Simvastatin Enhances Learning and Memory

Independent of Amyloid Load in Mice
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Objective: Normal aging is often associated with a decline in learning and memory functions. This decline is manifested to a
much greater extent in Alzheimer’s disease. Recent studies have indicated statins, a class of cholesterol-lowering drugs, as a
potential therapy for Alzheimer’s disease. Our objective was to determine whether administering a statin drug (simvastatin)
would protect against the development of behavioral deficits in an established mouse model of Alzheimer’s disease.

Methods: Tg2576 mice and their nontransgenic littermates were treated with simvastatin and assessed by behavioral tests and
biochemical analyses.

Results: Simvastatin treatment not only reversed learning and memory deficits in the Tg2576 mice, but also enhanced learning
and memory in the nontransgenic mice. Moreover, levels of amyloid B protein in the brains of treated mice did not differ from
those of untreated mice. Simvastatin treatment was associated with increased expression levels of protein kinase B (Akt) and
endothelial nitric oxide synthase in the mouse brain.

Interpretation: Our findings demonstrate that the effects of simvastatin on learning and memory are independent of amyloid
B protein levels. The mechanisms by which simvastatin exerts its beneficial effects may be related to modulation of signaling

pathways in memory formation.
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Alzheimer’s disease (AD) is a common age-related neu-
rodegenerative disorder characterized clinically by pro-
gressive cognitive impairment. Pathological hallmarks
of AD brain include neurofibrillary tangles and depos-
its of aggregated amyloid B protein (AB) in neuritic
plaques and cerebral vessels." AR (39—43 amino acids)
is generated from a large transmembrane glycoprotein,
amyloid B precursor protein (APP), by proteolytic pro-
cessing. To date, there is no satisfactory treatment or
prevention for AD. In the search for a safe and effec-
tive therapy, cholesterol-lowering statin drugs have
emerged as a potential medication for AD.

Statins are a class of drugs that inhibit the biosyn-
thesis of cholesterol.? Statins have been used success-
fully to treat hypercholesterolemia and to prevent car-
diovascular disease. The connections between AD and
vascular disease® suggested that statins may confer pro-
tection against AD. Retrospective studies have shown a
reduced prevalence of AD in people taking statins.*~
Prospective studies, however, have produced mixed re-
sults. In a 26-week randomized, placebo-controlled,
double-blinded trial, treatment with a statin drug (sim-
vastatin) improved cognitive function and reduced

AP, levels in the cerebrospinal fluid of normocholes-
terolemic patients."® In another study, atorvastatin
treatment significantly slowed the decline in cognitive
function of AD pattients.11 Other studies, however,
showed no protection of statins in preventing AD in a
group of patients at risk for cardiovascular disease.'>'?
Moreover, some studies showed a decrease of AR after
statin treatments, !> whereas others found no effects
of statin treatments on AP levels.'¢~'8

Nevertheless, potential benefits of statins in AD are
suggested in in vitro and in vivo studies in which
statins modulated APP metabolism. For example, treat-
ment with statins affected activities of APP-processing
enzymes in cells and in animal models, resulting in de-
creased AP formation.'”™*' Although the effect of
statins on Alzheimer-type histopathology has been in-
vestigated in animal models, ??12? the effect of statins
on behavior in animal models of AD has not been ad-
dressed. In addition, although there are many reports
on the potential use of statins for AD therapy, the ef-
fects of statins on cognitive functions in normal aging
have not been investigated. Here, we studied the effects
of a commonly used statin drug, simvastatin, on learn-
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ing and memory in a transgenic mouse model of AD,
Tg2576 mice?® and their nontransgenic (non-Tg) lit-
termates. We found that simvastatin treatment not
only reversed learning and memory deficits in Tg2576
mice, but more intriguingly, enhanced learning and
memory in normal non-Tg mice.

Materials and Methods

Animals and Diets

Tg2576 mice,>® a widely used mouse model of AD, were
used in this study. These mice overexpress the human APP
with a Swedish double mutation (KM670/671NL) under the
control of a hamster prion promoter on a SJLxC57BL/6
mixed genetic background.” They develop extracellular AD-
type amyloid plaques in the cortex and hippocampus con-
current with learning and memory deficits by 11 months of
age.” In this study, female Tg2576 mice (age, 11.1 = 0.8
months) were divided randomly into two groups: the treat-
ment group received simvastatin (added as a diet admixture
[0.05%] so that approximately 50mg simvastatin/kg body
weight was consumed daily) and the control group received
the same diet without simvastatin. In addition to the
Tg2576 mice, female nontransgenic littermates treated with
or without simvastatin were also included in the study. The
mice were treated for 3 months and then subjected to be-
havioral assessments followed by biochemical and histological
analyses. All animal procedures used for this study were pro-
spectively reviewed and approved by the Institutional Animal
Care and Use Committee of the University of Alabama at
Birmingham.

