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Abstract
Estrogens have been shown to have a strong influence on such cognitive domains as spatial
memory, response learning, and several tasks of executive function, including both working
memory and attention. However, the effects of estrogens on inhibitory control and timing
behavior, both important aspects of executive function, have received relatively little attention. We
examined the effects of estradiol on inhibitory control and timing using a differential
reinforcement of low rates of responding (DRL) task. Ovariectomized young (3 month), middle-
aged (12 month), and old (18 month) Long-Evans rats received 5% or 10% 17β-estradiol in
cholesterol vehicle or cholesterol vehicle alone via Silastic implants and were tested on a DRL
task requiring them to wait 15 seconds between lever presses to receive a food reinforcer. The
ratio of reinforced to non-reinforced lever presses did not differ across age in the cholesterol
vehicle group. Conversely, 17β-estradiol impaired learning of the DRL task in young and middle-
aged rats, but the learning of old rats was not impaired relative to vehicle controls following either
5% or 10% 17β-estradiol treatment. Overall, old rats also made fewer lever presses than both the
young and middle-aged rats. These results provide new evidence that estrogens impair inhibitory
control, an important aspect of self regulation, and add to existing evidence that estrogens
differentially affect cognition at different ages.
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1. Introduction1

Extensive research in rodents suggests a strong influence of estrogens on such cognitive
domains as working memory and place learning (see [16,24,37]). In contrast, relatively little
is known about the effects of estrogens on behavioral inhibition. Behavioral inhibition
consists of several related phenomena including the ability to withhold a response and the
ability to estimate time [19], and is one of a subset of cognitive processes commonly
referred to as executive functions [49].

In animal models behavioral inhibition is often assessed using operant tasks in which the
animal must “withhold” a behavioral response for a specific period of time to earn a
reinforcer [18,20,50,65,76]. Of these, the differential reinforcement of low rates (DRL) of
responding operant schedule has proven to be a sensitive task to measure the ability to delay
previously reinforced behavior [2,20,50]. In the operant DRL, a response (i.e. a lever press)
that results in reinforcement must be withheld for a fixed period of time before that response
will again be reinforced [64,76]. Premature responses that occur during this fixed period are
not reinforced and result in a “resetting” of the wait period.

Research addressing the effects of estrogens on the ability to learn DRL tasks is sparse and
conflicting [4,40,76]. In one study [4], ovariectomy (OVX) was found to impair the ability
of young rats (5 months) to learn a DRL task as compared to intact controls. Specifically,
OVX rats had a lower efficiency ratio (reinforced presses/total presses), earned fewer
reinforcers, and made more lever presses than intact controls [4]. However, Lentz [40] citing
a personal communication from Beatty (the author of [4]) described the findings of a follow-
up study in which Beatty failed to replicate the deleterious effect of OVX on DRL learning
(see discussion in [40]). Lentz and colleagues [40] also failed to uncover an OVX-induced
difference between young (6 months) adult OVX rats and intact control rats on a similar
DRL task [40]. Lentz and colleagues [40] further found that chronic treatment of OVX rats
with a supraphysiological level of estradiol (10 ng/ml in the serum; typical physiological
levels in rodents range from 3-90 pg/ml [57]) failed to produce any effect on DRL
efficiency.

We recently completed a study in which OVX young adult rats (6 months) treated
chronically with a physiological level of estradiol (86 pg/ml in the serum) performed worse
than did cholesterol vehicle controls during acquisition of a DRL task [76]. Estradiol-treated
rats made more lever presses and had a lower efficiency than both OVX cholesterol controls
and intact rats. In agreement with Lentz et al. [40], performance did not differ between OVX
cholesterol controls and intact rats. Our results are also consistent with a recent study
showing hormone effects on timing estimates in a peak-interval task [66]. In that study,
OVX adult female rats (3 months) were initially trained on a fixed-interval procedure in
which rats were free to lever press at any time, but a lever press was only associated with
reinforcement either 7- or 21-seconds after the illumination of a cue light. Rats were then
exposed to the peak-interval procedure, in which they were again free to respond at any time
following the onset of the cue light, but only half of the presses occurring after the target
interval were associated with reinforcement. On the non-reinforced trials the lever remained
extended for a duration 2.5-3 times the target interval, allowing assessment of the peak
interval for responding. Although both DRL and peak-interval tasks assess timing behavior,
there is no “resetting” of the time interval associated with peak-interval tasks. The animal is
free to respond at any time without negative consequence and peak time of responding is
dissociable from overall response rate [63]. As such, peak time tasks allow measurement of
both over- or undershooting of the target time interval. Following acquisition of the peak-

1Abbreviations: Differential reinforcement of low rates of responding (DRL); ovariectomy (OVX)
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interval task, rats were exposed to estradiol treatment (proestrus levels: peak serum levels of
88 pg/ml) and again exposed to the peak-interval procedure. Estradiol produced a leftward
shift in the peak response time for both 7- and 21-second target intervals, resulting in an
undershooting of both target intervals [66], suggestive of an increase in the speed of the
internal clock [46,63,66].

