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Abstract
The current study examined the effects of gonadectomy (GDX) and subsequent testosterone
treatment of male Long-Evans rats on an operant variable delay spatial alternation task (DSA).
Gonadally-intact rats (intact-B), GDX rats receiving implants that delivered a physiological level
of testosterone (GDX-T), and GDX rats receiving blank implants (GDX-B) were tested for 25
sessions on a DSA task with variable inter-trial delays ranging from 0 to 18 s. Acquisition of the
DSA task was found to be enhanced following GDX in a time and delay dependent manner. Both
the GDX-T and the intact-B rats had lower performance accuracies across delays initially, relative
to GDX-B rats, and this deficit persisted into subsequent testing sessions at longer delays. The
GDX-T and intact-B rats also had a tendency to commit more perseverative errors during the early
testing sessions, with both groups persisting in pressing a lever which had not been associated
with reinforcement for at least two consecutive trials. However, both the GDX-T and intact-B
groups were able to achieve performance accuracy similar to that of the GDX-B rats by the final
sessions of testing. Overall, these results suggest that castration of adult male rats enhances their
acquisition of an operant DSA task.
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Introduction
Research suggests a role for sex steroids in cognition, but the extent and direction of this
relationship is unclear. Human studies relating general cognitive processes in men to low
testosterone levels, either following age related declines or androgen deprivation therapy
(ADT), are inconsistent (see Alibhai and Mohamedali, 2010a; Cherrier et al., 2009; Driscoll
and Resnick, 2007; Nelson et al., 2008). The relationship between testosterone and specific
cognitive systems, including working memory, are also unclear (Alibhai et al., 2010b;
Janowsky et al., 2000; Young et al., 2010).

Several lines of research suggest parallels between rodent and human brain systems,
including prefrontal and hippocampal memory systems (Kesnar and Churchwell, 2011;
Kesnar and Hopkins, 2006; Jones, 2002). A large body of research shows that the prefrontal
cortex and hippocampus play important but distinct roles in working memory in humans,
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nonhuman primates and rodents (e.g. see Castner et al., 2004; D’Espostio, 2007; Kesnar et
al., 2004). Although the rodent brain is not as anatomically or cognitively complex as the
human or primate brain, rodent models can be useful for studying cognitive processes and
brain function in a simpler system (Kesnar and Churchwell, 2011). Rodent studies have
established an important role for gonadal steroids in the cognitive performance of adult
rodents. To date, the majority of research has focused on the activational effects of 17β-
estradiol on the performance of a variety of learning and memory tasks in females (see
Frick, 2009; Korol, 2004; Luine, 2008). Conversely, relatively little attention has been paid
to the potential activational effects of androgenic steroids on learning and memory in male
rodents (see Van Haaren et al., 1990).

Research has provided evidence that testosterone affects performance accuracy of adult male
rats in maze-based learning tasks, but the findings have not been consistent across studies.
Performance in maze paradigms designed to tap reference memory (i.e. trial-independent
memory, typically acquired with repeated training: Dudchneko, 2004; Frick et al., 1995) has
been evaluated in several studies. GDX adult male rats acquired the location of a platform
hidden in a static location in the Morris water maze (MWM) at the same rate as gonadally-
intact rats (Isgor and Sengelaub, 1998; Mohaddes et al., 2009; Sandstrom et al., 2006;
Spritzer et al., 2008). GDX also failed to affect overall reference memory error rate on a 12-
arm radial maze (Gibbs and Johnson, 2008). However, GDX rats treated with testosterone at
a physiological level (3.6 ng/ml serum: typical adult serum testosterone ranges from 0.59 to
4.0 ng/ml, Bimonte-Nelson et al., 2003; Chambers et al., 1991; Miller and Riegle, 1978;
Moger, 1977; Wang et al., 1993) committed more reference memory errors than gonadally-
intact rats in this same study (Gibbs and Johnson, 2008). Other research found that intra-
hippocampal testosterone administration to gonadally-intact male rats, which would result in
supra-physiological levels, dose-dependently impaired the acquisition of the location of a
hidden platform in the MWM (Emamian et al., 2010; Moradpour et al., 2006; Naghdi et al.,
2001; 2003). Still other studies failed to find any effects following peripheral treatment of
gonadally intact rats with other androgenic compounds, including synthetic anabolic-
androgenic steroids, on maze tasks designed to test reference memory (Clark et al., 1995;
Smith et al., 1996), suggesting some specificity for the role of testosterone in these dose-
dependent reference memory effects.

