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Abstract
Recent studies in adult male rats have shown that gonadal hormones influence performance on certain
working memory and other types of cognitive tasks that are sensitive to lesions of the medial and/or
orbital prefrontal cortices. This study asked whether gonadal hormone modulation of prefrontal
cortical function in males also extends to the perirhinal division of the rat prefrontal cortex.
Specifically, sham-operated control, gonadectomized, and gonadectomized rats supplemented with
testosterone propionate or estradiol were tested on a spontaneous novel object recognition task, a
paradigm where performance has been shown to be impaired by perirhinal cortical lesions. Using
analyses of variance, regression analyses and post-hoc testing to evaluate group differences, it was
found that during both the sample and test trials of the task all four groups spent similar absolute and
proportional amounts of time ambulating, rearing, stationary, and exploring the two objects present.
All groups also explored each of the two identical objects present during sample trials equally.
However, during the test trials, only the control and gonadectomized rats given testosterone showed
the expected increase in exploration of the novel objects presented, whereas the gonadectomized and
gonadectomized, estradiol-supplemental groups continued to explore the novel and familiar objects
equally. That regression analyses also identified significant correlations between low
bulbospongiosus muscle weight and impaired novel vs. familiar object discrimination further
indicates that gonadectomy in adult male rats adversely affects spontaneous novel object recognition
in an androgen-sensitive, estrogen-insensitive manner.
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INTRODUCTION
Although there may be a longer history of study regarding gonadal hormone influence over
the cognitive, mnemonic and executive functions of the prefrontal cortices in females (Berman
et al., 1997; Gibbs and Gabor, 2003; Keenan et al., 2001; Korol, 2004), there is growing
evidence that gonadal steroids also impact prefrontal cortical operations in males. For example,
in both young and aged men, circulating testosterone levels have been positively correlated
with performance in prefrontal tasks including mental rotation, verbal recall and divided
attention (Cherrier et al., 2002; Cherrier et al., 2001; Christiansen and Knussmann, 1987;
Moffat and Hampson, 1996; Yaffe et al., 2002). Studies in animal models also suggest an
importance of gonadal steroid stimulation for prefrontal cortical function in males. For
example, gonadectomy in adult male rats has been shown to significantly impair performance
in maze and operant tests of spatial (Daniel et al., 2003; Kritzer et al., 2007; Kritzer et al.,
2001) and non-spatial (Ceccarelli et al., 2001) working memory and behavioral flexibility
(Kritzer et al., 2007), which are processes that are dependent on the medial prefrontal cortices
(Dias and Aggleton, 2000; Kesner et al., 1996; Lacroix et al., 2002; Schwabe et al., 2004;
Taylor et al., 2003), as well as performance on a progressive reward ratio task (Kritzer et al.,
2007) which is sensitive to lesions of the orbital prefrontal cortices (Kheramin et al., 2005). In
this study, analyses of hormone sensitivity were extended to a task sensitive in part to lesions
of the perirhinal prefrontal cortices, a spontaneous novel object recognition (NOR) task, to test
the hypothesis that functions mediated by this third major division of the prefrontal cortex may
also be sensitive to long-term gonadectomy and hormone replacement in adult male subjects.
The novel object recognition task is in part a working memory paradigm that is sensitive to
both hippocampal (Gaskin et al., 2003; Gould et al., 2002; Gulinello et al., 2006) and cortical
lesions placed in and around the prefrontal areas surrounding the rhinal fissure (Aggleton et
al., 1997; Barker et al., 2007; Buffalo et al., 2006; Cowell et al., 2006; Ennaceur et al., 1996;
Ennaceur et al., 1997; Moses et al., 2005; Mumby and Pinel, 1994; Winters et al., 2004). It is
also a task where hormone sensitivity has been previously established in findings of sex and/
or estrous cycle differences in NOR performance (Bisagno et al., 2003; Ghi et al., 1999;
Sutcliffe et al., 2007; Walf et al., 2006), and in the attenuation of NOR deficits in
ovariectomized female rats (with and without chronic stress) by giving ovariectomized animals
estradiol (Luine et al., 2006; Luine et al., 2003; Wallace et al., 2006). Here, NOR performance
was assessed for the first time in gonadectomized and hormone-replaced adult male rats. In
view of previous evidence for effects of gonadectomy on open field behavior (Adler et al.,
1999; Kerr et al., 1996; Slob et al., 1986) quantitative assessments of all major behaviors
exhibited by the animals including ambulation and rearing were also made alongside those of
object exploration to determine whether and to what extent hormone effects on these ancillary
behaviors might affect outcome measures of novel object recognition and/or discrimination in
males.

