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Continuously delivered ovarian steroids do not alter dendritic
spine density or morphology in macaque dorsolateral prefrontal
cortical neurons

Megan E. Younga, Daniel T. Ohma, William G.M. Janssena, Nancy A. Geeb, Bill L. Lasleyb,
and John H. Morrisona,*

aFishberg Department of Neuroscience, The Friedman Brain Institute, and Kastor Neurobiology of
Aging Laboratory, Mount Sinai School of Medicine, New York, NY 10029
bCenter for Health and the Environment and California National Primate Research Center,
University of California, Davis, CA 95616

Abstract
Aged ovariectomized female monkeys, a model for menopause in humans, show declines in spine
density in the dlPFC and diminished performance in cognitive tasks requiring this brain region.
Previous studies in our laboratory have shown that long-term cyclic treatment with 17β-estradiol
(E) produces an increase in spine density and in the proportion of thinner spines in layer III
pyramidal neurons in the dorsolateral prefrontal cortex (dlPFC) of both young and aged
ovariectomized rhesus monkeys. Here we used 3D reconstruction of Lucifer yellow-loaded
neurons to investigate whether clinically relevant schedules of hormone therapy would produce
similar changes in prefrontal cortical neuronal morphology as long-term cyclic E treatment in
young female monkeys. We found that continuously delivered E, with or without a cyclic
progesterone treatment, did not alter spine density or morphology in the dlPFC of young adult
OVX rhesus monkeys. We also found that the increased density of thinner spines evident in the
dlPFC 24 hours after E administration in the context of long-term cyclic E therapy is no longer
detectable 20 days after E treatment. When compared with the results of our previously published
investigations, our results suggest that cyclic fluctuations in serum E levels may cause
corresponding fluctuations in the density of thin spines in the dlPFC. By contrast, continuous
administration of E does not support sustained increases in thin spine density. Physiological
fluctuations in E concentration may be necessary to maintain the morphological sensitivity of the
dlPFC to E.
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1. Introduction
Levels of estrogens drop off precipitously in women as they go through menopause, and
age-related cognitive decline can begin in the decade following the typical age of
menopause. This decline is particularly apparent on tasks that rely on the dorsolateral
prefrontal cortex (dlPFC), such as those that emphasize working memory and cognitive
flexibility (Drogos et al., 2013; Weber et al., 2013). The interaction between this loss of
estrogens and the risk of decline in cognitive function is not well understood, and studies
designed to explore the cognitive benefits of hormone therapy in women have yielded
conflicting results. Although some laboratory studies and randomized clinical trials have
found that initiation of hormone replacement therapy (HRT) during perimenopause or soon
after the menopausal transition can improve cognitive function (Carlson et al., 2001; Keenan
et al., 2001) and reduce a woman's risk of developing cognitive impairment or dementia
later in life (Kimura, 1995; Matthews et al., 1999; Carlson et al., 2001; Zandi et al., 2002;
Bagger et al., 2005; Henderson et al., 2005; Greendale et al., 2009), others have found that
initiation of HRT more than a few years after menopause is associated with an unchanged or
increased risk of dementia and age-associated cognitive decline (Matthews et al., 1999;
Shumaker et al., 2003, 2004; Henderson et al., 2005; MacLennan et al., 2006), and several
randomized clinical trials have found equivocal or negative effects of HRT on cognitive
function, even when initiated soon after menopause (reviewed in Maki and Sundermann,
2009).

One factor that may contribute to these discrepancies is the fact that menopausal women are
most commonly prescribed a continuous regimen of one or more estrogens with or without a
progestin. There is evidence from rodent studies that treatments consisting of a continuous
dose of 17β-estradiol (E), the predominant active estrogen in young women (Stricker et al.,
2006), may be less effective in enhancing cognitive function than are treatments that provide
E on a cyclical schedule, i.e., one dose of E per cycle length (Markowska and Savonenko,
2002). We have previously reported that cyclical E treatment with one dose of E every 21
days for 2-3 years with improves the performance of aged OVX female rhesus monkeys on
dlPFC-dependent tasks (Rapp et al., 2003) and that the same schedule of cyclic E treatment
given for 3 weeks or for 2-3 years increases the density of dendritic spines on dlPFC
pyramidal neurons in both young and aged animals (Tang et al., 2004; Hao et al., 2006,
2007). Higher levels of spine and synapse density in the dlPFC have been found to correlate
with preservation of dlPFC function in aging rhesus monkeys (Peters et al., 1998; Dumitriu
et al., 2010).

