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Abstract
Identifying Sex Differences in Spatial Cognition in the Laboratory Mouse
by
Tania Jean Bettis
Doctor of Philosophy in Psychology
University of California, Berkeley

Professor Lucia Jacobs, Chair

Laboratory mice are the most commonly studied mammal today and they are
frequently used as models of human disease. In the last decades, the mouse has
become a popular model for understanding genes, brains and behavior. Therefore,
it is of great importance that we develop a detailed understanding of the cognitive
phenotype of the animal that we so frequently utilize in the laboratory. Sex
differences are an important consideration in this phenotype. Sex differences in
spatial behavior are seen in a number of species, suggesting a male advantage in all
things spatial and a female advantage in object recognition memory. These data are
consistent among humans and rats, but inconsistent in the mouse. The goals of this
study were to discover whether mice would exhibit similar sex differences in a
series of tasks designed to assess cue use at different spatial resolutions. The first
experiment offers an assessment of cue use in a navigation task. Specifically looking
at the use of geometry and large distal cues in the testing environment. The second
experiment looks at the details of object recognition. The last experiment tests both
object recognition and location memory, to look more closely at the nature of the
sex difference with respect to proximal cues. We housed the mice in conditions that
were more ethologically valid to allow a better comparison of our data to humans,
as well as enriched laboratory animals and wild caught animals that must organize
their behavior in much more complex environments than those provided in the lab.
The navigation task revealed a male reliance on geometry and a female flexibility in
the use of multiple sets of cues. The standard object recognition tasks all
demonstrated a female advantage in discriminating the novel from the familiar
object. Female mice distinguished novel from familiar objects when these objects
had many similar features, while male mice only discriminated between them if the
objects were unlike one another. Frequently, female mice also exhibited greater
attention to the objects. The male mice demonstrated an advantage only when the
change provided new directional information. The female mice displayed evidence
of attention to the relationships between unique cues and the features encompassed
within them. This is consistent with current literature on rats and humans and
suggests that mice also exhibit sex difference in cue use strategies. This suggests
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that, with attention to ethologically valid housing and testing, mice are an
appropriate model of mammalian behavior and cognition.
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CHAPTER 1: INTRODUCTION TO SEX DIFFERENCES IN SPATIAL BEHAVIOR AND
LABORATORY MICE

“These creatures you call mice, you see, they are not quite as they appear.
They are merely the protrusions into our dimension of vastly hyperintelligent
pandimensional beings. The whole business with the cheese and the squeaking is
just a front.”

The old man paused, and with a sympathetic frown continued. “Theyve
been experimenting on you, I'm afraid”

Arthur thought about this for a second, and then his face cleared.

“Ah, no,” he said, “I see the source of the misunderstanding now. No,
look, you see what happened was that we used to do experiments on them. They
were often used in behavioral research, Pavlov and all that sort of stuff. So what
happened was that the mice would be set all sorts of tests, learning to ring bells,
run round mazes and things so that the whole nature of the learning process could
be examined. From our observations of their behavior we were able to learn all
sorts of things about our own . . ..”

Arthur’s voice trailed off.

“Such subtlety . . .” said Slartibartfast, “one has to admire it.”

- From The Hitchhiker’s Guide to the Galaxy by Douglas Adams
(Adams 1986)

The above quote illustrates well the sense one gets both when reviewing the
literature on spatial cognition in laboratory mice and when working with them as subjects
in behavioral studies. Since the mapping of the mouse genome, mice have become the
most commonly studied laboratory mammal in the world (Rosenthal and Brown 2007).
Laboratory mice have many characteristics that make them ideal models of mammalian
disease. They are relatively inexpensive and easy to maintain and they breed rapidly. In
addition, mice share 99% of their genome with humans (Gunter and Dhand 2002). This
results in very similar physiologies of internal systems and responses to disease
treatments. In the last two decades, mice have also become popular as models of
cognition, brain, and behavior. The formation of new transgenic models has given us a
new insight into the genes and neural systems involved in learning and memory. For
example, Rampon et al. (2000) produced mice that lacked an NMDA receptor only in the
CAL region of the hippocampus. These mice expressed a phenotype that was impaired in
an object memory task relative to controls and this impairment was recovered with
enrichment, thus demonstrating both the involvement of CA1 (and the NMDA receptor)
in this kind of learning and its plasticity in response to environmental stimuli. The
continued generation of conditional mutant models such as this will contribute much to
our understanding of mammalian brain function and dysfunction. To more efficiently
utilize these models we will need a clear understanding of the cognitive phenotypes of the
background strains. As Medawar stated, “it is not informative to study variations of
behavior unless we know beforehand the norm from which the variants depart”
(Medawar 1967).

In laboratory studies of brains and behavior, often the norm is defined by
observations made only from the male population. However, there is considerable
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evidence that suggests that this may lead to inappropriate generalizations (Cahill 2006).
Sex differences are particularly important to consider when studying spatial cognition.
Sex differences in spatial cognition and behavior have been found in a diverse range of
species, including the molluscan cuttlefish (Sepia officianalis), blenniid fish
(Parablennius parvicorus and Lipophrys pholis), ravens (Corvus corax), brown headed
cowbirds (Molothrus ater), rats (Rattus norvegicus), kangaroo rats (Dipodomys
merriami), meadow voles (Microtus pennsylvanicus), deer mice (Peromyscus
maniculatus), chimpanzees (Pan troglodytes), rhesus monkeys (Macaca mulatta), and
humans (Homo sapiens) (for a review see (Jones et al. 2003)). In addition, both
anatomical and neurochemical sex differences have been observed in various brain
structures including the hippocampus and amygdala (Cahill 2006).

The need for sex specific information is highlighted by the observed differences
in incidence and/or nature of many psychological afflictions. For example, Alzheimer’s
disease and depression disproportionately affect women while attention deficit disorder
and autism are more prevalent among male populations (Yue et al. 2005; Kessler 2003;
Henningsson et al. 2009; Martel et al. 2008). Barnes et al. (2005) reports that the
relationship between Alzheimer’s disease pathology (presence of neurofibrillary tangles)
and clinical diagnosis of the disease differs between men and women such that the
pathology is more often expressed as dementia in women than men. Such differences
suggest that the development of sex-specific treatments and/or preventative measures
may be necessary for many central nervous system diseases. Therefore, it is critical to
assess sex differences in laboratory mice as they are used as models of these diseases and
as subjects to test the efficacy of various treatments. If we are to understand the
evolution, development and mechanism of these learning and memory processes, then it
is critical that sex differences are assessed in any model of mammalian cognition.

As Niko Tinbergen suggests, any understanding of a behavior should begin with a
description followed by an answer to the four questions (i.e. causation, evolution,
adaptive function and ontogeny) that he laid out in his paper “ On aims and methods of
Ethology” (Tinbergen 1963). Towards this end, the next sections will begin with a
description of the sex differences seen in the field and in the laboratory. Following this
review, I will discuss the goals and hypotheses that were the motivation for the research
described in later chapters.

1.1 Sex differences in home range size

As mentioned above, sex differences in spatial behavior are seen in a diverse
range of species. Outside of the laboratory, this difference is reflected in the relative
home range sizes of the sexes within each of the species mentioned above. A home range
is “the area traversed by an individual in its normal activities of food gathering, mating,
and caring for young” as defined by Burt (1943). The size of a home range is determined
by factors such as the dispersal of food, suitable shelter, and potential mates as well as the
metabolic needs of the individuals under consideration (Harestad and Bunnell 1979). For
example, in the polygamous wood mouse (Adpodemus sylvaticus), male mice occupy
home ranges that are 1.6 times larger than their female conspecifics outside of the
breeding season (Attuquayefio et al. 1986). This difference in home range size outside of
the breeding season was accounted for by the difference in mean body weight between
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the sexes. Male wood mice are larger than female wood mice, and therefore require a
larger home range to acquire the necessary food resources. In addition, during the
breeding season when potential mates are an important resource, the male wood mouse
home range is expanded to 3.5 times that of the female wood mouse (Attuquayefio et al.
1986). As a result of the relationship between home range size and the dispersal of
resources, Gaulin and FitzGerald (1988) postulated that relative home range sizes could
be used as a predictor of mating systems. In polygamous species, the male typically
occupies a larger home range than the female, especially during the breeding season
when the distribution of potential mates becomes a significant factor in determining home
range size. In monogamous species, the two sexes tend to occupy relatively similar
spaces both in and out of the breeding season because food distribution is the critical
determinant of home range size. For example, the polygamous male meadow vole
(Microtus pennsylvanicus) occupies a home range that is, on average, 4.5 times larger
than female con-specifics during the breeding season, while the monogamous prairie
voles (Microtus ochrogaster) maintain home ranges that do not significantly differ
between the sexes (Gaulin and FitzGerald 1988).

If mating systems are predictive of home range size, then determining the mating
system employed by humans is a good place to begin to address sex differences in spatial
cognition in humans. An assessment of the worldwide Y chromosome diversity in
humans indicates a recent increase in the population size of breeding males. This suggests
that humans have undergone a recent shift from an historically polygynous mating
system, with a small effective population of males, to a more monogamous mating
system and thus, a larger effective population of males and an increase in Y chromosome
diversity (Dupanloup et al. 2003). Therefore, when one considers the polygynous mating
system humans employed for much of our evolutionary history, one may also expect to
see sex-specific patterns of space use that resemble those patterns seen in other
polygamous mammals. In support of this, there is some evidence that men travel more
widely (more km in a year) than women and participate in more “spatial activities”
(Carlsson-Kanyama and Linden 1999; Newcombe et al. 1983). However, today human
travel is determined more by cultural norms than a set of limiting resources, and the
qualification of an activity as “‘spatial/ non-spatial” or “masculine/feminine” in the cited
study was based on the judgments of participating undergraduate students and may also
reflect cultural influences rather than an underlying sex difference in spatial cognition.

Laboratory mice are not subjected to this cultural influence and as a result, may
offer a view of sex differences in spatial cognition that is unfettered by this confounding
variable. However, it is unclear what the behavior of a laboratory mouse would look like
in the field. Evidence from free-living, commensal and feral populations of mice (Mus
musculus), from which the laboratory mouse is derived, suggests that home range size
and territoriality vary greatly with both food availability and population density
(Chambers et al. 2000; Latham 2004; Berry and Bronson 1992). In a study of two
populations of feral house mice living in the wheatlands of Australia, Chambers et al.
(2000; Attuquayefio et al. 1986) found that male mice tended to have larger home ranges
than female mice (though home range sizes varied widely from 0.0002- 8.024 ha). This
study also found that there was little to no overlap of female home ranges throughout the
year indicating low tolerance of invaders, while male home ranges overlapped
extensively towards the end of the breeding season and very little during the breeding
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season indicating a change in male territoriality across seasons. Other studies of feral
mouse populations have found home ranges that range from 365 m” in open fields to
60,000 m” on the Russian steppes and 80,000 m” in the wheatlands of Australia (Berry
and Bronson 1992; Latham 2004). In studies of commensal populations of mice, home
ranges may vary from as little as a square meter to six square meters (Latham 2004).
Commensal populations of mice display strong territorial defense with the territories of
males overlapping those of females but never overlapping with other male territories
(Bronson 1979). Thus, there is some evidence that supports the existence of a sex
difference in space use patterns in wild populations of mice. This evidence also suggests
that mice demonstrate great plasticity in response to changing environmental conditions,
which indicates at least a need for close attention to housing practices in laboratory
settings.

In summary, many polygamous mammals, including humans and mice,
demonstrate a sex difference in home range size. Typically, males occupy a larger home
range compared to female conspecifics and this sex difference in space use is either
exaggerated or seen only during the breeding season. The next section will focus mainly
on laboratory studies of spatial cognition. These studies provide a more detailed picture
of the types of cues that are used by subjects to build a cognitive map and subsequently
organize behavior in complex environments.

1.2 Cognitive maps: what information is encoded within a home range?

The term, “cognitive map” was first introduced by Tolman to denote a mental
representation that can indicate a route or path and various relationships within an
environment (Tolman et al. 1946). The idea that non-human animals might maintain any
mental representation of the external world was extremely controversial and is still
debated among scholars of animal behavior (Bennett 1996). One outcome of the
discussion of spatial representations has been the proposal of a wide variety of definitions
of cognitive maps. Gallistel (1989) provides one general definition- “A cognitive map is a
record in the central nervous system of macroscopic geometric relations among surfaces
in the environment used to plan movement through the environment.” Others define the
cognitive map, operationally, as a representation that allows for novel routes between two
locations in the absence of immediately perceptible features near a goal (Bennett 1996).
Since the discovery of place cells in the hippocampus, frequently cognitive maps are
implied if activation or normal functioning of the hippocampus is required to complete a
task and navigate through an environment (O'Keefe and Dostrovsky 1971). For the
purposes of this discussion, I will use the term, cognitive map, to mean an allocentric
representation of an environment that supports the formation of novel routes.

The question regarding the various processes and types of information animals
(both human and non-human) may use when organizing behavior in a complex
environment has generated many studies. The results of which convey an appreciation for
the various, functionally distinct operations that support complex spatial behavior. In
addition to the cognitive map, animals may locate a goal via path integration (Alyan and
Jander 1997; Etienne and Jeffery 2004), following a learned route (Galea and Kimura
1993), or by orienting towards a beacon (Gallistel 1989). Path integration (also referred
to as dead reckoning) makes use of the internal cues of motion and direction to construct
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a vector that contains the distance and directional information necessary for an efficient
return to a start location (Collett et al. 2003). This type of navigation is particularly well
studied in hymenopteran insects (Schmidt et al. 1992). To follow a learned route, an
animal may learn a particular sequence of landmarks without requiring any global
positional information about the landmarks (Galea and Kimura 1993). In order to use a
beacon to navigate, an animal must simply orient towards a landmark associated with a
goal location and move towards it. Again, orienting towards a beacon is a process that
does not require the positioning of the individual or the beacon in any larger spatial
framework and therefore does not require the use of a cognitive map.

