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Abstract

Although environmental enrichment has been shown to improve various types of memory in young
and aging mice, no study has directly compared the degree to which enrichment improves memory
at different ages throughout the lifespan in male mice. Therefore, the present study investigated the
effects of long-term continuous enrichment in young (3 months), middle-aged (15 months), and aged
(21 months) male C57BL/6 mice. Spatial reference memory was tested in the Morris water maze.
Results demonstrate that 24 hr/day environmental enrichment for approximately 6 weeks
significantly improved spatial memory in the Morris water maze in aged males, but not in young or
middle-aged males. These data also indicate that 24 hr exposure to complex enriched housing
conditions increases the magnitude of enrichment-induced improvements in memory among aged
mice relative to those previously reported by this lab and others.
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1. Introduction

It has long been known that environmental enrichment can protect the developing rodent brain
from the adverse consequences of social and cognitive isolation (see [28] for review).
Enrichment treatment typically exposes animals to a combination of social, cognitive, and
physical stimulation provided by cage-mates, toys, and running wheels. Enriched animals are
compared to controls that are either individually housed (i.e., isolated) or housed in small
groups (i.e., social). Relative to isolated and social controls, the cortices of rats reared in
enriched environments evince a number of morphological alterations including increased
thickness, dendritic spines and branching, and neuronal cell body size [4,5,13,16]. Enrichment
started in young adulthood has also been shown to affect CA1 and dentate morphology, as well
as increase synaptophysin levels, in the hippocampus [7,22]. Further, young rodents reared in
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enriched environments outperform social and isolated controls on numerous learning and
memory tasks [15,23,35].

Recent work in adult and aged rodents suggests that the beneficial effects of enrichment on
memory and neural function may be initiated at any point in the lifespan [2,10,14,28]. For
example, enrichment can enhance cortical and hippocampal plasticity in adult rats [14] and
mice [20] and can protect against learning and memory deficits in adult CAl-specific
NMDAR1 subunit-knockout mice [26]. In middle-aged rodents, enrichment improves learning
in the Hebb-Williams maze [3] and spatial memory in the Morris water maze [11,21,25].
Enrichment in middle-aged rats and mice also increases forebrain weight [3], hippocampal
neurogenesis [21], and hippocampal and cortical neurotrophin levels [19,25]. Among aged
rodents, enrichment improves spatial memory in the Morris water maze [10], reverses short-
term memory impairments in a Symbolic Delayed Matching to Sample Task [32], and increases
incidental learning and food seeking behaviors [34]. It also increases cortical thickness [6],
reduces hippocampal gliosis [32], and increases neurogenesis in the dentate gyrus [31].

In spite of the fact that enrichment has been shown to improve memory in rodents of all ages
in separate studies, no study has directly compared the effects of enrichment in young, middle-
aged, and aged male rodents. Because different enrichment protocols can have drastically
different effects on memory [2], it is important to compare the effects of enrichment in different
age groups within the same study to enable more precise conclusions about the effects of this
treatment throughout the lifespan. Interestingly, previous studies from our laboratory
investigating effects of enrichment in middle-aged male and female [11], aged male [2], and
aged female [10] mice have reported memory alterations that are dependent on age and sex,
such that the beneficial effects of enrichment appear to be greatest in middle-aged females and
aged males. However, these findings are confounded by the fact that these previous studies
used different enrichment treatments, for different amounts of time, and tested animals on
different versions of the spatial Morris water maze task. Thus, the present study was designed
to investigate the effects of enrichment on spatial memory throughout the lifespan within the
same study. To achieve this direct comparison, young (3 months), middle-aged (15 months),
and aged (21 months) male C57BL/6 mice were enriched for four weeks prior to, and then
throughout, behavioral testing. Enriched mice were housed in large cages with 24 hr/day
exposure to a complex enriched environment (as in [2]). Socially-housed controls were housed
in standard shoebox cages with no exposure to enriching objects. The Morris water maze was
used to assess hippocampal-dependent spatial reference memory. This task was chosen because
it is sensitive to both age-related memory decline [8] and to enrichment [2,10] in aged mice.
We expected that enrichment would improve memory most in aged males because existing
age-related memory decline in these groups [8] would leave more room for improvement.
Further, we recently reported greater effects on spatial memory in the water maze among aged
male mice using a 24 hr/day enrichment protocol compared to a 3 hr/day protocol [2]. This
finding was most likely due to both the increased time spent in the environments each day and
the increased complexity of these environments. Therefore, we expected that the effects of
enrichment observed in the present study would be more robust than those previously reported
by our lab in which enrichment was administered for only 3 hrs/day [10,17] or in less complex
home-cages [11].

