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The aim of the present study was to determine the effect of a cholesterol-rich diet on
learning performance and monitor possible related changes in synaptic function. To this
purpose, we compared controls with rats fed with a cholesterol-enriched diet (CD). By using
a Morris water-maze paradigm, we found that CD rats learned a water-maze task more
quickly than rats fed with a regular diet (RD). A longer period of this diet tended to alter the
retention of memory without affecting the improvement in the acquisition of the task.
Because of the importance of the hippocampus in spatial learning, we hypothesized that
these behavioral effects of cholesterol would involve synaptic changes at the hippocampal
level. We used whole-cell patch-clamp recording in the CA1 area of a hippocampal rat slice
preparation to test the influence of the CD on pre- and postsynaptic function. CD rats
displayed an increase in paired-pulse ratio in both glutamatergic synapses (+48 ± 9%) and
GABAergic synapses (+41 ± 8%), suggesting that the CD induces long-lasting changes in
presynaptic function. Furthermore, by recording NMDA-receptor-mediated currents (INMDA)
and AMPA-receptor-mediated currents (IAMPA) in the same set of cells we found that CD rats
display a lower INMDA/IAMPA ratio (INMDA/IAMPA = 0.75 ± 0.32 in RD versus 0.10 ± 0.03 in CD),
demonstrating that cholesterol regulates also postsynaptic function. We conclude that a
cholesterol-rich diet affects learning speed and performance, and that these behavioral
changes occur together with robust, long-lasting, synaptic changes at both the pre- and
postsynaptic level.
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1. Introduction

Thephysiological role of cholesterol in the brain is still unclear.
Recent studies have implicated cholesterol in synaptic plas-
ticity and learning, but its physiological relevance in this
context is still enigmatic. Both local synthesis and external
transport contribute to enrich the brain pool of cholesterol:
astrocytes synthesize cholesterol (Dietschy and Turley, 2001)
and deliver it to neurons via apoE-dependent transporters,
such as the low-density lipoproteins (LDL) (Poirier et al., 1995;
Herz and Beffert, 2000), whereas peripheral cholesterol may
also be transferred to astrocytes via LDL transport across the
blood–brain barrier (Dietschy and Turley, 2001; Dehouck et al.,
1997). Cholesterol is involved in multiple functions in the
central nervous system: neurons use exogenous cholesterol to
Fig. 1 – Effect of cholesterol diet on water-maze training perform
high-cholesterol (CD) diet for 2 (a – c) and 4months (d – f), and the
distance (b, e) and thigmotaxis (c, f) were compared between RD
assemble the exocytosis apparatus (Pfrieger, 2003), while they
use cholesterol providedbyastrocytes as glial factor promoting
synaptogenesis (Mauch et al., 2001). These and other studies
suggest that a cholesterol-enriched dietmay elicit a number of
changes in synaptic plasticity (Boleman et al., 1998; Koudinov
and Koudinova, 2001a; Malavolti et al., 1991; Schoknecht et al.,
1994; Sparks et al., 2000) and memory encoding and storage
(Martin et al., 2000).

In spite of this wealth of data, investigations on the role
of cholesterol in learning and memory did not focus on the
association between behavioral and cellular changes in-
duced by a cholesterol-rich diet (Teunissen et al., 2003; Yaffe
et al., 2002; Voikar et al., 2002; Kessler et al., 1986; Wagstaff
et al., 2003; Miller and Wehner, 1994; O'Brien et al., 2002). In
the present study, we wanted to determine whether an
ances. Rats were fed with a regular (RD) or
n trained to solve a water-maze task. Latency (a, d), proximity
and CD animals for each training session (n = 8, P < 0.01).
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administration of exogenous cholesterol affecting learning
could also affect synaptic function. We found that a
cholesterol-rich diet induced large changes in basic physio-
logical synaptic properties as well as in the capacity to solve
a learning paradigm using the Morris water-maze (D'hooge
and De Deyn, 2001; Morris, 1984).
2. Results

2.1. Influence of the diet on the animal weight and
cholesterol concentration in blood and brain

No difference in weight was noted between RD rats and CD
rats after 2 or 4months of diet (456.2 ± 10.3 g versus 459.4 ± 13.2
g, and 572.5 ± 18.5 g versus 572.5 ± 16.1 g, respectively,
average ± standard error). In the mean time, the blood
concentration of cholesterol was almost doubled by a 2-
month or 4-month diet enriched with cholesterol, compared
to a regular diet: 1.11 ± 0.14 g/L and 1.14 ± 0.06 g/L, compared to
and 0.66 ± 0.04 g/L and 0.59 ± 0.03 g/L, respectively (P < 0.01).
After 2 months of diet, the hippocampal cholesterol concen-
tration was higher (P < 0.01) in CD (109.4 ± 0.1 ng/μg proteins)
than in RD (85.8 ± 0.1 ng/μg proteins). Hippocampal cholesterol
concentrations were comparable in both RD and CD rats
(116.7 ± 0.1 ng/μg versus 115.6 ± 0.1 ng/μg) fed for 4 months.

