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Abstract
Estrogens act in the adult brain to modulate cognition, enhancing performance on some learning tests
and impairing performance on others. Our previous research has revealed an impairing effect of
chronic 17β-estradiol treatment in young and aged rats on a prefrontally-mediated working memory
task, delayed spatial alternation (DSA). Little is known about the mechanisms of these impairing
effects. The current study examined the effects of selective estrogen receptor (ER) α or ERβ activation
on DSA performance in middle-aged female rats. Ovariectomized 12 month old Long Evans (LE)
rats were treated by subcutaneous injection with the ERα agonist propyl pyrazole triol (PPT) or the
ERβ agonist diarylpropionitrile (DPN) at 0.02, 0.08, or 0.20 mg/kg/day, or with oil vehicle and tested
on an operant variable delay DSA task. A 17β-estradiol group (10% in cholesterol) was included as
a positive control group. We replicated our previous finding of a 17β-estradiol-induced deficit on
DSA performance and this effect was paralleled by low dose (0.02 mg/kg/day) DPN treatment.
Higher doses of DPN failed to produce a significant change in performance. The highest dose of PPT
(0.20 mg/kg/day) also impaired performance, but this effect was subtle and limited to the longest
delay during the final block of testing. These data confirm our earlier findings that chronic 17β-
estradiol treatment has an impairing effect on the DSA task, and suggest that ERβ activation may
underlie the deficit.
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Introduction
A large number of studies in rodent models have revealed that estradiol modulates performance
on several different types of cognitive tasks (see Dohanich et al, 2009; Frick, 2009; Korol,
2004; Luine, 2008). In particular, 17β-estradiol has been shown to improve the performance
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of young ovariectomized female rats on tasks that engage the hippocampus (Daniel et al.,
1997; Daniel and Dohanich, 2001; Davis et al., 2005; Korol and Kolo, 2002; Zurkovsky et al.,
2006, 2007) and to prevent age-related decline in performance on hippocampally-mediated
tasks (Daniel et al., 2006; Foster et al, 2003; Markham et al., 2002; Rodgers et al., 2010;
Talboom et al., 2008; Walf et al., 2009). Conversely, 17β-estradiol impairs the performance
of young and aged ovariectomized female rats on tasks engaging prefrontal cortical and striatal
systems (Davis et al., 2005; Korol and Kolo, 2002; Wang et al., 2008, 2009; Zurkovsky et al.,
2007). Together, these findings suggest that the direction of the effects of 17β-estradiol on
cognition may be dependent upon the specific tasks that are employed, the brain regions
activated during completion of the task, or both (see Korol, 2004).

The cognitive effects of 17β-estradiol are diverse, with the majority of activity likely modulated
through the activation of nuclear estrogen receptors (ERs), including the two classical ERs,
ERα and ERβ (see McEwen and Alves, 1999; McEwen, 2002). Importantly, activity through
other non-classical ERs including GPR30 and/or nongenomic actions may also contribute to
17β-estradiol’s effects on learning and behavior (see McEwen and Alves, 1999; McEwen,
2002; Prokai and Simpkins, 2007; Prossnitz et al., 2008; Toran-Allerand, 2005; Zurkovsky et
al., 2006). ERα and ERβ are widely distributed throughout the mammalian brain, with
differential distribution patterns in brain regions that play important roles in learning and
memory (Kritzer, 2002; Mitra et al., 2003; Shughrue et al., 1997; Shughrue and Merchenthaler,
2001). For example, both ERs are expressed in the hippocampus and cortex, but expression of
ERα mRNA and protein is quite low in the cortex in comparison to ERβ mRNA and protein
(Khan et al., 2005; Mitra et al., 2003; Shughrue et al., 1997). In contrast, ERα is expressed at
a higher level in the hippocampus (Chung et al., 2007; Khan et al., 2005; Mitra et al., 2003;
Shughrue et al., 1997), although ERβ is still more abundant than ERα (Weiser et al., 2008).
Nonclassical ER’s, such as GPR30, are also expressed differentially throughout the mammalian
brain (Brailoiu et al., 2007). Given that the distribution of both classical and nonclassical ERs
varies markedly across key brain regions involved in learning and memory, the differences in
performance on various cognitive tasks following 17β-estradiol treatment may be mediated by
differences in the distribution of ERs in these brain regions.

Two recently synthesized compounds, propyl pyrazole triol (PPT) and diarylpropionitrile
(DPN), are selective agonists for ERα and ERβ, respectively (Meyers et al., 2001; Stauffer et
al., 2000). Recent studies using these two compounds reveal selective roles for ERα and
ERβ in a variety of behavioral tasks. For example, DPN treatment has been shown to improve
performance on a reference memory version of the water maze task, and also to reduce anxiety
and fear behaviors in a variety of other tasks in rats (Lund et al., 2005; Rhodes and Frye,
2006; Weiser et al., 2009), suggesting ERβ activation is critical for these effects. ERα activation
can also alter behavior as PPT treatment improves performance on an object placement task
in rats (Frye et al., 2007). Studies have also have found enhanced object recognition and
improved performance on a delayed matching-to-position T-maze task following either DPN
or PPT treatment (Hammond et al., 2009; Walf et al., 2006). Given that 17β-estradiol has been
shown to enhance performance on these tasks as well as other similar tasks (see Dohanich et
al, 2009; Frick, 2009; Korol, 2004; Luine, 2008), the mnemonic enhancing effects of selective
ER agonists on these tasks is not surprising.