Assessment of Behavioral Functions

Three AD-related behavioral functions were assessed: spatial
learning and memory, exploration of environmental stimuli,
and anxiety. The testing schedule included exploration of the
T-maze (days 1-10), the open field (days 1-3), the elevated
plus-maze (days 4-5), and spatial learning in the Morris wa-
ter maze (days 6-11). All equipment and software were pur-
chased from SD Instruments (San Diego, CA).

All testing procedures were described previously.** In
brief, spontaneous alternation was tested in a T-maze con-
taining a central stem and two side arms. On the initial trial,
the mice were placed in the stem with the right arm blocked
(forced choice). After entering the available arm, the mice
were kept in it for 60 seconds by closing the barrier behind
them. The mice were then retrieved, and after removing the
barrier were immediately placed back in the stem for a free-
choice trial. On each of the following 9 days, the same pro-
cedure was repeated, except that the blocked arm on the ini-
tial trial was changed alternatively from the right to the left.
The number of alternations and the latencies before respond-
ing were recorded with a cutoff period of 60 seconds per
trial.

Motor activity was measured in an open field, made of
white acrylic with a 50 X 50cm surface area and with each
wall reaching 38cm in height. The activity was recorded by
an overhead video camera and analyzed by video-tracking
SMART software (SD Instruments). The mice were placed
in the open field for a 5-minute session daily for 3 days.
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Anxiety was measured in the elevated plus-maze, consist-
ing of four arms in a cross-shaped form and a central region.
Two of the arms were enclosed on three sides by walls,
whereas the other two were not. The enclosed or open arms
of the maze faced each other. The mice were placed in the
central region and their behavior recorded for 5 minutes per
session for 2 days. The number of entries and the time spent
in either the enclosed or the open arms were measured.

Spatial orientation was evaluated in the Morris water maze
consisting of a round basin (diameter, 112cm) filled with
water (22°C) to a height of 3lcm. The water was made
opaque by mixing in dry milk to camouflage the escape plat-
form (8 X 8cm). The pool was placed in a room with abun-
dant extramaze visual cues. The acquisition of the spatial task
consisted of placing the mouse in the water next to and fac-
ing the wall successively in north (N), east (E), south (S),
and west (W) positions, with the escape platform hidden
lem beneath water level in the middle of the NE quadrant.
In each trial, the mouse was allowed to swim until it found
the hidden platform or until 60 seconds had elapsed, at
which point the mouse was guided to the platform. The
mouse was then allowed to sit on the platform for 10 sec-
onds before being picked up. The escape latency and swim
path length (distance) were recorded by the SMART system
for four trials daily for 5 days.

The day after the acquisition phase, a probe trial was con-
ducted by removing the platform and placing the mouse next
to and facing the N side. The time spent in the previously
correct (target) quadrant was measured in a single 1-minute
trial. Two hours later, the visible platform version was eval-
uated, with the escape platform lifted 1cm above water level
and shifted to the SE quadrant. A pole (height, 7cm) was
inserted on top of the escape platform as a viewing aid. In an
identical manner to the place learning task, escape latencies
and swim path length were measured for four trials, except
that the visible platform test was conducted in a single day.

Determination of Plasma Cholesterol Concentrations
and Transaminase Activities

Blood samples were collected from anesthetized animals by
retroorbital bleeding or by cardiac puncture at the end of the
experiment. Plasma total cholesterol and high-density li-
poprotein cholesterol levels were determined colorimetrically
with commercial reagents (Infinity cholesterol reagent;
Thermo  Electron Corporation, Melbourne, Australia).
Plasma glutamic oxalacetic transaminase/aspartate amino-
transferase activities were determined with the Transaminase
Reagents (Sigma Diagnostics, St. Louis, MO).

Brain Tissue Preparation

Mice were anesthetized with sodium pentobarbital, and
blood was collected via cardiac puncture with heparin as an
anticoagulant. After transcardial perfusion with ice-cold
0.1M phosphate-buffered saline (pH 7.4), brains were cut
sagittally into left and right hemispheres. The right hemi-
sphere was fixed in phosphate-buffered formalin for histolog-
ical analysis. After removing the olfactory lobe and cerebel-
lum, the left hemisphere was snap frozen in liquid nitrogen
and stored at —80°C for biochemical analysis.