2. Materials and Methods
2.1. Subjects

Subjects were 85 male C57BL/6 mice obtained from the National Institutes on Aging colony
at Harlan Sprague Dawley (Indianapolis, IN). Upon arrival at Yale, mice were 3 months (n =
25), 15 months (n = 30), and 21 months (n = 30) of age. Mice were housed up to 5 per shoebox
cage (controls) or up to 8 in large enrichment cages in a room with a 12:12 light/dark cycle
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(lights on at 07:00), with all testing performed during the light phase. Mice had ad libitum
access to food (Harlan 2018 18% Protein Rodent Diet) and water. Animals were handled for
5 min/day at least five times prior to behavioral testing to habituate them to being picked up
by the experimenter. All procedures were approved by the Institutional Animal Care and Use
Committee of Yale University, and conformed to the guidelines established by the National
Institute of Health Guide for the Care and Use of Laboratory Animals.

2.2. Environmental Enrichment

Mice were housed in enriched or control conditions for four weeks prior to and then throughout
behavioral testing for a total of approximately 6 weeks. Mice were randomly assigned to the
control or enrichment conditions yielding a total of 6 treatment groups: young control (YC,

n =15), middle-aged control (MC, n = 14), aged control (AC, n = 14), young enriched (YE,

n = 10), middle-aged enriched (ME, n = 16) and aged enriched (AE, n = 16).

Control mice were housed in standard shoebox cages and had no exposure to toys or running
wheels. Enriched mice were housed in large transparent plastic bins (Ancare, Bellmore, NY;
66 cm long x 46 cm wide x 38 cm high) that were covered with removable transparent lids
with two large ventilation holes on the top (30 cm long x 18.5 cm wide). Wire feeding racks
covered by ventilation lids from the standard shoebox cages were fitted into the ventilation
holes on the top of the bins as in [2]. Water access was provided by a water bottle mounted on
the side of the bin (Ancare, Bellmore, NY), which allowed the spout to enter 7 cm above the
base of the bin. Food pellets were placed in a stainless steel food bowl on the floor of the bin.
Enrichment bins were maintained in the same colony room as the standard shoebox cages. Bins
were cleaned twice per week, with new enrichment objects in different configurations
introduced at each cleaning. Cognitive stimulation and exercise were provided by an
assortment of objects that always included 2 running wheels, 2 rodent dwellings, 4-6
miscellaneous toys, and a large plastic tube configuration with vertical climbing aspects.

2.3. Morris Water Maze

The apparatus was as previously described [2,9]. Testing took place in a white circular tank
(97 cm in diameter) filled with water (24 + 2°C). The water was made opaque with white
nontoxic tempera paint and the maze was surrounded by various extramaze cues. Four
additional extramaze cues (abstract black and white designs, 30 cm?) were attached on the side
of the tank equidistant from each other during spatial water maze testing. Data were collected
using an HVS 2020 (HVS Image, Hampton, England) automated tracking system.

Mice were shaped in the tank one day prior to testing using a four-trial procedure in which a
smaller ring (55 cm) was placed inside of the larger (97 cm) ring to decrease the total swimming
area. Mice were first placed on a visible 10 x 10 cm platform (covered in red tape) for 10 s and
then removed. They were then placed at three distances progressively further from the platform
and allowed to swim to the platform. If the mouse did not find the platform within 60 s, then
it was led to it by the experimenter. No data were collected during shaping.