DRL tasks are sensitive not only to hormone status but also to age at testing. However, it is
important to point out that the effects of aging have only been assessed in male rats. Aged
male rats (24-25 months) showed lower response rates and a higher efficiency ratio than did
young adult rats (3- or 7- months old) when trained and tested on DRL tasks with intervals
ranging from 5-20 seconds [38,70]. These age-related differences in learning were most
clearly seen during initial testing sessions of both DRL-5 [70] and DRL-20 [38] schedules.
With extended testing these differences diminished [38,70]. Performance of a peak-interval
task was also found to be affected by age at testing, with aged male rats (24-26 months)
showing a rightward shift in peak response time based upon a 20-second target interval,
resulting in aged animals overshooting the target interval (e.g., underestimating the passage
of time, [46,63]) in comparison with younger rats (4-6 months) [39,48].

Although these studies were conducted with male rats, these findings do suggest that an
effect of estradiol on DRL acquisition could be moderated by age at testing in female rats.
Therefore, a goal of this study was to expand our previous finding that chronic estradiol
treatment impaired learning of a DRL task in young female rats to determine whether
different results would be obtained in old rats. In addition, because little is known about the
effects of estradiol on DRL acquisition at middle-age, a time during which significant
changes in reproductive status, associated hormonal levels, and cognition begin to occur
[45,82], we also included middle-aged (approximately 14-months old at time of testing) rats
in the study.

2. Methods
2.1 Animals and exposure

A total of 144 female Long-Evans rats were obtained from Harlan (Indianapolis, IN), and
were housed in a temperature and humidity controlled room (22°C, 40-55% humidity) under
a 12-hour reverse light-dark cycle(lights off 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 [51] and the Guidelines for the
Care and Use of Mammals in Neuroscience and Behavioral Research [52].

The rats were received in two cohorts of 72 animals each, separated by 6 months. Due to the
extensive number of rats needed to complete this study and the limits of available operant
testing chambers (see below), it was necessary to conduct the study in two cohorts balanced
for age and estradiol treatment. Each cohort consisted of 24 young (3 month old) virgin
females, 24 middle-aged (12 month old) retired breeders and 24 old (18 month old)retired
breeders. Each age group was divided into three estradiol treatment groups (cholesterol
vehicle, 5% estradiol, and 10% estradiol) [42] with 8 rats per age per dose in each of the two
cohorts, or a total of 16 rats in each dose group at each age. Rats from the same treatment
groups were pair-housed in standard polycarbonate cages (45 × 24 × 20 cm) with corncob
bedding.

After a one-week period of acclimation to the vivarium, rats were OVX and a Silastic
capsule containing 5% or 10% 17β-estradiol in cholesterol (Sigma, St. Louis, MO) or
cholesterol vehicle alone (as described in [42]) was implanted subcutaneously at the nape of
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the neck under isoflurane gas anesthesia (VetEquip, Pleasanton, CA). One end of the Silastic
capsule (1.5 mm i.d., 1.96 mm o.d.) was plugged with 0.25 cm silicone and dried overnight
before packing with 1 cm of the estradiol/cholesterol mixture or cholesterol vehicle after
which the other end was plugged with 0.25 cm silicone. Capsules were soaked in sterile
saline at 37°C overnight before insertion during surgery.

The diet was switched from standard rat chow to AIN-93G on the day of OVX surgery. This
was done to ensure that the rats were not exposed to additional estrogens via the diet, which
becomes increasingly important for long-term behavioral studies. Research has shown that
the amount of soy phytoestrogens in standard lab chow can vary greatly, even across
different lot numbers from the same supplier [8,73,74]. Beginning one week after surgery,
rats were food restricted to and maintained at 85% of their free-feeding body weights. The
average weight in grams (Mean±SEM) following restriction to 85% for young rats was
223.42±2.82, for middle-aged rats was 279.06±3.80, and for old rats was 287.22±5.71. After
the rats had been food restricted for one week they were tested for a single day on a dual
solution T-maze task that tests for biases in learning strategy. Rats were trained to collect a
food reinforcer located in one arm of a T-maze (goal arm). The start and goal arms were
held constant with respect to extra-maze cues. After training to criterion, the rats were given
a single probe trial in which the start arm was rotated 180° from the position used during
training. Rats were assumed to be using a “place”strategy if they entered the arm in the
spatial location that was correct during training, while a response strategy was indicated if
the rat made a turn in the same direction that was correct during training. Although previous
studies using shorter term higher dose estradiol treatment produced a shift towards a place
strategy to solve this task [36], we failed to uncover any differences in the response
strategies used by 17β-estradiol-and the cholesterol vehicle-treated rats (data not reported).
Operant training began the day following T-maze testing. The rats were tested six days per
week (Monday through Saturday) during the dark phase of the light cycle.