Brain Cholesterol, AB Enzyme-Linked

Immunosorbent Assay, and Immunoblor Analysis

The protocol for brain cholesterol analysis was described pre-
viously.25 In brief, frozen brain samples were Dounce ho-
mogenized in 5M guanidine hydrochloride. The homogenate
was rocked for 3 to 4 hours at room temperature and then
diluted for cholesterol analysis with the Infinity cholesterol
reagent (Thermo Electron Corporation, Melbourne, Austra-
lia). The levels of AB,, and AB,, in the homogenate were
determined with AB - and AB,,-specific enzyme-linked im-
munosorbent assay kits (BioSource International, Camarillo,
CA) using the manufacturer’s protocol. For immunoblot
analysis, frozen brain samples were homogenized in sodium
dodecyl sulfate sample buffer (Invitrogen, Carlsbad, CA)
containing protease inhibitor cocktail (Roche Molecular Bio-
chemicals, Mannheim, Germany) and phosphatase inhibitor
cockrail (Sigma, St. Louis, MO), boiled for 5 minutes, then
sheared by passage several times through a 26-gauge needle.
Protein concentrations were determined by the Bio-Rad Pro-
tein Assay (Bio-Rad Laboratories, Hercules, CA). Fifty mi-
crograms of proteins for each sample were separated by so-
dium dodecyl sulfate polyacrylamide gel electrophoresis and
blotted to polyvinyl difluoride membranes. The membranes
were incubated with primary antibodies followed by biotin-
ylated or horseradish peroxidase—conjugated secondary anti-
bodies. Signal was detected by the Western Lightning
Chemiluminescence Reagent Plus (Perkin-Elmer Life Sci-
ences, Boston, MA) and quantified by densitometric scan-
ning using the LabWorks image acquisition and analysis soft-
ware (UVP, Upland, CA). For a loading control, the blots
were stripped and reprobed with a mouse anti-actin mono-
clonal antibody (Sigma, St. Louis, MO). Primary antibodies
used for immunoblot analysis included goat polyclonal anti-
body against mouse apolipoprotein E (ApoE) and PP2B (cal-
cineurin) (Santa Cruz Biotechnology, Santa Cruz, CA), rab-
bit polyclonal antibodies against Akt (protein kinase B)
(Santa Cruz Biotechnology) and phospho-Akt (Ser473) (Cell
Signaling, Danvers, MA), and mouse monoclonal antibody
against endothelial nitric oxide synthase (eNOS) (BD Bio-
sciences, San Jose, CA).

Immunohistochemical Analysis and Quantification of
Cerebral B-Amyloidosis

Protocols for immunohistochemical analysis were described
previously.”* In brief, formalin-fixed and paraffin-embedded

Table 1. Plasma Cholesterol Levels and Transaminase Activities

tissue sections were subjected to the avidin-biotin immuno-
peroxidase method to detect the antigens (eg, AB) using Vec-
tastain ABC kit (Vector Laboratories, Burlingame, CA). The
primary antibody used for assessing B-amyloidosis was 6E10
(a monoclonal antibody raised against amino acids 1-16 of
AR; Signet, Dedham, MA). The amyloid load in the cortex
and hippocampus of mouse brain were quantified using the
histomorphometry system consisting of a Leica DMR re-
search microscope (Leica, Deerfield, IL) equipped for fluo-
rescence, polarizer/analyzer, and bright-field microscopy; a
SPOT RT Slider digital camera (Diagnostic Instruments,
Sterling Heights, MI); and the Image Pro Plus v4 image
analysis software (Media Cybernetics, Silver Spring, MD) ca-
pable of color segmentation and automation via programma-
ble macros. Multiple images of Imm?* each were captured
and analyzed from five coronal brain sections at 500pum in-
tervals from each mouse using a 10X objective lens. A total
area of S0mm” giving the highest total AB immunoreactivity
was chosen to calculate the amyloid load expressed as a per-
centage of total area covered by AP immunoreactivity.

Statistical Analysis

Data were expressed as mean = standard error of the mean.
Comparison of different treatment groups was performed by
two-tailed Student’s # test (for normally distributed data),
Mann—Whitney rank-sum test (for nonnormally distributed
darta), and repeated-measures analysis of variance. In T-maze
and probe tests, each group was compared by Mann—Whit-
ney rank-sum test with a theoretical group performing at
chance, defined as 50% for the two-choice T-maze test and
25% for the four-choice probe trial. The SigmaStat software
(SPSS Science, Chicago, IL) was used for all statistical anal-
yses. p << 0.05 was considered statistically significant.

