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ABSTRACT
The goal of this study was to examine age-related changes in spatial memory and its
neurobiological substrates as assessed by the Morris water maze (MWM) and the Barnes
maze. The MWM is one of the most widely used tests of spatial memory and numerous
studies suggest that spatial memory abilities decline with age. To contrast, very few
studies exist comparing different ages of mice in the less stressful Barnes maze, and no
systematic life span analysis of performance has been published. As the cerebellum is
one brain structure that undergoes a quantifiable change in anatomy across the life span
(loss of Purkinje neurons), this study evaluated these behavioral tests in terms of
sensitivity to both age-related changes in learning as well as age-related changes in the
cerebellar cortex. A total of 65 CB6F1 mice were tested at one of five ages (4, 8, 12, 18,
or 25 months) on the MWM and Barnes maze. Deficits in spatial memory acquisition
were most apparent in both tasks when comparing a subset of good learning mice.
Impairment began at 25 months in the MWM and 18 months in the Barnes maze. In all
mice, retention was impaired at 25 months on the Barnes maze, but no clear retention
deficits were found in the MWM. Unbiased stereology revealed an age-related loss in
cerebellar cortical Purkinje neurons from 12-25 months, whereas hippocampus volume
remained stable across the life span. Purkinje neuron number, but not hippocampus
volume, was correlated with spatial learning in the Barnes maze, with impaired learning
associated with lower neuron numbers. For the MWM, Purkinje neuron number was
associated with performance in a subset of good learning animals. Overall, mice that
learned the Barnes maze well had more Purkinje neurons than poor learners. Both tests
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were sensitive to heterogeneity in aging at each age tested. Comparisons of good and
poor learners across the life span, as well as correlations between the two tasks and brain
measures, suggested that the MWM and Barnes maze may be sensitive to different spatial
learning abilities and mechanisms of aging.
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CHAPTER 1
INTRODUCTION

The concept of age sensitivity in human neuropsychological and psychometric
assessment has existed since at least the 1940s (Cattell, 1941; 1943). Early crosssectional studies (Conrad et al., 1933; Jones & Conrad, 1933) suggested that intellectual
abilities peaked in late adolescence and declined thereafter. Later studies that
incorporated a longitudinal design began to challenge this notion, suggesting that some
mental abilities were preserved later in life (Schaie, 1974). A pivotal development in the
concept of age-sensitivity was the theory of fluid and crystallized intelligence (Cattell,
1943; Horn, 1968; Horn & Cattell, 1966; 1967). Using factor analytic techniques, Cattell
and Horn identified two major components that comprise intelligence. It was the notion
of multiple components of intelligence, combined with evidence that these factors have
different trajectories over the life span that led to the conceptualization of tests that were
age sensitive.
A number of behavioral tests of normal aging in animals, including humans, rely
to a varying extent on two primary brain regions – the hippocampus and cerebellum, and
research has shown that these two structures age at different rates (Green & WoodruffPak, 2000; Woodruff-Pak & Finkbiner, 1995; Woodruff-Pak et al., 2009) as a
consequence of different mechanisms of normal aging (Woodruff-Pak, 2006; WoodruffPak et al., 2010a). That the hippocampus and cerebellum age at different rates implies a
number of hypotheses about performance differences between young and old animals that
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are somewhat parallel to the conclusions of Cattell and Horn about human intelligence.
For example, performance on certain tasks should show age-related deficits earlier than
others, depending on the neural substrate engaged.
The Morris water maze (MWM) is one of the most frequently used behavioral
tests in studies of normal aging (D’Hooge & De Deyn, 2001). The Barnes maze is a less
common spatial learning task that does not involve forced swimming (Barnes, 1979).
These tests have readily identifiable and in some cases well studied neural substrates and
reliably show behavioral evidence of learning (Kennard & Woodruff-Pak, 2011a). In
addition, aged animals are able to complete these tasks, though rates of learning and
retention may differ from young animals. As each test relies on the cerebellum (Lalonde
& Strazielle, 2003b) and/or the hippocampus (Logue et al., 1997b; Poucet et al., 2001), it
is useful to consider different trajectories of aging when evaluating the value of a
particular test in terms of refining the body of data on normal aging.

Utility of Mouse Aging Studies
There are a number of benefits provided by using rodents as a mammalian model
of aging. The primary benefit is the shorter life span (C57BL/6 mice: about 26-28
months; Jucker & Ingram, 1997) compared to humans or other animals. In previous
decades, rats were the primary animal of choice, but the potential for genetic
manipulation of the mouse has led to an increased interest in using these animals for
investigations of the neurobiology of learning, memory and aging (Ingram & Jucker,
1999; Vogel et al., 2002). In addition, with the extensive knowledge of the mouse
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genome, the potential for genetically altered mouse models of aging (both normal and
pathological) is unrivaled by other mammalian species (Ingram & Jucker, 1999). The
mouse is a relatively short-lived animal that can be used to study the mechanisms of
aging from a number of converging methodologies: behavior, genetics, anatomy,
histology and immunohistochemistry. Given these advantages, mouse models can be
useful for studying normal human aging; however, the primary goal of this study is to
compare behavioral tests sensitive to performance differences in normally aging mice.

Aging in the Hippocampus
The hippocampus is one of the primary neural substrates involved in spatial
learning assessed on both the MWM and Barnes maze (Gerlai & Roder, 1996;
McNaughton et al., 1989; Morris et al., 1982). Loss of hippocampal neurons was at one
time thought to be a hallmark of normal aging and associated decreases in learning and
memory. With the advent of unbiased stereological techniques, evidence for loss of
neurons in the hippocampus was invalidated. Results of studies in humans (West, 1993;
West et al., 1994) and rodents (Rasmussen et al., 1996) documented stability in the
number of hippocampal pyramidal neurons across the life span. Stereological analysis of
pyramidal neurons in the hippocampus of CBA mice aged 4-24 months in our lab
replicated previous results demonstrating stability of neuron number over most of the
adult mouse life span (Woodruff-Pak et al., 2010a).
Hippocampal function does decline in normal aging. Age-related impairment in
electrophysiological processes (Barnes, 1999) and alterations in synapses (Geinisman et
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al., 1992) have been observed. Synaptic inefficiency appears to be a primary cause of
age-related performance deficits on tests of learning and memory, though this change
may be manifested in localized disruptions of hippocampal circuitry (at the subfield
level) and not in a global loss of synaptic markers (Nicolle et al., 1999a; Smith et al.,
1999). Other potential disruptions of the aged hippocampus may be due to Ca2+
dysregulation of adenlyl cyclase (Mons et al., 2004) or changes in neurogenesis (Bondolfi
et al., 2004; van Praag et al., 2005). Age-associated decreases in neurogenesis have been
reported in the granule cell layer and hilus of the dentate gyrus between 2 and 18 months
in C57BL/6 mice (Bondolfi et al., 2004). Changes included a decrease in proliferation
but not survival of new neurons. No decline was reported between 18 and 24 months,
though other studies have reported progressive decreases in hippocampal neurogenesis
through 24 months (Heine et al., 2004).
It is important to note that in studies of the aging hippocampus, the loss of
synapses or decrease in hippocampal efficiency is not present in all aged animals (Barnes,
1979). There is a subpopulation of aged animals that shows impairment on spatial
memory tasks, and it is these animals that show reductions in hippocampal plasticity and
synapse numbers (de Toledo-Morrell et al., 1988; Rapp et al., 1999; Smith et al., 2000).
Other studies have not found differences in hippocampal neurogenesis between old
impaired and unimpaired rodents (Bizon & Gallagher, 2003; Bizon et al., 2004).
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Aging in the Cerebellum
A structure that has more recently been implicated in spatial memory ability is the
cerebellum (Dahhaoui et al., 1992; Woodruff-Pak et al., 2006). This structure shows a
number of changes in plasticity, cell number and morphology with age. In an analysis of
cerebellar RNA, Popesco and colleagues (2008) reported a relatively small group of
genes affected by normal aging. The age-affected genes appear to be related to lipid
biosynthesis, which suggested that changes in conductivity of the cerebellum due to
aging were not the result of large-scale cell loss but rather a focused and regulated
molecular process. Other research highlights the age-related loss of Purkinje neurons in
the cerebellum in humans (Anderson et al., 2003), rats (Larsen et al., 2000) and multiple
strains of mouse (Woodruff-Pak, 2006; Woodruff-Pak et al., 2010a).
The loss of Purkinje neurons is significantly associated with deficits in learning
and memory assessed by 500 ms delay eyeblink classical conditioning (Woodruff-Pak,
2006). In addition to a loss of neurons, the morphology of Purkinje cells is altered with
age. Older rats have Purkinje neurons with a smaller soma volume (Larsen et al., 2000)
and defoliation and smaller spiny branchlets (Greenough et al., 1986). A decrease in
long-term depression (LTD), indicating reduced synaptic plasticity in the cerebellum has
been reported in older (8 and 12 month compared to 4 month) CBA mice (Woodruff-Pak
et al., 2010a). Finally, evidence suggests that the cerebellum shows age-related deficits
earlier than the hippocampus (Woodruff-Pak & Finkbiner, 1995; Woodruff-Pak et al.,
2010a), which becomes critical when evaluating behavioral tests that rely on both
structures.
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Focus on Spatial Learning
Spatial learning involves using external cues to aid in navigation of the
environment. The role of the hippocampus in supporting this type of learning has been
known for decades, as animals with experimental lesions to the hippocampus show
impairment in navigation and spatial memory (Morris et al., 1982). The most common
behavioral test used to examine spatial learning is the MWM, which involves learning the
location of a hidden platform that is submerged under water. There is abundant evidence
to suggest that the hippocampus is essential (Logue et al., 1997b), whereas more recent
research has suggested a role for the cerebellum in spatial learning tested by the MWM
(Petrosini et al., 1998; Woodruff-Pak et al., 2006). The role of the cerebellar cortex in
the Barnes maze has not been systematically investigated across the life span of normally
aging mice (Kennard & Woodruff-Pak, 2011a). Since the hippocampus and cerebellum
are two of the regions of the brain that undergo functional and anatomical changes with
age (Barnes, 1999; Bondolfi et al., 2004; Woodruff-Pak, 2006; Woodruff-Pak et al.,
2010a), tests of spatial learning have been utilized as behavioral assessments of the aging
brain.
In addition to the study of spatial memory in normally aging organisms,
behavioral tests like the MWM and Barnes maze have been used to study pathological
aging, such as Alzheimer’s disease (AD; Pompl et al., 1999; Zhang et al., 2006).
Wandering, a symptom present in a subset of AD patients (Burns et al., 1990), involves
leaving the residence with a goal in mind only to become disoriented and lost and is
likely the result of deficits in spatial memory. It poses a danger to the patient, as well as
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causing great stress to caregivers. One potential underlying mechanism of wandering is
the disruption of the hippocampus by the accumulation of amyloid-β plaques, a hallmark
of AD (Burns et al., 1990). Deficits in navigation and spatial memory are evident in mice
genetically engineered to model the accumulation of amyloid-β seen in AD (Adlard et al.,
2005). Amyloid-β deposits are also found in the cerebellum of patients with confirmed
AD (Cole et al., 1993; Jellinger, 1993). Given the danger that wandering and spatial
memory impairments pose to the safety of AD patients, it is imperative to continue to
refine the understanding of the neural substrates of this type of memory.
One of the greatest limitations of the MWM that may affect age sensitivity is the
stressful nature of the paradigm (Barrett et al., 2009; Harrison et al., 2009a). Stress
suppresses neurogenesis in the hippocampus and repeated stress can cause atrophy of
CA3 pyramidal neurons in the hippocampus, including a decrease in spine density and
dendritic arborizations (McEwen & Magarinos, 2001; Rodrigues et al., 2009). In
addition, the hippocampus is particularly sensitive to increases in stress hormones, in part
due to the fact that it expresses receptors for circulating adrenal steroids (McEwen et al.,
1968). Aguilar-Valles and colleagues (2005) measured glucocorticoid receptors, stress
gene mRNA and serum corticosterone in Wistar rats trained on the MWM. The authors
reported a strong stress response on Day 1, though gradually the response was attenuated.
Most importantly, corticosterone concentration was negatively correlated with learning
ability during the first three days of training. Other behavioral tests, such as the Barnes
maze, that assess spatial memory in the absence of swimming-induced stress may be
more sensitive to age differences.