In addition to the many operations discussed above that do not require a cognitive
map, there are many sources of information that can be utilized when building a cognitive
map. Based on a large review of the literature regarding the hippocampus, Jacobs and
Schenk theorized that the hippocampus may be responsible for the formation and
maintenance of the cognitive map via the integration of two separate components or
parallel maps, each relying on a different set of information or cue type (Jacobs and
Schenk 2003). One of these components results in a coordinate system termed the bearing
map, which is built on the integration of directional information provided in the
environment. This directional information can come from gradients of the distribution of
odor, light, or sound cues in the environment. Magnetic and sun compasses can also
provide directional cues as well as large distal landmarks, such as mountain ranges, that
do not change aspect ratio as an individual moves closer. Directional cues can also be
provided in the geometry of an array of local landmarks. When combined, these cues can
form a coordinate system that allows for the creation of novel routes. The second of the
two parallel maps is called the sketch map and is based on the topographical arrangement
of local positional cues. Positional cues consist of unique objects that are often near a
goal and can provide distance information to that goal. Together these two components
form the integrated cognitive map. In isolation, each of the two parallel maps supports
different types of behavior. An animal using only the bearing map will be able to orient
well directionally, but will possess little to no fine-grained detail regarding the distance
relationships between goals and landmarks. An animal using only the sketch map will
possess fine-grained detail of the relationships of local cues and can triangulate between
these cues to find a goal, but will orient poorly in a global framework and thus have a
poor sense of direction (Jacobs 2003).

This Parallel Map Theory provides an interesting framework in which to address
the sex differences found in studies of spatial cognition. For example, as discussed in the
previous section, Gaulin and FitzGerald (1986) found that polygamous meadow voles
(Microtus pennsylvanicus) exhibit a sex difference in home range size. They also found a
sex difference in performance on a sunburst maze. This task consists of training an
animal to collect a reward at the end of a circuitous pathway leading off from a starting
platform. After training, the circuitous path is blocked and a number of straight paths are
then attached to the starting platform radiating outwards. Accuracy in choosing the arm
with the most direct path to the previously rewarded location is used as a measure of
spatial cognition. In regards to the Parallel Map Theory, this task measures bearing map
function. The only available cues are directional and selecting the most direct path to the
goal location does not require triangulation or distance estimates, only an estimate of
direction. Male meadow voles (Microtus pennsylvanicus) performed this task with
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greater accuracy than female meadow voles (Gaulin and FitzGerald 1986). (A
comparison of the performance of the monogamous male and female prairie voles
(Microtus ochrogaster) did not reveal a significant sex difference.)

In addition to the sunburst maze, there are a few tasks that are more commonly
used to assess spatial cognition in the laboratory. These are the water maze, the radial
arm maze, mental rotation and object location memory tasks. Each of these tasks has
been adapted for a number of species and consists of many slight variations on a theme,
with the exception of mental rotation, which is only carried out with human subjects. In
addition, each of these tasks can be used to assess biases in the reliance on different cue
types (i.e. local landmarks, distal landmarks or gradients) and thus, cognitive map
components.

The first task mentioned, the water maze, was originally developed to assess
spatial memory in laboratory rats and has been adapted for a number of other species
(Morris et al. 1982). More recently, the water maze has been developed as a virtual maze
for human subjects (Astur et al. 1998). To successfully find the reward (either a hidden
platform in the real version or a token in the virtual version of the maze), subjects must
utilize the directional information provided by cues outside of the maze. The available
cues can be controlled and can vary widely across labs, but generally include the
geometry of the room, any furniture arranged around the room or posters on the wall. The
use of randomly chosen starting points in the water maze also allows the experimenter to
prevent the subject from utilizing internal cues to follow a learned route. In this
configuration, like the sunburst maze, the water maze is another good indicator of the
function of the bearing map.

Using the water maze task, Galea et al. (1994) found a seasonal sex difference in
two populations of deer mice (Peromyscus maniculatus). In the non-breeding season, no
sex differences were observed in either the latency to find a hidden platform or in the
time spent searching the correct quadrant (were the platform had previously been).
However, during the breeding season there was a significant sex difference. In the
breeding season, male deer mice reduced their latency to the platform and increased the
time spent in the correct quadrant while the observed latency to the platform for the
female deer mice had increased and the time spent in the correct quadrant was reduced.
The possible explanation given is that female spatial cognition is somewhat impaired
during the breeding season, while male performance is enhanced and that this might
allow for the longer distances males travel while courting females and it may cause the
females to reduce their travels while breeding. Like the previous study of deer mice, rats
and humans consistently demonstrate a male advantage in water maze tasks (for a review
of the literature on laboratory rodents see (Jonasson 2005)) (Astur 2004; Dabbs et al.
1998).

Similar to the water maze, the radial arm maze was developed as a tool to assess
spatial memory in laboratory rats and was later adopted as a method for humans in virtual
mazes (Olton and Samuelson 1976). The radial arm maze consists of a number of
corridors extending out from a central platform like the spokes of a bicycle wheel. During
training, the subjects learn which of the arms are baited and can then use this reference
memory to efficiently find and collect a reward at the end of all of the baited arms.
Working memory can also be tested in this maze and is defined as a function of the
number of errors (re-entering an arm within a trial). In the many versions of the radial
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arm maze, the available cues may vary from local cues, such as texture or color within
the maze, to distal cues, such as the geometry of the room outside of the maze. In
addition to testing both working and reference memory, the radial arm maze can be
utilized to assess the types of cues that subjects rely on during navigation. For example,
Williams and Meck (1990), showed that male rats rely on the geometry of a room to
navigate the radial arm maze accurately, while female rats rely on both the geometry and
the features of the local landmarks surrounding the maze. This indicates a male bias
towards the use of the bearing map while female rats use both the bearing and sketch
maps while navigating this maze.

Unlike the two tasks described above, the mental rotation task does not seem to
have a correlate in the non-human animal literature. This task is a pen and paper task,
which provides subjects with pairs of objects in different rotational positions. Subjects
are then asked to identify whether or not the two objects within the pair are the same or
different. Men are consistently more accurate when making these identity judgments and
performance in this task correlates well with performance in the above two tasks when
directional cues must be used for navigation (Astur 2004; Alexander and Evardone
2008). The relationship between the underlying operations of the mental rotation tasks
and those of spatial navigation in a water maze and/or radial arm maze remain unclear.
However, performance on this task correlates with navigational strategy, specifically with
the use of the bearing map while navigating a virtual water maze (Saucier et al. 2002).

Like the mental rotation task, the object location memory task that is conducted
with human subjects is a pen and paper task. This task provides subjects with an array of
objects on a paper. After a brief interval subjects are given a similar array with minor
changes in the location of some objects, the removal of others, and the addition of novel
objects. Subjects are then asked to identify changes made to the array of objects. In terms
of the Parallel Map Theory, this task would be a good measure of the function of the
sketch map as it assesses the memory for objects and their relationships to one another.
Women consistently demonstrate better memory for objects and their locations (for a
review see (Voyer et al. 2007). In a similar task of object location memory in rodents,
animals are provided with objects to explore in an arena. After an inter-trial interval
subjects are returned to the arena where some of the objects have been moved to new
locations. As in human subjects, laboratory rats demonstrate a female advantage in this
task (Saucier et al. 2008).

In summary, the results from various tasks used to assess spatial cognition suggest
a female advantage in the use of the sketch map and a male bias towards the use of the
bearing map. The results regarding sex differences in spatial cognition in humans and
non-humans alike have led to various hypotheses about the potential adaptive
significance of such a sex difference. One such hypothesis, suggests that the human sex
difference in spatial cognition reflects the disparate foraging roles of women and men
(Eals and Silverman 1994).The suggestion is that this sex difference is a result of
selection for hunting ability in men and gathering abilities in women (Postma et al.
1998); (New et al. 2007). This hypothesis has the advantage of explaining both the male
advantage in tasks that require a bearing map and the female advantage seen in tasks that
require the sketch map. However, this pattern of results is consistent with those seen in
other mammalian species that have been tested and suggests that sex differences in
spatial cognition have been conserved across the mammalian taxa. It is this similarity in
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spatial cognition among mammalian species that supports the validity of the use of
laboratory rodents as models of human brains and behavior.

Others have suggested that these sex differences in spatial behavior and cognition
maximize the reproductive success of both males and females by allowing males to travel
further and track the status of potential mates and by minimizing the distance traveled by
females and therefore reducing survival risks (Ecuyer-Dab and Robert 2004). This
hypothesis about the potential adaptive significance of sex differences in spatial cognition
is supported by the findings in deer mice of seasonally dependent sex differences in
spatial ability as assessed in a water maze. It is also supported by the general findings in
many species that the males occupy a larger home range and perform better on those
tasks that measure the use of the bearing map. However, this hypothesis offers no
explanation for those findings that suggest a female advantage in the use of the sketch
map. In addition, this hypothesis focuses greatly on the theoretical increased metabolic
needs of females during pregnancy and weaning. Since home range sizes frequently
reflect metabolic requirements of the individuals occupying them, one might predict a
larger home range size in lactating females than males or non-breeding females based on
this hypothesis.

I would like to suggest an alternative hypothesis that the observed sex differences
serve to improve the reproductive fitness of males and females by more appropriately
organizing mate search and choice strategies in both males and females. In mice, the use
and extension of the bearing map during the breeding season would allow for the
inclusion and efficient tracking of many female territories. At the same time, a female
increase in reliance on detailed information may allow for improved mate choice via the
continual assessment of scent marks within a home range. In mice, there is evidence to
suggest that female mate choice is based on chemical signals in the scent marks providing
information about testosterone concentration, parasite load, and the identity of the major
histocompatibility complex (a component of the immune system) detected in the urine of
potential mates. There is also evidence to suggest that females prefer familiar males as
detected via these scent marks and that males competitively mark the within the home
ranges of potential mates (Arakawa et al. 2008; Hurst and Beynon 2004; Hurst et al.
2001; Zala et al. 2004). These differences in the mating strategies of males and females
may offer selective pressures for divergent spatial behavior in polygamous species such
as the mouse. This divergent spatial behavior in mice is hinted at in the sex differences
seen in home range size in the field and should be apparent in a variety of tasks in the
laboratory. The prediction from this hypothesis is that, as in other polygamous mammals,
male mice will preferentially attend to and rely on the directional information provided
by distal cues or gradients. It is this bias that provides an advantage in tasks such as the
water maze and many versions of the radial arm maze as well as tasks that assess the
memory of object locations (but here only when the transposition provides additional or
changed directional information). In addition I predict that, as in other polygamous
mammals, female mice will attend to and rely on the unique set of features of landmarks
and their relationships to one another. This bias should provide an advantage in place-
learning tasks that provide only local landmarks and should be apparent in tasks of object
recognition and location memory, particularly when the spatial transposition of objects
does not alter the geometry of the array or provide directional information via the
polarization of the array.



1.3  The inconsistency of sex differences in laboratory mice

Evidence both from ecological and neuroanatomical studies provides some
support for the existence of sex differences in spatial behavior in laboratory mice
consistent with those seen in other mammalian species. As discussed above, commensal
populations of mice display strong territorial defense with the territories of males
overlapping those of females but never overlapping with other male territories (Bronson
1979) and, in feral populations of mice, male home ranges tend to overlap female ranges
and tend to be larger than female home ranges (Chambers et al. 2000). Thus providing
evidence for a functional sex difference in spatial behavior and cognition. In addition,
there is some evidence for sex differences in the neuroanatomy underlying spatial
behavior (Wimer and Wimer 1985; Tabibnia et al. 1999).

In studies of the spatial cognition of laboratory rats, males show a consistent
advantage in the water maze and radial arm maze. Male rats find the hidden platform
more quickly than females and spend more time in the appropriate quadrant during probe
trials when the platform has been removed. In humans, the male advantages in mental
rotation and in performance in virtual water mazes are robust to differences in methods
and laboratories (Alexander and Evardone 2008; Driscoll et al. 2005; Maguire et al.
1999; Astur 2004). There are also consistent female advantages in tasks of object
recognition and location in humans (for a review see, (Voyer et al. 2007)) as well as
evidence for a similar advantage in rats (Saucier et al. 2008). Together, these lines of
evidence support the hypothesis that males and females in these species rely on different
sets of cues when operating in complex environments.

While sex differences in spatial behavior observed both in and out of the
laboratory are consistent across the polygamous mammalian species that have been
studied, they remain elusive and inconsistent in laboratory mice. One potential reason for
this impression may be the relative scarcity of studies directly assessing sex differences
in laboratory mice compared with the laboratory rat. This may seem contradictory to the
opening paragraph, which suggests that mice are the most commonly studied lab
mammals. However, relative to the laboratory rat, the laboratory mouse is still relatively
new as a model of cognition. In addition, many of the studies carried out to gain insight
into the genetic components of learning and memory tend to rely only on the male of the
species as subjects, ostensibly to reduce variation. As a result of this scarcity, in a meta-
analysis of sex differences in laboratory rodents focusing on results achieved using tests
such as the water maze and radial arm maze, a total of five papers made up the literature
for mice while rats were represented by 34 studies (Jonasson 2005).

A male advantage is generally observed in tests of spatial memory and place-
finding abilities such as the water maze and radial arm maze. In mice the evidence for
such a sex difference is still inconclusive. For example, Berger-Sweeney et al. (1995)
report that male mice demonstrate a shorter path length and latency to the hidden
platform than those observed in female mice only when the spatial version of this task
(with a hidden platform) follows a cued version. When the order of testing is reversed,
this advantage disappears. In another water maze task, female mice demonstrated a
shorter latency to the platform, though only on the last day of acquisition (Lamberty and
Gower 1988). While Frick et al. (2000a) finds no sex difference whatsoever in

9



performance in a water maze. In a test of working memory only (all arms are baited)
male ddY mice made fewer errors and learned the task more quickly than female mice
(Mishima et al. 1986).