METHODS
A. Animal Subjects

Thirty-one adult male Sprague-Dawley rats (Taconic Farms, Germantown, NY) were used.
Rats weighed 200-250g at time of surgery and 275-400g when testing began. Animals were
divided into four treatment groups: sham operated controls (n=8, CTRL), rats that were
gonadectomized (n=8, GDX), and gonadectomized rats that were supplemented with
testosterone propionate (n=7, GDX-TP), or 17-β-estradiol (n=8, GDX-E). Throughout,
subjects were housed under a 12/12 light/dark cycle with food and water available ad
libitum in home cages that contained 2-3 animals; individuals from each treatment group were
housed with a mix of individuals either from other or their own treatment groups. All
procedures involving animals were approved by the Institutional Animal Care and Use
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Committee at Stony Brook University and were designed to minimize their stress and
discomfort.

B. Surgical Procedures and Hormone Replacement
Sham and GDX surgeries were performed 21 days before behavioral testing began under
aseptic conditions and using intraperitoneal injections of ketamine (2 mg/100g) and xylazine
(1 mg/100g) for anesthesia. For all surgeries, the sac of the scrotum and the underlying layers
of tunica were incised. For GDX, the vas deferens was then ligated bilaterally and the testes
removed. For the hormone-replaced groups, slow-release pellets that release approximately 3–
4 ng of TP per milliliter of blood per day or 25 pg of E per milliliter of blood per day (Innovative
Research of America, Sarasota, FL) were then inserted within the tunica. These pellets have
been used in previous investigations in this laboratory and have been shown to produce
circulating levels of gonadal hormones in GDX rats that fall within physiological ranges (Adler
et al., 1999; Kritzer et al., 2007). Incisions were closed using surgical staples.

C. Euthanasiaz
Animals were euthanized two days after completion of behavioral testing by rapid decapitation
and their brains were removed and frozen for use in unrelated receptor binding studies. The
medial, ventral, and lateral bulbospongiosus muscles (BSM) were also dissected out and
weighed at this time.

D. Behavioral Testing: Apparatus and General Procedures
1) Apparatus—Testing was conducted in an open-field arena (80×30×50 cm) that had walls
and a floor made of opaque plastic. A grid of 24 10×10 cm squares was marked on the arena
floor, and a digital video camera was suspended overhead to record behavior during all testing
sessions. A 70% ethanol solution was used to clean the testing arena and all objects (below)
before and between all individual trials on all testing days. All tests were conducted in a dimly-
lit room with a low level of background white noise (50 dB).

2) Objects—Common, duplicate objects of varying shapes and sizes that included coffee
mugs, small and large drinking glasses, teacups, soda cans, and bottles were used for testing
object bias and object recognition. All objects weighed at least 450g to discourage their being
moved by the animals during testing. The smallest object was 5cm2, and the largest had
dimensions of roughly 24cm × 12cm. For object recognition, all objects were approximately
cylindrical in shape and ranged from 20-24cm in height and 8-12cm in width.

3) Timeline—Testing took place over a six day period during the animals’ subjective night,
between 0800-1500 hours, when the lights in their home environment were on. Prior to testing,
the animals’ home cages were placed in the testing room for a period of one hour. The object
bias test was conducted first, followed on the next day by an open field test, and on the day
after that with an object recognition task habituation trial. After a two day rest interval, the
object recognition trials began, with tests using a 1.5 and 4h delay performed sequentially
separated by one additional, intervening day of rest. The two delay periods were chosen to
model previous studies of hormone manipulations in adult female animals (Luine et al.,
2006; Luine et al., 2003; Walf et al., 2006).

