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Abstract
Aims: The present study aimed to determine the effect of a long-term cholesterol enriched diet on spatial learning performance in middle to old aged rats.

Materials and methods: Based on initial Morris water maze results, 40 female SD rats aged 12-month were screened and randomly divided into 2 groups. Two groups
of female SD rats were fed either a balanced diet or a high cholesterol diet for 6 months on their 12-month aged of life (n=20 per group). At the end of the dietary
intervention, behavioral testing by the Morris water maze task was applied again at 18 months to evaluate the spatial learning of aged rats by measuring latency,
compared to controls.

Results: Consumption of a long term high cholesterol diet for 6 months significantly elevated serum cholesterol levels reported to controls. During the transition

period from middle age to old age, rats fed with cholesterol enriched diet exhibited a longer escape latency than that of control group.

Conclusion: Our findings provided evidence that a long-term cholesterol-treated rats impaired aged rats’ spatial learning.

Introduction

The experimental studies have confirmed that high cholesterol
diet is detrimental to cognitive performance in animal models but
the findings were mostly performed in young adult animals [1].
Results have confirmed that consumption of a western diet (21%
fat, 0.15% cholesterol) or high fat diet (60% fat) for twelve weeks
impaired rat’s spatial memory [2]. Diets rich in high cholesterol have
been shown to be detrimental to the hippocampi of adult and aged
rats [3]. Hypercholesterolemia in adult rats has shown an impaired
learning and long-term memory, which resemble an Alzheimer’s
disease (AD)-like pathology [4]. Interestingly, an animal model
research found that cognitive deficits of age-related may be protected
by hypercholesterolemia [5], although the underlying cause remains
unclear.

Alternatively, A dietary intervention study was performed that a
saturated fat and high cholesterol diet profoundly impaired memory
and hippocampus morphology of the middle-aged rat [6]. Van Vliet
et al. reviewed that a high serum cholesterol level measured at midlife
associates with an increased risk of late-life cognitive decline, but the
association is strongly age-dependent [7]. Therefore, early intervention
focused on cholesterol management is likely to have a benefit on
cognitive decline [8]. Since fewer studies were performed in this aspect,
and the long-term effect of such diets on cognitive function in older
animals is yet unknown. Current limitations in terms of this dietary
intervention are performing at several decades from middle age to old
age in the study of population are required as well. The main challenge
of studying cognitive decline is the duration to observe such an effect
from middle age to old age. Therefore, we fed a cholesterol enriched
diet to 12-month aged rats for 6 months, which simulate the natural
aging process of human being from midlife to older [9-12]. The purpose
of our present study is designed to assess the effects of long-term
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high cholesterol diet intervention on spatial learning performance of
middle-aged rats by using the Morris water maze.

Materials and methods
Animals

Eighty 8-month-old female Sprague-Dawley rats (weighted 336.95
+42.00 g), were obtained from Hubei province center of disease control
and prevention (Wuhan, China). Five rats were housed per cage and
maintained at a controlled ambient temperature (24 + 1°C) under
diurnal conditions (light-dark: 08:00-20:00) with access to laboratory
chow and tap water ad libitum. Adequate levels of essential nutrients
were provided daily. The health and dietary intake of the animals
was monitored weekly, and any animals with overt signs of chronic
respiratory distress, infection, or tumors were removed from this
study. The animals were weighed every week during the experiment.
The animals were cared for in accordance with the Guiding Principles
in the Care and Use of Animals (2011). All animal experiments were
approved by the Medical College Council on Animal Care Committee,
Wuhan University of Scienc and Technology, China.
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The Morris water maze

