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Abstract

Epidemiological studies demonstrate a relationship between
statin [3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA)
reductase inhibitor] usage and reduced risk of developing
Alzheimer's disease. To determine whether statins affect
neuronal development, we treated cultured rat hippocampal
neurons with pravastatin. After 4—48 h of treatment, prava-
statin significantly increased the number of neurites produced
by each cell and caused a corresponding increase in levels of
the membrane phospholipid phosphatidylcholine. Pravastatin
treatment also significantly increased neurite length and
branching but did not affect cellular cholesterol levels.
Co-incubation with mevalonate, but not cholesterol, abolished
the stimulatory effect of pravastatin on neurite outgrowth.

Treatment of neurons with isoprenoids also abolished the ef-
fect of pravastatin on neurite growth, suggesting that
pravastatin may stimulate neuritogenesis by preventing
isoprenylation of signaling molecules such as the Rho family
of small GTPases. A specific inhibitor of geranylgeranylation,
but not famesylation, mimicked the stimulatory effect of
pravastatin on neuritogenesis. Pravastatin treatment signifi-
cantly decreased levels of membrane-associated RhoA.
These data suggest that pravastatin treatment increases ne-
urite outgrowth and may do so via inhibiting the activity of
geranylgeranylated proteins such as RhoA.
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Alzheimer’s disease (AD) is a progressive neurodegenerative
disorder that results in memory loss and cognitive decline. In
addition to their characteristic amyloid- peptide (AP)-
enriched amyloid plaques and neurofibrillary tangles, the
brains of AD patients display pathologies such as synapse
loss and neuritic dystrophy (McKee et al. 1991). In vitro, the
presence of AP peptide alone can cause retraction and
deterioration of neuritic processes (Tohda et al. 2004). In
transgenic mice, it is possible to reverse neuritic dystrophy
through infusion of anti-Ap antibody (Brendza et al. 2005).
However, the mechanism by which AB may cause neuritic
deterioration is not known. Treatments that restore neurite
growth in Alzheimer brains might be efficacious in repairing
or preventing neurodegeneration in this disease.
Epidemiological studies have found an inverse relation-
ship between usage of the cholesterol-lowering drugs and
risk of developing AD (Wolozin ef al. 2000; Rockwood
et al. 2002; Zamrini et al. 2004; Dufouil er al. 2005; for
review see Kivipelto et al. 2005). Statins are inhibitors of the
enzyme 3-hydroxy-3-methylglutaryl coenzyme A (HMG-
CoA) reductase, which converts HMG-CoA into mevalonate;
this is the rate-limiting step in cholesterol biosynthesis
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(Hamelin and Turgeon 1998). However, reduction of
cholesterol levels may or may not correlate with reduced
risk of AD in patients taking statin drugs (Wood et al. 2003;
Wolozin 2004; Eckert et al. 2005). Furthermore, statin usage
is associated with a decreased risk of depression and anxiety,
which is not correlated with plasma cholesterol levels
(Young-Xu et al. 2003). Oral administration of statins, in
addition to inhibiting cholesterol synthesis, also affects gene
expression in the mouse brain (Johnson-Anuna et al. 2005).
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Thus, statins might prevent onset of AD by a mechanism
independent of their effect on cholesterol.

Mevalonate is required, not only for cholesterol synthesis,
but also for formation of the isoprenoids geranylgeranylpy-
rophosphate (GGPP) and famesylpyrophosphate (FPP)
[reviewed by Rando (1996)]. Members of the Rho family
of small GTPases are activated when isoprenylated by these
compounds (Zhang and Casey 1996), and regulate cell
growth and neurite extension by reorganizing the actin
cytoskeleton [reviewed by Takai et al. (2001)]. RhoA is
negatively coupled to cell growth; thus, prevention of RhoA
isoprenylation increases neurite extension (Sebok et al.
1999). Statins inhibit isoprenylation of Rho proteins in
neuronal cells (Meske er al. 2003; Pedrini et al. 2005) and
cultured microglia (Bi er al. 2004; Cordle and Landreth
2005). However, it is not known whether statins can affect
neurite outgrowth, and whether such an effect might be
mediated by regulation of Rho activation.

