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Studies of the effect of hormone therapy on cognitive function in menopausal women have been equivocal, in part due to differences in the
type and timing of hormone treatment. Here we cognitively tested aged female rhesus macaques on (1) the delayed response task of
spatial working memory, (2) a visuospatial attention task that measured spatially and temporally cued reaction times, and (3) a simple
reaction time task as a control for motor speed. After task acquisition, animals were ovariectomized (OVX). Their performance was
compared with intact controls for 2 months, at which time no group differences were found. The OVX animals were then assigned to
treatment with either a subcutaneous sham implant (OVX), 17-� estradiol (E) implant (OVX�E) or E implant plus cyclic oral proges-
terone (OVX�EP). All groups were then tested repeatedly over 12 months. The OVX�E animals performed significantly better on the
delayed response task than all of the other groups for much of the 12 month testing period. The OVX�EP animals also showed improved
performance in the delayed response task, but only at 30 s delays and with performance levels below that of OVX�E animals. The OVX�E
animals also performed significantly better in the visuospatial attention task, particularly in the most challenging invalid cue condition;
this difference also was maintained across the 12 month testing period. Simple reaction time was not affected by hormonal manipulation.
These data demonstrate that chronic, continuous administration of E can exert multiple beneficial cognitive effects in aged, OVX rhesus
macaque females.
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Introduction
Human studies have reported negative impacts on cognition due
to ovariectomy (OVX) (Rocca et al., 2007; Sherwin, 2012), peri-

menopause (Frackiewicz and Cutler, 2000; Weber et al., 2013),
and menopause (LeBlanc et al., 2001; Maki and Hogervorst,
2003; Sherwin, 2006). Hormone therapy (HT) ameliorates some
clinical symptoms, such as hot flashes and osteoporosis (de Vil-
liers et al., 2013), but the effects on cognition are inconsistent
(Fischer et al., 2014), complicated by variations in subject age,
time of initiation, hormone preparation, and route and duration
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Significance Statement

Hormone therapy after menopause is controversial. We tested the effects of hormone replacement in aged rhesus macaques, soon
after surgically-induced menopause [ovariectomy (OVX)], on tests of memory and attention. Untreated ovarian-intact and OVX
animals were compared with OVX animals receiving estradiol (E) alone or E with progesterone (P). E was administered in a
continuous fashion via subcutaneous implant, whereas P was administered orally in a cyclic fashion. On both tests, E-treated
animals performed better than the other 3 experimental groups across 1 year of treatment. Thus, in this monkey model, chronic E
administered soon after the loss of ovarian hormones had long-term benefits for cognitive function.
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of administration (Voytko, 2009; Gibbs, 2010; Maki, 2013). For
example, women who received HT in their 50s showed no bene-
fits compared with those receiving placebo treatment (Espeland
et al., 2013), whereas the Cache County study found preserved
cognitive function in women receiving HT immediately follow-
ing menopause (Shao et al., 2012). HT can also reduce the risk for
Alzheimer’s disease (Paganini-Hill and Henderson, 1994; for re-
view, see Rocca et al., 2014), although not when treatment is
delayed (Rapp et al., 2003b; Espeland et al., 2004).

While rodent models show positive effects on cognitive func-
tion when estrogen replacement is initiated soon after OVX
(Daniel, 2006; Acosta et al., 2013), they differ markedly from
women in their hormonal patterns. The nonhuman primate
(NHP) is an attractive and highly translational alternative model
(Lacreuse et al., 2015), being a long-lived, close genetic relative,
with a complex brain and cognitive ability (Kohama et al., 2012).
Furthermore, the reproductive physiology of female NHPs is very
similar to that of women, showing characteristic monthly men-
strual cycles (Jewitt and Dukelow, 1972; Knobil, 1974; Goodman
et al., 1977), cycle irregularity during perimenopause (Gilardi et
al., 1997; Downs and Urbanski, 2006), and cessation of cyclicity
and ovarian estrogen production after menopause (Johnson and
Kapsalis, 1995; Walker, 1995; Gilardi et al., 1997; Downs and
Urbanski, 2006). Additionally, there are significant anatomical
differences that exist between the frontal lobes of primates and
rodents. Specifically, the lateral prefrontal cortex (PFC) subre-
gions, which in humans are critical to support working memory
(WM) and attentional control, cannot be clearly delineated from
other frontal cortical areas in the rodent brain (Uylings et al.,
2003; Seamans et al., 2008), but in monkeys the lateral PFC is
widely accepted as anatomically and functionally homologous to
humans (Petrides and Pandya, 2002; Petrides et al., 2002). Criti-
cally, cognitive performance dependent on PFC function declines
in NHPs after OVX, whereas estrogen therapy ameliorates these
deficits in memory and attention in both young (Voytko, 2002;
Voytko and Tinkler, 2004) and aged monkeys (Rapp et al., 2003a;
Tinkler and Voytko, 2005; Lacreuse, 2006; Voytko et al., 2008).
Furthermore, spatial learning has been reported to be impaired in
monkeys during the perimenopausal or postmenopausal period
compared with age-matched premenopausal monkeys (Roberts
et al., 1997). Complicating the issue, however, is that one recent
study of a variety of forms of HT administration in aged OVX
monkeys reported no positive effects on cognition (Baxter et al.,
2013). However, factors, such as the age of the animal and time
since OVX, can modulate hormone effects on cognition (Voytko
and Tinkler, 2004; Tinkler and Voytko, 2005).