When the results of tests concerned with object recognition and location memory
(where better female performance is predicted) are reviewed, the outcome is also mixed.
One study finds that male mice differentially explore both a novel object and an object
that has been moved to a new location, while female mice exhibit no such bias (Frick and
Gresack 2003). Another study found no sex difference in object recognition (Benice et al.
2006). Yet another study of object recognition in males of four strains of laboratory
mouse (i.e. C57BL, BALB/c, Swiss, and 129/Sv), subjects no longer distinguish between
the novel and familiar objects in an arena after 24 hours (Sik et al. 2003). Here again,
there are very few studies that include both sexes and most of these vary in methodology
to some extent.

In addition to the scarcity of studies, and the variance in methodologies, some of
the variance may be a result of the use of tasks such as the water maze, which were
initially designed to assess learning in rats. Whishaw and Tomie (1996) show that rats
perform better than mice in water tasks, but do not show this advantage on dry land
mazes. This species difference is a result of adaptations to different ecological niches.
Rats are semi-aquatic while the house mouse rarely swims. In addition, variation in
training procedures, inter-trial intervals, or even in the cues available in the testing
environment may influence the results in unintended ways (Chemero and Heyser 2005);
(Ennaceur 2010b).

This variance, rather than a problem, provides an opportunity to investigate the
potential factors influencing these outcomes and demonstrates the need for further
studies. Specifically, studies that address both the ethological validity of housing and
testing, as well as a more detailed analysis of the cues and features attended to by the
sexes, will begin to provide a deeper understanding of sex differences in spatial behavior
and cognition.

1.4 Goals, hypotheses and tests

The goal of these studies was to more precisely measure sex differences in a
variety of tasks while making as many ethological considerations as possible in both
housing and testing environments, thereby improving the ability to draw comparison
between laboratory mice and other species that must organize their behavior in much
more complex environments. The considerations taken when determining appropriate
husbandry protocols included providing enrichment and extra shelter, as well as reducing
the available food supply to a more appropriate level, and reversing the light cycle so that
all testing was carried out during the active phase of the mice. Enriched housing
conditions for mice have been shown to reduce the need for anxiolytic drugs as well as
reducing stereotyped behaviors and conferring health advantages (Sherwin and Olsson
2004a; Benaroya-Milshtein et al. 2004a). In addition, there is evidence that enriched
housing for laboratory mice does not increase the variation in behavior or reduce the
reliability of behavioral tests similar to those included here (Wolfer et al. 2004). On the
contrary, enrichment may actually improve the external validity of the results by
normalizing the behavior of captive animals to some degree (Garner 2005).
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I hypothesize that, when housed and tested in environments that are more
ethologically valid and less stress inducing, laboratory mice will demonstrate sex
differences consistent with the pattern observed in other mammalian species. To this end
three experiments were conducted to assess attention to and memory for various cues at
differing spatial resolutions. Specifically, Chapter 2 explores sex differences in the
reliance on different cue types while navigating a place-finding task. This place-learning
task is unique in that it does not rely on appetitive or aversive motivations that may create
differences in motivation between the sexes. The predictions for this task are that, if the
laboratory mouse follows the mammalian pattern of sex differences, males should rely on
vector information gained from attention to distal cues and the geometry of the room
while females should rely on local landmarks near the maze. Chapter 3 explores sex
differences in relation to varying levels of similarity between novel and familiar objects
in two consecutive object recognition tasks. For these experiments, the prediction is that
sex differences will be more apparent when the novel and familiar objects are similar to
one another and this sex difference will reveal a female advantage. Following this
discussion, Chapter 4 describes sex differences found in an experiment designed to assess
the attention and memory for object locations and thus, to relationships among local cues.
The specific predictions for this task are that female mice will exhibit advantages in
substitutions of familiar for novel object and in location switches between objects,
reflecting a particular attention to objects and their spatial relationships. Male mice, on
the other hand will exhibit advantages in the form of preferential exploration of displaced
objects when that displacement causes a change in the geometry of the array of objects
and as a result provides new/different directional information. Then the last chapter
summarizes the conclusions drawn from this series of experiments and suggests some
potential future directions for research in the field of sex differences in spatial cognition.
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CHAPTER 2: SEX DIFFERENCES IN CUE USE IN A PLACE-FINDING TASK

Place-finding and navigation have garnered a great deal of interest from students
of animal behavior over the years. With much of the controversy focusing on whether or
not mental representations that may resemble topographical survey maps of an
environment facilitate or are a necessary component of this behavior. Place-finding can
involve the use of multiple sets of cues in order to orient towards a particular location in
an environment. In addition, place-finding is usually defined operationally by what it is
not. In place finding tasks, subjects are required to utilize allocentric cues. This would not
be the case if a subject were allowed to perform the task via path integration or
memorized routes. Therefore tasks that seek to measure place-finding ability must
prevent these other potential mechanisms of orientation. Generally, this is done by
forcing the subjects to begin from a number of randomly chosen starting points and/or
disorienting the subject subsequent to the start of a trial. Once an experimenter can be
sure that internal cues, memorized routes, or orienting to a beacon have been ruled out as
potential means of orientation, the place-learning task can be utilized to assess reliance on
various cue types. Thus, this type of task is an ideal place to begin to investigate potential
sex differences in cue use strategies in laboratory mice.

As discussed in the previous chapter, one of the most commonly utilized tasks, in
the quest for understanding this behavior, is a water maze. In this task, subjects must
either locate a hidden platform (in the spatial version) or swim to a cued platform (in the
non-spatial version). Generally the platform is a small area that allows the animal to rest
out of the water, which is an aversive motivator. In order to complete this task quickly
subjects must triangulate the location based on the available cues in the surrounding
environment. Hippocampal lesions disrupt performance in this maze, leading to longer
path lengths and latencies to arrival at the platform (Morris et al. 1982).

Another commonly used task is the radial arm maze, which was originally
designed by Olton and Samuelson to test spatial memory (Olton and Samuelson 1976). In
this task, subjects must enter corridors that branch off from a central platform like the
spokes of a wheel to acquire a food reward or, in the water version, to find a platform.
Choices are recorded when a subject enters an arm with working memory errors recorded
when a subject re-enters an arm that was previously visited during the trial and reference
memory errors recorded when a subject enters an unrewarded arm. Performance on this
task is related to the size of the mossy fiber projection in the hippocampus in males of
three inbred strains of mice (Crusio et al. 1987). In a classic study of the hormonal basis
of the sex difference seen in spatial behavior in the laboratory rat by (Williams et al.
1990), female performance on a radial arm maze declined when the locations of extra-
maze objects were randomized, while male performance was unaffected. When the
geometry of the room was altered, performance dropped in males but not in females.

Sex differences in these types of place-finding tasks in laboratory mice have been
less consistent than those seen in the laboratory rat (Jonasson 2005). Studies of laboratory
rats have shown a consistent male advantage on both water and radial arm mazes while
laboratory mice demonstrated inconsistent sex differences. Specifically, male rats rely
more heavily on cues that provide directional information such as the geometry of a
room, distributed cues or polarized arrays of objects (Benhamou and Poucet 1998;
Williams et al. 1990). On the other hand, female rats have demonstrated sensitivity to
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positional information such as the relationships and unique features of discrete objects
(Saucier et al. 2008; Sava and Markus 2005). While laboratory rats demonstrate this
pattern of sex differences consistently in radial arm mazes and water mazes, laboratory
mice have been tested less frequently and, in these few tests, do not display such a
consistent pattern of sex differences. In one study of mice in water mazes, the sequence
of testing was the critical variable when identifying sex differences, indicating that the
sex differences observed were not a result of different cognitive abilities but a function of
the testing protocol (Berger-Sweeney et al. 1995). Another potential explanation for this
variance could be the use of a variety of protocols. In tests such as these, even the shape
of the experimental room can determine the outcome. In addition, none of the described
studies assessed cue use and availability as a determining factor in the performance of the
subjects involved. These inconsistencies suggest the need for more extensive assessments
of spatial cognition and cue use strategies in mice.

As with studies of spatial learning in complex mazes, studies of sex differences in
laboratory mice on simpler spatial tasks show the same lack of consistency. One such
task is the ability to recognize that a new object has appeared in a known location. In this
task, two objects are presented for exploration. After a delay, a familiar object is replaced
with a novel object. Evidence for object recognition is assayed by the bias in search time
directed to the novel object (Ennaceur and Delacour 1988). This task is related to a
paper-and-pencil task for humans where a pair of familiar objects are switched in location
after a delay, a task that shows a female advantage (Silverman and Eals 1992). Similarly,
in laboratory rats, there is a female advantage in the object recognition task (Sutcliffe et
al. 2007b; Saucier et al. 2008). Yet, again, inconsistent with the pattern from other
species, Frick and Gresack (2003) found a male, not a female, advantage in this task in
C57BL/6J laboratory mice. In addition, other laboratories have found either no sex
difference (Benice et al. 2006) or a female advantage (Podhorna and Brown 2002) in this
type of task.

The lack of consistency between laboratory mice and laboratory rats could reflect
a genuine species difference in cognition, or a physical limitation or disadvantage of
laboratory mice being tested on tasks designed for laboratory rats. As Frick et al. (2000b)
have written, “the mouse is not a little rat”. Differing by an order of magnitude in average
body mass (300 g vs. 30 g), the laboratory rat is a domesticated strain of the semi-aquatic
Norway rat while the laboratory mouse is derived from the house mouse, an adept
climber. This is reflected in their tail morphology: the laboratory rat’s tail is stiff and can
be used as a rudder while swimming, while the laboratory mouse’s tail is prehensile and
is used as a fifth limb while climbing. Tasks that involve swimming should therefore
give the laboratory rat an inherent advantage in addition to the better insulation a large
body affords while swimming in cold water. In fact, in a direct comparison of different
versions of the same maze (i.e., dry vs. water versions), Whishaw (1995) showed that
laboratory rats outperformed laboratory mice only on the aquatic version of the task.

One of the goals of the current study is to develop a task that can provide a more
appropriate comparison across species. As the species differences in performance in the
above tasks indicates in increased level of stress for mice in aquatic mazes relative to
other species, and as stress can have negative consequences for learning and memory, it
is important to examine the phenotype of place-finding behaviors expressed in tasks that
are designed more specifically for mice. In addition to providing a better means for cross-
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species comparisons, the reduction of stress in testing can also reduce its confounding
influence on the identification of sex differences. As an example of the differential
effects of stress on spatial learning, one study demonstrated the modulation of sex
differences in spatial learning by deer mice by the presence of environmental stressors
such as predator odor and biting flies (Kavaliers et al. 1998; Perrot-Sinal et al. 2000). In
our study we therefore used and/or developed tasks that did not depend on swimming or
on food-restriction but instead shared the single, positive reinforcement of spatial
exploration. In addition, mice were tested during their natural active phase and were
housed in cages equipped with nest boxes and bedding. To reduce their anxiety in
response to novel testing environments, mice were also allowed to explore complex
mouse ‘playgrounds’ on a regular schedule. Because our goal was to measure sex
differences in the adult, we also used mice that were fully mature (13 months old) and
who had experienced similar tasks as young adults (3 months). We predicted that, under
these conditions, C57BL/6J mice would show the pattern typical of the laboratory rat.
Specifically, we predicted a female advantage on the object recognition task and sex-
specific strategies in place learning, with males and females using different cues for
orientation. We expected that males should preferentially orient using cues external to the
apparatus, such as the shape of the room or objects on the walls. In contrast, females
should preferentially orient to cues closer to the maze such as nearby objects. Such
results would be consistent with results found in the laboratory rat (Williams et al. 1990)
and in humans (Sandstrom et al. 2006). These sex differences in spatial strategies are also
predicted by theories regarding the cognitive map as discussed in the previous chapter
(Jacobs and Schenk 2003).

2.1 Subjects and husbandry

The subjects were C57BL/6J mice (N =22, 11 female), which had been obtained
at the age of two months and were tested at the age of three months on a series of object
recognition tasks as part of a different study. They were tested again, in the current study,
at the age of 13 months. The data for this study refer only to the test at 13 months. They
were housed in same-sex groups, three per standard mouse cage (19 cm x 29 cm x 13
cm). Each cage was supplied with a disposable cardboard igloo and bedding material
(Nestlets®). Mice were kept on a 12:12 light cycle (lights on 20:00, off at 08:00). Water
was available ad lib. A ration of 8 g standard mouse chow was provided on alternate days
to simulate natural cycles of food availability while maintaining a weight within 1-2g of
ad lib weight. This amount of food meets the daily energetic requirements of the mice
(Nutrition et al. 1995) and reduces the negative effects of ad lib feeding (Keenan et al.
1999). The mice in this study rarely finished the entire 48 hr ration, however, and were
rarely without food for more than 4 h.

From the age of six months, mice were given access to larger environments with
novel objects to explore for added enrichment. Enriched housing conditions for mice
have been shown to reduce the need for anxiolytic drugs as well as reducing stereotyped
behaviors and conferring health advantages (Olsson and Sherwin 2006; Sherwin and
Olsson 2004b; Benaroya-Milshtein et al. 2004b)A cohort of three cage-mates was
released for one hour per week into a covered, translucent plastic box (26 cm x 46 cm x
26 cm) with novel objects that could be chewed or climbed. The objects were changed
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weekly and included a running wheel, plastic tubes, wooden sticks, pine cones, nylon dog
bones (Nylabones®), glass jars, pieces of Styrofoam®, tunnels made from wire mesh (i.e.
chicken wire) and long upright barriers constructed from white acrylic plastic.