In order to determine whether treatment schedule affects the ability of E to alter dlPFC
neuronal morphology, the present study examined whether continuous E therapy, with or
without progesterone, is effective at increasing thin spine density in the dlPFC of young
OVX monkeys. We also examined whether thin spine density in the dlPFC falls during the
interval between injections in OVX monkeys receiving cyclical E therapy. We found that
continuous E treatment fails to trigger an increase in spine density, and that the presence or
absence of a cyclic progesterone treatment component does not affect this result.
Additionally, we found that spine density in cyclic E-treated animals does decrease between
E treatments when circulating E levels are low, and is indistinguishable from that of vehicle-
treated animals by 20 days post-E administration.

2. Experimental Procedures
2.1. Animals

Twenty young adult female Rhesus monkeys (Macaca mulatta; age range, 7.6-14.7 years
old; mean age ± SEM, 10.1 years ± 6.8 months) were used in this study. Animals were
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singly housed in colonies of 40 individuals under conditions identical to those used in
previous studies (Rapp et al., 2003; Hao et al., 2006, 2007), and water and monkey chow
were provided in excess of nutritional needs. All monkeys received bilateral OVX prior to
the initiation of hormone therapy as in (Rapp et al., 2003). Briefly, animals were sedated
with ketamine (10 mg/kg) and atropine (0.04 mg/kg), intubated, and placed on isoflurane
anesthesia. After the ovaries were removed, the abdominal wall was closed in layers, and
animals were observed until responsive. Oxymorphone (1.5 mg/kg) was administered 3
times/day for 2 days for postoperative analgesia. The mean duration between OVX and the
beginning of treatment was 51 days (range 42-57 days). All experiments were conducted in
compliance with the National Institutes of Health Guidelines for the Care and Use of
Experimental Animals approved by the Institutional Animal Care and Use Committee at the
University of California, Davis and Mount Sinai School of Medicine.

2.2. Hormone treatment
Five animals were randomly assigned to each of four treatment groups (Figure 1), which
were as follows:

Continuous E

- Animals in this group received a continuous regimen of unopposed 17β-estradiol
(E). Each animal was sedated with ketamine (10 mg/kg) and medetomidine (0.2-0.4
mg/kg) and subcutaneously implanted with two 6.5 cm lengths of Silastic tubing
(inner diameter, 3.4 mm; outer diameter, 6.4 mm; Dow Corning, Midland, MI),
each containing a 5 cm column of packed crystalline 17β-estradiol (Sigma-Aldritch,
St. Louis, MO). These were designed to produce a target circulating estradiol level
of approximately 80 pg/mL, corresponding to the mean serum E level in cycling
rhesus monkeys during the luteal and mid-follicular phases of the menstrual cycle
(Walker et al., 1983; Monfort et al., 1987).

Continuous E + Cyclic P

- Animals in this group received a continuous regimen of 17β-estradiol with a
cyclical regimen of progesterone. Each animal was implanted with E-filled Silastic
tubing in a manner identical to the animals in the Continuous E group. Each animal
additionally received a regimen of one 100 mg capsule of progesterone (P)
administered orally once per day on days 11-20 of a 28-day treatment cycle. This
regimen was designed to mimic the broad progesterone peak in the luteal phase and
near-absence of circulating P in the follicular phase of the natural rhesus menstrual
cycle (Walker et al., 1983; Monfort et al., 1987).