7

Morris Water Maze
Neural Substrates
The MWM is a test of spatial ability that requires the animal to navigate to the
location of an escape platform that is hidden under water (Morris, 1981). Rats with total
aspiration lesions of the hippocampus were impaired on the MWM, showing longer
latencies to find the hidden platform and less time swimming in the former location of the
platform in a probe retention test with the platform removed (Morris et al., 1982). Rats
with lesions to the hippocampus showed no impairment when the platform was made
visible, suggesting that cued learning was not affected.
Subsequent research has confirmed the essential role of the hippocampus through
lesion studies in mice (Gerlai & Roder, 1996; Logue et al., 1997b) and rats (Gallagher &
Nicolle, 1993; Gould et al., 2002; van Praag et al., 1998) and associations between
impaired performance and both the functional properties and connectivity of granule cells
(Nyffeler et al., 2010). More specifically, the dorsal hippocampus seems to be essential,
as lesions to the ventral hippocampus do not impair MWM learning (Bannerman et al.,
1999). Though the hippocampus is essential, lesions to the surrounding
corticohippocampal circuitry, including the perirhinal, postrhinal and entorhinal cortices
do not impair learning (Burwell et al., 2004). In addition, hippocampus-lesioned rats
may still solve the MWM but may use alternate, non-spatial strategies (Pouzet et al.,
2002) that involve other brain regions such as the striatum (Miranda et al., 2006).
Interventions that increase neurogenesis in the hippocampus, such as voluntary exercise,
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can also improve spatial learning ability in the MWM (Kempermann et al., 1997; van
Praag et al., 2005).
Another essential brain region for spatial learning in the MWM is the cerebellar
cortex, as unilateral removal of a cerebellar hemisphere alters (but does not impair) place
learning in DA/HAN rats (Colombel et al., 2004). Mice with altered currents in
cerebellar cortical Purkinje neurons due to knockout of a sodium channel-coding gene
showed spatial learning deficits on the MWM (Woodruff-Pak et al., 2006). These mice
were not impaired on the cued, visible platform task, which suggested that differences in
acquisition and retention of spatial memory were independent of motor deficits. Other
studies have implicated the cerebellum in MWM performance through pharmacological
lesions of cerebellar cortex (Dahhaoui et al., 1992), irradiation (Le Marec et al., 1997)
and lesions to the pontine and inferior olive cerebellar afferents (Gasbarri et al., 2003).
Mutant mouse strains with cerebellar cortical dysfunction such as pcd, hot-foot and
staggerer are impaired in acquisition (Goodlett et al., 1992; Lalonde & Strazielle, 2003a);
however, it has been reported that Lurcher mutant mice show impairment in retention,
rather than acquisition of spatial memory (Hilber et al., 1998).

Age-Related Deficits
Differences in spatial memory across the life span have been examined in the
MWM, and age deficits in mice have been reported in C57BL/6 (Bellush et al., 1996;
Harburger et al., 2007; Kennard & Woodruff-Pak, 2011b; Magnusson et al., 2003), CD1
(Francia et al., 2006; Gerlai & Roder, 1996), NMRI (Gower & Lamberty, 1993) and
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numerous other mouse strains (Harrison et al., 2009b; Markowska et al., 1998).
Impairment, though, has been reported with varying ages of earliest detection. In
C57BL/6 mice, age-related deficits are seen at 24-25 months (Bellush et al., 1996;
Kennard & Woodruff-Pak, 2011b; Magnusson et al., 2003), 18 months (van Praag et al.,
2005), and 15 months (Harburger et al., 2007). Not all studies report age differences in
mice on the MWM. In a comparison of C57BL/6 mice aged 4, 12 and 18 months, Vogel
and colleagues (2002) reported no age-related differences in either acquisition or
retention of spatial memory.
In an aged population of rodents, not all of the oldest animals are impaired when
tested on the MWM (Gage et al., 1984, 1989; Gallagher & Burwell, 1989; Gower &
Lamberty, 1993; Lee et al., 1994; Miyagawa et al., 1998; Nicolle et al., 1999b), as a
subgroup of “good” old performers maintains spatial memory abilities equal to that of
young animals (Gallagher & Burwell, 1989). Heterogeneity in aging research
incorporating the MWM is often reported in the rat (Miyagawa et al., 1998; Nicolle et al.,
1999b) and to a lesser extent in the mouse (Gower & Lamberty, 1993).

Barnes Maze
Neural Substrates
The circular platform, or Barnes maze (Barnes, 1979) is similar to the MWM in
that it is a spatial navigation task. The rodent learns to locate an escape tunnel located
beneath one hole on the surface of the maze. Performance on the Barnes maze is
impaired when extra-maze spatial cues are removed in that animals do not improve
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across a number of days of testing (Barnes et al., 1980; Pompl et al., 1999). Learning
occurs when visual cues are presented to the animal. Mice show a strong preference for
using spatial cues to solve the maze (Harrison et al., 2006). Disruptions to the
hippocampal formation are associated with deficits in Barnes maze performance,
including early postnatal maternal separation (Fabricius et al., 2008) chronic stress
(McLay et al., 1998), transgenic Alzheimer’s disease mouse models (Pompl et al., 1999),
inactivation by drug infusion (Poucet et al., 1991), lesions of the dentate gyrus
(McNaughton et al., 1989) or the loss of septo-hippocampal basal forebrain cholinergic
neuron projections (Moreau et al., 2008). In a rodent model of cerebral ischemia,
impaired performance was significantly correlated with cell loss in the hippocampus
(Milani et al., 1998).
Given the role of the cerebellar cortex in supporting MWM performance (Lalonde
& Strazielle, 2003b; Woodruff-Pak et al., 2006), it is possible that this structure is
involved in the Barnes maze, though the contribution of the cerebellum has not been
described. To date, no study has examined Barnes maze performance in cerebellar
cortically lesioned or transgenic animals. Further research is necessary to test the
hypothesis that the cerebellar cortex is involved in Barnes maze performance.

Age-Related Deficits
Barnes (1979) originally reported that senescent Long Evans rats (28-34 months)
were impaired relative to younger rats (10-16 months) on all of the dependent measures,
including latency to reach the goal/escape, the number of errors made (choosing the

11

incorrect hole), speed and distance covered. In addition, the older rats were impaired on
reversal trials, in which they were required to learn the new location of the escape hole.
Very few studies have employed the Barnes maze to examine age-related deficits in mice.
Deficits have been reported in C57BL/6 mice as early as 12 months (Bach et al., 1999).
Older animals (12 and 18 mo) made more errors than younger (3 and 6 mo) as well as
relying more on a serial search strategy rather than a spatial strategy. Deficits are not
always seen, as a study comparing Tg2576 transgenic mice and non-Tg controls of three
ages (3, 14 and 19 mo) reported no significant age differences in Barnes maze
performance in either the transgenic or control groups, with the exception of increased
errors in the 14 month control group compared to 3 and 19 month old mice (King &
Arendash, 2002). Other studies utilizing the Barnes maze and older mice have not
compared multiple ages (Prut et al., 2007; Ranney & Petro, 2009). To date, it does not
appear that there has been a systematic evaluation of Barnes maze performance across the
entire adult life span of the mouse (Kennard & Woodruff-Pak, 2011a).

Present Study and Hypotheses
A number of neural substrates have been implicated in spatial learning ability
assessed by the MWM, including the hippocampus, striatum, basal forebrain, cerebellum
and neocortex (D’Hooge & De Deyn, 2001). The focus of the present study will be the
traditionally associated substrate (hippocampus) and the cerebellum. The role of the
cerebellum in spatial learning assessed by the MWM has been explored (Dahhaoui et al.,
1992; Goodlett et al., 1992; Lalonde & Strazielle, 2003b; Woodruff-Pak et al., 2006);
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however, this structure has not been examined in any Barnes maze study to date. To the
best of our knowledge, this is the first study to investigate an association between
cerebellar integrity and spatial learning ability assessed by the Barnes maze. Another
reason for the focus on the cerebellum is that this structure undergoes a quantifiable
change across the life span (loss of Purkinje neurons) which can be compared to spatial
learning ability. Thus, the purpose of this research was to compare the MWM and the
Barnes maze in terms of age sensitivity—the ability to detect age-related changes in
performance—and cerebellar sensitivity. Another goal of this research was to examine
associations between spatial memory performance across the life span and age-related
loss of Purkinje neurons. Associations between spatial memory and age-related losses of
Purkinje neurons have not been carried out in the MWM or Barnes maze, whereas many
lesion studies have examined the role of the cerebellum in the MWM (see Lalonde &
Strazielle, 2003b for a review).
Associations between volume of the hippocampus and MWM and Barnes maze
performance were also examined in the present study. The Barnes maze was included
with the MWM as a test of spatial learning that does not include the potential confound of
stress induced by forced swimming (Barrett et al., 2009; Sternberg et al., 1992). Both the
tests can increase levels of stress hormones compared to non-tested controls, but plasma
corticosterone levels have been reported to be significantly higher in the MWM and
behavioral performance has been inversely correlated with corticosterone only in the
MWM (Harrison et al., 2009a). The original rationale of Barnes (1979) in creating the
maze was that it involved no stressors, shocks or food restriction, all of which could
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weaken or impair older rats and confound measures of age differences in learning and
memory.
The strain used in this study, CB6F1, has rarely been tested in studies of learning
and memory, though a few examples exist where these mice show strong learning ability
on a radial arm maze (Roullet & Lassalle, 1995; Roullet et al., 1993). Although the
National Institute on Aging maintains colonies of this species, no published study to date
has evaluated spatial memory performance in this strain in either the MWM or Barnes
maze, nor has spatial learning been tested across the life span. One of the parent strains,
C57BL/6, is well reported to show robust learning in both the MWM (Ikonen et al., 1999;
Owen et al., 1997) and Barnes maze (Bach, et al., 1999; O’Leary et al., 2011). We have
used the C57BL/6 strain extensively to study spatial learning in the MWM (Kennard &
Woodruff-Pak, 2011b; Vogel et al., 2002) and more recently in the Barnes maze
(unpublished data). The other parent strain, BALB/c, shows learning ability in the
Barnes maze (O’Leary et al., 2011), though is generally considered to be a poor learner in
the MWM (Van Dam et al., 2006). These CB6F1 mice were part of a larger study
investigating Eyeblink Classical Conditioning and other cerebellum- or hippocampusdependent tasks across the life span and were selected to avoid the age-related hearing
loss confound present in C57BL/6 mice (Ouagazzal et al., 2006).
Hypotheses for the present study were the following. 1) Aged mice would show
spatial learning impairment in both the MWM and Barnes maze. 2) Based on previous
work in our lab with multiple mouse strains (Woodruff-Pak, 2006; Woodruff-Pak et al.,
2010a), an age-related loss of cerebellar cortical Purkinje neurons was expected,
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beginning at 18 months. 3) Purkinje neuron loss would be correlated with age-related
spatial memory performance deficits in both tests. 4) Since we and others (Rasmussen et
al., 1996; Woodruff-Pak et al., 2010a) have reported stability in hippocampal pyramidal
neurons across the rodent life span, it was expected that hippocampus volume would
remain stable with age.
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CHAPTER 2
METHOD

Subjects
This experiment included 67 male CB6F1 (BALB/c x C57BL/6) mice from the
National Institute on Aging Aged Rodent Colony at Charles River Laboratory
(Wilmington, MA) aged from 3.73 to 25.77 months at the time of behavioral testing.
Mice were tested at one of five ages: 4 (n = 13; M = 4.38 mo, SD = 0.42 mo), 8 (n = 15;
M = 8.57 mo, SD = 0.41 mo), 12 (n = 13; M = 12.95 mo, SD = 0.65 mo), 18 (n = 12; M =
18.94 mo, SD = 0.60 mo) or 25 (n = 14; M = 25.01 mo, SD = 0.70 mo) months. Mice
were ordered at different ages (3-24 months) and were housed 2-4 per cage based on date
of birth. Housing consisted of a polycarbonate cage with bedding, a toy and ad libitum
access to food and water. Mice were housed in an Association for Assessment and
Accreditation of Laboratory Animal Care (AAALAC)-accredited animal facility at
Temple University. The colony room was temperature- and humidity-controlled with a
12 hr light/dark schedule. This research was approved by Temple University’s
Institutional Animal Care and Use Committee (IACUC).

