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Abstract
Building upon our initial studies in young adult surgically menopausal monkeys, this study examined
the effects of a novel schedule of administration of estradiol therapy alone, or in combination with
progesterone, on visual and spatial recognition memory in older monkeys. Monkeys were
preoperatively trained on a delayed matching-to-sample task and a delayed response task. At the time
of ovariectomy, monkeys began their hormonal treatments and were cognitively assessed at 2, 12
and 24 weeks following treatment initiation. A schedule of hormone administration was used that
closely modeled the normal fluctuations of hormones during the course of a normal primate menstrual
cycle. Monkeys receiving placebo had lower levels of accuracy than monkeys receiving estrogen
therapies on the delayed matching-to-sample task that were not apparent until 12 weeks following
initiation of therapy and were no longer detected at the 24-week assessment. There was no effect of
hormone therapy on accuracy in the delayed response task at any of the postoperative assessments.
In both tasks, monkeys treated with estrogen plus progesterone had longer choice response latencies,
especially on trials in which they made errors; however these effects did not influence accuracy
measures in these animals. Our findings indicate that visual recognition ability may be more sensitive
than spatial recognition memory to this novel hormone therapy regimen, that treatment with estradiol
plus progesterone was equivalent to that of estradiol alone, and that neither therapy had significant
negative impact on memory profiles.
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For postmenopausal women, the question of whether to start or to continue with hormone
therapy to alleviate menopausal symptoms and decrease risks for dementia and cognitive
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decline has become more difficult to answer given the recent results from the Women's Health
Initiative (WHI) study (Writing Group for Women's Health Initiative Investigators, 2002;
Women's Health Initiative Steering Committee, 2004) and its ancillary study, the Women's
Health Initiative Memory Study (WHIMS) (Rapp et al., 2003b; Shumaker et al., 2003;
Espeland et al., 2004; Shumaker et al., 2004). In the wake of the surprising results of these
studies, many have suggested that several critical factors present in these studies contributed
to the results, including the age and health of the subjects, delayed timing of hormone therapy
initiation, the particular formulations and doses of hormones used, and the continuous nature
of the hormone regimen (Mikkola et al., 2004; Ancelin and Ritchie, 2005; Sherwin, 2005;
Maki, 2006; Manson et al., 2006).

In an effort to answer some of the questions about estrogen and cognition in ways that are not
entirely possible by studying postmenopausal women, our laboratory and others have used
animal models of menopause in which we have control over many variables that may contribute
to cognitive function. In one of the first monkey studies to examine the effects of estrogen
therapy (ET) on memory, we demonstrated that aspects of visual and spatial memory were
unaltered following surgical menopause or ET in young adult monkeys (Voytko, 2000).
Subsequent studies in young monkeys corroborated these initial findings (Lacreuse and
Herndon, 2003; Hao et al., 2007). In contrast, studies in older monkeys indicate that both spatial
and visual memory are sensitive to the loss of estrogen and ET (Roberts et al., 1997; Lacreuse
et al., 2000; Lacreuse et al., 2002; Rapp et al., 2003a; Tinkler and Voytko, 2005). Timing of
hormone therapy is important with greater benefits associated with therapy that is initiated
soon after ovariectomy in rats (Gibbs, 2000; Daniel et al., 2006). In monkeys, ET given within
six months of ovariectomy improved memory (Rapp et al., 2003a; Tinkler and Voytko,
2005), but did not if therapy was delayed for more than 10 years (Lacreuse et al., 2002).

With an interest in designing therapies that are more in line with the natural menstrual cycle,
cyclic schedules of hormone administration recently have been investigated. Intermittent
schedules of hormones improved acquisition and memory in a variety of tasks in rodents
(Gibbs, 2000; Sandstrom and Williams, 2001; Korol and Kolo, 2002; Markowska and
Savonenko, 2002; Bimonte-Nelson et al., 2006). In an innovative approach in monkeys, Rapp
and colleagues employed a long-term cyclic administration of ET (Rapp et al., 2003a).
Monkeys receiving this intermittent delivery of ET had better performance on a delayed
response task and a delayed nonmatch-to-sample task than placebo-treated monkeys (Rapp et
al., 2003a). This same therapy schedule however did not influence memory in the delayed
response task in young ovariectomized monkeys (Hao et al., 2007).

Although the majority of animal studies have used ET alone, several studies in rodents found
that estradiol combined with natural progesterone (E+P) enhances spatial and nonspatial
memory in a manner equivalent to ET (Dohanich et al., 1994; Gibbs, 2000; Sandstrom and
Williams, 2001; Markham et al., 2002; Frye et al., 2007). While the effects of E+P on cognitive
function of surgically menopausal monkeys have not been reported, E+P positively influences
neurotransmitter systems that are known to influence cognition in primates (Kritzer and
Kohama, 1998,1999; Kritzer et al., 2003); in contrast to conjugated equine estrogen plus
medroxyprogesterone therapy, the formulation used in WHI/WHIMS, that has either no effect
or detrimental effects in the primate brain (Gibbs et al., 2002; Gibbs et al., 2006).