In the present study, we investigated the effect of the HMG-
CoA reductase inhibitor pravastatin on neurite growth in
primary cultured hippocampal neurons. We found that
treatment of neurons with pravastatin enhances neurite
number, length and branching, and that this effect is probably
mediated by inhibition of Rho isoprenylation. These data
suggest that the ability of statins to reduce AD risk may be asa
result, in part, of inhibition of isoprenoid formation and
subsequent prevention of neuritic dystrophy and deterioration.

Materials and methods

Preparation of hippocampal cultures

Cultures of rat hippocampal neurons were prepared as described by
Malgaroli and Tsien (1992), with a few modifications. Rat pups,
ages P1 to P3, were decapitated. The brains were placed in a dish
containing Hank’s balanced salt solution Ca™ and Mg"™" free
(HBSS; Sigma, St Louis, MO, USA) with fetal bovine serum (20%)
and the hippocampi dissected. The hippocampi were then incubated
with digestion solution (0.5% trypsin/0.05% Dnase/137 mm NaCl/
5 mm KCI/7 mm Na,HPO,/25 mm HEPES) for 5 min at 37°C. The
supernatant was removed, then the cell pellet was re-suspended in
0.05% Dnase/3% MgSO,/HBSS and triturated using a flame-
narrowed pasteur pipette. After centrifugation, the supernatant was
aspirated and the cell pellet re-suspended in minimum essential
medium (Gibco, Rockville, MD, USA) containing glutamine (3 mg/
mL), insulin (0.25 mg/mL) and fetal bovine serum (20%). The cells
were then plated onto 35-mm cell culture dishes (~150 cells/mm?)
coated with Matrigel (Collaborative Research Inc., Bedford, MA,
USA). After 48 h of incubation, the media were removed and
replaced with minimal essential medium containing glutamine
(3 mg/mL), B-27 (1%; Gibco) and cytosine arabinoside (Ara-C;
0.3%; Sigma), to arrest proliferation of non-neuronal cells. After
7 days in culture, the cells were incubated for various lengths of
time in media containing pravastatin (0.01-200 pm; LKT, St Paul,
MN, USA), cyclodextrin-bound cholesterol (20 pg/mL), mevalo-
nate (1 mm), GGPP (20 pm), FPP (20 pm), GGTI-286 (50 um),
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farnesyltransferase inhibitor (FTI)-277 (50 pm), or methyl-B-cyclo-
dextrin (MBCD; 50 pum). Once a compound was added to the culture
it was not removed, with the exception of MBCD. To acutely extract
cholesterol from the cell membrane, we incubated the neurons for
30 min in media containing 50 pm MBCD. Afier the incubation
period, we removed the MPBCD-containing media, replaced it with
fresh media, and analyzed neurite growth 24 h later. All treatments
longer than 48 h were refreshed every 48 h. All compounds were
from Sigma unless indicated otherwise.

Neurite morphology

For experiments examining the effect of a treatment on neurite
development, neurons were incubated with media containing the
appropriate test compound for 2-48 h. Following the treatment
period, phase-contrast digital images of the cells were taken using
a Zeiss Axioplan 2 Fluorescent/Phase-Contrast microscope (Carl

AZciss, Germany), as described by Pooler ef al. (2005). Briefly,

digital images of neurons were analyzed for neurite number, length,
and branching. A neurite was defined as a process that is longer than
the width of the cell body. These measurements were taken by an
assistant blind to experimental treatment. Four to six images were
taken per dish; approximately 100 neurons were quantified per
treatment group, per experiment. Each experiment was performed in
triplicate, unless otherwise noted.