Most studies report a mnemonic-impairing effect of castration on maze tasks that tap
working memory (i.e. trial dependent memory, typically of use for making a single
response: Dudchneko, 2004; Frick et al., 1995). For instance, GDX male rats commit more
working memory errors than gonadally-intact rats on both the 8-arm and 12-arm radial maze
(Daniel et al., 2003; Gibbs and Johnson, 2008; Harrell et al., 1990; Spritzer et al., 2008).
One study found that testosterone treated (4.59 ng/ml serum) rats committed fewer working
memory errors in an 8-arm maze (Spritzer et al., 2011), while surprisingly, testosterone
treatment (3.6 ng/ml serum) of GDX rats did not restore working memory performance on a
12-arm maze in another study (Gibbs and Johnson, 2008). Further, when working memory
was assessed using a delayed-matching-to-place water maze task, performance following a
60 min delay was significantly impaired following GDX, with testosterone treatment (at a
level not statistically different from intact controls) restoring performance accuracy to that
of gonadally-intact male rats (Sandstrom et al., 2006). Together, these results suggest that
GDX may not significantly affect acquisition on tasks which tap reference memory, whereas
GDX may impair performance on maze tasks designed to test working memory.

Relatively little attention has been paid to the role of testosterone in the performance of
behavioral tasks which rely heavily on the prefrontal cortex. Although the working memory
components of the maze-based tasks discussed above have a prefrontal component, these
tasks typically use long inter-trial delays (see Aggleton et al., 1995; Pontecorvo et al., 1996;
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Van Hest and Steckler, 1996), and rely heavily on the hippocampus for accurate
performance (D’Hooge and De Deyn, 2001; Floresco et al., 1997; Goldman-Rakic, 1995;
Jones, 2002). Conversely, operant tasks, which utilize short inter-trial delays, including both
the delayed-matching-to sample and delayed alternation tasks, can selectively engage the
prefrontal cortex (see Kesnar, 2005). For example, pharmacological inactivation or lesioning
of the prefrontal cortex results in marked deficits on operant tasks with short inter-trial
intervals. Deficits are measured following delays as short as 1–3 s (Chudasama and Muir,
1997; Harrison and Mair, 1996; Mair et al., 1998; Sloan et al., 2006; Van Haaren et al.,
1985, 1988; Young et al., 1996). When longer inter-trial delays are included (typically in the
10–15 s range or longer) hippocampal disruption also can impair performance accuracy
(Chudasama and Muir, 1997; Dunnett, 1985; Kirkby and Higgins, 1998; Izaki et al., 2008;
Maruki et al., 2001). These results suggest that operant working memory tasks that
incorporate short inter-trial delays are differentially sensitive to prefrontal disruption.

In a seminal study, performance accuracy on an operant delayed spatial alternation (DSA)
task with variable inter-trial delays of 15, 30, and 60 s was impaired in GDX male rats (Van
Hest et al., 1988). The response accuracy of gonadally-intact male rats increased more
rapidly across 50 sessions of DSA testing than did that of GDX rats, an effect that was
conserved across all three inter-trial delays. Consistent with this, acquisition of a T-maze
alternation task with a short inter-trial delay of <10 s was also impaired following GDX
(Kritzer et al., 2001). Performance of GDX rats was restored to that of gonadally-intact rats
following treatment with physiological levels of testosterone (3–4 ng/ml blood) (Kritzer et
al., 2001). Conversely, a separate study found no effect on the acquisition of a delayed
matching to position T-maze task with inter-trial delays of <5 s in GDX male rats (Gibbs,
2005). Treatment with a supra-physiological level of testosterone (14.4 ng/ml serum) also
failed to affect acquisition of GDX rats on this task, although the performance of the
testosterone treated rats appeared to be less effected when longer inter-trial delays (30, 60,
and 90 s) were used (Gibbs, 2005).

We have published a series of papers describing a detrimental role of chronic 17β-estradiol
treatment on the performance of an operant DSA task in adult ovariectomized female rats
(Neese et al., 2010a; Wang et al., 2008, 2009). Although ovariectomized vehicle treated and
17β-estradiol treated rats performed at similar levels during the initial sessions of testing, the
performance accuracy of the 17β-estradiol treated rats did not improve at the same rate as
that of the vehicle treated rats across subsequent testing sessions. Specifically, impairments
were measured when inter-trial delays of 3, 6, and 9-s were imposed between opportunities
to respond. Performance was, on average, equivalent between groups when either a 0-s
delay (no delay) or an 18-s delay was imposed. As outlined above, this pattern of deficits is
suggestive of a prefrontal cortical effect (Chudasama and Muir, 1997; Harrison and Mair,
1996; Mair et al., 1998; Sloan et al., 2006; Van Haaren et al., 1985, 1988; Young et al.,
1996). The present study was conducted in order to determine what effect GDX and
subsequent testosterone treatment had on the performance of male rats on this same operant
DSA task.

Methods
Animals and exposure

Thirty-eight male Long-Evans rats, 18–20 weeks of age, were obtained from Harlan
(Indianapolis, IN) 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-h
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
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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).