2.2 Apparatus and procedure for the object recognition task

This task consisted of three successive days of exposure to an environment with
changing objects (Figure 2.1A below), for a period of 5 min per day. The arena was an
opaque rodent cage (40 cm x 51 cm x 20 cm). Unique objects were constructed using
Lego® blocks (Figure 2.1B). A video camera was mounted to the ceiling and was
connected to a recorder, monitor, and computer in the adjacent room. The two rooms
were connected through a partially open door. All experiments took place during the dark
phase of the light cycle and were conducted in test rooms with low lighting. Extra-
apparatus cues were not masked but were not prominent, as the sides of the arena were
opaque.

On Day 1 (habituation phase), the mouse was released into the empty arena for 5
min of exploration and habituation. On Day 2 (sample phase), the mouse was again
released into the arena, which now contained two identical objects built from Lego®
blocks and centered in the arena. On Day 3 (choice phase), the arena now contained a
duplicate of one object from the sample phase and a novel object (Figure 2.1). The
location of the novel object was counterbalanced among mice to control for side biases.
The object that was novel was also counterbalanced between the two object types shown
in Figure 1B. The novel and familiar objects differed from one another in construction,
but share some similarity of shape and pattern of contrasting colors. In addition the two
objects are approximately the same height and occupy the same footprint. This level of
similarity increases the difficulty of the discrimination and may contribute to the
identification of a sex difference. The objects presented to the mice were both completely
novel to the mouse, i.e., different objects were constructed for each replication of the
task. In addition, ten months had elapsed between the first and second replication of this
task, minimizing carryover effects between replications.

All behavior was recorded on videotape for subsequent analysis using Ethovision
Pro (Noldus, Inc.). Two measures of behavior were made: the time spent within a zone
of 4 cm distant from an object and the frequency of visits to this zone per object. The
criterion for the mouse’s presence within the 4 cm zone was the location of the body’s
high correlations between manual recording and automatic scoring in object recognition
tasks in mice (Benice and Raber 2008; Roach et al. 2003). We also conducted a pilot
study to examine this question and found significant agreement between manual scoring
of mouse attention and automatic scoring of this behavior. Though possible, it was
extremely rare that the Ethovision calculated center of gravity of the mouse crossed into
the zone without the head of the animal being oriented towards the object. For this reason
we felt confident relying on the tracking system rather than manually recorded behavior.
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Figure 2.1: Experimental set-up and objects used in the object recognition task.

2.2 Results of the object recognition task

Two of the female mice were removed from the analysis because they did not
attend to the objects during the sample phase, in the presence of two identical objects,
and instead remained near a wall for the duration of the experiment. Thus bringing the
number of female subjects in the data set to 9.

Using a 2 x 2 repeated measures ANOVA of time spent near object, with sex as
the between-subjects factor and side as the repeated within-subject factor, we found a
significant main effect of sex (F, 13 = 23.96, p <.01). There was, however, no effect of
side (F1,13=0.41, p = .53) nor was there a Sex x Side interaction (£, ;3= 0.10, p =.76).
Further analyses using one-way ANOVA showed that females spent more time than
males exploring both the left (F ;3= 12.12, p <.01) and right (5 =22.19, p <.01)
objects. Using the same analyses, the results for the frequency of visits showed a similar
pattern. There was a significant main effect of sex (F,13 = 9.33, p <.01) but no effect of
side (1,13 = 0.49, p = .49) and no significant interaction between sex and side (£ ;s =
0.83, p = .37). Further analysis using one-way ANOVA showed that female mice made
more visits than did male mice to both left (F ;3= 9.03, p <.01) and right objects (F1.1s
=7.17, p = .02) than male mice.

In the choice phase on Day 3, a 2 x 2 repeated measures ANOVA with sex as the
between-subjects factor and object type (novel vs. familiar) as the within-subjects
repeated factor revealed significant main effects of both sex (F, 15=22.96, p <.01) and
object type (£, 15= 8.33, p = .01). This analysis also showed a significant Sex x Object
type interaction (F, 3= 17.80, p <.01). Further one-way ANOVA revealed that females
spent more time with the novel object (£, 13 = 50.45, p <.01) than did males. The data on
the frequency of visits reveal the same pattern of behavior. The 2 x 2 repeated measures
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ANOVA shows significant effects of sex (F, 15 = 14.73, p <.01) and object type (£}, 15=
4.69, p = .04) with a significant Sex x Object interaction (F, 5= 10.86, p <.01).
Subsequent one-way ANOVA analyses showed that females visited the novel object
significantly more than males did (F} 13 = 47.10, p <.01) but they did not visit the
familiar objects more than males did (F 13 = 3.16, p =.09). As revealed by paired-
samples t-tests, females also spent more time exploring novel objects (tg = 8.9, p <.01)
as well as making more visits to the novel object (tg = 3.1, p = .02) than to the familiar
object. These differences were not significant for male mice (duration: t;p=-.79, p = .45,
number of visits: tjp=-1.04, p = .32); see Figure 2.2. Finally, the discrimination indices
calculated were significantly greater for the female mice than the male mice as
determined with a one-way ANOVA (F 5= 7.36, p=0.01). As revealed by one-sample
t-tests, the discrimination index was significantly greater than zero for the female mice (p
< 0.01) but not for the male mice (p = 0.63); see Figure 2.3.
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Figure 2.2:  Results from object recognition task. A. Duration spent exploring objects
during the sample phase. B. Number of visits to objects on sample phase. C. Duration
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spent exploring objects during the choice phase. D. Number of visits to objects in the
choice phase. * indicates p <.05.
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Figure 2.3:  Discrimination indices for the novel object recognition task.
Discrimination Index is calculated as the difference in exploration time between the novel
and familiar objects, divided by the total time spent exploring both objects. * indicates p
<0.05.

2.3  Apparatus and procedure in the place learning task: an exploration-
rewarded plus maze

The ladder-rewarded plus maze is a new mouse place-learning task that eliminates
the need for food restriction or aversive conditioning. Versions of the elevated plus maze
are commonly used to measure response to stress in unhabituated mice (Rodgers et al.
1999). In this ladder maze, we used standard plus-maze geometry to assess place learning
but used a positive reinforcer, i.e., access to an unexplored area. Mice completed a trial
by returning to the learned location of a hidden ladder that led to a novel space that
contained tunnels to be explored. Thus, both tasks in our study - object recognition and
place learning - exploited the natural tendency of mice to explore novel objects and novel
environments.

The ladder maze is an elevated plus maze that is designed to reward performance
with access to exploratory space that contains climbable objects (four tunnels). The maze
was constructed from white sheet vinyl plastic. It was comprised of four perpendicular
arms (45 cm x 4 cm). Each arm was also fitted with a ‘speed bump’. This was a U-shaped
wire mesh structure (8 cm high) fixed to the maze arm (see Figure 2.4C). The function of
the speed bump was to slow down the mice and allow for the attention to and utilization
of allocentric cues when choosing to enter an arm. In pilot studies, without the speed
bumps, the mice would run quickly across the maze and would not attend to their
surroundings. Occasionally a mouse would run off the end of an arm, where they may
have expected the escape ladder to be. In these pilot studies, the mice did not show
evidence of learning the correct location. Once the speed bumps were added the mice
slowed down and began to show evidence of learning.
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The maze arms were elevated 31 cm above a white floor (122 cm x 122 cm x 5
cm) that contained four plastic tunnels that differed in color and texture (ca. 5 cm
diameter x 14 cm length). The plastic ladder (4 cm x 34 cm) was constructed from
commercially available white, latticed plastic (1 cm x 1 cm cubes). The layout of the test
room is shown in Figure 2.4A. The maze and the exploration space were enclosed in a
round barrier of transparent acrylic (70 cm high, 122 cm diameter) to prevent escape.
Intra-maze cues were attached to this barrier at each of four directions (Northeast,
Southeast, Southwest, Northwest), which were positions offset from the directions of the
maze arms (North, South, East, West). The directions were absolute cardinal directions.
The cues included artificial flowers, colored foam and hard plastic shapes (Figure 2.4B).
Extra-maze cues in the room included two blue room doors, two spotlights on opposite
corners of the test room, a rope of evenly distributed small white lights (decorator lights)
that outlined the ceiling of the room and cast an even light, colored foam shapes and
posters attached to the walls, a paper towel rack, a mop rack containing a mop and a
metal bookshelf (for the room layout, see Figure 2.4A). For the extra-maze cue probe
test, a white vinyl curtain was hung from a circular hoop (Hula Hoop®) that was
suspended from the ceiling, encircling the maze. This curtain masked all visual cues
outside of the maze.

Pre-training: Each mouse was given four pre-training trials in an adjacent room.
This procedure habituated the mice to descending on ladders (Trials 1 and 2) and
climbing the speed bump (Trials 3 and 4). The sample arm, speed bump and ladder led to
the mouse’s home cage; after each trial, the mouse spent a 20 sec inter-trial interval (ITI)
in its cage.

Training: Each mouse was assigned either the East (E) or West (W) arm as its
goal (ladder) location. The start arm of each trial was pseudo-randomly assigned from the
three non-goal arms. The mouse was released on the top surface of the maze at the end of
one arm. The mouse was rewarded with exploration when it chose the correct arm. A
choice was defined as the mouse climbing to the top of the speed bump. Once the mouse
made the correct choice, it descended the ladder and was allowed to explore the tunnels
for 20 sec. Each mouse was trained across sessions of three trials per session. Thus each
non-goal arm served as a start arm once per session. The ITI lasted 60 to 90 sec. During
the ITI, the mouse was additionally rewarded with exploration of novel objects in a large
arena with novel objects. Also, during the ITI, the maze arms were wiped and rotated to
prevent mice from associating patterns of odor cues or imperfections in the symmetry of
the maze with the goal arm location. All training and testing was conducted on a single
day; testing lasted between 3 and 5 h. The criterion for learning the location was a first
choice of correct arm for all trials in two consecutive sessions, ensuring the mouse
oriented correctly twice from each start position.
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Figure 2.4:  Experimental room layout (A) and the testing arena (B) with a picture of a
mouse at the top point of a speed bump on one arm of the plus maze (C).

Probe tests: Probe sessions were carried out immediately after the training
criterion was met. A probe session consisted of three training trials and one probe trial.
This was done as a means of preventing extinction of the behavior and anticipation of the
probe. The probe trial occurred either between training trial 1 and 2 or between training
trial 2 and 3; the placement of the probe within the session was counterbalanced among
subjects. No ladder was present on the probe trial. We recorded all choices made for 60
sec. However, the measure of performance was limited to the first choice. Three types of

20



probe tests, in a fixed order, were used to assess cue use strategy: Probe 1, removal of
intra-maze cues; Probe 2, masking of extra-maze cues; Probe 3, removal and masking of
both cue sets simultaneously. In Probe 1, we removed all intra-maze cues, including the
four colored tunnels and the cues that had been placed close to the maze. In Probe 2, we
masked the extra-maze cues with the curtain. In Probe 3, both of the above manipulations
were employed simultaneously. We counterbalanced the location of the goal arm across
mice. We also counterbalanced the start arm across probe tests and subjects so that the
subjects had a new start arm for each probe test. For example, half of the subjects with a
West arm goal started from the North arm and the other half with the West arm goal were
released onto the South arm in Probe 1. This was balanced so that subjects that started
from the North arm in Probe 1 would start from the South arm in Probe 2. This design
should have eliminated the effect of side-turning bias.

2.5  Results of the place learning task

Performance on a training trial was assessed by the number of errors made, i.e.,
the number of non-goal arms entered before the goal arm was entered. To complete
training, mice were required to learn a rewarded location and escape from the maze on
the first choice. Therefore, the first arm chosen is the best indictor of the mouse’s
memory for the correct location in probe tests. Beyond this choice, the behavior becomes
increasingly difficult to interpret. As seen in Figure 2.5, females and males did not differ
in their rate of acquisition of this task. The mean number (= SE) of trials to criterion was
35.4 = 3.93 for females and 41.14 + 4.69 for males, which was not significantly different
as determined by a t-test (t;s= .94, p = .36). The first female mouse to reach criterion did
so after 18 trials (6 sessions) and the last two female mice to reach criterion did so in 54
trials (18 sessions). The first male mice to reach criterion did so in 30 trials (10 sessions)
and the last male mouse to reach criterion did so in 54 trials (18 sessions). Overall, after
20 sessions only one female failed to reach criterion while four males failed to reach
criterion. These mice were removed from any further analysis thus the number of female
subjects included in the data set was 10, and the number of male subjects included was
reduced to 7. An analysis of errors per session using a 2 x 2 repeated measures ANOVA
with sex as the between-subjects factor and session as the repeated within-subjects factor
was carried out for the first six sessions with the data from the remaining 17 mice (10
female and 7 male). This revealed a main effect of session (Fs;; = 9.37, p < .01), no
effect of sex (F1,15 = 3.04, p = .10), and no Sex x Session interaction (Fs;; = 3.04, p =
.006).
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Figure 2.5: Task acquisition by female and male mice in the ladder maze assessing
mean (+SE) number of errors per session (n=10 female and 7 male mice). Female mice
began reaching criterion in the sixth session and male mice began reaching criterion in
the tenth session. The last male and female mice to reach criterion did so in the
eighteenth session. The average trials to criterion was 35.4 = 3.93 for females and 41.14
+ 4.69 for males, which was not significantly different as determined by a t-test (t;s= .94,
p = .36). Since mice began meeting criterion and were thus moved on to probe trials
following the sixth session, only data from the first six sessions is included in this figure.
*Note that the female and male mice show the same pattern of acquisition with nearly all
of the mice remaining in training following the sixth session making one error per
session.