The present study was undertaken in an effort to build upon our initial studies of memory in
young monkeys (Voytko, 2000) and to further investigate the most appropriate hormone
formulations and administration schedules that will benefit cognitive function in primates. In
this study, older monkeys were used to investigate the effects of estradiol alone or in
combination with natural progesterone on both visual and spatial recognition memory function.
Thus, this study is the first to investigate the effects of combined E+P on memory in
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ovariectomized monkeys and to compare this combined therapy to that of ET alone. Our
hypotheses were that recognition memory would be preserved or enhanced in monkeys treated
with ET or E+P and that these therapies would be comparable in their effects. These hypotheses
were based on the previously mentioned studies in rodents that showed that E+P was equivalent
to ET in improving memory and on the studies in primates that demonstrated that E+P has
positive effects in several neurochemical systems in the brain that can influence memory.
Importantly, as a result of the pressing need to investigate alternate schedules and regimens of
hormone therapy to address the concerns raised by the results of WHIMS in postmenopausal
women, a novel hormone therapy schedule was used that closely mirrored the hormonal
fluctuation patterns that occur over the course of a normal primate menstrual cycle. This
hormone therapy was initiated at the time of ovariectomy in the monkeys to address the concern
that early therapy may be more beneficial than delayed therapy for postmenopausal women
(Henderson, 2005; Maki, 2006; Sherwin, 2006).

Experimental Procedures
Subjects

Twenty-five female rhesus (Macaca mulatta) monkeys (mean ± SEM at time of ovariectomy
and treatment initiation: 19.7 ± 0.5 years) were the subjects of these experiments. The animals
were individually housed in a climate-controlled room. Water was available ad libitum and
rations of monkey chow were provided after the daily behavioral sessions. They received
environmental enrichment in the form of novel toys and foods regularly. The monkeys had
been examined on a test of executive function prior to being examined on the memory tests of
this study. All procedures involving animals were conducted according to the National Institute
of Health Guide for the Care and Use of Laboratory Animals (NIH Publications No. 80-23)
and approved by the Wake Forest University School of Medicine Animal Care and Use
Committee. All efforts were made to minimize the number of animals used and their suffering.

Experimental Design
The experimental design is depicted in Figure 1. Monkeys were trained and tested on the visual
and spatial recognition memory tasks prior to ovariectomy and initiation of hormone treatment
and reexamined again postoperatively at 2, 12, and 24 weeks following surgery. Monkeys were
tested five days a week and pre- and postoperative behavioral sessions were conducted without
regard to the time of day for all animals. Preoperative training/testing took place without regard
to the phase of the menstrual cycle. Postoperative testing of monkeys receiving ET or E+P was
conducted throughout their treatment schedule and was not confined to only a particular phase
of their schedule to mirror the conditions that hormonally-treated postmenopausal women
normally experience in their daily lives. Monkeys were randomized to treatment group based
on their preoperative mean performance on the delayed response and delayed matching-to-
sample tasks.

Ovariectomy
A staff veterinarian ovariectomized the monkeys using sterile surgical procedures. To perform
the ovariectomies, the monkeys were sedated with ketamine (5-10 mg/kg, i.m.), the trachea
intubated, and the animals maintained on 2.5% isoflurane and oxygen during the surgery. A
midline incision was made and the ovaries were exteriorized. The vasculature was ligated, the
ovaries removed and the incision was then sutured closed. The monkeys were monitored
postoperatively until recovered from anesthesia and then on a daily basis until sutures were
removed. Butorphanol (0.025 mg/kg, i.m.) was administered to alleviate pain 3-4 hours after
surgery in a one time dose. Surgically related postoperative complications were not noted in
any of the monkeys.
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Hormone Treatments
During surgery to remove the ovaries, 8 monkeys were subcutaneously implanted with a 3.5
cm length of empty Silastic tubing (PL, placebo group) and 17 of the monkeys were implanted
subcutaneously with a 3.5 cm length of Silastic tubing (0.335 cm ID and 0.465 cm OD)
containing a 3 cm packed column of 17β-estradiol (Steraloids Inc., Wilton, NH). Implants of
this size have been used successfully in previous monkey studies and have remained viable for
greater than 14 months following implantation (Adams et al., 1990; Voytko, 2000, 2002). Pilot
studies in rhesus monkeys indicated that implants of this size would deliver and maintain
estradiol levels at 40-80 pg/ml. All monkeys with estradiol implants received an injection of
estradiol valerate (0.10-0.20 mg/cc, Pfizer, NY) on Day 12 to simulate the peak in estradiol
that normally occurs prior to ovulation in the menstrual cycle. Pilot studies indicated that
injections of this size would achieve estradiol peaks ranging from 300-700 pg/ml. Nine of the
monkeys receiving estradiol implants comprised the estrogen alone group (ET) while the
remaining eight monkeys with implants comprised the estrogen plus progesterone group (E
+P) and were given oral doses of progesterone (0.2mg/kg, Prometrium, USP, Solvay
Phamaceuticals) for 12 days beginning on day 16. Oral dosing of progesterone was chosen
because of the reoccurring cyclical nature of the therapy schedule of this hormone. The
progesterone dosing schedule duration and start day was based on the normal menstrual cycle
of macaque monkeys (Goodman et al., 1977; Downs and Urbanski, 2006). The progesterone
was placed in various foods or treats for dosing and each animal was closely observed during
the dosing to ensure that the foods/treats were totally consumed. This schedule of estradiol
injections and progesterone dosing was repeated monthly through the course of the study.