Results

Simvastatin Treatment Decreased Plasma Lipoprotein
Cholesterol Levels withour Hepatic Toxicity

During the entire study, there were no differences in
food intake, body weight, physical appearance, behav-
ior in cage or handling, morbidity, or mortality among
groups. Plasma total cholesterol concentrations in mice
treated with simvastatin were significantly lower than
those of mice on a control diet in both Tg2576 and
non-Tg mice (Table 1). Plasma transaminase activity, a

Treatment Groups

Plasma Tg2576-C Tg2576-S Non-Tg-C Non-Tg-S
Parameters (n = 19) (n = 20) (n=38) (n=09)

TC, mg/dl 59.6 + 3.7 50.3 + 4.2° 65.4 * 4.4 50.6 + 2.2°
HDL-C, mg/dl 57.8 = 3.6 50.7 £3.5 64.7 £ 4.9 48.4 = 3.7°
GOT/AST, IU/L 39.4 * 3.6 44.6 £ 3.4 41.0 £ 4.5 40.6 = 3.3

% < 0.05 and ®p < 0.01 compared with control mice.

Tg2576-C = untreated control Tg2576 mice; Tg2576-S = simvastatin-treated Tg2576 mice; Non-Tg-C = untreated control nontransgenic
mice; Non-Tg-S = simvastatin-treated nontransgenic mice; TC = total cholesterol; HDL-C = high-density lipoprotein cholesterol; GOT/

AST = glutamic oxalacetic transaminase/aspartate aminotransferase.
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marker of hepatic toxicity, did not differ among groups
(see Table 1), indicating that long-term treatment with
daily dose of simvastatin at 50mg/kg body weight was
not hepatotoxic in these mice.

Simuvastatin Treatment Reversed Spatial Learning

and Memory Deficits in Tg2576 Mice and Enhanced
Cognitive Functions in Nontransgenic Mice

Because anterograde amnesia is one of the carliest fea-
tures of AD,?® the assessment of spatial learning and

memory is central to AD diagnosis. Like AD patients,
Tg2576 mice display age-related learning and memory
deficits.”® To assess the effect of simvastatin treatment
on spatial learning and memory ability of the mice, we
conducted the Morris water maze test.”” The results
showed that simvastatin-treated Tg2576 mice acquired
the submerged platform significandly faster than un-
treated control Tg2576 mice (Fig 1A; F, ;5,) = 8.0;
p = 0.008). The concurrent shorter path length (dis-
tance) traveled by the simvastatin-treated mice indi-
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Fig 1. Simvastatin treatment improves performance of 1g2576 and nontransgenic (non-1g) mice in the acquisition phase of the
Morris water maze. (A, B) Escape latencies and path lengths of untreated Tg2576 control (1g2576-C; solid squares; n = 20)
and treated 1g2576 (Tg2576-S; solid circles; n = 20) mice, showing that 1g2576-S mice learned the location of the hidden
platform significantly faster than 1g2576-C mice. (C, D) Escape latencies and path lengths of untreated non-1g control (Non-
Tg-C; open squares; 7 = 9) and treated non-Tg (Non-1g-S; open circles; n = 10) mice. Whereas non-1g-C mice gradually
learned the location of the hidden platform, non-1g-S mice quickly learned the location of the platform with minimal escape
latency in the second day of the trial and retained the memory over the next 4 testing days. (E) Superimposition of combined
data from A and C. 1g2576-C mice displayed spatial learning deficits in the Morris water maze test compared with normal
non-1g-C mice, whereas Tg2576-S performed similarly as non-1g-C mice, indicating that simvastatin treatment reversed the
learning deficits of 1g2576 mice. In non-Tg mice, non-1g-S showed superior performance to non-Tg-C mice, indicating that
simvastatin treatment further enhanced normal spatial learning and memory. *p < 0.05; **p < 0.01. Error bars indicate

standard error of the mean.
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cated a spatial learning improvement as opposed to an
increased swimming speed (see Fig 1B; F; ;55 = 5.0;
» = 0.031).

Intriguingly, in non-Tg normal mice, simvastatin
treatment resulted in a profound enhancement of spa-
tial learning and memory ability (see Figs 1C, D). In
the acquisition phase, although untreated non-Tg mice
learned the location of the hidden platform in the
course of the 5-day trial, simvastatin-treated non-Tg
mice learned the location of the platform significantly
faster: The treated mice reached minimal escape la-
tency in the second day of the trial and retained the
memory over the next 4 days (see Fig 1C; F; 45 =
11.0; p = 0.004). Again, the shorter path length
(Fhesy = 7.6, p = 0.013) displayed by the
simvastatin-treated mice indicated a true spatial learn-
ing enhancement as opposed to an increased swimming
speed (see Fig 1D). Superimposition of the combined
data (see Fig 1E) showed that simvastatin treatment re-
versed the spatial learning deficits of Tg2576 mice and
enhanced learning capability in non-Tg normal mice.