Phospholipid quantification

Following experimental treatment, the media were removed, and the
cells harvested in methanol and disrupted using a sonicator (Ultra-
sonics Inc.). An aliquot of homogenate was removed for total protein
determination. The remaining homogenate was extracted with a
methanol : chloroform : water (1 : 2 : 1) mixture. After centrifuga-
tion, the aqueous phase was aspirated and the organic phase dried in
a vacuum centrifuge. The pellets were re-suspended in a meth-
anol : chloroform solution (1 : 1) and loaded onto a pre-channeled
silica plate (Adsorbasil Plus 1; Alltech, Nicholasville, KY, USA).
The lipids were separated by developing the plate for 2 h using
a chloroform : ethanol : triethylamine : water (30 : 34 : 30 : 8)
mobile phase. After separation, the bands were visualized under UV
light by spraying the plate with a diphenyl-hexatriene/ether solution.
The bands of interest were scraped into glass tubes and subjected to
perchloric acid digestion (3 h; 160°C) followed by determination of
total phosphate content as described by Li and Wurtman (1998).
Phosphate values were normalized for total protein content.

Cholesterol determination
Total cellular cholesterol levels were determined in neurons grown
on 35-mm dishes, using either the Amplex Red assay (Molecular
Probes, Eugene, OR, USA) or the Infinity reagent (Sigma), as per
the manufacturers’ instructions. Results were normalized to total
protein content per sample.

Cell fractionation and immunoblotting

For whole-cell lysates, neurons were scraped into 100 pL lysis
buffer (60 mm TrisiiHCI, 20% glycerol, 1 mm dithiothreitol, plus a
protease inhibitor cocktail containing: 1 mm AEBSF, 8 pum aproti-
nin, 500 pm bestatin, 15 pm E64, 200 pm  leupeptin, 10 pm
pepstatin A) and boiled for 10 min. For subcellular fractionation,
cells were processed as described in Tanaka et al. (2000), with a few
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modifications. Briefly, neurons were harvested in hypotonic buffer
(5 mm Tris-HCI, 5 mm NaCl, | mm CaCly, 2 mm EGTA, | mm
MgCl,, 2 mu dithiothreitol) including the protease inhibitor cocktail
described above. The cell suspension was sonicated using a cell
disrupter (Ultrasonic, Plainview, NY, USA) and separated into
membrane and cytosolic fractions by centrifugation (100 000 g,
30 min). The pellet containing the membrane fraction was re-
suspended in 50 pL lysis buffer and boiled for 10 min. For
immunoblotting, the total amounts of protein in each sample were

determined by the bicinchoninic acid assay (Smith er al. 1985)

(Sigma). Equal amounts of protein were loaded and separated using
4-20% sodium dodecyl sulfate — polyacrylamide gel electrophoresis
(SDS-PAGE; Cambrex, Rockland, ME, USA). Proteins were then
transferred onto polyvinylidene difluoride membranes (Millipore,
Bedford, MA, USA). The membranes were then blocked in
5% bovine serum albumin/Tris-buffered saline/0.15% Tween 20

BEX TBST) for 2 h at room temperature. The membranes were washed

briefly in TBST and incubated overnight (4°C) in rabbit polyclonal
RhoA primary antibody or mouse monoclonal B-tubulin primary
antibody (Santa Cruz Biotechnology; Santa Cruz, CA, USA).
Following this incubation, membranes were washed with TBST
(3 x; 10 min) and incubated for 1 h with a peroxidase-linked
secondary antibody. Protein—antibody complexes were detected and
visualized using a chemiluminescence system (Amersham, Piscat-
away, NJ, USA) and Kodak X-AR film as described by the
manufacturer. Specificity of RhoA staining was confirmed using a
blocking peptide: when the primary RhoA antibody was combined
with the commercially available blocking peptide, no band was
visible. Films were digitized using a Supervista S-12 scanner with a
transparency adapter (UMAX Technologies, Freemont, CA, USA)
and analyzed using the public domain NIH Image program
(developed at the US National Institute of Health) and available
on the Internet at http:/rsb.info.NTH.gov/NIH-IMAGE/. The optical
densities of the experimental groups are normalized to the average
optical density of the control group. All values are expressed as fold-
basal increases or decreases compared with controls.