Hormone Assays
Awake blood sampling took place frequently to monitor levels of estradiol and progesterone
throughout the study. Blood samples were drawn from the saphenous vein while the animal
was within a specially constructed transfer cage. For monkeys receiving estradiol, blood
samples were taken the day before the estrogen injection to determine the status of estradiol
delivery by the implants. Blood was again sampled six hours following the estrogen injection
to determine peak levels of estradiol attained by the injection. For E+P monkeys, blood also
was drawn on days 1, 6 and 12 of progesterone dosing to assay levels of progesterone. A blood
sample also was taken 24 hours after the final dose of progesterone to verify that progesterone
levels were no longer elevated. This schedule of blood sampling was repeated monthly through
the course of the study. Blood was collected in sterile serum tubes, allowed to clot, centrifuged,
and then serum was aliquoted into separate tubes and frozen at −20 °C. Serum levels of estradiol
(E2) and progesterone (P4) were measured with a Roche Diagnostics Elecsys 2010 clinical
assay platform by the Oregon National Primate Research Center Endocrine Services Core
Laboratory. These assays had been previously validated against traditional extraction RIA's
(Hess et al., 1981). The sensitivity for E2 was 12 pg/ml and for P4 was 0.05 ng/ml. The
coefficient of variation for both hormones was <10%.

Behavioral Apparatus
The monkeys were behaviorally trained and tested in computer-controlled apparatuses that
were modified from one previously described (Voytko et al., 1994). In the test chamber,
monkeys faced a 17” touchscreen monitor (KDS Pixel Touch Inc.) onto which stimuli were
projected. Speakers were mounted in the chamber to deliver different sounds for correct and
incorrect responses and to provide continuous white noise during testing. A fan provided
nonstop airflow within the testing chamber and a closed-circuit camera allowed visualization
of the monkeys during their test sessions. Banana pellets were delivered via a pellet dispenser
as reward for correct responses. To provide auditory feedback, the sound of chimes was
delivered for correct responses and a low-pitched tone was delivered for incorrect responses
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for all tasks. To provide visual feedback, the monitor screen turned black after correct responses
and turned blue after incorrect responses for all tasks. To signal the end of the test session, the
monitor screen turned red.

Behavioral Tasks
Dr. James Herndon at the Yerkes National Primate Research Center graciously provided
Touchscreen computer software containing the memory tasks used in this study. Modifications
to the memory tasks were made in our laboratory to fit our individual testing requirements. All
animals received the tasks in the order in which they are described.

Delayed Match-to-Sample (DMS) Task—This task assesses visual recognition memory
and the procedures followed those used previously for modified or identical versions of this
task (Voytko et al., 1994; Lacreuse and Herndon, 2003). Each trial of DMS consisted of three
phases: cue, delay, and choice. A trial began with the appearance of an object (sample) to the
center of the monitor (“cue phase”). After a response to the object, a reward was delivered, the
sample removed, and the screen darkened for a period of time (“delay phase”). After the delay,
the sample object (match) and a novel object (nonmatch) appeared on each side of the monitor
(“choice phase”). The left-right appearance of these stimuli was determined pseudorandomly.
The monkey received a reward for responding to the match stimulus. Any response to the
nonmatch stimulus resulted in no reward and immediate removal of all stimuli from the screens.
Training began with a 0 sec. delay, with the delay increasing by 1 sec. each time 85% correct
accuracy was achieved in a block of 20 trials (17/20 correct trials). Training continued until a
10 sec. delay was reached. A 15 sec. intertrial interval (ITI) was used and a daily session
consisted of 100 trials. Once the animals learned the task, they were then trained on a variable
delay version of the task (VDMS) in which delays of 1, 10, 30, 60 sec. were randomly presented
within a session. A daily session consisted of 100 trials (25 trials per delay). Training continued
on this version of the task until performance was stable across all delays as evidenced by
minimal fluctuations in accuracy at each delay.

During the preoperative assessment and each postoperative assessment of VDMS, the animals
were tested using the randomly presented delays of 1, 10, 30, 60 sec. Test data were collected
over four days to obtain a total of 100 trials/delay. The dependent measures were percent correct
accuracy at each delay and response latency (in sec) during the choice phase. Response latency
was measured for all trials (total trials), and for trials in which correct responses were made
(correct trials) and for trials in which an error was made (incorrect trials). In addition to the
variable delay version of DMS, the monkeys also were tested pre- and postoperatively on two
additional DMS versions with only one delay, either a 2 min. (DMS2) or a 10 min. (DMS10)
delay. In these single version DMS assessments, the monkeys remained in the behavioral
apparatus during the delays. For DMS2, the animals were tested for 25 trials/day for 2 days
for a total of 50 trials. For the DMS10, the animals were tested for 5 trials/day for 10 days for
a total of 50 trials. Only monkeys that performed at ≥ 60% correct on DMS2 were then tested
on DMS10 at any of the assessments.