In the 60-second probe trial for memory retention
24 hours after the acquisition, with the exception of
the untreated Tg2576 mice, the other three groups of
mice spent significantly greater than chance (25%) of
their time in a previously platform-containing (target)
quadrant (p < 0.001) (Fig 2A). Although the differ-
ence between treated and control mice did not reach
statistical significance, the general trend was that the
simvastatin treatment improved memory retention in
both Tg2576 mice and non-Tg mice. A possible reason
for nonsignificant effect of simvastatin treatment on
probe trial performance is that the probe trials were
conducted after all groups of mice had learned the lo-
cation of the hidden platform in the 5-day acquisition
phase of the test. Inside the target quadrant, consistent
with the time spent there, simvastatin-treated mice
crossed over the previous platform location more
often than untreated control mice, indicating that
simvastatin-treated mice remembered the platform lo-
cation more precisely (see Fig 2B). In the visible plat-
form version of the Morris water maze, simvastatin-
treated and untreated mice performed similarly,
indicating that there were no changes of visual acu-
ities and swimming strategies associated with the sim-
vastatin treatment.

Simuvastatin Treatment Restored Habituation of
142576 Mice in an Open Field but Had No
Significant Effect on Spontaneous Alternations and
Anxiety Levels

Before the Morris water maze test, the mice were as-
sessed for motor activity in an open field, willingness
to explore the environment in a T-maze, and anxiety
in an elevated plus-maze. In the open-field test, there
were no differences in activity levels among the four
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Fig 2. Performance of Tg2576 and nontransgenic (non-1g)
mice in the probe trial (memory retention phase) of the Morris
water mazge. (A) Percentage time spent in the previously
platform-containing (target) quadrant. The dashed line indi-
cates the chance level (25%) of performance. Except for the
untreated control 1g2576 mice (1g2576-C), the three other
groups of mice spent significantly longer than chance of their
time in target quadrant (p < 0.001). (B) Times crossed over
the location of previously hidden platform in the target quad-
rant. Simvastatin-treated mice (1g2576-S and non-Tg-S)
crossed over the previous platform location more often than
their untreated control mice (1g2576-C and non-Tg-C), re-
spectively, indicating that simvastatin treatment improved
memory precision in both 12576 and non-Tg mice. Error
bars indicate standard error of the mean.

different groups on day 1 (Fig 3). Untreated Tg2576
mice, however, were more active than mice in any
other group during the last 2 days (p < 0.05). Con-
trary to the untreated Tg2576 mice, simvastatin-
treated Tg2576 mice showed significant day effects for
path length (p < 0.001), decreasing in the latter 2
days as a result of habituation (see Fig 3). Non-Tg
mice, regardless of treatment, also exhibited significant
day effects (p < 0.001). Thus, statin treatment re-
stored habituation of Tg2576 mice in the open field.

In the T-maze test, no differences were observed in
spontaneous alternations among different groups (Ta-
ble 2). All four groups of mice alternated significantly
higher than the 50% chance level (p < 0.05). In the
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Fig 3. Simvastatin treatment restores intersessional habituation
of Tg2576 mice in the open-field test. Untreated Tg2576-C
mice (solid diamonds) were more active than mice in any
other groups and did not show intersessional habituation.
Simvastatin-treated 1g2576-S mice (solid circles), in contrast,
performed similarly as non-1g mice and displayed interses-
sional habituation shown by decreasing activity in the latter 2
days of testing. Simvastatin treatment had no effect on the
activity of non-Tg mice in the open field. *p < 0.05. Error
bars indicate standard error of the mean. Open diamonds
represent Non-Tg-C; open circles represent Non-Tg-S.

elevated plus maze tests, whereas Tg2576 mice
showed decreased anxiety (more entries to open arms
and spent more time there) compared with nontrans-
genic mice, as observed previously,”® simvastatin
treatment did not affect performance regarding these
behavioral functions for either Tg2576 or non-Tg
mice (see Table 2). These data thus indicated that
enhancement of learning and memory by simvastatin
treatment was not due to effects on willingness to ex-
plore or anxiety levels.

Table 2. Exploratory Activities and Anxiety Levels

Simuvastatin Treatment Had No Significant Effect on

the Steady-State Levels and Depositions of B-Amyloid

in the Brain of Tg2576 Mice

To determine whether simvastatin treatment affected
the extent of cerebral amyloidosis in the brain of
Tg2576 mice, we conducted two independent assays:
AB,o- and AB,,-specific enzyme-linked immunosor-
bent assays were used to quantify the AR levels in the
cerebral homogenate, and immunohistochemical and
morphometrical analyses were used to quantify the AR
depositions in the brain sections. The results showed
that neither AP levels nor depositions in the brain dif-
fered between simvastatin-treated and untreated con-
trol Tg2576 mice (Figs 4A, B). These data indicated
that simvastatin improved learning and memory func-
tions independent of amyloidosis status in the brain of

Tg2576 mice.