Therefore, the present study examined memory and attention
in aged rhesus monkeys to determine both the acute and chronic
impact of HT using naturally occurring sex steroids delivered at
physiological levels. In the first phase of the study, acutely OVX
females were compared with age-matched intact, cycling females.
In the second or HT phase, the OVX females were divided into
groups receiving either subcutaneous implants of 17-� estradiol
(OVX�E), E implants plus cyclic oral progesterone (OVX�EP),
or placebo treatment (OVX group). Repeated blocks of cognitive
testing were performed during an initial post-OVX 2 month pe-
riod, followed by 12 months of testing during the HT phase.

Materials and Methods
Animals. The study used 28 female rhesus macaque monkeys (Macaca
mulatta), with an age range of 18 –25 years and experimentally naive to
cognition studies. The monkeys were screened with physical and oph-
thalmoscopic examinations to establish the absence of age-related health

disorders that might interfere with testing. They were also selected to
show normal menstrual cyclicity at the initiation of the study, based on
mense records and plasma levels of E and P measured every 3 d through-
out at least one complete menstrual cycle. Animals were paired (n � 20)
or singly housed (n � 8); the latter consisted of animals that failed at least
four attempts at social housing due to excessive aggression, and were
distributed across the different treatment groups. The potential influence
of phytoestrogens found in commercial monkey chow was avoided by
feeding all animals a specially prepared semipurified diet low in phytoes-
trogens (similar to that reported by Voytko, 2000) throughout both
training and data collection. The diet was prepared in the Oregon Na-
tional Primate Research Center diet kitchen bimonthly and kept frozen
until use. It was fed to the animals twice daily at �8:00 A.M. or at the
completion of cognitive testing and at 3:00 P.M., and was supplemented
daily with fresh fruit or vegetables. Drinking water was available ad libi-
tum. All protocols were approved by the Oregon National Primate Re-
search Center Institutional Animal Care and Use Committee and were
conducted in accordance with National Research Council’s Guide for the
Care and Use of Laboratory Animals.

Experimental groups and hormone replacement. All animals were
gonad-intact while undergoing initial training on each of the behavioral
tasks. Once they achieved a preset criterion for each task, 6 animals
remained as intact controls and were monitored for menstrual cycles
(Fig. 1), and 22 animals were bilaterally OVX by laparoscopy as previ-
ously described (Fanton, 2005). In Phase 1 of the study, these two groups
were cognitively tested at 2 weeks, 1 month, and 2 months after OVX, to
assess the acute role of gonadal steroid loss. In Phase 2, HT was initiated
2.5 months after OVX. The OVX animals were randomly assigned to
receive estradiol (OVX�E; n � 7), estradiol and progesterone
(OVX�EP; n � 7), or placebo (OVX; n � 8). There was no difference in
age between intact (19.9 � 0.3 years), OVX (21.2 � 1.0), OVX�E
(22.2 � 0.7 years), or OVX�EP (21.5 � 1.0) groups ( p � 0.36, one-way
ANOVA). E was administered via subscapular subcutaneous implanta-
tion of SILASTIC capsules (Dow-Corning), which were replaced at 3�
month intervals, or whenever serum E concentration levels fell �80 pg/
ml. In the OVX�EP group, 40 mg of micronized progesterone (Sigma)
was administered daily via oral ingestion of a favored food item for an 11
day period in each 28 day block. The OVX group received placebo im-
plants containing cholesterol, and the OVX and OVX�E groups were
given the same preferred food items without progesterone on the same
schedule as the OVX�EP group.

Serum hormone assays and menses. During the training period, blood
samples and daily mense data were collected from the animals to verify
menstrual cyclicity. Animals were trained for unsedated blood collection
to avoid effects of repeated sedation on cognitive function. All animals
were initially sampled every third day over several menstrual cycles, and
normal cyclicity was verified by E and P levels within the normal range
and showing the cyclic pattern found in gonad-intact rhesus monkeys
(Downs and Urbanski, 2006). After OVX, complete ovarian removal was
verified by the absence of the ovarian hormones after 1 week.