Delayed Response (DR) Task—This task assesses spatial recognition memory and the
procedures followed those used previously (Voytko et al., 1994; Voytko, 2000). Each trial of
DR consisted of 3 phases: cue, delay, choice. A trial began with a colored flashing circle
appearing on either the right or left side of the monitor (“cue phase”). No response was required
to the flashing cue. The flashing cue was removed and the screen was darkened for a period
of time (“delay phase”). After the delay, a yellow square appeared on both the right and left
sides of the monitor (“choice phase”) and the correct strategy to receive a reward was to respond
to the square that appeared in the same location as the flashing cue presented during the cue
phase. Any response to the incorrect stimulus resulted in no reward and immediate removal of
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all stimuli from the screens. Training began with a 0 sec. delay, with the delay increasing by
1 sec. each time 85% correct accuracy was achieved in a block of 20 trials (17/20 correct trials).
Training continued until a 10 sec. delay was reached. A 15 sec. ITI was used and a daily session
consisted of 100 trials. Once the animals learned the task, they were then trained on a variable
delay version of the task in which delays of 1, 10, 30, 60 sec. were randomly presented within
a session. A daily session consisted of 100 trials (25 trials per delay). Training continued on
this version of the task until performance was stable across all delays as evidenced by minimal
fluctuations in accuracy at each delay.

During the preoperative assessment and each postoperative assessment of DR, the animals
were tested using the randomly presented delays of 1, 10, 30, 60 sec. Test data were collected
over four days to obtain a total of 100 trials/delay. The dependent measures were percent correct
accuracy at each delay and response latency (in sec) during the choice phase. Response latency
was measured for all trials (total trials), and for trials in which correct responses were made
(correct trials) and for trials in which an error was made (incorrect trials).

Statistical Analyses
Data were analyzed using repeated measures analyses of variance stratified by time and by
group. Time analyses were performed with and without inclusion of the preoperative data so
that comparisons could be made of data collected before and after ovariectomy/treatment, as
well as only once treatment was initiated. Post hoc comparisons were performed with Tukey's
HSD test. Initial analyses compared all three treatment groups (PL, ET, E+P) to reveal any
differences that may exist between each of the estrogen groups and the PL group. Additional
analyses were performed to determine if there were differences just between the estrogen
treated groups (ET vs E+P) and if no differences existed, the data from these two groups then
were combined into a single group of estrogen treated monkeys (E) and compared to the PL
monkeys. For analyses of choice response latencies, latencies greater than 15 sec (distracted
responses) were eliminated from the analyses. Regression analyses were performed to
determine relationships between hormone levels and the dependent measures.

Results
Hormone Levels

Average levels of E2 and P4 achieved by the hormone regimen used in the present study are
illustrated in Figure 2. Basal serum E2 levels were different between the treatment groups (F
(2,22) = 198.11, p < 0.001). Post hoc analyses indicated that the monkeys with estradiol
implants had significantly greater basal levels of E2 compared to the placebo monkeys (ET vs
PL, p < 0.001; E+P vs PL, p < 0.001). Table 1 shows the E2 levels produced by the implants
and by the estradiol valerate injections during each postoperative assessment in the ET and E
+P monkeys. The two estrogen-treated groups of monkeys did not differ in their serum E2
levels produced either by the implants or by the monthly injections (p's > 0.05) and E2 levels
produced by the injections were within the physiological increased levels that occur during the
normal primate menstrual cycle just prior to ovulation in young premenopausal monkeys
(Downs and Urbanski, 2006). Oral doses of Prometrium in E+P monkeys produced serum
progesterone levels that averaged 7 ng/ml. In contrast, PL and ET monkeys had nearly
undetectable progesterone levels (i.e., < 0.05 ng/ml).

DMS
There were no differences between the groups of monkeys in their preoperative VDMS
accuracy (group or group × delay, p > 0.05). Figure 3 illustrates the VDMS accuracy of the
three treatment groups at each of the three postoperative assessments. Analyses of these VDMS
scores suggested a difference on VDMS between the PL, ET and E+P monkeys at the Postop
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#2 assessment (group, F (2,22) = 2.63, p = 0.09). The groups did not differ on VDMS at either
of the other two postoperative assessment periods (group or group × delay, p's > 0.05). At all
time points, the monkeys performed worse with increasing delays (Postop #1: F (3,66) = 83.05,
p < 0.001; Postop #2: F (3,66) = 91.43, p < 0.001; Postop #3: F (3,66) = 77.93, p < 0.001) but
no other effects were significant. Comparisons of VDMS accuracy of the ET and E+P monkeys
were conducted to determine if these groups could be combined into an overall group of
estrogen-treated monkeys (E group of monkeys) for comparison with PL monkeys. There was
no difference between ET and E+P monkeys in their VDMS accuracy at any of the
postoperative assessments (group or group × delay, p's > 0.05), thus VDMS scores from these
two estrogen-treated groups were combined and compared to the scores of the PL monkeys.
Placebo-treated monkeys performed worse than E monkeys on VDMS at all postoperative
assessments but this difference was significant only at the Postop #2 assessment (group, F
(1,23) = 4.96, p = 0.03). Although the analysis did not indicate that the groups differed at only
specific delays (delay × group, p > 0.05), it was clear from examining the VDMS performance
of the treatment groups that the PL monkeys had the greatest difference in performance from
E monkeys at the 30 sec delay.