Simuvastatin Treatment Did Not Affect the Steady-

State Levels of Cholesterol and Apolipoprotein E in

the Brain

To determine whether simvastatin treatment affected
cholesterol homeostasis in the brain, we measured total
cholesterol content of the cerebral homogenate. The re-
sults showed no significant differences in cholesterol
content between the brains of treated and untreated
mice (18.7 *£ 0.6 vs 17.7 * 0.5ng/mg cerebral wet
weight). Western blot analysis of ApoE content in the
brain also did not show any differences because of sim-
vastatin treatment (Fig 5).

Effect of Simvastatin Treatment on the Steady-State
Levels of Memory-Related Signaling Molecules in

the Brain

The observation that simvastatin treatment resulted in
significant enhancement of learning and memory in

Treatment Groups

Tg2576-C Tg2576-S Non-Tg-C Non-Tg-S
Tests (n = 20) (n = 20) (n=29) (n = 10)
Spontaneous alternation (T-maze)
Rate, % 61.0 £3.2 60.0 = 2.7 65.6 £5.0 73.0 £5.0
Latency, sec 43+ 1.0 6.8*1.9 10.1 = 4.3 3.7 1.0
Anxiety (elevated plus-maze)
Entries to open arms
Day 1 1.6+ 1.6 109 + 1 69+ 1 8.4 %05
Day 2 9.4 £2.0 6.6*0 53*2 54 *0.8
% Time in open arms
Day 1 53.1 6.2 51.3 = 4.8 253 £6.2 26.1 = 3.6
Day 2 25.7 £5.7 21.0 £ 3.6 13.1 £5.5 11321
Tg2576-C = untreated control Tg2576 mice; Tg2576-S = simvastatin-treated Tg2576 mice; Non-Tg-C = untreated control nontransgenic

mice; Non-Tg-S = simvastatin-treated nontransgenic mice.
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Fig 4. Simvastatin treatment does not change the status of
cerebral amyloidosis in Tg2576 mice. (A) Cerebral amyloid B
protein (AB) levels measured by enzyme-linked immunosorbent
assay. The steady-state levels of AB.p AB.» and total AB did
not differ between control (1g2576-C; open bars) and
simvastatin-treated (1g2576-S; gray bars) mice. (B) Cerebral
AB loads determined by immunohistochemical and morpho-
metric analyses, showing no significant differences between
1g2576-C and Tg2576-S mice. Error bars indicate standard

error Uf fhe mean.

both Tg2576 and non-Tg mice without causing signif-
icant changes on brain AP and cholesterol/ApoE levels
led us to hypothesize that simvastatin might have di-
rectly modulated signal transduction pathways perti-
nent to the learning and memory processes through its
cholesterol-independent (pleiotropic) effects. One of
the known pleiotropic effects of statins is increased
protein kinase B (Akt) activity resulting from inhibi-
tion of mevalonate production and activation of phos-
phoinositol 3-kinase.”” Akt, particularly the phosphor-
ylated Ake (P-Ake), is involved in regulating a wide
range of biological functions®’; more recently, it has
been implicated in synaptic plasticity and spatial mem-
ory formation.?"**> Thus, we assessed the levels of total
Akt and P-Akt by immunoblot analysis of cerebral ho-
mogenates. We found that chronic simvastatin treat-
ment increased both total Akt and P-Akt levels in the
brains of treated mice (see Fig 5).

Another major pleiotropic effect of statins is upregu-
lation of eNOS resulting from decreased production of

isoprenoids such as geranylgeranylphosphate and sub-
sequent inhibition of intracellular trafficking and activ-
ity of the small guanosine triphosphate-binding pro-
tein Rho.””?? Some of the neuroprotective effects of
statins have been attributed to an increase in nitric ox-
ide (NO) bioavailability and improved endothelial
function resulting from the upregulation of eNOS.>*3°
NO has also been suggested to act as a potential ret-
rograde messenger that modulates synaptic function
during memory formation.>® We observed an increase
of steady-state levels of eNOS in the brains of
simvastatin-treated mice (see Fig 5).