All rats were subject to response shaping and lever press training (as described below) and
were then tested on a working memory task, delayed spatial alternation (DSA) [77], which
took approximately 2 months to complete, before beginning DRL training. At the beginning
of DRL training, the young group was approximately 5 months old, the middle-aged group
was approximately 14 months old, and the old group was approximately 20 months old.

2.2 Operant testing
Behavioral testing was conducted in 16 standard automated operant chambers (Med-
Associates Inc., St. Albans, VT) housed in sound-attenuated wooden boxes (interior
dimensions: 55.9 cm wide, 38.1 cm high, 35.6 cm deep). All of the test chambers had the
same features and dimensions: 21.6 cm tall, with a 29.2 cm wide and 24.8 cm deep stainless-
steel grid floor resting just above a tray filled with corn cob bedding. A pellet trough was
centered 2.5 cm above the floor on the operant panel. Positioned symmetrically on both
sides of the pellet dispenser were a pair of retractable response levers and a pair of stimulus
cue lamps, one above each lever. The levers were 5.7 cm from the midline and 7.0 cm above
the floor and the cue lights (clear, 1.12 watts (28V), 9 mm in diameter) 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, VT).
Forty-five mg soy-free purified rodent diet food pellets (Formula P, P.J. Noyes Inc.,
Lancaster, NH) were used as reinforcers in the study.

Rats were tested in the appetitively reinforced operant DRL test and were fed a limited
amount of food 30 minutes after behavioral testing was completed each day. The total
amount of food provided was sufficient to maintain the rats at approximately 85% of their
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free-feeding weights. Most rats consumed the total ration within 2-3 hours and thus were
approximately 18-20 hours food deprived when they entered the testing chamber each day.
This feeding schedule was necessary to insure that the rats were motivated to work for the
food reinforcers used in the cognitive testing.

2.3 Response shaping and lever press training
Rats were trained to press the response levers using an autoshaping program [76,77].
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. All rats acquired the lever-pressing response within 2-3 sessions.
Following autoshaping, the rats were exposed to a continuous reinforcement schedule in
which the lever associated with reinforcement was 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 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. Following lever press training, the rats were tested on the
DSA task [77]. DRL training began on the day immediately following completion of 25
sessions of testing on the DSA task.

2.4 Differential Reinforcement of Low Rates of Responding (DRL)
Timing ability and inhibitory control were assessed using a DRL-15 task. Rats were tested
once per day, six days per week. Test sessions were terminated after 90 minutes or 200
reinforcers earned, whichever occurred first. For DRL testing one response lever (left) was
used, and the lever remained extended throughout the session. Immediately prior to DRL-15
testing the rats went through three training phases which lasted for 6 sessions. Rats did not
have to meet a performance criterion before moving on to the next stage of training. The
first two sessions of training consisted of a fixed-ratio 1 (FR-1) schedule in which every
lever press resulted in the delivery of a food reinforcer. Sessions 3 and 4 of training
consisted of a DRL-5 second schedule in which reinforcement was contingent upon at least
a 5 second separation between responses. If a response occurred within the 5-second
window, the response timer was reset. Sessions 5 and 6 consisted of a DRL-10 second
schedule. The rats were then tested for 30 consecutive sessions on a DRL-15 second
schedule (DRL-15). Following completion of the 30 sessions of DRL-15 testing, rats were
tested for 3 sessions on an extinction schedule of the DRL-15 task during which lever
presses were no longer associated with reinforcement. An extinction schedule was included
in order to determine if the rats were sensitive to a shift in reinforcement contingencies.

2.5 Statistical analyses
The behavioral data were analyzed via repeated measures ANOVA using SPSS for
Windows, Version 15.0. Treatment, age, and cohort were included in the analyses as
between subject factors and significance was set at p<0.05. Marginal significance was set at
p>0.05 but <0.10. When appropriate, Tukey post hoc tests were run for pair-wise
comparisons.

For DRL-15, the reinforced to non-reinforced lever press ratio and total lever presses were
the primary measures of learning. Although an increase in the number of lever presses can
be directly related to a decrease in performance efficiency, it is important to note that very
low rates of responding will affect efficiency ratios as well, inflating performance
efficiency. Therefore, the data were analyzed for both reinforced to non-reinforced ratio and
total presses. The data were first averaged to yield six blocks of five test sessions each, and
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then analyzed using a 3 (treatment) × 3 (age) × 2 (cohort) × 6 (block) mixed ANOVA with
block as a repeated measures factor.