Figure 4 illustrates the VDMS accuracy of each group of monkeys across their assessments.
Analysis of these VDMS scores revealed that the accuracy of PL monkeys differed with time
(preop through postop: F (3,21) = 2.70, p = 0.07; postop only: F (2,14) = 3.96, p = 0.04) and
this effect was likely related to the lower VDMS accuracy at the Postop #2 assessment
compared to the other assessments. In contrast, the estrogen-treated monkeys maintained their
levels of VDMS accuracy across all assessments (p > 0.05 for ET or E+P, either preop to postop
or postop only).

There were no differences between the groups of monkeys in their preoperative performance
on DMS at the 2 minute delay (DMS2) (p > 0.05). Postoperatively, there was no difference in
DMS2 accuracy between PL, ET and E+P monkeys at any of the postoperative assessments
(Fig.5; group, p's > 0.05). Examination of DMS2 scores for each group of monkeys across
assessments revealed that the performance of PL monkeys improved with time (preop to
postop: time, F (3,18) = 2.35, p = 0.10; postop only: time, F (2,12) = 8.01, p = 0.006), but
similar improvements did not occur for either ET or E+P monkeys (time, p's > 0.05). Some
monkeys (n = 5: PL = 2, ET = 1, E+P = 2) were not tested on DMS with a 10 minute delay
(DMS10) because their scores were < 60% accurate on DMS2. Of those monkeys who were
tested on DMS10, there were no differences between the groups of monkeys in their
preoperative performance on DMS10 (p > 0.05). Postoperatively, there was no difference
between PL, ET and E+P monkeys on their accuracy on DMS10 at any of the postoperative
assessments (Fig. 5; group, p > 0.05). Because of inconsistency in the performance of the
animals on DMS10 across the assessments, within group analyses could not be performed.
Comparison of ET and E+P accuracy on DMS2 and DMS10 revealed no differences between
these groups at any of the postoperative assessments (group, p's > 0.05) and when these groups
were combined into a collective E group and compared to PL monkeys, no differences between
these groups emerged for either DMS2 or DMS10 (group, p's > 0.05).

There were no differences in VDMS response latencies between the three groups
preoperatively on any of the types of trials (total, correct or incorrect) (group, p's > 0.05).
Postoperatively, 12 latencies were greater than 15 sec and thus were omitted from the analyses.
This number represented 0.05% of the total VDMS latencies that were measured
postoperatively. There was a difference between the groups at the Postop #1 assessment for
response latencies for total trials (F (2,20) = 4.01, p = 0.03) and for incorrect trials (F (2,19) =
3.62, p = .04) (Fig. 6). Post hoc analyses indicated that for total trials, the E+P monkeys had
longer response latencies than ET monkeys (p = 0.04) and a suggestion of the same for PL
monkeys (p = 0.07). For incorrect trials, E+P monkeys had longer response latencies than PL
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monkeys (p = 0.05) and a trend for the same for ET monkeys (p = 0.10). There were no
differences in latencies between ET and PL monkeys for any types of trials at the Postop #1
assessment period. In addition, there were no differences between the groups of monkey in
their choice response latencies for any other postoperative assessment. Moreover, in repeated
measures analyses, all groups of monkeys maintained their levels of performance across all
assessments (preop to postop or postop only) for total, correct and incorrect trials (time, p >
0.05 for each group of monkeys).

DR
There was no difference between the groups preoperatively on DR accuracy (p > 0.05). There
were no differences between the groups on DR accuracy at any of the postoperative assessment
periods (Fig. 7; group, p's > 0.05). At all time points, the monkeys performed worse with
increasing delays (Postop #1: F (3,66) = 175.95, p < 0.001; Postop #2: F (3,66) = 131.24, p <
0.001; Postop #3 F (3,66) = 148.22, p < 0.001), but no other effects were significant.
Comparisons of DR accuracy of the ET and E+P monkeys were conducted to determine if
these groups could be combined into an overall group of estrogen-treated monkeys (E group
of monkeys) for comparison with PL monkeys. These groups of estrogen monkeys did not
differ at the Postop #1 or Postop #3 assessments, but they did differ at the Postop# 2 evaluation
(group, F (1,15) = 6.13, p = 0.02) where E+P monkeys had higher accuracies at the middle
delays and thus their scores were not combined for additional comparisons with the PL
monkeys. Examination of VDR scores for each group of monkeys across assessments (preop
to postop or postop only) revealed stable levels of accuracy for each treatment group (Fig. 8;
time, p > 0.05 for all groups).

Preoperatively, there were no differences between the groups in their choice response latency
on any of the types of trials (group, p's >0.05). Postoperatively, no response latencies were
omitted from the analyses. Choice response latency on DR total trials was not different between
groups for Postop #1 or #2 assessments, however there were group differences at the Postop
#3 assessment (Fig. 9; F (2,21) = 7.06, p = 0.005) and post hoc analyses indicated that E+P
monkeys were significantly slower in responding across all trials than either ET (p = 0.009) or
PL (p = 0.01) monkeys. Subsequent analyses were conducted for both correct and incorrect
trials during Postop #3 to determine whether group differences in choice response latency in
total DR trials were related to whether the animals made a correct or incorrect response. There
was a difference between the groups in choice response latency on correct trials (Fig. 9; F
(2,21) = 3.42, p = 0.05) and further analyses suggested that E+P monkeys were slightly slower
in responding to the choice than ET (p = 0.09) or PL (p = 0.07) monkeys. For incorrect trials,
the difference between the groups was much larger and probing of a group effect (Fig. 9; F
(2,21) = 5.89, p = 0.009) revealed that E+P monkeys were significantly slower in responding
on incorrect trials than either ET (p = 0.02) or PL (p = 0.01) monkeys. In additional comparisons
of DR latency among only estrogen treated monkeys, ET monkeys also were found to be faster
than E+P monkeys on incorrect trials at the Postop #2 assessment (F (1,15) = 8.10, p = 0.01).