The results from the probe tests are summarized in Table 2.1. A single male
mouse refused to participate in Probes 2 and 3 by sitting in the start arm for five minutes,
thus the sample size is reduced for these two probes. We used the binomial test to
determine if more mice chose the correct location than expected by chance, within each
group, on each probe. Mice could choose any of the four arms once they reached the
center. Mice indeed on occasion (albeit rarely) reversed direction and reentered their start
arm. For this reason, all four arms were potential choices and the probability of choosing
one arm was set at 0.25. However, as the start arm was used less frequently, we repeated
the binomial analysis more conservatively by calculating chance as one of three, non-
start, arms, i.e., 0.33. When intra-maze cues were removed (Probe Test 1) both female
and male mice were significantly above chance in choosing the correct arm (binomial
test, p <.01). This was true both when the start arm was included as a choice possibility
and when it was excluded (Table 2.1).

While, in the second probe, when extra-maze cues were masked (Probe Test 2),
male choice behavior did not differ from chance (binomial test, p = 0.31) either when the
start arm was included as a choice or not, females choose the correct arm significantly
more than chance would predict (binomial test, p =.02). However, their choice was not
significantly different from chance when the start arm was excluded as an available
choice as it would be if we assume that mice should not return to an already traversed
arm (binomial test, p = 0.05). It is important to note that one of the female mice did return
to the start arm after entering the center of the maze and this was counted as the first
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choice. When all cues were removed or masked (Probe Test 3), the first arm choice of
males was again not significantly different from chance and again females showed
accurate performance, a greater proportion of females choosing the correct goal arm on
the first choice than predicted by chance (binomial test, p <.01).

Table 2.1: Results for spatial probe tests on the ladder maze.

Type of Probe Group  Number n 4 arms 3 arms
correct (p =25) (p =33)

Intra-maze cues Females 9 10 <.01* <.01*

deleted

(Probe 1) Males 6 7 <.01* <.01*

Extra-maze cues Females 6 10 .02%* .05

masked

(Probe 2) Males 2 7 31 31

All cues Females 7 10 <.01* .01 *

deleted/masked

(Probe 3) Males 2 7 .31 31

Note: This table only includes mice reaching training criterion (N=17). The binomial
probabilities were calculated twice: first for chance levels with four maze arm choices
(i.e., 3 choice arms + 1 start arm) and second with three maze arm choices, disqualifying
the start arm as a possible choice (but see discussion in text). * p <.05.

2.6  Discussion of mice with objects and in elevated space

This study is the first to describe a clear sex difference in cue use strategies in
laboratory mice in a place-finding task. The goal of this study was to determine if sex
differences in cue use during spatial orientation in the C57BL/6J mouse strain are
consistent with patterns observed in other species. The results of these tasks are largely
concordant with those reported for other mammalian species. These results are also
consistent with the hypothesis that attention to ethologically valid housing and testing
measures as well as attempts at reducing stress may contribute to the expression and
therefore identification of sex differences in object recognition and place learning tasks.

In the object recognition task, females were significantly more likely than males
to discriminate the novel from the familiar object as evidenced by the differential
exploration of this object in the choice phase. This result could not have been due to
either side preference or odor cues. The side on which the novel object was placed was
counterbalanced. In addition, during the test phase both objects were new to the mouse,
as one was a duplicate of the object used in the training phase. There was also a sex
difference in baseline exploration. It is possible that females collected more information
during the sample phase than did males and, for this reason, this study cannot pinpoint
the source of the female advantage which could potentially have arisen as a result of
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either increased attention and better encoding or more accurate recall of the familiar
object. The goal of the study, however, was to determine not how but if male and female
C57BL/J6 mice differ in their spatial encoding of a novel environment. The present
results suggest that females and males pay attention differently to their surroundings,
specifically that females pay more attention than males to novel objects and perhaps to
discrete objects in general. While the female mice spent significantly more time with
objects during the sample phase, the amount of time male mice spent exploring objects is
representative of similar results in the field (Frick and Gresack 2003). Nonetheless, in the
choice phase, they did not discriminate between novel and familiar objects.

The finding that male mice did not discriminate between novel and familiar
objects may seem contrary to many other novel object recognition experiments in which
male mice of this strain are capable of recognizing the novel object (Frick and Gresack
2003; Rampon et al. 2000; Tang et al. 1999). This may be due to the degree of similarity
between the novel and familiar objects. The constructed objects in the present study,
composed of Lego® blocks, were perhaps more similar to one another than in other
studies, making the task more difficult. Further studies with standardized objects would
clearly address this point. In addition, in other object recognition experiments we have
found that increasing the difference between objects indeed results in an increase in
males’ ability to distinguish familiar from novel objects (see next chapter).

The results of the current study confirm the female advantage found in a related
object recognition task in C57BL/6J mice (Podhorna and Brown 2002). This is
significant because of several important methodological differences between the studies,
most notably that the delay between the sample and choice phases in this study was only
15 min, as compared to 24 h in the current study. On the other hand, in both studies mice
were tested during their natural active phase (dark phase of the cycle). The scheduling of
testing may be critical. In a similar study that showed a male advantage in this task, after
a delay of 24 h, C57BL/6J mice were tested during the light phase of the cycle, i.e. their
natural period of inactivity (Frick and Gresack 2003). Although it is possible that the
sexes vary in their sensitivity to activity phase, we can draw no real conclusions until all
the factors (cycle, delay duration, object similarity) can be controlled. Such future
research will determine the contribution of these factors to the size and magnitude of the
sex differences in C57BL/6J mice on this task. Given the similarities in sex differences
among other mammalian species, however, it is reasonable to expect that future research
will confirm that laboratory mice show a similar pattern to that seen in laboratory rats and
in humans, albeit with greater sensitivity to testing conditions.

The hypothesis that females attend more to small objects in their environment
than do males was also supported by results from the place-learning task. Here males and
females experienced the same duration of exploration and exposure to spatial cues and
also showed the same pattern of task acquisition. Yet the sexes differed in their response
to the removal or masking of cues. The masking of extra-maze cues impaired only male
performance. Male performance was also impaired in the last probe test, when both extra-
maze and intra-maze cues were masked or removed, but not in the probe test where only
intra-maze cues were removed. This clearly points to a male reliance on using extra-maze
cues for orientation, in agreement with studies of male vs. female humans (Sandstrom et
al. 2006), desert kangaroo rats (Langley 1994), and laboratory rats (Williams et al. 1990).
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Female performance on the place-learning task, however, was less affected by
changes in visible cues, even the intra-maze cues. This is an unexpected result given their
sensitivity to object features in the first task. In fact, female performance remained robust
throughout all probe tests. This suggests that females had encoded not simply the visible
landmarks but other information as well; some cue that was not controlled with the
current experimental design. This interpretation would be consistent with a study of sex
differences in laboratory rats, orienting to food rewards on a plus maze (Tropp and
Markus 2001). In this study, females utilized both intra- and extra-maze cues initially and
then after training, relied preferentially on extra-maze cues. Males, in contrast, rely
preferentially on extra-maze cues from the beginning. In addition, some potential extra-
maze cues that we could not control or mask were the auditory and olfactory cues
surrounding the room, such as the noise from the observation room. It is possible that
female C57B1/6J mice show a similar pattern to the laboratory rats in this experiment as a
result of the extended training that was necessary to confirm place learning from all
release points in the current study.

In conclusion, future work must dissect the contributions of different parameters
that influence sex differences in this species. Yet, the concordance of the present results
with new models of spatial encoding and mapping (Jacobs and Schenk 2003), as well as
with prior studies of sex differences in other mammalian species suggest that the pattern
of cognitive sex differences in the C57BL/6J laboratory mouse will be similar to that
found in other mammals. This opens the door for sophisticated work on the genetic and
molecular basis of sex differences in cognition in mammals.
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CHAPTER 3: SEX DIFFERENCES IN OBJECT RECOGNITION

As an animal moves through its environment it must respond appropriately to the
objects surrounding it. This implies making a decision about an object’s possible benefit,
danger or insignificance and it requires the ability to discriminate between novel and
familiar objects. By recognizing a familiar object, an animal can reduce the time spent
exploring and can maximize the processing of non-redundant information (Mickley et al.
2000). Sokolov described the orienting-investigatory reflex of animals as “the series of
reactions bringing the animal into contact with the object, and tuning the analysers of
animal or man, so that perception of the stimulus takes place in the most favorable
conditions” (Sokolov 1963). This direction of attention towards novelty facilitates long-
term memory encoding (Tulving et al. 1996; Habib et al. 2003) and can be used as a tool
to measure the strength of memories for familiar objects (Ennaceur 2010b).

As discussed in the previous chapters, sex differences in spatial behavior of mice
have been found in both the field and in the laboratory. Yet, these sex differences can
vary in size and direction from one lab to another (Frick and Gresack 2003; Podhorna and
Brown 2002; Benice et al. 2006). In the previous chapter, a sex difference was reported
for this task in which female mice differentially explored a novel object relative to a
familiar object. Male mice, on the other hand, did not display this bias. This indicates that
male mice did not distinguish between the two objects with respect to familiarity and this
suggests a poor memory of the familiar object. These results are similar to those reported
in experiments with rats (Saucier et al. 2008). The finding that male mice were unable to
discriminate between novel and familiar objects may seem contrary to other novel object
recognition experiments in which male mice of this strain respond differentially to the
novel object (Frick and Gresack 2003; Rampon et al. 2000; Tang et al. 1999). These
inconsistencies may result from differences in the amount of exposure to the objects
during the sample phase, differences in the length of the inter-trial interval, the shape of
the arena, or the types of objects used as stimuli in the study.

This experiment will look at the effects of the degree of similarity between the
two objects on the sex differences observed in response to novel object recognition and
will use a method originally developed by Ennaceur and Delacour (Ennaceur and
Delacour 1988). As Ennaceur suggested in a recent discussion of the object recognition
task, “The perception of differences in the orientation of stripes, however, does not
necessarily imply that these objects are suitable for assessing memory of objects using
variable retention intervals. Memory in rodents may not be able to afford such limited
discriminative features between objects as these can be subject to high level of
interferences than objects with redundant features. It may not be able also to afford large
similarities between objects for the same reasons. Under these conditions, a deficit in
object recognition can be observed as soon as a delay is interposed between the sample
phase and the test phase” (Ennaceur 2010a). This review offers another caveat and
recommends that one take careful precautions when choosing stimuli for this task to
avoid objects with special affordances that might result in induced preferences. Thereby
masking the detection and exploration of an object as a result of its novelty. Thus, one
must choose objects that are both maximally discriminable and similar enough to not
incite preferential exploration irrespective of novelty. This can be a difficult balance to
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attain particularly when so little is known about rodent object perception. Rather than
being a variable to avoid, varying the similarity between the two objects may offer some
insight into the degree of interference that is tolerable and provide valuable tool for
assessing the quality of object recognition memory in mice.

As discussed in the introduction, sex differences in spatial behavior may reflect
divergent selective pressures producing different mating strategies and reproductive
behaviors. Accurate discrimination of objects in a home range may be particularly
beneficial to female mice as they continuously assess the quality of potential mates via
the scent marks left behind by competing males. Object recognition is one component of
the sketch map (a mental representation of an environment built on the relationships and
identities of local cues, which provide distance information relative to a goal or other
local cues) (Jacobs and Schenk 2003). Since females tend to rely on this type of
information, the hypothesis is that the biased exploration of the novel object will remain
even when the objects to be distinguished are relatively similar. However, as a result of
the male bias towards the use of a bearing map (directional information acquired from
geometry and distal cues) to organize behavior, the hypothesis is that male performance
will be impaired when the objects to be distinguished share many features.

3.1 Subjects and husbandry

The subjects were C57BL/6J mice (N =22, 11 female, 11 male), which were 12
weeks old at the time of testing. In an effort to reduce as many stressors as possible and
create a housing environment that was ethologically valid, the husbandry was modified.
Group housed male rats have shown an increase in stress response and a decrement in
object recognition relative to individually housed males while the opposite is seen in
females (Beck and Luine 2002). In addition, male mice can become territorial and fight
one another in the caged environment. Deacon (2006a) suggests that individual housing
(though not isolation) of males is ethologically valid while housing female mice in
groups is also ethologically valid. In addition, Harris et al. (2008b) find that isolation
does not alter the results of a sex difference study in spatial cognition of rats. Thus
females were housed in groups of three while male mice were individually housed in
standard mouse cages (19 cm x 29 cm x 13 cm). Each cage was supplied with a
disposable cardboard igloo and bedding material (Nestlets®). Mice were kept on a 12:12
light cycle (lights on 20:00, off at 08:00). Cages were all kept below the top tier of the
racks in order to reduce the stress of being so near the light source. Water was available
ad lib. A ration of 8 g standard mouse chow was provided on alternate days to simulate
natural cycles of food availability while maintaining a weight within 1-2g of ad lib
weight. This amount of food meets the daily energetic requirements of the mice
(Nutrition et al. 1995) and reduces the negative effects of ad lib feeding (Keenan et al.
1999). The mice in this study rarely finished the entire 48 hr ration, however, and were
rarely without food for more than 4 hr.

3.2  Apparatus and procedure for the object recognition task

This task was similar to the previously reported object recognition task (Bettis and
Jacobs 2009) and consisted of three successive days of exposure to an arena and a set of
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objects in this environment (Figure 3.1A below), for a period of 5 min per day. The arena
was an opaque rodent cage (40 cm x 51 cm x 20 cm). Unique objects were constructed
using Lego® blocks (Figure 3.1B). A video camera was mounted to the ceiling and was
connected to a recorder, monitor, and computer in the adjacent room. The two rooms
were connected through a partially open door. All experiments took place during the dark
phase of the light cycle and were conducted in test rooms with low lighting. Extra-
apparatus cues were not masked but were not prominent, as the sides of the arena were
opaque.