E. Behavioral Testing: Paradigm-specific Procedures
1) Object Bias Testing—Animals were placed in the open-field arena with four objects
belonging to four categories that were differentiated by size and shape/geometric complexity.
Criteria for the categories were: large (more than to 18cm tall), small (less than 12cm tall),
smooth (having a regular, cylindrical shape), and complex (having sharp angles, curves, or
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extending features), and the object categories were: small/smooth objects (e.g., small bowl);
large/smooth objects (e.g., soda can); small/complex objects (e.g., teacup) and large/complex
objects (e.g., coffee mug). All were located equidistantly from each other and from the arena
corners during testing. Animals were placed at the center of the open field to start, with the
starting direction and corner positions of the objects falling into the four categories
counterbalanced within and across groups.

2) Open Field Test—Animals were placed in the center of the empty arena and allowed a
six-minute period to explore. Observation revealed that the principal behaviors engaged in
could be categorized as ambulating, rearing or remaining stationary. Times spent on these three
behaviors were measured separately for the first and second halves of the six minute testing
period.

3) Object Recognition Task Habituation—Identical pairs of objects were placed at one
end of the arena 10 cm away from all adjacent walls. Animals were started at the opposite end
of the arena facing away from the objects and given three minutes of exploration time. The
times spent ambulating, stationary, rearing, and actively exploring objects was scored
separately for the first and second halves of the testing period.

4) Object Recognition—The object recognition task consisted of an initial 3-minute sample
trial and a subsequent 3-minute test trial. During the sample trial, an identical pair of novel
objects (not used in any previous testing) was placed at one end of the arena and in the test
trial, one of the pair of sample objects was replaced by a novel object. For all trials, animals
were started in the opposite end of the arena facing away from the objects, and the objects used
and the positions of the novel and familiar objects during the testing phase were
counterbalanced within and across animal groups. All animals were tested first at a 1.5h trial
delay and two days later at a 4 hour delay. All behaviors including object exploration and the
discrimination index (DI, below) were scored separately for the first and second half of the
sample and test trials.

F. Analysis
1) Behavioral Definitions—Behaviors were quantified from digital recordings by a single,
blind observer (T.A.). “Ambulation” was defined as the crossing of at least 1 floor grid line
within a 3 second period, “stationary” corresponded to the animal remaining unmoving for at
least a 3 second duration, and “rearing” was defined as a lifting of the forelimbs and sitting
back upon the haunches. Exploration of objects was defined as the animal directing its nose to
an item and actively sniffing or whisking; facing or climbing on the object alone did not meet
this criteria.

2) Discrimination Index—The differential exploration of two items was quantified by
calculating a discrimination index (DI), in which the difference in the amount of time spent
with one object vs. the other is expressed as a proportion of total exploration time. When both
objects were identical, this was computed according to the following formula, where Obj 1
signified the object on the left, and Obj2 signified the object on the right of the apparatus:

During novel object testing, the DI was calculated as:
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With this analysis, a positive score indicated more time spent with the novel object, and a
negative score indicated more time spent with the familiar object. Data were collected in
separate epochs for the first and second halves of the testing sessions.

3) Statistics—Times spent on given behaviors were expressed as percents of total (object
bias testing) or half (all other testing) trial times for statistical analysis and comparison.
Assessments of descriptive statistics (mean, variance) were followed by allowed comparisons
using single or repeated-measures ANOVAs that included separate measures of all behaviors
(StatView 5.0). The DI and bulbospongiosus muscle weights were also compared using
regression analyses. For all statistical assessments, post-hoc testing used the Student-Neuman-
Keuls (SNK) test, a p<0.05 level was accepted as significant, and a p<0.09 level was identified
as the cut-off for group differences that approached significance.

RESULTS
Effectiveness of Hormone Treatment

Bulbospongiosus muscle (BSM) weights showed expected group differences. Thus, the CTRL
and GDX-TP animals had average BSM weights of 1.22 and 1.17g, respectively, whereas GDX
and GDX-E animals had average BSM weights of 0.30 and 0.27g, respectively. An ANOVA
that compared weights across treatment groups revealed significant main effects of hormone
treatment [F(3,27)=59.01, p<0.0001], and post hoc tests confirmed that the androgen-sensitive
BSM weights of the control and GDX-TP groups did not differ from one another, that the
weights in GDX and GDX-E animals were not significantly different from each other, but that
the BSM weights of both the GDX and GDX-E groups were significantly lower than those of
both the control and GDX-TP groups (Fig 1).