Rats were single-housed in standard polycarbonate cages (45 × 24 × 20 cm) with corncob
bedding. All rats were subject to isoflurane gas anesthesia prior to bilateral GDX or sham
GDX (intact). Testis was excised through a small incision in the testis sac. A loop of
surgical suture (Harvard Apparatus, #615527) was tied around the connective tissue on the
anterior side of the testis prior to excision. The skin was then closed with wound clips
(Becton Dickinson, #427631) and the area treated with bacitracin. At the time of surgery,
rats were implanted with a Silastic capsule containing testosterone (GDX-T) or a blank
capsule (GDX-B and intact-B). The final group sizes were: GDX-B, n=13; GDX-T, n=13;
intact-B, n=12. The Silastic capsule was 5.5 cm in length (1.57 mm i.d., 3.18 mm o.d.). One
end was plugged with 0.25 cm silicone and dried overnight before packing with testosterone
(T1500, Sigma-Aldrich, 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 has found implants of these specifications to produce
stable plasma testosterone levels of about 2.5 ng/ml for at least 76 days (Damassa et al.,
1976), a time point exceeding the length of the current study. Plasma testosterone levels for
intact Long-Evans male rats of the age used in this study typically range from 2.0 to 5.0 ng/
ml (Butler et al., 2001; Fentie et al., 2004; Keating and Tcholakian, 1979; Smith et al.,
1992).

Soy is present in many rodent diets and has been found to influence the behavior of male
rats in other studies (Lee et al., 2004; Lund et al., 2001). Because of the wide variability of
soy content seen across lots of standard rodent chow (Brown and Setchell, 2001; Thigpen et
al., 2004, 2007), the rats in this study were maintained on a low-soy diet (Harlan diet 2016,
Madison, WI). Water was available ad libitum. Beginning one week after GDX surgery,
wound clips were removed and rats were weighed daily and food was restricted to maintain
them at 85% of their free-feeding body weights. During behavioral testing, rats were fed 1 h
after the daily test session was completed. Operant training began two weeks following
GDX 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 (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
that rested just above a tray filled with corncob bedding. A pellet trough was 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 the 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, Ver-mont). Forty-five milligram soy-free purified rodent diet
food pellets (5TUL, TestDiet, Richmond, IN) were used as reinforcers.

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. Neese et
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al., 2010a, 2010b; Newland et al., 1986; Verma and Moghaddam, 1996; Widholm et al.,
2001, 2003). At the beginning of the session, both response levers were extended into the
chamber. A cue light above the right response lever was also illuminated according to a
fixed-time 3-min schedule (FT-3 min), under which the cue light was illuminated for a 15 s
duration every 3-min. Upon termination of the cue light, a reinforcer was delivered. Presses
on either lever at any time during the autoshaping program resulted in immediate
reinforcement. If a lever press occurred when the cue light was illuminated, a reinforcer was
delivered and the cue light was immediately extinguished. The FT-3 cue illumination
schedule remained in effect until a total of 10 lever presses had occurred, at which time
delivery of reinforcers became contingent upon lever presses. Autoshaping sessions
terminated after 60 min 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 (CRF) schedule
in which the lever associated with reinforcement alternated following the 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. Each
session began with the randomly determined extension of either the right or left lever into
the test chamber and the illumination of the cue light above the extended lever. Following
five lever presses, the cue light was extinguished and the lever retracted. The previously
unavailable lever was then extended and the corresponding cue light illuminated. This cycle
of alternating levers terminated after 100 reinforcers were received or 60 min 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; Neese et al., 2010a, b; 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 associated with reinforcement. No delay was
imposed between trials during CA training, although the response levers were retracted and
extended between each trial (the time between retraction and extension of the levers was
<0.15 s). Rats were trained to a criterion of one session above chance, defined as >60%
correct presses. Next, a non-cued alternation (NCA) training task was presented where the
cue light no longer indicated the correct lever. Both cue lights were illuminated when the
levers were extended. Correct responses again consisted of alternating right and left lever
presses, with the response levers again retracting and extending between presses. Each rat
was tested for 10 consecutive sessions on the NCA training task.

Delayed spatial alternation (DSA) testing
The testing phase was a DSA task in which variable delays of 0, 3, 6, 9, or 18 s were
imposed randomly between trials (see Neese et al., 2010a, 2010b; Roegge et al., 2005; Wang
et al., 2008, 2009; Widholm et al., 2004). Following each lever press, levers were retracted,
and again extended following one of the temporal delays listed above. At the beginning of
each session a press on either lever was associated with reinforcement. After the initial
press, the correct lever was always the lever opposite of the one on which the most recent
“correct” lever press occurred. Delays were randomly balanced within each session such that
any specific delay was not presented on more than three consecutive trials. There were 40
trials at each delay, with a total of 200 trials per session. Each rat was tested for 25 sessions,
a testing schedule which we have used extensively (Neese et al., 2010a, 2010b; Wang et al.,
2008, 2009).
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Statistical analyses
The behavioral data were analyzed using SPSS for Windows, Version 18.0. Experimental
group (GDX-T, GDX-B, or intact-B) was included in the analyses as the between subject
factor and statistical significance was set at p < 0.05. Simple interaction effects were tested
with one-way ANOVAs, and when appropriate, two-tailed Tukey post hoc tests were run for
pair-wise comparisons (as no direction of effect was predicted). In order to describe effects
which approached significance, but to not overstate these measured effects, p-values from
Tukey analyses which were over 0.05 but less than 0.10 are discussed in terms of “marginal
significance”.

