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ABSTRACT
Rodents solve dual-solution tasks that require navigation to a goal by adopting
either a hippocampus-dependent place strategy or a striatum-dependent stimulus–
response strategy. The current experiments investigated the preference for learning
strategy as a function of biological sex and anxiety level in rats prior to the onset of
puberty, before the activational effects of gonadal hormones influence these processes.
In the first experiment, a significant proportion of prepubertal males preferred a stimulusresponse strategy on a dual-solution visible platform water maze task at 28 days of age, in
contrast to age-matched prepubertal females or adult males. In the second experiment,
prepubertal males categorized as high in trait anxiety on an open field task exhibited a
bias toward stimulus–response strategy, whereas age-matched females exhibited no
preference in strategy regardless of anxiety level. In the third experiment, pups were
separated from dams for either 15 or 180 min per day during the first 2 weeks of life and
tested for anxiety and learning strategy preference. Prolonged maternal separations were
linked to elevated anxiety and a bias for stimulus-response strategy in prepubertal males
but not females. In the fourth experiment, prepubertal males and rats preferring a
stimulus-response strategy expressed a lower ratio of muscarinic binding in the
hippocampus relative to the striatum compared to prepubertal females and place learners,
respectively. In the fifth experiment, prepubertal females masculinized by injections of
testosterone shortly after birth preferred a stimulus-response strategy similar to that of

prepubertal males and unlike vehicle-treated females. In the sixth experiment,
prepubertal females expressed greater dendritic complexity and spine density in the CA1
region of the hippocampus than males at the exact age at which sex differences in
learning strategy preference were found in the first five experiments. This series of
experiments indicates that, in contrast to prepubertal female rats, prepubertal males
displayed a clear preference for a striatum-based stimulus-response strategy when
learning a dual-solution task. Furthermore, several variables were identified as
contributing to this sex difference, including the impact of male anxiety on strategy
preference, lower male hippocampus-to-striatum ratios of muscarinic binding, and
delayed structural development of the male hippocampus.
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CHAPTER 1

The search to understand sex differences in memory has been ongoing almost as
long as investigations into memory itself. As early as 1894, Ellis published his
monograph on sex differences that challenged commonly held beliefs of the time by
suggesting that women had superior memory to men in many domains. He went on to
argue that these differences already are present and substantial in early life and at puberty
(Ellis, 1894). In subsequent years however, interest in sex differences began to wane,
giving way to the more popular approach of studying males only, particularly in research
on non-human species (Andreano & Cahill, 2009). Research on females was regarded as
unwieldy due to the cyclical nature of gonadal hormone release. Additionally, studies
investigating sex differences in learning and memory focused most often on adults,
overlooking the window of time between birth when neonatal hormones organize the
brain, and puberty when gonadal hormones begin to exert their activational effects. The
time period before puberty is one of dynamic change, with rapid growth and development
occurring over only a few days in rodents. The prepubertal time period in rodents affords
the opportunity to address questions about how sex differences in later life originate and
what factors affect the trajectory of later sex differences.
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1.1 Multiple Memory Systems and Learning Strategy
Historically, learning and memory have been viewed in terms of how quickly and
how well an organism can learn a given task. For example, a traditional water maze
paradigm tests spatial memory by placing a rat in a circular pool filled with opaque water
that obscures the location of a hidden escape platform. Over a series of training trials, the
rat learns the location of escape by remembering the position of the platform relative to
the spatial relationships between cues surrounding the pool. Following training, the
platform is removed and the amount of time the rat spends searching for the missing
platform in its previous location is measured. Rats with a better memory for the platform
location spend more time searching in the vicinity where the platform was located during
training (Morris, 1981). The training trials measure how quickly the rodent learned, while
the probe trial is a measure of how well the rodent learned. However, a water maze
paradigm also can measure how a task was learned. If the water maze task is modified by
adding a single visible cue proximal to the escape platform location during training, a rat
can learn the platform location in two different ways. Under this condition, a rat can use
either the spatial relationships provided by the extramaze cues surrounding the maze or
the visible cue proximal to the goal in order to learn the location of the escape platform.
On a subsequent probe trial administered following training, the cued platform is moved
to a new location in the maze. A rat that used a strategy of navigating based on the
spatial cues surrounding the maze will search in the location where the platform was
located during training. However, a rat that learned the location of the escape platform
based on the visible proximal cue will swim directly to the new location of the cue rather
than the previous location of the platform (McDonald & White, 1994; Fig. 1.)
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The use of dual-solution tasks as described above affords the ability to investigate
the brain areas associated with different learning strategies. For example, striatumdependent response and stimulus–response strategies are based on proprioceptive cues
that guide specific movements toward a goal, or discrete cues proximal to the goal that
signal its location, respectively. Alternatively, the hippocampus is associated with spatial
memory and navigation based on the relationships between spatial cues and a goal,
termed place strategy. Importantly, the hippocampus and the striatum work in parallel
and often cooperate to determine how information is learned (McDonald & White, 1994;
Devan & White, 1999). For instance, in adult male rats, the hippocampus typically
dictates a place strategy adopted early in the learning process, only to give way to the
striatum-dependent response strategy as training continues (Packard & McGaugh, 1996;
Packard, 1999; Cahill & Baxter, 2001; Chang & Gold, 2003; Lex, Sommer & Hauber,
2011). Additionally, when the integrity of one brain region is compromised, the other
region usually assumes control over learning (McDonald & White, 1994; Packard &
McGaugh, 1996). In addition to the hippocampus and striatum, a third brain region, the
amygdala, appears to modulate the relationship between learning strategies. When the
amygdala is activated by infusion of anxiogenic drugs, exposure to stressors, or
heightened anxiety, striatum-based cued performance is enhanced at the expense of
hippocampus-based spatial performance (Packard & Wingard, 2004; Elliott & Packard,
2008; Packard, 2009). The theory of multiple memory systems proposes that the
hippocampus is associated with a spatial ‘place’ strategy, while the striatum governs the
habit or proprioceptive ‘response’ or cue-driven ‘stimulus-response’ strategies.

4
1.2 The Influence of Gonadal Hormones on Learning Strategy Preference
Dual-solution cognitive tasks that afford an organism the opportunity to solve a
task using multiple strategies provide an experimental tool to investigate those factors
that can impact the preference for how a given task is learned. For example, adult female
rats were biased toward a place strategy when estradiol levels were high during the
proestrous stage of the reproductive cycle, but preferred a response strategy on the same
task when estradiol levels were low during the estrous stage (Korol, Malin, Borden,
Busby, & Couper-Leo, 2004). This seminal study, along with several other reports that
demonstrate estrogen-dependent strategy preference (Korol et al., 2004; Pleil &
Williams, 2010; Tunur, Dohanich & Schrader, 2010), indicate that alterations in learning
strategy are evident based on subtle fluctuations of gonadal hormones in female rodents.
An examination of the impact of gonadal hormones in adult male rodents reveals
a different story. Unlike females, adult male rats do not express a cyclical release of
hormones over the life span. Levels of testosterone rise sharply after birth, then drop
before increasing again with the onset of puberty. During early and middle adulthood,
levels of gonadal hormones remain relatively steady with modest fluctuations throughout
the day based on circadian rhythms (Miller & Riegle, 1982; Rui, Gordeladze, Mevag,
Haug, Brekke & Purvis,1985; Zwirska-Korczala, Kniazewski, Ostrowska & Buntner,
1991; Leal & Moreira, 1997). When males were gonadectomized and treated with either
physiological levels of testosterone or oil vehicle, there were no differences in strategy
preference evident on a dual-solution water maze task (Hawley, Grissom, Barratt, Conrad
& Dohanich, 2012). This finding indicates a clear sex difference from the estradioldependent changes in strategy preference reported in adult female rats.
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The sex-specific relationship between gonadal hormones and learning strategy
preference has been well documented in adult rodents following the activational release
of hormones at puberty, yet investigations of the relationship between gonadal hormones
and cognition during neonatal and prepubertal life are sparse. A clear link has been
drawn between gonadal hormone exposure in neonatal rats and later cognitive
functioning. Typically, male rats express superior spatial navigation abilities when
compared to adult females. However, when females were treated with testosterone
during the neonatal period immediately following birth, performance on spatial memory
tasks in adulthood was similar to males and significantly better than untreated females
(Dawson, Cheung & Lau, 1975; Van Haaren, Van Hest & Heinsbroek, 1990; Roof &
Havens, 1992). Furthermore, when estradiol, a metabolite of testosterone, was
administered to females during the early neonatal period, performance on a spatial
version of the radial arm maze was elevated to the same level as adult males.
Interestingly, gonadectomy of males during the same neonatal period reduced
performance on the radial arm maze to that of untreated females, indicating a clear sex
difference that is dependent on the organizational effects of early gonadal hormones,
specifically testosterone and estradiol (Williams, Barnett & Meck, 1990).
The organizational effects of gonadal hormones on sex differences in behavior are
evident before puberty as well. Play behavior in prepubertal rats is sexually-dimorphic,
with males demonstrating significantly more rough-and-tumble play than females
(Beatty, 1984). When treated with testosterone during early neonatal life, young females
were indistinguishable from young prepubertal males in their play behavior (Beatty,
1984). Whether sex differences in learning strategy preference are similarly organized by
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gonadal hormone release after birth has not yet been investigated. An important aim of
the current study was to determine if the neonatal hormonal environment affected the
expression of learning strategy preferences in prepubertal male and female rats. Our
preliminary studies suggest that prepubertal males preferred a stimulus-response strategy
on a dual-solution water maze, however prepubertal females did not exhibit a preference
for either strategy. Therefore, if sex differences in learning strategy preference are the
result of organization by gonadal hormone release during the early neonatal period, and
males prefer a stimulus-response strategy prior to puberty, then it is expected that
masculinization of females by injection of testosterone shortly after birth will result in
prepubertal females preferring a stimulus-response strategy, similar to prepubertal males.

1.3 Anxiety and Learning Strategy Preference
Heightened anxiety influences the choice of learning strategy on cognitive tasks
by routing cognitive control away from the hippocampus and toward the striatum
(review; Packard, 2009). Adult male rats exhibited a preference for a response learning
strategy following administration of anxiogenic drugs, which heighten state anxiety
(Packard & Wingard, 2004; Elliott & Packard, 2008). Interestingly, natural or trait
anxiety also influenced hippocampus-dependent learning and memory (Herrero, Sandi, &
Venero, 2006; Hawley, Grissom, & Dohanich, 2011) and choice of learning strategy
(Hawley et al., 2011). Adult male rats that expressed higher levels of trait anxiety
exhibited poorer spatial memory on hippocampus-dependent versions of a water-maze
task (Herrero et al., 2006) and a Y-maze task (Hawley et al., 2011), and were biased
toward a stimulus–response strategy on a dual-solution version of a visible platform
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water maze task (Hawley et al., 2011). Therefore, anxiety impairs performance when
only a place strategy can be used to solve a spatial task, and results in a response or
stimulus-response strategy preference when two solutions to a task are available.
Although a link between anxiety and learning strategy has been documented in
male rodents, this relationship has not been investigated in females. However, elevations
in anxiety associated with chronic stress during adulthood impaired performance on a
variety of cognitive tasks in males, but did not impair, and in some cases, enhanced
performance in females (Lehmann, Pryce, Bettschen, & Feldon, 1999; Wigger &
Neumann, 1999; Plotsky, & Holtzman, 2002; Kalinichev, Easterling, Kosten, Lee, &
Kim, 2006; Barha, Pawluski, & Galea, 2007). Furthermore, evidence from our laboratory
indicated that later cognitive performance was impaired by daily separations for 180 min
from dams during the first 2 weeks of life in prepubertal males compared to males that
had been separated daily for only 15 min (Frankola, Flora, Torres, Grissom, Overstreet,
& Dohanich, 2010). In contrast, the performance of prepubertal females was either
unaffected or even enhanced by 180 min of daily maternal separation. Whether sex
differences in cognitive function associated with prolonged maternal separation in early
life correspond with differences in learning strategy preference remains to be determined.
An important aim of the current study was to determine if levels of inherent anxiety
affected the expression of learning strategy preferences in prepubertal male and female
rats. Given that males separated for 180 min were impaired on measures of spatial
memory prior to puberty, and reports that stress impaired male but not female spatial
ability, it was expected that when anxiety is elevated in males, either inherently or as a
result of extended maternal separation, a stimulus-response strategy will be preferred.
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However, given the lack of effects of stressors on spatial performance in adult females,
and the beneficial effects of extended maternal separation on spatial performance in
prepubertal females, the strategy preference of prepubertal females was expected to
remain unchanged by either heightened trait anxiety or by extended periods of
separations from the dam during early life.