Object Bias Test
Testing for object bias revealed consistent differences in the amounts of time that the animals
spent exploring four concurrently presented objects belonging to four different size/shape
categories, but no group differences in these biases. Thus, the sham-operated, GDX, and GDX-
TP and GDX-E cohorts alike all spent roughly 35-38% of total exploration time focusing on
large, complex objects, 22-35% of time investigating smaller contoured objects, 20-24% of
time on large, smooth objects, and the least amount of time (∼14-19%) exploring the smallest,
smoothest objects present (Fig 2). A one-way ANOVA that compared proportionate
exploration times confirmed that there were significant main effects of object type/category
[F(3, 31)=14.51, p< .0001] but no significant main effects of hormone treatment [F(3, 31)=.440,
p=.7263] or hormone treatment by object category interactions [F(3, 31)=1.474, p= .1715] on
exploration times. Post-hoc testing also confirmed that most time was spent exploring large,
complex objects (p=.0222-.0365), and significantly to near-significantly less time was spent
interacting with small, smooth ones (p=.0301-.0593) (Fig 2 A, D). Based on these results, all
subsequent testing that required objects used those falling under the classification of large/
smooth; objects in this category elicited robust exploration from all animal groups and their
relatively simple geometries allowed for a high degree of form continuity among the like and
unlike objects used in testing.

Open Field Test
During Open Field testing, all animal groups engaged in the same three principal behaviors
(ambulation, rearing and adopting stationary postures), and all groups apportioned their time
among these activities similarly. Thus, during the first half of the trial, animals spent 57-70%
ambulating, 20-33% of time stationary and about 6-10% of time rearing. For all groups as well,
the percentage of time devoted to ambulating decreased by about 30%, the time spent stationary
increased by a similar degree, and the time spent rearing did not appreciably change from the
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first to the second half of the testing period (Fig. 3). An ANOVA with repeated-measures design
that included separate values for time spent on the three principal activities during the first and
second halves of the testing period confirmed that there were significant main effects of
behavior type [F(2,3)=25.461, p<.0001], and significant main effects of testing half
[F(2,3)=71.874, p<.0001], but that there were there were no significant main effects of hormone
treatment [F(3,25)=.774, p=.5192] or significant interactions between hormone treatment and
behavior type [F(3,6)=.361, p=.9003] or testing halves [F(3,6)=.789, p=.5830, see Figure 3] on
open-field activities.

Object Recognition Task Habituation
Statistical analyses (ANOVA with a repeated-measures design) of a habituation trial for the
spontaneous novel object recognition task that included measures of time spent ambulating,
rearing, stationary and actively exploring the pair of identical objects that were present in the
testing arena revealed significant differences in the amounts of time spent on specific behaviors
[F(3, 25)=55.672, p<.0001], and in the proportions of time allotted to them during the first and
second halves of testing [F(3, 1)=53.402, p<.0001, see Figure 4A], but no significant main
effects of hormone treatment [F(3, 25)=1.504, p=.3863] or significant interactions between
hormone treatment and specific behaviors [F(3, 25)=.291, p=.9752] or activities. There were
also no significant effects of hormone treatment [F(3, 25)=1.5, p=.3661] or significant effects
of hormone treatment on the computed discrimination index (DI) of object exploration
[F(3, 25)=.281, p=.8252], whose consistently near zero values indicated that all animals and
animal groups tended to interact with each of the two identical objects present for similar
amounts of time (Figure 4B).

Novel Object Recognition Tasks (1.5 h and 4 h delay)
During spontaneous novel object recognition testing two CTRL, one GDX and one GDX-TP
animal moved from the start position immediately to a corner of the testing box and remained
there for the entire sample trial; data from these four animals were thus excluded from the
analyses below.

