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Middle-aged 330-day-old male and female hooded rats were group-housed for nearly 5 months in either
standard cages, or in cages containing objects. Each cage also provided either pure water, or a solution of
vitamin E (DL-α-tocopherol acetate) for drinking. Records were kept of averages for each cage of the rats'
body weights and the volume of fluid/100 g average body weight drunk. The average daily dose of
tocopherol was approximately 162 and 173 mg/kg for males and females respectively. Males (but not
females) kept in enriched cages weighed less than those from standard cages. They also drank less fluid than
females who also drank more tocopherol solution than males. When 490+days old, for rats provided with
water, enrichment led to decreased open-field ambulation and increased within-session decrements in the
response (habituation). Enrichment also led to decreased occupancy of the center of the apparatus for males
only and, for all rats combined, increased grooming behavior. It was concluded that the effects of enrichment
on aged rats were due to increased within-session habituation to novelty and decreased anxiety similar to
what has been suggested for younger animals. Tocopherol appeared to interfere with effects of enrichment
possibly because of pro-oxidant-related increased anxiety.
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1. Introduction

There is increasing acceptance of the view that environmentally
enriching experiences can slow down aging of the brain in both
humans (Shimamura et al., 1995) and animals (Frick and Fernandez,
2003) and possibly provide some protection against neurodegener-
ative changes that accompany disorders such as Alzheimer's Disease
(Arendash et al., 2004; Jankowsky et al., 2005). Current interest in
environmental enrichment is largely derived from over 40 years of
research with rats and mice that has demonstrated the benefits for
brain and behavioral development of early exposure to enriched
social, physical activity-related and perceptual stimulation (Renner
and Rosenzweig, 1987). Enrichment has typically been provided by
the provision of a number of objects (or toys) for group-housed
animals that are designed to encourage exploration, manipulation and
physical activity. In the intact brain, some of the reasons that have
been proposed for enrichment-related behavioral outcomes, such as
improved learning and memory (Fordyce and Farrar, 1991; Renner
and Rosenzweig, 1987), have included increased hippocampal
neurogenesis, dendrite branching and synapse formation, enhanced
long-term potentiation, and increased central monoaminergic and
cholinergic activity (van Praag et al., 2000). In addition to producing
cognitive changes, environmental enrichment has also been reported
to decrease anxiety and associated stress-related responses in both
mice (Benaroya-Milshtein et al., 2004; Fernández-Teruel et al., 1997)
and rats (Roy et al., 2001).

There are a number of studies on record of the neurobehavioral
status of older rats and mice exposed to environmental enrichment
from a much earlier age (Kobayashi et al., 2002; Leal-Galicia et al.,
2008; Pham et al., 1999; Segovia et al., 2008). For example, open-field
locomotor activity has been shown to either increase (Gardner et al.,
1975) or more commonly decrease (Elliot and Grunberg, 2005) in
animals exposed to enrichment when they were younger. Such
variability in past outcomes might have arisen from the procedure's
propensity for reflecting either exploration of novel stimuli, or fear-
motivated attempts to escape from the apparatus (Renner and
Rosenzweig, 1987). It is therefore conceivable that either effect
could result from low fear namely, increased ambulation due to more
curiosity-related exploration, or decreased ambulation due to lower
levels of escape motivation. Alternatively, it has been suggested that
the lower activity shown by enriched animals may have been due to
faster rates of habituation to the novelty of the open field (Schrijver
et al., 2002; Zimmerman et al., 2001). Although there have been fewer
investigations of the effects of enrichment that is not experienced
until older ages are reached, there is some evidence of behavioral
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benefits for rats (Doty, 1972) and mice (Frick and Fernandez, 2003)
and changes in the brain (such as neurogenesis in the mouse
hippocampus, Kempermann et al., 1998, 2002) in older-exposed
animals. Therefore, a major aim of the present study was to determine
if environmental enrichment that was not experienced until rats were
middle-aged to elderly could have similar effects on open-field
behavior to those observedwithmuch younger-exposed subjects. The
main focus was on possible changes in habituation of ambulation
along with the extent to which fear or anxiety might have played a
part. Since all rats were housed in groups of three, social enrichment
was not manipulated. Rather, environmental enrichment was con-
fined to the presence of regularly changed objects in standard
laboratory cages.