Cyclic E, cycle day 20

- Each animal received a single injection of estradiol cypionate (100 µg in 1 ml of
sterile peanut oil, IM; Andersham Pharmacia, Peapack, NJ) on day 1 of each 28-
day cycle. This is the same dose of the same hormone used in previous studies,
though on a 28-day rather than a 21-day cycle (Rapp et al., 2003; Hao et al., 2006,
2007), and has been shown to produce a peak in circulating E levels averaging
nearly 300 pg/ml within 9 hours, which falls to zero over the next several days
(Rapp et al., 2003). This regimen is designed to mimic the preovulatory surge in
serum E levels present in cycling monkeys, which rise to a comparable level (266.3
± 30.4 pg/ml per Monfort et al., 1987) before falling to baseline values over the
course of approximately 2-4 days. Estradiol cypionate, which is cleaved i produce
free 17β-estradiol, was used in place of 17β-estradiol for injection, as the cleavage
step allows it to be absorbed more slowly, resulting in serum 17β-estradiol levels
that more closely mimic the level and duration of the natural preovulatory E surge.
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Each animal was also implanted with two empty 6.5 cm lengths of Silastic tubing.
In contrast to previous studies (Hao et al., 2007), in which animals were sacrificed
24 hours after their last E treatment, these animals were sacrificed 20 days after
their final E injection.

Vehicle

- Animals in this group received a single injection of peanut oil vehicle on day 1 of
each 28-day cycle and were implanted with two empty 6.5 cm lengths of Silastic
tubing.

Treatment continued for the equivalent of eight 28-day cycles. Silastic capsules were
replaced under anesthesia on days 84 and 168 of treatment, with perfusion occurring on day
216. All animals were perfused on day 20 of the final treatment cycle, coinciding with the
last day of P administration in the Continuous E + Cyclic P group, and 20 days after the last
E injection in the Cyclic E group. All animals received an equivalent duration of E or
vehicle treatment. The efficacy of OVX and hormone treatment was confirmed by
measurement of serum levels of E and P using competitive chemiluminescent immunoassays
as in (Lasley et al., 2012). Measurements were taken before OVX, after OVX before the
start of treatment, at 18 time points spaced over the course of treatment, and at the time of
perfusion.

2.3. Quantitative analysis of dendritic arborization, spine density, and spine morphology
Animals were perfused on the last day of treatment according to methods previously
described (Hao et al., 2006). Briefly, each animal was deeply anesthetized with ketamine (25
mg/kg) and pentobarbital sodium (20-35 mg/kg), intubated, and mechanically ventilated.
After 1.5 ml of 0.5% sodium nitrate was injected into the left ventricle of the heart, the
descending aorta was clamped, and the animal was perfused transcardially with ice-cold
paraformaldehyde in PBS (1% for 1 min followed by 4% for 12 min). Each brain was
dissected into multiple standardized blocks, which were postfixed for 6 h in a solution of 4%
paraformaldehyde and 0.125% glutaraldehyde in PBS. The frontal block, containing all of
Brodmann's area 46, was cut on a Vibratome into 400 μm-thick sections, each spaced 2.6
mm apart. In this manner, a systematic random series of 8-12 sections throughout area 46
was obtained for intracellular injection of Lucifer yellow (Invitrogen).

Intracellular injection of layer III pyramidal cells with Lucifer yellow was performed
according to methods previously described (Hao et al., 2006, 2007). Sections were stained
with 4,6-diamidino-2-phenylindole (DAPI) to enable visualization of neuronal cell bodies
and mounted on filter paper immersed in 0.1M PBS. Pyramidal cells in layer III of area 46
were identified using epifluorescence under a UV filter, and the cell bodies were impaled
with sharp micropipettes and filled with 5% Lucifer yellow in dH2O for five to ten minutes
under a 3-5 nA direct current. Approximately 4-6 neurons were so loaded per slice of tissue,
sufficiently far apart to ensure no crossing of dendritic arbors. Sections containing loaded
neurons were washed and mounted on slides with VectaShield mounting medium (Vector
Laboratories, Burlingame, CA).