Little is known about the roles of ERα and ERβ on working memory tasks that specifically
engage the prefrontal cortex and not the hippocampus. Although maze-based tasks and object
recognition/placement tasks have been shown to engage the prefrontal cortex to some extent,
each also has a strong hippocampal component (D’Hooge and De Deyn, 2001; Ennaceur et al.,
1997; Floresco et al., 1997; Goldman-Rakic, 1995; Jones, 2002; Warburton and Brown,
2010), particularly when longer inter-trial delays are used (Jones, 2002; Lee and Kesnar,
2003). These maze-based tasks often use inter-trial delays in the range of minutes to hours
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(Dudchenko, 2004; Hodges, 1996; Jones, 2002). Conversely, operant based working memory
tasks, including delayed matching-to-sample and delayed alternation tasks have been shown
to selectively engage the prefrontal cortex (Izaki et al., 2008; Maruki et al., 2001; Sloan et al.,
2006). Performance on operant working memory tasks with brief (< 15 sec) inter-trial delays
is impaired by prefrontal cortex inactivation or lesioning, while hippocampal disruption is
largely without effect on these tasks (Maruki et al., 2001; Sloan et al., 2006). In contrast, when
longer inter-trial delays are used, selective inactivation or lesioning of the hippocampus does
produce impairments (Izaki et al., 2008; Maruki et al., 2001). Thus, operant based spatial
working memory tasks with brief delays provide a means to selectively engage the prefrontal
cortex with little or no hippocampal contribution.

We recently completed a set of studies showing that chronic 17β-estradiol treatment impaired
the performance of ovariectomized young (3- and 6- month), middle-aged (12-month), and old
(18-month) female rats on an operant delayed spatial alternation (DSA) task (Wang et al.,
2008, 2009). The 17β-estradiol-treated rats performed worse than cholesterol treated controls
at inter-trial delays of 3-, 6-, and 9-seconds, suggestive of a modulatory effect of 17β-estradiol
on prefrontal cortex function (Izaki et al., 2008; Maruki et al., 2001; Sloan et al., 2006).
Importantly, these deficits were conserved across age, with the performance of young, middle-
aged and old rats all showing impairments with chronic 17β-estradiol treatment.

The current study was conducted to determine if the detrimental effects of 17β-estradiol
treatment on the operant DSA task were selectively mediated by ERα or ERβ activation.
Although the 17β-estradiol induced impairment was found across several ages, the current
study focused on 12-month old ovariectomized rats because the deficit in DSA performance
was most striking at that age. Thus, the goal of this study was to determine if the 17β-estradiol
induced deficit in operant DSA performance was differentially modulated by ERα or ERβ
activation. As the prefrontal cortex is rich in ERβ and has little ERα, we hypothesized that
DPN, the ERβ agonist, would mimic the detrimental effects of 17β-estradiol on the operant
DSA task, whereas PPT, the ERα agonist would not.

Methods
Animals and Exposure

One hundred twenty-eight female Long-Evans rats were obtained from Harlan (Indianapolis,
IN) in two cohorts spaced 3 months apart and were maintained in facilities fully accredited by
the Association for the Assessment and Accreditation of Laboratory Animal Care (AAALAC).
Rats were housed in a temperature and humidity controlled room (22°C, 40–55% humidity)
on a 12-hour reverse light-dark cycle (lights off at 8:30 am). All procedures were approved by
the Institutional Animal Care and Use Committee (IACUC) at the University of Illinois at
Urbana-Champaign and were in accordance with the guidelines of the Public Health Service
Policy on Humane Care and Use of Laboratory Animals (National Institutes of Health,
2002) and the Guidelines for the Care and Use of Mammals in Neuroscience and Behavioral
Research (National Research Council, 2003).

Each cohort consisted of 64 middle-aged (12-month old) retired breeders. There were eight
experimental groups: PPT at 0.02, 0.08, or 0.20 mg/kg/day, DPN at 0.02, 0.08, or 0.20 mg/kg/
day, an oil vehicle control group (Sesame oil, Sigma, St. Louis, MO), and a 17β-estradiol group
(10% in cholesterol), included as a positive control group. As previous studies have found daily
treatment with PPT at doses above 0.20 mg/kg to significantly reduce food intake and body
weight (Harris et al., 2002; Roesch, 2006; Santollo et al., 2007; Wegorzenska et al., 2008), a
maximum dose of 0.20 mg/kg was selected to avoid interference with motivation to complete
the task. Others have reported behavioral effects with doses of DPN below 0.20 mg/kg (Walf
et al., 2008a, 2008b).
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Both PPT and DPN were suspended in sesame oil, and delivered via daily s.c. injections one-
half hour after behavioral testing. As the 17β-estradiol group served as a positive control, we
chose to replicate our previous route of delivery via Silastic implant (Wang et al., 2008,
2009). 17β-estradiol implanted animals were also treated with an injection of oil vehicle daily,
thereby exposing them to the same daily injection procedure as the other treatment groups. In
addition, all other rats were implanted with a blank Silastic capsule on the day of ovariectomy
surgery. The Silastic capsule was 1 cm in length (1.5 mm i.d., 1.96 mm o.d.) and was plugged
with silicone and dried overnight before packing with either a 10% 17β-estradiol/cholesterol
mixture (Sigma, St. Louis, MO) or left blank, after which the other end was plugged with
silicone. Capsules were soaked in sterile saline at 37°C overnight before insertion during
surgery. Previous research in this lab (Wang et al., 2008, 2009) has shown that the 17β-estradiol
implants produce stable serum estradiol concentrations over the 8 weeks of behavioral testing.

Rats were pair-housed in standard polycarbonate cages (45×24×20cm) with corncob bedding.
Upon arrival, estrous cycles were monitored for two weeks prior to ovariectomy surgery via
daily vaginal lavage to determine reproductive status prior to surgery, and again post-surgery
to confirm ovariectomy. Sterile saline was flushed into the vaginal opening with an eye dropper
and the collected fluid was place on a microscope slide. Each slide was then stained with
hematoxylin and eosin and determination of the phase of the estrous cycle was made using a
light microscope (Olympus BH-2). Slides were scored according to the four-stage cycle
detailed in Yener et al. (2007). Following ovariectomy, all rats were maintained on an AIN-93G
soy-free diet (Harlan-Teklad, Madison, WI) to avoid exposure to dietary estrogens via the feed.
Water was available ad libitum. No change in food intake or body weight was observed
following the change in diet. Beginning one week after surgery, rats were weighed daily and
food restricted to maintain 85% of their free fed body weights. During behavioral testing, rats
were fed one hour after the daily test session was completed. Testing began two weeks
following ovariectomy and occurred once daily, six days/week during the dark phase of the
light cycle.