There is also evidence that chronic treatment with antioxidants
can benefit cognition in elderly humans and animals (Martin et al.,
2002; Socci et al., 1995) presumably because of the reduction in
oxidative stress associated with greater aging-related sensitivity to
reactive oxygen species that lead to cell death and cognitive declines
(Cantuti-Castelvetri et al., 2000; Golden et al., 2002). In this respect, a
particular antioxidant that has received a considerable amount of
attention is vitamin E which has been shown to attenuate impair-
ments during the normal aging process in both humans and animals
(Cantuti-Castelvetri et al., 2000). But in addition to its importance for
cognition, vitamin E has also been associated with anxiety. For
example, vitamin E deficiency and higher anxiety has been described
for mice that were deficient in phospholipid transfer protein
(Desrumaux et al., 2004) or α-tocopherol transfer protein (Gohil
et al., 2003). Although 6 days of treating normal rats with vitamin E
was shown to attenuate stress-induced changes in brain biochemical
indices of stress (Shaheen et al., 1993), chronic treatment of rats
characterized by increased sensitivity to oxidative stress did not
reduce their high anxiety as measured by ambulation, defecation and
occupancy of center squares in an open field, and open-arm entries in
a plus maze (Kolosova et al., 2006). However, in the same study,
normal rats showed evidence of increased anxiety with vitamin E. In
view of these conflicting outcomes, it was decided to include chronic
vitamin E treatment with environmental enrichment in order to
assess the vitamin's specific effect on anxiety-related behavior as well
as within-session habituation of open-field ambulation, and also the
extent to which it might interact with enrichment. The possible role
of anxiety in any observed effects of either treatment (or their
combination) was investigated by recording open-field defecation
and center square occupancy, and preferences for the light versus
dark half of a light–dark box. This apparatus measures rodents' fear of
entering and spending time in the more aversive illuminated
environment (Hascöet et al., 2001; Sánchez, 1996).

As with many areas of biobehavioral research involving laboratory
rodents (Hughes, 2007), the vast majority of studies of later effects of
enrichment and vitamin E have been conducted with male subjects
only. In view of the relative lack of information about females and
some evidence of sex differences in the behavioral and/or physiolog-
ical effects of early environmental enrichment (Elliot and Grunberg,
2005; Joseph, 1979; Juraska et al., 1985; Peña et al., 2006) as well as
tocopherol deficiency (Amelink et al., 1991) or supplementation
(Salonen et al., 2003), rats of both sexes were investigated in the
present study.

2. Methods

2.1. Subjects

The subjects were 36 male and 33 female PVG/C middle-aged
hooded rats approximately 330 days old that had been bred in the
Animal Facility of the Department of Psychology, University of
Canterbury. They were housed in groups of three same-sexed
individuals in 550×360×220 mm-high plastic cages with a 500 ml
communal drinking bottle, and free access to standard laboratory
food. The cages were kept in a room with an ambient temperature of
22 °C±2 °C, humidity of 48%±10% and a 12 h light/dark cycle (lights
on at 08.00 h). All treatment and testing procedures complied with
the requirements of Parts 5 (Codes of Welfare) and 6 (Use of Animals
in Research, Teaching and Testing) of the New Zealand Animal
Welfare Act (1999) and had been approved by the Animal Ethics
Committee of the University of Canterbury.

2.2. Environmental enrichment

Enrichment was provided in half of the cages in the form of four
different objects or “toys” randomly selected from a pool including
large glass marbles, various sized glass jars and metal lids, PVC and
plastic tunnels, plastic cups, wooden see-saws, pottery ornaments and
small metal household utensils. These objects were chosen to
encourage manipulation and physical activity as well as general
exploration. Once a week the objects were replaced with new objects
in such a way that exactly the same set of four was not experienced by
each cage of rats more than once. The remaining half of the cages
comprised the standard condition since they were devoid of any
objects (other than each rat's other cage-mates) for the duration of
the study.

2.3. Tocopherol treatment

For 10 days prior to imposition of the cage environment condi-
tions, the average body weights and volume of water drunk by each
cage of male and female rats were recorded each day. The average
weight for maleswas 380 g and 210 g for females. The average volume
of water drunk/day by males was 22 ml (or 5.79 ml/100 g) and 32 ml
(or 13.97 ml/100 g) for females. These data were used to calculate the
amount of vitamin E (in the form of 500 mg/ml DL-α-tocopherol
acetate water immiscible liquid, Merck Chemicals Ltd) needed to be
added to the communal water bottle in each cage to provide
approximate daily doses of 150–200 mg/kg/rat which were in the
range of those previously shown to be behaviorally effective in aged
mice and rats (Mcdonald et al., 2005; Socci et al., 1995). The
calculations resulted in tocopherol drinking solutions of 3.5 mg/ml
for males, and 1.5 mg/ml for females. Half the rats in each enrichment
condition were provided with tocopherol in the communal drinking
bottles, and the other half were provided with pure water. The water
bottles were replenished with the appropriate drinking fluid once or
twice a week at which times the volume drunk was measured. From
the beginning until the end of the 4+months of treatment, all rats
were weighed approximately once a week and, for each cage, the
average body weights and volumes of fluid drunk (and thus also the
average doses of tocopherol/average weight) were calculated. These
averages for 9 occasions (approximately 2 weeks apart) when the
recording of weights and fluid/doses consumed coincided comprised
the data used in subsequent statistical analyses.