Behavioral Testing
Handling and Testing Procedure
Upon arrival, mice were kept undisturbed in the housing colony for at least three
days before handling began. To acclimate mice to the experimenters, animals were taken
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from their cages and handled for several minutes each day until the experiment began.
All mice were tested first on the Barnes maze and then the MWM (Table 1). Previous
experimenters have used a fixed rather than random task order (Logue et al., 1997a;
Owen et al., 1997). Logue and colleagues (1997b), in particular found no effect of task
order in hippocampus-dependent MWM and fear conditioning. In addition, we have
employed a fixed task order to examine learning across the mouse life span previously
(Vogel et al., 2002). Prior to testing, mice were assigned an identification number and
ear punched, which provided no information about the age of the mouse. Due to software
and apparatus constraints, a maximum of 20 mice were tested at a time. A total of five
groups of up to 20 mice were tested and each group contained a random selection of mice
from different age groups. Experimenters were blind to age groups during behavioral
testing.

Table 1. Sequence of behavioral testing for all mice
Week 1
Day 1

Week 2

Week 3

Week 4

Week 5

Week 8
Perfusion

EBCC
Surgery

CPFE
Barnes
Maze

Day 3

Day 5

Week 7

Ear
Punch

Day 2

Day 4

Week 6

EBCC
Training

MWM
CPFE
PreHandling

Recovery
from
Surgery

Rotorod
Acoustic
Startle

CPFE: Context Preexposure Facilitation Effect; MWM: Morris Water Maze; EBCC: Eyeblink Classical
Conditioning
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Morris Water Maze
Apparatus
The training apparatus was a circular pool, 100 cm diameter and 60 cm deep. The
pool was located in a laboratory room containing camera and computer equipment, a
curtain to reduce the viewing area, and various visual cues. The interior of the pool was
painted black. The water was maintained between 24 and 26°C, and the depth was 16
cm. The hidden platform was an 11 cm square clear Plexiglas platform positioned 1 cm
below the surface of the water. The same platform was used for the visible platform, and
it was marked by a black flag (10 by 7 cm) suspended 15 cm above it on a wooden stick.

Procedure
Training in the MWM took place over five days. On the walls of the test room
were multiple cues such as posters and graphic prints. Camera equipment used to record
the session was also visible to the mouse; however, computer equipment and
experimenters were not. Each trial was initiated by placing the animal in the water at the
edge of the pool in a quadrant either opposite or adjacent to the quadrant containing the
platform. The start locations were varied among the three quadrants not containing the
platform; with three different start locations being used in each block of four trials. The
platform remained in the same location on every trial during the hidden platform task and
varied across the four quadrants in the visible platform task. Each trial lasted 90 seconds
or until the subject located the platform. Subjects that did not find the platform were
guided to it, placed on it, and given a latency score of 90 seconds. Whether the platform
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was located or not, each mouse was required to spend 15 seconds on the platform at the
end of each trial. Between blocks of four trials the mice were placed in individually
heated, extra-absorbent paper towel lined plastic holding cages for at least 30 minutes.
Two commonly reported MWM measures, time (latency to escape) and distance traveled
to reach the platform were recorded for each trial and averaged for each block of 4 trials
during acquisition.
Hidden Platform Training. Each subject was given three blocks of four trials (12
trials/day/mouse) for three consecutive days of training. Mice were returned to the
holding cage between blocks. On the fourth training day, the subjects were given a probe
trial, in which the platform was removed from the pool. After swimming for the entire
length of the trial (90 seconds) the mouse was removed from the pool and returned to its
holding cage. All trials were videotaped and recorded using the SMART (Spontaneous
Motor Activity Recording and Tracking) program manufactured by Panlab (Barcelona,
Spain). The probe trial was analyzed to measure the amount of time spent in each
quadrant and the number of crossings made over the platform location in the trained
quadrant and the equivalent area in the untrained quadrants.
Visible Platform Training. On the fifth day of training, all mice were given the
visible platform task. A flag attached to the platform made it visible. Training was the
same as in the hidden platform version except the location of the platform and the start
position were varied across trials. The latency and distance to escape were recorded.
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Barnes Maze
Apparatus
The maze consists of a platform 122 cm in diameter with 40 holes (5 cm
diameter) spaced evenly around the perimeter (Med Associates, St. Albans, VT). Various
pictures and paintings surrounding the maze served as spatial cues and bright lights were
shined onto the surface of the maze. Underneath one hole was the escape box, which was
filled with bedding and into which the mouse had to climb to end each trial. The location
of the escape box was unique for each mouse and remained fixed throughout testing. The
surface of the maze was cleaned with 5% white vinegar after each trial to remove odor
cues and escape box bedding was changed between cages of animals. The maze surface,
escape box, and metal start bowl were sanitized with 70% alcohol at the end of each day.

Procedure
Mice were acclimated to the maze and escape box with two practice trials before
the first day of acquisition training (pre-training). For these two practice trials, each
mouse was placed on a portion of the maze surface next to an escape hole that would not
be used in training. Visual cues surrounding the maze were obstructed by two pieces of
black plastic that surrounded the mouse. The mouse could explore the small, confined
area of the maze surface but eventually found the escape hole and climbed down into the
escape box. If the mouse had not entered the escape box after 45 seconds it was gently
guided into the hole. Once the mouse had entered the escape box it was allowed to rest
for 30 seconds.
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Testing took place over four consecutive days. Each day mice were given a total
of three 4-minute trials with an inter-trial interval of 1 minute. The mouse was placed in
a metal start bowl at the center of the maze for 15 seconds, which was then removed.
Mice were motivated to escape by the flat, open, brightly illuminated surface. Once the
mouse had entered the escape box, it was allowed to rest for 30 seconds. If the mouse
had not entered the escape box after 4 minutes it was gently guided to the escape hole and
allowed to enter. The latency to escape the platform, as well as the distance covered and
the number of errors made (visiting the incorrect hole) were recorded by the SMART
tracking software (Panlab, Barcelona, Spain).

Histology, Stereology and Volume Estimation
Mice were deeply anesthetized with isoflurane and perfused through the heart
with 0.9% saline followed by 4% paraformaldehyde in 0.1 M phosphate buffer. One day
before sectioning, each brain was refrigerated and stored in distilled water. Sections were
embedded in gelatin and cut in the coronal plane through with a Vibratome 3000
Sectioning System (Vibratome Co., St. Louis, MO) at a thickness of 70 μm. Sections
were mounted on glass slides and stained with thionin. Investigators carrying out the
neuron counts were blind to mouse age-group membership.

Cerebellum
Stereological counts of Purkinje neurons in the cerebellum for eight brains in each
of the five age groups were carried out. Each mouse cerebellum yielded between 25 and
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50 sections. Methods for cerebellar Purkinje neuron counts were presented previously
(Woodruff-Pak et al., 2010a). An optical fractionator stereological design (West et al.,
1991) was used to make unbiased estimates of total Purkinje neuron number (Stereo
Investigator software, Version 10.21.1, MicroBrightField, Williston, VT). The PCcontrolled motor system on the microscope stage was composed of a 3-inch × 2-inch XY
stepping stage (0.1 μm resolution, 6 μm accuracy), a z-axis motor (0.1-μm resolution), a
joystick, a slide holder, and a 3-axis controller. A three-dimensional optical dissector
counting probe (x, y, and z dimensions of 149 × 109 × 10 μm, respectively) was applied
to a systematic random sample of sites over the entire cerebellum. Every third section
was probed. For each cerebellum there were approximately 11 (range: 7-16) sections
outlined using the 4x objective. The outline of the section generated a path to select
sampling sites using the designated step lengths (800 μm in the x direction and 900 μm in
the y direction). This path completely covered the full extent of the outlined space. The
mean number of sampling sites was 248.68 (SD = 61.22) for an entire cerebellum, and the
range was 137-381. There were no significant age differences in the number of sampling
sites. A 60x oil immersion objective was used for the neuron counts. The mean section
thickness for all brains was 34.21 (SD = 10.17) μm, and there was not a significant
difference in section thickness between age groups. A border guard of 5 μm was set at
the top and the bottom of the section, and each Purkinje neuron with a visible nucleus
was counted as the experimenter focused down through 10 μm of tissue in each 149 x
109 μm counting frame. The total number of Purkinje neurons in the entire cerebellum
for each mouse was estimated when the number of Purkinje neurons counted in the
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known fraction of the cerebellar cortex was multiplied by the inverse of the sampling
fraction. Experimenters were blind to mouse age group for the duration of Purkinje
neuron counting.

Hippocampus
Despite the contributions of the unbiased stereology measure in the study of the
hippocampus, in the present study we compared hippocampus volume (rather than
stereological counts of pyramidal neurons) across the life span. Previously we have
found no differences in pyramidal neurons in CBA mice aged 4-24 months (WoodruffPak et al., 2010a). In addition, we have found that across several mouse strains (CBA,
C57 and CB6F1) there is a statistically significant correlation between stereology and
volume measures in the hippocampus, r(22) = 0.598, p < .01 (unpublished data).
Volumetric estimations were carried out in the hippocampus of the same animals used for
stereology. Sectioning began at the posterior portion of the brain and continued until the
hippocampus was not visible for five consecutive slices. Each mouse hippocampus
yielded between 25 and 50 sections. Each tracing included the hippocampus in one
hemisphere. Every third section was probed. For each hippocampus there were
approximately 11 (range: 8-14) sections outlined using the 4x objective. A Cavalieri
point grid with 150 µm spacing was placed over the tracings and points that fell within
the tracing region were summed. The volume was estimated using the Cavalieri probe in
Stereo Investigator. Volume assessment was completed with experimenters blind to the
age group of each mouse.
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Statistical Analyses
All statistical analyses were carried out using the SPSS (Version 18) statistical
software package. The main analysis used in this experiment was the Mixed Model
Analysis of Variance (ANOVA) to compare the effects of age on dependent measures
from the MWM and Barnes maze. Significance was set at p < .05. When appropriate,
post-hoc analyses were conducted using the Tukey Honestly Significant Difference
(HSD) test incorporating adjusted critical values. Before conducting analyses, the data
were examined for statistical outliers (mean performance scores at least 1.5 times greater
than the inter-quartile range). Based on performance in the visible platform portion of
the MWM, and considering latency and primary latency in the Barnes maze, two mice
were identified as outliers (4 month and 12 month) and excluded from analyses.
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CHAPTER 3
RESULTS

Morris Water Maze
During the hidden platform training, mice were placed in a pool filled with water
and required to learn the location of a submerged escape platform using contextual cues
surrounding the edge of the pool. The dependent measure recorded was the latency to
escape the water by climbing onto the platform. Data were analyzed using a 5 (Age) x 9
(Training Session) Mixed Model ANOVA. Significant main effects of Training Session
(F(8, 480) = 101.64, p < .001, partial η2 = .63) and Age (F(4, 60) = 2.47, p = .05, partial
η2 = .14) were found. The Age x Training Session interaction was also significant, F(32,
480) = 1.84, p < .01, partial η2 = .11. All mice showed evidence of learning, as latency to
escape decreased across Training Sessions (Figure 1).
Tukey post-hoc tests investigating the main effect of Age revealed that, overall,
25 month mice took significantly longer to find the hidden platform than did 8 month-old
mice (p < .05). To investigate the Training Session x Age interaction, Tukey post-hoc
tests determined that 25 month mice were significantly slower than 8 (p < .01) and 18 (p
< .05) month mice in Training Session 1. In Training Session 8, 25 month mice were
significantly slower than 4 and 8 month mice (ps < .01). Finally, in Training Session 9,
25 month mice were significantly slower than both 4 (p = .05) and 8 (p < .01) month
mice.
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Figure 1. MWM acquisition across the life span: Latency. Latency to escape the MWM
in mice aged 4-25 months is shown. Learning is expressed by all groups, as latency
decreases across Training Sessions. Overall, mice aged 25 months took significantly
longer to find the platform than did 8 month-old mice (p < .05). The Age x Training
Session interaction revealed differences in performance between 25 month-old mice and
younger mice at Training Sessions 1, 8 and 9. Values are mean ± SE. *p < .05 compared
to 4 mo, ** p < .01 compared to 4 mo, ^ p < .05 compared to 8 mo, ^^ p < .01 compared
to 8 mo, + p < .05 compared to 18 mo.