2.3.1. Spatial Water Maze—Spatial memory in the water maze was assessed as described
in [2] and [9]. A transparent lucite platform (10 x 10 cm) was submerged just underneath the
surface of the water and remained in the same location for all trials. Six trials per day were

conducted for five consecutive days. Each mouse was placed in one of four start positions,

which varied for each trial. For the first 5 trials, the mouse was given 120 s to find the platform
in each trial. If the mouse did not find the platform within this time, then the experimenter led
the mouse to the platform where it sat for 10 s. The mouse was then returned to its home-cage
for an inter-trial interval of approximately 20 min. During these first five trials, swim time (),
swim distance (cm), and swim speed (cm/s) were recorded. Lower numbers for swim time and
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swim distance indicated better performance and lower numbers for swim speed indicated
slower swim speeds.

The sixth trial of each day was a variable-interval probe trial [24]. During this trial, the platform
was collapsed and made unavailable for escape for 20, 30, or 40 s. At the conclusion of this
interval, the platform was then raised and made available for escape. The total probe trial
duration was 60 s, regardless of the amount of time that the platform was collapsed. Quadrant
time (the percent of time that a mouse spent in the quadrant containing the collapsed platform)
and platform crossings (the number of times a mouse crossed the platform location per 10 s of
the interval) were recorded. Higher numbers indicated better performance for both measures.

2.3.2. Cued Water Maze—A non-spatial cued water maze task was conducted to measure
potential non-mnemonic contributions to task performance (e.g. swimming ability, motivation,
and visual acuity). Cued testing began two days after the completion of spatial testing and
consisted of six trials over one day. During these trials, the platform was made visible with red
tape and a white circular cue attached to the side of the platform (7 ¥ cm in diameter). The
platform was raised just above the surface of the water, and extramaze cues attached to the side
of the tank were removed. The platform was moved to a different location in the tank for each
trial. All other aspects of the procedure were the same as the spatial task. Swim time (s), swim
distance (cm), and swim speed (cm/s) were recorded.

2.4. Data Analysis

3. Results

Spatial and cued water maze measures were averaged within a group for each session (for the
spatial task) or trial (for the cued task) and analyzed using one-way analysis of variance
(ANOVA) with Group as the independent variable and Session or Trial as the repeated measure
(SuperANOVA, Abacus Concepts, Berkeley, CA). Although an ANOVA using the single
independent variable “Group” did not allow us to measure the overall effects of Age and
Enrichment across the treatment groups, it was of more interest in this study to compare control
and enriched groups within an age group. A Group ANOVA followed by conservative post-
hoc tests allowed us to minimize Type Il errors more than an Age x Enrichment ANOVA
followed by multiple T-tests [18]. Therefore, Tukey-Kramer post-hocs were performed on all
significant main effects of Group. An alpha level of 0.05 was used to reject the null hypothesis.

3.1. Subjects

All mice were in good health upon arrival in the laboratory, at which point they were randomly
divided into treatment groups and housed appropriately. One aged enriched male was excluded
from the data analyses due to poor swimming ability.

3.2. Morris Water Maze

3.2.1. Spatial Task—The main effect of Group was significant for swim time, swim distance,
and swim speed (Fs(5,78) = 11.36, 5.34, and 8.67, respectively, Ps <0.0003). As indicated in
Figure 1, enrichment generally reduced swim time (Figure 1A) and swim distance (Figure 1B),
and increased swim speed (Figure 1C). Post-hoc tests indicated no difference between young
control and enriched mice or between middle-aged control and enriched mice. In contrast, aged
enriched mice exhibited shorter swim times and swim distances, and faster swim speeds than
aged controls (Ps < 0.05). Post-hoc tests also indicated that swim time increased and swim
speed decreased with age among control mice, such that aged controls had slower swim times
and swim speeds than young controls (Ps < 0.05), as well as slower swim times than middle-
aged controls (P < 0.05). Significant Session effects in swim time, swim distance, and swim
speed demonstrated that the groups generally learned to find the platform (Fs(4,312) = 40.55,
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59.22, and 25.59, respectively, Ps < 0.001, Figure 1). The Group x Session interaction was
significant for swim speed (F(20,312) = 1.72, P < 0.05).