While the practice of providing tocopherol in communal drinking
water does not enable accurate assessments of dose intake for
individual rats, it avoids the stress of socially isolating animals or
subjecting them to aversive long-term daily injection or oral gavage
administration procedures. And since it was intended that social
density, and thus social enrichment, should be kept constant for all
groups, individual housingwas not an option. Besides, the provision of
tocopherol in communal drinking water has been successfully
employed in a number of earlier studies (Ishihara et al., 2000; Kelso
et al., 2002; Zhang et al., 2004).

2.4. Behavioral testing apparatus and methods

All rats were given a single trial in an open field, followed several
minutes later by one in a light–dark box.
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2.4.1. Open field
The open field comprised a 600×600-mm square Perspex arena

with transparent 300 mm-high walls, and a black floor which was
divided into 16 numbered squares by means of a grid of white
intersecting lines. It sat on a 700-mm-high table and was illuminated
by dim fluorescent room lighting (47 lx).

Each rat was placed in the center of the apparatus for a 5-min trial.
The observer stood approximately 1.5 m away from the open field in a
position that enabled the rat to be clearly seen through the
transparent walls. Every 3 s (signaled by a tone from a battery-
operated timer and delivered through an ear-piece) the particular
numbered square the rat was occupying, and if it was rearing on its
hind legs or grooming were manually recorded on a prepared data
sheet. A total of 100 such recordsweremade during the session. At the
end of the trial, fecal boluses left in the apparatus (defecation) were
counted and removed. From the square occupancy data, the total
distance traveled in the apparatus (ambulation) was later estimated
by counting the number of times the rat occupied a square that was
different from that occupied on the occurrence of an immediately
preceding 3-s signal (Hughes and Beveridge, 1987). It was also
possible to determine the number of signals when it had been
observed occupying one of the four numbered center squares of the
apparatus. Consequently rearing, grooming and center occupancy
data comprised frequency counts of each response. Not withstanding
concerns about whether the open-field procedure actually measures
exploration or fear (Renner and Rosenzweig, 1987), lower frequencies
of open-field ambulation and rearing, and higher frequencies of
grooming and defecation are often regarded as indices of higher
anxiety (Archer, 1973; Belzung, 1999; Brain and Marrow, 1999).
However, within-session changes in these responses (especially
ambulation) may also reflect rates of habituation to the novelty of
the apparatus irrespective of whether the responses are motivated by
curiosity or fear. Therefore, because of the suggestion that enrich-
ment-related reductions in ambulation were due to faster habituation
by enriched animals (Schrijver et al., 2002; Zimmerman et al., 2001),
the numbers of times individual rats occupied an open-field square
that was different from that occupied during a preceding observa-
tion were calculated for the two halves of each 5-min observation
period. The differences in ambulation scores between the first and
second halves of the observation period were then calculated as a
percentage of the first half scores to provide a measure of per cent
decrement.

2.4.2. Light–dark box
The light–dark box consisted of two 300-mm long×200-mm

wide×300-mm-high compartments separated by a wooden partition.
Fig. 1. Mean±S.E.M. average body weights for male and female rats kept in standard and
Movement between the compartments was possible by a 100-
mm×100-mm opening in the center of the partition that could be
closed with a removable horizontal slide. A hinged wooden lid
covered the dark side of the apparatus lid while the light side was
covered by a clear Perspex lid. The box sat on a 700-mm-high table
and was illuminated by 47 lx fluorescent room lighting.

Each rat was left in the dark side for about 30 s with the slide
separating the two compartments in place which was then with-
drawn thereby allowing the rat free access to both sides. The observer
stood approximately 1 m away from the apparatus in a position that
enabled the rat's emergence to be clearly seen. For 5 min, the total
time spent in the light side was recorded with a manually operated
stop-clock during which time the number of entries of this side was
also counted. At the end of the trial, the total number of fecal boluses
left in the apparatus (defecation) was noted.

2.5. General procedure

Assignment of the rats to the cage environment and drinking
solution conditions began when they were approximately 340 days
old and thus were middle-aged (Conrad and Roy, 1995; Wolden-
Hanson et al., 2000). This treatment lasted for nearly 5 months. From
about 490 days after birth, by which time they would have been
entering old age (Chakraborti et al., 2008; Lee et al., 2004; Le Grevès
et al., 2002), the rats experienced their open-field and light–dark box
tests. Each piece of apparatus was thoroughly cleaned and washed
with disinfectant between rats.

2.6. Statistical analyses

Average body weights, fluid consumption and tocopherol dose
during the treatment period were subjected to separate measure-
ments (9)×cage environment (standard, enriched)×drinking solu-
tion (water, tocopherol)×sex (male, female) repeated measures
ANOVAs. When significant effects occurred, individual post hoc
comparisons were made by means of Scheffé tests (Pb0.05). The
data points used for these analyses were averages for each cage in the
eight possible combinations of the three experimental conditions
namely, cage environment, drinking solution and sex of the rats.