As observed in the Open Field and Object Recognition Task Habituation tests, significant
differences were identified in the percentages of time that the animals spent ambulating, rearing
and stationary during the first halves of testing and in the redistributions of time spent on these
activities during second halves of the three-minute periods for both the 1.5 (all p<.0001, see
Figure 5 A, B) and the 4 hour delay tasks (p<.0004-.0001 Figure 6, A, B). For the most part,
there were no significant group differences in these measures. However, three subjects from
the GDX-TP group did show unusually pronounced decreases in ambulation and rearing during
the second half of testing for the 1.5 hour delay sample trial, and the repeated-measures
ANOVA that included these data uniquely revealed interactions between hormone treatment
and behavior [F(3,9)=3.817, p<.0005] and between hormone treatment and behavior over
testing halves [F(3,9)=2.640, p<.0129] that were significant. Post-hoc testing, however,
confirmed that these effects were driven largely by the ambulatory and stationary activities of
the outliers from the GDX-TP group (Figure 5 B).

During both the sample and test trials for the two NOR tasks evaluated (1.5 and 4 h delay) all
animal groups engaged in similar absolute and proportional amounts of object exploration time
(Figures 5 A, B, 6 A, B). The DIs of object exploration measured during the sample trials also
showed that all groups explored the two identical objects present equally (Figures 5C, 6C).
Statistical analyses of the sample trial (ANOVAs) confirmed that there were no significant
main effects of hormone treatment [1.5 hour delay: F(3, 25)=.327, p=.8061; 4 hour delay:
F(3, 25)=.319, p=.8118] or testing halves on the DI [1.5 hour delay: F(3, 1)=.012, p=.9143; 4
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hour delay: F(3, 1)=.559, p=.4618], nor significant interactions between hormone treatment and
DI [1.5 hour delay: F(3, 1)=.607, p=.6172; 4 hour delay; F(3, 1)=.325, p<.8073].

In the test trials, the CTRL and GDX-TP groups spent proportionately more time exploring
the novel compared to the familiar object present, whereas GDX and GDX-E groups continued
to divide exploration time equally between the old and new objects (Figures 5D, 6D). This
group difference was especially pronounced during the first half of the test trials and less so
during the second half, during which time the GDX and GDX-E animals persisted in splitting
their time evenly between objects and the CTRL and GDX-TP groups attended to the novel
and familiar objects more and more similarly. Analyses of variance with repeated-measures
designs confirmed these observations and revealed that for the 1.5 hour delay there was a
significant main effect of hormone treatment on DI during the first half [F(3,24)=6.034, p< .
0033, Figure 5D] but not the second half of the test trial. Allowed post-hoc testing further
showed that while the DI’s of GDX and GDX-E groups on the one hand and of the CTRL and
GDX-TP groups on the other did not differ from each other, the DI’s of the GDX and GDX-
E cohorts were both significantly different from those of the CTRL and GDX-TP groups for
the first but not the second half of testing. Corresponding analyses for the 4 hour delay study
revealed similar trends in the data that approached but did not reach significance (Figure 6D).
Finally, regression analyses that compared individual animal DI values with measures of their
BSM weights (Figures 5 E, F, 6 E, F) likewise also showed that there was a significant
correlation between high BSM weight and a high DI value (i.e., novel object preference) for
the test (R2=.289, p< .0032, Figure 5F) but not the sample trial (R2=.002, p<.8211, Figure 5E)
of the 1.5 hour study, and correlations between BSM and DI value that were stronger for the
test than the sample trial but did not reach significance for the four hour study (Figure 6 E, F).