1.4 The Cholinergic System and Learning Strategy
According to multiple memory systems theory, rodents and humans employ
distinctive strategies that are mediated by specific brain regions to learn the locations of
goals in spatial environments (McDonald and White, 1994; Cahill and McGaugh, 1996;
Packard and McGaugh, 1996; Packard, 1999; Gold, 2003; Poldrack and Packard, 2003;
Packard, 2009). Key structures implicated in these memory systems include the
hippocampus, the striatum, and the amygdala, which process information in parallel, but
also interact and at times compete, to determine the type of strategy by which information
is learned (White and McDonald, 2002; Gold, 2004; Mizumori, Yeshenko, Gill & Davis
2004; Squire, 2004; Packard, 2009). Specifically, the hippocampus mediates the
execution of place learning strategy, in which navigation to a given goal is based on the
relationships between the goal and cues in the surrounding spatial environment.
Alternatively, the striatum mediates the execution of stimulus-response strategy or
response strategy in which navigation is based on either a distinct stimulus located
proximal to the goal or on proprioceptive cues that generate reflexive body movements
that guide the learner to the goal, respectively. The amygdala, the third major component
of multiple memory systems, works in concert with the hippocampus and striatum,

9
particularly when anxiety is heightened, and biases adult male rats away from the use of a
place strategy toward stimulus-response and response strategies (Kim, Lee, Han &
Packard, 2001; Packard and Wingard, 2004; Elliott and Packard, 2008; Hawley et al.,
2011).
Previous research indicates that acetylcholine neurotransmission in the
hippocampus and striatum influences learning strategy preference, although the nature of
this mechanism has been debated (Janis, Glasier, Fulop & Stein, 1998; Cahill and Baxter,
2001; Bizon, Han, Hudon & Gallagher, 2003; Parent and Baxter, 2004). On a dualsolution land T-maze task, which can be solved by adopting either a place strategy or a
response strategy, increased acetylcholine release in the hippocampus was associated
with the use of a place strategy on a probe trial (Chang and Gold, 2003). Specifically, the
ratio of acetylcholine release in the hippocampus relative to the striatum was lower in
response learners compared to place learners, surprisingly even before training was
initiated. Furthermore, early in training, acetylcholine release was elevated above
baseline only in the hippocampus but, as training progressed and rats began to switch to a
response strategy, acetylcholine release in the striatum increased concomitantly (Chang
and Gold, 2003). These results indicate that the relationship between cholinergic activity
within the hippocampus and the striatum plays a key role in modulating the preference
and execution of learning strategies by adult male rats.
Based on previous reports (Chang and Gold, 2003; McIntyre, Marriott, Gold,
2003), we predicted that rats adopting a stimulus-response learning strategy would
exhibit a decreased ratio of muscarinic receptor binding in the hippocampus relative to
the striatum when compared to rats adopting a place strategy. Moreover, because the
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striatum and amygdala function in concert (Kim et al., 2001; Packard and Wingard,
2004), we predicted that rats preferring a stimulus-response strategy would exhibit a
decreased ratio of muscarinic binding in the hippocampus relative to the basolateral
amygdala when compared to rats preferring a place strategy.
The hippocampus and its cholinergic component, which have both been implicated
in place strategy, develop earlier in female rats compared to males (Loy and Sheldon,
1987). Moreover, cholinergic activity throughout the rat brain increases dramatically
between 24 and 30 days of age, with the concentration of acetylcholine and the density of
muscarinic receptors in the whole brain nearly doubling (Coyle and Yamamura, 1976).
Therefore, if learning strategy is influenced by cholinergic activity in specific brain
regions, and if this activity develops at different rates in males and females, then sex
differences in learning strategy preference during this developmental window would be
expected.

1.5 Sex Differences in Dendritic Morphology and Correlations with Cognition
Sex differences in the complexity and structure of pyramidal neurons in CA1 shift
with age and the onset and cessation of puberty (Markham, McKian, Stroup & Juraska,
2005). A factor proposed to underlie sex differences in dendritic morphology is exposure
to estradiol. For example, during the proestrous stage when estradiol levels peak in
cycling females, the density of dendritic spines in CA1 was found to be increased
(Woolley, Gould, Frankfurt & McEwen, 1990; Shors, Chua & Falduto, 2001). When
spine density and dendritic complexity are compared between adult males and females,
the presence or absence of estradiol in females dictates the direction of sex differences in
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some studies (Shors et al, 2001), although other reports indicate that males have greater
dendritic development than females regardless of cycle stage (Markham et al., 2005).
Interestingly, as rodents age, the spine density and dendritic complexity in CA1 of male
rats diminishes and matches that of females, yet there is no change in dendritic
parameters in females (Markham et al., 2005). Importantly, this effect corresponds to a
time period that females are in persistent estrus and hormone release is no longer cyclical,
suggesting that even in the absence of estradiol release, the complexity and spine density
of the dendritic arbor in CA1 is preserved with age in females but not males.
Prior to puberty, levels of estradiol are low and not yet cyclical, yet sex
differences are evident in the morphology of the hippocampus. During weaning at 22-23
days of age, female rats expressed greater spine density and dendritic complexity than
males in CA1 (Bock, Murmu, Biala, Weinstock & Braun, 2011). Similarly at weaning,
the dendritic arbor in the dentate gyrus of females was more complex than males(Juraska,
1990). However, at 3-5 months old, sex differences in dendritic complexity and spine
density in CA1 favored males, even when the stage of the estrous cycle was accounted
for (Markham et al., 2005). Importantly, females develop more quickly than males with
the onset of puberty occurring as much as one week earlier (Kennedy and Mitra, 1963;
Engelbregt, Houdijk, Popp-Snijders, Delemarre-van de Wall, 2000). Therefore, sex
differences in the development of the hippocampus may provide an alternative
explanation for differences in learning and memory in early life, prior to the onset of
puberty. Given the sex differences present at weaning (Juraska, 1990; Bock et al., 2011)
and the dynamic changes in neurochemical parameters between 20 and 30 days of age
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(Loy & Sheldon, 1987), greater dendritic complexity and spine density would be
expected in prepubertal females compared to prepubertal males at 28 days old.

1.6 Sex-specific Cognition in Humans During Early Life
Identification of differences in learning style and emotionality that are sex-specific
prior to puberty would afford greater insight into the effects of naturally elevated, or trait,
anxiety on cognition in childhood. Sex differences in learning styles in young children
have been reported, with boys showing better performance in route learning tasks than
girls (Gibbs & Wilson, 1999; Beilstein & Wilson, 2000). However, when examined by
age group, young boys (5-6 years old) made more errors in navigation than girls at the
same age (Kersker, Epley, & Wilson, 2003). Additionally, anxiety impacts cognition in
children in a manner similar to that found in prepuberal rodents; that is, increased anxiety
was correlated with impairments in performance on a virtual water maze task (Mueller,
Temple, Cornwell, Grillon, Pine & Ernst, 2009) in both males and females. Interestingly,
adult male and female rodents differ in cognitive performance under stressful conditions
(Luine, 2002) that elevate anxiety in a sex-specific manner (Bowman, Micik, Gautreaux,
Fernandez & Luine., 2009). A better understanding of the influence of biological sex on
learning style would inform the development of sex-specific interventions for both
behavioral and learning deficits in humans.
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1.7 Primary Hypotheses

EXPERIMENT 1 Sex differences in learning strategy preference were tested prior to
and following pubery on a dual-solution visible platform water maze
task (VPWM). We predicted that learning strategy preference would
differ based on biological sex such that a significant proportion of
prepubertal males would prefer a stimulus-response strategy while
prepubertal females would not exhibit a clear strategy preference.

EXPERIMENT 2 The impact of trait anxiety on learning strategy preference was tested
in prepubertal male and female rats. Prepubertal males and females
were categorized into high, middle, and low anxiety groups based on
their behavior on an open field and then tested on the VPWM task.
We predicted that higher anxiety would bias prepubertal males, but
not females, toward a preference for a stimulus-response strategy.

EXPERIMENT 3 The impact of maternal separation on trait anxiety and learning
strategy was tested in prepubertal male and female rats. Male and
female rat pups were separated from their dams for 15 or 180 min
during the first two weeks of life, and subsequently assessed for
anxiety and learning strategy preference as prepubertal rats. We
predicted that prepubertal males that experienced prolonged
separations from their dams would exhibit higher anxiety and a
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preference for a stimulus-response strategy compared to males that
experienced brief separations from their dams and compared to
females that experienced either maternal separation condition.

EXPERIMENT 4 Muscarinic receptor binding was measured by in vitro
autoradiography in three brain regions and correlated with learning
strategy preference as assessed on the VPWM task in prepubertal
male and female rats. We predicted that prepubertal males and
stimulus-response learners would express lower ratios of muscarinic
binding in the hippocampus relative to the striatum and relative to
the amygdala compared to females and place learners, respectively.

EXPERIMENT 5 The organizational effects of the neonatal hormone environment on
the development of sex differences in learning strategy preference
and muscarinic receptor binding were tested. We predicted that sex
differences in learning strategy preference and muscarinic receptor
binding would be reversed by treatment of neonatal females with
testosterone.

EXPERIMENT 6 Prepubertal sex differences in dendritic spine density and dendritic
complexity of apical portions of pyramidal neurons in the CA1
subfield of the hippocampus were assessed using a rapid Golgi stain.
We predicted that prepubertal females would express more complex
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dendritic arbor and more dendritic spines in CA1 than prepubertal
males due to accelerated brain development in females, which would
correlate with greater reliance on the hippocampus and less reliance
on a striatum-based stimulus-response strategy.
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CHAPTER 2

2.1 Introduction
When learning to navigate toward a goal in a spatial environment, rodents employ
distinct learning strategies that are governed by specific regions of the brain (McDonald
& White, 1994; Gold, 2004; Squire, 2004). The preference for using one learning
strategy over another is impacted by a variety of factors, which differ based on biological
sex. For example, adult female rats exhibit a preference for a place strategy over a
response strategy only when circulating levels of estradiol are elevated (Korol & Kolo,
2002; Daniel & Lee, 2004; Korol, 2004; Korol et al., 2004; Davis et al., 2005).
Conversely, gonadal hormones have little impact on learning strategy in adult male rats,
as removal of testicular hormones does impact preference for a place strategy toward a
response strategy (Hawley et al., 2012).
Less is known regarding sex differences in learning strategy prior to the
activational release of gonadal hormones at puberty. Both male and female rats are able
to execute a stimulus-response strategy as early as 17 days of age while a place strategy is
not expressed in either males or females until 20 days of age (Akers & Hamilton, 2007).
Interestingly, at 21 days of age, female rats prefer a place strategy on a dual solution
water T-maze task (Pleil & Williams, 2010), despite evidence that plasma concentrations
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of estradiol are significantly lower in prepubertal females compared to proestrous adults
(Leibowitz, Akabayashi, Alexander, Karateyev & Chang, 2009). At 35-36 days of age, a
comparison of strategy preference between males and females did not reveal a sex
difference (Kanit et al., 2000). Importantly, this corresponds to a time when levels of
estradiol begin to rise prior to the onset of puberty in females, while males do not begin
puberty for at least another week (Kennedy and Mitra, 1963; Engelbregt et al., 2000).
Importantly, the few experiments that have examined sex differences in learning strategy
prior to puberty have used a variety of methods and extended periods of training (Kanit et
al., 2000; Akers & Hamilton, 2007) occurring across critical periods in development
which could obscure results.
The goal of the current experiment was to compare learning strategy before and
after puberty in male and female rats to determine the relationship between strategy
preference and aging. We used a dual-solution visible platform water maze task to
determine strategy preference during several days after weaning but before
concentrations of gonadal hormones rose at puberty, which occurs at 36 days in females
and 42 days in males (Kennedy and Mitra, 1963; Engelbregt et al., 2000). Additionally,
we tested adult males as well as adult females in proestrus and diestrus on the same task
for comparison.

2.2 Methods
Subjects. Male and female Long-Evans hooded rats were obtained from Harlan, Inc.
(Indianapolis, IN) at 21 and 60 days of age. Rats were pair-housed by sex in a climate-
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controlled facility under a 12:12-h light/dark cycle (lights on at 07:00 h) with free access
to food and water.

Estrous cycle verification. Vaginal lavage was conducted for eight days prior to
behavioral testing for adult female rats between 07:00 and 09:00 h daily in order to
establish regular estrous cyclicity and to examine the effects of stage of the estrous cycle
on learning strategy. Lavage samples were transferred to slides and stained with
toluidine blue for microscope examination to confirm at least 2 normal cycles of 4 or 5
days (Menard & Dohanich, 1989). Adult male rats were handled for 1 min each day for
eight days prior to behavioral testing to control for the effects of handling during estrous
cycle tracking in female rats.

Visible platform water maze task (VPWM). Learning strategy was determined in
accordance with previously validated procedures (Janis et al., 1994; McDonald & White,
1994; Kim et al., 2001; Bizon et al., 2003). A white circular pool, 180 cm in diameter
and 60 cm deep, was filled to a depth of 26 cm with water made opaque by the addition
of non-toxic white tempera paint (Crayola, Inc., Easton, PA), and surrounded by extramaze cues of varying shapes and sizes. The temperature of the water was maintained at
approximately 25˚C. A visible black platform, 9.5 cm in diameter, projected 2 cm above
the water surface for prepubertal rats and 3 cm above the water surface for adult rats.
The platform was located 30 cm from the wall of the pool. One day prior to testing, rats
were placed in the pool without a platform present for a 1-min habituation swim.
Twenty-four hours later, rats were trained on the task with the visible escape platform
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located in the southwest quadrant of the pool. Prepubertal rats were tested at 29 days of
age, and adult rats were tested at 65-70 days of age. Eight training trials were conducted
with the rat entering from each of four cardinal points in a pseudorandomized order.
Each rat was allowed 30 s to mount the platform where it remained for an additional 10 s
(McDonald & White, 1994). If a rat failed to mount the platform in 30 s it was guided to
the platform. Training trials were separated by an inter-trial interval of 5 min during
which rats were dried and warmed under heat lamps.
Learning was indicated by increasingly shorter path lengths as training
progressed. Following the completion of training trials, the platform was moved to the
opposite quadrant of the pool (northeast) and a probe trial was conducted in which rats
entered the pool from the south, at a location most distal from the relocated visible
platform. During the probe trial, rats that swam directly to the newly relocated visible
platform were categorized as stimulus-response learners and rats that initially returned to
within 5 cm of the location of the platform during training trials were classified as place
learners by an experimenter blind to their sex (see Fig. 1). For all trials, the path length
to the escape platform was monitored and recorded by an overhead video camera
interfaced with tracking software (HVS Image, Ltd., United Kingdom).