Except for open-field ambulation, all behavioral data (including
per cent decrement in open-field ambulation between the first and
second halves of the observation periods) were subjected to separate
sex×cage environment×drinking solution ANOVAs. Following any
significant interactions, post hoc comparisons between groups were
made with Scheffé tests (Pb0.05). In the ANOVA for open-field
ambulation, the repeated within-session factor (scores during each
enriched cages, and that were supplied with water or a tocopherol drinking solution.



Fig. 3.Mean±S.E.M. average daily dose of tocopherol/kg average body weight recorded
on 9 occasions during the 4+months of environmental enrichment and tocopherol
treatment for male and female rats kept in standard and enriched cages, and that were
supplied with water or a tocopherol drinking solution.
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half of the observation periods) was included with the other three
factors.

3. Results

Near the end of enrichment and tocopherol treatment and before
the beginning of behavioral testing, onemale and two females died for
unknown reasons other than aging. The male rat was in the enriched/
water condition, and both females were in the standard/tocopherol
condition.

3.1. Average body weights, fluid consumption and tocopherol dose

3.1.1. Average body weights
The average body weights of cages of male and female rats kept in

standard and enriched conditions and supplied with water or
tocopherol solution for drinking are outlined in Fig. 1.

The average weights of cages of all female rats combined (mean±
S.E.M.=238.99±3.55 g) were obviously significantly lighter than
those for males (407.03±4.32) right throughout the measurement
period [F(1,15)=901.18, Pb0.0001]. For each sex, the averageweights
increased during the treatment period. These increases were signif-
icant for both sexes combined [F(8,128)=111.9, Pb0.0001]. Although
neither the cage environment nor drinking solution main effect
was significant [F(1,15)=3.00, PN0.1; F(1,15)=0.26, PN0.6 , respec-
tively], there was a significant sex×cage environment interaction
[F(1,15)=7.75, Pb0.015]. From inspection of Fig. 1, it is clear that this
arose from males kept in the enriched cages weighing significantly
lighter than those kept in standard cages [Pb0.05]. There was no
significant effect of cage environment on female average weight.

3.1.2. Average fluid consumption
Average fluid consumption at each of the 9 measurements was

calculated as ml drunk per 100 g average body weight. For each
measurement, results of these calculations for male and female rats
kept in standard and enriched cages and supplied with water or
tocopherol solution are shown in Fig. 2.

For all measurements combined, average fluid consumption was
significantly higher for female rats [mean±S.E.M=12.63±0.39]
than for males [4.77±0.11, F(1,15)=111.64, Pb0.0001], and for
both sexes combined, the main effect of two-weekly measurements
was also significant [F(1,15)=8.74, Pb0.0001]. However, a significant
interaction between sex and measurements [F(8,128)=10.64,
Pb0.0001] revealed that, as is apparent in Fig. 2, the change over
time was confined to females. They tended to drink slightly more of
Fig. 2.Mean±S.E.M. average fluid consumption/100 g average body weight recorded on 9 o
for male and female rats kept in standard and enriched cages, and that were supplied with
either fluid near the end of the measurements than at the beginning.
There was also a significant interaction between sex and drinking
solution [F(1,15)=16.74, Pb0.001] which, as shown in Fig. 2, can be
accounted for by females (but not males) in each cage environment
that were provided with tocopherol solution consuming significantly
more fluid than those provided with water [Pb0.05].

3.1.3. Average tocopherol dose
For the cages of tocopherol-treated rats, average doses consumed

at each of themeasurements were calculated separately for males and
females kept in standard and enriched cages from the average volume
of fluid drunk in relation to the amount of tocopherol (mg/ml) it
contained. The results are outlined in Fig. 3.

The overall sex difference in average dose consumed for both cage
environments combined was significant [males=162.44±3.43 mg/
kg/day, females=172.65±6.43 mg/kg/day, F(1,8)=6.78, Pb0.035],
as were the changes during treatment for both sexes and cage
environments combined [F(1,8)=5.69, Pb0.0001]. However, as
shown by a significant sex×measurements interaction [F(8,64)=
4.39, Pb0.001], for the first three measurements, there were no
significant sex differences for both cage environments combined, but
then females consumed significantly higher doses than males for the
remainder [Pb0.05]. This was due to a significant increase from the
ccasions during the 4+months of environmental enrichment and tocopherol treatment
water or a tocopherol drinking solution.



Table 1
Mean (±S.E.M.) 3-s observations of open-field ambulation and their per cent (%) decrement from the first to the second half of each observation period for male and female rats kept
in standard and enriched cages that were supplied with water or tocopherol drinking solutions (see text for ANOVA results for main effects and interactions).