Another dependent variable commonly reported for MWM acquisition is the
distance traveled to reach the escape platform. Data were analyzed using a 5 (Age) x 9
(Training Session) Mixed Model ANOVA. A significant main effect of Training Session
(F(8, 480) = 132.07, p < .001, partial η2 = .69) was found, as distance tended to decrease
across Training Sessions. No significant age-related differences were found (Figure 2).
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Figure 2. MWM acquisition across the life span: Distance. Distance traveled before
escaping the MWM in mice aged 4-25 months. Distance decreased across Training
Sessions and no age effects were found. Values are mean ± SE.

Swim speed data were analyzed using a 5 (Age) x 9 (Training Session) Mixed
Model ANOVA. Significant main effects of Training Session (F(8, 480) = 7.43, p <
.001, partial η2 = .10) and Age (F(4, 60) = 5.91, p < .001, partial η2 = .28) were found,
though the interaction as not significant. Post-hoc tests determined that, overall, 25
month-old mice swam significantly slower than 4 and 8 month mice (ps < .01).
Retention of place learning was assessed on the fourth day of testing, after hidden
platform training. Mice were placed in the pool with the escape platform removed and
allowed to swim for the duration of one trial. Dependent measures of the number of
times the mouse crossed over the area where the location of the platform was learned and
the amount of time swimming in each quadrant were recorded. For probe platform
crossings there was a significant main effect of Quadrant, F(3, 180) = 208.73, p < .001,
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partial η2 = .78, and an Age x Quadrant interaction, F(12, 180) = 2.24, p < .05, partial η2
=.13. There was no effect of Age. As performance in the trained quadrant is the most
indicative of successful retention of spatial memory, we planned to examine age
differences in platform crossings in only the trained quadrant. A one-way ANOVA
revealed no significant effect of Age (Figure 3).

Figure 3. MWM probe retention across the life span: Platform crossings. The number of
platform crossings in trained and untrained quadrants in mice aged 4-25 months is shown.
All mice crossed the area in the trained platform quadrant more times than the same area
in untrained adjacent and opposite quadrants. A one-way ANOVA in the trained quadrant
revealed no significant age effects. Values are mean ± SE.

The second probe dependent variable, swim time, revealed a main effect of
Quadrant, F(3, 180) = 60.73, p < .001, partial η2 =.50, but no other effects were
significant. Mice spent significantly more time swimming in the trained quadrant
compared to the other three quadrants (ps < .001).

28

Since the probe test was administered on Day 4, a point where most all mice
demonstrated learning of the platform location, the latency to escape and distance
traveled were analyzed for Trial 1 of Day 2. This trial represented the first attempt to
find the platform after a 24 hour retention interval. No significant age differences were
found for latency or distance traveled in this trial (ps > .05).
For visible platform training, a flag was attached to the platform to mark its
location. A 5 (Age) x 3 (Training Session) Mixed Model ANOVA revealed a significant
main effect of Training Session, F(2, 120) = 78.19, p < .001, partial η2 =.57, but no other
significant effects. Latency to escape decreased significantly across the three Training
Sessions but all age groups performed similarly (Figure 4). Analyses comparing distance
and swim speed during visible platform training paralleled the latency results. No age
differences were found for distance and though the effect of Age was significant in swim
speed (F(4, 60), = 2.61, p < .05, partial η2 =.15), this effect was driven by the swim speed
difference between 12 and 25 month mice. The oldest mice were not significantly
impaired in swim speed compared to the youngest (4 and 8 month) mice.

Barnes Maze
Due to performance differences between mice and rats and the exploratory
tendencies of mice, the traditional variables of latency, distance and errors can be biased
and inaccurate (Koopmans et al., 2003). To address performance differences in mice, we
calculated latency and distance, but only until the first encounter with the escape hole
(Harrison et al., 2006; Patil et al., 2009). These variables (termed primary) are a better
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indication of whether the mouse learned the location of the escape hole. These measures
can show performance differences that are not captured by total path length and total
latency, which can be inflated and confounded by the exploratory nature of mice.
Primary errors are not reported due to difficulties tracking mice around some of the
escape holes, which prevented an accurate count of errors.

Figure 4. MWM visible platform latency across the life span. Latency to escape the
visually-cued MWM in mice aged 4-25 months is shown. No age-related differences
were reported. Values are mean ± SE.

Primary latency and primary distance were evaluated with 5 (Age) x 4 (Training
Day) Mixed Model ANOVAs. For primary latency, a main effect of Training Day was
found, F(3, 180) = 89.52, p < .001, partial η2 = .60, and the effect of Age was not
significant (Figure 5). Post-hoc tests determine that primary latency decreased
significantly across the four Training Days, which was indicative of learning (ps < .01).
A measure of learning we planned to examine was the first trial of the second day of
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training—to examine learning at a 24-hour retention interval. A one-way ANOVA
comparing primary latency in the five age groups revealed a significant effect of Age at
Trial 1, Day 2, F(4, 60) = 2.85, p < .05, η2 = .16. Tukey post-hoc tests determined that 25
month mice had significantly larger primary latencies (p < .05) compared to 4 month
mice (Figure 6).

Figure 5. Barnes maze acquisition across the life span: Primary latency. Latency to the
first visit to the escape hole in mice aged 4-25 months is shown. Primary latency
decreased significantly across Training Days, although no significant age effects were
found. Values are mean ± SE.

For primary distance, there was a main effect of Training Day, F(3, 180) = 80.80,
p < .001, partial η2 = .57, but the effect of Age and the Age x Training Day interaction
were not significant. Distance decreased significantly across all four Training Days,
according to post-hoc tests (ps < .01).
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Figure 6. Barnes maze retention across the life span: Primary latency Day 2, Trial 1.
Latency to the first visit to the escape hole during Trial 1 of Day 2 in mice aged 4-25
months is shown. Mice aged 25 months took significantly longer to first visit the escape
hole than mice aged 4 months. Values are mean ± SE. *p < .05 compared to 4 mo.

Unbiased Stereology
A one-way ANOVA was used to compare unbiased estimates of total Purkinje
neuron number in cerebella of mice aged 4-25 months (Figure 7). There was a
statistically significant effect of Age, F(4, 35) = 7.28, p < .001, η2 = .45. Post-hoc
analyses indicated significantly fewer Purkinje neurons in the 25 month age group
compared to the 4 (p < .01) and 8 (p < .05) month age groups. Mice aged 18 and 12
months had significantly fewer Purkinje neurons than 4 month-old mice (ps < .05). No
significant differences were found between age groups in the number of sections
analyzed, section thickness, or number of sampling sites (Table 2). The correlation
between age and Purkinje neuron number was large and statistically significant (r(39) =
-0.640, p < .001).
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Total Purkinje neuron number estimates were correlated with mean values from
both tests (MWM latency and distance; Barnes maze primary latency and primary
distance). We had anticipated a negative correlation, which would indicate an inverse
relationship between lower Purkinje neuron number and larger acquisition times and
distances. A significant correlation was found for Purkinje neuron number and Barnes
maze primary latency, r(39) = -0.433, p < .01, though correlations between neuron
number and the other measures did not achieve statistical significance.
To further examine the relationship between age, Purkinje number and Barnes
maze performance a linear regression was conducted using age and Purkinje number to
predict Barnes maze performance. Both Age (F(1, 38) = 12.42, p < .01, Adjusted R2 =
.227) and Purkinje number (F(2, 37) = 6.98, p < .01, Adjusted R2 = .235) models were
significant; however, the Purkinje model did not add significant explanatory power
beyond the Age model.

Cavalieri Volume Estimation
The volume of the hippocampus in each age group was compared using a oneway ANOVA (Figure 8). There were no significant age-related differences in
hippocampus volume. In addition, no age-related differences were found for the number
of slices analyzed or the number of points counted in each age group (Table 3). The
Coefficient of Error (Gundersen CE, m = 1) for this analysis was low and within an
acceptable range (0.055, SD = .019). Hippocampus volume was correlated with
dependent measures from both behavioral tasks (MWM latency and distance; Barnes
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maze primary latency and primary distance). No relationship was found, as all
correlations were small (rs < .06) and not significant.

Figure 7. Age-related deficits in cerebellar cortical Purkinje neurons. Total estimated
number of Purkinje neurons in mice aged 4-25 months is shown. Significant loss of
neurons was found in mice aged 12, 18, and 25 months. Values are mean ± SE. *p < .05
compared to 4 mo, ** p < .01 compared to 4 mo, ^ p < .05 compared to 8 mo.

Table 2. Means (SD) of stereology parameters by age group
Age
Group

n

Sections

Sampling Sites

Section
Thickness

Number of Cells
Counted*

Gundersen
CE

4 mo

8

12.00 (2.07)

251.13 (64.46)

37.44 (8.72)

446.25 (173.09)

.065 (.019)

8 mo

8

11.38 (1.51)

232.88 (35.54)

37.04 (5.98)

387.00 (77.34)

.069 (.023)

12 mo

8

11.13 (2.10)

248.25 (82.04)

36.45 (15.48)

303.63 (119.20)

.066 (.018)

18 mo

8

10.88 (2.10)

248.38 (65.78)

31.84 (4.86)

297.00 (80.09)

.066 (.014)

25 mo

8

11.13 (1.25)

262.75 (62.36)

28.27 (11.32)

317.50 (92.88)

.065 (.018)

11.30 (1.79)

248.68 (61.22)

34.21 (10.17)

350.28 (122.95)

.066 (.018)

Mean

* F(4, 35) = 2.55, p = .056
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Figure 8. Hippocampus volume across the life span. Estimated hippocampus volume in
mice aged 4-25 months is shown. No age-related differences were found. Values are
mean ± SE.