Operant Testing
Behavioral testing was conducted in standard automated operant chambers (Med Associates
Inc., St. Albans, VT) housed in sound-attenuated wooden boxes. All of the test chambers had
the same features and dimensions: 21.6 cm high with a 29.2 cm × 24.8 cm stainless-steel grid
floor that rested just above a tray filled with corncob bedding. Soy-free food pellets (45-mg
Formula P, P.J. Noyes Inc., Lancaster, NH) were dispensed through a pellet dispenser centered
2.5 cm above the floor on the operant panel. A pair of retractable response levers and a pair of
stimulus cue lamps, one above each lever, were positioned symmetrically on both sides of the
pellet dispenser. The levers were 5.7 cm from midline and 7.0 cm above the floor and the cue
lights were located 5.7 cm above the levers. Each chamber also contained a Sonalert tone
generator, a white noise generator, and a house light located on the back wall. Experimental
contingencies were programmed using the Med-State behavioral programming language
(Med-Associates, Vermont).

Response shaping and lever press training
Rats were trained to press the response levers by using an autoshaping program that has been
used extensively, both by our group and by others for lever press training (e.g. Newland et al.,
1986; Verma et al., 1996; Widholm et al., 2001, 2003). Autoshaping test sessions terminated
after 60 minutes elapsed or 100 reinforcers were delivered, whichever occurred first. Criterion
for this condition was set at 100 lever presses within a single session. Following autoshaping,
the rats were exposed to a continuous reinforcement schedule in which the lever associated
with reinforcement alternated following delivery of every fifth reinforcer. The purpose of this
schedule was to strengthen the recently acquired lever press response and to prevent the rats
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from developing a lever or side preference. This cycle of alternating levers terminated after
100 reinforcers were received or 60 minutes had elapsed. A performance criterion of 100
reinforcers for two consecutive sessions was established for this condition.

Training Phases
After lever-press training, the rats were trained on two alternation tasks that have produced
consistent and replicable behavior across a variety of treatment paradigms (e.g. Gendle et al.,
2004; Roegge et al., 2005; Widholm et al., 2004). The sequence began with cued alternation
(CA) training in which a cue light indicated the correct lever on each trial. Each correct, cued
lever press was reinforced, and levers were retracted and extended between trials. No delay
was imposed between trials in the initial training phase (the time between retraction and
extension of the levers was <0.15 seconds). Rats were trained to a criterion of one session
above chance defined as >60% correct presses. Next, a non-cued alternation (NCA) task was
presented where the cue light no longer indicated the correct lever, as both cue lights were
illuminated when the levers were extended. Correct responses again consisted of alternating
right and left lever presses, with the levers retracting and extending between presses. Each rat
was tested for 10 sessions on the NCA task.

Delayed spatial alternation (DSA) testing
The testing phase was a DSA task in which variable delays of 0, 3, 6, 9, or 18 seconds were
imposed randomly between trials (see Roegge et al., 2005; Wang et al., 2008, 2009; Widholm
et al, 2004). There were 40 trials at each delay and a total of 200 trials per session. Delays were
randomly balanced within each session and any specific delay was not presented on more than
three consecutive trials. Each animal was tested for 25 sessions.

Serum and uterine horn collection
Following the completion of behavioral testing, all animals were given an overdose of CO2
and trunk blood was collected from the estradiol and vehicle control groups for determination
of estradiol content. The uterine horn was then dissected from the peritoneal cavity of all
treatment groups by separating the uterine horns from the underlying tissue, and excising the
uterine body. Uterine horns were weighed immediately following removal.

Estradiol radioiummoassay (RIA)
To confirm estradiol serum levels in the positive control group, RIA analyses were conducted
on serum collected from the estradiol treated group and the vehicle treated control group using
the DSL ultra sensitive 125I-estradiol RIA (DSL-4800, Diagnostics Systems Laboratories,
Webster, TX). The kit was run according to manufacturer’s instructions and has a lowest
detection limit of 2.2 pg/mL, with intra- and interassay coeffcients of variance of less than
10%.

Statistical Analyses
The behavioral data were analyzed via repeated measures ANOVA using SPSS for Windows,
Version 15.0. Treatment and cohort were included in the analyses as between subject factors
and significance was set at p<0.05. When appropriate, Tukey post hoc tests were run for pair-
wise comparisons. The Tukey post hoc analyses included all treatment groups, but to simplify
presentation of the findings from the post hoc comparisons between groups, the results and the
corresponding figures are organized by treatment (estradiol, DPN, PPT). Tukey is a
conservative post hoc test that protects for experimentwise error when multiple comparisons
are conducted, thus some differences that may appear to be significant on the graphs did not
reach statistical significance in the Tukey comparisons. Many of these had p values between
0.05 and 0.10.
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For CA, cumulative errors across all sessions and sessions to criterion served as the measures
of learning, and were analyzed using between-subjects ANOVA for treatment and cohort. For
NCA, the overall proportion correct across the ten sessions served as the primary measure of
learning, and was analyzed using an 8 (treatment) × 2 (cohort) × 10 (session) mixed ANOVA
where session was a repeated measures factor. Latency to respond following either a correct
or an incorrect response during NCA testing were also analyzed using an 8 (treatment) × 2
(cohort) × 10 (session) mixed ANOVA where session was a repeated measures factor.