Water maze testing was performed by the method of Morris (1984),
which is commonly used test of spatial learning and memory in rodents
and all experiments were carried out between 10:00 and 15:00 [13]. The
Morris water maze (SuperMaze, XR-XM101) is a circular pool (160
cm in diameter and 50 cm in height) which contains no internal cues,
stimuli, markings, or objects, but is surrounded by stable, salient extra-
maze cues. The pool was filled to water at a temperature of 22+1°C
and made opaque with 20 ml black nontoxic carbon ink. The pool was
conceptually divided into four quadrants of equal area (NE, SE, SW or
NW). The escape platform (12 cm in diameter and 15 cm in height)
was submerged approximately 1 cm below the surface of the water and
placed in the center of the SW quadrant, and it was located in the same
position on every trial, whose top lies approximately 1 cm beneath the
water surface. On the day before the experiment, the rats were placed
in the pool and allowed to swim for 60 s in the absence of the escape
platform. A trial began by placing a rat in the water with its head facing
the wall of the pool at one of the three starting positions located in the
NE, SE and NW quadrant, respectively. The sequence of the starting
positions remained unchanged for all rat within one session, but
was changed on each day. During the five subsequent experimental
days, a test of four trial session is performed each day with an inter-
trial interval of 5 min in which the platform is not presented. Once
the mouse found the platform, then it was allowed to remain on it
for 10 sec. If the mouse failed to find the platform within 60 s, the
mouse was placed on the platform for 10 sec. The platform position,
the experimental environment and the reference were unchanged
throughout the experiment. Cognition ability was performed by
searching for the same hidden platform in the target quadrant, which
more experimental parameters including the escape latency, the total
distance of swimming and the average swimming speed. During each
trial session, escape latency (the time taken to find the platform) in
s, swimming distance (length of swim path to reach the platform)
in mm, and average swimming speed in mm/s were recorded by the
surveillance cameras and computer, and analyzed by SuperMaze V2.0
system software.

Study design

Four months after start of the experiment, the study commenced
when the rats were 12 months of age. Based on the results from Morris
water maze screening and biochemical assays, behavioral tasks were
performed during the animal’s light cycle. The cognitive status of those
rats whose mean escape latencies on days 3-5 differed by<1.5 standard
deviations (SDs) were screened in the experiment to ensure sufficient
sample size and reduce the error by the individual differences.

Based on the screening results, 40 rats were finally included in the
study and randomly divided into 2 groups, with 20 rats in each group:
Control and HCD group. Rats in the control group were fed with a
balanced diet, and the experimental high-cholesterol diet contained
5% egg yolk powder, 10% lard oil, 2% cholesterol, 0.3% bile salts, 0.2%
propylthiouracil, 82.5% basic feed [14-16]. The animals were kept on
the high-cholesterol or control diets for 6-mounth. After 6 months of

experimental study, cognitive performances of aged rats were assessed
by retraining the animals in the Morris water maze as before.

Determination of glucose and lipid parameters in serum

After screening, animals had blood collected from the top of the
tail. After 6-month, the rats were sacrificed and blood was collected
by heart puncture for serum separation and biochemical assays.
Lipid profiles such as total cholesterol (TC), triglyceride (TG), high-
density lipoprotein cholesterol (HDL-C) and low density lipoprotein
cholesterol (LDL-C) levels in serum from both groups were examined
using appropriate kits (ZhongSheng BeiKong Bio Inst, Beijing, China).

Statistical analysis

Data are expressed as the mean + SEM (standard error of the
mean). All statistical analyses were performed using SPSS 17.0
statistical software (SPSS Inc. Chicago, IL). The data on the Morris
water maze were analyzed by using repeated measures of variance
(ANOVA) test with group as the between subject factor and day as
the within subject factor [group (2)xday (5)]. Fisher’s post hoc tests
were used for pairwise comparisons if the overall differences were
significant (P<0.05) [17]. Body weight and biochemical profiles data
of rats were using to compare between both groups with an unpaired
t-test. Statistical significance was set at P<0.05 for all tests.

Results
Body weight and lipid parameters

The control group had a mean food intake of 212 + 15 grams per
day and the HCD diet group had a weekly intake of 194 + 11 grams per
cage (calculated by cage with 5 rats/cage). Thus, energy intake does not
appear to significantly difference after 6 month of treatment. Before
the dietary intervention, there is no statistical difference on body
weights and lipid parameters between two groups (P>0.05). Analysis
of body weight over the 6 experimental months demonstrated that rats
fed the HCD diet were of a significantly lower body weight compared
to controls. After 6-mouth treatment, the HCD group exhibited
significantly elevated total serum TC levels (t=-5.02; p<0.01), as well
as LDL-C (t=-4.688; p<0.01), and HDL-C levels were significantly
decreased (t=3.664; p<0.01) as compared to the control group at the
end of experiment. No significant difference was noted on the level of
TG between two groups. The data suggested that the rat model with
experimental hypercholesterolemia was successfully established (Table 1).