Table 3. Means (SD) of Cavalieri volume parameters by age group
Age Group

n

Sections

Points

Gundersen CE

4 mo

5

10.00 (2.00)

465.00 (89.14)

.060 (.014)

8 mo

6

11.33 (2.16)

455.33 (119.22)

.065 (.029)

12 mo

6

10.67 (0.82)

521.67 (87.45)

.055 (.014)

18 mo

5

10.20 (1.64)

488.40 (80.59)

.044 (.005)

25 mo

6

11.50 (0.84)

581.33 (76.35)

.048 (.018)

10.79 (1.57)

504.18 (97.56)

.055 (.019)

Mean

Summary of Aging Analyses
In analyses comparing all mice aged 4-25 months, significant impairment at 25
months in MWM acquisition latency was found. The largest differences were found
during Training Session 1, although smaller but consistent differences were found in
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Training Sessions 8 and 9. No age-related impairment was found for distance traveled
during acquisition, but swim speed impairment in 25 month old mice was reported. Aged
mice displayed no significant impairment in retention of spatial memory and no evidence
of sensorimotor impairment in the visible platform procedure. Retention in the Barnes
maze was significantly impaired at 25 months and brain measures indicated loss of
Purkinje neurons beginning at 12 months with no change in hippocampus volume.

Heterogeneity in Aging
Good and Poor Learner Identification
Heterogeneity of aging is commonly reported in life span studies of learning and
memory in rodents (Gower & Lamberty, 1993; Lee et al., 2005; Olton et al., 1991),
rabbits (Woodruff-Pak et al., 1987; Woodruff-Pak et al., 2010b) and humans (Cabeza,
2002; Woodruff-Pak & Thompson, 1988) in that not all of the oldest animals show
functional or neuroanatomical impairment. To address this issue in the current study we
compared good and poor learners in each age group tested. Good and poor performers in
the MWM (Table 4) and Barnes Maze (Table 5) were identified with a median split
analysis using average latency to escape across nine Training Sessions (MWM) and
average primary latency across four Training Days (Barnes maze). In each age group, the
good and poor learning mice on one task did not completely overlap with the mice
identified on the other task. To determine the validity of the median split analyses, a
number of comparisons were made among all good and poor learning animals, as well as
within each age group.
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Table 4. Mean performance scores used in MWM median split analyses
Age (Median MWM Score Used for Split)
4 mo
(13.44)

8 mo
(13.22)

12 mo
(16.89)

18 mo
(15.63)

25 mo
(20.53)

10.42

10.47

14.81

13.33

16.31

10.44

11.56

11.81

11.67

15.19

10.19
9.94
13.28
11.56

11.42
13.22
10.56
10.83

10.42
14.53
11.31
10.25

15.39
13.22
12.08
12.72

16.44
20.03
20.31
19.78

Good Learner

9.94
12.42

13.44

Poor Learner
17.08
13.61

15.78
18.58

18.97
42.86

31.53
19.86

25.78
28.06

14.39
26.97
32.72
18.47

20.17
18.78
15.08
16.61
20.81

19.53
24.5
19.61
27.61

16.03
15.86
19.44
27.92

23.28
25.72
20.75
35.78
21.44
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Table 5. Mean performance scores used in Barnes maze median split analyses
Age (Median Barnes Maze Score Used for Split)
4 mo
(38.46)

8 mo
(51.42)

12 mo
(36.96)

18 mo
(51.67)

25 mo
(62.17)

34.25

33.5

34.42

46.42

61.58

34.83

37.92

34.67

51.08

56.17

27.75
18.83

42.17
24.25

29.08
25.33

51.17
45.17

28.75
43.25

37.25
17.92

51.42
33.92
27.75
29.75

26.42
26.67

48.92
32

49.75
22.08
47.33

51.58
39.67
54.75
47.75

68.42
68.25
59.75
67.92

72.08
147.58
41.67
39.25

132.33
66.58
58.42
52.17

82.42
106.25
101.58
77.67

54.67
59.58

62.92
90.33
72.42

40.25
50.83

58.58
85.75

127.5
62.75
67.58

Good Learner

Poor Learner

Within each age group, good learning mice were significantly better than poor
learning mice in acquisition measures. Results were similar in the MWM and Barnes
maze with the exception of retention measures, which were not significantly different in
good and poor learners in the MWM. (Table 6).
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Table 6. Good and poor learner ANOVA comparisons (F) at each age
Age (df)

Latency

4 mo
(1, 10)
9.17*

8 mo
(1, 13)
58.05***

12 mo
(1, 10)
12.11**

18 mo
(1, 10)
10.4**

25 mo
(1, 12)
15.14**

Distance

17.92**

12.66**

40.22***

8.13*

5.13*

Primary Latency
Primary Distance

26.32*** 53.17***
3.05
0.49

4.3
18.27**

5.57*
0.09

19.24**
7.88*

0.17

1.76

39.38***

MWM

Barnes Maze

D2T1 Primary
Latency

9.74*

5.69*

* p < .05, **p < .01, ***p< .001

Morris Water Maze
For the MWM, latency to escape, distance traveled and swim speed were
compared in good and poor learners (collapsed across age) using 2 (Learner Group) x 9
(Training Session) Mixed Model ANOVAs. Main effects of Learner Group were found
for latency (F(1, 63) = 52.60, p < .001, partial η2 = .46; Figure 9), distance (F(1, 63) =
55.26, p < .001, partial η2 = .47; Figure 10) and swim speed (F(1, 63) = 4.90, p < .05,
partial η2 = .07). Overall, good learning mice displayed significantly shorter latency to
escape, covered less distance, and had faster swim speeds. Good and poor learners were
not significantly different in measures of retention or cued learning.

Barnes Maze
For the Barnes maze, dependent variables were compared using 2 (Learner
Group) x 4 (Training Day) Mixed Model ANOVAs. Main effects of Learner Group were
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found for primary latency (F(1, 63) = 44.99, p < .001, partial η2 = .42; Figure 11) and
primary distance (F(1, 63) = 12.65, p < .01, partial η2 = .17; Figure 12). Good learning
mice displayed significantly shorter primary latencies and covered significantly less
distance. In addition, good learning mice showed significantly better retention primary
latency tested during Trial 1 of Day 2 (F(1, 63) = 18.48, p < .001, η2 = .23; Figure 13).

Figure 9. MWM acquisition latency in all good and poor learning mice. Overall, good
learning mice displayed significantly shorter latency to escape compared to poor learning
mice. Values are mean ± SE.

Cerebellar Stereology and Hippocampus Volume
Purkinje number was examined using one-way ANOVAs to compare good and
poor learning mice on each task. For the MWM, there was no significant difference in
Purkinje neuron number between good and poor learners. When comparing mice
identified as good and poor learners on the Barnes maze, good learners were found to
have significantly more Purkinje neurons (F(1, 37) = 4.66, p < .05, η2 = .13; Figure 14).
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No differences in hippocampus volume were found when comparing good and poor
learning mice identified by either task.

Figure 10. MWM acquisition distance in all good and poor learning mice. Overall, good
learning mice displayed significantly shorter distance to escape compared to poor
learning mice. Values are mean ± SE.

Figure 11. Barnes maze acquisition primary latency in all good and poor learning mice.
Overall, good learning mice displayed significantly shorter primary latencies compared to
poor learning mice. Values are mean ± SE.
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Figure 12. Barnes maze acquisition primary distance in all good and poor learning mice.
Overall, good learning mice displayed significantly shorter primary distance compared to
poor learning mice. Values are mean ± SE.

Figure 13. Barnes maze retention primary latency Day 2, Trial 1 in all good and poor
learning mice. Overall, good learning mice displayed significantly shorter primary
latencies in Day 2, Trial 1 compared to poor learning mice. Values are mean ± SE. *p <
.05.
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Figure 14. Cerebellar cortical Purkinje neurons in all good and poor learners: Barnes
maze. Mice identified as good learners on the Barnes maze had significantly more
Purkinje neurons than mice identified as poor learners. Values are mean ± SE. *p < .05.

Summary: Good and Poor Learner Identification
Two distinct subpopulations were identified across the life span based on
heterogeneous performance ability in the MWM and Barnes maze. When collapsing
across age, good learning mice displayed significantly better acquisition in the MWM
and better acquisition and retention in the Barnes maze. In addition, good learning mice
identified on the Barnes maze had significantly more Purkinje neurons. When comparing
good and poor learning mice within each age group, results were similar. At each age
group tested, good learning mice were significantly better than poor learning mice in
measures of acquisition in the MWM and the Barnes maze. Good learning mice aged 4,
8, and 25 months were significantly better than poor learners of the same age in retention
measured by the Barnes maze.
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Good Learners Across the Life Span
Due to the identification of distinct learner groups across the life span, the effect
of age on spatial learning was examined separately in good and poor learners. When
poor learning animals were analyzed, no significant age differences were found for either
MWM or Barnes maze. Therefore, subsequent analyses examined age effects only in
good learning animals.

Morris Water Maze
Whole group results were replicated when only comparing good learning mice
across the life span in the MWM. A 5 (Age) x 9 (Training Session) Mixed Model
ANOVA revealed a significant main effects of Training Session (F(8, 224) = 61.32, p <
.001, partial η2 = .69) and Age (F(4, 28) = 14.60, p < .001, partial η2 = .68), as well as an
Age x Training Session interaction (F(32, 224) = 2.39, p < .001, partial η2 = .26). Tukey
post-hoc tests determined that good learning mice aged 25 months were significantly
impaired in acquisition latency relative to all other ages (ps < .01; Figure 15).
Age-related deficits were replicated when distance to find the hidden platform
was compared in good learning mice using a 5 (Age) x 9 (Training Session) Mixed
Model ANOVA. Main effects of Training Session (F(8, 224) = 66.62, p < .001, partial η2
= .70) and Age (F(4, 28) = 3.59, p < .05, partial η2 = .38) were found, as well as the
interaction between Training Session and Age, F(32, 224) = 1.76, p < .05, partial η2 =
.20. Tukey post-hoc tests determined that good learning mice aged 25 months were
significantly impaired relative to 4- and 12 month-old good learners (ps < .05; Figure 16).
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Age-related deficits in swim speed of good learning mice was assessed with a 5
(Age) x 9 (Training Session) Mixed Model ANOVA. Main effects of Training Session
(F(8, 224) = 6.01, p < .001, partial η2 = .18) and Age (F(4, 28) = 4.28, p < .01, partial η2
= .38) were found, but the interaction was not significant. Post-hoc tests determined that
good learning mice aged 25 months swam significantly slower than good learning mice
aged 4 (p < .05) and 8 (p < .01) months.

Figure 15. MWM acquisition latency: Good learners. Latency to escape the MWM in
good learning mice aged 4-25 months is shown. Overall, good learning mice aged 25
months were significantly impaired relative to all other ages (ps < .01). Values are mean
± SE.
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Figure 16. MWM acquisition distance: Good learners. Distance traveled to escape the
MWM in good learning mice aged 4-25 months is shown. Overall, good learning mice
aged 25 months traveled more distance than good learning mice aged 4 and 12 (ps < .05)
months. Values are mean ± SE.

Age-related differences in retention of spatial learning among good learners were
not found for either platform crossings or swim time in the trained quadrant. No agerelated differences in visible platform performance (latency, distance, or speed) were
found in good learners across the life span.

Barnes Maze
More subtle age-related deficits than those found in the whole group analysis
were revealed when comparing only good learners across the life span on Barnes maze
performance. A 5 (Age) x 9 (Training Session) Mixed Model ANOVA comparing
primary latency revealed a significant main effects of Training Day (F(3, 84) = 43.72, p <
.001, partial η2 = .61) and Age (F(4, 28) = 4.66, p < .01, partial η2 = .40), but no
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significant interaction. To investigate the main effect of Age, Tukey post-hoc tests
determined that 25 month-old good learners were significantly impaired relative to 4
month-old good learners (p < .05). In addition, 18 month-old good learners were
impaired relative to good learners aged 4 (p < .05) and 12 months (p < .05; Figure 17).