Calcineurin (PP2B) is a phosphatase and has been
shown to be a negative regulator in memory forma-
tion.”” Use of calcineurin inhibitors is associated with

BB D — c— —————————— — ]\ 0,

C S
B 1 2 3 4 5 6 7 8
BOKD w s s o — - — - k]

1 B S ————
140 kD e - — — = cNOS
19 KD - ——. i — [P 2E

42 kD ‘....-.- Actin

* ocmEs

vidla

eNOS PP2B

Relative 10D (%) ©
«soeB B8 H8E

Fig 5. Steady-state levels of cerebral apolipoprotein E (ApoE),
Akt, phosphorylated Akt (P-Akt), endothelial nitric oxide syn-
thase (eNOS), and PP2B in nontransgenic mice. (A) Immu-
noblot analysis of ApoE. (B) Images of immunoblots with an-
tibodies against Akt, P-Akt, eNOS, and PP2B, respectively.
(C) Densitometric analysis of immunoblots with the levels in
control (C; open bars) mice set as 100%. Levels of ApoE
were not affected by simvastatin (S; gray bars) treatment.
Levels of Akt, P-Akt, and eNOS were increased significantly
in simvastatin-treated mice. Levels of PP2B did not differ
between control and simvastatin-treated mice. *p < 0.05.
Error bars indicate standard error of the mean.
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cardiovascular complic:ations,38 and simvastatin treat-
ment attenuates calcineurin inhibitor—induced vascular
dysfunction.”® To determine whether simvastatin treat-
ment had any effect on cerebral PP2B, we measured
the level of PP2B in the brains of our experimental
mice. Our results showed no significant differences in
the steady-state level of cerebral PP2B between
simvastatin-treated and untreated mice (see Fig 5), ex-
cluding the involvement of PP2B in modulating learn-
ing and memory in these mice.

Discussion

In this study, we showed that long-term treatment of
simvastatin reversed spatial learning and memory defi-
cits in Tg2576 mice and, more intriguingly, enhanced
learning and memory abilities in normal non-Tg mice.
These beneficial effects of simvastatin on cognitive
function were not associated with any significant
changes in noncognitive function such as willingness to
explore and anxiety levels in treated mice.

To our knowledge, there have been no other studies
on the effects of statins on behavioral function in trans-
genic mouse models of AD. A few reports, however,
showed that statins (simvastatin and atorvastatin) pro-
moted the restoration of spatial learning and memory
after hypoxic-ischemic or traumatic brain injuries in
rats.*~*? Recently, lovastatin was shown to reverse the
learning and attention deficits in a mouse model of
neurofibromatosis type 1.%?

To address the potential mechanisms by which sim-
vastatin exerted cognition protective effects, we ana-
lyzed several physiological parameters in this study.
Cholesterol analyses showed that the simvastatin treat-
ment reduced the plasma total cholesterol levels by 16
and 23% in Tg2576 and non-Tg mice, respectively.
The brain cholesterol content, however, was not af-
fected by the simvastatin treatment. The steady-state
levels of ApoE in the brain also did not change. In
previous animal studies with statin treatments, results
on brain cholesterol contents were conflicting. One
study showed a slight reduction of cholesterol levels in
the brains of young C57BL/6 mice treated with sim-
vastatin and pravastatin, but not with lovastatin.** In
the PS1 (presenilin 1)/APP double-transgenic mice,
atorvastatin treatment had no effect on brain choles-
terol levels even though the plasma cholesterol levels
were decreased by 59%.”" In guinea pigs, no changes
in the total brain cholesterol levels were observed even
with a high dose of statins (simvastatin and pravasta-
tin)."”* In the latter studies, however, the levels of
cholesterol precursor lathosterol and its ratio to choles-
terol were significantly decreased in the brain of ani-
mals treated with statins,'®*> indicating that statins
can reduce brain cholesterol synthesis. Notably, how-
ever, changes in lathosterol levels were in the nanomo-
lar range, whereas the total brain cholesterol levels were
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several orders of magnitude higher. Levels of lathos-
terol in the brains of our mice were not determined. It
is possible that statins decrease brain cholesterol syn-
thesis without significantly affecting brain total choles-
terol contents because the turnover rate of cholesterol
in the brain is very slow.*® In addition, studies on syn-
aptosomal plasma membranes showed that statins af-
fected cholesterol distribution in certain microdomains
in the membrane rather than the total cholesterol con-
tent.*7*® Therefore, effects of statins on brain func-
tions may not be reflected by the total cholesterol con-
tent in the brain.