2.2. Effect of a 2-month cholesterol diet on water-maze
learning

2.2.1. Training
A 2 (groups) × 4 (sessions) analysis of escape latencies variance
(ANOVA) with repeatedmeasures of the second factor revealed
a significant effect of groups (F(1,14) = 6.175, P = 0.026), days
(F(3,42) = 24.39, P < 0.0001) and trials (F(3,42) = 10.74, P < 0.0001). RD
latencies were significantly higher than CD at session 3 and 4
(respectively, P = 0.010, P = 0.001, Fisher's post hoc test; Fig. 1a).

Similar analysis of proximity distance showed a significant
effect of groups (F(1,14) = 5.78, P = 0.031), days (F(3,42) = 29.41,
P < 0.0001) and trials (F(3,42) = 13.37, P < 0.0001). An additional
Fisher's post hoc test showed a significant lower CD proximity
distance for sessions 2, 3 and 4, respectively (P = 0.027, P = 0.002,
P < 0.0001; Fig. 1b).

A thigmotaxis nonsignificant effect of groups (F(1,14) = 3.138,
P > 0.09), significant effect of days (F(3,42) = 7.48, P = 0.0004) and
Table 1 – Effect of a 2-month cholesterol diet on water-maze sp

2 sessions

RD

% Target area 4.0 ± 1.7 14
Target crossings 1.0 ± 0.3 2
Proximity distance (cm) 2220.6 ± 392.1 1798

Rats were fed for 2 months with a regular diet (RD) or a cholesterol-en
challenged in a probe test after 2 and 4 training sessions. Their spatial pref
target area, the number of target crossings and the proximity to the targe
trials (F(3,42) = 4.772, P = 0.006) was measured. RD thigmotaxis
was significantly higher on days 3 and 4 (respectively, P = 0.009,
P = 0.006, Fisher's post hoc test; Fig. 1c). In CD rats, escape
latency and thigmotaxis were significantly correlated (R = 0.97,
P = 0.028). This correlation was not observed with RD rat
performances (R = 0.80, P = 0.19).

2.2.2. Probe test
On day 3, CD animals spent more time in the target area than
the RD rats (Table 1). Also, CD rats crossed the platform
location more often than the RD rats (Table 1). No significant
difference was found between groups with speed (17.0 ± 2.2
versus 18.0 ± 2.1 cm/s) nor proximity distance (Table 1). Rats
did not show any preference for the target quadrant on day 3
(Fig. 2a).

On day 5, a clear quadrant effect was measured for
swimming distance in both RD (F(3,24) = 4.83, P = 0.009) and CD
(F(3,24) = 10.80, P = 0.0001) rats. Fisher's post hoc comparison
revealed that in both groups, rats had a preference for the target
quadrant (Fig. 2b, P < 0.02 for all quadrants except quadrant 3,
RD, where P = 0.057). A more stringent analysis of the rats' bias
showed that CD animals spent more time in the target area
than RD rats (Table 1). The proximity distance was lower with
CD than RD rats (Table 1), and no significant difference was
found between groups concerning speed (18.7 ± 1.7 versus
19.7 ± 1.5 cm/s) or target crossings (Table 1).

2.3. Effect of a 4-month cholesterol diet on water-maze
learning

2.3.1. Training
A 2 (groups) × 4 (sessions) analysis of escape latencies variance
(ANOVA) with repeated measures of the second factor
revealed a significant effect of days (F(3,42) = 16.77, P < 0.0001)
and trials (F(3,42) = 11.34, P < 0.0001). There was no difference
between RD and CD (Fig. 1d).

Similarly, analysis of proximity distance showed an effect
of days (F(3,42) = 33.92, P < 0.0001) and trials (F(3,42) = 15.72,
P < 0.0001), but no effect of groups (Fig. 1e).

A similar effect of days (F(3,42) = 24.72, P < 0.0001) and trials
(F(3,42) = 26.30, P < 0.0001) was measured on thigmotaxis, but
no difference was noted between RD and CD rats (Fig. 1f).

Finally, escape latency and thigmotaxis were significantly
correlated in RD and CD rats (R = 0.99 P = 0.003, R = 0.95
P = 0.045, respectively).
atial bias

2-month diet

4 sessions

CD RD CD

.3 ± 3.0** 8.2 ± 2.9 22.6 ± 2.7**

.9 ± 0.5** 2.0 ± 0.6 3.0 ± 0.4

.7 ± 390.5 2013.6 ± 125.9 1440.0 ± 193.3**

riched diet (CD). They were train to solve a water-maze task, then
erence was compared bymeasuring the % of time spent in a designed
t (n = 8, **P < 0.01).