For autoshaping and CRF training, sessions to criterion served as the primary measure of
learning, and were analyzed independently via one-way ANOVA for experimental group.
For CA, cumulative errors across all sessions served as the main measure of learning and
were analyzed using between-subjects ANOVA for experimental group. For NCA, the
overall proportion correct across the ten sessions served as the primary measure of learning,
and was analyzed using a 3 (experimental group) × 10 (session) mixed ANOVA where
session was a repeated measures factor. The latencies to respond following either a correct
or an incorrect lever press during NCA training were analyzed separately using a 3
(experimental group) × 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 3 (experimental group) × 5
(block) × 5 (delay) repeated measures ANOVA with block (1–5) and delay (0, 3, 6, 9, 18 s)
serving as repeated measures factors. The latencies to lever press following either a correct
or an incorrect response during DSA testing were analyzed separately using a 3
(experimental group) × 5 (block) mixed ANOVA where block was a repeated measures
factor.

Error pattern analyses were also 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, whereby the rat responded correctly on the
n – 1 trial, but incorrectly on the nth trail. A “lose-stay” error was defined as an incorrect
lever press on the same lever that had been incorrect on the previous trial, whereby the rat
responded incorrectly on the n – 1 trial as well as the nth trial. Lose-stay errors thus
represent at least three consecutive presses on the same lever. Win-stay and lose-stay errors
were analyzed separately using a mixed 3 (experimental group) × 5 (block) repeated
measures ANOVA with block (1–5) serving as a repeated measures factor.

Results
Response shaping and lever press training

Experimental group did not influence sessions needed to acquire autoshaping or the
continuous reinforcement schedule. The rats needed only 2 sessions to acquire the lever
press response, with the exception of 1 rat from the intact-B group which required one
additional testing session. All of the rats acquired the CRF schedule in 2 sessions.

Cued and non-cued alternation training
The GDX-B (mean ± SEM: 229.31 ± 23.43), GDX-T (279.38 ± 27.99), and intact-B (227.25
± 14.42) groups had similar error rates during CA training. This was confirmed by a non-
significant one-way ANOVA, F(2,35) = 1.661, p = 0.205.
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The performances of the experimental groups also did not differ on proportion correct
during NCA training. This was revealed by a nonsignificant experimental group × session
ANOVA, F(18,315)=1.267, p = 0.245 (Fig. 1), and a nonsignificant main effect of
experimental group, F(2,35) = 0.096, p = 0.909. A significant main effect of session was
uncovered, F(9,315) = 126.71, p < 0.001. As Fig. 1 shows, the performances of all
experimental groups improved across subsequent sessions of testing.

The latencies to respond following either a correct or an incorrect lever press during NCA
training were subtly effected by experimental group. These main effects approached
significance as revealed by repeated measures ANOVA for latencies following a correct
press, F(2,35) = 2.944, p = 0.066, or following an incorrect press, F(2,35) = 3.015, p =
0.062. As Figs. 2A and B show, overall, latencies to respond tended to be longer in GDX-B
rats. A main effect of session was also uncovered for latencies following either a correct,
F(9,315) = 8.567, p < 0.001, or an incorrect lever press F(9, 315) = 13.832, p < 0.001.
Latencies following a correct response tended to increase across training sessions, while
latencies following an incorrect response tended to decrease across training sessions.

Delayed spatial alternation
Proportion correct—Performance during the DSA testing sessions differed significantly
by experimental group. This was revealed by a significant block × delay × experimental
group interaction, F(32,650) = 1.939, p = 0.047. A significant block × delay interaction was
also uncovered, F(16,560)=27.438, p < 0.001. As Fig. 3 shows, at each delay, the
performance of all experimental groups improved across subsequent blocks of testing. For
ease of comparison, the group effects are listed below, sorted by delay.

0-second delay—As Fig. 3A shows, the performances of the experimental groups did not
differ when no delay was imposed between opportunities to press. This lack of effect is
consistent with the equivalent performances across experimental groups during NCA
training.

3-second delay—Follow-up analyses uncovered a marginally significant simple effect of
experimental group in the 1st block of testing, F(2,35) 3.024, p = 0.061. The GDX-B group
tended to perform better in this block of testing (Fig. 3B). Comparisons between
experimental groups for blocks 2–5 of testing did not approach significance.

6-second delay—Follow-up analyses at the 6-s delay uncovered a significant simple
effect of experimental group in the 1st block of testing, F(2,35) = 4.801, p = 0.014. Tukey
post hoc analyses found the GDX-B group to perform better than the GDX-T group (p =
0.016) and marginally better than the intact-B group (p = 0.070) (Fig. 1C).