For DSA, the proportion correct across the 25 test sessions was first averaged across blocks of
five test sessions to produce five 5-session test blocks. Proportion correct at each delay across
the 25 test sessions was then analyzed using a mixed 8 (treatment) × 2 (cohort) × 5 (block) ×
5 (delay) repeated measures ANOVA with block (1 – 5) and delay (0, 3, 6, 9, 18 sec) serving
as repeated measures factors. Error pattern analyses were used to assess the rats’ tendency to
repeat a correct or incorrect response. A win-stay error was defined as an incorrect response
on the same lever that had been correct on the previous trial. A lose-stay error was defined as
an incorrect lever press on the same lever that had been incorrect on the previous trial. Win-
stay and lose-stay errors were analyzed separately using a mixed 8 (treatment) × 2 (cohort) ×
5 (block) repeated measures ANOVA with block (1 – 5) serving as a repeated measures factor.
Latency to respond following both a correct and incorrect response during DSA testing was
also analyzed using an 8 (treatment) × 2 (cohort) × 5 (block) mixed ANOVA where block was
a repeated measures factor.

Uterine horn weights were analyzed using between-subjects ANOVA with treatment serving
as the between subjects factor. RIA results were analyzed via an independent samples t-test,
with the estradiol treated and vehicle treated control groups serving as the between subjects
factors.

Results
Cycling Data

Cycle status was classified as regular cycle (4–5 day cycle), irregular cycle (6–12 day cycle),
or extended estrus (periods of estrus lasting 3 or more days) (Fentie et al., 2004). On average,
about 1/3 of all rats were cycling regularly in each treatment group. The remaining rats had
either an irregular cycle or an irregular cycle that included periods of extended estrus. All rats
stopped cycling post-ovariectomy and remained in a phase resembling diestrus (Hubscher et
al., 2005).

Serum Estradiol Levels
As expected, the estradiol treated group had significantly higher serum estradiol levels (Mean
± SEM = 20.82 ± 3.41 pg/ml) than vehicle treated controls (2.55 ± 0.61 pg/ml). This was
confirmed by independent samples t-test comparing estradiol serum levels between the
estradiol treated and vehicle control groups, t(13)=4.87, p<0.001.

Uterine Horn Weights
Both estradiol and PPT treatment increased uterine horn weights. This was revealed by a
significant main effect of treatment, F(7,110)=29.326, p<0.001. Tukey post hoc analyses found
the estradiol treated group to have heavier uterine horn weights than all other dose groups,
p<0.05 (Figure 1). In addition, there was a dose-dependent effect of PPT on uterine horn
weights, with both the high dose and middle dose PPT groups having heavier uterine horn
weights than vehicle controls, p<0.05 (Figure 1). As expected, DPN did not alter uterine horn
weight.

Neese et al. Page 6

Horm Behav. Author manuscript; available in PMC 2011 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Cohort Effects
Because this experiment was conducted in two separate, equally balanced replicates of rats
spaced 3 months apart, cohort was included as a factor in all statistical analyses for behavior.
Few statistical effects of cohort were found. For DSA proportion correct, a significant 4-way
interaction of block x delay x treatment x cohort was uncovered. F(112,1760) = 1.613, p=0.010.
However, post hoc analyses revealed that a significant difference between cohorts was present
in only one of the eight treatment groups, the high dose DPN group, and only at the 18-second
delay during the final two blocks of testing. This effect did not appear to alter the overall
treatment effects measured on the DSA task. A block x treatment x cohort effect was uncovered
for latency to respond following an incorrect lever press, F(28,440) = 2.751, p=0.008. Although
subsequent post hoc analyses failed to uncover any significant treatment by cohort differences,
it appeared that the high dose PPT group in the first cohort had longer latencies to respond in
the first block of testing. This effect did not carry over to subsequent blocks of testing, and,
therefore, is unlikely to have altered the overall treatment effects observed on the DSA task.

Training Phases Prior to the DSA Task
Two training phases, CA and NCA, were run in sequence to train animals to alternate their
responses between the two levers before beginning DSA testing. There were no significant
treatment-related effects on the primary measures of learning during either of these training
phases (p>0.05), although the high dose of PPT did increase the latencies to respond during
the NCA phase of training. Specifically, a significant main effect of treatment was observed
for latency to respond following a correct lever press, F(7,100)=3.463, p=0.002. Tukey post
hoc analysis found that latency to respond was longer in the high dose PPT group than all three
DPN dose groups and the estradiol treated group, p<0.05, but not than the other two PPT groups
or the vehicle control group.

Delayed Spatial Alternation
Proportion Correct—The treatments did influence proportion correct during DSA testing.
Repeated measures ANOVA uncovered a significant block x delay x treatment interaction, F
(112,1760)=1.565, p=0.015. In addition, the block x treatment, F(28,1760)=2.173, p=0.006
and delay x treatment interactions, F(28,1760)=2.628, p<0.001, were also significant. The
significant vehicle and estradiol-treated post hoc differences are indicated on Figures 2 and 3;
however, for ease of comparison the data for the estradiol group are repeated on the figures
depicting the DPN and PPT results (Figures 4–8).

Estradiol—Similar to our published findings, estradiol treatment impaired performance on
the DSA task relative to vehicle treated controls (Wang et al., 2008, 2009). Tukey post hoc
comparisons revealed that the estradiol treated rats performed significantly worse than vehicle
controls did during the 2nd, 4th and 5th blocks of testing, p<0.05 (Figure 2a). Tukey post hoc
comparisons following up on the delay x treatment effect found the estradiol treated animals
to perform worse than the vehicle control group at the 3, 6, and 9 second delays, p<0.05, also
consistent with our published findings (Figure 2b).