The main effects of Group were also significant for quadrant time and platform crossings during
the probe trial (Fs(5,78) = 3.81 and 7.99, respectively, Ps < 0.005). Post-hoc tests revealed that
enrichment significantly improved both measures among aged mice (Ps < 0.05, Figure 2). Aged
controls also made significantly fewer platform crossings than young controls (P < 0.05).
Enrichment had no effect on probe trial performance among young and middle-aged mice.
Significant Session effects in quadrant time and platform crossings demonstrated improved
performance during the course of testing (Fs(4,312) = 5.75 and 7.10, respectively, Ps < 0.001,
Figure 2). No interactions were significant.

3.2.2. Cued Task—The main effect of Group in the cued task was significant for swim speed
(F(5,78) = 4.60, P < 0.05), likely due to the fact that aged controls swam significantly slower
than young controls (post-hoc, P < 0.05). Post-hoc tests indicated no differences in swim speed
between young control and enriched mice, middle-aged control and enriched mice, or aged
control and enriched mice. Cued task performance improved over the course of testing as
demonstrated by significant main effects of Trial in swim time, swim distance, and swim speed,
(Fs(5,390) =13.31, 12.72, and 9.61, respectively, Ps <0.0001, Figures 3A-C). There were no
significant Group x Trial interactions for any measure.

4. Discussion

The results of the present study demonstrate that 24 hr/day complex environmental enrichment
has differential effects on spatial memory in the Morris water maze among young, middle-
aged, and aged male mice. Enrichment-induced enhancements in spatial task performance were
limited to aged males. The lack of an effect of enrichment in young males is surprising, as these
results differ from two previous studies in which enrichment in young male rats improved
spatial performance in the Morris water maze [23,30]. However, mice in the present study were
housed in enriched environments from young adulthood (3 months) for only 4 weeks before
testing, whereas rats in these previous reports were enriched from weaning (postnatal day 21)
and for 9 to 12 weeks before testing [23,30]. Because young control males perform very well
in the water maze, it is possible that treatment needs to start at a younger age and/or occur for
a longer period of time in order to enhance performance in young males. It is also possible that
enriched mice in the present study did not receive enough exercise to improve memory. A
previous study from our lab demonstrated that young female mice enriched with running
wheels (exercise enrichment) made significantly fewer spatial working memory errors in a
water escape-motivated radial arm maze relative to young female mice enriched with toys
(cognitive stimulation) or an obstacle course (acrobat training)[22]. Thus, if the exercise
component of enrichment is the most critical to improving memory in young mice, then young
males in the present study may have required greater access to exercise in their home-cages in
order for an improvement to be observed. These possibilities will need to be tested further
before making definitive conclusions about the potential for enrichment to enhance memory
in young males.

Enrichment also did not improve spatial memory in middle-aged males, which differs from
previous reports in middle-aged male rats [25] and mice [11]. However, significant differences
between these previous reports and the present study may account for our discrepant results.
For instance, Pham and colleagues compared enriched rats to isolated controls, whereas the
present study compared enriched mice to social controls. Previous studies have shown much
greater effects of enrichment on memory relative to isolated controls than social controls
[36]. Also, in our previous study, we tested mice in a 1-day version of the Morris water maze
and reported enrichment effects in middle-aged males that were characterized by differences
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between young and middle-aged social control groups in the absence of differences between
young social control and middle-aged enriched groups [11]. However, the lack of effect of
enrichment in middle-aged males in the present study may be due to somewhat minimal
detrimental effects of age on performance in this group. We have previously reported that 17
month-old male mice are not impaired relative to 5 month-old male mice in any measure of
spatial memory in the water maze [8]. In the present study, inspection of Figure 1 and 2 reveals
little difference between young and middle-aged control groups. Thus, enrichment may not
have affected spatial memory in middle-aged males because there was little to improve.