Analyses of DR choice response latencies within each treatment group indicated that E+P
monkeys demonstrated increased response latencies with time for total trials (Fig. 10; preop
to postop: time, F (3,21) = 4.84, p = 0.01; postop only: time, F (2,14) = 4.00, p = 0.04) and for
incorrect trials (preop to postop: time, F(3,21) = 6.41, p = 0.003; postop only: time, F (2,14) =
6.33, p = 0.01), but not for correct trials (time, p's > 0.05). These results were related to the
maximal increase in response latency found during the Postop #3 assessment as there was no
significant increase in response latency of E+P monkeys across time if this last assessment is
not included in the analyses. Choice response latency of ET monkeys on correct trials showed
an increase postoperatively compared to their preoperative performance (Fig. 10; time, F (3,24)
= 3.75, p = 0.02) but there was no difference across their postoperative assessments (time, p >
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0.05). There were no differences in DR choice response latencies for ET monkeys on the other
types of trials (time, p's > 0.05). In contrast, PL monkeys did not demonstrate a significant
difference in their choice response across all assessments for total, correct, and incorrect trials
(time, p's> 0.05).

Hormone Correlations with Behavior
There were no significant correlations between levels of E2 and any of the dependent measures
in the monkeys treated with estrogen. Similarly, there were no significant correlations between
levels of P4 and any of the dependent measures in the monkeys treated with progesterone.

Discussion
The present study is unique in three major factors that are critical to furthering our
understanding of the effects of ovarian hormones on cognitive processes in primates. First, it
is the first to examine and compare the effects of estrogen therapy alone and in combination
with progesterone on memory function in a monkey model of menopause. Second, it is the
first in any animal model of menopause to use a hormone therapy administration schedule that
most closely mimics the normal primate menstrual cycle fluctuations of estradiol and
progesterone. Finally, because of the nature of our experimental design, we could evaluate
performance patterns across time in the different treatment groups. Our results suggest that
visual recognition ability may be more sensitive than spatial recognition to hormone therapy
in older monkeys, that these effects are delayed in appearance, and that these effects are
transient.

Hormone Therapy and Schedule
In a normal menstrual cycle of a rhesus monkey, basal estradiol levels are approximately 50
pg/ml (Downs and Urbanski, 2006). At midcycle, a peak of estradiol occurs just prior to
ovulation in which estradiol levels can reach 300-600 pg/ml followed by a sharp decrease back
to basal levels. A rise in progesterone occurs approximately 2-3 days following the estradiol
peak and remains at ∼ 4-9 ng/ml for 12 days. In the present study, we used a novel hormone
therapy regimen to create a hormonal milieu that would be similar to this normal primate
menstrual cycle. Natural progesterone was chosen over medroxyprogesterone as the progestin
to provide to the monkeys in this study because of evidence that medroxyprogesterone
antagonizes the beneficial effects produced by estrogen (Williams et al., 1994; Adams et al.,
1997; Nilsen and Brinton, 2002, 2003).

Visual Recognition Memory
Visual recognition in the DMS task was altered following ovariectomy in older female
monkeys who were treated with placebo compared to monkeys receiving estrogen. Moreover,
monkeys treated with estrogen plus progesterone were equivalent in their visual memory
capacity to monkeys treated with estrogen alone. Our observations are in line with those
reported recently in older monkeys on a nonmatching version of the DMS task. Older monkeys
treated with a single injection of estradiol every three weeks performed at higher levels of
accuracy than placebo monkeys on this task, particularly at delays of 30 sec and 2 minutes, but
not at delays of 10 minutes (Rapp et al., 2003a). Similarly, performance at a 10 minute delay
in this task was equivalent between older monkeys receiving short-term continuous estrogen
therapy and those receiving placebo (Lacreuse et al., 2002). While we did not find a difference
between placebo treated monkeys and either of the estrogen groups at the 2 or 10 minute delays
of the DMS task, we did note that the maximum difference between placebo and estrogen
monkeys occurred at the 30 sec delay in our VDMS task, similar to the findings of Rapp (Rapp
et al., 2003a).
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Our experimental design was unique in that we examined performance patterns of the treatment
groups both cross-sectionally and longitudinally across time, something that few other studies
of older monkey models of menopause have done. In doing so, we found that VDMS
performance was altered with time in placebo monkeys but preserved in monkeys receiving
estrogen alone or in combination with progesterone. While the impairments in the placebo
monkeys were most pronounced by three months following surgery (Postop #2 evaluation),
they were resolved by approximately six months following ovariectomy (Postop #3
evaluation). Thus, while some time is required for the loss of ovarian hormones to have a
significant negative impact on visual recognition ability, the effects may not be long lasting.
Interestingly, the time at which we conducted our third postoperative assessment matches the
approximate time at which Rapp first began to behaviorally evaluate their older ovariectomized
monkeys and later found impairments in their placebo monkeys on the nonmatch-to-sample
task (Rapp et al., 2003a). That our placebo monkeys were no longer demonstrating a difference
from estrogen monkeys on the VDMS task after six months of ovariectomy may be related to
practice effects because of the repeated testing that we performed, in contrast to the one time
evaluation by Rapp (Rapp et al., 2003a).