During the experimental phase, intact controls were sampled during
the late follicular and mid-luteal phases of their menstrual cycle, with
timing established by cycle patterns observed during baseline training
and confirmed by daily mense data. For animals in the OVX, OVX�E,

Figure 1. Experimental design: Gonad-intact, aged rhesus females were trained to criteria
during task acquisition. All but 6 of the animals were then bilaterally ovariectomized, and all 28
were retested after 1 week, 1 month, and 2 months during the acute OVX testing phase. Lon-
gitudinal hormone replacement began thereafter, and all groups were retested at 1 week and at
1, 2, 4, 6, 9, and 12 months.
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and OVX�EP groups, blood samples were collected monthly for confir-
mation of steroid levels. For the OVX�EP treatment group, P levels were
assayed on the initial day of the 11 day block of administration, with P
given at 8:00 A.M. and blood collected between 10:00 A.M. and 2:00 P.M.
Serum was stored frozen at �4°C until assayed for E and P by electro-
chemiluminescence using the Immulite 2000 platform (Siemens Health-
care Diagnostics), as previously reported (Eghlidi et al., 2010). The limit
of sensitivity of the E and P assays was 20 pg/ml and 0.2 ng/ml, respec-
tively; the intra-assay and interassay coefficients of variation were �15%
for both assays.

Behavioral testing apparatus and procedures. Training and testing were
conducted in five sound-insulated computerized behavioral testing
chambers that each contained a 17 inch Elo-Touch Systems CRT Touch-
monitor. Each testing chamber contained a modified cage (24 inch L �
24 inch W � 32 inch H) with 3-inch-spaced bars in the front to allow
access to the touchscreen and was equipped with a light, two fans, and a
1 inch closed-circuit video camera for unobtrusive monitoring of the
subjects’ behavior. The monkeys were unrestrained and had free access to
the touchscreen. Food rewards were delivered by either Med Associates
Mini M&M dispensers or custom-built universal food dispensers
mounted on top of the testing chambers. The animals were rewarded on
all tasks with preferred foods, generally a mixture of candy, nuts, pasta,
and/or the low-phytoestrogen diet. Monkeys were not calorically re-
stricted but generally were tested in the morning after an overnight fast
and were fed their first meal at the conclusion of testing. Task stimulus
presentation and reward contingencies were controlled individually
for each chamber by a suite of custom programs run on Apple iMac
computers.

Touchscreen training. The monkeys were first trained to touch a phys-
ical target held outside their home cage. Then they were acclimated to the
testing chamber and trained to transfer targeting to the touchscreen for
manually controlled rewards. Once the animals were able to target the
screen without assistance, they were placed on an automated training
program that rewarded touches to a large red square in random locations
on the screen, and the size of the square was then slowly decreased over
time. Criterion was reached when the animal could touch a 3 inch � 3
inch square with 90% accuracy over 80 trials.

Delayed response task. This task assesses spatial WM and is similar to
that described previously (Voytko et al., 1994; Voytko, 2000). A trial
began with one red square appearing on either the right or left side of the
monitor (“cue phase”). Following a touch response to the square, a delay
period began during which the screen was blank. At the end of the delay,
two red squares appeared on the right and left sides of the monitor
(“choice phase”), and the correct strategy to receive a reward was to
touch the square in the same location as the square presented during the
cue phase. A 3 s intertrial interval (ITI) was used after correct responses
(trials), and a 5 s ITI after incorrect responses. Training began with a 0 s
delay, with delays increasing by 1 s each time 85% correct responses were
made in 80 sequential trials, until a 5 s delay was reached. After attaining
the 5 s delay, the monkeys were tested on a variable delay version of the
task in which delays of 1, 5, 15, and 30 s were randomly presented within
each daily session of 80 trials. Choice accuracy was examined for 5 d for a
total of 100 trials per delay.

Every attempt was made to prevent motor cueing during delayed re-
sponse testing. Monkeys were trained not to leave their hand on the
screen during the delay, and they were monitored continuously during
testing, via video cameras mounted in the testing chambers, to capture
any motor-mediated strategies. During the testing phase, animals were
not observed using any positional cueing behaviors.

Visuospatial cueing task. This task assesses the ability to orient and shift
visuospatial attention. The procedure was similar to one described pre-
viously (Baxter and Voytko, 1996; Voytko, 2002). At the start of a trial, a
green square with a white asterisk appeared at the center of the monitor
screen for a variable duration of 1–3 s, and the monkey was required to
touch and hold the central symbol as long as it was present. At the end of
the delay, a small white circle (“cue”) appeared to the left or right of the
central symbol for 200 ms, during which time the monkey was trained to
continue touching the central symbol. At the end of the 200 ms period,
the central symbol disappeared and a green square (“target”) appeared

on the left or right side of the monitor. The correct strategy to receive a
reward was to stop touching the square (“release”) and touch the
target within a short time window. A 3 s ITI was used, and each daily
session consisted of 120 trials. The dependent measure recorded for
each trial was reaction time (RT), defined as the time to stop touching
the center square at target appearance (release time). This measure is
considered a measure of central processing time and more appropri-
ate than the time to hit the target, which also includes a motor speed
component.