All filled neurons had somata located in layer III and within the boundaries of area 46, as
determined by analysis after counterstaining selected slices with DAPI. Neurons used for
analysis had completely filled dendritic trees, as demonstrated by well-defined endings, and
were located sufficiently far away from other loaded cells to unambiguously determine the
origin of every dendritic segment. Three animals, two from the vehicle group and one from
the combined estradiol/progesterone group, lacked neurons meeting the above-specified
criteria and were excluded from analysis.
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In order to ensure systematic-random sampling of dendritic segments, well-filled neurons
were first imaged at low magnification, and concentric circles 60 and 120 μm in diameter
were drawn around the cell body. Only those dendritic segments intersecting these circles
were used for high-magnification imaging and analysis. Six apical and six basal secondary
or tertiary dendritic segments were imaged on each of five cells per animal at these points of
intersection. Each dendritic segment was imaged in a sequential z-stack using a Zeiss LSM
510 confocal microscope (Carl Zeiss, Oberkochen, Germany) using a Plan-Apochromat
100x oil-immersion objective and a 488-nanometer Ar/Kr laser. Care was taken to
completely image each dendritic segment, including a comfortable margin of whitespace on
all sides. Image stacks were deconvolved with AutoDeblur (Media Cybernetics, Silver
Spring, MD), and loaded into NeuronStudio software (Rodriguez et al., 2008) for automated
measurement of spine length, head diameter, and head volume.

Spines were classified into “thin,” “mushroom,” and “other” types based on previously
published criteria (Sorra and Harris, 2000; Dumitriu et al., 2010). All spines with a head
diameter ≥ 0.6 μm were classified as mushroom spines. Spines with a head diameter < 0.6
μm were classified as thin spines if the maximum spine length was at least twice the head
diameter. Spines meeting neither criterion were classified as “other.” To facilitate
comparison, all analyses involving spine type were repeated using the criteria from Ohm et
al., 2012 (spines with a ratio of head diameter to neck diameter of > 1.1 classified as thin if
the head diameter was < 0.47 μm and as mushroom if the head diameter was > 0.47 μm, all
other spines classified as “other”) with no change in results.

For analysis of dendritic arborization, five pyramidal neurons from each animal were
visualized under a 40x objective and traced and reconstructed in 3D using NeuroLucida
software (MicroBrightField, Williston, VT). Analyses of total dendritic length, number of
branch points, and Sholl analyses (Sholl, 1953) were performed for each traced neuron using
NeuroExplorer software (Nex Technologies).

2.4. Statistical analysis
As all variables tested were normally distributed according to Shapiro-Wilk tests (p > 0.1 for
all variables), statistical analyses were performed using one-way ANOVA, followed by
Bonferonni post hoc tests where appropriate, to assess possible differences in mean spine
density, spine head diameter, dendritic length, and dendritic branch numbers between
groups. Sholl analysis of the dendritic tree was performed using a two-way mixed-model
repeated-measures ANOVA with treatment group as the between-subjects factor and
distance from the soma (in 30 μm increments) as the within-subjects factor, followed by
Bonferonni post hoc tests. All treatment groups were included in every analysis. The values
are shown as means ± SEM, calculated based on one aggregate (average) value per cell. We
elected to perform a cell-level rather an animal-level analysis because analysis of the
variance of our core measures showed that the level of variation among cells within an
animal was as great or greater than the level of variation among cells from two different
animals within a treatment group. For example, the variances for spine density were as
follows: (listed as measure, mean intra-animal variance vs. mean inter-animal within-group
variance, ± SEM, in spines/um3) spine density, 0.220 ± 0.023 vs. 0.164 ± 0.058; thin spine
density, 0.174 ± 0.019 vs. 0.151 ± 0.047; mushroom spine density, 0.049 ± 0.004 vs. 0.031
± 0.009; stubby spine density, 0.041 ± 0.004 vs. 0.021 ± 0.003. Unless otherwise specified,
all reported p values correspond to the main effect of treatment for each dependent measure.
Observed power was calculated in all ANOVA to confirm that the sample size was
sufficient to support the data. For changes in spine density, there was power of 0.8 to detect
a change of 25%, approximately the effect size observed 24 hours after cyclic E
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administration in young animals in Hao et al., 2007. The statistical significance level was set
at p < 0.05.