Effect of 6-month cholesterol diet on the Morris water-maze
learning performances.

Before experiment, the escape latencies showed no significant
differences between 2 groups during all the training days (F,, ,,=0.362,
P>0.05), as performed in Figure 1. After 6 months, the mean escape
latency of the control group on training days was significantly shorter
than that of before, which represented that there may exist spatial long-
term learning in controls (P<0.05). However, escape latency of high

cholesterol group was significantly longer than that of before (P<0.05)

Table 1. Mean + SD of the body weight, serum lipid levels (mmol/L) of aged rats in experimental groups.

Body weight (g) TC (mmol/L) TG (mmol/L) LDL-C (mmol/L) HDL-C (mmol/L)
Groups Baseline 6 months Baseline 6 months Baseline 6 months Baseline 6months Baseline 6 months
Control 334.6+£52.2 363.4£46.5 1.44+0.3 262+1.1 1.08 0.6 1.19+0.3 0.18 +£0.07 0.84+0.9 1.20+0.2 0.14+0.1
HCD 339.4+39.1 2745+37.4 141+03 6.88 +3.1 1.16 0.4 1.08 £ 0.1 0.18 £0.07 490+3.2 1.19+0.2 0.07 £0.03

TG: Triglyceride; HCD: High cholesterol diet group; LDL-C: Low density lipoprotein cholesterol; HDL-C: High density lipoprotein cholesterol; TC: Total cholesterol

Data was presented as Mean + SD.
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(Table 2). As shown in Figure 2, long period cholesterol-treated rats
exhibited a significant prolongation of mean escape latency compared
with that of control group (P<0.05) (Table 3). A 2 (groups)x5 (days)
analysis of escape latencies variance (ANOVA) with repeated measures
of the factor revealed that all rats showed a progressive decline in
escape latencies with training, and main effects for day (F,,,=46.31,
P<0.001) and for group (F, ,,=5.296, P<0.05) were significant.
Latencies in HCD group were significantly higher than controls on day
1 and day 4 (P<0.01, Fisher’s post hoc test). These results indicate that
the capacities of spatial learning of middle aged rats can be damaged by
long time high cholesterol diet treatment.

There was no significant main effects on swimming distance
and average swimming speed among groups for day (F, , . =42.21,
P<0.001; FI.SS)Z5 =499.23, P<0.001) and for group (F(:,25)20'894’
P>0.05; F, ,,=4.075, P>0.05)(Figures 3 and 4). When compared with
control group, HCD group at day 1 and day 5 showed a significant
lower swimming speed (F(,)ZS):6.25, P<0.01; F(z,oz,zs):42'21’ P<0.01).
Differences in escape latency caused by swimming ability and

sensorimotor abilities of rats were excluded. Additionally, levels of
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Figure 1. The spatial learning and memory performance of aged rats in Morris water maze
during 5 days of testing in different groups at beginning of experiment [CON: The control
group; HCD: High cholesterol diet. Each point represents the mean + SEM of escape
latency].

Table 2. Paired comparison of average escaping latency of rats before and after the
intervention.

Groups Escaping latency (s) Paired t test
Before After -~ t P
d
Control | 29.76 +1.43 22.56 +1.29" -7.20 +1.86 -3.86 | 0.001
HCD 29.18 +1.92 34.07 £2.21° 4.88+1.70 2.88 0.016

Control vs. HCD group, **P<0.01, *P<0.05
Compared with the control group, there was a significant difference in HCD group by paired
design t test

serum total cholesterol and escaping latency in aged rats were weakly
correlated among all groups but this correlation was not observed with
significant difference (r=0.056, P=0.338).

Discussions

Several researches have shown that cholesterol levels elevated
are considered as risk factors related to cognitive impairment [18].
Further, national clinical studies indicated high midlife serum total
cholesterol was associated with poorer late-life cognition [19,20]. The
use of statin, a group of commonly used cholesterol-lowering drugs,
were reported to have the protective effect that early statin use was
significantly associated with a reduction in AD progression in mild-to-
moderate AD patients [21,22]. Hypercholesterolemia in mice turned
out to induce short-term spatial memory impairments [23]. A diet rich
in fat or cholesterol also demonstrated to have significant detrimental
effect on cognitive performance and aging may make this effect more
pronounced [24-27]. Therefore, the objective of this study was to
evaluate the effect of long term cholesterol enriched diet on spatial
learning performance of aged rats by the Morris water maze [17].