On Day 1 (habituation phase), the mouse was released into the empty arena for 5
min of exploration and habituation. On Day 2 (sample phase), the mouse was again
released into the arena, which now contained two identical objects centered in the arena.
On Day 3 (choice phase), the arena now contained a duplicate of the object from the
sample phase and a novel object (Figure 3.1). The location of the novel object was
counterbalanced among mice to control for side biases. The objects presented to the mice
were both completely novel to the mouse, i.e., different objects were constructed for each
replication of the task. In the first experiment two objects of relative similarity were used.
Both objects were constructed with identical blocks on the bottom, thus the objects
occupied identical footprints. In addition, these objects were constructed using the same
color scheme and a similar pattern of alternating white/ dark blocks, which makes the
contrast very striking and similar in the two objects. The most salient (to this human’s
eye) difference between the two objects is the difference in height. The second
experiment was carried out one week later, and one of the objects was replaced with an
object that was very different in terms of both shape and contrast. In this experiment the
two objects differ in shape (one has only one tower and the other has two), height, and
color. While color is probably not a feature that mice will attend to, contrast is (Jacobs
1993; Jacobs and Fenwick... 2001). And the contrast apparent in the pattern in the black,
white and red object is greater than the contrast between colors in the yellow, blue, white,
and red object. While these descriptions of the level of similarity between stimuli paired
for these studies is entirely qualitative, they provide a starting point from which a more
detailed understanding of the nature of object recognition in mice can be built.
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Figure 3.1:  A: A representation of the experimental design. B. The two objects used in
the first object recognition experiment in this series. C. The second set of objects used
one week after the first experiment.

All behavior was recorded on videotape for subsequent analysis using Ethovision
Pro (Noldus, Inc.). Two measures of behavior were made: the time spent within 4 cm of
an object and the frequency of visits to this zone per object. The criterion for the mouse’s
presence within the 4 cm zone was the location of the body’s center of gravity, as defined
by Ethovision. The Ethovision tracking system results in high correlations between

manual recording and automatic scoring in object recognition tasks in mice (Benice and
Raber 2008; Roach et al. 2003) (See also Chapter 2).

3.3  Results of the first object recognition task with similar objects

During the sample phase, on Day 2 of the first experiment no significant
differences in total duration were observed between objects for either female mice (paired
samples t-test: tjo=0.54, p = 0.14) or male mice (paired samples t-test: tjo = 1.58, p =
0.14). Nor were there any differences between the sexes in either measure of total
duration (ANOV As of right object: F20=0.33, p = 0.57, and left object: F1=1.13,p =
0.29) or percentage of time spent exploring the objects (ANOVA of right object: F 2 =
0.12, p = 0.74, and left object: F'20 = 0.16, p = 0.69) (see Figure 3.2A). In addition, none
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of the percentages differed significantly from 50% (one-sample t-tests for female mice:
t10= 0. 09, p = 0.93 and for male mice: t;p=0. 5, p = 0.62).

On Day 3 of the first experiment, in which the novel and familiar objects were
similar, significant differences were observed between the sexes (see Figure 3.2B). One-
way ANOVA’s reveal a significant difference between the sexes in total duration spent
with both the novel (F 20 =4.63, p = 0.04) and the familiar objects ( 20 =5.88,p =
0.025). A two-tailed, matched-pairs t-test resulted in a significant difference in the total
duration spent exploring the novel vs. the familiar objects by the female mice (t;o= 3.28,
p =0.01). The same test was not significant for the male mice (t;o = 1.74, p = 0.12).
When percentage of exploratory time was analyzed, the female mice spent a significantly
greater percentage of time exploring the novel object than the familiar object (one-tailed
t-test: tio = 1.95, p= 0.04). There was no significant difference in the percent of time
devoted to each of the objects by the males (one-tailed, paired-samples t-test: t;o = 1.48, p
=0.06). In addition, one-sample t-tests revealed that the percentage of exploratory time
spent with the novel object was significantly greater than 50% (t;o= 1.96, p = 0.04) for
the female mice. The same test showed that the percentage of time spent with the novel
object was not significantly greater than 50% for the male mice (t;o = 1.47, p = 0.08).
Lastly, a discrimination index was calculated by subtracting the time spent with the
familiar from the novel object and dividing by the total time spent exploring objects. An
ANOVA of this discrimination index revealed no significant sex difference (F 20 =
0.0011, p=0.97). However, one-sample t-tests of the distributions revealed that the
discrimination index calculated for the female mice was significantly greater than zero
(one-tailed t-test: t;o = 1.94, p = 0.04). The same test of the distribution from the male
mice did not reveal a discrimination index that is significantly different from zero (tio =
1.47, p =0.09).
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Figure 3.2:  A. Duration and percent time spent exploring objects during the sample
phase on Day 2 when the subjects are presented with identical objects. B. Duration and
percent time spent exploring objects during the choice phase on Day 3 when one object is
replaced with a novel object. * indicates p < 0.05.

3.4  Results of the second object recognition task with different objects

The sample size was reduced by one male mouse in the replication task, as this
subject did not participate in the experiment due to health concerns. On Day 2, the
sample phase of the second experiment, no significant differences were observed between
sexes or objects and a repeated measures ANOV A with duration as the dependent
measure reveals no significant effect of Sex (£1,19=0.22, p = 0.65) or Object (F,19=
1.59, p = 0.22) and no significant interaction (F ;9= 3.16, p = 0.09). In addition, the
percent of time devoted to each object was not significantly different than 50% for either
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the female (t;o = 0.3117, p = 0.76) or the male (to = 1.98, p = 0.08) mice as analyzed with
a one-sample t-test (see Figure 3.3A).

On Day 3, the choice phase, only a significant effect of Object type (Fi,19=
80.66, p <0.01) was observed in a repeated measures ANOV A with duration as the
dependent variable (see Figure 3.3B). There was no significant effect of Sex (F) 9=
0.70, p =0.41) and no significant Sex x Object interaction (F 9= 0.0004, p = 0.99). One-
sample t-tests reveal that the female (t;o = 10.4215, p < 0.01) and male (ty = 8.04, p <
0.01) mice spent significantly more than 50% of their exploratory time with the novel
object (and, by extension, significantly less than 50% of their time with the familiar
object.) Matched pairs t-tests reveal that both the female (t;o = 6.05, p < 0.01) and male
(to = 6.82, p < 0.01) spent significantly more time with the novel than the familiar object.
Lastly, one-way ANOVA of the discrimination index reveals no significant difference
between the sexes (F1,19=0.02, p =0.88). One-sample t-tests demonstrate that the
discrimination index calculated for both the female (t;o = 10.40, p < 0.01) and the male
mice (to = 8.06, p < 0.01) were significantly different from zero (see Figure 3.4B).
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Figure 3.3: A. Duration and percent time spent exploring objects during the sample
phase on Day 2 when the subjects are presented with identical objects. B. Duration and
percent time spent exploring objects during the choice phase on Day 3 when one object is
replaced with a novel object. * indicates p < 0.05.
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Figure 3.4: A. Discrimination indices for the first object recognition task with similar
objects. (Discrimination index = duration with novel - duration with familiar/ total
duration exploring objects) B. Discrimination indices for the second object recognition
task with objects that differ. (* indicates p < 0.05)

3.5 Discussion of sex differences in object recognition

The results from the first of the two object recognition tasks replicated our earlier
findings that female mice are better able to discriminate the identity of objects than male
mice (Bettis and Jacobs 2009). This is consistent with the literature on sex differences in
spatial cognition in other mammalian species. In this experiment, female and male mice
both attended to the objects to the same degree during the sample phase, in the presence
of identical objects. During the choice phase, female mice differentiated between the
novel and familiar objects by exploring the novel object for a longer duration. Male mice
trended towards this pattern of exploration, but the variance in responses between
individuals made this an insignificant difference. While the first experiment demonstrated
a female advantage, the second experiment, which used very distinct objects,
demonstrated that male mice are capable of this task at inter-trial intervals of 24 hours.
This is consistent with findings in labs that employ only male mice as subjects in tests of
learning and memory (Tang et al. 1999).

The finding that there is a female advantage in novel object recognition in mice
adds to the literature suggesting a sex difference in spatial navigation and cue use. It also
supports the Parallel Map Theory, which suggests that females tend to rely more heavily
on the local landmarks and the sketch map (Jacobs and Schenk 2003). In addition, this
finding draws attention to yet another aspect to consider when choosing objects in this
type of task. In these experiments the degree of difference between the objects was
shown to affect the ability to differentiate between novel and familiar objects. Others
have cited the need to attend to materials to control difference in odor absorption and
texture, as well as the need to attend to affordances of objects (Chemero and Heyser
2005). The height of the objects may also cause an exploratory bias independent of the
relative novelty (Alyan and Jander 1997). Future research will help determine which
features of these objects influence the outcome of this kind of experimental manipulation
(Ennaceur 2010a).
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CHAPTER 4: SEX DIFFERENCES IN AN OBJECT LOCATION TASK

Tests of object location memory are typically cited as the only spatial task in
which women consistently demonstrate an advantage (for a review see (Voyer et al.
2007)). In this task, subjects are exposed to an array of objects for a short period of time
and then asked to identify various changes made to the array after an inter-trial interval.
Women are consistently more accurate than men in identifying those changes.

In a similar task developed for rats, Saucier et al. (2007) reported a female
advantage in Long- Evans rats. These tests rely on the animal’s natural tendency to
explore novel objects and arrangements of objects in their environment. The test usually
involves habituation to a set of objects followed by a test of exploration after an inter-trial
interval during which objects are rearranged or substituted (Ennaceur and Delacour 1988;
Save et al. 1992). Female rats outperformed their male counterparts on an object location
memory task by exhibiting a biased exploration of the displaced object over the non-
displaced object. The results from these object location tasks taken together with those
from the previous studies suggest that male and female in these species encode spatial
locations using different strategies. In support of this, Williams, Barnett and Meck
demonstrated that male laboratory rats rely on the geometry of the room while females
tend to rely more on the landmarks for navigation in a radial arm maze (Williams et al.
1990).

While the evidence clearly supports the existence of a sex difference in spatial
cognition, particularly in laboratory rats and humans, the evidence is much more sparse
and not as clear for laboratory mice. While laboratory rats demonstrate a female
advantage over long retention intervals and under a number of housing conditions
(Sutcliffe et al. 2007b; Saucier et al. 2008), laboratory mice seem to be inconsistent in
these types of tasks. For example, one study found no sex difference (Benice and Raber
2008), and another found a male advantage in recognizing both a shift in location and a
novel object (Frick and Gresack 2003).

One potential contributor to the inconsistency in identifying sex differences in
laboratory mice on this task may arise from the differences in the spatial arrangements of
the testing arena and of the objects involved in these dishabituation tasks. Many of these
studies of spatial cognition juxtapose a change that is “spatial” (either a switch in
locations or a move to a new location) to one that is either non-spatial within the same
trial. In these studies, all changes that involve a move to a new location or a switch of
locations are categorized together as spatial while replacements of objects are considered
non-spatial (Thinus-Blanc et al. 1996; Dere et al. 2007). However, not all spatial changes
provide or alter the same kinds of information. Some changes in the arrangement of
objects may provide new directional information by polarizing an array. Some changes
may not alter the geometry of the array at all and therefore provide less directional
information.

Therefore, the current study was carried out to assess both the existence of a sex
difference in spatial strategy in mice and to study in more detail how the sexes might be
attending to cue relationships in the environment. Given the current understanding of sex
differences in spatial cognition and cue use, the prediction is that male mice will attend to
alterations in the environment that change the available vector information by modifying
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the geometry of the array while female mice will attend to alterations in the relationships
between the features of the objects and to substitutions. A study carried out with rats
suggests that male rats in a water maze rely on the geometry of landmarks within the
maze to the exclusion of the information provided by unique features (Benhamou and
Poucet 1998).

The goal of our study was to determine, whether C57BL/6J mice would show the
same pattern of sex differences as lab rats and other mammalian species. We first
conducted a basic object recognition task similar to that designed by Ennaceur and
Delacour (1988). The mice were habituated to the testing room in an empty open arena
on Day 1. On Day 2, during the sample phase, they were exposed to two identical objects
and, on Day 3, they were given a choice phase during which they were presented with a
familiar object from the previous day and a novel object in same position as one of the
old objects (see Fig. 4.1). The second experiment allowed us to test differences in
response to various spatial changes, substitutions and additions (see Figure 4.2). We
wanted to assess responses to changes in various types of relationships between the cues.
Thus, we adopted an experiment similar to that used by Save et al. (1992). The
hypotheses were that female mice should show an advantage in the object recognition
task and in rearrangements that involve switching locations between objects and novel
object substitutions, whereas male mice should show an advantage when the
rearrangement involved a move to a new position or provided some additional directional
information. In this task, a move to a new location changes the arrangement of the array
of objects and provides directional information as a result of the polarization of the
objects. It is this type of information that males rely on when constructing a bearing map
and therefore should elicit a response. A switch in locations between objects offers no
such information, but does change the relationship of the objects and the features
contained within them. Based on the Parallel Map Theory described in Chapter 1, and on
the hypothesis that the female advantage in object recognition and location memory
observed in other species functions as a means for improving mate choice and
discrimination the specific prediction is that a switch in location between two familiar
objects should reveal a female advantage.

4.1 Subjects and husbandry

C57BL/6J mice (N = 30, 15 female) were obtained at the age of two months and
were tested at the age of 3 months for the object recognition task. A subset of nine female
and ten male mice were tested the following month in the serial dishabituation task. The
females were housed in same-sex groups, three per standard mouse cage (19 cm x 29 cm
x 13 cm). The males were housed individually in standard mouse cages. Each cage was
supplied with a disposable cardboard igloo and bedding material (Nestlets ™). If external
validity is important, as it is when trying to assess drug effects and model mammalian
behavior, then it is critical that we attend to the ethological relevance of the housing that
we adopt for our animals (Wurbel 2002). In order to study sex differences in a more
natural model, we chose to provide enriched housing for all of the animals by supplying
nesting material and cardboard igloos for cover along with a toy to chew on.
Standardized lab conditions are impoverished and can cause a suite of stereotyped
behaviors and brain changes, which can be alleviated by providing the animals with
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relatively enriched living conditions (Mohammed et al. 2002; van Praag et al. 2000). It
has also been shown that female mice benefit from an enriched cage without causing
changes in variance across strains or labs on standard tests of cognitive performance;
therefore demonstrating that enrichment does not hinder reliability of the results and may
improve the life and cognitive function of the mouse (Wolfer et al. 2004).