9-second delay—At the 9-s delay, follow-up analyses uncovered significant simple
effects of experimental group in the 1st [F(2,53) = 4.076, p = 0.026] and 2nd [F(2,35) =
6.565, p = 0.004] blocks of testing. Tukey post hoc analyses found that, during the 1st block
of testing, the GDX-B group performed better than the intact-B (p = 0.041) and marginally
better than the GDX-T (p = 0.057) groups (Fig. 1D). In the 2nd block of testing, the GDX-B
group performed significantly better than both the intact-B (p = 0.033) and the GDX-T (p =
0.048) groups. Follow-up analysis of simple effects for experimental group in the 3rd block
of testing revealed an effect that approached statistical significance, F(2,35) = 3.072, p =
0.059 (Fig. 1D).

18-second delay—In contrast to the shorter delays, at the 18-s delay, the performance
accuracy of all experimental groups was statistically equivalent in the 1st block of testing
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(Fig. 1E). However, follow-up analyses of simple effects of experimental group revealed
significant effects in the 2nd [F(2,35) = 5.186, p = 0.011] and 3rd [F(2,35) = 4.556, p =
0.017] blocks of testing. In the 2nd block of testing, Tukey post hoc analyses found the
GDX-B group to perform better than did both the GDX-T (p = 0.033) and the intact-B (p =
0.017) groups (Fig. 1E). In the 3rd block of testing, post hoc analyses found the GDX-B
group to perform better than did the intact-B group, p = 0.017. Lastly, a simple main effect
of experimental group that approached significance was measured in the 4th block of
testing, F(2,35) = 3.101, p = 0.058 (Fig. 1E).

Error patterns
Experimental group influenced the type of errors committed during DSA testing. This was
revealed by a significant block × experimental group interaction for lose-stay errors,
F(8,140) = 3.094, p = 0.013. Follow-up analyses of simple effects for experimental group
found a significant difference in the 1st [F(2,35) = 3.661, p = 0.036] and 2nd [F(2,35) =
4.612, p = 0.017] blocks of testing. Tukey post hoc analyses found the GDX-B group to
commit fewer lose-stay errors than did the GDX-T (p = 0.062) and intact-B (p = 0.066)
groups in the 1st block of testing (Fig. 4). Post hoc analyses also found the GDX-B group to
commit fewer lose-stay errors than did the intact-B group (p = 0.016) in the 2nd block of
testing (Fig. 4). A follow-up analysis for simple effects of experimental group also revealed
an effect in the 3rd block of testing that approached significance, F(2,35) = 2.697, p = 0.081.
No significant main effect of experimental group, F(2,35) = 1.719, p = 0.194, or
experimental group × block interaction, F(8,140) = 0.550, p = 0.729, was observed for win-
stay errors. Finally, a main effect of block was uncovered for both lose-stay, F (4,140) =
265.664, p < 0.001, and win-stay errors, F(4,140) = 149.073, p < 0.001. All experimental
groups committed fewer errors of both types across subsequent blocks of testing.

Latencies to lever press
Similar to NCA training, latencies between lever presses were affected by experimental
group. Repeated measures ANOVA found a main effect for experimental group which
approached significance for latencies to respond following a correct lever press, F(2,35) =
2.796, p = 0.075. As Fig. 5A shows, the latencies in the GDX-B group tended to be longer
than those in both the GDX-T and intact-B groups. No significant effects of experimental
group were measured in the latencies to respond following an incorrect lever press (Fig. 5B).

Discussion
Initial acquisition of a variable delay operant DSA task was enhanced by GDX in male rats.
Performances on the training phases prior to DSA testing were not influenced by GDX or
subsequent testosterone treatment to GDX rats, but when variable inter-trial delays were
instituted, performance accuracy of the GDX-T and intact-B groups was impaired in
comparison to that of the GDX-B group. The performance deficit measured in both the
GDX-T and intact-B groups was time and delay dependent, present only during the initial
block of testing at the shorter delays, but extending into later blocks of testing at the two
longest delays. The impairment in acquisition suggests a disruption in working memory
because the deficit became progressively worse at longer delays (Pontecorvo et al., 1996;
Van Hest and Steckler, 1996). Further, deficits were measured at both short and longer inter-
trial delays, suggesting an influence of testosterone on both the prefrontal cortex and
hippocampus (Chudasama and Muir, 1997; Dunnett, 1985; Kirkby and Higgins, 1998;
Harrison and Mair, 1996; Izaki et al., 2008; Mair et al., 1998; Maruki et al., 2001; Sloan et
al., 2006; Van Haaren et al., 1985, 1988; Young et al., 1996). It is important to note that
there were subtle differences between the performance of the GDX-T and intact-B groups.
Research has shown that plasma testosterone levels fluctuate throughout the day in intact
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male rats (2–5 fold: Bartke et al., 1973), which may explain some of the differences
measured between these 2 groups.