Visual recognition memory has been assessed in ovariectomized rodents using an object
recognition task that is somewhat analogous to the DMS task. Similar to our observations in
monkeys receiving estrogen, estrogen-treated young (Luine et al., 2003; Walf et al., 2006) and
older (Fernandez and Frick, 2004; Vaucher et al., 2002) ovariectomized rats and mice displayed
better object recognition memory than placebo treated animals as evidenced by the greater
amount of time they spent exploring the novel object in this task. Object recognition memory
has yet to be examined in ovariectomized rodents given the combined estrogen plus
progesterone therapy.

In the present study, monkeys treated with estrogen plus progesterone had choice response
latencies that were significantly longer than the other groups of monkeys, but only during the
first postoperative assessment period and primarily on trials in which they made an error. These
results suggest that a generalized motoric slowing was not the cause of the increased latencies.
Instead, poor recall of the correct stimulus may have resulted in an increased amount of time
in which to decide to which stimulus a response should be made. Although monkeys receiving
estrogen combined with progesterone may have taken more time to process information on
those trials in which they committed an error, they did not demonstrate an increased error rate
that affected their accuracy. Moreover, this slowing of choice response was not permanent.

Spatial Recognition Memory
Accuracy in the DR task was not sensitive to the loss of ovarian hormones or treatment with
two different hormone therapies. While studies in young adult monkeys agree that memory in
the DR task is unaffected by ovariectomy or estrogen therapy (Voytko, 2000; Hao et al.,
2007), the findings have been more variable in older monkeys. Similar to our observations
here, accuracy on a DR task was not affected by daily oral treatments with estradiol in a cross-
over study of older female monkeys (Lacreuse et al., 2002). In the study by Rapp and colleagues
(Rapp et al., 2003a), there were no differences in acquisition of the DR task between
ovariectomized older female monkeys receiving a cyclical schedule of estrogen or those
receiving placebo, however when accuracy at longer delays was subsequently examined, the
estrogen monkeys displayed significantly better overall performance on the DR task. As the
monkeys of that study were tested only at one time point, it is unknown if the benefits of
estrogen on DR performance were stable with time. Indeed, in a preliminary small study of
our own (Tinkler and Voytko, 2005), we found that DR accuracy was preserved in monkeys
receiving continuous estradiol compared to placebo monkeys when they were evaluated at two
months following ovariectomy and treatment initiation. It is possible however that the estrogen
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effects were only transient as suggested by the absence of estrogen effects in the present study
when DR was tested at approximately three months following ovariectomy and treatment
initiation (Postop #2 evaluation).

In ovariectomized rats, the effects of estrogen on spatial recognition memory has been
evaluated using the delayed matching-to-position (DMP) task in a t-maze that is analogous to
the DR task used in the present study. While estrogen improved acquisition in the DMP task
in both young and old ovariectomized rats (Gibbs, 1999, 2000; Gibbs et al., 2004), it
subsequently had no effect on spatial memory when the animals were tested with increasing
delays (O'Neal et al., 1996; Gibbs, 1999; Gibbs et al., 2004). The absence of an estrogen effect
on memory in the DMP task in rats agrees with the findings on the DR task in the present study
in ovariectomized monkeys. Our observations of similar performance in monkeys receiving
estrogen therapy alone with those receiving estrogen combined with progesterone mirrors
observations made in several studies comparing these hormone therapies in rats (Dohanich et
al., 1994; Gibbs, 2000; Sandstrom and Williams, 2001).

Choice response latency of monkeys receiving combined hormone therapy was increased
across the repeated testing of DR in the current study and was longer than those of the other
groups of monkeys. These effects were solely linked to the longer latencies of monkeys
receiving estrogen plus progesterone at the last postoperative assessment and were
predominantly related to their increased response latencies on trials in which they made errors.
These findings mirror the increased latencies in this same group of monkeys on the VDMS
task and again could reflect a hesitancy in responding on those trials because of poor recall of
the correct location. However, as in the VDMS task, DR accuracy was not adversely affected.
Monkeys treated with estrogen alone had significantly faster response latencies on error trials
and poorer accuracy in DR compared to monkeys receiving the combined therapy in the second
postoperative evaluation. These findings suggest that the estrogen alone monkeys may not have
taken a sufficient amount of time to process information before making a choice response
leading to an increased number of errors and reduced accuracy compared to the combined
therapy monkeys. Indeed, examination of the data indicate that the monkeys given estrogen
alone had shortened response latencies on incorrect trials in the second postoperative
assessment compared to their first postoperative evaluation. It is not clear why response times
of monkeys receiving only estrogen should have been affected as estrogen does not influence
choice reaction times in postmenopausal women (Rauramo et al., 1975; Vanhulle and Demol,
1976; Polo-Kantola et al., 1998).