Standard cage environment Enriched cage environment

Water drinking solution Tocopherol drinking solution Water drinking solution Tocopherol drinking solution

Males Females Males Females Males Females Males Females

(n=9) (n=9) (n=9) (n=7) (n=8) (n=9) (n=9) (n=9)

Ambulationa,c 53.91 (±2.90) 58.62 (±3.87) 54.80 (±2.81) 41.33 (±4.43) 42.56 (±2.15) 45.12 (±5.37) 47.45 (±2.93) 46.89 (±2.73)
% decrementb,c 22.55 (±11.18) 34.49 (±6.98) 26.84 (±6.26) 56.64 (±6.80) 42.89 (±6.70) 49.92 (±7.48) 24.15 (±8.47) 30.72 (±6.34)

a Cage environment main effect significant.
b Sex main effect significant.
c Cage environment×drinking solution interaction significant.
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first three to the last six measurements for all females [F(8,40)=5.69,
Pb0.0001], but not for males [F(8,40)=1.48, PN0.1].
3.2. Behavioral changes

3.2.1. Open-field responses
Effects of sex, enrichment and tocopherol treatment for males and

females on ambulation and per cent decrement from the first to the
second half of the observations are outlined in Table 1.

The ANOVA for ambulation also included (as a repeated factor)
differences between frequencies of the response recorded in each half
of the observation periods. Mean±S.E.M. frequencies for the first and
second halves for all rats combined were 29.60 (±0.73) and 18.98
(±0.91) respectively. Although the difference between them was
significant [F(1,57)=14.88, Pb0.0001], there were no significant
interactions between this repeated factor and any of the other three
non-repeated factors. For all rats combined, ambulation was signif-
icantly affected by cage environment [F(1,57)=7.18, Pb0.01], but not
by either drinking solution [F(1,57)=1.17, PN0.2] or sex [F(1,57)=
0.36, PN0.3]. Percent decrement in the response was significantly
affected by sex, with females displaying greater decrements than
males [F(1,57)=6.15, Pb0.05], but not by either cage environment
[F(1,57)=0.10, PN0.7] or drinking solution [F(1,57)=0.27, PN0.6].
However, for both measures, the results are more appropriately
considered in the light of significant interactions between the two
manipulations [F(1,57)=4.93, Pb0.05; F(1,57)=8.26, Pb0.01, re-
spectively] that are outlined in Figs. 4 and 5 for both sexes combined.

Enrichment significantly decreased ambulation for rats provided
with water for drinking, but not for those provided with the tocoph-
Fig. 4. Mean±S.E.M. open-field ambulation (different squares occupied) for male and
female rats combined kept in standard and enriched cages that were provided with
water or tocopherol drinking solutions. ⁎Difference between the standard and enriched
cage conditions significant (Pb0.05) for that particular drinking solution.
erol solution. Similarly, the level of decrement in the response was
significantly greater for enriched animals provided with water
(Fig. 5), thereby suggesting faster habituation, but not for those
provided with tocopherol. Tocopherol also significantly reduced the
decrement for rats kept in enriched but not for those kept in standard
cages.

Effects of sex, enrichment and tocopherol treatment for male and
female rats on the four remaining responses recorded in the open field
can be seen in Table 2.

For all rats combined, cage environment had no significant main
effect on center occupancy [F(1,57)=1.13, PN0.2], rearing [F(1,57)=
2.79, PN0.1] or defecation [F(1,57)=0.35, PN0.5], but there was a
significant interaction between cage environment and the sex of the
rats for center occupancy [F(1,57)=8.58, Pb0.005] described below.
However, all rats kept in enriched cages groomed significantly more
often than those kept in standard cages [enriched mean±S.E.
M=1.59±0.40, standard=3.67±0.65, F(1,57)=5.97, Pb0.05].
There was no significant main effect of drinking solution on any
measure [center occupancy, F(1,57)=0.09, PN0.7; rearing, F(1,57)=
2.86, PN0.1; grooming, F(1,57)=0.03, PN0.8; defecation, F(1,57)=
0.62, PN0.4]. Although all male rats occupied the center squares of
the apparatus more often than all females [male mean±S.E.M=
19.12±1.45, females=14.74±5.66, F(1,57)=5.66, Pb0.05], this
result will be evaluated below in the light of the significant interaction
between sex and cage environment for this measure. The two sexes
did not differ significantly in either rearing [F(1,57)=0.08, PN0.8] or
grooming [F(1,57)=3.53, PN0.06]. However, allmales [mean±S.E.M=
1.94±0.33] defecated significantlymore often thanall females [mean±
Fig. 5.Mean±S.E.M. per cent decrement in ambulation from the first to the second half
of the observation periods for male and female rats combined kept in standard and
enriched cages that were provided with water or tocopherol drinking solutions.
⁎Difference between the standard and enriched cage conditions significant (Pb0.05) for
that particular drinking solution. aDifference between the water and tocopherol
conditions significant (Pb0.05) for that particular caging condition.