DISCUSSION
Recent studies in adult male rats have identified modulatory roles for gonadal steroids on
working memory and other types of cognitive tasks that are known to be sensitive to lesions
of the medial (Ceccarelli et al., 2001; Daniel et al., 2003; Kritzer et al., 2007; Turvin et al.,
2007) and orbital (Kheramin et al., 2003; Kritzer et al., 2007) divisions of the prefrontal cortices
in rats. The studies presented here now demonstrate gonadal hormone sensitivity for a
spontaneous NOR task that is sensitive in part to lesions of the third major subdivision of the
rat PFC – the perirhinal prefrontal cortices. Specifically, long-term gonadectomy in adult male
rats was found to significantly and selectively decrease the initial discrimination index in a
spontaneous object recognition task at a 1.5 hour delay. Like previously observed effects of
gonadectomy on other prefrontal cortical functions (Kritzer et al., 2007), the especially
apparent deficits that marked the first half of testing of the 1.5 hour NOR task were attenuated
by supplementing GDX animals with testosterone propionate but not estradiol and were
significantly correlated with the somatic measure of circulating androgens, the weights of the
bulbospongiosus muscle group (measured post-mortem within 2 days of the completion of
behavioral testing). That hormone effects were greatest during the first half of test trials also
aligns with previous data showing that in intact animals it is primarily during the initial part
of the recognition phase of the test trials that a novel object is preferentially explored (Dix and
Aggleton, 1999; Moses et al., 2005); after this initial exploration, novel objects rapidly become
familiar, and control DI values decline, leaving in essence no room for deficits on novelty
recognition to be resolved. Such basement effects may also explain why hormone effects seen
in this study at the 4 hour delay were small and failed to reach significance. More specifically,
given the relatively low DI of the CTRL group and the consequent reduction in the magnitude
of between-group differences, the power needed to resolve group these differences statistically
may have been raised beyond that possible with the experimental n’s of this study.
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Behavioral Impact of GDX on the NOR Task
Although there are several behavioral paradigms in rats that tap perirhinal prefrontal cortical
functions, the focus here on gonadal hormones gave the selection of a NOR task several
significant advantages. For example, given evidence for effects of gonadectomy and/or
hormone replacement in adult male rats on measures of motivation including break point in a
water-but not food-rewarded progressive reward ratio task (Kritzer et al., 2007; van Hest et al.,
1988), acquisition of conditioned place preference, and in intracerebroventricular hormone
self-administration (Wood, 2004), it is important that the NOR paradigm unlike other perirhinal
tasks relies on spontaneous rather than rewarded activity. Further, because some of the effects
of GDX on working memory paradigms include task acquisition (Kritzer et al., 2007), that the
NOR task requires no training allowed hormone effects on mnemonic components of the task
to be demonstrated in relative isolation from learning. Nonetheless, there were also balancing
concerns about using the NOR paradigm. Most notably, as has been described in other studies
like the present that used fixed trial times (Dix and Aggleton, 1999; Ennaceur and Delacour,
1988; Luine et al., 2003), outcome measures related to object exploration can be influenced
by the amounts of time that subjects spend on other, essentially open field behaviors during
testing (Moses et al., 2005). This was of particular concern here since significant differences
in open field activity have been identified across the sexes (Blizard et al., 1975; Slob et al.,
1981; Slob et al., 1986; Swanson, 1966), between ovariectomized and hormonally replaced
female rats (Frye and Walf, 2004; Heinsbroek et al., 1988; Palermo-Neto and Dorce, 1990),
and among gonadectomized and hormone-replaced adult male rats (Adler et al. 1999; Swanson
et al., 1966; but see Slob et al. 1981). The effects of GDX and hormone replacement in adult
male rats on various measures of anxiety have also been identified in elevated plus maze (Frye
and Walf, 2004; (Walf and Frye, 2005a); Walf and Frye, 2005b), avoidance (Edinger and Frye,
2007; Frye et al., 2004) and acoustic startle response paradigms (Turvin et al., 2007), thus
introducing the further possibility that anxiety in the GDX and/or hormone replaced subjects
could affect NOR testing and outcome. For these reasons, detailed analyses of videotaped trials
were included in the present studies. Importantly, these additional assessments failed to find
any evidence for potentially confounding group differences along behavioral dimensions other
than the DI of object exploration. Thus, none of the animals exhibited any obvious thigmotaxis
or freezing behavior indicative of elevated anxiety, and quantitative analyses of the major
behaviors that were observed in addition to object exploration—ambulation, rearing and
remaining stationary—revealed no group differences in either the amounts of time devoted to
these activities, or in the systematic changes in the proportions of time allotted to them that
occurred as the trials progressed. Critically, there were also no significant group differences
in the amounts of time that animals or animal groups spent interacting with objects, which
compared to the other behaviors evaluated was also surprisingly stable from the first to the
second halves of testing for all animal groups. Taken together, these analyses indicate that it
is unlikely that hormone effects on potentially interfering behaviors (e.g. ambulation)
contributed to the group differences in the DI. Rather, whereas the central nervous system
effects of gonadectomy and hormone replacement are widespread, behavioral effects of the
manipulations on the spontaneous NOR task seem focused on the principal construct of this
paradigm—novel object recognition.