Data analysis

Data were analyzed using analysis of variance (ANOVA) using
treatments as the independent variable. When differences were
detected (p < 0.05), the means were separated using the Newman—
Keuls test. Values represent mean + SEM.

Results

The HMG-CoA reductase inhibitor pravastatin increases
neurite outgrowth in hippocampal neurons

Pravastatin treatment significantly enhanced neurite out-
growth in rat hippocampal neurons [7 days in vitro (DIV)].
Twenty-four-hour treatment with pravastatin (50-100 pm)
significantly increased the number of neurites produced per
cell (Figs 1a and c). Pravastatin (100 pm) visibly enhanced
neuritogenesis as early as 4 h after the start of treatment
(Fig. 1b), relative to neurite outgrowth observed in control
cells. Neuritic processes are highly enriched with membrane
phospholipids; hence an increase in neurite number might be
associated with increased levels of phosphatidylcholine, a
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major component of the cell membrane. We found that 24-h
treatment of neurons with pravastatin (50 pm) significantly
increased phosphatidylcholine levels (Fig. 1d).

Pravastatin increases neurite length and branching
Besides quantifying the number of neurites produced per
cell, we also measured the effect of pravastatin on neurite
length and branching. Following 24-h pravastatin treatment
(100 pm), both the number of branches per neurite and
neurite length were significantly enhanced (Figs 2a and b,
respectively), compared with branching and length observed
in untreated cells.

Pravastatin does not alter total neuronal cholesterol
levels

Primary cultured rat hippocampal neurons (7 DIV) were
incubated for either 4 or 24 h in media containing the HMG-
CoA reductase inhibitor pravastatin (100 pm) or pravastatin
plus cholesterol (20 pg/mL). As a control, additional dishes
of cells were treated for 30 min with MBCD (50 pm), which
extracts cholesterol from the cell membrane. Pravastatin
treatment did not decrease total cellular cholesterol levels,
whereas addition of exogenous cholesterol to the cell media
significantly enhanced cholesterol levels after 4 h but not
24 h (Fig. 3). MBCD significantly depleted cholesterol levels
compared with levels in untreated cells.

The effect of pravastatin on neuritogenesis is not
prevented by cholesterol treatment

Pravastatin, as an HMG-CoA reductase inhibitor, blocks
formation of mevalonate, which is required not only for
cholesterol synthesis, but also for formation of isoprenoids
(Stamatakis et al. 2002). In order to determine whether
pravastatin might be stimulating neurite outgrowth by inhibi-
ting cholesterol synthesis, we co-incubated neurons with
pravastatin (100 pm) and cholesterol (20 pg/mL). We found
that cholesterol did not block the increase in neurite number or
length caused by pravastatin (Figs 4a and ¢); cholesterol alone
had no effect on neuritogenesis. Furthermore, depletion of
cholesterol by (30-min treatment) did not mimic the effect of
pravastatin on neurite outgrowth; instead, it significantly
inhibited neurite outgrowth relative to growth from control
cells (Fig. 4a). However, co-incubation of neurons with
mevalonate (1 mm) prevented stimulation of neurite growth
by pravastatin (Figs 4b and c), suggesting that the effect of
pravastatin is as a result of specific inhibition of mevalonate
synthesis, and not of inhibition of cholesterol synthesis.