Fig. 2 – Effect of cholesterol diet on quadrant test performances. Rats were fed with a regular (RD) or high-cholesterol (CD)
diet for 2 (a, b) and 4 months (c, d) and then trained to solve a water-maze task. The two asterisks (**) indicate that the
target quadrant differs from the others with P < 0.02. (b) # indicates that the target quadrant differs from quadrant 3 with
P = 0.058. The spatial bias was assessed by a quadrant test after 2 (a, c) or 4 (b, d) days of training (n = 8).
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2.3.2. Probe test
On day 3, CD rats showed a quadrant effect (F(3,28) = 5.34,
P = 0.005) with a significant preference for the target
quadrant (P = 0.045, P = 0.001, P = 0.017) (Fig. 2c). RD rats
did not show any quadrant preference (F(3,28) = 2.076,
P = 0.126; Fig. 2c. The percentage of time spent by CD rats
in the target area was significantly higher than the RD
animals (Table 2). Also, CD rats crossed the target position
more often than RD rats did (Table 2). No significant
difference was found between groups with speed (21.6 ± 2.9
versus 23.9 ± 2.1 cm/s). Proximity distance tended to be lower
Table 2 – Effect of a 4-month cholesterol diet on water-maze sp

2 sessions

RD

% Target area 6.9 ± 2.6 15
Target crossings 1.2 ± 0.2 3
Proximity distance (cm) 1877.4 ± 105.3 1572

Rats were fed for 4 months with a regular diet (RD) or a cholesterol-en
challenged in a probe test after 2 and 4 training sessions. Their spatial pref
target area, the number of target crossings, and the proximity to the targ
than within RD rats, but the difference was not statistically
significant (Table 2).

On day 5, a clear quadrant effect for swimming distance was
shown in both RD (F(3,28) = 5.12, P = 0.006) and CD (F(3,28) = 5.75,
P = 0.003) rats. In both groups, Fisher's post hoc comparison
revealed a clear bias for the target quadrant (Fig. 2d). No
difference between groups was found with speed (21.0 ± 1.8
versus 24.4 ± 1.9 cm/s), target crossings and proximity distance
(Table 2). A high tendency to spendmore time in the target area
has been noticed with RD compared to CD diet, but this was not
statistically significant (Table 2).
atial bias

4-month diet

4 sessions

CD RD CD

.5 ± 1.4* 20.5 ± 4.4 14.9 ± 3.6

.1 ± 0.5** 2.6 ± 0.5 2.9 ± 0.4

.0 ± 104.3 1482.6 ± 118.9 1652.5 ± 126.9

riched diet (CD). They were train to solve a water-maze task, then
erence was compared bymeasuring the % of time spent in a designed
et (n = 8, *P < 0.05, **P < 0.01).



Fig. 3 – Effect of cholesterol diet on short-term synaptic
plasticity in CA1 neurons. A paired-pulse stimulation of the
Schaffer collateral pathway induced a higher facilitation of
EPSCs in cholesterol-fed animals (CD) (b) compared with rats
fed with a regular rodent diet (RD) (a). The same stimulation
of the stratum pyramidale layer induced a depression of the
IPSCs in RD rats (c) and a facilitation of IPSCs in CD animals
(d). (e) The average of the ratio between the second and the
first peak of the response, and each one of the components in
the control-fed rats or in the cholesterol-rich diet fed rats.
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2.4. Effect of age on cholesterol concentrations and
learning skills

The concentration of cholesterol in the hippocampus was
significantly higher in 5-month-old RD with respect to 3-
month-old rats (116.7 ± 0.1 versus 85.8 ± 0.1 ng/μg proteins,
respectively, P < 0.01). The blood concentration of cholesterol
in CD rats did not change with the age of the animals.

We compared learning patterns in relation to the age of the
animals. Applying repeated measures of ANOVA, we found
that the proximity distance was significantly lower for RD 5-
month-old rats than RD 3-month-old ones on sessions 3
(P = 0.025) and 4 (P = 0.001). No age-dependent difference was
revealed between CD groups.

Performances during probe tests were also compared at
different ages. No difference was found in the day 3 test. On the
other hand, on the day 5 test, the proximity distance was
significantly reduced in 5-month-old RD rats compared to 3-
month-old ones (P = 0.008). Moreover, RD 5-month-olds spent
more time in the target area than the younger animals
(P = 0.035). On the contrary, CD rats showed a tendency to
decrease their dwell time in the target area with age (P = 0.061).
No other difference related to age was observed. The results
from this and the previous section indicate that the presence of
cholesterol induced a change in the behavioral responses of the
animals, suggesting the possibility that a cholesterol-rich diet
alters neuronal excitability. We used patch-clamp recording to
investigate the presence of differences in synaptic function in
RD versus CD animals.

2.5. Modulation of short-term synaptic plasticity by a
cholesterol diet

Because a prominent effect of cholesterol is to alter mobility
and physicochemical properties of lipid bilayer of neurotrans-
mitter vesicles, we first investigated the possibility that
cholesterol affected presynaptic function.

EPSCs and IPSCs induced with a paired-pulse protocol were
recorded in hippocampus slices from 3-month-old naive (i.e.,
without training) RD and CD rats (6 each). Fig. 3 shows
representatives traces of EPSCs (a and b) and IPSCs (c and d),
in RD (a and c) and CD (b and d) rat slices. This protocol
induced facilitation of EPSCs in both RD and CD rats (Figs. 3a
and b). The average of the first pulse response was similar in
the two groups, but the amplitude of the EPSCs second
response was larger in CD (n = 8) than in RD animals (n = 7;
Fig. 3e). Paired-pulse depression of IPSCs was detected in the
RD hippocampus (n = 6), whereas the cholesterol diet induced
IPSCs facilitation (n = 7, Figs. 3c and d). Similar to the previous
experiment, although the first pulse response was similar
between both groups, the amplitude of the second response
was larger in CD animals with respect to RD animals (Fig. 3e).
These data confirmed our hypothesis suggesting an involve-
ment of cholesterol in the regulation of presynaptic function.

