker et al.,
2003), and in fact, “increases the risk for probable dementia in
postmenopausal women aged 65 or older” (Shumaker et al.,
2003). In the ensuing discussion, the distinction between daily
administration of PremPro (0.625 mg CEEs/2.5 mg MPA), and
other potential regimens was rarely mentioned. For example,
MPA, a chemically modified progestin that differs from ovarian
progesterone in its bioactivity (Nilsen and Brinton, 2002), antag-
onizes some neuronal effects of 17�-estradiol (Nilsen and Brin-
ton, 2002). A later study from the WHI concluded that CEEs
alone carried less risk but did not improve cognitive function
(Anderson et al., 2004; Shumaker et al., 2004). However, 17�-
estradiol, the most potent naturally occurring estrogen, is a mi-
nor component of CEEs, suggesting that pure 17�-estradiol as
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used in our studies of nonhuman primates may be a more suit-
able formulation. Treatment in the WHI trial was initiated in
women �65 years old, who may be beyond the time-frame for
optimal neuronal response to estrogen therapy (Turgeon et al.,
2004), whereas our treatment was initiated within months of
ovariectomy. Also, our monkeys were premenopausal or perim-
enopausal, corresponding to treatment of women in their early to
mid-fifties rather than mid-sixties. The importance of age at on-
set of treatment has been demonstrated at multiple levels in ro-
dent studies (Gibbs, 2000; Adams et al., 2001a,b; Savonenko and
Markowska, 2003). Moreover, standard practice in women is to
give the CEEs, with or without MPA, continuously, which is quite
different from normal hormone fluctuations (Turgeon et al.,
2004). Sherwin and McGill recently reviewed the effects of estro-
gens on cognition in women, concluding that there is extensive
evidence of estrogen-induced enhancement, but that combined
therapies with a progestin may complicate and modulate the cog-
nitive response to such effects (Sherwin and McGill, 2003). The
question of whether hormone treatment is protective against AD
has also been controversial (Henderson et al., 2000; Mulnard et
al., 2000; Asthana et al., 2001), with the recently published Cache
County study (Zandi et al., 2002) demonstrating substantial pro-
tection only when unopposed estrogen administration is started
early, within 10 years of the onset of menopause. From this per-
spective, continued translational efforts using animal models of
hormone replacement will be required to clarify the importance
of formulation, schedule, and time of initiation of hormone
treatment and the relative efficiency of these manipulations for
improving the cognitive and neurobiological outcome of aging in
primates.
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