Pravastatin enhances neuritogenesis via inhibition of
isoprenylation

Mevalonate is required for synthesis of isoprenoid lipids like
FPP and GGPP. Rho-GTPases are activated when GGPP
attaches to their C-terminus, allowing the GTPase to associate
with the cell membrane. In order to determine whether
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pravastatin’s stimulation of neuritogenesis involves inhibition
of isoprenylation, we co-incubated neurons with pravastatin
(100 pm) and either FPP (20 pum) or GGPP (20 pm). Both FPP
and GGPP blocked the effect of pravastatin on neurite
outgrowth (Fig. 5a). Furthermore, treatment of neurons with
the geranylgeranyltransferase inhibitor GGTI-286 (50 pm)

24 48 enhanced neurite outgrowth after 4, 24 and
48 h of treatment. Treatments began when
neurons were 7 DIV. (c) After 24 h of
pravastatin treatment, phase contrast digital
images of the neurons were taken at fixed
* points along the dish. Pravastatin treatment
(50 and 100 pum) significantly increased the
number of neurites produced per cell, rel-
ative to the number of neurites observed on
control cells. (d) Levels of the membane
phospholipid phosphatidycholine (PC) were
determined to confirm pravastatin-induced
changes in cell area. Twenty-four-hour
pravastatin treatment (50 pm) enhanced PC
levels relative to levels in control cells.
Values represent means + SEM. *p < 0.05;
***p < 0.001 versus control.

0 50
Pravastatin

(Figs la, b and c), neurite length (Fig. 2a) and neurite
branching (Fig. 2b) in cultured hippocampal neurons. This
effect occurs as early as 4 h after exposure and continues for
up to 2 days (Fig. 1b). The increase in neurite outgrowth is
associated with increased levels of the membrane phosphol-
ipid phosphatidylcholine (PC; Fig. 1d) but not with changes

mimicked the effect of pravastatin and significantly enhanced Jlin total levels of cellular cellular cholesterol (Fig. 3). The

both neurite number (Fig. 5b) and neurite length (Fig. 5c).
FTI-277 (50 pum), a specific famesyltransferase inhibitor, had
no effect on neurite growth (Fig. 5b).

Pravastatin affects intracellular localization of RhoA
RhoA is an active GTPase when bound to the cell membrane,
a process that requires isoprenylation by GGPP. Following
4-h pravastatin treatment, cell lysates were collected and
centrifuged into membrane and cytosolic fractions. Levels of
membrane-bound RhoA were significantly decreased by 4-h
pravastatin treatment (Fig. 6a), whereas cytosolic levels of
RhoA were significantly increased (Fig. 6b) relative to levels
in control cells.

Discussion

These data show that the HMG-CoA reductase inhibitor
pravastatin  (50-100 pm) enhances neurite outgrowth
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stimulatory effect of pravastatin on neurite growth is not
affected by the additional of exogenous cholesterol (Figs 4a
and c), whereas co-treatment with mevalonate (Figs 4b and
c) significantly inhibits this effect. These results suggest that
pravastatin may stimulate neuritogenesis, not by inhibiting
cholesterol synthesis, but rather by a cholesterol-independent
mechanism. To determine whether pravastatin might be
stimulating neurite outgrowth by inhibiting formation of
isoprenoids known to regulate Rho-GTPases, we co-treated
neurons with pravastatin and either GGPP or FPP. Both
GGPP and FPP completely prevent pravastatin’s stimulation
of neurite outgrowth (Fig. 5a). Furthermore, specific inhibi-
tion of geranylgeranylation by GGTI-286 mimicks the effect
of pravastatin by significantly enhancing neurite number and
neurite length, relative to the number and length of neurites
observed in control cultures (Figs 5b and c). By contrast, the
faresyltransferase inhibitor FTI-277 has no effect on neurite
outgrowth (Fig. 5b), which suggests that geranylgeranylated
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Fig. 2 Pravastatin significantly increases neurite length and branch-
ing. Hippocampal neurons were treated with the HMG-CoA reductase
inhibitor pravastatin for 24 h. (a) Pravastatin (100 pm) significantly
increased the mean number of branch points per neurite relative to the
number of branch points observed in control cells. (b) Pravastatin (50
or 100 um) also significantly enhanced neurite length. Values repre-
sent means + SEM. *p < 0.05; ***p < 0.001 versus control.