2.6. Modulation of the glutamatergic currents in CA1
pyramidal cells by a cholesterol diet

A change in the mobility of the lipid bilayer has the potential
to affect postsynaptic receptor trafficking and assembly.
Excitatory currents are determined by the combined activa-
tion of INMDA and IAMPA. The ratio INMDA/IAMPA determines the
immediate synaptic efficacy and the capability of developing
long-term changes at an excitatory synapse. For these
reasons, we measured INMDA and IAMPA in the presence of
Mg2+ ions.

Fast currents were reliably detected in all recorded cells
were they displayed the typical kinetic profile (rise time 1–3
ms, tau < 10 ms, Figs. 4a and c). They were blocked by
application of 6,7-dinitroquinoxaline-2,3-dione (DNQX, 10 μM,
n = 3), indicative of their nature of AMPA-receptor-mediated
glutamatergic currents. Outward currents were measured at a
membrane potential Vh = + 40 mV. They were blocked by
aminophosphovaleric acid (100 μM) and had slower kinetic
(peak at ∼10 ms; Figs. 4b and d) typical of INMDA. INMDA

displayed a large variability from cell to cell. The ratio INMDA/
IAMPA was much larger in RD versus CD rats (5 each, Fig. 4e,
control n = 9, cholesterol diet n = 10). In CD rats, INMDA were so
small that in most recordings it was impossible to measure
their kinetics (rise and decay times).
3. Discussion

To assess the effect of cholesterol on learning, we trained
young adult rats to learn the location of a hidden platform in a



Fig. 4 –Effect of cholesterol diet on glutamatergic currents. Representative recording showing the following: (a) a facilitating,
DNQX-sensitive, AMPAR-mediated response is evoked in a CA1 neuron following stimulation of the Schaffer collaterals at
Vr = −60 mV; (b) recording from the same cell in a control-fed rat after shifting Vr to +40 mV allows the detection of a slower
current corresponding to the INMDA; (c and d) same as panels a and b but in a CD-fed rat. IAMPA is similar in the two recordings.
INMDA is much smaller in the cholesterol-rich diet fed animal. (e) Average INMDA/IAMPA and amplitude of each of the two
components of the glutamatergic currents in control-fed or in cholesterol-rich diet fed rats.
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Morris water-maze using distal visual cues, after 2 or 4months
of cholesterol diet (CD), compared their performances to
control animals fed with a regular diet (RD) and measured
pattern of learning, proximity distance and thigmotaxis. We
found that feeding rats with a cholesterol-enriched diet for 2
months improved their performance in a water-maze para-
digm, but after 4 months CD they had a tendency to a weaker
retention of memory. Furthermore, animals fed during 4
months with a cholesterol-enriched diet acquired the learning
task faster than the controls. In the search for a synaptic
change associated with learning, we found that CD rats
increased hippocampal paired-pulse facilitation and dis-
played a reduced ratio INMDA/IAMPA.

3.1. Cholesterol diet facilitates learning

Both controls and cholesterol-fed rats acquired the task
(quadrant test after 4 training sessions); meanwhile the
comparison of escape latency and proximity distance during
the training period showed that CD rats learned faster.
Faster learning might be due to an improved capacity to
develop a more appropriate strategy to learn the task.
Indeed, CD rat thigmotaxis percentage was significantly
lower than RD's one, and correlated with better learning
performance during the training period. Thigmotaxis may be
related to anxiety (Treit and Fundytus, 1988), is usually
observed from the very beginning of training (Champagne et
al., 2002) and tends to decrease during the next phases of
training, when animals switch to a strategy of active
exploration to increase their chance of finding the platform
(Hoh et al., 1999). In our study, thigmotaxis was similar in
both groups during the first 2 sessions, after which
cholesterol-fed rats developed a more efficient search
strategy. This result suggests that the late difference in
thigmotaxis between CD and RD rats reflects a genuine
discrepancy in learning, rather than an effect of anxiety.
Interestingly, 5-month-old RD rats decreased their thigmo-
taxis more efficiently than 3-month-old ones. This strategy
improved their training pattern, which was similar to age-
matched CD rats. However, despite the improvement of 5
month-old RD rat strategies, RD rats performed less accu-
rately than CD rats in the early probe test, regardless of the
duration of the cholesterol diet. Altogether, these results
suggest a correlation between cholesterol supplementation
and the acquisition of a learning task, independent from the
age-related improvement in learning strategy.