The estradiol induced deficit was also evident in the Tukey post hoc comparisons following
up on the significant three-way block x delay x treatment interaction. At the 0 and 18 second
delays, few group differences were noted, whereas at the 3-second delay, the estradiol treated
group performed worse than the vehicle control group in blocks 2–5, p<0.05 (Figure 3b). At
the 6-second delay, the estradiol treated group performed worse than the vehicle treated control
group in blocks 3–5, p<0.05 (Figure 3c), and at the 9-second delay, the estradiol treated group
performed worse than the vehicle control group in block 5, p<0.05 (Figure 3d).
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DPN—There was a dose-effect function for DPN, although this effect was the reverse of typical
dose functions, with only the lowest dose DPN group showing an impairment relative to the
vehicle control group. This effect was similar in magnitude to that observed with 10% estradiol.
The Tukey post hoc comparisons found the low dose DPN group to perform worse than both
the vehicle treated control group and the high dose DPN group during the last three blocks of
testing, p<0.05 (Figure 4a). Tukey post hoc comparisons following up on the delay x treatment
interaction found the low dose DPN group to perform worse than the vehicle control group
during the 3 and 9 second delays, and worse than the high dose DPN group at the 3, 6, and 9
second delays, p<0.05 (Figure 4b).

The impaired performance of the low dose DPN group was also evident in Tukey comparisons
following up on the significant block x delay x treatment interaction. The low dose DPN group
performed worse than the vehicle control group during testing blocks 3–5 at the 3-second delay
(Figure 5b), and during the 5th block of testing at the 6 (Figure 5c), 9- (Figure 5d), and 18-
second delays (Figure 5e), p<0.05. Additionally, the low dose DPN group performed
significantly worse than the high dose DPN group during the 3rd–5th blocks of testing at the 3
(Figure 5b) and 6-second delays (Figure 5c), and during the 4th and 5th blocks of testing at the
9-second delay (Figure 5d), p<0.05.

PPT—The effects of PPT on DSA performance were limited relative to those observed with
DPN and estradiol and revealed no clear pattern of deficits or improvements relative to vehicle
controls. The only evidence of a deficit relative to vehicle controls was in the last block of
testing were the high dose PPT group performed worse than the vehicle control group, p<0.05
(Figure 6a). Tukey post hoc comparisons following-up on the delay x treatment interaction did
not reveal any significant differences between the PPT groups and the vehicle control group
at any of the delays (Figure 6b).

Similarly, few effects of PPT treatment were revealed in post hoc comparisons following up
on the significant block x delay x treatment interaction. The only evidence of a deficit relative
to vehicle-treated controls was at the 18 second delay in the last block of testing, where the
highest dose PPT group performed worse than the vehicle control group, p<0.05 (Figure 7e).

Errors—Treatment was found to influence error patterns during DSA testing. Repeated
measures ANOVA revealed significant block x treatment interactions for both win-stay errors,
F(28,440)=2.318, p=0.003, and lose-stay errors, F(28,440)=1.715, p=0.030. Significant main
effects of treatment were also present for both win-stay errors, F(7,110)=3.425, p=0.002 and
lose-stay errors, F(7,110)=3.033, p=0.006. As for the DSA proportion correct analyses,
subsequent Tukey post hoc analyses that were conducted included all treatment groups, but to
simplify presentation the findings from these post hoc comparisons are again organized by
treatment (estradiol, DPN, PPT).

Estradiol—Estradiol treatment was found to influence error patterns during DSA testing, as
previously reported (Wang et al., 2008, 2009). Tukey post hoc analyses found the estradiol
treated group to commit significantly more win-stay errors than did the vehicle control group
during the 4th and 5th testing blocks, p<0.05 (Figure 8a), and significantly more lose-stay errors
than did the vehicle control group during the 2nd, 4th, and 5th blocks of testing, p<0.05 (Figure
8b).

DPN—Similar to estradiol, the low DPN dose also increased both win-stay and lose-stay errors
during DSA testing. Tukey post hoc analyses found the low dose DPN group to commit
significantly more win-stay errors than the vehicle control group during the last two testing
blocks, p<0.05 (Figure 8c), and significantly more lose-stay errors than the vehicle control
group during the 3rd–5th blocks of testing, p<0.05 (Figure 8d).
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PPT—In line with the relative lack of effects of PPT treatment on proportion correct, PPT had
relatively little effect on errors committed during DSA testing. The only significant difference
from the vehicle control group occurred during the last block of testing, with the PPT group
making more lose-stay errors than controls made, p<0.05 (Figure 8f).

Lever Press Latencies—PPT treatment tended to increase latencies to respond following
an incorrect lever press, although this effect only reached statistical significance in the high
dose group. This was revealed by a significant main effect of treatment for latency to respond
following an incorrect lever press, F(7,110)=2.996, p=0.006. Tukey post hoc analyses found
the high dose PPT group to have a longer latency to respond following an incorrect response
than the vehicle control group, the high dose DPN group, and the middle dose PPT group, p
<0.05 (Figure 9). In addition, significant block x treatment interactions were also observed for
latency to respond following either a correct lever press, F(28, 440)=2.097, p=0.033 or an
incorrect lever press, F(28,440)=2.194, p=0.034. However, Tukey post hoc comparisons failed
to uncover any significant differences between treatment groups and the vehicle control group.

Discussion
The current study expanded upon our previous finding of a 17β-estradiol induced impairment
on performance of an operant working memory task by investigating whether this effect was
differentially modulated by selective ERα or ERβ activation. We replicated the performance
deficit on the DSA task following 17β-estradiol treatment (Wang et al., 2008, 2009), and we
reported new findings, suggesting that ERβ activation may play a more important role in the
17β-estradiol induced deficit in performance on the DSA task. Specifically, the lowest dose of
the ERβ agonist DPN that we employed (0.02 mg/kg/day) produced significant performance
deficits that were similar in magnitude to those observed with chronic 10% 17β-estradiol
implants. As with 17β-estradiol, these impairments were present primarily at the shorter delays
(3-, 6-, and 9-second), and are suggestive of prefrontal cortical disruption (Maruki et al.,
2001; Sloan et al., 2006).