Inter-response times (IRTs) representing the delay between lever presses were also
examined. IRT distributions provide information as to the temporal location when responses
“peak”. IRTs were divided into eight 2.5-sec intervals (e.g., 0<2.5 sec, 2.5<5.0 sec, etc.)
with all IRTs longer than 17.5-sec falling in the last IRT interval. The IRT data from the
initial DRL-15 testing block and the last DRL-15 testing block were analyzed separately
using a 3 (treatment) × 3 (age) × 2 (cohort) × 8 (IRT interval) mixed ANOVA with IRT
interval (1-8) as a repeated measures factor. This was done to determine the extent of
response inhibition at the beginning of testing and to assess whether extended training
shifted the pattern of responding to favor longer IRTs by the last block of testing. For the
extinction sessions, the total number of responses on each of the three sessions of testing
was analyzed using a 3 (treatment) × 3 (age) × 2 (cohort) × 3 (session) ANOVA.

3. Results
3.1 DRL

3.1.1 Reinforced to non-reinforced responses—Both of the between subject’s
variables, age (young, middle-aged or old) and estradiol treatment (0, 5 or 10%) influenced
the ratio of reinforced to non-reinforced responses, which was a primary measure of
performance on this task (Figure 1). Chronic estradiol treatment significantly impaired
performance in young and middle-aged rats but not in old rats, an observation that was
supported by a significant age × estradiol group interaction, F(4, 117)=2.637, p=0.037.
Analyses for simple main effects of hormone treatment at each age showed that there was a
significant main effect of estradiol treatment in young rats, F(2, 45)=4.751, p=0.013, and in
middle-age rats, F(2, 42)=12.457, p<0.001, but not in the old rats, F(2, 39)=0.672, p=0.516.
In young rats, the impairing effect of estradiol was present in the 10% estradiol group, as
evidenced by a significant decrease in the ratio of reinforced to non-reinforced responses
compared to cholesterol controls (p<0.05) while the 5% estradiol group did not differ
significantly from the control group (p>0.05) (Figure 1). In addition, both the middle-aged
5% and 10% estradiol groups had lower ratios of reinforced to non-reinforced responses
than did the cholesterol control group (p<0.05) (Figure 1) in this measure. Analyses for
simple main effects of age in each estradiol group revealed a significant simple main effect
of age in the 10% estradiol group, F(2, 39)=3.505, p=0.04. Specifically, for the 10% group
only, the old rats tended to have a higher ratio of reinforced to non-reinforced responses than
did the young (p=0.059) or middle-aged groups (p=0.067), although these differences were
only marginally significant (Figure 1).

In addition to the treatment-related effects described above, there was a main effect of
cohort, F(1,117)=4.639, p=0.033, with the rats in cohort 2 demonstrating a small, but
significantly higher ratio of reinforced to non-reinforced responses than the rats in cohort 1
indicating that, overall, the rats in cohort 2 performed somewhat better on the task,
irrespective of treatment group. No other cohort effects and no interactions of cohort with
treatment or age were measured during DRL testing.

The ratio of reinforced to non-reinforced responses increased across blocks of testing,
indicating that the performance of all treatment and age groups improved over time. This
was confirmed by a significant main effect of block, F(5,585)=122.325, p<0.001.

3.1.2 Lever presses—Estradiol treatment and age both influenced the number of lever
presses. However, in contrast to the findings for ratio of reinforced to non-reinforced
responses, there was not a significant age × estradiol treatment interaction for lever presses.
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Repeated measures ANOVA revealed both a significant main effect of estradiol treatment,
F(2, 117)=11.896, p<0.001, and significant estradiol × block interaction, F(10, 585)=3.158,
p=0.008. Tukey post hoc analyses revealed both the 5% and 10% estradiol treated groups to
make more presses than the cholesterol control group in testing blocks 1, 2 and 5 (p<0.05:
Figure 2A), and the 10% estradiol group to make more presses than the cholesterol control
group in testing blocks 3 and 6 (p<0.05: Figure 2A). These effects were reflected in an
overall main effect as Tukey post hoc analyses found both the 5% and 10% estradiol groups
made more lever presses during DRL than did the cholesterol group, (p<0.05).

Although there was not an interaction of estradiol with age, there was a significant main
effect of age on lever presses, F(2, 117)=7.333, p=0.001. Tukey post hoc analyses found the
old rats to make significantly fewer lever presses overall than did both the young and
middle-aged rats, p<0.05 (Figure 2B).

The number of lever presses decreased across blocks of testing in all groups (Fig. 2A and
2B) indicating that all groups improved their performance over time. This was confirmed by
a significant main effect of block, F (5, 585)=119.871, p<0.001.