3.2. The stimulating effect of cholesterol on memory
retention depends on age

After 2 additional sessions of training, 2-month fed animals
improved their performance in the probe test, and CD rats still
exhibited a more accurate spatial selectivity. Four-month fed
animals (5 months old) also showed better performance in the
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probe test with 2 additional sessions of training, but RD rats
tended to perform better than age-matched CD ones. More-
over, RD 5-month-old rats performed significantly better than
RD 3-month-olds. These results suggest that, despite the fact
that cholesterol supplementation facilitates the acquisition of
learning, its effect on memory consolidation and/or retention
might depend on the age of the animal. Although memory
capabilities are generally regarded as inversely correlated to
age (Rosenzweig and Barnes, 2003), our results with RD rats
partly contradict this tenet, in agreement with the idea that
after an improvement of memory capabilities between birth
and a peak period, the effectiveness of information storage
may be impaired with aging.

Cholesterol may contribute to this age-dependent learning
processes. The brain has a relatively self-sufficient supply and
transport of cholesterol (Dietschy and Turley, 2001); however,
extracerebral cholesterol is transported to the brain via the
transport and transcytosis of low-density lipoprotein (LDL)
across the blood–brain barrier (Dehouck et al., 1997; Malavolti
et al., 1991). Thus, brain cholesterol is potentially acquired
through endogenous cellular synthesis and from an external
supply. Consequently, feeding animals with cholesterol
results in an increase of brain cholesterol content (Sparks et
al., 2000; Koudinov and Koudinova, 2001a,b; Boleman et al.,
1998; Schoknecht et al., 1994; Malavolti et al., 1991), as we
found in the hippocampus after 2 months of cholesterol diet.
Two additional months of cholesterol diet did not increase
further its concentration in the hippocampus, whereas age-
matched controls receiving a regular diet (having a lower basal
cholesterol concentration) showed a 36% increase of hippo-
campal cholesterol compared to younger animals. The con-
centration of cholesterol in hippocampal homogenates was
similar in 5-month-old RD and CD rats, but the origin of the
two pools of cholesterol is probably different. In fact, although
in our conditions, we could not distinguish between imported
and endogenously synthesized cholesterol, the age-depen-
dent increase of cholesterol in RD hippocampusmay reflect an
increase of endogenous synthesis because their diet contained
almost no cholesterol.

In RD rats, the age-related increase of the endogenously
synthesized pool of cholesterol correlated with an improve-
ment in the retention of memory (second probe test) but did
not enhance the speed of task acquisition (probe test after 2
training sessions). A two-month cholesterol-rich diet might
speed up a natural process (i.e., age-dependent increase of
cholesterol synthesis in the brain), consistent with the finding
that cholesterol fed animals display an increase in cholesterol
synthesis (Koudinov and Koudinova, 2001b). This might
improve the retention of memory, as we observed in 2-
month-older RD rats.

In summary, these data suggest that 2 pools of cholesterol
might affect learning at two different levels. An extracerebral
supply of cholesterol, possibly via lipoprotein transport, would
improve the acquisition of memory, whereas the endogenous
synthesis of cholesterol in the brain would affect its retention.
Although this hypothesis explains our results, we cannot rule
out that the effects of the cholesterol diet on learning may be
only indirectly determined by the increase of plasmatic brain
cholesterol, possibly by activating a yet unknown biochemical
or cellular signaling process.
3.3. Cholesterol diet modulates the brain synaptic plasticity

To assess the possibility that changes in synaptic transmis-
sion might be associated with the improvement of learning
acquisition in CD rats, we tested the influence of a cholesterol
diet on a short-term plasticity protocol, induced by paired-
pulse stimuli (Debanne et al., 1996). In normal hippocampus,
paired-pulse stimuli induce paired-pulse facilitation (PPF) of
EPSCs and paired-pulse depression (PPD) of IPSCs (Jiang et al.,
2000). In RD rat hippocampus, we observed PPF of excitatory
transmission and PPD of inhibitory transmission, in accor-
dance with previous studies (Debanne et al., 1996; Jiang et al.,
2000; Andreasen and Hablitz, 1994). Cholesterol-rich diet
increased EPSC facilitation and converted pair pulse depres-
sion into pair pulse facilitation in IPSCs.

Because changes in PPF are likely to originate in the
presynaptic terminal (Thomson, 2000), our data may reflect a
change in neurotransmitter release in rats fed with cholester-
ol, possibly by increasing storage, docking or fusion of
synaptic vesicles (Thomson, 2000). The membranes of synap-
tic vesicles contain high amounts of cholesterol (Breckenridge
et al., 1973; Yeagle, 1985; Schmitz and Orso, 2001), which binds
to proteins involved in synaptic vesicle structure (Thiele et al.,
2000). Cholesterol is in fact required for biogenesis of synaptic
vesicles (Thiele et al., 2000) and plays a critical role in docking
and fusion process during exocytosis (Lang et al., 2001;
Chamberlain et al., 2001; Rohrbough and Broadie, 2005).
Likewise, cholesterol strongly increases the efficacy of trans-
mitter release in cultured rat retinal ganglion cells (Mauch et
al., 2001; Nagler et al., 2001). Also, cholesterol depletion
inhibits calcium-related exocytosis (Kato et al., 2003). In
contrast with our observations, Koudinov and Koudinova
(2001a) reported that experimental cholesterol efflux from rat
brain slices increased PPF magnitude. It is possible that
synaptic release rests on an equilibrium with an inverse
bell-shaped dependence on cholesterol, whereby any devia-
tion from this equilibrium results in the increase in paired-
pulse ratio. Cholesterol might eventually enhance the calci-
um-dependent release of synaptic vesicles causing an in-
crease in the ratio between second and first response by the
enhancement in the rate of endocytotic recycling of synaptic
vesicles (Rodal et al., 1999). In conclusion, we found that a
cholesterol-enriched diet affects short-term synaptic plastic-
ity in hippocampus, with a cellular mechanism possibly
involving the modulation of neurotransmitter release. The
participation of cholesterol in presynaptic changes does not
rule out the possibility that a cholesterol-rich diet also
modifies postsynaptic function.