The low dose DPN treated rats also showed an impairment relative to vehicle controls at the
18-second delay, an effect not seen in 17β-estradiol treated rats in this or previous (Wang et
al., 2008, 2009) studies. While this may be a departure from the pattern seen with 17β-estradiol,
this difference was only present in the last block of testing and appeared to be driven primarily
by the fact that the vehicle control group in the current study performed exceptionally well
during the final block of testing (>70% accuracy) compared to controls in our previous studies
(Wang et al., 2008, 2009). Finally, the low dose DPN group committed a mix of win- and lose-
stay errors, closely paralleling the pattern of errors in 17β-estradiol treated rats.

Conversely, few significant changes were seen following treatment with the ERα agonist PPT.
Although some subtle changes in DSA performance were evident following PPT dosing, only
high dose PPT treatment produced a significant deficit in DSA performance, and this effect
was present only at the 18-second delay during the final block of testing, similar to the effect
seen with the low dose DPN treatment at the 18-second delay. Although this may be a real
treatment-related effect, it also could be driven by the unusually good performance of the
vehicle control group during the last testing block. At this stage, we cannot rule out a subtle
effect of PPT on working memory. However, given that ERα activation by PPT is known to
reduce food intake and body weight (Harris et al., 2002; Roesch, 2006; Santollo et al., 2007;
Wegorzenska et al., 2008), it is possible that the subtle effect of PPT reflects decreased
motivation to complete this appetitive task rather than a working memory deficit. The rats in
this study were on a restricted food regimen and the PPT rats did consume their entire daily
food ration. However, it was observed that the high dose PPT treated rats tended to take longer
to consume all of their food than did other treatment groups, although time to consume daily
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rations was not recorded for experimental purposes. A motivational effect is further suggested
by the fact that the high dose PPT treatment group had longer latencies to respond following
an incorrect lever press. However, the fact that increased latencies were only observed after
incorrect responses could also indicate increased reactivity to the lack of reward, that is, an
‘emotional’ response to committing an error (reviewed in Strupp and Beudin, 2006). Whatever
the explanation for the extended latencies to respond, research has shown that the longer the
latency to respond following a lever press the less likely it is that there will be a correct response
on the following trial (Elsner, 1986; Elsner et al., 1988), as reflected in the performance of the
high dose PPT group.

Rats in the 17β-estradiol treated group, which served as a positive control group in this study,
were implanted with Silastic capsules containing 17β-estradiol because we have documented
clear impairments in DSA performance using this route of exposure (Wang et al., 2008,
2009). In contrast, the PPT and DPN treatments were administered via injection. To control
for this difference in route of exposure, all rats in the PPT, DPN and control groups were
implanted with blank Silastic capsules at the time of ovariectomy. Similarly, because the stress
of daily injections could potentially affect performance (see Foy et al., 2008; Holmes and
Wellman, 2009; Lupien and Lepage, 2001), all rats in the 17β-estradiol and control groups
received daily injections of vehicle. Although these controls were included, it is important to
note that injections of PPT and DPN would be expected to lead to a different pharmacokinetic
profile than implanted 17β-estradiol. The 17β-estradiol implants should result in a relatively
stable exposure level throughout the study period (Mannino et al., 2005). Conversely, the
injections of PPT and DPN would result in a peak of exposure shortly after injection (around
30 minutes), with a steady decline following this initial peak (Harris et al., 2002; Lund et al.,
2005). The differential exposure profile following these two methods of delivery could have
affected the results of the study, although the deficit we measured following DPN injection
was similar in pattern and magnitude to that observed in the 17β-estradiol implant group. The
magnitude of the 17β-estradiol induced deficit observed in this study was also very similar to
that observed in our previous research (Wang et al., 2008, 2009). Thus, the impairing effect of
17β-estradiol on the DSA task did not seem to be altered by the addition of the daily injections.
Similarly, the performance of the vehicle control group did not differ from that of control
groups in previous studies, with the exception of somewhat better performance in the last block
of test sessions at the 18 second delay. Therefore, it does not appear that daily injections
produced a notable change in behavior on this task.

Although we did not directly measure serum levels of PPT or DPN, uterine horn weights were
measured. Uterine proliferation is mainly regulated via ERα (Gruber et al., 2002), with previous
research showing PPT to increase uterine horn weight, while DPN has not been reported to
produce any changes in uterine weight (Harris et al., 2002; LeSaux and DiPaolo, 2005; Lund
et al., 2005). As expected, we found a dose-dependent increase in uterine horn weight following
PPT treatment, with the middle dose and high dose PPT groups having heavier uterine weights
than vehicle controls had. Uterine horn weights following DPN treatment did not differ from
control weights. Additionally, serum estradiol levels were tested in the positive control group.
In our previous research (Wang et al., 2008, 2009) serum estradiol levels were measured with
a Coat-A-Count RIA kit (Siemens Healthcare Diagnostics Inc., #TKE21, Los Angeles, CA)
that we recently demonstrated over estimates estradiol levels in rodent serum (Neese et al,
submitted; Wang et al., 2009). Based on our previous studies we would have predicted serum
estradiol levels around 60 pg/ml in the positive control group and 35 pg/ml in the
ovariectomized vehicle control group, but analyses with the more accurate DSL-4800 ultra
sensitive estradiol RIA kit (Diagnostics Systems Laboratories, Webster, TX) yielded serum
estradiol levels of around 20 pg/ml in the positive control group and around 3 pg/ml in the
vehicle controls. These serum levels are well within the physiological range, resembling levels
seen during the diestrus period (Overpeck et al., 1978). Although use of a different RIA kit for
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quantification yielded lower serum estradiol levels, we did accurately replicate our previously
published behavioral effect (Wang et al., 2008, 2009), using implants made to the same
specifications.