Statistical analysis. An analysis of variance (ANOVA) with a within-subjects effect of
two-trial block (1-4) and between-subjects effects of group (Prepubertal male,
prepubertal female, adult male, diestrus female, proestrus female) and strategy preference
(stimulus-response, place) was conducted to determine the effects of sex, age, and
learning strategy on learning during the eight training trials of the VPWM task. Separate
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χ2 analyses were conducted to determine the relationship between biological sex and
learning strategy in prepubertal and adult males and females on learning strategy
preference on the probe trial.

Figure 1. Learning strategy preference determined on the visible platform water
maze (VPWM) task. Rats were trained over a series of 8 trials to escape to a visible
platform in a water maze surrounded by various extra-maze cues. On the probe
trial, the visible platform was relocated to the opposite quadrant. Rats that returned
to an area within 5 cm of the original platform location navigating by extra-maze
cues were assigned a place strategy, where rats that proceeded directly to the
relocated visible platform were assigned a stimulus-response strategy.

2.3 Results
Visible platform water maze task (VPWM). The results of the repeated measures
ANOVA on training trials of the VPWM task revealed a significant effect of trial block
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[F(3,204) = 47.27, p<.01], but no main effect of group [Fig 2a; F(4,68) = 1.87, p =.13] or
strategy preference [F(1, 68) = .00, p=.96; data not shown]. The results of the χ2 analysis
on the probe trial indicated that prepubertal males were biased toward a stimulusresponse strategy [Fig 2b; χ2=4.00, p<.01], whereas prepubertal females did not exhibit a
strategy preference [Fig 2b; \χ2= .25, p=.62]. In adult rats, neither adult males [Fig 2b;
χ2= 1.14, p=.29] nor females in proestrus [Fig 2b; χ2=1.47, p=.23] displayed a significant
preference for one strategy or the other. A trend toward a stimulus-response strategy
preference was evident for adult females in diestrus [Fig 2b; χ2=3.27, p=.07].

2.4 Discussion
Prior to puberty, males displayed a preference for a stimulus-response strategy on
the visible platform water maze that differed from both prepubertal females and adult
males. To our knowledge, this is the first report of sex differences in learning strategy in
early life on a dual-solution task. Importantly, performance of adult rats on the VPWM
was similar to that seen on other dual-solution tasks, in which only females low in
estradiol displayed a stimulus-response strategy (Korol, 2004). Taken together, the
current results suggest that additional factors other than activational gonadal hormone
release influence the relationship between sex and learning strategy in early life. The
experiments that follow were designed to explore possible influences on learning strategy
preference prior to puberty.
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Figure 2. Performance on the VPWM task. (a) Regardless of condition, rats
learned the task at similar rates. (b) On the probe trial, a significant proportion of
prepubertal males exhibited a preference for a stimulus-response strategy
(**p<.01; place versus stimulus-response). Diestrous females exhibited a trend
toward a significant stimulus-response preferences (p=.07) (n=12-16 per group).
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CHAPTER 3

3.1 Introduction
Various extrinisic and intrinsic factors affect the choice of learning strategy used
by rats, including emotional status (Wingard & Packard, 2008). Heightened anxiety
influences the choice of learning strategy by routing cognitive control away from the
hippocampus and toward the striatum (Packard, 2009). For example, adult male rats
exhibited a bias for a response learning strategy upon administration of anxiogenic drugs
that heighten state anxiety (Packard & Wingard, 2004; Elliott & Packard, 2008).
Interestingly, natural or trait anxiety also influences hippocampus-associated learning and
memory (Herrero et al., 2006; Hawley et al., 2011) and choice of learning strategy
(Hawley et al., 2011). Adult male rats that expressed higher levels of trait anxiety were
biased toward a stimulus-response strategy on a dual-solution visible platform water
maze task (Hawley et al., 2011). Therefore, anxiety results in a greater preference for
stimulus-response strategy compared to a place strategy on dual-solution tasks in adult
male rats.
Although a link between anxiety and learning strategy has been documented in
male rodents, this relationship has not been investigated in females, or in younger rats.
To determine if higher levels of trait anxiety were associated with a bias toward a
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stimulus-response strategy on a dual-solution visible platform water maze task in
prepubertal rodents, rats were tested for both trait anxiety and learning strategy between
25 and 29 days of age.

3.2 Methods
Subjects. Male and female Long-Evans hooded rats were obtained from Harlan, Inc.
(Indianapolis, IN) and mated at 65 days of age, yielding 10 litters of pups. If birth
occurred before 17:00 h, that day was defined as Postnatal Day 0 (PND 0). Within 24 h
of birth, litters were culled to 10-12 pups. The resulting 51 male and 48 female pups
were used as subjects in the current experiment. Breeder rats and their offspring were
housed in conditions identical to Chapter 2. Pups were weaned at PND 21 and group
housed by sex and litter.

Anxiety testing. Anxiety was tested at PND 26 in an open field constructed of black
Plexiglas (90 x 90 x 45 cm) under low lighting. Each rat was placed in the corner of the
open field and allowed a single exploration trial of 5 min. The floor and walls of the field
were cleaned thoroughly with 70% ethanol and air-dried after each trial to remove
olfactory cues. Trials were recorded by an overhead video camera for later analysis. The
image of the field was divided into 16 equally sized squares (4 inner and 12 outer) by a
transparency superimposed over a video monitor. Entry into a square was scored when a
rat crossed the borders of a designated square with all four paws. Scoring was conducted
by experimenters blind to the sex of the rat. Anxiety was indicated by calculating the
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percentage of time rats spent in the 4 inner squares of the open field. Activity was
measured by calculating the total number of squares entered during the 5-min test.
Visible platform water maze task (VPWM). The visible platform water maze task was
used to determine learning strategy using a method similar to that described in Chapter 2.

Statistical analysis. Independent sample two-tailed t-tests as a function of sex (male,
female) were conducted to examine differences in anxiety and activity in the open field.
Additionally, the percentage of time spent in the center of the open field was used in a
three-cluster analysis to divide rats into high, middle, or low anxiety groups (Norusis,
2011) in order to determine the relationship between biological sex, anxiety level, and
learning strategy. Rats categorized in the middle anxiety cluster (12 females, 10 males)
were eliminated from further analysis and additional comparisons were conducted with
rats categorized in either the high or low anxiety groups.
An analysis of variance (ANOVA) with a within-subjects effect of two-trial block
(1–4) and between-subjects effects of sex (male, female) and anxiety (high, low) was
conducted to determine the effects of sex and anxiety on learning during the eight
training trials of the VPWM task. Separate χ2 analyses were conducted to determine the
relationship between biological sex and anxiety (male-high anxiety, male-low anxiety,
female-high anxiety, female-low anxiety) on learning strategy preference exhibited on the
probe trial.

3.3 Results
Open field test. The results of an independent samples two-tailed t-test conducted on the
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percentage of time spent in the center of the open field, which included all rats regardless
of anxiety level, revealed a trend toward a significant sex difference in anxiety with
prepubertal males spending less time in the center of the open field than females [t(97) =
±1.80, p = .08; data not shown]. No significant difference in activity, as indicated by the
total number of entries into the inner and outer squares, was detected between the sexes
[t(97) = ±1.06, p = .29; data not shown].

Anxiety classification. Using a three-cluster analysis based on the percentage of time in
the center of the open field, males and females were categorized into high (26 males, 26
females), middle (12 females, 10 males) and low (13 females, 12 males) anxiety groups.
Cluster centers were determined separately by sex to allow for equal distribution of males
and females into each anxiety group.

Visible platform water maze task (VPWM). The results of a repeated measures ANOVA
on training trials of the VPWM task revealed a significant effect of trial block [F(3,279)
= 88.36, p<.001], but no main effects of sex [F(1, 93) = 2.77, p = .10] or anxiety level
[F(2, 93) = .87, p =.42], and no interactive effects of sex by trial block [F(3,279)=1.73, p
= .16], anxiety level by trial block [F(6, 279) = .38, p = .89], sex by anxiety level [F(2,
93) = .34, p = .71] or sex and anxiety level by trial block [F(6,279)=1.55, p=.16].
Therefore, as training progressed, the path length to locate the platform decreased equally
regardless of anxiety level or sex (Fig. 3a). The results of χ 2 analyses on the probe trial
indicated that high levels of anxiety biased prepubertal males toward a stimulus–response
strategy [Fig. 3b; χ2 = 9.85, p < .01], whereas high levels of anxiety did not influence the
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learning strategy of prepubertal females [Fig.3b; χ2 = .15, p = .70]. Additionally, low
levels of anxiety did not affect the learning strategy of either prepubertal males [Fig. 3b;
χ2 = .33, p = .56] or females [Fig. 3b; χ2 = 1.92, p = .17].

3.4 Discussion
Our results confirm previous reports that elevated anxiety biases rats toward the use
of striatum-based strategies over hippocampus-based strategies (Elliott & Packard, 2008;
Hawley et al., 2011). The current findings extend this relationship by demonstrating that
higher levels of trait anxiety were associated with a preference for a striatum-dependent
stimulus–response strategy in prepubertal male rats, but not prepubertal females. This
indicates a sex-dependent relationship between anxiety level and learning strategy such
that high levels of anxiety predict the preference for a stimulus–response strategy in
prepubertal male rats, but not female rats.
In adult male rodents, exposure to stressors and elevations in anxiety shift how
information is learned. Following exposure to either acute (Kim et al., 2001) or chronic
stressors (Ferragud, Haro, Sylvain, Velazquez-Sanchez, Hernandez-Rabaza & Canales,
2010), or following administration of anxiogenic drugs (Packard & Wingard, 2004), adult
male rats were biased away from hippocampus-based place strategies and toward
striatum-dependent response strategies. Moreover, we recently reported that high levels
of natural or trait anxiety in adult male rats were associated with a propensity to adopt a
stimulus–response strategy on the visible platform water maze task (Hawley et al., 2011).
The current results extend these findings to an earlier age. In support of our initial
hypothesis, the preference for a stimulus–response strategy in prepubertal rats was linked
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to higher levels of trait anxiety in prepubertal males, but not prepubertal females.
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Figure 3. Performance on the VPWM task. (a) Regardless of sex or anxiety level, rats
learned the task at similar rates (n=20-24 per group). (b) On the subsequent probe trial, a
significant proportion of high-anxiety prepubertal males exhibited a preference for a
stimulus-response strategy (**p<.01; place versus stimulus-response) (Grissom et al.,
2012).
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CHAPTER 4

4.1 Introduction
Previous evidence from our laboratory indicated that cognitive performance of
rats was impaired by daily separations for 180 min from dams during the first 2 weeks of
life in prepubertal males compared to males separated daily for 15 min (Frankola et al.,
2010). In contrast, the performance of prepubertal females was either unaffected or even
enhanced by 180 min of daily maternal separation compared to prepubertal males
separated for 180 min daily. Whether sex differences in cognitive function associated
with prolonged maternal separation in early life correspond with a difference in learning
strategy preference remained to be determined. In the current experiment, a daily
maternal separation paradigm during the first 2 weeks of life was implemented to
heighten prepubertal levels of trait anxiety. Based on findings in the prior experiment
described in Chapter 3, we predicted that higher levels of anxiety would be linked to the
use of stimulus–response strategy in prepubertal males, but not females.

4.2 Methods
Subjects. All breeding procedures and housing conditions were identical to those
described in Chapter 3. Sixteen males and 16 females from 8 litters were used.
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Postnatal manipulations. Beginning on PND 2 and continuing through PND 14, each
dam was transferred from her home cage to a similar holding cage with food and water
and housed in the same room for the duration of the mother–pup separation period. Each
litter was then placed in a smaller holding cage with woodchip bedding and some nesting
material from the home cage that was then transferred to an adjacent room. Separation
cages were maintained at 32° (±0.5°) on water-regulated heating pads (Gaymar
Industries, Orchard Park, NY) and covered with paper towels to maintain ambient
temperature while allowing air circulation. Each litter was assigned to one of two
conditions, either 15 min or 180 min of daily separation from the dam and home cage. At
the end of the separation period, pups were returned to the home cage and the dam was
reintroduced. All separations were carried out between 08:00 and 12:00 h. Pups were
weaned at PND 21 and group housed by sex and litter. Behavioral tests were
administered between PND 25 and PND 29 in the same sequence for each animal. A
third group that was not separated for either 15 or 180 min has been included in some
previous reports, however, because dams routinely leave their nests for short periods in
the wild to obtain nourishment and respite (Moore, 1992), the inclusion of a control
group separated for 15 min daily has been proposed to be a more accurate reflection of
natural conditions (Macrí & Würbel, 2006).

Novelty-suppressed feeding test. On PND 24, rats were food deprived for 24 h. On PND
25, rats were placed in a small open field (40 x 40 x 40 cm) under low lighting with three
familiar pieces of rat chow located in the center of the arena. The arena was constructed
of Plexiglas that had external walls covered by black poster board (Coulbourn
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Instruments, Whitehall, PA). Activity was monitored for 10 min, during which time the
latency to begin feeding was recorded by a trained observer who was blind to both sex
and separation condition. If a rat did not begin feeding within the 10-min time period, it
was returned to its home cage and a maximum latency of 600 s was recorded. Longer
latencies to begin feeding were indicative of higher anxiety (Bodnoff, Suranyi-Cadotte,
Quirion & Meaney, 1989; Hawley et al., 2011). The floor and walls of the arena were
cleaned thoroughly with 70% ethanol and air-dried after each trial to remove olfactory
cues.

Open field test. On PND 26, the open field test was conducted according to the method
described in Chapter 3.