3. Results
3.1. Estradiol and progesterone levels

After ovariectomy, median serum E levels ranged from 0-35 pg/ml and P levels ranged from
0.5-1.9 ng/ml in all groups, consistent with cessation of ovarian activity. In the vehicle-
treated group, median E levels remained undetectable and median P levels ranged from
1.0-1.3 ng/ml across the entire post-OVX study period. In the three groups not receiving
progesterone, median P levels ranged between 0.6-1.4 ng/ml through the study. In the
Continuous E + Cyclic P group, median P levels ranged from 3.7-7.8 ng/ml during P
treatment, and from 0.7-0.9 ng/ml at all other times, mimicking the reported range of
~2.0-6.9 ng/ml during the luteal phase and ≤ 0.5 ng/ml during the follicular phase of the
natural menstrual cycle (Monfort et al., 1987). Median serum E levels in the cyclic E-treated
group ranged from 28 – 118 pg/ml when measured 48 hours post-injection and from 0 – 28
pg/ml when measured 9-28 days post-injection. In the two continuous E-treated groups,
median serum E levels ranged between 75-160 pg/ml throughout the study. This is higher
than the normal physiological average of ~70-80 pg/ml for baseline E levels present during
the follicular and luteal phases of the menstrual cycle, but below the levels seen during the
preovulatory surge (Walker et al., 1983; Monfort et al., 1987). Changes of the Silastic
implants produced brief spikes in circulating E levels to between 205-820 pg/ml two days
post-implant, with median circulating levels falling below 200 pg/ml by 9 days post-implant.
Implants were changed twice during the experiment, and perfusion occurred 48 days after
the last implant change. At the time of perfusion, median serum E and P levels were as
follows: Vehicle group: 0 pg/ml E, 0.8 ng/ml P; Cyclic E, 20 days post-injection group: 5
pg/ml E, 1.3 ng/ml P; Continuous E group: 100 pg/ml E, 0.6 ng/ml P; Continuous E +
Cyclic P group: 108 pg/ml E, 5.4 ng/ml P.

3.2. Effect of continuous 17β-estradiol treatment, with or without the addition of cyclic
progesterone, on dendritic arbors in area 46

There was no significant effect of treatment on total apical (p = 0.06) or basal (p > 0.4)
dendritic length, though a trend towards higher total apical dendritic length in the vehicle
group resembles the higher dendritic length observed in the young vehicle-treated group
compared to the cyclic E-treated group in Hao et al., 2007. Sholl analysis of the apical
dendrites revealed a significant effect of distance from soma (p < 0.0005), no significant
effect of treatment condition (p = 0.06), and a significant interaction (p = 0.04). Post hoc
analysis revealed that the cyclic E group had lower dendritic length than the continuous E
group at 30 μm from the soma (p = 0.04) and that the vehicle group had lower dendritic
length than all three other groups at 420 μm from the soma (continuous E, p = 0.02;
continuous E + cyclic P, p = 0.04; cyclic E, 20 days post-injection, p = 0.02). Analysis of the
basal dendrites revealed a significant effect of distance from soma (p < 0.0005), with no
effect of group (p > 0.4) or interaction (p > 0.4).

3.3. Continuous E, with or without cyclic P, does not alter dendritic spine density in area
46

Previously, our laboratory reported a nearly 25% increase in apical and basal dendritic spine
density 24 hours after E administration in the context of long-term cyclical E replacement in
young OVX monkeys (Hao et al., 2007). However, despite effective hormone delivery and
achievement of comparable circulating E levels at perfusion to those in Hao et al., we found
that a continuous regimen of E treatment, with or without cyclic P, failed to alter spine
density in the dlPFC (mean spines per micrometer: Continuous E, 1.12 +/- 0.07; Continuous
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E + Cyclic P, 1.07 +/- 0.05; vehicle alone, 1.13 +/- 0.06; p > 0.9). As expected, the effect of
cyclic E was gone by day 20 post-injection (Figure 2A).

3.4. Continuous E, with or without cyclic P, does not alter dendritic spine morphology in
area 46

Our laboratory has also reported there is a shift in dendritic spine head diameter favoring
smaller spines 24 hours after an E injection in young OVX monkeys receiving long-term
cyclic E replacement (Hao et al., 2007). In contrast, we found that continuous E treatment,
with or without cyclic P, had no effect on mean spine head diameter (p > 0.4), mean spine
head volume (p > 0.3) or on the distribution of spine head diameters (p > 0.3) or volumes (p
> 0.1).