3.1.3. IRT during Initial and Final block for estradiol treatment—No estradiol
treatment × age × IRT interaction was uncovered, thus the IRT analyses are reported first for
estradiol and then for age. Inter-response times during the first block of testing were
sensitive to estradiol treatment. Repeated measures ANOVA revealed a significant IRT bin
x estradiol treatment interaction during the first block of DRL testing, F(14, 819)=4.002,
p=0.003. Tukey post hoc analyses revealed that the 5% and 10% estradiol groups made
significantly fewer responses in the last 3 IRT bins (12.5<15.0 sec, 15.0<17.5 sec and >17.5
sec) than did the cholesterol control group. A similar pattern was observed for the 10.0<12.5
IRT bin but only the 5% estradiol group made significantly fewer responses, p<0.05 (Figure
3A). In contrast, the estradiol groups made more responses in first three IRT bins.

For the final block of testing, repeated measures ANOVA uncovered a significant IRT bin ×
estradiol treatment interaction, F(14, 819)=3.343, p=0.006 (Figure 3B). Tukey post hoc
analyses found the 10% estradiol group to make more responses than the cholesterol control
group in both the 5.0<7.5 sec and 7.5<10.0 sec IRT bins, bins which are not associated with
reinforcement (Figure 4B). Conversely, the 10% estradiol group made fewer responses than
the cholesterol control group in the >17.5 sec IRT bin, a bin which is associated with
reinforcement, p<0.05 (Figure 4B).

As Figures 3A and 3B show, all treatment groups exhibited a large amount of ‘bursting’
(defined as responses in the initial <2.5 sec bin) during both the initial and final blocks of
the DRL-15 schedule. These early responses are typical of DRL and other operant timing
tasks [see 6,34,61].

3.1.4 IRT during Initial and Final block for age—Inter-response times were not
influenced by age during the initial block of testing, p>0.05 (Fig. 4A). However, analyses
did reveal a significant IRT bin x age interaction for the final block of testing, F(14,
819)=2.669, p=0.022. Tukey post hoc analyses found the young rats to make more responses
than did the old rats in the first IRT bin (<2.5 sec), p<0.05 (Figure 4B). As Figures 4A and
4B show, all age groups tended to exhibit a large amount of ‘bursting’ (responses in the <2.5
sec bin) during the initial block of DRL-15 testing: however, the old age group made fewer
‘burst’ responses than the young age group during the last block of DRL-15 testing.

A significant main effect of IRT bin was also uncovered for both the initial block,
F(7,819)=228.152, p<0.001, and final block of testing, F(7, 819)=133.044, p<0.001. During
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the initial block of the task, the number of responses per IRT bin decreased as the IRT bin
became longer. However, in contrast to the pattern during the initial block, excluding the
first bin, the number of responses (waits) of longer duration increased as the IRT became
longer during the final block of testing.

3.2 DRL Extinction
3.2.1 Lever presses during extinction—No estradiol × age × block interaction was
uncovered for lever presses made during extinction. However, ANOVA did reveal a
significant main effect of estradiol treatment on lever pressing during extinction, F(2,
114)=12.46, p< 0.001. Tukey post hoc analyses found both the 5% and 10% estradiol groups
to make significantly more responses during extinction than the cholesterol control group,
p<0.05 (Figure 5A). A main effect of age was also observed, F(2, 114)=12.66, p<0.001.
Tukey post hoc analyses found the old rats to make significantly fewer responses during
extinction than did both the young and the middle-age rats, p<0.05 (Figure 5B).

4. Discussion
We found chronic exposure of rats to estradiol to produce an age-dependent deficit in
acquisition of a DRL-15 schedule, an operant task that assesses behavioral inhibition and
timing. While estradiol is better known for its enhancing effects on behavior [11,24,42,44],
recent findings demonstrate the impairing effects of estradiol on tasks such as response
learning, cue learning, conditioned place preference, and some types of working memory
tasks [12,14,36,69,76,77,84]. These findings suggest that the effects of estrogens depend
upon the type of task and the neural system(s) engaged [16,37].

As seen in Figures 3A and 3B, all treatment groups displayed a bimodal response pattern,
emitting many responses during the initial 2.5 sec IRT bin, a behavioral phenomenon that is
characteristic of DRL tasks [6,34,61]. However, all groups did learn to delay more of their
responses during successive testing sessions, with a second “peak” in responding in the
longer IRT bins becoming prominent during the final block of testing (Figure 3b). As the
IRT distributions show, the cholesterol-treated rats tended to respond more than the
estradiol-treated rats in the latter IRT bins during the initial block of testing, with the highest
number of responses shifting to those IRTs during the final block of testing. Conversely,
estradiol-treated rats tended to respond more in earlier bins during the initial block of
testing, a pattern of responses which continued into the final block of testing. These results
reflect the lower efficiency ratio measured in the estradiol treated groups, and indicate that
estradiol-treated rats did not acquire this task at the same rate as cholesterol-treated control
rats did. These results are also consistent with the leftward shift in peak responding seen on
a peak-interval task following estradiol treatment [66].