Elevated plus maze test. One hour after the open field test, anxiety was tested using the
elevated plus maze test. Rats were tested once in a black plus-shaped maze constructed
of metal consisting of two open arms (45 x 10 cm) and two closed arms (45 x 10 x 30 cm;
Coulbourn Instruments) for 5 min under low lighting. The maze was elevated 40 cm
above the floor on legs suspended from beneath the maze. Time spent and the number of
entries into the open and closed arms were recorded by a computerized tracking system
(HVS Image, Ltd.). The maze was wiped clean with 70% ethanol and air-dried after each
trial to remove olfactory cues. Higher levels of anxiety were indicated by less time spent
on the open arms of the maze. Activity was indicated by the number of total entries into
both open and closed arms.
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Y-Maze task. On PND 27, spatial recognition memory was assessed on a Y-maze
constructed of gray Plexiglas that consisted of three identical arms (50 x 10 x 20 cm;
Stoelting ANY-maze, WoodDale, IL), which was surrounded by extra-maze cues of
varying shapes and sizes. During a 15-min information trial, rats were allowed to explore
the start arm and a second arm, but access to the third arm was blocked by a plastic
partition (Conrad et al., 1996). Following the initial information trial, rats were returned
to their home cages for a delay interval of 4 h. After the delay, rats were placed back into
the Y-maze in the same start arm and were allowed to explore all three arms for a 5-min
retention trial. Retention trials were video-recorded for later scoring by a trained
observer who was blind to both sex and separation condition. An entry was defined as all
four paws crossing into the arm proper. The maze was cleaned thoroughly with 70%
ethanol and air-dried after each trial to remove olfactory cues. During the retention trial,
spatial memory was indicated by the percentage of entries into the novel arm relative to
the familiar arm. Activity was indicated by the total number of arm entries into the
novel, familiar, and start arms.

Visible platform water maze task (VPWM). Rats received a habituation swim for 1 min
on PND 27 following the retention trial of the Y-Maze test. On PND 28-29, the VPWM
task was conducted using a procedure similar to that described in Chapter 3 with one
exception; the probe trial was administered 24 h following training rather than
immediately after training was completed. The longer delay was implemented to
determine if the bias toward a stimulus–response learning strategy, reported previously
following a 24-h delay in adult male rats exposed to stress (Kim et al., 2001), would
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similarly impact learning strategy in prepubertal rats subjected to the early life stress of
maternal separation.

Statistical analysis. The effects of sex (male, female) and separation condition (15 min,
180 min) on (1) the latency to feed on the novelty-suppressed feeding test, (2) the
percentage of time spent in the center of the open field, and (3) the percentage of time
spent on the open arms of the elevated plus maze were examined using an ANOVA.
Additionally, the latency to feed, the percentage of time spent in the center of the open
field, and the percentage of time spent on the open arms of the elevated plus maze were
used in a two-cluster analysis to categorize rats into high or low anxiety groups (Norusis,
2011). Separate χ2 analyses were conducted to determine the effects of biological sex
(male, female) and separation condition (15 min, 180 min) on anxiety level (high, low).
To examine group differences on the Y-maze, a difference score was computed by
subtracting the percentage of entries into the familiar arm from the percentage of entries
into the novel arm (McLaughlin, Baran, Wright & Conrad, 2005; Hawley et al., 2012).
Subsequently, ANOVAs were conducted with between-subjects effects of sex (male,
female) and separation condition (15 min, 180 min) on the difference score to assess
spatial memory, as well as the total number of arm entries to assess activity. Withingroup spatial memory was examined using paired-sample two-tailed t-tests to compare
the percentage of entries into the novel arm of the Y-maze relative to the familiar arm.
An ANOVA with a within-subjects effect of trial block (1–4) and between-subjects
effects of sex (male, female) and separation condition (15 min, 180 min) was conducted
to determine the effects of sex and separation condition on escape path length to confirm
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learning during the VPWM task. Separate χ2 analyses were conducted to determine the
effects of biological sex (male, female) and separation condition (15 min, 180 min) on
learning strategy preference (place, stimulus–response).

4.3 Results
Novelty-suppressed feeding test. The results of an ANOVA conducted on the latency to
feed on the novelty-suppressed feeding test indicated a main effect of separation
condition such that rats separated for 180 min were slower to begin feeding than rats
separated for 15 min [F(1, 22) =10.16, p< .01; data not shown]. No effect of sex [F(1,
22) = .19, p = .67] or interaction between sex and separation condition [F(1, 22) = .95, p
= .34] was found.

Open field test. The results of an ANOVA conducted on the percentage of time in the
center squares of the open field indicated a trend toward males spending less time in the
center of the open field than females [F(1, 22) = 3.94, p = .06; data not shown]. There
was no main effect of separation condition [F(1, 22) = 1.21, p = .28; data not shown] and
no interaction of sex and separation condition [F(1, 22) = .03, p = .87; data not shown] on
center time. The ANOVA conducted on total entries revealed a main effect of condition,
indicating that rats separated for 180 min were less active than rats separated for 15 min
[F(1, 22) = 16.34, p < .01; data not shown]. There was no main effect of sex [F(1, 22) =
2.45, p = .13; data not shown] or interaction between sex and separation condition [F(1,
22) = .01, p = .95; data not shown] on total entries.
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Elevated plus maze test. The results of an ANOVA conducted on the percentage of time
on the open arms of the elevated plus maze indicated that males spent significantly less
time on the open arms than females [F(1, 22) = 5.48, p < .01; data not shown].
Furthermore, regardless of sex, rats exposed to daily maternal separations of 180 min
spent significantly less time on the open arms than those rats separated for 15 min [F(1,
22) = 18.56, p < .01; data not shown]. Though not quite significant, the interactive effect
of sex and separation condition indicated that males separated for 180 min daily spent
less time on the open arms than females separated for 180 min daily [F(1, 22) = 3.43, p =
.08; data not shown]. An ANOVA on total arm entries indicated a main effect of
condition such that rats separated for 180 min made fewer total arm entries than rats
separated for 15 min [F(1, 22) = 11.81, p < .01; data not shown]. There was no main
effect of sex [F(1, 22) = 2.64, p = .12; data not shown] or interactive effect of sex and
separation condition [F(1, 22) = .97, p = .34; data not shown] on total arm entries.

Composite anxiety classification. The latency to feed on the novelty suppressed feeding
test, the percentage of time spent in the center of the open field, and the percentage of
time on the open arms of the elevated plus maze were all entered into a cluster analysis to
determine a composite anxiety score, generating two cluster centers for these variables
that allowed rats to be categorized as either high or low in anxiety. All prepubertal male
rats separated for 180 min were classified as high in anxiety [Fig. 4; χ2 = 7.00, p < .01],
but there was no difference in the number of males categorized as high or low in anxiety
level when separated for 15 min [Fig. 4; χ2 = .20, p =.66]. Additionally, there were no
differences in the number of prepubertal females categorized as high or low in anxiety for
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either the 15 min [Fig. 4; χ2 = 1.80, p = .18] or 180 min [Fig. 4; χ2 = .14, p = .71]
separation conditions.
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Figure 4. Categorization of anxiety levels based on a composite of measures
from the, the open field task, elevated plus maze, and novelty-suppressed feeding
tasks (n=8-12 per group). All males maternally-separated for 180 min daily
during the first 2 weeks of life displayed high levels of anxiety, in contrast to the
other groups (*p<.001; low anxiety versus high anxiety) (Grissom et al., 2012).

Y-Maze task. An ANOVA was conducted on the calculated difference score and
indicated that there were no differences as a function of either sex [F(1, 22) = .75, p =
.40], separation condition [F(1, 22) = 1.37, p = .25], or sex by separation condition [F(1,
22) = .02, p = .89]. However, paired-sample two-tailed t-tests comparing the percentage
of novel arm entries to familiar arm entries revealed that males separated for 15 min daily
recognized the novel arm [t(5) = ±3.14, p < .05; Fig. 5] and females separated for 15 min
tended to recognize the novel arm [t(4) = ±2.36, p = .08; Fig. 5]. Neither males [t(7) =
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±1.86, p = .11; Fig. 5] nor females [t(6) = ±.44, p = .68; Fig. 5] separated for 180 min
daily demonstrated recognition of the novel arm. An ANOVA conducted on total entries
indicated that there were no effects of sex [F(1, 22) = .10, p = .76], separation condition
[F(1, 22) = .53, p = .47] or sex by separation condition [F(1, 22) = .48, p = .50] on
activity.
70
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Figure 5. Performance on the Y-maze task. Only male rats separated for 15 min during
early life demonstrated spatial recognition of the novel arm of the Y-maze as indicated by
a percentage of novel arm entries that differed significantly from chance levels (50%,
dotted line; n=8-12 per group). However, females separated for 15 min in early life
showed a similar trend toward recognition of the novel arm. Neither males nor females
separated for 180 min in early life demonstrated recognition of the novel arm that
differed from chance levels (*p<.05; versus chance at 50%) (Grissom et al., 2012).

Visible platform water maze task (VPWM). The results of a repeated measures ANOVA
on training trials of the VPWM task revealed a significant effect of trial block [F(3,48) =
23.78, p<.001], and a trend toward a significant interactive effect of sex by trial block
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[F(3, 48) = 2.66, p = .06], such that females had shorter escape path lengths than males
during early stages of training. There were no main effects of sex [F(1, 16) = 2.18, p =
.16] or separation condition [F(1, 16) = .21, p = .65], and no interactive effects of
separation condition by trial block [F(3, 48) = 1.12, p = .35], sex and separation condition
[F(1, 16) = .04, p = .84], or sex and separation condition by trial block [F(3,48) = .29, p =
.84]. Therefore, as training progressed, the path length to locate the platform decreased
equally regardless of sex or separation condition (Fig. 6a). The results of the χ2 analyses
indicated that all prepubertal male rats separated for 180 min were stimulus-response
learners [Fig. 6b; χ2 = 7.00, p < .01], whereas no strategy preference was evident for
males separated for 15 min [Fig. 6b; χ2 = .20, p = .66] or for females separated for either
15 min [Fig. 6b; χ2 = .00, p = 1.00] or 180 min [Fig. 6b; χ2 = .50, p = .48].

4.4 Discussion
In the current experiment, we used a maternal separation paradigm to further
investigate sex differences in the relationship between anxiety and strategy. We recently
reported that separation of pups from their dams for 180 min daily during the first 2
weeks of life impaired later cognitive performance on a battery of tasks in prepubertal
male rats but not prepubertal females, when compared to rats from litters separated for 15
min daily (Frankola et al., 2010). A powerful effect of maternal separation was evident
in the current experiment, in which every male that underwent prolonged maternal
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Figure 6. Performance on the VPWM task. (a) Regardless of sex or separation
condition, rats learned the task at similar rates (n=8-12 per group). (b) On the
subsequent probe trial, all prepubertal males separated for 180 min from the dam
exhibited a significant preference for a stimulus-response strategy (**p<.01; place
versus stimulus-response) (Grissom et al., 2012).

40
separation from his dam was classified as high in anxiety and displayed a preference for
stimulus–response learning strategy. In contrast, anxiety levels and strategy preferences
were not altered in males that underwent brief maternal separations or in females
regardless of the duration of maternal separation. Additionally, males maternallyseparated for 180 min displayed impaired spatial memory on a Y-maze task as reported
previously (Frankola et al., 2010), although females in the current study that underwent
prolonged separations also were impaired on this task. The effects of prolonged periods
of maternal separation have been shown to cause dysregulation of the hypothalamic–
pituitary–adrenal axis and consequent impairment of hippocampal function (Meaney et
al., 1996; Cirulli et al., 2000; Levine, 2000; Huot et al., 2002; Andersen & Teicher, 2004;
Aisa et al., 2007; Faure et al., 2007; Lippmann et al., 2007; Aisa et al., 2009). Consistent
with the findings from the current study, alterations in these endpoints selectively impact
the affective and cognitive behaviors of male rats more so than females (Wigger &
Neumann, 1999; Slotten, Kalinichev, Hagan, Marsden & Fone, 2006).
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CHAPTER 5

5.1 Introduction
Previous research indicates that acetylcholine in the hippocampus and striatum
influences learning strategy preference, although the nature of the relationship has been
debated (Janis et al., 1998; Cahill and Baxter, 2001; Bizon et al., 2003; Parent and
Baxter, 2004; Fitz et al., 2008). On a dual-solution land T-maze task, which can be
solved by adopting either a place strategy or a response strategy, increased acetylcholine
release in the hippocampus was associated with the use of a place strategy on a probe trial
(Chang and Gold, 2003). Accordingly, the ratio of acetylcholine release in the
hippocampus relative to the striatum was lower in response learners compared to place
learners, surprisingly even before training was initiated. Furthermore, early in training,
acetylcholine release was elevated above baseline only in the hippocampus but, as
training progressed and rats began to switch to a response strategy, acetylcholine release
in the striatum increased concomitantly (Chang and Gold, 2003). These results indicate
that the relationship between cholinergic activity within the hippocampus and the
striatum plays a key role in modulating the preference and execution of learning strategy
in adult male rats.
As indicated in Chapters 2 and 3, we recently reported that a significantly higher
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proportion of prepubertal male rats preferred a stimulus-response strategy over a place
strategy on a dual-solution task as a result of increased trait anxiety, whereas prepubertal
females did not display a preference. Interestingly, female rats attain puberty one full
week before males (Kennedy and Mitra, 1963; Engelbregt et al., 2000). Correspondingly,
the hippocampus and its cholinergic component, which have both been implicated in
place strategy, develop earlier in females (Loy and Sheldon, 1987). Moreover,
cholinergic activity throughout the rat brain increases dramatically between 24 and 30
days of age, with the concentration of acetylcholine and the density of muscarinic
receptors in the whole brain nearly doubling (Coyle and Yamamura, 1976). Therefore, if
learning strategy is influenced by cholinergic activity in specific brain regions, and if this
activity develops at different rates in maturing males and females, then sex differences in
learning strategy preference during this developmental window might be predicted.
The objective of the current experiment was to examine the relationship between
learning strategy preference and cholinergic activity in prepubertal male and female rats.
Learning strategy was assessed on a dual-solution visible platform water maze (VPWM)
task. Following probe trials that assessed strategy preference, the densities of muscarinic
binding were determined in the hippocampus, the dorsolateral striatum, and the
basolateral amygdala by in vitro radioligand autoradiography. Based on our previous
findings (see Chapters 2 and 3), we predicted that prepubertal males would be more
likely to adopt a stimulus-response strategy than a place strategy, while prepubertal
females would not display a bias for stimulus-response strategy. Based on prior reports
(Chang and Gold, 2003; McIntyre et al., 2003), we predicted that rats adopting a
stimulus-response learning strategy would exhibit a lower ratio of muscarinic receptor
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binding in the hippocampus relative to the striatum when compared to rats adopting a
place strategy. Moreover, because the striatum and amygdala function in concert (Kim et
al., 2001; Packard and Wingard, 2004), we predicted that rats preferring a stimulusresponse strategy would exhibit a lower ratio of muscarinic binding in the hippocampus
relative to the basolateral amygdala when compared to rats preferring a place strategy.