Hormone Sensitivity of the NOR Task: Comparison to Previous Studies
Previous studies have examined spontaneous novel object recognition across the sexes or in
hormone-manipulated female rats or mice. In these, although there are discrepancies regarding
effects of the estrous cycle on NOR performance (Sutcliffe et al., 2007; Walf et al., 2006),
evidence of superior NOR in gonadally intact female compared to male rats (Ghi et al.,
1999; Sutcliffe et al., 2007) and in gonadally intact and ovariectomized female rats
supplemented with estradiol compared to ovariectomized controls (Luine et al., 2003; Wallace
et al., 2006) suggest that circulating estrogens positively influence the exploration and
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discrimination of novel objects in females. Other studies using delays of 24 hours or more also
found facilitating effects of administering estradiol, progesterone and their major metabolites,
and even dihydrotestosterone and other non-aromatizable testosterone metabolites
immediately after the sample trial on subsequent novel object recognition in female subjects
(Frye and Lacey, 2001; Gresack and Frick, 2006; Walf et al., 2006). Our findings provide
evidence that gonadal hormones are also important in the NOR task in males and that androgens
may play especially critical roles in its modulation in this sex. Further, our findings of
abnormally low values of the DI with GDX that are attenuated by replacement with TP but not
E are an intriguing fit with clinical evidence of diminished recognition memory in cases of
hypogonadism (Salminen et al., 2004; Salminen et al., 2005) and NOR deficits of schizophrenia
in male patients (Heckers et al., 2000), which are a part of the cluster of negative, prefrontal
cortically mediated symptoms in this disease for which severity has also been directly linked
to decreased circulating testosterone levels (Akhondzadeh et al., 2006; Goyal et al., 2004;
Huber et al., 2005; Ko et al., 2007; Shirayama et al., 2002; Taherianfard and Shariaty, 2004).