Figure 17. Barnes maze acquisition primary latency: Good learners. Latency to the first
visit to the escape hole in good learning mice aged 4-25 months. Overall, good learning
mice aged 25 months took significantly longer to first visit the escape hole than good
learning mice aged 4 months (p < .05). Good learning mice aged 18 months were
significantly impaired relative to good learning mice aged 4 and 12 months (ps < .05).
Values are mean ± SE.

A 5 (Age) x 9 (Training Session) Mixed Model ANOVA comparing primary
distance revealed a significant main effects of Training Day (F(3, 84) = 22.07, p < .001,
partial η2 = .44) and Age (F(4, 28) = 3.21, p < .05, partial η2 = .31), but no significant
interaction. Post-hoc tests investigating the effect of age determined that good learning
mice aged 12 months had smaller primary distance values compared to 8 (p < .05) month47

old good learners. Retention assessed with primary latency and primary distance during
Trial 1 of Day 2 revealed no significant age-related differences in good learners.

Cerebellar Stereology and Hippocampus Volume
Total Purkinje neuron number was compared in good and poor learning mice
across each age group. Within each age group, no clear differences in neuron number
were found based on the performance group assigned in either the MWM or Barnes maze
tasks. Overall, age and Purkinje number were significantly correlated in good learning
mice identified on the MWM (r(20) = -0.699, p < .001) and Barnes maze (r(20) = -0.786,
p < .001). Subsequent analyses compared Purkinje neuron number in good learners for
each behavioral test.
Morris Water Maze Good Learners. Total estimated Purkinje neuron number was
compared in mice identified as good learners on the MWM using a one-way ANOVA.
The significant age-related loss of Purkinje neurons found in the whole group analysis
was partially replicated, F(4, 15) = 3.95, p < .05, η2 = .51. Post-hoc tests confirmed that
good learning mice aged 18 and 25 months had significantly fewer Purkinje neurons than
4 and 8 month-old mice (Figure 18). Within good learning mice, correlations between
Purkinje neuron number and MWM dependent measures were significant (Latency: r(20)
= -0.647, p < .01; Distance: r(20) = -0.473, p < .05). Regression analyses similar to those
conducted in the analysis of all animals revealed a comparable pattern in good learners.
Both Age (F(1, 18) = 32.42, p < .001, Adjusted R2 = .623) and Purkinje neuron (F(2, 17)
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= 16.32, p < .001, Adjusted R2 = .617) models were significant when predicting MWM
latency, but the Purkinje neuron model did not add significant explanatory power.

Figure 18. Cerebellar cortical Purkinje neurons: MWM good learners. An age-related
loss of Purkinje neurons was found in the subset of mice characterized as good learners
on the MWM, beginning at 18 months. Values are mean ± SE. *p < .05 compared to 4
mo, ** p < .01 compared to 4 mo, ^ p < .05 compared to 8 mo, ^^p < .01 compared to 8
mo.

Barnes Maze Good Learners. In mice identified as good learners on the Barnes
maze, a one-way ANOVA revealed significant loss of Purkinje neurons beginning at 12
months, F(4, 15) = 7.04, p < .01, η2 = .65. Post-hoc tests replicated the whole group
analysis in that good learning mice aged 12-25 months had significantly fewer Purkinje
neurons than mice aged 4 and 8 months (Figure 19). Purkinje number and primary
latency (but not primary distance) were significantly correlated, r(20) = -0.674, p < .01.
Regression analyses paralleled those in the MWM. Both Age (F(1, 18) = 24.83, p < .001,
Adjusted R2 = .556) and Purkinje neuron (F(2, 17) = 12.47, p < .001, Adjusted R2 = .547)
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models were significant when predicting Barnes maze primary latency, but the Purkinje
neuron model did not add significant explanatory power.

Figure 19. Cerebellar cortical Purkinje neurons: Barnes maze good learners. An agerelated loss of Purkinje neurons was found in the subset of mice characterized as good
learners on the Barnes maze, beginning at 12 months. Values are mean ± SE. *p < .05
compared to 4 mo, ** p < .01 compared to 4 mo, ^ p < .05 compared to 8 mo, ^^p < .01
compared to 8 mo.

Good Learners in the MWM and Barnes Maze: Hippocampus Volume. Analyses
of hippocampus volume in good learners in both tasks yielded no significant differences.
No differences in hippocampus volume were found for good and poor learners at each
age group. In addition, within a particular performance group (i.e. good learners on the
MWM) there were no effects of age on hippocampus volume. Volume was not
correlated with the dependent measures of the MWM and Barnes maze in any analysis.

50

Summary: Good Learners Across the Life Span
In the subset of mice that learned the MWM and Barnes maze well, age-related
differences in spatial memory were reported. Good learning mice aged 25 months were
significantly impaired in MWM acquisition latency, distance and swim speed, though the
largest differences were found in the first Training Session. These mice were not
impaired in retention of spatial memory or during the visible platform portion. In good
learners identified by the Barnes maze, mice 18 and 25 months old were significantly
impaired in acquisition primary latency. No age-related differences in retention were
found. Purkinje neuron loss began at 18 months in MWM good learners and 12 months
in Barnes maze good learners.

Comparison of Morris Water Maze and Barnes Maze
Correlational Analyses
To directly compare these two tests of spatial learning, average MWM latency to
escape and average Barnes maze primary latency scores were correlated for all mice.
The correlation between the two tests was small and not statistically significant, r(65) =
0.221, p = .08 (Figure 20). MWM and Barnes maze scores were also compared within
each age group after excluding outliers at each age. The two tasks were not significantly
correlated in the 4 month (r(11) = -0.120, p > .05), 8 month (r(15) = -0.339, p > .05), 18
month (r(10) = 0.563, p > .05), or 25 month (r(14) = -0.243, p > .05) age groups. The
correlation between these spatial learning tasks was significant in the 12 month (r(11) =
0.832, p > .001) age group. The two tasks were significantly correlated when
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performance was restricted to only those mice identified as good learners on both tasks,
r(18) = 0.55, p < .05 (Figure 21).

Figure 20. Comparison of MWM and Barnes maze. The correlation between average
MWM latency to escape and average Barnes maze primary latency is shown in mice aged
4-25 months. The correlation between the dependent measures of the two tests was small
and not statistically significant.

Comparison of Good and Poor Learners Across Task
To further compare these heterogeneous groups, Barnes maze primary latency
data were re-analyzed with the good/poor learner designations identified from MWM
performance. This analysis revealed that poor learners on the MWM were not
significantly impaired on the Barnes maze task. The corresponding analysis (comparing
good and poor learning Barnes maze mice on MWM performance) yielded similar
results, as poor learners on the Barnes maze were not significantly impaired on the
MWM.
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Figure 21. Comparison of MWM and Barnes maze: Good learners. The correlation
between average MWM latency to escape and average Barnes maze primary latency is
shown in good learning mice aged 4-25 months. The correlation between the dependent
measures of the two tasks was positive and significant (p < .05).
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CHAPTER 4
DISCUSSION

In this study we examined age-related differences in spatial learning and brain
substrates in CB6F1 mice tested at one of five ages: 4, 8, 12, 18, or 25 months. There
were statistically significant differences in both the MWM and the Barnes maze, with
mice aged 25 months showing impairment relative to younger mice in acquisition
(MWM) and retention (Barnes maze). Heterogeneity of learning ability was reported—
both in the oldest mice, as well as at each age tested. In the subset of good learning mice
across the life span, age-related impairment in MWM and Barnes maze acquisition was
found, beginning at 25 months in the MWMW and 18 months in the Barnes maze.
Stereological counts of Purkinje neurons in the cerebellar cortex indicated significant loss
of Purkinje neurons in mice aged 12, 18, and 25 months. This age-related loss was
significantly correlated with spatial learning ability in the Barnes maze. When
comparing only good learners, Purkinje neuron number was correlated with spatial
learning ability in the MWM and Barnes maze. Volumetric analyses of the hippocampus
revealed stability across the life span.

Stereology and Volume Estimation
A significant age-related loss of Purkinje neurons was reported, as the oldest mice
had fewer neurons compared to younger mice. Stereology results replicated previous
work in our laboratory in the C57BL/6 (Woodruff-Pak, 2006) and CBA (Woodruff-Pak
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et al., 2010a) strains, as well as aging studies including humans and rodents (Anderson et
al., 2003; Larsen et al., 2000). Previous studies in our lab suggested that Purkinje neuron
loss began at 12 months but was not significant until 18 months. The present study, with
more animals per age group (n = 8/group compared to n = 6/group) and more statistical
power has reported a significant decline at 12 months of age and extended results at 18
and 25 months to another mouse strain.
Purkinje neuron number was significantly correlated with acquisition primary
latency in the Barnes maze. Mice with fewer estimated Purkinje neurons took longer to
make a first visit to the escape hole. This relationship was maintained when comparing
good learning mice across the life span. In addition, age-related impairment in good
learners tested on the MWM was inversely correlated with Purkinje neuron number.
Good learning mice with fewer Purkinje neurons took longer to find the hidden platform
and covered more distance. No correlation between MWM measures and Purkinje
number was found when comparing all mice.
The good and poor learning distinction (assessed behaviorally) did not correspond
with the analysis of Purkinje neurons when assessed within each age group. That the
learning ability-based performance distinctions within age groups were found in the
absence of differences in Purkinje neuron number may be due to the fact that the
cerebellar cortex is not the sole structure responsible for performance on both the MWM
and Barnes maze (Morris et al., 1982; D’Hooge & De Deyn, 2001). Changes in other
structures, such as reduced synaptic plasticity in the hippocampus (Barnes, 1999;
Geinisman et al., 1992), may also be mediating the relationship between neural substrates
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and behavioral ability across the life span. An additional explanation for the present
results could be low statistical power due to small group sizes. Brains chosen for
stereological analysis were selected before learner distinctions were assigned, and that
resulted in unequal group sizes when comparing cerebella of good and poor learners at
each age group. Support for this interpretation was found when comparing Purkinje
number in good and poor learners while collapsing across age groups. With the increased
power of this analysis, significant differences in Purkinje neuron number were found
between good and poor learning mice identified by the Barnes maze. These results
suggest that Purkinje neuron number is associated with learning ability in the Barnes
maze, although the same conclusion cannot be drawn regarding the MWM.
Previously, we have reported the inverse relationship between Purkinje neuron
number and cerebellum-dependent delay eyeblink classical conditioning (Woodruff-Pak,
2006), as well as impairment in spatial learning (MWM) acquisition in a Purkinje neuron
sodium channel knockout mouse (Woodruff-Pak et al., 2006). The role of the cerebellum
in spatial learning appears to be primarily during acquisition (Lalonde & Strazielle,
2003b), as both hemicerebellectomized (Petrosini et al., 1998) and immunolesioned
(Wrenn & Wiley, 2001) rats do not display impaired retention in spatial learning tasks if
lesions occurred post-training. As these animals have already constructed a spatial map
before lesioning, the utilization of a previous spatial map does not appear to be
cerebellum-dependent. The present study supports the conclusion that the cerebellum is
involved in spatial learning acquisition and extends this result to another mouse strain, as
the age-related loss of Purkinje neurons was associated with impaired acquisition (but not
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retention) in the MWM and Barnes maze. To the best of our knowledge, this is the first
study to show that the cerebellar cortex is involved in spatial learning assessed by the
Barnes maze.
Over the CB6F1 mouse adult life span, age-related performance declines in
spatial memory were associated with the loss of Purkinje neurons. Linear regression
analyses suggested that Purkinje neuron number added no additional explanatory power
beyond age when predicting spatial learning ability in the MWM or Barnes maze. With
the large correlations between age and Purkinje neuron number reported in this study, it
is difficult to compare the unique effects of age and Purkinje neuron loss on spatial
learning. Given the previous findings in our lab of the association between Purkinje
neuron loss and age-related impairment in a cerebellum-dependent task (Woodruff-Pak,
2006), as well as the effects of cerebellar lesions (Lalonde & Strazielle, 2003b) on spatial
learning and the larger number of Purkinje neurons in good learning mice in the current
study, it is clear that the cerebellum plays a role in spatial learning assessed by the MWM
and Barnes maze. Further research is necessary to investigate causal mechanisms related
to Purkinje neurons and spatial learning assessed by the Barnes maze.
Our results of greater cerebellar sensitivity of the Barnes maze (in terms of
correlations with Purkinje number and differences between good and poor learners) may
seem to contradict previous work suggesting that altered firing rates in Purkinje neurons
can disrupt MWM performance (Woodruff-Pak et al., 2006), as well as the literature
describing the effects of cerebellar lesions and dysfunction on MWM ability (Dahhaoui et
al., 1992; Gasbarri et al., 2003; Goodlett et al., 1992; Lalonde & Strazielle, 2003b; Le
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Marec et al., 1997). It should be noted, though, that an aged cerebellum is not the same
as a cerebellum that has been lesioned or altered due to genetic manipulation. Knockout
and mutant mice lose Purkinje neurons early in development and, if tested as adults, may
have undergone compensatory changes (Freeman et al., 1995). Cerebellar lesions can
lead to motor impairment that may obscure any deficits in spatial learning (Gandhi et al.,
2000). In addition, results from the eyeblink classical conditioning literature have shown
differences between disruption of a neural substrate and loss of that substrate. In delay
eyeblink classical conditioning, lesions to the hippocampus do not impair acquisition of
conditioned responses (Schmaltz & Theios, 1972; Solomon & Moore, 1975), whereas
functional disruption causes impairment (Solomon et al., 1983). It seems plausible that
differences between loss and disruption of Purkinje neurons could account for the
discrepant results of the present study.
Stability in hippocampus volume was reported in mice aged 4-25 months and this
result parallels our previous stereological work in the CBA strain (Woodruff-Pak et al.,
2010a). Synapse loss in the hippocampus across the life span has been reported in the
mouse (see Geinisman et al., 1995 for a review), though these changes may be restricted
to particular subfields of the hippocampus (Smith et al., 2000). As we measured the
volume of the entire hippocampus, local loss of synapses that may have contributed to
volume changes may not have been detected. The majority of research suggests that
aging in the hippocampus is functional, rather than anatomical, and involves reduced
levels of neurogenesis or changes in functional connectivity (Rosenzweig & Barnes,
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2003). These functional changes would not have been detected by our volume
estimation.
Spatial learning ability in the MWM and Barnes maze was not related to the
amount of hippocampus volume. Similar to the cerebellar stereology results, at each age
tested, mice identified as good learners had comparable hippocampus volume relative to
poor learners. In contrast to the stereology measure, when all good and poor learners
were combined across age groups there was still no difference in hippocampus volume
based on learning ability. The effects of age on the hippocampus-dependent MWM and
Barnes maze were not detected in the volume estimation. Again, small and unequal
sample sizes and reduced power in these analyses suggest some caution is needed when
interpreting results. Despite this limitation, the results of the present study are similar to
previous work suggesting no differences in the number of neurons in the CA1 subfield
between young, old-unimpaired and old-impaired rats (Miyagawa et al., 1998). These
authors also reported no correlation between neuron number and behavioral measures
including the MWM.