3.4. Cholesterol diet affects glutamatergic currents in CA1
pyramidal cells

AMPAR- andNMDAR-mediated currents are critically involved
in synaptic plasticity and learning and memory (Bliss and
Collingridge, 1993; Collingridge, 2003; Bennett, 2000; Riedel et
al., 2003). Whereas the existence of AMPA channels in the
cholesterol-rich lipid rafts is well established, the presence of
NMDA receptors in lipid rafts is still controversial (Hering et
al., 2003; Suzuki et al., 2001). In addition to this, cholesterol in
lipid rafts appears to influence density or distribution of
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NMDA channels in postsynaptic densities (Abulrob et al., 2005;
Frank et al., 2004). For this reason, we tested the possibility
that a cholesterol-rich diet induces a change in the relative
proportion of AMPAR- versus NMDAR-mediated currents in
naïve RD versus CD animals, by directly measuring and
comparing the amplitude of the two components. We found
a lower ratio between the amplitude of INMDA over IAMPA in CD
rats compared to RD rats. Because we measured similar
amplitude of AMPA currents in RD and CD rats in similar
stimulation conditions, this difference is likely due to reduced
NMDAR-mediated currents in CD rats, suggesting that cho-
lesterol might affect specifically distribution and/or function
of synaptic NMDAR-mediated glutamatergic currents. The
recent finding that lipid rafts constitute an anchoring site for
nicotinic receptors (Zhu et al., 2006) supports the idea that a
cholesterol-rich diet may alter the membrane localization of
ionotropic channels.

NMDARs play a pivotal role in the induction of LTP
(Malenka, 2003; Bashir et al., 1991; Collingridge, 2003). Recent-
ly, Grosshans et al. (2002) demonstrated that a pool of
intracellular NMDARs is available for recruitment to the
synaptic membrane during the late phase of LTP induction.
This LTP-dependent increased expression of NMDAR on the
cell surface is accompanied by a functional increase in the
number of these receptors in the CA1 region of the hippo-
campus (Clayton et al., 2002; Grosshans et al., 2002). In our
study, NMDA currents were decreased in CD animals, raising
the possibility that cholesterol promotes NMDAR turnover
and/or the internalization of NMDA receptors to the intracel-
lular pool. Thus, in adult animals, less NMDARs would be
functional in CD rats, and the induction of synaptic plasticity,
which relies on the effectiveness of NMDAR trafficking from
the intracellular pool to the membrane, would account for the
increase in membrane excitability. Because AMPA currents
were similar in RD and CD rats, cholesterol diet might affect
specifically NMDAR-mediated currents. Furthermore, because
brain cholesterol concentration increases with age, the effect
of this sterol on synaptic plasticity, learning and memory
might be age-dependent.

3.5. The Janus-face of cholesterol

A considerable amount of data suggest that cholesterol plays a
significant role in Alzheimer's disease (AD) (Koudinov, 2003;
Hartmann, 2001; Puglielli et al., 2003), the most common
neurodegenerative disease associated with early memory loss
(Spaan et al., 2003). It has been suggested that inhibiting
cholesterol synthesis with statins may lower the risk of
developing AD (Jick et al., 2000; Wolozin et al., 2000). On the
other hand, memory loss has been related to the use of these
drugs (Wagstaff et al., 2003). In the present study, we have
shown that a cholesterol diet influenced the learning skills of
young adult rats at several levels. Cholesterol enhanced the
acquisition of learning regardless of the duration of the diet
but tended to impair the retention of memory after a
prolonged diet. This double-face of cholesterol and its role in
learning should be considered for studies, which aim to
develop preventive or curative therapies against Alzheimer's
disease, and other dementia. Although we started the
cholesterol diet at an age (one months) at which rats are
sexually mature, and the major developmental turning points
have been passed, we cannot completely rule out that the
behavioral, biochemical and synaptic differences detected in
CD versus RD rats might be at least in part due to an effect of
the cholesterol diet on the neurological and/or systemic
development of the animals.
4. Conclusion

For the first time, we have shown that a cholesterol diet
improves the acquisition of a learning paradigm in adult rats.
This result has been correlated with a permanent change in
short-term synaptic plasticity and a decrease in the ratio
INMDA/IAMPA.