Error-pattern analyses
Analysis of the error patterns found both the GDX-T and intact-B groups to commit more
“lose-stay” errors. A lose-stay error is a response to a lever which had not been associated
with reinforcement for at least two consecutive trials and is reflective of response
perseveration (see Martinez et al., 1988; Zornetzer et al., 1982). These results are not
surprising as gonadally-intact male rats tend to make more perseverative responses than
female rats in an operant autoshaping task following the reversal of experimental
contingencies (i.e. they continue pressing a lever no longer associated with reinforcement:
Van Haaren et al., 1987). Further, testosterone treatment of gonadally-intact rats or mice
also leads to an increase in perseverative responding following a change in reinforcement
contingencies on both an operant discrimination task and a runway test (Archer, 1977;
Thompson and Wright, 1979), and on reversal-learning trials in the MWM (Spritzer et al.,
2011). On the DSA task used here, the tendency for both the GDX-T and intact-B groups to
commit repetitive strings of incorrect responses was responsible for slower acquisition of the
task.

The fact that both GDX-T and intact-B rats committed more perseverative errors than GDX-
B rats suggests a role for acetylcholine (ACh) in the performance deficit measured here.
Disruptions in ACh are associated with response perseveration in both rodents (Cabrera et
al., 2006; Dalley et al., 2004; Ragozzino et al., 2002) and humans (see McNamara and
Albert, 2004). Research in animal models suggests that testosterone can modulate the
cholinergic system (see Mitsushima, 2010), in a brain region specific manner. One study
reported a GDX induced change in choline acetlytransferase (ChAT) immunoreactive fibers
in the male rat hippocampus, with testosterone treatment (7.5 mg/ml serum) reversing this
effect (Nakamura et al., 2002). Conversely, no GDX associated change in ChAT
immunoreactivity was measured in the frontal lobe of male rats (Kritzer, 2003).
Behaviorally, scopolamine resulted in a greater disruption of response rate and a larger
increase in error rate on an operant repeated acquisition task in GDX rats treated with a
physiological dose of testosterone than in untreated GDX rats (Leonard et al., 2007). In a
subsequent study, donepezil [an acetylcholinesterase (AChE) inhibitor] resulted in a more
potent disruption of response rate and increased error rates to a greater extent in GDX rats
than intact or testosterone (supraphysiological — 20.3 ng/ml serum) treated rats (Leonard et
al., 2010). GDX also resulted in an increase in AChE in the hippocampus and prefrontal
cortex in this study. These studies suggest that testosterone may suppress cholinergic
activity in brain regions implicated in memory, and this could be an underlying mechanism
responsible for the increase in perseverative responses in both the GDX-T and intact-B
groups measured here.

Latencies to lever press
The latencies to respond following a lever press were also influenced by GDX. During NCA
training, and to a lesser extent during DSA testing, the GDX-B group tended to respond
more slowly than both the GDX-T and intact-B groups. Latencies to respond can be
indicative of many things, including such non-mnemonic factors as attention, impulsivity,
and/or motivation to complete a task (Carli and Samanin, 1992, 2000; Fujiwara et al., 2009;
Kondrad and Burk, 2004). It is unlikely that the increased latencies in GDX rats were due to
an attentional deficit, as this group had longer latencies to respond, yet actually performed
better on the DSA task. This conclusion is supported by a previous study in which GDX
failed to alter attentional processing in male rats (Johnson and Burk, 2006). Rather, it
appears that both the GDX-T and intact-B rats responded more quickly when given the
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opportunity, a response pattern suggested by other operant studies which found gonadally-
intact male rats to respond faster than females when reinforcement is associated with a lever
press (Heinsbroek et al., 1987; Van Haaren et al., 1987; Van Hest et al., 1989).

Because DSA is an appetitive task, a GDX-induced change in motivation to work for food
could potentially influence performance. Previous research shows that GDX produces a
significant decrease in body weight and food intake in male rats, and that testosterone
treatment can dose-dependently reverse this effect (Chai et al., 1999; Gentry and Wade,
1976). From this research it appears that androgens stimulate food intake, a factor which
could affect the motivation to complete appetitively reinforced tasks. It is important to note
that the GDX-B rats tended to take longer to complete the task (as indicated by latencies to
respond), yet this group performed better on this task overall. Although both the GDX-T and
intact-B groups may have been more motivated to lever press for food, this “motivation”
failed to improve performance of the DSA task.

Previous research has established a performance enhancing effect in GDX male rats in other
behavioral paradigms, including both avoidance and consummatory conflict tasks (Mora et
al., 1983; Svensson et al., 2000). Although acquisition of these tasks is reliant upon a
mnemonic process, inhibitory control is also important for accurate performance. In line
with this, it is important to note that an inhibitory control deficit could play a role in the
impaired acquisition of both the GDX-T and intact-B rats on the DSA task, as impulsive-
type behaviors have been found to disrupt working memory performance on other operant
tasks (Bizot and Thiebot, 1996; Dellu-Hagedorn, 2006; Reading and Dunnett, 1991). A
difference in inhibitory control between the GDX-T and intact-B rats could theoretically be
a reason for both the shorter response latencies and the perseverative responding measured
in this group, but it would require further testing to confirm this.