In contrast to the lack of an enrichment effect in young and middle-aged males, the present
study demonstrates robust beneficial effects of enrichment on memory in aged males.
Enrichment consistently enhanced spatial task performance in aged males on all spatial water
maze measures. These results are similar to previous reports from our lab using the same
enrichment protocol [2] and to reports of enrichment-induced improvements in a spontaneous
alteration task [33]. However, enrichment induced improvements in swim speed in aged males
may indicate that improvements in the spatial task were due to a general enrichment-induced
increase in physical fitness rather than a specific effect on memory. The fact that enrichment
in aged males enhanced performance in the probe trial measures (i.e., quadrant time and
platform crossings), which are minimally affected by swim speed, and did not affect any cued
task measures, makes this interpretation much less likely. However, exercise alone can improve
memory of a passive-avoidance task in aging males [29], so increased physical fitness may
play a considerable role in the spatial memory reported in the present study. This issue should
be further addressed by reducing or eliminating the exercise component of enrichment in future
studies.

The magnitude of the enrichment effects in aging mice in this study are considerably greater
than those observed in previous reports from our lab [10,11]. This finding may be due to a
number of reasons related to improvements in the quality of our enrichment treatment. Enriched
animals in this study were exposed to enriched environments for 24 hrs/day, rather than 3 hrs/
day in several of our previous reports [10,17,22]. Further, the 3 hr/day treatment occurred
during the light phase of the light/dark cycle, whereas mice in the 24 hr/day housing had access
to enrichment stimuli during the active dark phase of the cycle. Indeed, we recently reported
greater spatial memory improvements in aged male mice after 24 hr/day enrichment compared
to 3 hr/day enrichment [2]. Therefore, increasing the duration of exposure to enrichment
treatment likely enhanced treatment effects. In addition, the enriched environments used in this
study included a greater number and variety of toys and running wheels relative to previous
reports [10,11,17]. Finally, the size of enrichment housing was larger in this study than in a
previous report using 24 hr/day enrichment [11], which allowed for more animals to be housed
together (thereby, increasing social interactions) and more objects to be placed in the cages.
All of these factors likely played a role in enhancing the quality of enrichment in the present
study, resulting in more robust effects than in our previous reports [10,11,17,22].

The enrichment-induced improvements in this study may have been evident in aged mice
because age-related deficits in learning and memory [8] left considerable room for
improvement. Advanced age is characterized by numerous changes in the hippocampus [1,
12,27], thus providing ample opportunity for enrichment to augment hippocampal function.
For instance, previous studies have reported increased dentate gyrus neurogenesis [31], reduced
hippocampal gliosis [32], and increased hippocampal synaptophysin immunoreactivity [10] in
enriched senescent rats and mice. Altering any of these variables, or others, could have led to
the memory improvements observed here in enriched aged males.

In conclusion, the results of the present study demonstrate for the first time within a single
study that the effects of environmental enrichment on spatial reference memory can be
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dependent on age in male mice. Performance in the water maze in young and middle-aged
males was not affected by 24 hr/day enrichment, whereas that of aged males was robustly and
consistently improved. The enrichment effects observed in the present experiment were greater
than those previously reported by our group, likely due to the more sophisticated enrichment
protocol used in this study. As such, the complexity of the enrichment treatment should be
carefully considered when planning such studies in rodents. Further, the discrepancies between
our findings in young and middle-aged mice compared to previous reports illustrate the
importance of comparing the same enrichment protocol and behavioral testing procedures
across ages within the same study. In total, the present findings provide a more complete
understanding of how environmental enrichment influences memory throughout the male
lifespan. This work supports the notion that a combination of cognitive and physical stimulation
can reverse age-related memory decline, even when initiated in old age.
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Figure 1.

Swim time (A), swim distance (B), and swim speed (C) in the spatial water maze task. Among
aged males, enrichment significantly reduced swim time and swim distance, and increased
swim speeds relative to aged controls. Enrichment did not affect any measure in young or
middle-aged males. Each point represents the mean (x standard error of the mean (SEM)) for
each group during one test session.
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Figure 2.

During the probe trials, aged enriched males had significantly more quadrant time (A) and
platform crossings (B) than aged control males. Enrichment did not affect either measure in
young or middle-aged males. Each point represents the mean (x SEM) for each group during
one test session.
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Figure 3.
There were no significant differences between control and enriched groups at any age in the
cued water maze task. Each point represents the mean (+ SEM) for each group during one trial.
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