Recent research suggests that selective ERα or ERβ activation underlies certain aspects of
cognitive behavior, although the majority of this work has targeted behaviors that engage the
hippocampus (Hammond et al., 2009; Lund et al., 2005; Rhodes and Frye, 2006; Walf et al.,
2006; Weiser et al., 2009). Of these, only one study reported similar effects following either
ERα or ERβ activation (Hammond et al., 2009). In that study, PPT, DPN, 17β-estradiol, and
a GPR30 agonist each restored performance in ovariectomized rats on a delayed matching to
place T-maze task, suggesting that 17β-estradiol can work through a variety of estrogen
receptors to improve performance on a task that engages both the hippocampus and prefrontal
cortex. The present work expands this selective ERα or ERβ activation research to a working
memory task that relies heavily on prefrontal cortical activation, specifically, a short-delay
operant DSA task (Maruki et al., 2001; Sloan et al., 2006). As the prefrontal cortex mainly
expresses ERβ (Chung et al., 2007; Khan et al., 2005; Mitra et al., 2003; Shughrue et al.,
1997), it is not surprising to find an effect of the ERβ agonist DPN on this task. Interestingly,
the effect measured with DPN was found at the lowest dose we tested, with the performance
of the highest dose group being nearly identical to that of the vehicle treated control group.
Given that the performance of the middle dose DPN group was somewhat impaired by DPN
treatment, approaching significance in some blocks of testing, these results are suggestive of
a monotonic dose-effect function, with the lowest dose being the most effective. Importantly,
as other hormones have been shown to have non monotonic dose-response curves in various
behavioral paradigms (Abrari et al., 2009; Boccio et al., 1998; Hu and Becker, 2008; Isaacson
et al., 1995; Korol and Gold, 2007; Roozendaal, 2000), future studies should expand the dose
range to include both lower and higher doses of DPN in order to confirm whether a linear or
possibly a U-shaped dose-response curve in fact exists for DPN on this task.

The operant DSA task is a spatial working memory task that largely taps the prefrontal cortex
at the delays tested here (Izaki et al., 2008; Maruki et al., 2001; Sloan et al., 2006). Related
tasks that result in prefrontal cortical activation in humans, such as the subject-ordered working
memory test (see Chudasama and Robbins, 2006 for a comparative review), have failed to find
an effect of estradiol treatment in menopausal women, as treatment with conjugated estrogens
did not influence performance (Janowksy et al., 2000). In addition, recent randomized trials
using other testing paradigms that tap working memory suggest impaired performance in
menopausal women following hormone therapy (Grady et al., 2002; Maki et al., 2007; Resnick
et al., 2006). Our recent research found working memory deficits in middle-aged rats following
17β-estradiol treatment (Wang et al., 2009), and the current study suggests that ERβ activation
may underlie this deficit.

The animals in this study were tested during the dark portion of a reverse light-dark cycle,
whereas studies testing hormonal influences on behavior often test animals during the light
phase of the cycle (e.g. Galea et al., 2001; Gresack and Frick, 2006; Korol and Kolo, 2002).
Research suggests an interaction between performance on certain behavioral tasks (specifically
those including delays) and the time of light cycle when testing occurs (Winocur and Hasher,
1999, 2004). Aged rats maintained on a reverse light-dark cycle performed better on both an
operant delayed alternation task and a water maze task when tested in the early part of the dark
cycle, while younger rats performed better when tested in the latter portion of the dark cycle,
albeit in the water maze only (Winocur and Hasher, 1999, 2004). Due to the complex nature
of these age and light/dark cycle interactions, it is difficult to predict how testing during the
dark phase of the cycle may have affected the performance of the middle-aged rats used in this
study.
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Cycle status can influence a range of behaviors in aging rats, including activity levels (Kopp
et al., 2006), as well as performance in some cognitive tasks (Markowska, 1999; Savonenko
and Markowska, 2003; Warren and Juraska, 2000). Rats begin to undergo a loss of cyclicity
around 12–14 months of age, resembling the menopausal transition in humans (Huang et al.,
1978; LeFever and McClintock, 1988). Although all of the experimental animals were
ovariectomized prior to behavioral testing, we cycled the animals in order to determine cycle
status prior to surgery. A range of regular and irregular cycles were found, with these cycle
variations being evenly distributed across treatment groups. As such, any potential differences
due to differing cycle status should not have affected the outcome of this study.

The underlying effects of estrogen receptor activation and subsequent performance deficits on
the DSA task may be mediated by a variety of prefrontal modulatory neurotransmitter systems
(see Robbin and Arnsten, 2009). Of particular importance is the dopaminergic system (see
Floresco and Magyar, 2006; Williams and Castner, 2006), with alterations in prefrontal
dopamine resulting in impairments on delayed response tasks in rodents (Bubser and Schmidt,
1990; Kozlov et al., 2001; Mizoguchi et al., 2009; Vijayraghavan et al., 2007; Zahrt et al.,
1997). Importantly, chronic 17β-estradiol treatment has been shown to reduce prefrontal
dopamine in the rodent (Dupont et al., 1981; Luine et al., 1998; Pandaranandaka et al., 2006),
an effect which may underlie the deficits in performance in both the 17β-estradiol and DPN-
treated rats. Interestingly, chronic treatment (28 days) with 17β-estradiol alone or 17β-estradiol
together with progesterone increased the fiber density of tyrosine hydroxylase containing fibers
in the prefrontal cortex of ovariectomized adult rhesus monkeys (Kritzer and Kohama, 1998;
Kritzer et al., 2003), an effect which might then lead to an increase in available dopamine in
this brain region. Further, Gibbs et al. (2006) found chronic (2 year) dietary treatment with
conjugated equine estrogens (CEE) together with medroxyprogesterone acetate (MPA) to
produce subtle effects on brain monoamines and their metabolites. Specifically, CEE with
MPA was found to reduce serotonin levels in the forebrain. Although the effects on brain
dopamine were limited to a decrease in the hypothalamus, with the method used, dopamine
levels were below the level of detectability in the frontal cortex. As the effects of 17β-estradiol
treatment on dopamine levels in the adult primate prefrontal cortex are not known at this time,
it is difficult to reconcile these findings with the rodent literature.