Relationship to previous rodent research
The mnemonic enhancing effect we found in GDX rats stands in contrast to other studies
which found performance deficits in GDX rats on water- and radial-maze tasks which
engage a rat’s natural foraging strategy and tap working memory (Daniel et al., 2003; Gibbs
and Johnson, 2008; Harrell et al., 1990; Kritzer et al., 2001; Sandstrom et al., 2006; Spritzer
et al., 2008, 2011). Testosterone treatment often restores performance to gonadally-intact
levels (Sandstrom et al., 2006; Spritzer et al., 2011). A detrimental effect of GDX was also
measured on a T-maze alternation task, which is procedurally similar to the operant
alternation task used here (Kritzer et al., 2001). As discussed, there are many procedural
differences between maze-based and operant-based working memory tasks, (Aggleton et al.,
1995; Pontecorvo et al., 1996; Van Hest and Steckler, 1996), making it difficult to directly
compare the results of this study with those of maze-based tasks (see also Porter et al., 2000;
Steckler et al., 1998). Operant-based tasks do not require the animal to remember movement
through space, but rather to remember the location of response levers. Thus, a search process
strongly dependent on spatial perception is not required to attain the food reinforcer (see
also Mellgren and Elsmore, 1991), a difference which may explain why our findings were
contrary to those measured in the T-maze (Kritzer et al., 2001). That said, our results are in
agreement with at least one maze-based study that measured perseverative behavior in GDX
rats treated with testosterone in the MWM (Spritzer et al., 2011).

It is important to note that the current findings also differ from those of a previous study
which found a GDX-induced impairment on the performance of an operant DSA task (Van
Hest et al., 1988). In that study, the response accuracy of gonadally-intact male rats
improved more rapidly across 50 sessions of testing than did that of GDX male rats when
variable delays of 15, 30, and 60 s were imposed between opportunities to respond. Further,
gonadally-intact rats learned the task at a faster rate regardless of delay. Equivalent deficits
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across all delay intervals may be indicative of a non-mnemonic process, such as motivation
or possibly a motor impairment, rather than a working memory impairment, per se (see
Pontecorvo et al., 1996; Van Hest and Steckler, 1996). Additionally, Van Hest et al.
imposed three inter-trial delays, two of which were much longer than the inter-trial delays
used in the current study, and they did not include 0-s (no delay) trials. Performance
accuracy can be altered by the length of other inter-trial intervals and by the inclusion of
trials with no delay (Honig and Wasserman, 1981: Honig, 1987; Van Hest and Steckler,
1996; White and Bunnell-McKenzie, 1985). The incorporation by Van Hest et al. of a 4 s
“time out” following an incorrect response may also play a role in these differences, as this
negative consequence influences both performance accuracy and rate of acquisition in some
operant matching to sample studies (Ferster and Appel, 1961; Zimmerman and Ferster,
1963). Other methodological factors which may have contributed to these differences in
outcomes include differences in housing conditions (Ferdman et al., 2007; Frick et al., 2003)
and rat strain (Andrews et al., 1995; Lindner and Schallert, 1988).

The delays used in this study where chosen in order to determine if GDX had a dissociable
impact on working memory performance as mediated by the prefrontal cortex or
hippocampus. As discussed, all groups were able to accurately complete the task when no
delay was imposed between opportunities to press, as evidenced by the similar learning
curves displayed in Fig. 3A. Conversely, performance deficits occurred in the initial testing
block for the shorter delays in the GDX-T and intact-B groups, suggestive of prefrontal
cortical dysfunction (Chudasama and Muir, 1997; Harrison and Mair, 1996; Mair et al.,
1998; Sloan et al., 2006; Van Haaren et al., 1985, 1988; Young et al., 1996). Interestingly,
all groups initially performed near chance when the 18-s delay was imposed, but the GDX-T
and intact-B groups exhibited a deficit in acquisition in later blocks, suggestive of
hippocampal dysfunction (Chudasama and Muir, 1997; Dunnett, 1985; Kirkby and Higgins,
1998; Izaki et al., 2008; Maruki et al., 2001). The temporal delay in the emergence of this
effect suggests a unique contribution of the hippocampus on this deficit. The reasons for this
are not known at this time. Overall, these data suggest the contribution of multiple brain
regions in the delayed acquisition of a working memory task as measured here.

Contribution of light/dark cycle
The rats in this study were tested during the dark portion of a reverse light–dark cycle,
during the rat’s normal active period, whereas in other studies the animals are most often
tested during the light phase of the cycle (e.g. Daniel et al., 2003; Sandstrom et al., 2006).
Time of testing during the light–dark cycle can influence behavioral outcomes. 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 (Winocur and Hasher,
1999, 2004). 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 (Winocur and Hasher,
1999, 2004). Due to the complex nature of light/dark cycle and behavioral performance, it is
difficult to predict to what degree testing during the dark phase of the cycle may have
affected the performance of the rats used in this study.