Considering the results of our study, the lower body weight found in
HCD animals. Several studies found high fat diet-related impairment in
behavioral tests with an associated increased in body weight. However,
some interesting researches have reported the appearance of severe
hypercholesteremic side effects that damage to the hippocampus can
induce weight loss, appetite loss and disrupt the relationship between
meal size and latency to start the next meal, which are consistent with
our result [28,29]. Additionally, it is no doubt that a lower body weight
may be partly due to a non-adaptation to this diet in HCD animals.
Further, one study found that high fat diet exposure also resulted in

70
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Figure 2. Effect of high cholesterol diet on escape latencies in Morris water maze of aged
rats during 5 days of testing in aged rats [CON: Control group; HCD: High cholesterol diet
group; Each point represents the mean + SEM].

Table 3. Comparison of average escaping latency, average total swimming distance and speed of rats before and after the intervention.

Groups Escaping latency (s) Total swimming distance (mm)
Before After Before
Control 29.76 £ 1.43 22.56 +1.29 9340.66 + 364.76
HCD 29.18 +1.92 34.07 +£2.217 9128.91 +389.46
t 0.24 -4.81 0.47
P 0.808 <0.001 0.643

Control vs. HCD group, **P<0.01

average swimming speed (mm/s)

After Before After
3937.28 +447.02 207.57 +24.65 216.07 £51.23
5123.09 +511.19 198.07 +21.51 192.50 + 57.69

1.70 1.46 1.31

0.103 0.150 0.198

Compared with the control group, there was a significant difference in HCD group by t test for completely randomized design
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Figure 3. Effect of high cholesterol diet on total swimming distance in Morris water
maze of aged rats during 5 days of testing in aged rats [CON: Control group; HCD: High
cholesterol diet group; Each point represents the mean + SEM].
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Figure 4. Effect of high cholesterol diet on the average swimming speed in Morris water
maze of aged rats during 5 days of testing in aged rats [CON: Control group; HCD: High
cholesterol diet group; Each point represents the mean + SEM].

deficits in the Morris Water Maze without affecting body weight [8].
In the present study, with the increased training days, the escape
latency of rats in both groups showed a tendency of shortening. This
phenomenon manifested that spatial learning performance of aged rats
increased with the training times and spatial memory was discovered
more memory retention [30]. Meanwhile, long period cholesterol
diet exposure resulted in a significant increase in the escape latency
compared to controls, implying that long-term dietary cholesterol
consumption may impair spatial learning of aged rats. However, the
correlation between serum TC and water-maze learning performances
was not observed with middle aged rats for the reason that the levels of
serum total cholesterol cannot represent the cholesterol metabolism in
the brain.

Integr Food Nutr Metab, 2016 doi: 10.15761/IFNM.1000169

Interestingly, a study by Dufour et al. [24] has revealed that one-
month-old male Wistar rats fed with a longer period of cholesterol
enriched diet (2 or 4 months) performed a water-maze task more
quickly than rats fed with a regular diet and tended to alter the retention
of memory without affecting the improvement in the acquisition of the
task [24,25]. Furthermore, they indicated that the detrimental effect of
cholesterol on memory retention became evident only for older animals
and depended on the duration of the diet. It seems to contradict with
our results and previous studies, whose causes may be due to different
types of animal models. Because we fed a longer period of cholesterol
enriched diet to 12-month aged rats for the well-established model,
which may only partially simulate natural ageing-related pathological
changes of cognitive dysfunction. Additionally, long term high fat diet
leading to (mild) ketonemia might result in better memory in elderly
humans and in some animal models [31]. Therefore, the effect of high
cholesterol diet on cognitive function still needs further exploration
and research confirmed.

In conclusion, the present work suggests that a long term high
cholesterol diet impairs seriously spatial learning deficits of aged
rats. This discovery prompts us that early performed intervention
of hypercholesterolemia is considered of strategic importance for
improving the cognitive function in later life.
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