Table 2
Mean (±S.E.M.) 3-s observations of open-field center occupancy, rearing, grooming and defecation for male and female rats that were kept in standard and enriched cages, and that
were supplied with water or tocopherol drinking solutions (see text for ANOVA results for main effects and interactions).

Standard cage environment Enriched cage environment

Water drinking solution Tocopherol drinking solution Water drinking solution Tocopherol drinking solution

Males Females Males Females Males Females Males Females

(n=9) (n=9) (n=9) (n=7) (n=8) (n=9) (n=9) (n=9)

Center occupancyc 21.76 (±3.18) 15.25 (±2.86) 23.87 (±2.36) 9.83 (±1.40) 14.53 (±2.26) 14.12 (±3.36) 16.31 (±2.75) 18.11 (±2.26)
Rearing 22.46 (±3.51) 26.88 (±2.72) 20.24 (±2.42) 18.33 (±3.14) 18.13 (±2.46) 20.38 (±2.28) 20.13 (±2.42) 17.22 (±2.20)
Groominga 0.54 (±0.34) 1.75 (±0.86) 1.43 (±0.80) 3.50 (±0.96) 3.66 (±1.66) 4.38 (±1.25) 1.99 (±1.11) 4.11 (±1.26)
Defecationb 1.50 (±0.60) 0.25 (±0.16) 1.39 (±0.50) 1.33 (±0.67) 2.07 (±0.69) 0.50 (±0.38) 2.68 (±0.84) 0.11 (±0.10)

a Cage environment main effect significant.
b Sex main effect significant.
c Sex×cage environment interaction significant.
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S.E.M=0.48±0.18, F(1,57)=13.67, Pb0.001]. As outlined in Fig. 6, the
significant interaction between the sex of the rats and their cage
environment for center occupancy revealed thatmales (but not females)
from enriched cages occupied the center squares of the apparatus
significantly less often than those from standard cages.

Although the main sex effect was shown to be significant for this
response, the afore-mentioned interaction showed that it was only
significant for all rats kept in standard cages. Females from these cages
occupied significantly fewer center squares than their male counter-
parts. As it seemed possible that center square occupancy was merely
a product of overall ambulation, the two responses were correlated
for each sex separately. In neither case was the correlation significant
[males, r(33)=0.30, ns; females, r(30)=0.19, ns].
3.2.2. Light–dark box responses
Effects of sex, enrichment and tocopherol treatment for males and

females on the three responses recorded in the light–dark box are
shown in Table 3.

For all rats combined, cage environment had no significant main
effect on either entries of the light side [F(1,57)=0.06, PN0.7] or time
spent in this side [F(1,57)=0.02, PN0.8]. However, all rats kept in
enriched cages [mean±S.E.M=0.52±0.16] defecated less often than
those kept in standard cages [1.12±0.21, F(1,57)=4.77, Pb0.05]
There were no significant main effects of either drinking solution or
sex respectively on any measure [entries of the light side, F(1,57)=
0.86, PN0.3, F(1,57)=0.86, PN0.3; time spent in the light side, F(1,57)=
0.07, PN0.7, F(1,57)=0.04, PN0.8; defecation, F(1,57)=0.02,
PN0.8, F(1,57)=0.08, PN0.6].
Fig. 6. Mean±S.E.M. occupancy of open-field center squares for male and female rats
(water and tocopherol conditions combined) kept in standard and enriched cages.
⁎Difference between the standard and enriched cage conditions significant (Pb0.05)
for that particular sex. aDifference between the sexes significant (Pb0.05) for that
particular caging condition.
4. Discussion

4.1. Average body weights, fluid consumption and tocopherol dose

While the average body weights of all rats combined significantly
increased during the nearly 5 months of enrichment and tocopherol
treatment, the males kept in enriched cages were significantly lighter
throughout than those in the standard condition. Similar findings for
male rats exposed to environmental enrichment at earlier ages than
the rats in the present investigation have been reported by several
other authors (Diamond et al., 1965; Fiala et al., 1977; Hoffmann et al.,
2009; Hughes, 1971; Moncek et al., 2004; Peña et al., 2006) even
though the opposite effect has been reported to be the general
outcome (Chapillon et al., 2002). The lack of a similar effect for female
rats differed from that shown in an earlier study with younger-
exposed rats in which females kept in enriched conditions were also
lighter than those kept in standard cages (Peña et al., 2006). This
suggests that, for the lighter females, either enrichment effects on
bodyweightmight be age-related or else the present result was due to
a floor effect. While it is not possible to conclusively state why the
male rats kept in enriched cages were lighter than those kept in
standard conditions, it is possible that they spent less time eating
(Fiala et al., 1977) because of curiosity-invoking distractions provided
by the various objects. Alternatively, the weight differencemight have
been due to the observation that enrichment appears to make rats
more active in their cages (Moncek et al., 2004) thereby contributing
to their lower weights because of higher energy expenditure.
Unfortunately, neither the amount of food eaten nor activity in
the rats' cages was recorded in the present study. Interestingly,
research with mice suggests the opposite effect of enrichment to that
described for rats namely heavier body weights for males (Chapillon
et al., 1999; Roy et al., 2001) but lighter weights for females (Chapillon
et al., 1999) thereby demonstrating that, in addition to mouse strain
(Chapillon et al., 1999), species might also be important in deter-
mining enrichment effects on body weight.