In addition to the enrichment, the male mice were housed individually (though not
entirely isolated) while female mice were housed in groups to replicate more natural
circumstances. Wild female mice may live in groups, but male mice tend to be territorial
and, when provided with enrichment or expanded space in a laboratory, setting may
become aggressive (Deacon 2006b). Palanza et al. (2001) have shown that individually
housed female mice have a higher anxiety profile and are less exploratory in an open
field while male mice show the opposite pattern. The male mice housed individually
spent more time in the open field while male mice that were group housed demonstrated
high anxiety profiles. This type of chronic stress in group housed males may effect
cognition and therefore can be considered a potential confound when determining sex
differences in learning and memory. Individual housing still allows for olfactory and
auditory communication between nearby cages containing male or female mice thus
eliminating the stress of complete isolation while potentially causing changes in behavior
and cognition that would be indicative of male territoriality (Brain 1975).

Mice were kept on a 14:10 light cycle (lights on 22:00, off at 08:00). All testing
was conducted during the dark phase of the light cycle. Water was available ad lib. A
daily ration of 4 g standard mouse chow was fed on alternate days, to simulate natural
cycles of food availability while maintaining the ad lib weight. Mice rarely finished the
entire 48 hr ration, however, and were never without food for more than 12 hrs.

4.2  Apparatus and procedure for the simple object recognition task

This object recognition task was adapted from Ennaceur and Delacour (1988).
The task consisted of three successive days of exposure to an arena, in which various
objects were placed, for a period of 15 min per day. The arena was an opaque guinea pig
cage (40.2 cm x 50.8 cm x 20.32 cm). The objects were unique constructions from
Lego® blocks. A video camera was mounted to the ceiling and was connected to a
recorder, monitor, and computer in an adjacent room. External cues were available but
were not prominent because the walls of the arena were opaque.

On Day 1, the mouse was released into the empty arena for 15 minutes of
exploration and habituation. On Day 2, the mouse was again released into the arena for
the sample phase, which contained two identical objects, placed near the center. On Day
3, the mouse was again released into the arena for the choice phase, which now contained
a duplicate of an object from the sample phase and a novel object (see Fig. 1). The
location of the novel object was counterbalanced among mice to control for side biases.

All behavior was recorded on videotape for subsequent analysis by Ethovision
Pro (Noldus, Inc.). Two measures of exploratory behavior were made: the time spent
within a zone of 4 cm distant from an object and the frequency of visits to this zone per
object. The mouse’s presence within the 4 cm zone was defined as its body’s center of
gravity, as defined by Ethovision. Sex differences were calculated using ANOVA tests.
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5cm

Figure 4.1:  a. A representation of the experimental design and spatial layout. Note that
the side of the arena in which the novel object was presented was counterbalanced across
subjects. b. Lego™ objects used in the object recognition task

4.3  Results of the simple object recognition task

During the sample phase on Day 2, the female mice made more visits to both of
the objects than the male mice did (left: (Fy 2s=11.27, p = 0.02), right: (F; 3= 14.19,p <
0.01)). They also spent more time exploring the objects than the male mice did (left: (F;,
28=12.60, p = 0.01), right: (F; 25=23.20, p <0.01)) (see Fig. 4.2). Both male and female
mice divided their exploration evenly between the two objects in the sample phase. In the
choice phase on Day 3, female mice made more visits to the novel object than the male
mice did (F;, 23 = 17.36, p < 0.01), but they did not make more visits to the familiar object
than male mice (F; 25 = 3.54, p = 0.07) (see Fig. 4.2). The female mice also spent more
time with both the novel (F; 25=38.86, p <0.01) and the familiar objects (F; 2s= 14.13, p
< 0.01) than the male mice (see Fig. 3d). Paired samples t-tests reveal that females made
more visits (tj4=2.35, p = 0.03) and spent more time (t;4= 2.84, p = 0.01) with the novel
objects than the familiar objects. The males did not make more visits (t;4= 0.27, p = 0.80)
or spend more time (t;4= 0.09, p = 0.93) with the novel than the familiar object.

In summary, male mice spent the same amount of time and made approximately
the same number of visits to all of the objects on both Day 2 and Day 3. The female mice
spent more time with the objects overall and, on Day 3, selectively explored the novel
object more than the familiar one.
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Figure 4. 2: a. Number of visits made by male and female mice to the objects during
the sample phase. b. Duration of time spent exploring the objects during the sample phase
on Day 2. Note: for a and b, closed bars indicate the object on the right and open bars
indicate the object on the left. c. Number of visits to the objects during the choice phase
on Day 3. d. Duration of time spent with the objects in the choice phase. (* indicates a
significant difference, p < 0.05) Note: for ¢ and d, closed bars indicate the novel object
while open bars indicate the familiar object.

4.4 Apparatus and procedure for the seven-object recognition and location
memory task

All trials took place on an elevated circular platform (90 cm diameter) constructed
from white sheet vinyl plastic. This platform was elevated 31 cm above a white floor
(122 cm x 122 cm x 5 cm). This elevation and lack of walls has been shown to increase
object exploration (Clark et al. 2006). Trials were carried out during the dark phase of the
light cycle under low light conditions. Extra-maze cues in the room included two blue
room doors, two spotlights on opposite corners of the test room, a rope of evenly
distributed small white lights that outlined the ceiling of the room and cast an even light;
colored foam shapes and posters attached to the walls, paper towel rack, a mop rack
containing a mop, and a metal bookshelf.
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All of the objects used in this experiment were made of ceramic material, which
was easily cleaned with ethyl alcohol between trials. All objects were of a similar height
approximately 8- 10 cm (most of them were salt or pepper shakers) (see Fig. 4.3).

The design of this experiment was based on similar experiments carried out by
Save et al., 1992. Each mouse was given 11 consecutive trials that lasted six minutes each
with three-minute inter-trial intervals during which the mouse was placed in a holding
cage. During the first trial, the mouse was released onto the empty platform for
habituation to the environment. In trials two-four, the arena contained four objects in a
square configuration with a fifth object in the center of the arena (see Fig. 4.3b). In trials
five and six, the arena contained the same objects, however, the center object was moved
to a position outside of the square. In trials seven and eight, two of the objects had
switched positions. In trials nine and ten, a new object was substituted for an old object.
In the last trial a new object was added to the array.

All behavior was recorded on videotape for subsequent analysis by Ethovision
Pro (Noldus, Inc.). During trial 1, both distance traveled (cm) and velocity (cm/sec) were
recorded in order to assess differences in baseline activity levels. This was done to assess
whether or sex differences might be a result of general activity level rather than one of
cue use. In all other trials, two measures of behavior were made: the time spent within a
zone of 4 cm distant from an object and the frequency of visits to this zone per object.
The mouse’s presence within the 4 cm zone was defined as its body’s center of gravity,
as defined by Ethovision. An ANOVA was performed to assess any sex differences in
initial activity level (average velocity and distance traveled). Habituation to the objects in
trials two through four was analyzed using a repeated measures MANOVA with trial as
the within subjects variable and sex as the between subjects variables. In order to assess
sex differences in response to changes in the arrangement of the objects, MANOVA's
were carried out on the difference in time spent with each object category (e.g. displaced
vs. non-displaced) before and after the change. This number will be positive if the mice
demonstrated an increase in attention to the object category and negative if the mouse
habituated further to the object category. In order to assess a significant change in
behavior towards the object categories, a one-sample t-test was done to test whether or
not the distributions of the discrimination indices differed from zero. During the last trial,
a new object was added and this does not allow for the same kind of analysis. In order to
analyze this probe, we compared duration and number of visits to each object category
using MANOVA tests.
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Trial 1: Trials 2-4: Trials 5-6:
Open Arena Habituation New Location

50 cm

Trials 7-8: Trials 9-10: Trial 11:
Spatial Switch  Substitution Addition

Figure 4.3:  a. Stimuli used for the serial dishabituation task. b. A representation of the
experimental design and spatial layout.

Table 4.1: Predictions and outcomes of the seven-object task

Probe 1 Probe 2 Probe 3 Probe 4
Predictions Male + Female + Female + No difference
Results Male + Female + Female + Female +

4.5  Results of the seven-object recognition and location memory task

Female and male mice behaved very similarly in the habituation trials. During the
first trial, in an empty arena, female mice traveled an average of 26.06 + 1.14 meters and
male mice traveled an average of 25.21 + 1.08 meters (mean + standard error). The
average velocity of the female mice was 8.93 = 0.43 cm/sec and the average velocity for
the male mice was 8.38 + 0.42 cm/sec. Neither of these measures of activity were
significantly different between the sexes (distance: (F; 17 = 0.81, p = 0.38), velocity: (F;,
17 = 0.30, p = 0.59). These results indicate similar activity levels in the open arena. The
duration spent in a zone in the center of the arena was also analyzed for sex differences.
This center circle was 33.3 cm in diameter. Males spent 15.35 + 2.67 sec in this zone.
Female mice spent 7.39 = 2.81 sec in the center zone of the open arena. This difference
was not significant, though it was close (F;, 17 =4.22, p=0.056). In summary, no sex
differences were observed in measures of baseline behavior.
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In trials two through four, when exposed to the five objects for habituation, both
female and male mice habituated to the same degree. A repeated measures MANOVA,
with number of visits to objects in each trial as the dependent measure, revealed a
significant effect of trial (F», ;6= 56.62, p <0.01), but no effect of sex (F;,17=10.85,p =
0.37) and no significant interaction (F, ;6= 3.27, p = 0.06) (see Fig. 4.4a). The same
pattern of results was seen using the time spent with objects as the dependent measure
(significant effect of trial (F,, 6= 18.64, p <0.01), no effect of sex (F; 17=3.31,p=
0.09), and no interaction (F5, ;6= 0.24, p = 0.78) (see Fig. 4.4b). It is interesting to note
that the female mice spent more time with the objects in each trial compared to the male
mice and that this data trended towards a sex difference.
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Figure 4.4:  a. The mean number of visits to objects in each trial. Note that number of
visits declines across trials for both male and female mice. b. The average duration spent
exploring objects in each trial. No significant effect of sex was seen in either measure of
habituation. There was a significant effect of trial, as is expected in habituation. Closed
circles= females, Open circles= males

After the habituations trials, the central object was relocated to an outside position
for the remainder of the trials. Male mice responded more strongly than female mice to
this displacement of a familiar object to a novel location (see Fig. 4.5). There were no
significant sex differences in the change in behavior after the displacement. The lack of
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sex differences applies to both to number of visits and duration of visits to both of the
object categories (displaced and fixed). However, the male mice showed a significant
increase (above a zero change level) in number of visits to (to=2.52, p = 0.03) and time
spent exploring (ty = 2.54, p=0.03) the displaced object. The female mice did not show
the same level of response. The change in number of visits (ts= -0.35, p = 0.74) and time
spent exploring (ts= 1.04, p = 0.33) the displaced object did not differ from zero for the
female mice. This suggests that the male mice increased their exploration of this object
after it was displaced, while the female mice did not.

B D displaced: E (looks like a sun)
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(various shapes- mostly cylindrical)
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Figure 4.5:  Discrimination results of the first displacement. a. The first displacement
was of a familiar object to a new location. Note that the new location changes the
geometry of the array. b. Change in mean number of visits between trials four and five
for displaced and fixed object categories. c. Change in mean exploration time spent with
objects between trials four and five for displaced and fixed object categories. (* indicates
a significant difference from 0 in a t-test, p < 0.05)
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Following the next shift, which was a switch in location between two of the
objects, the females decreased their exploration of the fixed objects while they
maintained the same level of exploration of the displaced objects (see Fig. 4.6). The
change in the number of visits to the fixed objects was significantly less than zero (tg = -
2.68, p = 0.03) indicating further habituation. While the change in the number of visits to
the displaced objects across trials six and seven was not significantly different from zero
(ts=0.11, p = 0.92) for the female mice. The male mice displayed the opposite pattern of
behavior; further habituating to the displaced objects and not the fixed objects. The
change in time spent exploring the displaced objects differs significantly from zero (to= -
3.04, p = 0.01) indicating increased habituation. However, when we analyze the change
in number of visits to each category the male mice did not differ from zero for either the
displaced (ty=-2.02, p = 0.07) (though this is close) or the fixed objects (to=-1.61, p =
0.14). Overall, this indicates that the female mice habituated further to those objects that
did not move and the male mice did not change their behavior across trials unless it was
to habituate further to the objects that were switched. In all of this, there were no sex
differences in changes of behavior towards either object category as assessed by
ANOVA’s.
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Figure 4.6:  Discrimination results of the second spatial change. a. This change
involved a switch of location between two familiar objects. b. Change in mean
number of visits between trials six and seven for displaced and fixed object
categories. c. Change in mean exploration time of objects between trials six and
seven for displaced and fixed object categories. (* indicates a significant
difference from 0 in a t-test, p < 0.05)

The next change in the object array involved a substitution of one of the objects
for a novel object (see Fig. 4.7). While it looks as though the female mice habituated to
the familiar objects and increased their exploration of the substituted object, none of these
distributions differed from zero (number of visits to substituted object (T9-T8) ts=0.16,
p = 0.87; average number of visits to the familiar objects (T9-T8) ts=-1.42, p=0.19;
time spent with the substituted object (T9-T8) ts=1.15, p = 0.28; average time spent with
the familiar objects (T9-T8) tg=-1.50, p = 0.17). This indicates that the female mice did
not change their behavior towards the objects between trials eight and nine. The male
mice appeared to increase their exploration of both of the object categories but, again,
these distributions did not differ significantly from zero (number of visits to substituted
object (T9-T8) to=1.10, p = 0.30; average number of visits to the familiar objects (T9-
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T8) to=1.37, p = 0.21; time spent with the substituted object (T9-T8) ty=1.46, p = 0.18;
average time spent with the familiar objects (T9-T8) to=1.14, p = 0.29). For this
substitution, there are no sex differences and no significant response to the change.
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Figure 4.7:  Discrimination results of the third change. a. This change was a
substitution of a familiar object with a novel object in a familiar location. b. Change in
mean number of visits between trials eight and nine for substituted and familiar object
categories. c. Change in mean exploration time of objects between trials eight and nine
for substituted and familiar object categories. Note that none of the measures differed
significantly from zero.