5.2 Methods.
Subjects. Eight female and 8 male Long-Evans rats were purchased from Harlan
Laboratories (Indianapolis, IN) and mated at 65 days of age. The resulting 6 litters of
pups contributed 1–3 males and 1–3 females from each litter which were used in the
experiment. Fifteen males and 10 females were weaned on postnatal day (PND) 21 and
group housed by sex. All rats were given free access to food and water and maintained
on a 12:12 h light-dark schedule (lights on at 07:00 h).

Visible platform water maze. The visible platform water maze was conducted according
to the method described in Chapter 3.

Autoradiography. In vitro autoradiography for muscarinic receptor binding was
conducted according to procedures used in our laboratory previously (Dohanich et al.,
1985; Wolff et al., 2008). Rats were decapitated 1 h after completion of behavioral
testing at PND 28. Brains were removed, frozen with powdered dry ice, and stored at
-70°C. Frozen coronal sections (50 µm) were cut using a microtome cryostat, thawmounted on positively-charged microscope slides, and stored at -70°C. Sections were
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collected through the striatum (corresponding to bregma 1.00 mm through bregma 0.20
mm), dorsal hippocampus and basolateral amygdala (corresponding to bregma 23.00 mm
through bregma 24.16 mm), and ventral hippocampus (corresponding to bregma 24.80
mm through bregma 25.30 mm) (Paxinos & Watson, 1986).
Immediately prior to incubation, sections were allowed to thaw and dry at room
temperature. Three matched sections from each area (dorsolateral striatum, dorsal
hippocampus/ basolateral amygdala, and ventral hippocampus) for each subject were
incubated in 10 ml of 50 mM sodium-potassium phosphate buffer (pH = 7.4) containing a
3nM concentration of the muscarinic receptor antagonist [3H] quinuclidinyl benzilate
(QNB, 51.0 Ci/mmol) for 1 h. Incubation medium was then poured off, followed by a
cold rinse in fresh buffer for 5 min. Nonspecific binding was determined in parallel
incubations containing excess atropine sulfate (1 mM). Dry sections were placed in
contact with autoradiographic film (Amersham Hyperfilm MP, Buckinghamshire, UK)
which was exposed in X-ray cassettes for 14 days. Autoradiographic film was developed
with Kodak D-19 Developer for 2 min, rinsed in distilled water for 30 s, and fixed in
Kodak Rapid Fixer for 2 min.
Autoradiographs were analyzed by computer-assisted densitometry (MCID
Imaging Software, 7.0) separately by two different investigators who were blind to
conditions. To control for differences in the size of brain areas measured, the same 20 x
20 pixel area was selected for each brain section, and the relative optical density was
recorded for the selected area. Relative optical densities were converted to nCi/mg
protein by reference to plastic tritium standards containing known quantities of
radioactivity (Microscales, Amersham, Buckinghamsire, UK) included on each film
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sheet. Images from sections incubated with atropine to determine non-specific binding
were undetectable, therefore, optical densities from sections without atropine were
analyzed and total binding was used for statistical analysis (Wolff et al., 2008).
Measurements were normalized by determining the density of each film sheet outside the
exposure area to obtain a background value.

5.3 Results
Visible platform water maze task (VPWM). A repeated-measures analysis of variance
(ANOVA) with between-subject effects of sex (male, female) and strategy preference
(place, stimulus-response) and a within-subject effect of two-trial block (T1–T4) was
performed to confirm learning of the visible platform location over the eight training
trials. Escape path lengths decreased significantly over training trial blocks, [F(3,51) =
14.18, p < 0.01], which indicated that rats learned the location of the visible platform.
There was no effect of sex [F(1,17) = 0.66, p=.43] or interactive effect of sex by training
trial block [F(3,51) = 2.36, p=.08] on escape path length (Fig. 7a). However, there was a
significant effect of strategy preference on escape path length (Fig. 7b), such that place
learners displayed longer escape path lengths when acquiring the task than stimulusresponse learners [F(1,17) = 5.09, p < 0.05], similar to a previous report of a relationship
between strategy use and learning rate (Pych, Chang, Colon-Rivera, Haag & Gold, 2005).
Nevertheless, both stimulus-response learners and place learners reached the platform in
similar escape path lengths by the end of training.
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Figure 7. Performance on training trials on the VPWM task demonstrated no
differences in learning based on (a) sex, but differed based on (b) strategy
preference during the first and third blocks of training. All rats reached the same
level of performance by the conclusion of training (*p<.05, place versus stimulusresponse; n=10-15 per group) (Grissom et al., 2013).

Strategy preference. Preferences in learning strategy during the probe trial were assessed
for males and females by performing separate χ2 analyses (Fig. 8). Results indicated that
prepubertal male rats were biased toward a stimulus-response strategy, [χ2 = 5.40, p <
0.05] while prepubertal females did not exhibit a strategy preference [χ2 = 0.40, p=. 53].

Muscarinic receptor binding. The densities of muscarinic receptor binding of the
radioligand [3H] QNB were measured by in vitro autoradiography in subfields of the
hippocampus, as well as in the dorsolateral striatum and basolateral amygdala (Fig. 9).
Previous studies that have examined the relationship between learning strategy preference
and acetylcholine release in the hippocampus relative to the dorsolateral striatum
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Figure 8. Performance on the VPWM task. Results of the probe trial on the
VPWM indicated males preferred a stimulus-response strategy whereas females
did not demonstrate a strategy preference (*p<.05, stimulus-response versus
place; n=10-15 per group) (Grissom et al., 2013).

(McIntryre et al., 2003) analyzed the ratios of release between these regions. Similarly,
we analyzed the ratio of muscarinic binding in the hippocampus relative to the
dorsolateral striatum, as well as the ratio of binding in the hippocampus relative to the
basolateral amygdala. Given the degree of homogeneity in receptor binding throughout
the dorsal and ventral regions of the hippocampus, muscarinic binding across all areas of
the dorsal and ventral aspects were first summed to represent total muscarinic binding in
the hippocampus. An ANOVA on the ratio of muscarinic binding in the hippocampus
relative to the dorsolateral striatum (total hippocampus/dorsolateral striatum) revealed a
significant main effect of sex, which indicated that males had smaller ratios of muscarinic
binding than females [Fig. 10a; F(1,9) = 9.74, p < 0.05], and a significant main effect of
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strategy preference, which indicated that stimulus-response learners had smaller ratios of
muscarinic binding than place learners [Fig. 10b; F(1,9) = 9.02, p < 0.05].
Exploratory analysis of muscarinic binding in the dorsolateral striatum indicated
that the strategy-specific difference in the binding ratio was accounted for primarily by
the striatum [F(1,21) = 7.97, p<0.05], specifically, stimulus-response learners displayed
higher binding in this area [M = 23.71, SE ± 1.02] compared to place learners [M=19.75,
SE ± 0.97]. Furthermore, as indicated in Table 1, the relationship between strategy
preference and the ratio of muscarinic binding in hippocampus relative to the dorsolateral
striatum was more pronounced in the ventral aspect of the hippocampus with binding
ratios achieving statistical significance for CA1, CA3, and dentate gyrus.

Table 1. Means and standard errors of ratios of muscarinic binding in areas CA1, CA3,
and the dentate gyrus (DG) of the dorsal and ventral hippocampus relative to the
dorsolateral (DL) striatum and basolateral (BL) amygdala (Grissom et al., 2013).
Biological Sex
Male

Female

Learning Strategy
P-value

Place

S-R

P-value

Muscarinic binding ratios in areas of the hippocampus relative to dorsolateral striatum
Dorsal CA1/DL Striatum
0.66 ± 0.06 0.79 ± 0.08 0.22
0.82 ± 0.08 0.63 ± 0.06
Dorsal CA3/DL Striatum
0.47 ± 0.06 0.58 ± 0.07 0.25
0.53 ± 0.07 0.52 ± 0.06
Dorsal DG/DL Striatum
5.16 ± 0.13 2.50 ± 0.15 0.11
2.51 ± 0.15 2.14 ± 0.13
Ventral CA1/DL Striatum
0.73 ± 0.03 0.95 ± 0.03 0.00
0.92 ± 0.03 0.76 ± 0.03
Ventral CA3/DL Striatum
0.38 ± 0.04 0.47 ± 0.04 0.14
0.50 ± 0.04 0.34 ± 0.04
Ventral DG/DL Striatum
2.06 ± 0.12 2.57 ± 0.11 0.01
2.54 ± 0.12 2.09 ± 0.11

0.08
0.33
0.08
0.00
0.02
0.02

Muscarinic binding ratios in areas of the hippocampus relative to basolateral amygdala
Dorsal CA1/ BL Amygdala 1.91 ± 0.18 2.01 ± 0.23 0.75
2.33 ± 0.24 1.59 ± 0.17
Dorsal CA3/BL Amygdala
1.40 ± 0.19 1.41 ± 0.24 0.99
1.51 ± 0.24 1.30 ± 0.19
Dorsal DG/BL Amygdala
5.76 ± 0.49 6.24 ± 0.60 0.55
7.38 ± 0.61 4.62 ± 0.48
Ventral CA1/BL Amygdala 2.32 ± 0.34 2.36 ± 0.36 0.95
3.00 ± 0.41 1.69 ± 0.29
Ventral CA3/BL Amygdala 0.97 ± 0.11 1.08 ± 0.10 0.45
1.26 ± 0.12 0.79 ± 0.08
Ventral DG/BL Amygdala
6.30 ± 0.86 6.01 ± 0.92 0.82
7.70 ± 1.02 4.61 ± 0.72

0.02
0.50
0.00
0.02
0.01
0.03

Values represent means ± SE. Significantly different groups are bold
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An ANOVA on the ratio of muscarinic binding in the hippocampus relative to the
basolateral amygdala (total hippocampus/basolateral amygdala) revealed a significant
main effect of strategy preference [Fig. 10b; F(1,10) = 9.07, p < 0.05], such that stimulusresponse learners had a significantly smaller ratio than place learners. There was no main
effect of sex [Fig. 10a; F(1,10) = 2.28] or interactive effect of sex and strategy [F(1,10) =
0.74, p=.61; data not shown]. Exploratory analysis of total binding in the basolateral
amygdala indicated that the strategy-specific difference in the binding ratio was
accounted for primarily by the amydala [F(1,17) = 4.57, p < 0.05], specificially stimulusresponse learners had a strong trend toward greater total binding in this area [M=10.36,
SE±0.82] compared to place learners [M=7.36, SE ±1.14]. Furthermore, as indicated in
Table 1, the relationship between strategy preference and the ratio of muscarinic binding
in hippocampus relative to the basolateral amygdala was expressed in all subfields of the
hippocampus with the exception of the dorsal CA3 region.

Figure 9. Representative autoradiographs highlighting CA1, CA3, and the
dentate gyrus (DG) of the (a) dorsal hippocampus, and the (b) ventral
hippocampus, as well as the (c) dorsolateral striatum, and the (d) basolateral
amygdala (Grissom et al., 2013).

Finally, an ANOVA on the ratio of muscarinic receptor binding in the dorsolateral
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striatum relative to the basolateral amygdala (dorsolateral striatum/basolateral amygdala)
indicated no main effects of sex [F(1,13) = 1.02, p=.33] or strategy preference [F(1,13) =
0.14, p=.71], and no interaction of sex and strategy preference [F(1,13) = 0.25, p=.63].
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Figure 10. Comparison of the ratios of muscarinic binding in the hippocampus,
dorsolateral striatum, and basolateral amygdala based on (a) biological sex
(*p<.05; male versus female) and (b) learning strategy preference. (*p<.05;
stimulus-response versus place; n=10-15 per group) (Grissom et al., 2013).
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5.4 Discussion
The current study confirms our central finding of a sex difference in learning
strategy preference among prepubertal rats (see Chapter 2, 3, and 4). Furthermore,
evidence of differences in cholinergic muscarinic binding ratios paralleled results from
previous studies that reported similar ratios of acetylcholine release linked to learning
strategy (Chang and Gold, 2003; McIntyre et al., 2003). Specifically, the ratios of
muscarinic binding in the hippocampus relative to the striatum were lower in prepubertal
males compared to females and lower in stimulus-response learners compared to place
learners. Moreover, a lower muscarinic binding ratio in the hippocampus relative to the
amygdala of stimulus-response learners implicates the amygdala in the modulation of
learning strategy preference. Overall, the current findings support a role of acetylcholine
as a key neurotransmitter governing the type of learning strategy used by prepubertal
male and female rats.
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CHAPTER 6

6.1 Introduction
Changes in the milieu of gonadal hormones during early development have far
reaching impacts on sex differences in both the brain and resulting behavior in later life
(Phoenix, Goy, Gerall & Young, 1959; Milner & Loy, 1982; Arnold & Breedlove, 1985;
McCarthy, Wright & Schwartz, 2009). Alterations in sexual behaviors of females
following administration of testosterone or one of its metabolites shortly after birth
indicated that hormone administration defeminized and masculinized behavior (Phoenix
et al., 1959; Young, Goy & Phoenix, 1964; Beatty, 1979; McEwen, 1980; Arnold &
Breedlove, 1985). Later research extended these findings to cognitive measures
(Williams, Barnett & Meck, 1990; Roof, 1993a,b), revealing that administration of
testosterone or estradiol shortly after birth resulted in later improvements in spatial ability
and changes to the hippocampus in adult females (Roof & Havens, 1993; Roof, 1993a)
such that they were indistinguishable from adult males and significantly different from
untreated adult females. To extend these findings, in the current experiment testosterone
propionate was administered to female rodents at 24 and 48 h after birth, and learning
strategy on the visible platform water maze was examined. Additionally, brains were
harvested following testing to determine if the sex differences in muscarinic binding
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reported in Chapter 5 differ with masculinization of the female brain to mirror that of
males.