Conclusions
We found a transient selective preservation of visual recognition, but not spatial recognition,
ability in surgically menopausal older monkeys receiving a more natural regimen of hormone
therapy. Importantly, we also found that our treatment of estradiol plus progesterone was
equivalent to that of estradiol alone and that neither therapy had significant negative impact
on memory profiles. Given the selective and transient nature of our observations, the
implications for use of these therapies to preserve memory of postmenopausal women are
somewhat limited. Additional studies are required to determine whether this regimen of
hormone therapy may be effective for treating the physiological and somatic symptoms
associated with menopause. Because macaque monkeys share many parallels in reproductive
and endocrine profiles with women (Jewitt and Dukelow, 1972; Goodman et al., 1977),
including menopause (Walker, 1995; Gilardi et al., 1997; Shideler et al., 2001; Downs and
Urbanski, 2006), the macaque monkey will remain a particularly critical animal model in which
to continue to investigate alternate hormone therapies that will provide information that may
be valuable in developing effective therapies for postmenopausal women.
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delayed matching-to-position

DMS  
delayed matching-to-sample

DMS2  
delayed matching-to-sample with a 2 minute delay

DMS10  
delayed matching-to-sample with a 10 minute delay

DR  
delayed response

E  
collective group of estrogen and estrogen plus progesterone monkeys

E2  
estradiol

E+P  
estrogen plus progesterone monkeys

ET  
estrogen monkeys

P4  
progesterone

PL  
placebo monkeys

VDMS  
variable delayed matching-to-sample

WHI  
women's health initiative

WHIMS  
women's health initiative memory study
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Figure 1.
Experimental Design. Monkeys were preoperatively trained and tested on the memory tasks
and tested at three time points following ovariectomy and initiation of hormone therapy.
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Figure 2.
Average serum levels of ovarian hormones over the course of the study. Levels of estradiol are
shown for placebo monkeys and for monkeys receiving estradiol implants and monthly
injections of estradiol. Estradiol levels were greater in monkeys receiving therapy than placebo
monkeys. Average levels of progesterone are shown for those monkeys receiving oral doses
of prometrium in 12 day blocks each month over the course of the study. E2, estradiol. Bars =
SEM.

Voytko et al. Page 17

Neuroscience. Author manuscript; available in PMC 2009 July 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Accuracy on VDMS at each postoperative assessment. Placebo monkeys were significantly
worse than monkeys receiving estrogen therapies at the second postoperative evaluation. All
monkeys had poorer accuracy with increasing delays at each assessment. PL, placebo; ET,
estrogen alone; E+P, estrogen plus progesterone. Bars = SEM.
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Figure 4.
Accuracy on VDMS across time in each group of monkeys. Placebo monkeys were
significantly worse with time, while monkeys receiving estrogen therapies maintained their
accuracy across time. Abbreviations as in Fig. 3.
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Figure 5.
Accuracy on DMS using a two minute and ten minute delay at each of the postoperative
assessments. Numbers of monkeys in each group at each time point are indicated in the
individual bar graphs. There were no differences in accuracy between the groups at either delay.
DMS 2”, two minute delay; DMS 10”, ten minute delay. Remainder of abbreviations as in Fig.
3.
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Figure 6.
Choice response latency on VDMS at each postoperative assessment across all trials (Total
Trials), on trials in which a correct response was made (Correct Trials), and on trials in which
an error was made (Incorrect Trials). E+P monkeys had significantly longer latencies for total
and incorrect trials during the first postoperative assessment. Abbreviations as in Fig. 3. *, p
<0.05 compared to other two groups.
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Figure 7.
Accuracy on VDR at each postoperative assessment. There were no differences in accuracy
between the groups at any of the assessment periods. All monkeys had poorer accuracy with
increasing delays at each assessment. Abbreviations as in Fig. 3
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Figure 8.
Accuracy on VDR across time in each group of monkeys. All groups of monkeys maintained
their levels of accuracy across time. Abbreviations as in Fig. 3.
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Figure 9.
Choice response latency on VDR at each postoperative assessment across all trials (Total
Trials), on trials in which a correct response was made (Correct Trials), and on trials in which
an error was made (Incorrect Trials). The groups of monkeys differed in their latencies during
the third postoperative assessment at which time the E+P monkeys had significantly longer
latencies than the other monkeys, particularly on total and incorrect trials. Abbreviations as in
Fig. 3. *, p <0.05 compared to other two groups; * with bracket, significant difference between
ET and E+P at p < 0.05.

Voytko et al. Page 24

Neuroscience. Author manuscript; available in PMC 2009 July 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 10.
Choice response latency on VDR across time in each group of monkeys. Monkeys receiving
the combined hormone therapy had significantly longer latencies on both total and incorrect
trials over time that was related to their elevated latencies during the third postoperative
assessment. Monkeys treated with estrogen alone showed an increase in response latency on
correct trials only in analyses that included their preoperative performance. Placebo monkeys
maintained their performance across time. Abbreviations as in Fig. 3. *, p <0.05 compared to
other two groups.
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