Our results indicate that the detrimental effect of choles-
terol on memory retention became evident only for older
animals and depended on the duration of the diet. Our data
also suggests that distinct pools of cholesterol might play
specific roles in memory and memory-related diseases. In
spite of the fact that the nature of this study does not allow to
establish a causal relationship between behavioral and
synaptic changes, our data are consistent with the notion
that an alteration in synaptic function may represent an
important candidate in the induction of behavioral changes.
5. Experimental procedures

5.1. Animals

One-month-old male Wistar rats were maintained at 22 °C
room temperature under a 12 h/12 h normal light/dark cycle
(lights on at 7:00 a.m.) with food and water ad libitum. Half of
them received a regular rodent diet (RD, Basal diet #5755,
TestDyets, Richmond IN), whereas the others were fed with
TestDyets #5799, corresponding to the same diet +2% choles-
terol (CD) for 2 or 4months. All animal experimentation was
performed in accordance with the National Institutes of
Health guidelines.

5.2. Water-maze training

We used 8 rats per group. Animals were trained to solve a
Morris water-maze task after 2 months of diet. The task
consisted of finding a non-visible submerged platform (10 cm
diameter) in a 1.6-m diameter and 0.6-m depth pool filled with
water (23 °C) by using spatial cues located outside the pool, in a
room with dim light. To reduce stress, the rats were allowed a
2-min swim in the pool without any platform on day 0; the
first training session was performed on the next day. Four
training sessions (1 per day) were given to the rats. Each
session consisted of 4 trials (1 min each) with a 7-min rest
interval between 2 consecutive trials. Once the animal had
found the platform, it was left for 15 s to orient, then
brought back to its housing cage until the next trial. Each of
the 4 cardinal loci (north, south, east and west) was
randomly used as a starting location, each one being used
at least once per session. If the platform was not found after
1 min, the rat was gently guided to it. On the third (before
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the training session) and fifth day, the rats' spatial learning
was assessed with a probe test, i.e., a 30-s free swim without
any platform. Each trial was monitored and analyzed by a
HVS2020 tracker system from HVS IMAGE Ltd., UK. Several
parameters were compared between RD and CD groups.
Escape latency was defined as the time necessary for the rat
to find the platform. Thigmotaxis is the percentage of time
spent swimming in the pool peripheral annulus (within 16
cm from the pool wall). Proximity distance was defined as
the sum of the 1 s averages of distance between the rat and
the platform (Gallagher et al., 1993). The target area was
designed as a circular zone (40 cm diameter) centered on the
platform. The percentage of time spent in this area is a more
stringent measure of spatial bias than the percentage of
dwell time in the target quadrant. Spatial selectivity was
quantified during the probe test after 2 and 4 sessions of
training, using the percentage of time and swimming
distance in quadrant. Moreover, to provide a more stringent
measure of spatial selectivity, we also monitored the
percentage of time in the target area, the number of
platform hits and the proximity distance during the same
probe tests.

Statistical analysis of the task acquisition kinetics (escape
latency, thigmotaxis and proximity) was performed using
repeated measures of ANOVA. Fisher's post hoc tests were
used for pairwise comparisons. Significance of spatial biaswas
assessed by analyzing the quadrant dwell time and swimming
distance for each group during probe tests using a one-way
ANOVA. For each test (day 3 and day 5), swimming speed,
percentage of swim distance in the target area, number of
target crossings, proximity and thigmotaxis were compared
with an unpaired t-test. The same test was used to compare
rat weight, cholesterol concentrations and electrophysiologi-
cal data between both groups. A significant difference was set
at P < 0.05. Statistical analysis was performed by using the
software Statview (SAS Institute Inc.). Asterisks in the graph
indicate significance levels: one asterisk (*) P < 0.05, two
asterisks (**) P < 0.02.

5.3. Cholesterol measurements

Three days after the last probe test, rats were deeply
anaesthetized with an intraperitoneal injection of sodium
pentobarbital (150 mg/kg) and then decapitated. Blood was
collected after death in heparin-coated tubes. Plasma was
isolated from erythrocytes after a 800 × g centrifugation for
5 min, then stored at −80 °C. The brain was removed rapidly
from the skull, the hippocampus was dissected from freshly
removed brain, flash frozen in dry ice, then stored at −80 °C.
For cholesterol measurements, the hippocampus was ho-
mogenized in cold lysis buffer (20 mM Tris–HCl, 1% v/v
Nonidet P-40, 10% v/v glycerol, 1% protease inhibitor cocktail,
Sigma-Aldrich Co., St. Louis, MO, pH 8.0) with a Dounce
homogenizer. Cholesterol concentration was measured in rat
blood plasma and hippocampus homogenates with Infinity™
Cholesterol Reagent (Sigma-Aldrich Co., St. Louis, MO).
Cholesterol concentration in the hippocampus was normal-
ized with protein concentration. Protein concentration was
determined by the Micro BCA™ Protein Assay Reagent Kit
(Pierce, Rockford, IL).
5.4. Slice preparation

Transverse hippocampal slices (300 μm thick) were prepared
from CD and RD naive (non-trained) rats. One-month-old
animals were fed with a regular (RD) or cholesterol-enriched
diet for 1 month, then sacrificed for brain slices preparation.
After being anaesthetized deeply with inhalation of isoflur-
ane, the rat was sacrificed, its brain carefully removed and
put into ice-cold artificial cerebrospinal fluid (aCSF) contain-
ing the following (in mM): 124 NaCl, 3 KCl, 1.25 NaH2PO4,
1.3 MgSO4, 26 NaHCO3, 2.4 CaCl2, 10 glucose, saturated with
95% O2, 5% CO2, at pH 7.4. Transverse slices were dissected at
0–4 °C, cut inmodified aCSF, containing 0.5mMCa2+ and 4mM
Mg2+, with a VT 1000S Vibrating Blade Microtome (Leica
Microsystems Inc.), placed on a nylon mesh, submerged in
normal aCSF bubbled with 95% O2, 5% CO2, and allowed to
recover for at least 1 h in 32 °C before recording.