Relationship to 17β-estradiol effects on DSA testing
We have previously reported a detrimental effect of 17β-estradiol treatment on the
performance of ovariectomized female rats on the same DSA task used here (Neese et al.,
2010a; Wang et al., 2008, 2009). In those studies, 17β-estradiol was found to impair
acquisition of the DSA task in later blocks of testing, specifically following the 3-, 6-, and 9-
s inter-trial delays. The deficit was unrelated to any specific pattern of error, and persisted
until the cessation of 25-sessions of testing. Although the deficits measured here were
limited to early blocks of testing and error patterns indicated perservative responding, the
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effects uncovered here could potentially be mediated by the conversion of testosterone to
17β-estradiol. Importantly, 17β-estradiol can influence the performance of male rats on
some behavioral tasks (see Foy et al., 2008; Packard, 1998). Although 17β-estradiol
produced an effect similar that of testosterone in GDX rats in a short delay T-maze
alternation task (Kritzer et al., 2001), results were not equivalent in a short delay matching
to position T-maze task (Gibbs, 2005). In accordance, an important area for future research
should aim to determine the effects of 17β-estradiol and the testosterone derivative
dihydrotestosterone (DHT) on the performance of male rats on this operant DSA task.

Importance to human research
A few studies have addressed the relationship between testosterone and working memory in
men, and the results of these studies are mixed (Alibhai et al., 2010b; Janowsky et al., 2000;
Young et al., 2010). The results reported here were subtle and short-lived but seem to
indicate that a loss of circulating testosterone may result in a short-term improvement in
working memory. Our data also support a role for testosterone in perseverative behavior (see
also Spritzer et al., 2011), a behavioral pattern which can result in impairments on working
memory tasks. Interestingly, a human study also related poorer performance on tests of
executive function, specifically set-shifting, in aging men with higher testosterone levels
(Martin et al., 2007). Importantly, some studies are beginning to suggest a curvilinear
relationship in which “optimal” levels of testosterone may result in a positive working
memory impact (see Matousek and Sherwin, 2010), a dose-dependent effect which we did
not investigate in the current study. As this is the first animal study to report a deficit on a
short-delay operant alternation task, more research is needed to fully understand this effect,
and how it relates to working memory processing in men.

Summary and conclusions
In conclusion, we found GDX of adult male rats to result in an enhancement in the
acquisition of a variable delay operant DSA task relative to gonadally-intact and GDX
testosterone-treated rats. Following GDX, male rats performed better at shorter delays
during the initial block of testing than did both GDX-T and intact-B male rats, an effect
which persisted into later blocks at longer delays. Both the GDX-T and intact-B rats also
committed more perseverative errors during the earlier blocks of testing, which explains the
lower performance accuracy in these two groups. These deficits were dependent upon the
presentation of a delay between opportunities to press, and could be reflective of a working
memory deficit and/or a deficit in inhibitory control. Future research should include longer
delays (i.e. 30 and 60 s) in order to clarify the influence of testosterone on performance
accuracy in this operant DSA task as it relates to a previously published study (Van Hest et
al., 1988), and to determine if these deficits would persist into later blocks following longer
inter-trial delays.
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Fig. 1.
Proportion correct across 10 sessions of NCA training. No effect of experimental group was
measured.
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Fig. 2.
(A) Latency to lever press following a correct lever press. GDX-B rats tended to take longer
to respond. (B) Latency to lever press following an incorrect lever press. GDX-B rats tended
to take longer to respond.
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Fig. 3.
Proportion correct across 5-day blocks of testing, sorted by inter-trial delay. (A) 0-second
delay. No effect of experimental group was measured. (B) 3-second delay. No effect of
experimental group was measured. (C) 6-second delay. 1st block of testing: GDX-B rats
performed better than did the *GDX-T and #intact-B rats. (D) 9-second delay. 1st block:
GDX-B rats performed better than did the *GDX-T and #intact-B rats. 2nd block: GDX-B
rats performed better than did the *GDX-T and *intact-B rats. (E) 18-second delay. 2nd
block: GDX-B rats performed better than did the *GDX-T and *intact-B rats. 3rd block:
GDX-B rats performed better than did the **intact-B rats. (*,**p < 0.05, #p < 0.10).
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Fig. 4.
Lose-stay errors committed across five 5-day blocks of testing. 1st block: GDX-B rats
committed more lose-stay errors than both the #GDX-T and #intact-B rats. 2nd block: GDX-
B rats committed fewer lose-stay errors than did the **intact-B rats. (**p < 0.05, #p < 0.10).
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Fig. 5.
(A) Latency to lever press following a correct lever press. GDX-B rats tended to take longer
to respond. (B) Latency to lever press following an incorrect lever press. No effect of
experimental group was found.
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