Different aspects of attention were evaluated by comparison of RTs to
four types of trials, presented in pseudorandom order: (1) cue placement
was termed “valid” when it was on the same side of the screen where the
target would appear on a given trial; this was the most common condi-
tion, appearing on 70% of all trials, and therefore the cue usually pre-
dicted target location; (2) a cue was “invalid” when it appeared on the
side opposite to the target; (3) in the “neutral” cue condition, cues ap-
peared simultaneously on both the left and right and therefore provided
temporal information regarding appearance of the target but no spatial
information; and (4) on “no-cue” trials, no advanced cues were pro-
vided. The proportion of trial types within a session was 70% valid, 10%
invalid, 10% neutral, and 10% no-cue trials. Testing occurred for 5 d for
a total of 420 valid trials, and 60 trials each of invalid, neutral, and no cue
conditions. The inclusion of different trial types afforded the ability to
assess several components of attention and target detection. “Validity
effects” were derived from invalid cue RT � valid cue RT, and measured
the speed benefit provided by accurate advanced spatial cueing of target
location. “Alerting effects” equaled no-cue RT � neutral cue RT, and
reflected the speed advantage achieved by cueing of the time of target
appearance but not its location. Validity effects could be further dissected
into “benefits” of the valid cue, equal to neutral cue RT � valid cue RT,
and “costs” of the invalid cue, measured by neutral cue RT � invalid cue
RT. Costs reflected the added time needed to reorient and shift spatial
attention after an inaccurate cue.

Simple RT task. This task assesses general response time and motor
speed and is identical to one described previously (Baxter and Voytko,
1996; Voytko, 2002). The start of each trial was marked by the appear-
ance of a centrally located green square with a white asterisk. The
monkey was trained to touch the square continuously for a variable
delay of 1–3 s. At the end of the delay, the center square was removed
and a green square (target) appeared, always on the monkey’s pre-
ferred side of the monitor screen. The correct strategy was to touch
the target to receive a reward. The window of opportunity to respond
to the target was initially 1000 ms and progressively decreased in 100
ms increments until it was the shortest time in which the monkey
could respond correctly in 17 of 20 trials. If the animal was �85%
correct, the window of opportunity increased by 100 ms for the next
20 trials. The final shortest time achieved was referred to as the fastest
RT. A 3 s ITI was used, and each session consisted of 100 trials.
Monkeys were tested for one session at each time point.

Schedule of cognitive testing. During data collection, animals were
tested for 11 consecutive days on a battery consisting of 3 tasks: 1 d of
simple RT, 5 d of visuospatial cueing, and 5 d of delayed response testing.
These behavioral batteries were collected during Phase 1 for all groups at
1 week, 1 month, and 2 months after OVX surgery (n � 22) and com-
pared with intact controls (n � 6). For Phase 2 (HT), the same testing
battery was repeated at 1 week and 1, 2, 4, 6, 9, and 12 months after
the start of hormone treatment. All testing batteries occurred during the
follicular phase for the intact group, and during the E-only part of the
artificial cycles for the OVX�EP group, so that P was low during testing
for all groups.

Statistical analyses. For each cognitive task, separate analyses were con-
ducted for Phase 1 to examine the acute effects of OVX, and for Phase 2
to evaluate effects of hormone treatment. Data are represented as per-
centage change from initial values, which takes advantage of each indi-
vidual functioning as its own baseline, thereby reducing variation.
Therefore, for Phase 1, the percentage change was based upon the initial
baseline values for the task before OVX; for the effects of HT in Phase 2,
the last values collected at 2 months after OVX, just before initiation of
HT, were used as the baseline reference.
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Performance in each task was analyzed with a mixed-model, repeated-
measures ANCOVA, which included age as a continuous covariate, using
SAS version 9.4 (SAS). For the delayed response task, percentage correct
was evaluated as a function of hormone treatment as a between-group
factor and time after OVX or initiation of HT and delay as within-group
factors. RTs in the visuospatial cueing task were analyzed using hormone
treatment as a between-group factor and time and cue condition as
within-group factors. For the simple RT task, effects of treatment were
evaluated over time. In a typical experiment using repeated measures,
two measurements taken at adjacent times are more highly correlated
than two measurements taken several time points apart; therefore, we
used a first-order autoregressive (AR1) covariance structure to account
for within-subject correlation. When appropriate, comparisons among
treatment groups, delays and cue conditions and among treatment
groups at each time point were performed using contrast tests. Because
mixed-model analysis holds even with missing data as long as the missing
data occur completely at random, no imputation/deletion was applied
(Overall and Tonidandel, 2007; Howell, 2008); data were missing for
only one subject (E group) at one time point (9 months) due to an acute
illness. Differences were considered statistically significant at p � 0.05.