The higher fluid intake relative to body weight shown by female
rats is consistent with other findings and has been accounted for by
more diuretic activity than males because of their lower levels of
circulating hormones (such as arginine vasopressin) that are related
to antidiuresis (McGivern et al., 1996; Wang et al., 1980). There was
also a sex difference in the pattern of drinking over time and the
effects of the addition of tocopherol to the drinking solution— females
(but not males) drank more of the solution near the end of the
treatment period than at the beginning thereby suggesting a possible
age-related increase in diuresis during the 4+months. Females alone
also drank more tocopherol solution than water possibly because of
the vitamin's diuretic properties that can accompany high doses in
humans (Vogelsang and Shute, 1946). Alternatively, since the male rats
were provided with a more concentrated (and possibly more aversive)
solution of tocopherol than females (3.5 mg/ml versus 1.5 mg/ml), this



Table 3
Mean (±S.E.M.) entries of and time (s) spent in the light side of the light–dark box, and fecal boluses (defecation) left in the apparatus for male and female rats kept in standard and
enriched cages, and that were supplied with water or tocopherol drinking solutions (see text for ANOVA results for main effects and interactions).

Standard cage environment Enriched cage environment

Water drinking solution Tocopherol drinking solution Water drinking solution Tocopherol drinking solution

Males Females Males Females Males Females Males Females

(n=9) (n=9) (n=9) (n=7) (n=8) (n=9) (n=9) (n=9)

Entries of light 3.40 (±0.41) 3.38 (±0.32) 3.41 (±0.38) 3.33 (±0.21) 3.07 (±0.46) 4.38 (±1.02) 2.96 (±0.30) 3.00 (±0.29)
Time in light 81.72 (±14.89) 83.38 (±14.80) 113.93 (±11.39) 87.83 (±17.86) 99.93 (±27.18) 95.38 (±15.88) 77.38 (±26.99) 94.89 (±17.42)
Defecationa 1.27 (±0.43) 0.75 (±0.31) 1.38 (±0.44) 1.17 (±0.60) 0.61 (±0.38) 0.75 (±0.41) 0.22 (±0.20) 0.44 (±0.24)

a Cage environment main effect significant.

540 R.N. Hughes, M.A. Collins / Pharmacology, Biochemistry and Behavior 94 (2010) 534–542
mayhave decreased their consumption of the solution relative towater.
Although all female rats combined consumed slightly higher doses of
tocopherol than all males, this sex difference occurred only for the last
six measurement dates. For the first three of these, the sex difference
was negligible. This situation clearly arose from the higher doses
consumed by females (but not males) as the treatment period
progressed because of their increasing fluid intake during this time
span (discussed above). However, it seems unlikely that the small
difference between females andmales in overall doses consumed (b6%)
was an important factor in determining subsequent outcomes.

4.2. Behavioral changes

The lower ambulation in the open field confined to rats from
enriched cages that had been provided with water, is consistent with
what has been reported for animals exposed to enrichment when
much younger (Elliot and Grunberg, 2005). Because low levels of
locomotor activity are often believed to reflect heightened anxiety
(Archer, 1973; Belzung, 1999), it might appear that enrichment had
increased, rather than produced the expected decrease in this state
reported by others (Benaroya-Milshtein et al., 2004; Fernández-
Teruel et al., 1997; Roy et al., 2001). However, because of the same
pattern of results for the measure of within-session habituation,
namely percent decrement in ambulation from the first to the second
half of the observation periods, it seems more likely that enrichment
had led to faster habituation to novelty, as suggested for animals kept
in enriched cages when younger (Kempermann et al., 2002; Schrijver
et al., 2002; Zimmerman et al., 2001). Contrary to what might have
been expected from the beneficial effects of tocopherol reported
earlier (Mcdonald et al., 2005; Socci et al., 1995), the vitamin
interfered with rather than enhanced this effect of enrichment.
(This was evident in the significant reduction in habituation shown by
tocopherol-treated rats kept in enriched cages.) It is conceivable that
this outcome could have arisen from tocopherol-induced anxiety
similar to that noted previously (Kolosova et al., 2006). To ascertain
this, it would be useful in future research to employ a range of doses
and varying periods of administration alongwithmore precise tests of
anxiety.