At this point, the effects of chronic selective ERβ activation on dopamine concentrations in
the rodent prefrontal cortex are unknown. However, research does suggest a selective ERβ
effect on the dopaminergic system in rodent brain areas outside of the prefrontal cortex.
Specifically, short-term treatment (2 weeks) with DPN, but not PPT, upregulated the
expression of both the dopamine transporter and the dopamine D2 receptor in the striatum and
nucleus accumbens of ovariectomized rats in a manner similar to that seen following 17β-
estradiol treatment (LeSaux and DiPaolo, 2006; LeSaux et al., 2006). These results must be
taken with caution, as short term hormonal treatment may not have the same result as more
chronic treatments. Specifically, acute 17α- and 17β-estradiol treatments have been shown to
elevate prefrontal DOPAC, while marginally increasing dopamine (Inagaki et al., 2010). That
said, our results are suggestive of a role for selective ERβ regulation of the prefrontal
dopaminergic system. That is, the underlying mechanism of action through which both 17β-
estradiol and DPN affect performance of the operant DSA task may be altered prefrontal DA
function.

In summary, this study assessed the effects of ERα and ERβ agonists on the performance of
middle-aged ovariectomized rats on an operant DSA task. Our previous research found chronic
17β-estradiol treatment to impair performance on this task (Wang et al., 2008, 2009), an effect
which we replicated here. The current study also extended those results to reveal a similar
impairment following ERβ activation, whereas ERα activation had only very subtle effects.
The lowest DPN dose (0.02 mg/kg/day) impaired DSA performance to the same extent as
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17β-estradiol, whereas the intermediate and high doses (0.08 and 0.20 mg/kg/day) did not differ
significantly from vehicle controls, suggesting the possibility of a reverse dose-effect function.
The deficits were observed primarily at short delays (3-, 6-, and 9-seconds), implicating
prefrontal cortical dysfunction (Maruki et al., 2001; Sloan et al., 2006). Future research should
include a broader range of doses in order to determine if the dose-effect function for DPN
effects on DSA performance is linear or U-shaped. Subsequent research should also address
whether 17β-estradiol and DPN act via the prefrontal dopaminergic system to produce these
deficits.

Research Highlights

1. 17-β estradiol impairs the performance of ovariectomized middle-aged rats on an
operant delayed spatial alternation (DSA) test of working memory.

2. The estrogen receptor β agonist diarylpropionitrile (DPN) also impairs the
performance on this task, while the estrogen receptor α agonist propyl pyrazole
triol (PPT) had limited effects.

3. These data confirm 17β-estradiol treatment has an impairing effect on the DSA
task, and suggest that ERβ activation may underlie the deficit.
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Figure 1.
Uterine horn weight in grams. The estradiol treated group had a heavier uterine horn than all
other groups (ap<0.05). The middle dose PPT group had a heavier uterine horn weight than
the vehicle control, high and low dose DPN group, but a lighter uterine horn than the estradiol
treated group (bp<0.05). The high dose PPT group had a heavier uterine horn weight than all
but the middle dose PPT group, while having a lighter uterine horn weight than the estradiol
treated group (cp<0.05).
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Figure 2.
(A) Proportion correct on the DSA task across 5-day blocks of testing for the vehicle control
and estradiol-treated groups. aEstradiol treated<vehicle treated, (p<0.05). (B) Proportion
correct on the DSA across 5 delays for the vehicle control and estradiol-treated
groups. aEstradiol treated<vehicle treated, (p<0.05).
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Figure 3.
Proportion correct across 5-days blocks of testing, by delay for the vehicle control and estradiol-
treated groups. aEstradiol treated<vehicle treated, (p<0.05).
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Figure 4.
(A) Proportion correct on the DSA task across 5-day blocks of testing for DPN treated
groups. bLow dose DPN<vehicle treated, cLow dose DPN<high dose DPN, (p<0.05). (B)
Proportion correct on the DSA across 5 delays for DPN treated groups. bLow dose
DPN<vehicle treated, cLow dose DPN<high dose DPN.
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Figure 5.
Proportion correct across 5-days blocks of testing, by delay for DPN treated groups. bLow dose
DPN<vehicle treated, cLow dose DPN<high dose DPN, (p<0.05).
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Figure 6.
(A) Proportion correct on the DSA task across 5-day blocks of testing for the PPT treated
groups. bHigh dose PPT<vehicle treated, (p<0.05). (B) Proportion correct on the DSA across
5 delays for PPT treated groups.
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Figure 7.
Proportion correct across 5-days blocks of testing, by delay for PPT treated groups. bHigh dose
PPT<vehicle treated, (p<0.05).
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Figure 8.
(A) Total win-stay errors committed on the DSA task across 5-day blocks of testing for the
vehicle control and estradiol-treated groups. aEstradiol treated>vehicle treated, (p<0.05). (B)
Total lose-stay errors committed on the DSA task across 5-day blocks of testing for the vehicle
control and estradiol-treated groups. aEstradiol treated>vehicle treated, (p<0.05). (C) Total
win-stay errors committed on the DSA task across 5-day blocks of testing for the DPN treated
groups. bLow dose DPN>vehicle treated, (p<0.05). (D) Total lose-stay errors committed on
the DSA task across 5-day blocks of testing for the DPN treated groups. bLow dose
DPN>vehicle treated, (p<0.05). (E) Total win-stay errors committed on the DSA task across
5-day blocks of testing for the PPT treated groups. (F) Total lose-stay errors committed on the
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DSA task across 5-day blocks of testing for the PPT treated groups. bHigh dose PPT>vehicle
treated, (p<0.05).
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Figure 9.
Lever press latency following an incorrect response on the DSA task. The high dose PPT group
had a longer latency than vehicle treated, high dose DPN, and middle dose PPT groups,
(ap<0.05).
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