Few previous studies have addressed the effects of estradiol manipulation on the
performance of DRL schedules [4,40,76]. Beatty [4] originally reported that OVX impaired
performance on DRL tasks in comparison to sham controls. However, Lentz et al. [40] did
not observe a deficit in OVX rats, and, as they discuss, subsequent unpublished research by
Beatty also failed to replicate the OVX-induced difference. Lentz et al. [40] also reported
that estradiol did not influence DRL performance in OVX rats, a finding that opposed our
current and previous [76] results. However, the estradiol doses in the Lentz study [40] led to
serum estradiol levels an order of magnitude above typical physiological levels (10 ng/ml
vs.3-90 pg/ml [57]), which could be a significant factor in the behavioral differences found
in their study and ours. Different estradiol doses have been found to differentially influence
behavioral outcomes in other studies [25,30,68,79]. Probably less important, other
methodological differences that might have contributed to these opposing findings included
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ifferences in rat strains [1,41], housing conditions [21,23], and timing of estradiol
replacement [13,26,45,76].

4.1 Cohort effects
A significant effect of cohort was found for the ratio of reinforced to non-reinforced lever
presses. Overall, the rats tested in the first cohort had, on average, higher efficiency ratios
than rats tested in the second cohort. Since the two cohorts were tested 6 months apart, this
could be related to seasonal factors. However, there were no interactions of cohort with
estradiol treatment or with age that approached statistical significance. Thus, it is unlikely
that the cohort differences were the main source of treatment or age effects found in this
report.

4.2 Role of activity levels
The DRL schedule provides reinforcement for the withholding of a behavioral response (i.e.
a lever press), thus changes in spontaneous activity levels might influence performance on
this task. A recent study directly measured activity levels of adult male rats (4-5 months)
tested on DRL schedules following treatment with amphetamine [see 62]. Compared to
saline-treated controls, amphetamine-treated rats had an increased response rate, a decrease
in DRL efficiency, and a leftward shift (undershooting) in the peak of the IRT distribution
[22]. Motor behavior measured during testing indicated that amphetamine significantly
elevated the amount of locomotion during the ‘wait’ period. In particular, amphetamine-
treated rats had more approaches to the operandum (a sensing disc) associated with
reinforcement during the ‘wait’ periods [22]. Conversely, saline-treated rats tended to locate
themselves away from the operandum and had limited locomotor activity during the ‘wait’
periods. These findings suggest that increased locomotor activity could decrease efficiency
on DRL tasks.

4.2.1 Estradiol and activity—Estradiol can influence spontaneous locomotor activity in
OVX rats [17,33,56,75]. However, much disparity exists in the outcomes reported following
acute or chronic estradiol treatment, ranging from an overall decrease in activity levels to an
estradiol induced increase in locomotor activity [17,33,56,75]. Following treatment with
Silastic implants of estradiol, activity levels appear to increase for only a short period after
implantation (5 days), with no differences in activity level measured following extended
exposure (14-35 days) [28,42]. Given that all rats tested in this study had Silastic implants
for at least 60 days prior to DRL testing, an estradiol associated increase in activity is
unlikely to underlie the observed DRL deficits.

4.2.2. Age and activity—The efficiency of the estradiol-treated old rats in this study was
not impaired relative to similarly aged controls. Specifically, the old 10% estradiol treated
rats had a higher ratio of reinforced to non-reinforced responses than young or middle-aged
10% estradiol treated rats. Activity levels have been shown to decrease with age in rats [29],
and this would be expected to bias aged rats towards performing better in a task that requires
withholding a response. In line with this, lower response rates and better efficiency have
been reported previously on DRL tasks in aged rats [38,70]. Other studies using
antidepressant drugs have found a relationship between a treatment-induced reduction in
locomotor activity and reduced response rates during DRL testing [54,55]. Age effects are
also evident on the peak-interval task, with aged rats tending to underestimate the passage of
time, producing a response peak that exceeds the target interval [36,48]. This age-associated
rightward shift in responding to a temporal interval, in combination with an age-associated
decrease in response rate, may have countered the estradiol-associated decrement in DRL
performance that was observed in young and middle-aged rats. This effect is clearly evident
when comparing the performance of old rats to that of middle-aged rats. Specifically, lever
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pressing was higher in middle-aged cholesterol control rats (Figure 6A) as compared to old
cholesterol controls throughout testing (Figure 6B). Although estradiol treatment initially
increased the lever pressing rate of old rats, this shift was only evident during the first block
of testing. The depressed lever press rate exhibited by old rats appeared to preserve their
performance on the DRL task, an effect related to and reflected in this age group s enhanced
performance efficiency during DRL-15 testing.