6.2 Methods
Subjects. Six litters of pups were bred according to methods described in previous
chapters.

Hormone treatment. At 24 h and 48 h after birth, female pups were injected
subcutaneously at the back of the neck with either 150μg (300μg total) testosterone
propionate suspended in sesame oil vehicle, or oil vehicle alone delivered in a volume of
0.1ml based on previously reported methods (Roof & Havens, 1993; Roof, 1993a,b).
Males were similarly administered only oil vehicle following the same procedure. The
injection site was sealed with cyanoacrylate tissue adhesive (3M VetbondTM, St. Paul,
MN), and pups were injected with india ink on the right or left paw to indicate treatment
group. Pups were then cleaned and rubbed in litter from the home cage before being
returned to the dam. Dams and litters were observed for a period of 30 min following
injection to confirm that pups were not rejected.

Visible platform water maze task (VPWM). The visible platform water maze was
conducted according to methods described in Chapters 3 and 5.

Muscarinic binding. Tissue was harvested and processed according to methods described
in Chapter 5.

54
6.3 Results
Visible platform water maze task (VPWM). A repeated-measures analysis of variance
(ANOVA) with between-subject effects of treatment group (male+oil, female+oil,
female+testosterone) and learning strategy preference (place, stimulus-response) and a
within-subject effect of two-trial block (T1–T4) was performed. Escape path lengths
decreased significantly over training trial blocks, [F(3,87)=10.11, p < 0.001], which
indicated that rats learned the location of the visible platform. There were no effects of
treatment [Fig. 11a; F(1,29) = 0.27, p=.77 ], learning strategy preference [F(1,29) = 0.11,
p=.74; data not shown], or interactive effect of treatment by training trial block [F(3,87)
= 0.2.64, p=.09; data not shown] on escape path length.
Preferences in learning strategy during the probe trial were assessed for males and
females by performing separate χ2analyses (Fig. 11b). Results indicated that prepubertal
male rats treated with oil vehicle were biased toward a stimulus-response strategy, [χ2 =
8.00, p<.01] while prepubertal females treated with oil vehicle were biased toward a
place strategy [χ2 = 4.50, p<.05]. Furthermore, prepubertal females treated with
testosterone propionate were biased toward a stimulus-response strategy [χ2 = 5.44,
p<.05], similar to males.

Muscarinic Binding. The densities of muscarinic receptor binding of the radioligand [3H]
QNB were measured by in vitro autoradiography in subfields of the hippocampus, as well
as in the dorsolateral striatum. Given the degree of homogeneity in receptor binding
throughout the dorsal and ventral regions of the hippocampus,
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Figure 11. Performance on the VPWM task. (a) Regardless of sex or hormone
treatment, prepubertal rats learned to navigate to the visible platform at similar
rates as indicated by escape path lengths. (b) Males treated neonatally with oil
(Males + Oil), and prepubertal females treated neonatally with testosterone
propionate (Females + TP) preferred a stimulus-response strategy whereas
prepubertal females treated neonatally with oil preferred a place strategy (Females
+ Oil) (*p<.05, **p<.01; stimulus-response versus place; n=8-12 per group).
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Figure 12. Ratios of muscarinic binding in the hippocampus compared to the
striatum. (a) Prepubertal males treated with oil had a significantly lower ratio of
muscarinic binding in total hippocampus relative to the dorsolateral striatum than
prepubertal females treated with either oil or TP. (b) Rats preferring a stimulusresponse strategy had a significantly lower ratio of muscarinic binding in total
hippocampus relative to the dorsolateral striatum than rats using a place strategy
(*p<.05, **p<.01; n=8-12 per group).
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muscarinic binding across all areas of the dorsal and ventral aspects were first summed to
represent total muscarinic binding in the hippocampus. There was a significant main
effect of treatment [F(2,11) =6.08, p < 0.05]. Post-hoc analysis using the least squared
difference (LSD) test indicated that males had lower ratios of muscarinic binding in the
total hippocampus relative to the dorsolateral striatum than vehicle-treated females [ p <
0.05; Fig. 12a], and testosterone-treated females [p < 0.05; Fig. 12a]. However there was
a trend toward testosterone-treated females having a greater ratio compared to oil-treated
females [p=.07]. There was also a significant main effect of learning strategy preference,
which indicated that stimulus-response learners had lower ratios of muscarinic binding in
the total hippocampus relative to the dorsolateral striatum than place learners [F(1,11) =
6.67, p < 0.05; Fig. 12b].

6.4 Discussion
The current experiment indicates that masculinization of the female brain by
exposure to testosterone during a critical neonatal period impacts learning strategy
preference displayed prior to puberty. Previous research has demonstrated an
improvement in spatial learning when either testosterone propionate (Roof, 1993 a,b) or
estradiol benzoate (Williams, et al., 1990) was administered to females neonatally,
corresponding to a sex difference in spatial ability that favored adult male rodents
(Williams et al., 1990; Roof, 1993 a,b). Williams et al. (1990) suggested that the
preferred strategy for solving a radial arm maze in adulthood is shifted by treatment with
gonadal hormones in early life. In addition, we have shown that prepubertal males favor
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a stimulus-response strategy on a dual-solution visible platform water maze, whereas
females are more likely to use a place rather than a stimulus-response strategy (Chapters
2, 3, 4 and 5). Consistent with these findings, prepubertal female rats did not
demonstrate a preference for either a response or place strategy on a dual solution water
T-maze (Pliel and Williams, 2010).
The results of this experiment confirmed our previous findings that prepubertal
rats using a stimulus-response strategy on the visible platform water maze had a smaller
ratio of muscarinic binding in the hippocampus relative to the dorsolateral striatum than
rats using a place strategy (Chapter 5). In agreement with findings in Chapter 5,
prepubertal males had a smaller ratio of muscarinic binding in the hippocampus relative
to the striatum compared to prepubertal females. However, the ratio of muscarininc
binding in the hippocampus relative to the striatum was greater in prepubertal females
treated with testosterone compared to prepubertal males.
Given that the sex differences in the behavioral portion of the current experiment
were impacted by hormone treatment, but muscarinic binding ratios were not, it is likely
that other neurotransmitter systems are implicated in strategy preference, interacting with
and/or acting independently of the cholinergic system. In addition to acetylcholine, both
dopamine release (Gabriele, Setlow & Packard, 2009) and norepinephrine release (Canal,
Chang & Gold, 2008) contribute to learning strategy preference. Interestingly, sex
differences in these systems also exist (Papaioannou, Dafni, Alikaridis, Bolaris &
Stylianopoulou, 2002; Staiti, Morgane, Galler, Grivetti, Bass & Mokler, 2011), though all
of these findings were found in adult rodents.
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CHAPTER 7

7.1 Introduction
In our behavioral experiments, females and males were tested at 28 days of age,
well before the onset of puberty when the activational effects of gonadal hormones are
minimal. Therefore, sex differences in learning strategy expressed prior to puberty may
result primarily from earlier organizational events. Indeed, we found that prepubertal
females treated with testosterone during the critical organizational period shortly after
birth were biased toward a stimulus-response strategy similar to vehicle-treated
prepubertal males while vehicle-treated prepubertal females were biased toward a place
strategy at 28 days old (Chapter 6). Taken together, our findings suggest that the early
postnatal hormone environment establishes a sex difference in learning strategy
preference prior to the onset of puberty.
The source of behavioral sex differences in early life may result from several
factors. As we reported in Chapter 5, the cholinergic system differs based on both sex
and strategy preference, providing a possible explanation for behavioral differences.
Similarly, in Chapter 6, we found that organization by gonadal hormones during the
neonatal period could also be the source of differences in strategy preference. The
current study examined the dendritic architecture of the hippocampus in males and
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females at the same age as behavioral differences to determine if structural sex
differences may be implicated in behavioral sex differences from a developmental
standpoint. Specifically, we sought to examine if the female hippocampus is more
developed than the male hippocampus at 28 days of age, correlating with a preference for
a place strategy in prepubertal females that is not displayed by prepubertal males.

7.2 Methods
Subjects. Four litters of Long-Evans rat pups born to breeder rats purchased from Harlan,
Inc. (Indianapolis, IN) were used in this study. Housing conditions were identical to all
prior experiments.

Golgi Staining. A commercially available rapid Golgi staining kit (FD
NeuroTechnologies, Inc., Columbia, MD, #PK401) was used to stain pyramidal neurons
in CA1 of the dorsal hippocampus. Rats were decapitated on PND 28, and brains were
removed and stained according to the manufacturer’s instructions. Slices (100 µm thick)
were cut using a microtome cryostat, thaw-mounted on gel-coated microscope slides, and
coverslipped. Sections were collected through the dorsal hippocampus (corresponding to
bregma 23.00 mm through bregma 24.16 mm; Paxinos & Watson, 1986). Representative
neurons from a prepubertal male and prepubertal female can be seen in Fig. 13.

Dendritic architecture. Neurons were traced using Neurolucida (MBF Neuroscience,
Chicago, IL ). Once traced, the length of the arbor, as well as the number of segments
and mean length of segments were measured for comparison. Only neurons that were
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fully impregnated and did not show any breaks in the dendrites were included in analysis.
Prepubertal
Male

Prepubertal
Female

Figure 13. Represenative images of Golgi-impregnated pyramidal neurons in the
CA1 area of the dorsal hippocampus. The area in blue or pink indicates the apical
portion of the neuron where differences are reported, indicating that females have
greater apical dendritic complexity and spine density than males at 28 days old.

Dendritic spine density analysis. To determine spine density, experimenters blind to the
sex of the rat counted apical dendritic spines in 50 µm sections using ImageJ software
(Research Services Branch, NIMH, Bethesda, Maryland, USA).

Statistical analysis. Only rats where a minimum of three neurons were traced and
analyzed were included in the analysis. Once traced, data from each rat were collapsed to
create a mean for all measures. Independent samples t-tests were conducted to compare
males and females on variables of total apical dendritic arbor length, mean apical
dendritic arbor segment length, the mean number of apical dendritic segments, and the
mean dendritic spine density.
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7.3 Results
Dendritic architecture. The results of independent samples t-tests revealed that females
had a significantly greater number of apical branch segments [Fig. 14a; t(5)=2.67, p<.05],
greater mean length of apical branch segments [Fig. 14b; t(5)=2.50, p<.05] and a trend
toward greater total apical dendritic arbor length [t(5)=2.16, p=.09; data not shown].
There were no significant differences based on sex in the number of basal branch
segments [t(5)=.91, p=.40; data not shown] or mean length of basal branch segments
[t(5)=.99, p=.36; data not shown].

Dendritic spine density. The results of independent samples t-tests indicated females had
a significantly greater density of dendritic spines than males [Fig. 15; t(4)=2.38, p<.05].
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Figure 14. Apical dendritic architecture was more complex in prepubertal
females compared to males, as indicated by (a) a greater mean number of
dendritic segments, and (b) a greater mean length of dendritic segments (*p<.05,
prepubertal male versus female; n=5-7 rats per group).
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Figure 15. Apical dendritic spine density (number of spines/50 µm segments)
was significantly greater in prepubertal females compared to prepubertal males
(*p<.05, males versus females; n=5-7 rats per group).

7.4 Discussion
In the current study, we examined the arborization of dendrites of pyramidal
neurons in the CA1 area of the dorsal hippocampus in male and female rats at 28 days of
age, mirroring the age at which we find differences in strategy preference. Prepubertal
females expressed a significantly greater number of apical segments and a greater mean
length of apical segments when compared to males of the same age, however no sex
differences were evident in the basal arbor. Furthermore, we found a significantly higher
density of spines on apical dendrites of females compared to males.
Our results indicated that the tendency of prepubertal female rats to prefer a
hippocampus-associated place strategy is linked to a more complex dendritic arbor in the
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CA1 region of the female hippocampus compared to males. This sex difference in
dendritic arborization and spine density could be the result of the sex difference in early
hormone conditions and/or a sex difference in the trajectory of hippocampal
development, given that female rats reach puberty almost a full week before males at 36
versus 42 days of age. These results, in addition to prior studies (see Chapter 5), find that
the source of behavioral sex differences in early life may result from earlier maturation of
the hippocampus in terms of either neurochemical or neuroarchitectural endpoints.
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CHAPTER 8

The current studies describe novel evidence of sex differences in learning strategy
preference in prepubertal rats. Results indicate that prepubertal males preferred a
striatum-associated stimulus-response strategy, while females were more likely to use a
hippocampus-associated place strategy on a dual-solution water maze task. Furthermore,
trait anxiety was associated with a stimulus-response strategy preference in prepubertal
males, but not prepubertal females. Additionally, daily extended separation from dams
for a two-week period after birth elevated trait anxiety and resulted in a stimulusresponse bias in prepubertal males, but had no impact on either anxiety or strategy
preference in prepubertal females. Sex differences were further examined by
manipulation of gonadal hormones during a critical period in development shortly after
birth. Prepubertal females masculinized by injections of testosterone during the neonatal
period preferred a stimulus-response strategy on a dual-solution water maze task as did
males treated with oil vehicle. Conversely, oil treated prepubertal females preferred a
place strategy.
Sex differences extended beyond behavioral measures. Males expressed a lower
ratio of muscarinic binding in the hippocampus versus the striatum compared to
prepubertal females. Furthermore, prepubertal rats preferring a stimulus-response
strategy expressed a lower ratio of muscarinic binding in the hippocampus versus the
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striatum, as well as in the hippocampus versus the basolateral amygdala, when compared
to rats preferring a place strategy. Sex differences were evident in the morphology of
neurons of the hippocampus. Specifically, males had less complex apical arbor and
lower dendritic spine density on the apical portion of pyramidal neurons in the CA1 field
of the dorsal hippocampus compared to prepubertal females. Taken together, these
results indicate that sex-specific differences in learning strategy preference are associated
with neurochemical and structural features hypothesized to underlie the use of one
learning strategy over another on dual-solution tasks. Additonally, morphological sex
differences in the hippocampus at the same age as behavioral sex differences in learning
strategy prior to puberty indicate more rapid development of the apical arbor in
prepubertal females compared to males.