Results
Serum hormone levels
During the training phase, all 28 animals were confirmed to have
normal menstrual cycles by ovarian hormone assays and mense
records. All had E levels at follicular day 10 –12 consistent with a
periovulatory rise, as well as low P (Table 1); during the luteal
phase, they exhibited high P and moderately low E levels, signi-
fying that an ovulatory event had occurred. The same pattern was
also evident in the intact animals during Phase 2, signifying that
intact controls continued to have menstrual cycles (Table 1).

During Phase 1, OVX animals destined for the OVX, OVX�E,
and OVX�EP groups all had serum E levels �20 pg/ml and
serum P levels �0.5 ng/ml, consistent with the lack of a source of
ovarian steroid hormones (Table 2). During Phase 2 (HT), E
levels averaged �125 pg/ml for both the OVX�E and OVX�EP
groups. This concentration of E is consistent with levels found
during the late-follicular phase when E is rising to its periovula-
tory peak (Downs and Urbanski, 2006). P assays confirmed that P
was present above OVX levels only in the OVX�EP group during
the 11 d of oral P administration; we note that levels were supra-

physiological, probably exacerbated by blood sampling 2– 6 h
after administration of the hormone.

Behavioral data
Delayed response
Analysis of the delayed response results at baseline showed the
expected decline in performance with increasing delay (F(3,81) �
149.88, p � 0.0001), but no effect of age (F(1,23) � 0.12; p � 0.73).
For Phase 1 of the experiment, the change from baseline in per-
centage correct at each delay across all time points was compared
between the intact group (n � 6) and all OVX animals (n � 22).
There was no significant group difference in delayed response
performance between OVX and intact animals (F(1,25) � 0.43,
p � 0.52), no effect of delay (F(3,78) � 1.98, p � 0.12), and no
effect of time of testing across the 1 week, 1 month, and 2 month
time points (F(2,52) � 0.01, p � 0.99; Fig. 2, left).

For Phase 2, as shown in Figure 3, there was a significant main
effect of hormone treatment (F(3,23) � 8.10, p � 0.0007). Pairwise
comparisons revealed significantly better performance in the E
group than in intact (t(23) � 4.37, p � 0.0002), OVX (t(23) � 4.22,
p � 0.0003), or OVX�EP animals (t(23) � 3.11, p � 0.005), with
the latter three treatments overlapping statistically (all p values 	
0.05) (Fig. 2, right). A significant treatment � delay interaction
(F(9,72) � 5.89, p � 0.0001) reflected the result that performance
at the 1 s delay was not different between treatment groups,
whereas the OVX�E group showed significantly better perfor-
mance than the other three groups at 15 and 30 s delays (Fig. 4),
consistent with an effect on WM. At the 30 s delay, the OVX�EP
group performed at an intermediate level, significantly better
than intact (t(72) � 2.91, p � 0.0048) and OVX (t(72) � 3.46, p �
0.0009) animals, but also significantly below the level of perfor-
mance in the OVX�E animals (t(72) � �2.41, p � 0.0183). There
was no effect of the time of testing (F(6,143) � 0.14, p � 0.99), and
no treatment � time interaction (F(18,143) � 0.50, p � 0.95),
indicating that the positive effect of E was maintained over the 1
year duration of treatment. Other tested interactions also were
not significant.

Visuospatial cueing
In Phase 1 of the study (Fig. 5, left column), there was no signif-
icant overall difference (main effect) in cued RTs between intact
and OVX animals (F(1,25) � 0.01, p � 0.94). There also were no
significant interactions for treatment � cue condition (F(3,78) �
1.04, p � 0.38) or treatment � time (F(2,52) � 0.11, p � 0.89).

During Phase 2 (Fig. 5, right column), there was a significant
main effect of hormone treatment (F(3,23) � 9.47, p � 0.0003), as
well as a main effect of cue condition (F(3,72) � 8.10, p � 0.0001).
Pairwise comparisons showed that the OVX�E groups had over-
all faster RTs than the other three groups: intact (t(23) � �2.91,
p � 0.0079), OVX (t(23) � �5.16, p � 0.0001), and OVX�EP
(t(23) � �3.86, p � 0.0008). There was no significant main effect
of time (F(6,143) � 0.71, p � 0.64) but a significant treatment �
time interaction (F(18,143) � 0.71, p � 0.04), reflecting a progres-
sive reduction in RT in the E group over the first few months of
treatment. Furthermore, there was a significant treatment � cue
interaction (F(9,72) � 4.00, p � 0.0004). On valid cue trials, RTs
were significantly faster in the OVX�E than in the OVX group
(t(72) � �3.40, p � 0.0011). For invalid cue trials, the OVX�E
group had significantly faster RTs than all other treatment
groups: intact (t(72) � �4.93, p � 0.0001), OVX (t(72) � �6.32,
p � 0.0001), and OVX�EP (t(72) � �5.86, p � 0.0001). Neutral
cue trials showed similar significant differences between OVX�E
and all other treatment groups: intact (t(72) � �2.07, p � 0.0416),