4.3. Other factors that could account for the age difference in effects
Several other factors could play contributing roles in the age-related differences we
observed, including differences in reproductive history and/or age-related changes in
estrogen responsiveness. Studies have linked reproductive experience to improved cognitive
function, but these effects are often transient in nature or are seen in rats that have given
birth to a single litter [58,59]. It is also important to note that the young rats used in this
study were nulliparous whereas both the middle-aged and old rats were retired breeders.
Importantly, the lack of an estradiol effect was only seen in the old age group, with both the
middle-aged (retired breeders) and young (nulliparous) rats being impaired by estradiol
treatment. Therefore, the lack of an estradiol effect in old rats does not appear to be related
solely to reproductive history.

Another possible explanation for the lack of an effect in older rats is that brain regions
mediating response inhibition become less sensitive to estradiol with age. Both the
prefrontal cortex and the hippocampus have important roles in response inhibition
[9,10,53,67,71,83]. Importantly, the majority of research in rodents has found that both the
hippocampus and prefrontal cortex (reviewed in [24,7]) remain responsive to estrogen
treatment during aging. Thus, it seems unlikely that old rats were less responsive to estradiol
treatment.

4.4 Relationship of DRL deficits to working memory deficits
In this and our previously published report [76], all rats were tested on an operant DSA task
prior to DRL testing (see methods section). While it seems unlikely that prior testing on a
working memory task would differentially affect response inhibition in control-and
estradiol-treated rats, we cannot rule out the possibility that this sequential testing could
have led to results different from those that would have been obtained had the rats been
naïve at the beginning of DRL training, particularly since estradiol produced deficits in DSA
performance [76,77].

The cholesterol control rats tested here also outperformed their estradiol counterparts on the
DSA task prior to DRL testing [77]. Specifically, young, middle-aged, and old rats treated
with either 5% or 10% estradiol had a lower proportion correct throughout the 25 sessions of
DSA testing. Given that deficits in working memory have been linked to disrupted
behavioral inhibition (see [3] for a review), it remains a possibility that impaired behavioral
inhibition may underlie the deficits on both the DSA and DRL tasks. Rodent models suggest
that impulsive-type behaviors (or inability to delay a response) can disrupt performance on
working memory tasks [5,15,60].

Alternatively, deficits in working memory could explain the performance deficits measured
on the DRL task. As described by Golman-Rakic [27], the inability to suppress a response
could be related to an impairment of working memory. Specifically, in the absence of proper
regulation via ‘working memory’, the animal may display an over-learned response (i.e. a
lever press), inevitably leading to perseverative behavior and disinhibition [27]. Taken
further, rather than a specific ‘timing’ deficit, an inability to ‘remember’ the temporal delay
associated with reward, or a suppression in the learning of this temporal discrimination may
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have contributed to the decreased efficiency measure in the estradiol treated groups [e.g.
31,47,72]. In summary, because of the complex interactions of working memory, timing,
and response inhibition, it is difficult to elucidate the specific mechanisms that produced the
estradiol-related performance deficits seen on the DRL task.

4.5 Estradiol levels
Due to problems with the RIA kit used in this study, we were not able to obtain reliable
measures of serum estradiol levels. However, a recent study, which used Silastic capsules of
the same dimensions and specifications as our own, found that the 5% and 10% 17β-
estradiol/cholesterol mixtures produced stable serum levels of about 20 pg/ml and 40 pg/ml,
respectively, 24 days after implant [43]. Importantly, the implants were found to have
released only about 11% of the mixture after 24 days. Therefore, we believe that the Silastic
implants we used were still releasing physiological levels of estradiol [57] throughout DRL
testing which began about 60 days after the implants were inserted.

4.6 Extinction sessions
The higher response rates of the estradiol treated groups persisted into the extinction
schedule that followed DRL-15 testing. It is important to note however, that all treatment
groups were sensitive to the change in reinforcement contingencies during extinction of the
DRL schedule. This was evidenced by a lower response rate during the first session of
extinction as compared to the final block of DRL-15 testing, a downward shift which
continued through the remaining 2 extinction sessions (Figure 5A). Age also influenced
responding during extinction. Old rats made fewer responses during extinction than their
younger counterparts (Figure 5B), a behavioral pattern that was also consistent with that
during DRL-15 testing. Elevated lever pressing during extinction schedules is suggestive of
a deficit in the ability to alter behavior after a change in reinforcement contingencies [see
32], and is indicative of preservation of the lever press response [see 35,78].