8.1 Sex Differences in Learning Strategy Prior to and Following Puberty
A number of investigations have attempted to demarcate the specific age at which
rats are capable of using learning strategies mediated by the striatum or hippocampus.
These reports indicate that stimulus-response strategy develops as early as 17 days of age
in rats while place strategy develops by approximately 20 days of age (Rudy & Paylor,
1987; Brown & Whishaw, 2000; Carman, Booze, Snow & Mactutus, 2003; Akers et al.,
2007; Akers & Hamilton, 2007). By 28 days of age, when strategy was assessed in
Experiment 1, all rats should have been capable of using either strategy to learn the
location of the visible escape platform during training trials. Therefore, the aim of
Experiment 1 was not intended to determine the capability of young rats to use specific
learning strategies but rather the preference of prepubertal rats for stimulus-response
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strategy versus place strategy on a task that could be solved efficiently by either
approach.
Results indicate that the effects of biological sex and gonadal hormones on learning
strategy preference differ in prepubertal rodents from the effects of these variables
reported previously in adults. Adult male rodents typically prefer place strategy to solve
dual-solutions tasks, particularly early in training (Chang and Gold, 2003; Hawley et al.,
2012), while adult females prefer place strategy only when estradiol levels are elevated
(Korol, 2004). However, results of Experiment 1 indicated that, unlike adult male rats, a
significantly greater proportion of prepubertal male rats at 28 days of age adopted a
stimulus-response strategy rather than a place strategy. Paralleling our findings, female
rats tested at 26 days of age did not display a strategy preference on a dual-solution water
T-maze task, however, a place strategy preference reached statistical significance when
females were treated with estradiol, indicating that prepubertal females are responsive to
the estrogen (Pleil and Williams, 2010). Although no sex difference in strategy
preference was reported in older prepubertal rats at 34 days of age in an earlier report
(Kanit et al., 2000), methodological differences, including extended training days
(Packard, 1999; Kanit et al., 2000; Chang and Gold, 2003), could explain the failure to
detect a difference in strategy preference between males and females at 28 days of age in
the current experiment.
Various factors could contribute to the prepubertal sex difference in learning
strategy preference found in Experiment 1. For example, prepubertal development varies
considerably between male and female rats, with females normally reaching puberty one
full week before males (Kennedy and Mitra, 1963; Engelbregt et al., 2000). Although
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comparisons of the structural development of specific brain regions between sexes are
scarce, available morphological evidence indicates that the hippocampus develops earlier
in females (Loy and Sheldon, 1987; Juraska, 1990). Furthermore, cell proliferation
during development of the hippocampus is sex-specific partly as a result of estradiol
present in the brains of newborn males, but not newborn females (Bowers, Waddell &
McCarthy, 2010). Estradiol is well documented to interact with the cholinergic system
(Gibbs, 1997; Gabor, Nagle, Johnson & Gibbs, 2003; Hammond & Gibbs, 2011), and
therefore, could impact muscarinic binding in a sex-specific manner during early life. At
28 days of age when strategy preference was assessed in the current study, female brains
likely were more advanced in their development than male brains, particularly within the
hippocampus, which mediates the use of place strategy.
The goal of Experiment 1 was to examine learning strategy preference in males
and females prior to puberty and to compare this preference to adult male and female rats
on a dual-solution water maze task that allowed rats to use either a striatum-associated
stimulus-response strategy or a hippocampus-associated place strategy to learn the
location of a visible escape platform. Prepubertal males performed oppositely to their
adult male counterparts, with a significant proportion preferring a stimulus-response
strategy on the visible platform water maze, rather than a place strategy like adult males.
Importantly, the sex difference in learning strategy in prepubertal rats was found in five
experiments reported in the current document. When unmanipulated and control rats are
compared across five experiments, a dissociation is evident, such that prepubertal males
preferred a stimulus-response strategy and prepubertal females preferred a place strategy
(Fig. 16).
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Figure 16. Learning strategy preference across five experiments on the dualsolution visible platform water maze (VPWM). Prepubertal males (n=107)
preferred a stimulus-response strategy [χ2=15.71]. Conversely, prepubertal
females (n=86) preferred a place strategy on the VPWM [χ2=5.63] (**p<.01,
*p<.05, stimulus-response versus place). All methods were identical and all rats
were tested at 28 days of age across the five experiments.

8.2 Biological Sex, Anxiety, Maternal Care & Learning Strategy in Prepubertal
Rats
To extend the findings of Experiment 1, Experiments 2 and 3 focused on the
relationship between biological sex, learning strategy, and anxiety in prepubertal rats.
The results of Experiments 2 and 3 confirm previous reports that elevated anxiety biases
rats toward the use of striatum-based strategies over hippocampus-based strategies
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(Elliott & Packard, 2008; Hawley et al., 2011). The current findings extend this
relationship in several ways. Higher levels of trait anxiety were associated with a
preference for a striatum-dependent stimulus–response strategy in prepubertal male rats,
but not prepubertal females (Experiment 2). Additionally, every male rat that underwent
daily separations from his dam for 180 min during the first 2 weeks of life displayed high
levels of anxiety and preferred a striatum-based stimulus-response strategy (Experiment
3). Overall, Experiments 2 and 3 indicate a robust sex-dependent relationship between
anxiety level and learning strategy such that high levels of anxiety predicted the
preference for a stimulus–response strategy in prepubertal male rats, but not female rats.
In adult male rodents, exposures to stressors and elevations in anxiety shift how
information is learned. Following exposures to either acute (Kim et al., 2001) or chronic
stressors (Ferragud et al., 2010), or following administration of anxiogenic drugs (Packard & Wingard, 2004), adult male rats were biased away from hippocampus-based place
strategies and toward striatum-dependent response strategies. Moreover, high levels of
natural or trait anxiety in adult male rats were associated with a propensity to adopt a
stimulus–response strategy on the visible platform water maze task (Hawley et al., 2011).
The current results extend these findings to an earlier age. In support of our initial
hypothesis, the preference for a stimulus–response strategy in prepubertal rats was linked
to higher levels of naturally-occurring trait anxiety in prepubertal males, but not
prepubertal females.
Adult male rodents typically use a place strategy to solve dual-solution learning
tasks, particularly during the early stages of training (Packard & McGaugh, 1996; Elliott
& Packard, 2008; Hawley et al., 2012). However, in the current experiments, prepubertal
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males clearly preferred a stimulus–response strategy over a place strategy, indicating that
the choice of learning strategy in males is affected by the age of the learner.
Conceivably, levels of testosterone characteristic of prepubertal males (Little, Adams, &
Cicero, 1992) may have exacerbated the stress response to the mildly aversive water
environment used to assess learning strategy (Handa et al., 1994; Viau & Meaney, 1996;
Romeo, Lee, Chhua, McPherson, & McEwen, 2004; Seale, Wood, Atkinson, Harbuz, &
Lightman, 2004; Seale et al., 2004). Consequently, an enhanced stress response may have
heightened anxiety, biasing prepubertal male rats toward a stimulus–response learning
strategy. This possibility is especially intriguing given that maternal separation has been
shown to amplify the reactivity of the hypothalamic-pituitary–adrenal axis (Wigger &
Neumann, 1999; Slotten et al., 2006). Taken together, low levels of testosterone, in
conjunction with the stressful nature of the testing environment and the demands of the
learning task may account for dissimilar strategy preferences in prepubertal versus adult
male rats.
Unlike prepubertal males, prepubertal female rats did not display a clear preference
for a striatum-dependent stimulus–response strategy over a hippocampus-dependent place
strategy, a result that may be related to other well-documented sex differences. First, an
extensive literature provides strong evidence that both adult and prepubertal female
rodents are less vulnerable than males to the adverse effects of stress and anxiety on the
performance of various spatial tasks (Luine, Villegas, Martinez, & McEwen, 1994;
Conrad et al., 1996; Bowman, Zrull, & Luine, 2001; Beck & Luine, 2002; Bowman,
Beck, & Luine, 2003; Conrad, Grote, Hobbs, & Ferayorni, 2003; Kitraki, Kremmyda,
Youlatos, Alexis, & Kittas, 2004; Frankola et al., 2010;). As suggested by Beck and
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Luine (2010), females may be more resilient than males, and therefore, less likely than
males to shift to non-hippocampus-based strategies even under conditions of elevated
stress or anxiety. Second, male and female rats develop at different rates, with females
reaching puberty approximately one full week before males (Kennedy & Mitra, 1963;
Engelbregt et al., 2000). Correspondingly, the hippocampus, which controls place
strategy, develops earlier in females (Loy & Sheldon, 1987; Juraska, 1990) while the
amygdala, which is implicated in anxiety, develops earlier in males (Siddiqui & Shah,
1997; Cooke & Woolley, 2005). Therefore, sex differences in brain development could
account for a sex difference in anxiety-cognition interactions that impact learning
strategy preference as found in the current experiments.
In Experiment 3, a maternal separation paradigm was used to further investigate sex
differences in the relationship between anxiety and strategy. We recently reported that
separation of pups from their dams for 180 min daily during the first 2 weeks of life
impaired later cognitive performance on a battery of tasks in prepubertal male rats but not
prepubertal females, when compared to rats from litters separated for 15 min daily
(Frankola et al., 2010). A powerful effect of maternal separation was evident in
Experiment 3, in which every male that underwent prolonged maternal separation from
his dam was classified as high in anxiety and displayed a preference for stimulusresponse learning strategy. In contrast, anxiety levels and strategy preferences were not
altered in males that underwent brief maternal separations or in females regardless of
their duration of maternal separation. Additionally, males maternally-separated for 180
min in Experiment 3 displayed impaired spatial memory on a Y-maze task as reported
previously (Frankola et al., 2010), although females in the current study that underwent
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prolonged separations also were impaired on this task. The effects of prolonged periods
of maternal separation have been shown to cause dysregulation of the hypothalamic–
pituitary–adrenal axis and consequent impairment of hippocampal function (Meaney et
al., 1996; Cirulli et al., 2000; Aisa; Levine, 2000; Lenox, & McNamara, 2002; Andersen
& Teicher, 2004; Faure et al., 2007; Huot et al., 2007; Tordera et al., 2007; Aisa et al.,
2009). Consistent with the findings from the current study, alterations in these endpoints
selectively impact the affective and cognitive behaviors of male rats more so than
females (Wigger & Neumann, 1999; Slotten et al., 2006).