5.5. Electrophysiological recordings

Slices were transferred to a perfusion chamber and perfused
with aCSF at a rate of 2–3 ml/min at room temperature. CA1
pyramidal cells were identified visually using an Axioskop
2FS microscope (Carl Zeiss, Inc.) equipped with a 40× water
immersion DIC objective coupled with an infrared camera
system. Whole-cell recordings were made with a patch-
clamp amplifier (MultiClamp 700A, Axon Instruments, Inc.) in
voltage-clamp mode. Membrane currents were digitized with
a Digidata 1322A and analyzed with a pClamp 8.0 system
(Axon Instruments Inc.). Patch pipettes of ∼5 MΩ were pulled
with a Narishige PP-830 puller and fire-polished with a
Narishige MF-83 microforge (Narishige International USA,
Inc.). Series resistance and membrane capacitance were
compensated (∼70%) and monitored during experiments.
Precise positioning of recording and stimulation electrodes
was achieved with PCS-5400 piezoelectric micromanipulators
(Burleigh Instruments, Inc.). The stimulation strength was set
at 5 μA above the current necessary to evoke just observable
responses and the duration was fixed at 200 μs. Electrophys-
iology experiments were conducted in a blind fashion (the
experimenters were not aware of the animal type of diet).
Data were compared using t-Student tests and reported as
different only if P < 0.05. Recordings were performed from no
more than one cell per slice in number of 1–3 per each
animal.

5.6. Paired-pulse stimulation

A paired-pulse stimulation protocol was used to evaluate
short-term brain plasticity in RD and CD hippocampal slices
(6 animals each group). The pipette solution contained the
following (in mM): 90 K+ gluconate, 45 KCl, 1.7 NaCl, 0.1 CaCl2,
2.7 MgCl2, 10 HEPES, 1.1 EGTA, 5 phosphocreatine-Na+, 3.5
ATP-K+, 0.3 GTP-Na+, was titrated at pH 7.2 and 290 mOsm.

GABAergic, inhibitory postsynaptic currents (IPSCs) were
evoked using a concentric bipolar stimulation electrode placed
in the stratum pyramidale about 80 μm from the recording cell,
whichwas kept at a holding potential of Vr = −75mV. 6-Cyano-
7-nitroquinoxaline-2,3-dione (CNQX) and amino-phosphono-
valeric acid (APV, 10 μM each) were included in the perfusion
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solution to block glutamatergic currents. A similar protocol
was used for evoking glutamatergic postsynaptic excitatory
currents (EPSCs) by stimulating the Schaffer collateral path-
way in the presence of 10 μM bicuculline. Only one cell was
recorded from each brain slice.

5.7. Glutamatergic currents

We also used patch-clamp recording for measuring the ratio
between N-methyl-D-aspartate-receptor-mediated currents
(INMDA) and alpha-amino-3-hydroxy-5-methyl-4-isoxazole-
propionic-acid-receptor-mediated currents (IAMPA) from hip-
pocampal neurons. In this case, the control solution contained
bicuculline methachloride (10 μM) for blocking, γ-aminobu-
tyric-acid A-receptor (GABAAR)-mediated currents.

Postsynaptic currents were recorded with 3–5 MΩ electro-
des using a solution containing the following (in mM): 100
CsOH, 100 gluconic acid, 5 1,2-bis(2-aminophenoxy)ethane-N,
N,N′,N′-tetraacetic acid K (BAPTA-K), 1 lidocaine N-ethyl
bromide (QX314), 1 MgCl2, 10 N-(2-hydroxyethyl)piperazine-
N′-(2-ethanesulfonic acid) (HEPES), 4 glutathione, 1.5 ATPMg2,
0.3 GTPNa2, 8 biocytin. Electrically evoked EPSC were mea-
sured by delivering two electric stimuli (90–180 μs, 10–50 μA) 50
ms apart, every 6 s with an isolation unit through a glass
stimulation electrode filled with aCSF placed in the stratum
radiatum. IAMPA were recorded at a holding potential Vr = −60
mV and measured at their peak. INMDA were recorded in the
same cell at Vr = +40 mV in order to remove the Mg2+ block at
NMDA receptors. INMDA amplitude measured at a latency of 45
ms after the electric stimulation for minimizing the possible
contamination by IAMPA. The stability of the recording was
assessed by measuring IAMPA both prior and subsequent to the
measurement of INMDA. Only recordings in which IAMPA

measured before and after INMDA differed by <20% were
considered.
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