As previous studies showed that that cyclic E treatment increases the proportion of spines
with smaller head diameters (Hao et al., 2007), we tested whether there was a change in the
density or morphology of any particular class of spines. We divided spines into thin,
mushroom, or “other” types based on the shape of each individual spine (see Methods). We
found that there was no change in thin spine density (p > 0.8) (Figure 2B), mushroom spine
density (p > 0.8) (Figure 2C), thin spine head diameter (p > 0.3), mushroom spine head
diameter (p > 0.5), thin spine head volume (p > 0.1) or mushroom spine head volume (p >
0.8) in animals receiving continuous E or continuous E + cyclic P treatment compared to
vehicle-treated animals.

3.5. Fluctuation of E-induced morphological changes in area 46 over an E treatment cycle
Our laboratory previously reported that cyclic E treatment produces a substantial increase in
thin spine density in the dlPFC of young OVX rhesus monkeys when animals are perfused
24 hours after their last E injection (Hao et al., 2007). To test the effect of cyclical changes
in E levels on dlPFC pyramidal neurons, we repeated this experiment with cyclically treated
young OVX rhesus monkeys perfused 20 days after the final injection of E. We found that
the morphological changes evident in the NHP dlPFC 24 hours after an injection of E are
not present after 20 days, when E levels have returned to baseline. At this time point, both
dendritic spine density (p > 0.9) (Figure 2) and the distribution of spine head diameters (p >
0.3) (Figure 3) and volumes (p > 0.3) are indistinguishable from those in vehicle-treated
animals.

4. Discussion
This study was designed to examine the effects of cyclical and continuous E administration
on dlPFC neurons in young NHPs. Previous results from our laboratory showed that
dendritic spine density, and in particular, the density of thin dendritic spines, rises by over
20% 24 hours after an E injection (Hao et al., 2007). Our analysis yielded two interesting
results. First, we found evidence that this previously noted increase in spine density in the
dlPFC may not be maintained in cyclically treated animals over the course of the menstrual
cycle. Rather, by 20 days post-injection, when circulating E levels are equivalent to those in
vehicle-treated animals, dlPFC total and thin spine densities are also equivalent to those in
vehicle-treated animals. It is worth noting, however, that the animals in the present study
were treated with one E injection every 28 days, while the animals in the Hao 2007 study
received an E injection once every 21 days. It is possible that the 28-day injection cycle,
while more closely mimicking the natural cycle, fails either to produce or to maintain an
increase in spine density which would be present in animals treated every 21 days.

Second, we found that long-term continuous E therapy fails to alter dendritic spine density
or spine morphology in the dlPFC of young OVX monkeys. This second result is surprising
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given how, in other studies, spine density has been found to closely track circulating levels
of estradiol. For example, in young, cycling female rats, spine density in area CA1 of the
hippocampus rises and falls over the course of the estrous cycle, paralleling the rising and
falling circulating E levels (Woolley et al., 1990). This effect is also seen in young OVX
female rats treated with a cyclical course of E replacement: dendritic spine density in CA1
peaks when circulating E levels are high, and falls when circulating E levels are low
(Woolley and McEwen, 1993). Indeed, the results of this study, in the context of previous
findings, showed that monkeys treated with a dose of E show an increase in dlPFC spine
density at 24 hours (Hao et al., 2007) that returns to baseline by 20 days post-injection.
Given this sensitivity of dlPFC spine density to changes in serum E concentration, one might
expect that consistent elevation of circulating E levels would produce a consistent elevation
in spine density levels in the dlPFC.