Table 1. Serum hormone levels for intact controls during the two cognitive testing
phasesa

Follicular phase Luteal phase

E (pg/ml) P (ng/ml) E (pg/ml) P (ng/ml)

Phase 1 139.4 � 22.6 0.20 � 0.04 38.1 � 2.8 2.81 � 0.63
Phase 2 107.2 � 12.6 0.36 � 0.04 42.1 � 2.0 3.00 � 0.35
aSamples were collected during day 10 –12 of the follicular phase and also during the luteal phase of the menstrual
cycle, to capture rising levels of E and P, respectively. Hormone values corroborate visual mense data that indicate
that intact animals maintained menstrual cycles during Phase 1 (comparison with OVX) and Phase 2 (longitudinal
HT) components of the study. Values reflect the means of individual animals, which were then averaged (overall
mean � SEM).

Table 2. Serum hormone levels for OVX, OVX�E, and OVX�EP treatment groups
during the two cognitive testing phasesa

Phase 1 Phase 2

Treatment group E (pg/ml) P (ng/ml) E (pg/ml) P (ng/ml)

OVX 11.2 � 1.7 0.32 � 0.08 14.7 � 2.5 0.15 � 0.05
OVX�E 9.4 � 1.2 0.20 � 0.06 126.5 � 11.3 0.18 � 0.06
OVX�EP 10.7 � 1.3 0.18 � 0.04 123.6 � 5.5 11.33 � 0.79
aAs expected, during Phase 1 (acute OVX testing), both E and P levels were low in all groups. Following the initiation
of Phase 2 (HT), E levels in the OVX�E and OVX�EP groups were elevated to levels similar to days 10 –12 of the
follicular phase in intact controls. P levels were also elevated in the OVX�EP group, whereas OVX controls continued
to have low serum E and P levels. Values reflect the means of individual animals, which were then averaged by
treatment group (overall mean � SEM).
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OVX (t(72) � �3.09, p � 0.0028), and
OVX�EP (t(72) � �2.63, p � 0.0106).
For the no cue condition, significant dif-
ferences were found between OVX�E
versus OVX (t(72) � �3.15, p � 0.0024),
OVX�E versus OVX�EP (t(72) � �2.08,
p � 0.0409), and intact versus OVX
groups (t(72) � �2.61, p � 0.0112). There
were no significant effects for the derived
measures, including the validity effect
(valid � invalid trial RT), alerting effect
(no cue � neutral cue RT), costs (in-
valid � neutral cue RT), or benefits
(valid � neutral trial RT; data not shown).
Pairwise comparisons for the effects of
treatment for each cue condition at each
time point are shown in Figure 5. Only the
OVX�E group showed consistently faster
RTs across time and cue conditions. These
improvements were observed beginning
at 2 months of HT for invalid cues and 4
months for neutral cues, but not until 9
and 12 months for the valid and neutral
cues.

Simple RT
During Phase 1, no differences in simple
RT were found between the intact and
OVX groups (F(1,25) � 1.11, p � 0.30),
among time points (F(2,52) � 1.33, p �
0.27) or for their interaction (F(2,52) �
1.17, p � 0.32). Similarly, in Phase 2, there
was no significant effect of treatment
(F(3,23) � 1.02, p � 0.40) or treatment �
time interaction (F(18,144) � 0.70, p �
0.81). However, there was a significant
main effect of time (F(6,144) � 2.37, p �
0.03), as mean values increased at 12
months (data not shown).

Discussion
This study demonstrated positive, sustained
effects of E replacement on spatial WM and
spatially cued RT in aged, OVX monkeys.
Notable experimental features were the sub-
ject’s age range (18–25 years), maintenance
on a low-phytoestrogen diet to minimize exposure to estrogenic
compounds, use of natural hormones, continuous E administration
with or without intermittent oral P, initiation of HT 2.5 months after
OVX, testing during the follicular phase of intact cycling females and
during the E-only phase of the OVX�EP group, and longitudinal
testing over a 12 month period of HT. The use of the natural hor-
mones, 17� estradiol and progesterone, differs from many clinical
studies, but supports the use of bioidentical steroids for relief of
postmenopausal symptoms (McBane et al., 2014; Mirkin et al.,
2015). In contrast, negative effects of commonly used hormone
preparations, such as conjugated equine estrogens and in particular
medroxyprogesterone, have been documented in both women and
experimental models (Nilsen and Brinton, 2002; Rapp et al., 2003b).
Our results are consistent with other studies showing benefits of
early postmenopausal treatment (Hale et al., 2014). The E and P

levels tested were relatively high, so we cannot make conclusions
about effects of lower levels.