Morris Water Maze: Age-Related Deficits
Mice aged 25 months showed significant impairment in MWM acquisition,
taking longer to find the hidden platform than younger (8 month) mice. Differences were
mostly confined to a few training sessions where 25 month-old mice were impaired
relative to 4 and 8 month-old mice. Interpretation of latency data in the present study is
complicated by significant age-related differences in swim speed during acquisition.
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Age-related differences in swim speed have been reported in some (de Fiebre et al., 2006;
Fernandez-Fernandez et al., 2012), but not all mouse aging studies (Francia et al., 2006;
Harburger et al., 2007; Harrison et al., 2009b). When such age differences exist, it is
necessary to focus on a dependent measure, such as distance, that is not biased by
differences in swim speed (Bizon et al., 2009; Klapdor & van der Staay, 1996).
When comparing distance across age group, no effect of age was found.
Significant age-related differences in spatial learning acquisition were revealed when
comparing the effects of age in mice that learned the task well. Good learning mice aged
25 months were significantly impaired in distance traveled compared to younger mice
aged 4-12 months. These impaired mice had significantly fewer Purkinje neurons
compared to younger mice and impaired spatial learning ability was associated with
neuron number. Although older good learning mice had slower swim speeds, age-related
spatial learning impairment was found in the unbiased distance dependent measure.
These results are in line with previous MWM research suggesting that age-related
deficits appear around 24-25 months in mice (Bellush et al., 1996; Kennard & WoodruffPak, 2011b; Magnusson et al., 2003); however, our results do not replicate age
differences at earlier ages (Askenov et al., 2011; Harburger et al., 2007). That
differences appear only at 25 months and not earlier may be due to the hybrid nature of
the mice tested. Heterosis, or hybrid vigor, is the phenomenon whereby the offspring of
inbred parents display an enhanced phenotype (Hannon et al., 2010; Shull, 1914).
Behavioral superiority of hybrid strains in tasks of learning and memory, including the
MWM, is commonly reported (Owen et al., 1997). We have noticed that the CB6F1
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mice tested show superior MWM acquisition ability than C57BL/6 mice of comparable
ages (Gooch et al., 2011), which suggests that age-related deficits may be obscured by
strong hybrid performance. The present study is the first to show spatial learning deficits
in the CB6F1 strain across the life span in the MWM. Deficits in our study replicate
results from a number of other mouse strains, both inbred and hybrid, and add to the
growing body of data on spatial learning ability in the aging mouse.
Although deficits in acquisition of spatial learning were observed, no clear
deficits in retention were reported. Some studies report age-related deficits in spatial
memory retention in mice (Bellush et al., 1996; Fordyce & Wehner, 1993), though others
have found no differences (Francia et al., 2006). One potential explanation for the lack of
age-related impairment in spatial memory retention in our study comes from the
placement of the probe trial. By Day 4 of training, all mice have learned the location of
the hidden platform and latency scores have reached asymptote. At this point the mice
may not be relying on a hippocampus-based spatial strategy, but may have shifted to a
response learning strategy that relies on the dorsal striatum to maintain the behavior
(Whishaw et al., 1987; White, 2009). Previous research has suggested that with extended
training, animals may shift to a response learning strategy (Packard & McGaugh, 1996).
Age-related differences in the present study may have been maximized had a probe trial
taken place earlier in training, before the oldest mice had reached asymptote. Probe trials
incorporated during training are common in MWM research (Gallagher et al., 1993;
Magnusson et al., 2003). Though a probe trial was not included earlier in training, no
differences were found in latency to escape or distance during the first trial of Day 2,
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which was the first trial after a 24 hour retention interval. As there were no age-related
deficits at this point in training, it does not seem likely that a traditional probe trial
conducted earlier in training would have yielded different results.
Deficits in acquisition could not be attributed to swim speed differences, as the
distance data confirmed. In addition, acquisition was not affected by sensorimotor
deficits in older mice. In the MWM, memory deficits can be detected independent of
sensorimotor impairments (Gage et al., 1989) using the visible platform, a cued version
of the task that is sensitive to deficits in vision and motor function. No clear age effects
on visible platform performance (latency, distance, or speed) were found for mice in this
study.

Barnes Maze: Age-Related Deficits
The effect of age on spatial learning measured by the Barnes maze was not
significant when comparing all mice; however, mice aged 25 months were significantly
impaired in a measure of spatial memory retention—the primary latency during the first
trial of Day 2 of training. In this trial, primary latencies were significantly larger for 25
month-old mice compared to 4 month-old mice. Overall, the increased primary latencies
of 25 month-old mice were associated with fewer Purkinje neurons. Good and poor
learners within an age group did not have statistically different numbers of Purkinje
neurons, though when collapsing across age good learners had significantly more
Purkinje neurons. More subtle age-related deficits were found when comparing mice
identified as good learners at each age, as age-related deficits were revealed earlier—at
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18 months—than observed in the whole group analysis. Deficits in 25 month-old mice
were replicated in this analysis as well. These age-related spatial learning deficits in
good learning mice were correlated with the age-related loss of Purkinje neurons.
As few mouse aging studies incorporating the Barnes maze exist, there is little to
compare with the results of the present study. Bach and colleagues (1999) reported agerelated differences in Barnes maze acquisition in C57BL/6 mice aged 12 and 18 months
relative to mice aged 3 and 6 months. Our results comparing spatial memory in good
learning mice replicates the age effects at 18, but not 12 months in a different strain of
mouse. In addition, we have extended the age effects finding to an older age—25
months. We have also replicated and extended the finding of heterogeneity in the oldest
mice to the CB6F1 strain and the Barnes maze task. These results are in line with a
number of spatial learning studies (Gage et al., 1984, 1989; Gower & Lamberty, 1993).
The results of the present study have confirmed that the CB6F1 strain shows spatial
learning deficits in the Barnes maze across the life span and that these deficits are
associated with an age-related loss of Purkinje neurons.