However, our results show that, after approximately nine months of continuously elevated
circulating E levels, spine density in the dlPFC of animals treated with continuous E is
indistinguishable from that in animals treated with vehicle alone, in whom circulating E
levels are nearly undetectable. This is especially striking in light of the fact that these
continuously treated animals had circulating E levels at perfusion comparable to those in the
cyclically treated animals in Hao et al., 2007 at their time of perfusion, 24 hours post-E
administration. These results in young monkeys are consistent with recently published data
in aged OVX female rhesus monkeys, which also failed to exhibit increased spinogenesis
with chronic E treatment (Ohm et al., 2012). Our current thinking is that there may be some
homeostatic mechanism that acts to decouple dlPFC spine density from serum E
concentrations in response to a continuous, static elevation to high, but physiological, levels.
Observations from rodent studies provide a possible mechanism for this effect, as prolonged
continuous E treatment in OVX rats leads to a decrease in estrogen receptor mRNA and
protein levels in several brain regions (Simerly and Young, 1991; Blaustein, 1993;
DonCarlos et al., 1995; Brown et al., 1996; Bondar et al., 2009), though further research will
be necessary to test the specific effects of continuous E exposure on estrogen receptors in
primate dlPFC synapses. Our results support the idea that, at least from the perspective of
dlPFC neuronal morphology, continuous E treatment may be no better than no E treatment
at all. These results emphasize the importance of considering the schedule of hormone
delivery in the attempt to create a hormone therapy regimen that will optimally protect
cognitive function in aging women.

In conclusion, our study shows that continuous administration of E does not support a
sustained increase in spine density or the proportion of thin spines in the dlPFC of young
OVX rhesus monkeys. Rather, with continuous E administration, there is a return to baseline
of these measures, possibly due to desensitization of the dlPFC to the effects of E.
Therefore, cyclic, rather than continuous, administration of E may be required to support the
periodic increases in thin spine density associated with improvements in cognitive function.
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Abbreviations

NHP nonhuman primate

dlPFC dorsolateral prefrontal cortex
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OVX ovariectomized

DR delayed response

DNMS delayed nonmatching-to-sample

WCST Wisconsin card sorting task

HRT hormone replacement therapy

E estradiol

P progesterone

DAPI 4,6-diamidino-2-phenylindole

PBS phosphate-buffered saline

UV ultraviolet

ANOVA analysis of variance

SEM standard error of the mean

CA1 Cornu Ammonis area 1

mRNA messenger ribonucleic acid
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• Continuous estradiol does not alter spine density or morphology in macaque
dlPFC

• Adding cyclic progesterone to continuous estradiol does not affect dlPFC spines

• dlPFC spine density returns to baseline by 20 days post-estrogen injection
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Figure 1. Hormone therapy treatment groups
All hormone therapy was delivered using a calendar of ten 28-day treatment periods, each
representing one menstrual “cycle.” The Continuous E group received a single, steady dose
of estradiol through subcutaneously implanted Silastic capsules for the duration of the study.
The Continuous E + Cyclic P group received the same continuous estradiol treatment, with
the addition of an oral dose of progesterone taken daily on days 10-19 of each 28-day
treatment cycle. The Cyclic E group received an injection of estradiol intramuscularly on the
first day of each 28-day treatment cycle. The Vehicle group received an injection of oil
vehicle on the first day of each 28-day treatment cycle. All animals were perfused on day 20
of the tenth treatment cycle.
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Figure 2. Dendritic spine density in area 46
Though previous results have found that cyclic E treatment increases dendritic spine density
and the proportion of thinner spines when measured 24 hours after injection (Hao et al.,
2007), we found that continuous E treatment, with or without cyclic P, did not increase total
(a), thin (b), or mushroom (c) spine density on layer III neurons in area 46. Twenty days
after the final cyclic E treatment, total, thin, and mushroom spine density are
indistinguishable from those in vehicle-treated animals.
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Figure 3. Dendritic spine morphology in area 46
Previous results showed that, 24 hours after injection, cyclic E administration in both young
OVX primates led to a left shift in the cumulative distribution curve for spine head diameter,
indicating a greater proportion of thinner spines in the E-treated animals (Hao et al., 2007).
We found that continuous E treatment, with or without cyclic P, does not increase the
proportion of thinner spines in the dlPFC of young OVX animals, despite reaching similar
levels of circulating E. We also found that, 20 days after the final E injection in the context
of long-term cyclic E replacement, the distribution of spine head diameters in the dlPFC is
not significantly different from that seen in vehicle-treated animals.
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