The effect of E on the delayed response task was delay-
dependent, with greater performance improvements at the lon-
ger 15 and 30 s delays but not at the shortest 5 s delay. This pattern
of effects is interpreted as a specific effect on WM, as the short
delays provide an internal control for effects on motivation, mo-
tor ability, and other nonspecific performance factors.

Previous studies support similar positive effects of ovarian
hormones on delayed response performance in macaques. Old,
irregularly cycling or acyclic rhesus monkeys performed more
poorly on the delayed response task than regularly cycling aged
animals (Roberts et al., 1997). Therefore, either regular men-
strual cycles and/or a threshold level of ovarian steroids main-
tained across time may be optimal for cognitive function. Rapp et
al. (2003a) reported that aged OVX rhesus females receiving cy-

Figure 2. The percentage change in delayed response performance, during the 2 month, post-OVX washout period and during
12 months of HT. During the washout period, the percentage change was calculated from baseline values, whereas for the HT
period, comparisons were reset at the start of HT. Left, During the 2 month post-OVX washout phase, there was no difference
between intact or OVX groups. Right, During the HT period, the OVX�E animals performed significantly better than the gonad-
intact, OVX, or OVX�EP groups. aSignificantly different from intact ( p � 0.05, or at a greater significance level). bSignificantly
different from OVX ( p � 0.05, or at a greater significance level). cSignificantly different from OVX�EP ( p � 0.05, or at a greater
significance level). Note different y-axis scales for the left and right panels.

Figure 3. The effect of HT on overall delayed response performance. When just examining the effect of treatment, collapsing
the data across delay and time, the OVX�E group significantly performed better than the intact, OVX, or OVX�EP-treated
animals. In all pairwise comparison, none of the other three groups was significantly different from each other in performance.

10420 • J. Neurosci., October 5, 2016 • 36(40):10416 –10424 Kohama et al. • Hormone Therapy and Aged Female Macaque Cognition



clic intramuscular injections of estradiol cypionate showed de-
layed response performance superior to OVX controls and
comparable with young animals. In a study of 22-year-old rhesus
monkeys, E implants provided immediately after OVX main-
tained delayed response ability after 2 months, whereas perfor-
mance in a placebo group declined (Tinkler and Voytko, 2005).
In contrast, Baxter et al. (2013) failed to detect any positive E
effects on delayed response, with or without oral P. This study
compared E administered by implants or via E injections, but
compared with Rapp et al. (2003a), used a longer time interval
between E injections, did not have a cyclic E-treated group un-
opposed by P, and had only 5 subjects completing the study in the
E implant group. Our study used a 12 month longitudinal design,
which may have assisted in revealing a positive E effect compared
with previous studies that measured performance at only one
time point during HT. Clearly, the differential effects of chronic
versus cyclic E and the interactive effects of E and P need to be
explored further.

In contrast to most of the studies of older monkeys, E has not
been effective in improving delayed response performance in
young OVX NHPs (Hao et al., 2007; Voytko et al., 2008). There-
fore, young animals are resilient to the loss of ovarian hormones
in performance of these tasks, whereas in older animals loss of E
generally impairs performance.

The current study also found a positive and sustained effect of
OVX�E on cued RT in a test of visuospatial attention. An effect
of E was seen for all cue conditions, but in the invalid cue condi-
tion the effect emerged most rapidly (by 2 months of HT) and was
largest in magnitude (40 –55 ms, compared with 25– 40 ms for

other cue conditions). These results sug-
gest that estrogen heightens general levels
of attention or alertness but may have a
strong effect in the presence of invalid
cues, which require disengagement from
the initial locus of attention and reorient-
ing to the correct locus of the target; how-
ever, the invalid cue condition also results
in the longest RTs, which could alone ac-
count for the greater effect. The OVX�E
group also showed faster RTs than the
other three groups in the neutral (double
cue) condition, which may also require
disengagement. In any case, the effect of
treatment cannot be ascribed to differ-
ences in motor speed because a simple RT
task found no differences among the
groups, and thus the effects can be attrib-
uted to differences in central processing
speed.