8.3 The Cholinergic System, Learning Strategy and Biological Sex Differences in
Prepubertal Rats
In Experiment 4, results implicate the involvement of muscarinic binding in brain
areas previously shown to influence learning strategy preference (McDonald and White,
1993; Packard et al., 1994; White and McDonald, 2002). Specifically, prepubertal rats
that preferred a stimulus-response strategy on the VPWM task expressed lower ratios of
binding in the hippocampus relative to the striatum, and in the hippocampus relative to
the amygdala, compared to place learners. Additionally, prepubertal males exhibited a
lower ratio of muscarinic binding in the hippocampus relative to the striatum when
compared to age-matched females. The current results confirm results from Experiment
1 indicating that prepubertal male rats, unlike females, preferred a striatum-dependent
stimulus-response strategy over hippocampus-dependent place strategy, and extend these
findings by indicating that the preference for stimulus-response strategy in prepubertal
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rats was associated with lower ratios of muscarinic binding in the hippocampus relative
to either the striatum or amygdala.
The learning strategy preferred by adult male rats has been linked to the relative
levels of acetylcholine release in the hippocampus and striatum as measured by
microdialysis (Chang and Gold, 2003; McIntyre et al., 2003), although some evidence
from lesion experiments failed to confirm cholinergic participation in learning strategy.
For example, following neurotoxic lesions of the basal forebrain that deplete the source
of acetylcholine in the hippocampus, rats remained unimpaired on spatial tasks (Cahill
and Baxter, 2001; Bizon et al., 2003), while other studies have reported marked
impairment of spatial ability after similar neurotoxic lesions (Janis et al., 1998; Fitz et al.,
2008).
The ratio of acetylcholine release in hippocampus and striatum corresponded with
learning strategy preference, not only during cognitive testing, but prior to training as
well, indicating that adult rodents have a predisposition in their strategy choice (McIntyre
et al., 2003). During training, the ratio of acetylcholine release in the hippocampus
relative to the striatum was lower when a response strategy was used and higher when a
place strategy was preferred (Chang and Gold, 2003). On a dual-solution land T-maze
task, which could be solved by adopting either a place strategy or a response strategy,
increased acetylcholine release in the hippocampus was associated with the use of a place
strategy on a probe trial (McIntyre et al., 2003). Moreover, acetylcholine release in the
hippocampus and striatum predicted the time course in which rats switched from a place
strategy to a response strategy after extended training (Chang and Gold, 2003). Early in
training, acetylcholine release was elevated above baseline only in the hippocampus;
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however, as training progressed and rats began to switch to a response strategy,
acetylcholine release in the striatum increased concomitantly. Intriguingly, and in
accordance with the concept of competition between memory systems, rats with the
highest levels of acetylcholine release in the hippocampus were the last to switch to a
response strategy (Chang and Gold, 2003). These results strongly support the hypothesis
that the ratio of cholinergic activity within the hippocampus and the striatum regulates
the execution and preference for place and response learning strategies in adult male rats.
Experiment 4 examined the density of muscarinic receptors for acetylcholine in the
hippocampus, striatum, and amygdala harvested immediately following the probe trial
used to determine learning strategy. Our results for muscarinic binding parallel the
reported relationship for acetylcholine release; that is, rats that adopted a stimulusresponse strategy on the probe trial of the VPWM task expressed a significantly lower
ratio of muscarinic binding in the hippocampus proper relative to the dorsolateral
striatum compared to rats that adopted a place strategy. Raw binding data indicated that
the difference in binding ratios between rats using stimulus-response strategy versus
place strategy was accounted for primarily by higher levels of muscarinic binding in the
dorsolateral striatum of rats that adopted a stimulus- response strategy with little or no
difference in binding associated with strategy preference in the hippocampus. This
pattern in regional muscarinic binding closely reflects the profile in acetylcholine release
reported previously (McIntyre et al., 2003). However, the radioligand used in the current
experiment, [3H] QNB, does not differentiate muscarinic receptor subtypes nor identify
the synaptic locations of muscarinic receptors. Therefore, the specific relationship
between acetylcholine release and muscarinic receptors in these regions is as yet
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undefined. Additionally, results of Experiment 4 extend previous reports by examining
binding in specific hippocampus sub-fields CA1, CA3, and the dentate gyrus of both the
dorsal and ventral hippocampus to identify region-specific differences. While stimulusresponse learners displayed lower ratios of binding in total hippocampus relative to the
dorsolateral striatum, these ratios achieved statistical significance in CA1, CA3, and the
dentate gyrus of the ventral hippocampus. Previous evidence of differences in the
functionality of the dorsal and ventral hippocampus suggest a specific role of the ventral
hippocampus in mediation of learning and memory (McIntyre et al., 2003; Hunsaker et
al., 2008; Fanselow and Dong, 2010; Kesner et al., 2011; Jarrard et al., 2012). Though
the dorsal hippocampus is critical for spatial learning and execution of a place strategy
(Moser and Moser, 1998), cholinergic activity in the ventral hippocampus may have a
more dominant role in strategy preference. For example, the finding of Experiment 4 on
muscarinic binding, in conjunction with previous reports on acetylcholine release, (Chang
and Gold, 2003; McIntyre et al., 2003) indicate that a preference for stimulus-response
strategy is associated with a lower ratio of cholinergic activity in the hippocampus, in
particular the ventral hippocampus, relative to the dorsolateral striatum.
In addition to a lower ratio of muscarinic binding in the total hippocampus relative
to the striatum, rats using a stimulus-response strategy also expressed a lower ratio of
muscarinic binding in the total hippocampus relative to the basolateral amygdala
compared to rats using a place strategy. In partial contrast to binding ratios in specific
subfields of the hippocampus relative to dorsolateral striatum, ratios in the hippocampus
relative to the basolateral amygdala achieved statistical significance in all subfields of the
hippocampus except the CA3 region of the dorsal hippocampus. Previous reports
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indicate that the modulation of learning by neurotransmitter systems is dependent on the
activation of muscarinic receptors in the basolateral amygdala (Dalmaz et al., 1993;
Introini-Collison et al., 1996; Power et al., 2003), and that cholinergic activity in the
amygdala is critical to regulating shifts in activity among multiple memory structures
(Power et al., 2003). For example, although infusions of β-adrenergic agonists enhanced
spatial memory when infused into the basolateral amygdala, when muscarinic receptors
were blocked, this memory enhancement did not occur (Dalmaz et al., 1993; Salinas et
al., 1997; McGaugh, 2004), indicating that muscarinic receptors act downstream of the
adrenergic system to modulate memory (McGaugh, 2004). Furthermore, the competitive
nature of multiple memory systems is indicated by findings that increased acetylcholine
in the hippocampus impaired performance on amygdala-based tasks (McIntyre et al.,
2002), which suggests that these two structures compete for control over learning and
memory on some cognitive tasks. Therefore, that the ratio of muscarinic binding in the
hippocampus relative to the amygdala was lower in rats adopting a stimulus-response
strategy supports the notion that the amygdala contributes to modulation of learning
strategy (Packard, 2009).
An extensive literature implicates both the hippocampus and the amygdala in
anxiety (Bannerman et al., 2004; Toufexis, 2007; Barkus et al., 2010; Packard and
Goodman, 2012). Furthermore, stimulation of muscarinic receptors in the hippocampus
is anxiolytic while antagonism of these muscarinic receptors is anxiogenic (File et al.,
2000; Degroot and Treit, 2002). Therefore, if a preference for stimulus-response strategy
is linked to higher levels of state or trait anxiety as proposed previously (Packard, 2009)
then a lower ratio of cholinergic activity in the hippocampus relative to the amygdala
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would be expected in rats that elect a stimulus-response strategy. Additionally, because
the amygdala develops earlier in male rats than females in contrast to the hippocampus
(Siddiqui and Shah, 1997; Cooke and Woolley, 2005), higher levels of anxiety would be
expected to be expressed prepubertally by males compared to females, leading to a higher
proportion of prepubertal males choosing a stimulus-response strategy as was evident in
Experiments 2 and 3.

8.4 Organizational Impact of Testosterone on Learning Strategy in Prepubertal
Rats
The goal of Experiment 5 was to examine the organizational role of testosterone
on learning strategy preference in prepubertal rats. Previous studies indicated that the
female hippocampus and spatial memory are masculinized by exposure to testosterone
during a critical neonatal period (Roof, 1993a,b; Roof & Havens, 1993). Experiment 5
extends prior work by indicating that learning strategy preference was masculinized by
neonatal testosterone treatment. Specifically, females that were administered testosterone
propionate at 24 and 48 h after birth were biased toward a stimulus-response strategy on
the visible platform water maze in a manner identical to males while vehicle-treated
females preferred a place strategy. Surprisingly, treatment with hormones neonatally did
not abolish the sex difference found in Experiment 4 in the ratio of muscarinic binding in
the hippocampus compared to the striatum, although these densities corresponded to
learning strategy preference and sex regardless of hormone treatment.
Previous research has indicated improvements in spatial learning when either
testosterone propionate (Roof, 1993ab) or estradiol benzoate (Williams, et al., 1990) was
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administered to females in early life, corresponding to sex differences in spatial ability
that favored adult male rodents (Williams et al., 1990; Roof, 1993 a,b). Furthermore,
Williams et al. (1990) suggested that the preferred strategy for solving a radial arm maze
task in adulthood differs based on treatment with gonadal hormones in early life whereby
neonatal females treated with estradiol navigated a radial arm maze in a manner similar to
males but differently from untreated females and males gonadectomized as neonates.
In prepubertal rats, Experiments 1, 2, 3, and 4 have indicated that prepubertal
males favored a stimulus-response strategy on a dual-solution visible platform water
maze task. In Experiment 5, findings extend this sex differences in prepubertal rats by
demonstrating that testosterone propionate administered to neonatal females resulted in a
masculinization of behavior, such that testosterone-treated females preferred a stimulusresponse strategy that was opposite of the place strategy preference evident in vehicletreated females. Results of Experiment 5 agreed with the findings of Experiment 4,
confirming a correlation between learning strategy preference and the ratio of muscarinic
binding in the hippocampus and striatum. Similar to Experiment 4, prepubertal males in
Experiment 5 expressed a significantly lower ratio of muscarinic binding in the
hippocampus versus the striatum compared to control females. However, the muscarinic
binding profile of the hippocampus relative to the striatum in prepubertal females treated
with testosterone was actually elevated relative to intact males, a finding which was not
predicted. Given that the sex differences in the behavioral portion of Experiment 5 were
impacted by hormone treatment, but muscarinic binding ratios were not, it is likely that
other neurotransmitter systems are either interacting with or acting independently of the
cholinergic system. In addition to acetylcholine, both dopaminergic (Gabriele, Setlow &

80
Packard, 2009) and norepinephrine activity (Canal, Chang & Gold, 2008) contribute to
learning strategy preference. Interestingly, sex differences in these systems also exist
(Papaioannou et al., 2002; Staiti et al., 2011), though most of these findings are limited to
adult rodents. Therefore, further investigations are needed.

8.5 Sex Differences in Dendritic Complexity and Spine Density in CA1 in
Prepubertal Rats
The goal of Experiment 6 was to determine if sex differences exist in the dendritic
morphology and spine density of pyramidal neurons in CA1 of the hippocampus in rats at
28 days of age, mirroring the age when differences in learning strategy preference are
evident. Prior studies indentified a sex difference in the morphology of the dentate gyrus
at 21 days of age, with females displaying more dendritic segments in the dentate gyrus
than males (Juraska, 1990). Similarly, in a study of the impact of stress and handling on
dendritic complexity and spine density, researchers found that both spine density and
complexity of apical dendrites were significantly lower in control males than control
females at 22-23 days of age in CA1 (Bock et al., 2011). Interestingly, these sex
differences typically vanish after puberty (Gould et al., 1990; Juraska, 1990). Our
finding of sex differences in the hippocampus at 28 days old is, to our knowledge, a novel
one. The results of Experiment 6 confirm that the sex difference previously reported at
22-23 days of age (Bock et al., 2011) remains significant 5-6 days later, and more
importantly, link this morphological finding to a behavioral sex difference in prepubertal
rodents.
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Research in adults indicates a relationship between estradiol and dendritic
morphology, with increases in spine density corresponding with higher levels of estradiol
in vitro (review; Woolley, 1998). Similarly, learning strategy preference in adult females
corresponds to fluctuations in the level of estradiol as well, with a significant preference
for a hippocampus-associated place strategy when estradiol levels were high and a
preference for a striatum-associated response strategy when levels of estradiol were low
(Korol, 2004). The results of Experiment 6 appear to contradict these relationships
between estradiol and spine density, as well as estradiol and learning strategy. The levels
of circulating estradiol in prepubertal females remain relatively low until the onset of
puberty at approximately 36 days of age (Kennedy and Mitra, 1963; Engelbregt et al.,
2000). Therefore, our reported preference of a place strategy and increases in dendritic
spine density and dendritic complexity compared to males cannot be accounted for by
increases in estrogen. Alternatively, more rapid development of the hippocampus in
anticipation of the onset of puberty, signifying a transition to adulthood, may account for
sex differences in the hippocampus. This hypothesis is supported by reports of age and
sex-specific differences in neurons not only in the hippocampus (Gould, 1990; Juraska,
1990) but in the cortex as well (Munoz-Cueto et al., 1990) that are absent by adulthood.
Therefore, males appear to lag behind females in the development of the hippocampus
prior to puberty, but reach similar levels by the end of puberty. The current findings
provide evidence of more rapid development of the female hippocampus in early life,
extending prior reports by demonstrating a sex difference at a specific age that
corresponds to a behavioral sex difference in learning strategy preference.

82
Rats in the Experiment 6 did not undergo behavioral testing to determine strategy
preference, therefore a direct correlation between learning strategy preference and
hippocampal morphology cannot be drawn. However, the conditions of rearing and
housing, and the age of sacrifice in Experiment 6 were identical to Experiments 2, 3, 4
and 5. Therefore, our results suggest a relationship between sex differences in learning
strategy preference and sex differences in dendritic morphology in areas associated with
learning and memory, such that the more rapid development of complexity in pyramidal
neurons of the hippocampus of females at 28 days of age is associated with a place
strategy preference.

8.6 Summary of Conclusions
Taken together, results from the current experiments indicate that learning
strategy preference in prepubertal rodents differs based on biological sex, with males
preferring a stimulus-response strategy and females preferring a place strategy, and that
this sex difference is likely organized by exposure to gonadal hormones shortly after birth
(Experiment 5). Furthermore, the factors that impact learning strategy are sex-specific,
with males appearing more vulnerable to the effects of elevated anxiety and deprivation
of maternal care more so than females (Experiments 2 and 3). Additionally, the
cholinergic system varies along with learning strategy preference prior to puberty in a
manner similar to prior reports (review; Gold, 2003). Lower ratios of muscarinic binding
in the hippocampus relative to the striatum correspond to a stimulus-response strategy
preference and higher ratios correspond to a place strategy preference. This relationship
extended to sex differences in Experiments 4 and 5, with males expressing a lower ratio
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of muscarinic binding in the hippocampus compared to the striatum than females,
corresponding to learning strategy preference. However, results of Experiment 5 did not
indicate that muscarinic binding ratios were organized by early exposure to testosterone
in a manner similar to learning strategy preference, suggesting other neurotransmitter
systems may contribute to strategy preference as well. Finally, morphological
differences in the hippocampus corresponded with the age at which sex differences in
learning strategy appear, such that females displayed greater dendritic complexity and
dendritic spine density at 28 days old when a place strategy is also preferred. In
conclusion, the developmental profile of males and females during the period prior to
puberty differs in trajectory, with the more rapid development of the female hippocampus
in terms of neurochemistry and morphology likely influencing not only strategy
preference, but the vulnerability of strategy preference to anxiety and alterations in the
maternal environment.
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