The last change made to the array was an addition of an object to a new location.
This addition changed the geometry of the array once again (see Fig. 4.8). The female
mice made more visits to the familiar objects than the male mice did (F ;17 =4.86, p =
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0.04). The female mice made more visits to the novel object than to familiar objects (tz =
2.43, p = 0.04) and spent more time with the novel object than with the familiar object (ts
=2.53,p=0.04) in trial 11. The male mice did not visit the novel object more than the
familiar objects (to=1.00, p = 0.34) and they did not spend more time with the novel
object than the familiar object (ty=1.02, p = 0.33). This indicates that female mice
attended to this change in the array but male mice did not.
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Figure 4.8:  Dishabituation results after the last change. a. This change was an addition
of a novel object to a novel location. b. Number of visits to the novel object and mean
number of visits to the familiar objects. c. Exploration time spent with the novel object
and mean exploration time of the familiar objects. (* indicates significant difference in a
paired samples t-test, p < 0.05) (** indicates a significant difference using an ANOVA, p
<0.05)
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4.6  Discussion of sex differences and objects in space

Overall our results are consistent with previous studies indicating sex differences
in cue use in mammals. With attention to minimizing the chronic stresses of lab housing
and the acute stressors of behavioral testing, the mice behaved as was predicted with
some interesting results in the last trial. Female mice exhibit greater attention to local cue
identity, while male mice show greater dishabituation to changes in the environment that
alter geometry or provide larger directional information as in the first probe.

Female, but not male, mice discriminated between the novel and familiar objects
in a standard object recognition task. This is consistent with studies in lab rats that
demonstrate a female advantage in object recognition (Saucier et al. 2008; Sutcliffe et al.
2007a). Sutcliffe et al. demonstrated that male rats only discriminated the new object
from the old up to an inter-trial interval of an hour, while female rats were able to
recognize the novel object for longer inter-trial intervals. While this result is consistent
with those seen in rats- it is inconsistent with a previous report in the same strain of
mouse. Frick et al. have shown, in a very similar task, that males display an advantage in
both object recognition and location (Frick and Gresack 2003). There are potentially
many reasons for this discrepancy. Anything, from the housing of the animals to the
shape of the arena could have resulted in different outcomes. One consideration is that
the amount of attention to the objects during habituation was not controlled for, instead
we controlled for the amount of exposure overall to the arena. Thus, the female mice
attended more strongly to the objects during the sample phase than the male mice did.
This increased attention may have resulted in improved memory for these objects and
given them an advantage in recognition. Though we cannot say whether the sex
difference that was observed is a result of better recall or increased attention in the
females, this result still supports the hypothesis that the two sexes rely on different cue
types to organize their behavior. This suggests that female mice, as in other species, rely
more heavily on intra-maze cues than male mice and therefore respond more strongly
than male mice to this type of environmental change.

In the seven-object task, when a familiar object was moved to a location that
altered the geometry of the array, male mice increased their exploration of that object and
demonstrate an advantage in the first probe. These results are consistent with the findings
in rats that suggest a male reliance on geometry and those that endorse the importance of
geometrical information as a guide for navigation (Benhamou and Poucet 1998; Williams
et al. 1990; Cheng 1986). This is also consistent with studies in both mice and rats that
find a male advantage in object location memory specifically (Frick and Gresack 2003;
Sutcliffe et al. 2007a). In both of these studies the male animals responded more strongly
than a female to an object that was moved to a new location. In the study on mice, the
shift in location changed the geometry of the array as it does in this experiment. Also
consistent with the literature on sex differences in cognition, female mice exhibit greater
attention to changes in the relationships of featural cues and object identity. This was
seen in the second probe when two objects switch locations and in the third probe when a
familiar object is substituted with a novel one in an old location. These results are
consistent with studies in both rats and humans. James and Kimura (1997) show, in a pen
and paper task, that female participants perform better than male participants when the

48



location of pairs of objects were exchanged but not when the location was shifted.
Female rats also exhibit this same kind of advantage (Saucier et al. 2008). This spatial
rearrangement offers no change in geometry but changes the spatial relationship of the
objects with each other with particular respect to the unique features of the objects. This
result suggests that females may attend more to the unique features of objects and their
spatial relationships within the array while male mice attend to the geometry of the array
and the positions of objects relative to extra-array cues without attending to the unique
features of those objects. The final probe is interesting in that the addition of an object in
a new location that creates symmetry in the geometry of the array thus changing the
vector information available. It is interesting to note that, in this probe, the male mice did
somewhat preferentially explore the novel object, but they also increased exploration of
the last object that was added (which happens to be opposite the novel object in the array.
The prediction was that male and female mice would demonstrate greater exploration of
the additional object and that no sex difference would be seen. The female advantage
observed after this change in array may be related to the loss of directional information
provided by the local cues.

The effects of husbandry practices can have large effects on cognition, brains, and
behavior in general, and on the outcome of studies such as these (For a review see
(Rosenzweig and Bennett 1996)). In the early 1960’s a team of scientists at UC Berkeley
reported increased cortical thickness, as well as an increase in the number of dendritic
spines and dendritic branches in response to enriched environments. Clearly, enrichment
can help ameliorate some of the damaging effects seen in the impoverished conditions of
laboratory housing. The question to address then becomes about what effects different
types of enrichment might have on the outcome of studies of cognition.

In a recent study, rats performed equally well on tasks of object recognition
regardless of housing situation- either paired or singly housed which suggests that
housing should not have a large impact (Harris et al. 2008a). Though in a similar study in
mice- individually housed males performed worse than group housed males on object
recognition (Voikar et al. 2005). The question then remains what effect housing has on
mice. If individual housing is stressful then it can cause negative effects on cognitive
performance in mice, but studies have shown that group housing rather than individual
housing causes an increased stress response in these mice. In the study by Voikar et al.,
male mice housed in groups demonstrated a higher stress response on an elevated plus
maze. Therefore, the decreased performance in object recognition that is seen in
individually housed mice must not be a result of increased stress, but may be a change in
behavioral strategies to one that more closely mimics a natural adult male response and
therefore a reliance on a different set of information in the environment.

Our results demonstrate that female mice exhibit better performance on tasks of
object recognition and location when the location change involves a switch between two
familiar objects and positions. These results also demonstrate that male mice perform
better than their female counterparts in object location memory tasks when the change
involves a switch to a new location. Thus, male mice do not exhibit advantages in all tests
of spatial cognition. We suggest that these results were obtained due to differences in cue
use and/or frame of reference. The female mice seem to attend more strongly to the
unique features of objects and the spatial relationships of the objects within the arena.
The male mice seem to utilize a different strategy, attending to the configuration of the
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objects without the identifying features of the objects information and the relationship of
those objects to extra-array cues. These results are consistent with the human, rat, deer
mouse and kangaroo rat literatures that suggest a male preference for the use of
directional information and a female advantage in object recognition and location
memory. Though it adds an important caveat- the assessment of object location memory
is dependent on what kind of spatial change has been made and may be dependent on the
housing conditions of the animals tested.

Future work will need to be done to assess the contributions of housing methods
and reduced stress to the performance on these tasks. In addition, a better understanding
of the integration of cues at various frames of reference will offer important information
about the ways the information provided from these cues may be functionally combined
to form the integrated cognitive map.
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CHAPTER 5: CONCLUSIONS ABOUT SEX DIFFERENCES IN SPATIAL COGNITION
IN LABORATORY MICE

To begin, the tasks and the housing described here offer a more
ethologically valid test of mouse cognition than those currently employed and would be
appropriate tools for such an endeavor. These tasks rely on the exploratory drive of the
animal without the use of appetitive or aversive reward and without the need for food
deprivation. In addition, they are more appropriate for the mouse than the water maze
tasks that are commonly used to measure spatial learning in rats.

The results of these experiments support the hypotheses outlined in the
introduction. Specifically, they demonstrate that laboratory mice, like laboratory rodents,
wood mice, deer mice, meadow voles and humans, exhibit sex differences in spatial
behavior. Together, these results support the validity of utilizing the laboratory mouse as
a model of mammalian spatial cognition.

There were three tasks included in this series. In Chapter 2, the sex differences
observed in the place finding task were consistent with a male bias towards the use of
directional information, primarily gained from attention to the geometry of the
experimental room or available distal cues and more flexible use of a variety of cue types
in females. This is a particularly important result as it is the first study of sex difference
in cue use in mice navigating to a goal.

The object recognition experiments, in Chapter 3 illustrate a greater attention to
and discrimination of objects by female mice than male mice when the objects to be
discriminated are relatively similar. This female bias towards local object cues and the
unique relationship of features is again demonstrated in the object location task described
in Chapter 4. The results from the seven-object recognition and location memory task
suggest that not all spatial changes are equal. Therefore, careful consideration of the
arrangement and alterations of environments should be made. These experiments also
demonstrate the need for more precision in characterizing such variables as the stimuli,
and cues available in testing environments as well as a more careful assessment of the
ethological validity of standardized husbandry and testing procedures employed. These
considerations may help to explain the variation across labs and may provide a more
precise measure of the various spatial behaviors. In addition, they are more appropriate
for the mouse than the water maze tasks that are commonly used to measure spatial
learning in rats.

Together these results begin to develop a more detailed description of the nature
of sex differences in spatial navigation in mice, which will help to more precisely guide
future studies. As mentioned in the first chapter, it was Tinbergen’s opinion that to
understand all of the reasons for a particular behavior to exist one must address questions
of mechanism, development, phylogeny and adaptive significance. These studies only
begin to address some of the immediate environmental stimuli that influence the
expression of sex differences in cognition.

Other studies of the involvement of various brain structures will continue to
broaden our understanding of the proximate mechanisms of these sex differences. The
discovery of place cells in the hippocampus and the impaired performance in water maze
tasks of subjects with hippocampal lesions indicate the importance of this brain region
organizing behaviors in complex environments (O'Keefe and Dostrovsky 1971; Nadel
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1991; Morris et al. 1982). And within species comparisons of total hippocampal volume
(or the homologous region in birds and fish) between the sexes have discovered larger
hippocampi in the sex that has the larger home range: i.e. the males in Merriam’s
kangaroo rat (Dipodpmys merriami) (Jacobs and Spencer 1994), and the females in
brown-headed cowbirds (Clayton et al. 1997) and blenniid fish (Costa et al. 2011). When
subregions of the hippocampal formation are analyzed interesting sex differences in
neuroanatomy become apparent. For example, Wimer and Wimer (Wimer and Wimer
1985) reports that male mice have more granule cell neurons in the dentate gyrus of the
hippocampus than female mice. This is consistent with hypotheses generated from the
Parallel Map Theory that propose a male reliance on the bearing map for which there is
evidence suggesting that this map is mediated by the dentate gyrus. Further studies of the
quantitative differences in neuron structure and density of the various regions of the
hippocampus in male and female mice will be critical in assessing the validity of the
Parallel Map Theory as a model for this species (Jacobs and Schenk 2003).

Studies of the organizational and activational effects of hormones as well as
genetic factors have provided a wealth of information regarding the development and
modulation of sex differences in spatial cognition across the lifespan (Luine 2003;
MacLusky et al. 2006; McEwen 2010; Galea et al. 1995; Gresack and Frick 2006). But
many questions regarding the mechanisms of hormonal influence in the adult
hippocampus remain.

The sex differences observed in these studies are consistent with the hypothesis
that spatial behavior is related to home range size in the field. Specifically, performance
in tasks that require the use of geometry or distal cues correlates with the occupation of
large home ranges or territories and, generally, males demonstrate an advantage in these
tasks. While tasks that require attention to the identities of objects and their relationships
with one another tend to be related to the ways in which females organize behavior in
complex environments and is not correlated with larger home range size. This leads to the
question of the adaptive function of such specific attention to detail. Many have
suggested that this attention to detail is a result of the greater demand for food resources
females of the species in order to raise offspring or that, in humans, it is a result of the
different foraging strategies of men and women (Healy et al. 2009; Ecuyer-Dab and
Robert 2004; Silverman and Eals 1992; McBurney et al. 1997). Neither of these foraging
hypotheses has been directly tested nor do they address the phylogenetic distribution of
sex differences in spatial cognition. If the sex difference in spatial cognition was due to
the greater need for food and/or a greater sensitivity to risk, one might predict that the sex
differences seen in object recognition and location memory would still be present in
monogamous species as this need is probably similar across species irrespective of
mating system. Therefore a test of object recognition and location memory that
demonstrates a relative female advantage in a monogamous species would be consistent
with the hypothesis that increased metabolic need during pregnancy and lactation
provides selective pressure for this spatial strategy.

Alternatively, it seems more parsimonious to first assume that these sex
differences arise as a result of divergent selective pressures for differing mate choice
strategies as proposed in the introduction. Generally in rodents, and specifically in mice
this selection may lead to a preferential attention devoted to different levels of spatial
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resolution. Future experiments comparing the mating system, space use, and reproductive
fitness of individuals in various populations will be needed to assess these hypotheses.
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