Unlike delayed response, effects of
OVX�E on this visuospatial cueing task
have been found in both old and young
monkeys. In young adult cynomolgus
monkeys, OVX was associated with
poorer performance on invalid cues at 2
months after surgery, whereas E therapy
produced faster response times to neutral,
valid, and invalid cues compared with pla-
cebo controls (Voytko, 2002). In middle-
aged OVX monkeys, placebo-treated
monkeys had slower release times on all
trial types than E-implant-treated mon-
keys (Tinkler and Voytko, 2005). A larger

study in aged female rhesus used E implants plus cyclic injections
of estradiol valerate to mimic the periovulatory surge (Voytko et
al., 2008, 2009); placebo and E groups did not differ on RTs to
neutral, valid, and invalid cues, but the placebo group had smaller
benefits and five times greater costs than E-treated monkeys fol-
lowing 2 weeks of HT, indicating inefficient attentional process-
ing. As in our study, simple RT was not affected by OVX or by HT
in any of the previous studies; thus, the effects seen in the cued RT
tasks cannot be due to simple alterations in motor function. The
benefits of E on visuospatial attentional processing were also ob-
served in a study of young women, with RTs on most trials de-
creased during the periovulatory, high E phase of the menstrual
cycle (Beaudoin and Marrocco, 2005).

Is there a common mechanism for the positive E-effects on the
delayed response and visuospatial attention tasks? The DR task of
spatial WM is mediated primarily by dorsolateral PFC (Bauer and
Fuster, 1976; Bachevalier and Mishkin, 1986; D’Esposito and
Postle, 1999, Levy and Goldman-Rakic, 2000), as shown by its
sensitivity to lesions or disruption of this area, as well as by the
selective, performance-associated activity of neurons in this area
during task performance (Goldman-Rakic, 1995). The visuospa-
tial cueing task assesses the ability to orient and shift visuospatial
attention and is supported by frontoparietal networks (Mesulam,
1981; Alivisatos and Milner, 1989; Petersen et al., 1989; Corbetta
et al., 1993; Nobre et al., 1997; Koski et al., 1998; Hopf and Man-
gun, 2000; Nobre et al., 2000; Hopfinger et al., 2001; Thiel et al.,
2004; Vossel et al., 2006). Given that the monkey PFC is sensitive
to the manipulation of ovarian hormones (Kritzer and Kohama,
1999; Gibbs et al., 2002; Tinkler et al., 2004; Wang et al., 2004),

Figure 4. The interaction of delay and treatment on delayed response performance. A significant interaction of delay �
treatment was found ( p � 0.0001), and comparisons are presented for each delay. Although there were no group differences in
performance for the 1 s delay, at 5 s delays both the OVX and OVX�E groups outperformed gonad-intact and OVX�EP animals. For
the 15 s delay, the OVX�E group performed significantly better than all other groups. At the 30 s delay, OVX�E again resulted in
significantly improved performance versus all other groups. However, in this case, the OVX�EP group performance was superior
to that of gonad-intact and OVX animals, but still below that of OVX�E animals. All significant comparisons exceeded p � 0.05,
with different letters for any treatment group denoting a significant pairwise difference. Data represent mean � SEM.
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especially during middle and old age (Kompoliti et al., 2004; Hao
et al., 2006; Browne et al., 2009), it is plausible that the effects of E
treatment we observed on both tasks are related to mechanisms of
hormonal action in this region.

Additional studies in monkeys that examined a role for E in
the modulation of cognitive function are equivocal and difficult
to compare with our results due to the use of different tasks,
animal ages, and E formulations (Lacreuse et al., 2000, 2001, for
review, see Lacreuse, 2006; Lacreuse et al., 2015). The clinical
picture is also complex, as hormone formulations, routes of ad-
ministration, and other factors vary across studies (Maki, 2012).
However, some clinical studies in perimenopausal and post-
menopausal women support our observations that memory and
attention are E sensitive (Kopera, 1972; Anderson et al., 1987;
Oldenhave and Netelenbos, 1994; Frackiewicz and Cutler, 2000;
Woods et al., 2000).

The interaction of E and P cotreatments warrants some com-
ment, as P attenuated the positive effects of E on both cognitive
tasks. Because synthetic progestins also have negative effects on
target tissues in menopausal women, notably in the WHI studies
(for review, see Gurney et al., 2014), it can be interpreted that the
native ligand behaves in a similar manner. However, we also
report that our P levels were in the high physiological range,
which may have led to unexpected secondary effects. Hence, one
needs to interpret the results from the OVX�EP group with
caution.

In conclusion, this study shows positive, sustained (12 months)
effects of continuous estrogen replacement on cognition in middle-
aged, OVX monkeys. Positive effects with initiation of treatment 2.5
months after OVX is consistent with the hypothesis that treatment is
effective early in menopause, as opposed to after a long delay. In

addition, the chemically defined bioidentical ovarian steroid hor-
mones, 17� estradiol and progesterone, were used in order to pro-
vide a hormonal milieu in which to examine the chronic HT effects
on brain function. Together, the data demonstrate the benefits of HT
on both spatial WM and cued RT in aged, OVX rhesus macaque
females, suggesting that it may be possible to achieve similar cogni-
tive benefits in postmenopausal women.
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