4.7 Role of the light/dark cycle
Therats in this study were tested during the dark portion of a reverse light-dark cycle. Time
of testing during the light-dark cycle can influence behavioral outcomes differentially by
age. Specifically, when maintained on a reverse light-dark cycle, older rats tended to
perform better on a Morris water maze task, while the opposite was true for younger rats
[80,81]. Old rats also performed better on an operant delayed alternation task when tested in
the early part of the dark cycle vs. later in the dark cycle [80,81]. Although our rats were
tested during the dark phase of the light-dark cycle, the performance of the old group was
consistent with previously published findings for old animals tested on DRL schedules
during the light phase of the cycle [38,70], and with findings in 17β-estradiol treated young
rats tested during the light phase on a peak interval task [66].

4.8 Summary and conclusions
In summary, this study found that chronic estradiol treatment impaired the ability of young
and middle-aged rats during acquisition of a DRL task when compared to OVX cholesterol
control rats. Surprisingly, performance on the DRL task did not vary significantly across
treatment groups in old rats, likely related to an overall decrease in response rate in old rats,
independent of estradiol dose. Old rats continued to respond at a lower rate during
extinction. These results are important for several reasons. First, they provide evidence that
chronic estrogen replacement can have a negative impact on the ability to inhibit
inappropriate responses, an aspect of executive function that is critical for self regulation. To
date very few studies have assessed the impact of estrogen replacement on inhibitory control
in animal models or in humans. Second, these results contribute to the growing body of
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evidence that estrogen replacement can have differential effects on cognitive function at
different stages of the lifespan. In the future it will be important to gain a better
understanding of the mechanisms underlying these age-related differences in sensitivity.
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Figure 1.
Ratio of reinforced to non-reinforced lever presses at each age averaged across all 30 test
sessions of DRL. The young 10% estradiol rats had a lower ratio of reinforced to non -
reinforced lever presses than the young cholesterol group (*p<0.05). The middle-aged 5%
and 10% estradiol rats had a lower ratio of reinforced to non-reinforced lever presses than
the middle-aged cholesterol group (*p<0.05). The old 10% estradiol rats had a marginally
significant higher ratio of reinforced to non-reinforced lever presses than both the young
10% estradiol (+p<0.10) and the middle-aged 10% estradiol (+p<0.10) groups.
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Figure 2.
(A) Lever presses across six 5-day blocks of testing for treatment dose. The 5% and 10%
estradiol groups made more lever presses than did the cholesterol group in blocks 1, 2 and 5
(a,bp<0.05). The 10% estradiol group made more lever presses than the cholesterol group in
blocks 3 and 6 (bp<0.05). (B). Lever presses across six 5-day blocks of testing for age.
Overall, the old rats made fewer presses overall than both the young and middle-aged groups
(p<0.05).
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Figure 3.
(A) Proportion of total responses in each 2.5 sec inter-response time (IRT) bin during the
initial 6 testing sessions for treatment dose. The cholesterol group made more responses
during the 12.5<15.0 sec, 15.0<17.5 sec, and >17.5 sec bins than both the 5% and 10%
estradiol groups (a,bp<0.05). The 5% estradiol group made more responses than the
cholesterol group during the <2.5 sec bin, while making fewer responses than the cholesterol
group in the 10.0<12.5 sec IRT bin(ap<0.05). The 10% estradiol group made more responses
during the 2.5<5.0 and 5.0<7.5 IRT bins than the cholesterol group bp<0.05). (B) Proportion
of total responses in each 2.5 sec IRT bin during the final 6 testing sessions for treatment
dose. The cholesterol group made fewer responses than the 10% estradiol group in the
5.0<7.5 sec and 7.5<10.0 sec bins, while making more responses in the >17.5 sec IRT bin
(bp<0.05).
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Figure 4.
(A) Proportion of total responses in each 2.5 sec inter-response time (IRT) bin during the
initial 6 testing sessions for age. (B) Proportion of total responses in each 2.5 sec IRT bin
during the final 6 testing sessions for age. The young rats made more responses in the initial
bin (<2.5 sec) than did the old age group (*p<0.05).
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Figure 5.
(A) Lever presses across three extinction sessions of the DRL-15 task for treatment dose.
The estradiol treated groups made more lever presses overall than the cholesterol control
group (p<0.05). (B) Lever presses during across three extinction sessions of the DRL-15
task for age. The young and middle-aged groups made more lever presses overall than the
old group (p<0.05).
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Figure 6.
(A) Lever presses across six 5-day blocks of testing for the middle-age group by treatment
dose. (B) Lever presses across six 5-day blocks of testing for the old age group by treatment
dose.
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