One of the most intriguing findings in our study is
that simvastatin improved spatial learning and memory
without significantly affecting the AR levels in the
brain of Tg2576 mice. Several in vitro studies have
shown that statins modulated the processing of APP
and decreased the production of AB in cells.'”** In
animals, whereas two studies reported that statins (sim-
vastatin and atorvastatin) decreased the production of
AP in the brain of guinea pigs and in the PS1/APP
double-transgenic mice,'”*" one study showed that lo-
vastatin increased AR production in female Tg2576
mice but had no effect in male Tg2576 mice.”” In the
study with guinea pigs,'” the dose (0.5% in diet) of
simvastatin was 10 times greater than what we used
(0.05%) in this study. In a preliminary study, we
found that a dose of simvastatin at 0.3% was toxic and
lethal to Tg2576 mice (data not shown). In the study
with PS1/APP double-transgenic mice, atorvastatin
treatment was initiated at an age before the manifesta-
tion of amyloidosis in the brain.?' In a preliminary
study with a group of younger Tg2576 mice, we found
that when simvastatin treatment was started at the age
of 9 months (when no amyloid deposition could be
detected), the AB levels in the brain were significantly
decreased after 3 months of the treatment (data not
shown). Therefore, whether statins reduce AR levels in
the brain may depend on the age of the animals and
the status of amyloidosis at the initiation of the statin
treatment.

Reversal of learning and memory deficits by simva-
statin treatment without affecting the AR levels sug-
gests that the beneficial effect of simvastatin may be
independent of molecular events downstream of A.
The dramatic enhancement of spatial learning and
memory by simvastatin treatment in non-Tg mice is
consistent with this concept. Whether statins can mod-
ulate learning and memory in normal aging awaits fur-
ther investigation.

A large body of evidence has indicated that the
beneficial effects of statins in preventing coronary
heart disease extend beyond their plasma cholesterol-
lowering ability.”>" This also appears to be the case
in this study of the effects of simvastatin on learning
and memory. Simvastatin has been shown to increase



phosphorylation of Akt at Ser473,”* and this partic-
ular form of P-Ake is implicated in synaptic plasticity
and memory consolidation in rats.”> We found that
chronic simvastatin treatment increased both total
Akt and P-Ser473-Ake levels in the brain of mice. In
other studies,’®”* simvastatin treatment increased
only the level of P-Akt, but not total Akt. Those
studies, however, investigated only the acute (minutes
to hours) effects of simvastatin treatment. We treated
our mice for 3 months, and this long-term treatment
appears to have changed the expression level of Ake,
as well as the level of its posttranslational modifica-
tions such as phosphorylation. The importance of Akt
in synaptic plasticity and memory has been demon-
strated recently in a number of studies. Akt has been
shown to mediate the effect of phosphoinositol
3-kinase on the expression of long-term potentiation
in the hippocampal CA1 region of rats.”' The level of
P-Ake in the hippocampus of rats increases in parallel
with spatial memory formation.”” More recently,
P-Ser473-Ake has been shown to be necessary for
phosphoinositol 3-kinase—mediated synaptic plasticity
and memory consolidation by promoting cell survival
and protein synthesis in rats.”> Therefore, an increase
of Akt may be part of the mechanism by which sim-
vastatin enhanced learning and memory in this study.

Another major cholesterol-independent effect of
statins is in the upregulation of eNOS and a subse-
quent increase in NO bioavailability and improvement
in endothelial function.”® NO may also act as a poten-
tial retrograde messenger that modulates synaptic func-
tion during memory formation.>® In addition, eNOS
has been shown to generate NO within the postsynap-
tic cell during long-term potentiation.® Our results
showed an increase of steady-state levels of eNOS in
the brains of simvastatin-treated mice, which might
also have contributed to the enhanced learning and
memory in these mice.

Whether the changes of Akt and eNOS result from
linked effects is uncertain. Although it is clear that
both of these changes are related to the cholesterol-
independent inhibition of 3-hydroxy-3-methylglutaryl
coenzyme A reductase activity by simvastatin, changes
in Akt are most likely caused by the reduced level of
mevalonate, whereas changes in eNOS may be more
related to the reduced level of geranylgeranylphos-
phate.”” Because eNOS is a potential downstream
substrate of Akt,””>® it is possible that an increased
level of P-Akt (activated form) may further increase
the activity of eNOS. Certainly, additional studies are
needed to enable drawing of clear conclusions.

Finally, it is possible that other previously docu-
mented pleiotropic effects of statins such as antineu-
roexcitotoxic effects,””®® antiinflammartory effects,®’
antioxidant effects,®’ antiapoptotic effects,*  and
prosynaptogenesis effects*"%% also facilitated learning

and memory in the simvastatin-treated animals. Fur-
ther biochemical and electrophysiological studies are
under way to investigate the molecular and cellular
mechanisms by which statins enhance learning and
memory.

In conclusion, this study showed that simvastatin
treatment reversed learning and memory deficits in
Tg2576 mice independent of cerebral AR levels and
enhanced cognitive function in normal-aged non-Tg
mice. Our findings suggest that simvastatin may exert
its beneficial effects directly through modulation of sig-
naling pathways in memory formation.
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