Summary, Conclusions and Future Directions
The findings from this study suggest that in adult male rats, gonadal hormones influence
mnemonic functions associated not only with the medial and orbital, but also with the perirhinal
division of the prefrontal cortex. Like effects on the spatial working memory processes of the
medial prefrontal cortex demonstrated previously (Daniel et al., 2003; Kritzer et al., 2007;
Kritzer et al., 2001), the adverse effects of GDX on the NOR task observed here were attenuated
by supplementing GDX animals with TP but not E, and were significantly correlated with a
bioassay of circulating androgens-- BSM weight. Although not examined in this study, there
are several reasons to suspect that correlations previously found between the effects of GDX
on medial prefrontal working memory function and on the density of its functionally critical
dopamine (DA) innervation (Kritzer et al., 2007) may also extend to the perirhinal-dependent
processes of the NOR task, since the effects of GDX on DA innervation in perirhinal prefrontal
fields are qualitatively and quantitatively similar to those observed in medial prefrontal areas
and are likewise androgen dependent (Kritzer et al., 2003), and because performance on NOR
tasks, like that of the medial prefrontal cortical-mediated spatial working memory (Stam et al.,
1989; Zahrt et al., 1997) is also impaired by selective perturbations of the prefrontal dopamine
system (Morrow et al., 2000). Accordingly, as the study of gonadal hormone influence in males
over the executive and mnemonic functions of the prefrontal cortex in rats continues to expand,
it may be increasingly important to explore the DAergic endpoints in parallel with behavior.
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Figure 1.
Scatterplots showing bulbospongiosus muscle (BSM) weights in grams (g) of individual
animals (dots). Horizontal lines show the average weight for each group. As expected, BSM
weights in gonadectomized (GDX) rats and in GDX rats given estradiol (GDX-E) were
significantly lower (*) than weights in sham-operated (CTRL) and GDX rats given testosterone
propionate (GDX-TP).
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Figure 2.
Bar graph showing the mean amount of time (s) animals explored each of four sample objects
present in the testing field. Control (CTRL), gonadectomized (GDX), and GDX rats given
testosterone propionate (GDX-TP) or estradiol (GDX-E) all spent significantly (*) more time
with large/complex objects (A), significantly to near-significantly (#, p<0.07) less time with
small/smooth objects (D), and intermediate amounts of time with large/smooth (B) and small/
complex (C) objects.
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Figure 3.
Stacked bar graphs showing the mean amounts of time spent ambulating (black), stationary
(dark grey) and rearing (light grey) during the first and final 180 seconds of a six-minute open
field session for each group. For control (CTRL), gonadectomized (GDX), and GDX rats given
testosterone propionate (GDX-TP) or estradiol (GDX-E), significantly different amounts of
time were devoted to each principal behavior (*). In addition, during the second half of the
session all groups spent significantly (#) more time stationary and less time ambulating than
initially. However, there were no significant main effects of hormone treatment or significant
interactions between hormone treatment and behavior.
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Figure 4.
A) Stacked bar graphs showing the mean amounts of time spent ambulating (black), stationary
(dark grey), rearing (light grey) and exploring objects (white) during the first and final 90
seconds of a three-minute object recognition task habitation session for each group. For control
(CTRL), gonadectomized (GDX), and GDX rats given testosterone propionate (GDX-TP) or
estradiol (GDX-E) significantly different amounts of time were devoted to each principal
behavior (*). During the second half of the session all groups also spent significantly (#) more
time stationary and less time ambulating than initially. No significant main effects of hormone
treatment or significant interactions between hormone treatment and object exploration were
found. B) Bar graphs showing the Discrimination Index (DI) of object exploration during the
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first and second halves of the object recognition task habitation trial. For all groups DI values
were consistently near zero, indicating that all groups interacted with the two identical objects
present for similar amounts of time.
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Figure 5.
Behavioral data collected during the sample (A, C, E) and test (B, D, F) trials of the spontaneous
novel object recognition task with the 1.5 hour delay. Stacked bar graphs showing the mean
amounts of time spent ambulating (black), stationary (dark grey), rearing (light grey) and
exploring objects (white) during the first and final 90 seconds of a three-minute sample trial
(A) and test trial (B) show that the control (CTRL), gonadectomized (GDX), and GDX rats
given testosterone propionate (GDX-TP) or estradiol (GDX-E) spent significantly (*) different
amounts of time on each principal behavior and that during the second half of the session all
groups spent significantly (#) more time stationary and less time ambulating than initially.
During the test phase only (B) significant main effects of hormone treatment were observed
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that were driven by the ambulatory and stationary behaviors of the GDX-TP group (1). Bar
graphs showing the Discrimination Index (DI) of object exploration during the first and second
halves of the sample (C) and test (D) trials show that all groups explored both sample objects
equally (C) and that the CTRL and GDX-TP groups spent significantly (*) more time with the
novel object during the first half of the test trial (D) while the GDX and GDX-E groups did
not (D). Regression plots graphing individual DI values as a function of bulbospongiosus
muscle (BSM) weight in grams (g) show no correlation between the two for the sample trials
(E), but a significant (*) correlation between low BSM weight and low DI values/poor object
discrimination during the test trial (F).
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Figure 6.
Behavioral data collected during the sample (A, C, E) and test (B, D, F) trials of the spontaneous
novel object recognition task with the 4 hour delay. Stacked bar graphs showing the mean
amounts of time spent ambulating (black), stationary (dark grey), rearing (light grey) and
exploring objects (white) during the first and final 90 seconds of a three-minute sample trial
(A) and test trial (B) show that the control (CTRL), gonadectomized (GDX), and GDX rats
given testosterone propionate (GDX-TP) or estradiol (GDX-E) spent significantly (*) different
amounts of time on each principal behavior and that during the second half of the session all
animal groups spent significantly (#) more time stationary and less time ambulating than
initially. Bar graphs showing the Discrimination Index (DI) of object exploration during the
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first and second halves of the sample (C) and test (D) object recognition trials show that all
animal groups explored both sample objects equally (C) and that the CTRL and GDX-TP
groups spent more time with the novel object during the test trial (D) while the GDX and GDX-
E groups spent similar amounts of time with the two objects (D; #, GDX compared to CTRL
p=.072). Regression plots graphing individual DI values as a function of bulbospongiosus
muscle (BSM) weight in grams (g) show no correlation between the two for the sample trial
(E) and a weak relationship between low BSM weight and impaired object discrimination in
the test trial (F).
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