Comparison of Morris Water Maze and Barnes Maze
A goal of the present study was to compare the most commonly used test of
spatial learning, the MWM, with an alternative test that avoids the potential confound of
stress induced by forced swimming. The correlation of latency scores between the two
tests was small (r = 0.22) and not significant at the .05 level. Correlations comparing the
other acquisition variables (distance and primary distance) were not significant. The
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correlation between the two tests was only significant in one age group (12 month). Only
when comparing good learning mice of all ages was the correlation between the tasks
significant. Previous evidence for a correlation (r = 0.42) between the MWM and Barnes
maze has been reported in rats (McLay et al., 1999). This correlation was maintained
whether all rats were compared or age groups were considered separately. Patil and
colleagues (2009) reported similar performance in acquisition and short-term retention in
the C57BL/6 and CD1 mouse strains in both the MWM and the Barnes maze, though the
authors did not report correlation values.
There could be a number of explanations for the small correlation between the
MWM and Barnes maze in this study. It may be the case that the two tests do not
measure the same capacities of spatial memory. A large body of research has suggested
strain differences in spatial learning ability exist in both the MWM and Barnes maze
(Koopmans et al., 2003; Nguyen et al., 2000; Owen et al., 1997; Voikar et al., 2001), so
there may be a genetic basis for the inconsistency between the correlations of the current
study and others. Performance demands of the two tests may also account for the
discrepant results. Mice are more sensitive to cold water used in the MWM (Bellush et
al., 1996) and may not be as well adapted to swimming as rats (Prut et al., 2007). In
addition, mice require more trials for acquisition in the MWM and generally perform less
well than rats (Prut et al., 2007; Whishaw, 1995; Whishaw & Tomie, 1996). Direct
comparisons of mice and rats on water- and land-based mazes revealed that mice were
impaired in water but not land mazes (Whishaw & Tomie, 1996). Struggling with the
motor aspects of swimming may detract from the ability to orient to cues, thus reducing
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the capacity to perform in the water maze. The tasks in the present study may not have
been correlated due to this performance difference.
A second explanation for the correlation results of the present study comes from a
limitation of the Barnes maze—that mice do not perform in the same manner as rats
(Koopmans et al., 2003) and may not always train correctly on the task. They hesitate
around the goal hole and explore other holes instead of escaping. Learning can be absent
in some cases due to the lack of stressful stimuli and motivation to escape (Sharma et al.,
2010). These behaviors inflate the measured variables of the test, including latency to
escape, distance covered and number of errors made. Positive reinforcement (i.e. sugar
in the escape chamber) appears to improve performance of mice on this task
(Grootendorst et al., 2001), though this strategy undermines the original elegance of the
Barnes maze that required no stress or food reinforcers to elicit the behavior. Whereas
differences between land and water maze ability are likely to support the lack of a
correlation finding, the performance limitations of mice on the Barnes maze seem to be a
less probable explanation. The use of primary variables in this study (Harrison et al.,
2006; Patil et al., 2009) addresses the exploratory tendencies of mice by only comparing
distance and latency to the first visit to the goal hole. Thus, the Barnes maze measures in
the present study are not likely to be inflated.
A final explanation for the correlation results of the current study involves the
heterogeneity of learning ability observed across the life span. The correlation between
the MWM and Barnes maze may have been obscured by the performance of good and
poor learners at each age. In fact, when scores on the two tests were compared in mice
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identified as good learners on both tasks, MWM latency and Barnes maze primary
latency were significantly correlated (r = .55). The most likely explanation appears to be
that individual differences throughout the sample of mice tested reduced the strength of
the correlation between the MWM and Barnes maze.
In addition to determining if the MWM and Barnes maze measure the same
spatial learning abilities, a second question to consider when comparing these two tests is
if they are sensitive to the same aging mechanisms. The present study has reported some
supporting evidence, as both tests identified deficits in the oldest animals. Effect size
comparisons suggested that generally the magnitude of age effects was similar in both
tasks. The MWM and Barnes maze were also sensitive to heterogeneity in aging, as the
oldest animals could be split into good and poor learning groups. More subtle age-related
deficits were found in both tasks when comparing only good learning animals. This
method is similar to other manipulations of spatial learning tasks to increase difficulty in
order to maximize sensitivity to age-related impairment (de Fiebre et al., 2006; Frick et
al., 1995; Gallagher et al., 1993; Markowska et al., 1998). For both tasks, heterogeneity
in spatial learning ability within an age group was not associated with Purkinje neuron
number; however, statistical power may have been an issue. Overall, aged animals had
fewer Purkinje neurons and were impaired on both spatial learning tasks.
The more compelling evidence, though, suggests that the MWM and Barnes maze
are sensitive to different mechanisms of aging. The pattern of age-related deficits in each
task was different, and not all mice impaired on one test were impaired on the other.
Over the course of the mouse adult life span, differences in sensitivity to learning ability
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were reported in the two tasks. Both tests were sensitive to the effects of age on
acquisition of spatial memory, although deficits were detected earlier in the Barnes maze
(18 months) compared to the MWM (25 months). Some evidence of spatial memory
retention impairment was reported in the Barnes maze, whereas no clear impairment was
found in the MWM. The age-related loss of Purkinje neurons was correlated with
performance in the Barnes maze at the whole group level, whereas both tests were
correlated with Purkinje neuron number when comparing only good learners. The pattern
of age-related loss of Purkinje neurons was different in the good learner groups identified
by both tests, as declines in neuron number were significant beginning at 12 months in
Barnes maze good learners and 18 months in MWM good learners. In addition, a larger
effect of age on Purkinje neuron number was found for good learning mice on the Barnes
maze relative to good learning mice on the MWM (η2 = .65 vs η2 = .51). When
comparing good and poor learning mice and collapsing across age, only good learners in
the Barnes maze had significantly more Purkinje neurons than poor learners. Thus, at
both a behavioral and brain substrate level, it appears that the MWM and Barnes maze
are differentially sensitive to the effects of age on spatial learning.

Statistical Power in Good Learner Analyses
A consistent issue throughout the secondary analyses of good and poor learners
was statistical power. Identifying good and poor learners reduced group sizes by half and
these groups were further reduced in the cerebellum and hippocampus measures, as only
a subset of all animals was evaluated. Small, and at times unequal, group sizes
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complicate the interpretation of null statistical results. The absence of Purkinje neuron
differences between good and poor learners within an age group may be explained by a
lack of statistical power, as cell sizes as small as 3 were compared. Despite the limitation
of low statistical power, the notion that spatial learning depends upon a coordinated
network of substrates lends support to the finding that heterogeneous spatial learning
ability was not significantly related to Purkinje neuron number within an age group
(D’Hooge & De Deyn, 2001). The involvement of many structures to support spatial
learning ability suggests that changes in functional efficiency of the network may support
heterogeneous learning, rather than changes in one substrate. Comparisons collapsing
across age confirmed the limitation of low statistical power, as good learning mice on the
Barnes maze had significantly more Purkinje neurons than poor learning mice. Thus,
differences in learning ability were associated with Purkinje neuron number only in the
Barnes maze. The effects of heterogeneity at different points in the adult life span are
unclear in the current study and require further research incorporating larger and more
equal sample sizes.
Although statistical power was reduced in the good and poor learner comparisons,
we still reported significant results, both in behavior and cerebellar anatomy. Spatial
learning was impaired on both tests in the analysis of only good learners, and more subtle
age-related deficits were found in the Barnes maze despite reduced power. Correlations
between Purkinje neuron number and spatial learning ability were found in these analyses
as well. Whereas limitations of statistical power may complicate interpretations of null
effects, the detection of age-related differences in behavior and brain anatomy despite
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low power, along with the effect sizes reported, suggest that these effects of age may be
robust.

Magnitude of Age-Related Effects
In the present study, consistent age-related differences were not found across
multiple days of acquisition in the MWM. When comparing all mice, as well as only
those considered good learners, deficits were mainly restricted to the first Training
Session, although small but consistent deficits were reported in the final two Training
Sessions. One possible explanation for differences primarily in Training Session 1 is
age-related differences in stress reactivity (Pardon et al., 2000; Pietrelli et al., 2012). As
the MWM is considered a stressful test (Barrett et al., 2009; Harrison et al., 2009a),
altered reactivity to stress in the oldest mice may have contributed to the impairment seen
during Training Session 1. Subsequent exposure to the water may have minimized this
effect and contributed to the smaller differences in learning. As the mice in the present
study were also tested in fear conditioning, reactivity to the foot shock used in that
paradigm was assessed. Mice aged 12, 18 and 25 months showed significantly elevated
activity in response to the shock compared to mice aged 4 months (unpublished data).
When comparing 25 month old mice to other age groups (8, 12, and 18 months) there
were no significant differences in reactivity to the shock. When directly comparing the
behavioral results in the MWM and reactivity in fear conditioning, it is apparent that
stress cannot completely explain the deficits in performance seen in the 25 month old
mice. For example, post-hoc tests revealed that in Training Session 1, 25 month-old mice
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were impaired relative to mice aged 8 and 18 months, though no differences in shock
reactivity were found between these age groups. In addition, differences in shock
reactivity between mice aged 4 months and older age groups were not replicated in
MWM performance. Stress may have contributed to the deficits in the oldest mice;
however, since we did not collect any physiological measures (i.e. corticosterone)
conclusions regarding this relationship are merely speculative.
Age-related deficits in the Barnes maze were more consistent across training
trials, but differences remained small. Pre-training trials used in the Barnes maze
procedure may have minimized the impact of stress, although this test has been reported
to be less stressful than the MWM (Harrison et al., 2009a).
The finding of somewhat subtle age-related deficits in the MWM and Barnes
maze is not entirely unexpected, as the primary neural substrate of these tasks is the
hippocampus (Logue et al., 1997b; Poucet et al., 2001). Differential aging in this
structure has been reported compared to the cerebellum (Green & Woodruff-Pak, 2000;
Woodruff-Pak & Finkbiner, 1995; Woodruff-Pak et al., 2009) as a consequence of
different mechanisms of normal aging (Woodruff-Pak, 2006; Woodruff-Pak et al.,
2010a). More robust age-related deficits may have been found in tests that rely more on
the cerebellum, as this structure may be susceptible to the effects of age earlier in the life
span (Vogel et al., 2002; Woodruff-Pak et al., 2010a).
Incorporating more sensitive dependent measures, such as proximity to the escape
platform (Magnusson et al., 2003), heading angle (direction of movement relative to the
platform; Frick et al., 1995) or a spatial learning index (de Fiebre et al., 2006) may have
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enhanced age-related deficits (Kennard & Woodruff-Pak, 2011a). One measure we
adopted to increase age-sensitivity was to compare the effects of age only in good
learning mice. When comparing only the best learning animals, age-related effects were
more robust (i.e. differences in MWM distance) and detected earlier (beginning at 18
months in the Barnes maze). Finally, hybrid vigor (Hannon et al., 2010; Shull, 1914)
may have contributed to the smaller age-related effects in the present study. Superior
spatial learning ability in the CB6F1 hybrid strain may have masked the detection of agerelated impairment.

Implications of the Present Study
The results of the present study suggest a number of implications for
investigations of spatial learning, aging and the role of the cerebellum in learning. First,
the Barnes maze has been found to be a valid test for use in mouse life span aging
studies. Though the MWM and Barnes maze are thought to be similar tasks, the results
of the present study suggest that caution is needed when attempting to generalize between
these tasks. The two tests identified non-overlapping groups based on performance
ability, and were differently sensitive in terms of the type of deficits (acquisition vs.
retention), the earliest detectable deficits and the association with cerebellar Purkinje
neurons. Additional comparisons of the MWM and Barnes maze are necessary to
determine if these two tests are sensitive to different mechanisms of spatial learning and
aging. Our results suggest that different aspects of spatial learning are assessed by the
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two tests, although procedural differences and potential stress confounds complicate this
interpretation.
The present study demonstrates the first evidence that Purkinje neurons are
associated with spatial learning ability in the Barnes maze. Given this initial cerebellar
sensitivity, and considering the strong relationship between aging and Purkinje neuron
loss, more research is necessary to further characterize the relationship between the
cerebellar cortex and spatial learning ability assessed in the Barnes maze. Lesions to the
cerebellum, such as those caused by immunotoxins (Gandhi et al., 2000) or
pharmacological agents (Dahhaoui et al., 1992) that reduce the risk of motor impairment
would strengthen conclusions regarding the role of the cerebellum in spatial learning
assessed by the Barnes maze.
This research also highlights the need for methods to increase age sensitivity in
tests that depend on the hippocampus, as the behavioral effects of aging in this structure
tend to appear towards the end of the mouse life span (Bellush et al., 1996; Kennard &
Woodruff-Pak, 2011b; Magnusson et al., 2003; Woodruff-Pak et al., 2010a). Such
methods exist in the literature (de Fiebre et al., 2006; Frick et al., 1995; Magnusson et al.,
2003), though are not incorporated in all studies. Results from the analyses of good and
poor learners suggest that studies of aging should consider heterogeneity in all age groups
tested and not just the oldest animals. Indeed, age sensitivity can be enhanced when
characterizing good and poor learners at each age group, as we found earlier detection of
age-related impairment in the Barnes maze only when comparing mice that learned the
task well.
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Conclusions
The present study makes a number of important contributions to the literature on
aging and spatial memory in the mouse. We are the first to characterize the spatial
learning ability of the CB6F1 hybrid strain across the adult life span. The strongest
evidence of age-related impairment in spatial memory acquisition was found when
comparing mice that learned the tasks well. In good learners, deficits were found at 25
months in the MWM and 18 months in the Barnes maze. In all mice, retention of spatial
learning was impaired at 25 months, but only in the Barnes maze. We have replicated the
age-related loss of Purkinje neurons and stability in hippocampus volume and extended
these results to the CB6F1 mouse strain. Heterogeneity in spatial learning ability was
associated with neuron number in the cerebellum, although this distinction was not
maintained within individual age groups. Overall, age-related impairment was associated
with the loss of Purkinje neurons. A stronger and more consistent relationship between
Purkinje neuron number and spatial learning was found for the Barnes maze compared
the MWM. Finally, we have added to the literature confirming the role of the cerebellum
in spatial learning acquisition in the MWM, and are the first to report the association
between cerebellar cortical Purkinje neurons and spatial learning as measured by the
Barnes maze.
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