However, the situation regarding possible enrichment effects on
habituation is complicated by evidence of lower occupancy of the
center squares of the open field by males (but not females) from
enriched cages. Since this measure was not significantly correlated
with the ambulation scores, it was probably not just a reflection of
lower enrichment-related locomotor activity. This result along with
evidence of more grooming behavior (often considered in recent
times to indicate higher anxiety, Kalueff and Tuohimaa, 2005)
amongst all rats from enriched cages might therefore suggest an
increase in their anxiety. Increased grooming by rats exposed to
enrichment when younger has also been reported elsewhere but not
accounted for (Pham et al., 1999). But, there is by no means complete
agreement that grooming is always a reflection of anxiety or
responsiveness to stress. For example, Bolles (1960) preferred to
regard it as a response that occurs on completion of a sequence of
other acts. This was later supported by a demonstration of a within-
session decrease in exploration accompanied by an increase in
grooming over a 15-min observation period in a novel exploration
box during which anxiety (and thus grooming) might have been
expected to decrease (Hughes, 1968). A similar within-session
increase in grooming has been reported more recently along with
the conclusion that, any restorative function the response might have
following exposure to stress is delayed and not directly related to the
strength of the stressor (van Erp et al., 1994). Also, if center squares
occupancies were indeed ameasure of anxiety, then the sex difference
favoring males for rats kept in standard cages is inconsistent with this
sex being more anxious than females (Gray, 1971). However, the
males' higher level of open-field defecation in the present study
suggests that they were indeed more anxious than females. And
finally, the lower defecation rate shown by all enriched subjects in the
light–dark box is indicative of lower enrichment-related anxiety
reported previously (Benaroya-Milshtein et al., 2004; Fernández-
Teruel et al., 1997; Roy et al., 2001). Therefore, on balance, it seems
unlikely that the enrichment effects on open-field ambulation were
due to higher anxiety. Rather, they probably arose from enhanced
within-session habituation, as has been suggested for rats exposed to
enrichment at younger ages (Kempermann et al., 2002; Schrijver
et al., 2002; Zimmerman et al., 2001). The sex difference in thewithin-
session decline in ambulation supports earlier reports of female rats
habituating more rapidly to novelty than males (Green et al., 1975;
Hughes, 1990; Walsh and Cummins, 1976).

In conclusion, the results of this study demonstrated for the first
time that enrichment led to lower body weights in aging male rats, as
shown for those exposed to environmental enrichment when much
younger (Diamond et al., 1965; Fiala et al., 1977; Hoffmann et al.,
2009; Hughes, 1971; Moncek et al., 2004; Peña et al., 2006). However,
this did not characterize aging females. More importantly, the results
also showed that, as reflected in within-session decrements in open-
field ambulation, the aging male rats exposed to environmental
enrichment show reduced ambulatory activity that was most likely
due to enhanced habituation to novelty in a similar fashion to what
has been described for younger-exposed animals (Kempermann et al.,
2002; Schrijver et al., 2002; Zimmerman et al., 2001). In the absence of
results from specific tests for learning andmemory it was not possible
to definitely conclude that there had been enrichment-related
benefits for cognitive functioning as shown for younger rats (Van
Praag et al., 2000). Nevertheless, it is likely that the enriched rats were
indeed superior in this respect to those kept in standard cages since
habituation to novelty can be viewed as an elementary form of
learning and memory dependant on hippocampal cholinergic activity
(Barnes et al., 1991; Thiel et al., 1998). It is therefore possible that
short-term working memory had been improved by enrichment. In
future research, it would be useful to test for a similar effect on longer-
term reference memory by observing between-session habituation in
open-field habituation for which there is clearly a strong memory
component (Leussis and Bolivar, 2006). The presence of sex
differences in effects of enrichment on average body weights and
occupancy of the center squares of the open field emphasizes the
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value of investigating both male and female rats in biobehavioral
research (Hughes, 2007).

While it is likely that the lower level of defecation in the light–dark
box shown by rats kept in enriched cages was a reflection of their
lower anxiety, one should be mindful of how few fecal boluses were
left by rats from any of the groups. (This caution also applies to the
significant sex difference in open-field defecation.) Unexpectedly,
chronic tocopherol treatment did not mimic or potentiate the effects
of enrichment. On the contrary, the vitamin seemed to interfere with
its effects possibly because of heightened anxiety that can accompany
its action (Kolosova et al., 2006). It is possible that the doses used
might have been too high and thus had pro-oxidant properties
(Rietjens et al., 2002), even though they were in the range previously
shown to have beneficial effects in aged rats (Socci et al., 1995) and
mice (Mcdonald et al., 2005). If pro-oxidant effects were indeed a
factor in the present study, this possibility could be assessed in
future research by additional treatment with other co-antioxidants,
such as ascorbic acid, that prevent tocopherol's pro-oxidant activity
(Brigelius-Flohé and Traber, 1999).
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