proteins, but not faresylated proteins, regulate hippocampal
neurite outgrowth. We investigated the effect of pravastatin
treatment on the Rho-GTPase RhoA, which is activated by
translocation to the plasma membrane following geranylger-
anylation. Treatment of hippocampal neurons with pravast-
atin significantly reduces membrane-associated RhoA levels,
while increasing levels within the cytosol (Figs 6a and b).
Our data suggest that pravastatin promotes neurite outgrowth
by a cholesterol-independent mechanism, specifically by
preventing geranylgeranylation of RhoA.

In the present study, we determined that the observed
effect of pravastatin on neurite outgrowth was not because of
cholesterol reduction, as enriching the media with cholesterol
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Fig. 3 Pravastatin treatment does not affect total cellular cholesterol
levels. Hippocampal neurons were treated with the above treatments
for 4 or 24 h. For depletion of membrane cholesterol, neurons were
incubated with 50 uym MBCD. After 30 min, the MBCD-containing
media were removed and the cells were incubated with control media
for the remainder of the 4-h treatment period. Pravastatin treatment
(100 pm) did not alter total cholesterol levels. Neurons treated with
both pravastatin and cholesterol (20 pg/mL) contained significantly
more cholesterol than control after 4 h, but not 24 h of treatment.
MBCD significantly reduced cellular cholesterol levels compared with
levels in control cells. Values represent means + SEM. **p < 0.01
versus control (4 hr).

did not prevent pravastatin’s stimulation of neuritogenesis.
Furthermore, treatment of neurons with cholesterol in the
absence of pravastatin had no effect on neurite growth,
although the concentration of cholesterol used was similar a
concentration reported to enhance synaptogenesis (Mauch
et al. 2001). Previous studies present conflicting findings:
different HMG-CoA reductase inhibitors have been shown to
inhibit neurite outgrowth, either by reducing cholesterol
levels (Fan et al. 2002) or by inhibition of isoprenylation
(Schulz et al. 2004). However, these studies only observed
neurite loss after 48 h of statin treatment (either compactin or
atorvastatin, respectively), and started treatment within 24 h
following plating of primary neuronal cells. In the present
study, we grew the neurons in culture for 7 days before
starting treatment to better understand the effect that statin
treatment might have on more developmentally mature
neurons. The neurite loss observed in previous studies may
therefore be as a result of different pharmacological profiles
of the statins used (pravastatin vs. compactin or atorvastatin),
or to increased sensitivity of immature neurons to toxicity
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plus cholesterol. Co-treatment with cholesterol did not prevent
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growth, compared with outgrowth in control cells. (b) Incubation of
neurons with mevalonate (Mev; 1 mm) significantly inhibited the sti-
mulatory effect of pravastatin on neurite outgrowth; mevalonate alone
had no effect. (c) Mevalonate, but not cholesterol, significantly blocked
the increase in neurite length stimulated by pravastatin. Values rep-
resent means + SEM. **p <0.01, ***p < 0.001; f{p < 0.01 versus
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Rho isoprenylation. (a) Representative western blots probed with an
antibody directed against RhoA. After 4-h pravastatin treatment
(100 pm), cell lysates were subjected to subcellular fractionation, and
the membrane (top) and cytosol (bottom) fractions separated using
SDS-PAGE. C, control; P, pravastation treated. (b) Four-hour
pravastatin treatment (100 pm) significantly prevented association of
RhoA with the membrane fraction while increasing RhoA levels in the
cytosol, compared with RhoA distribution in control cells. Values rep-
resent means + SEM. *p < 0.05; ***p < 0.001 versus control.

induced by inhibition of mevalonate synthesis. Comparison
of these results also suggests that statins may either inhibit or
stimulate neuronal growth, depending on the stage of
neuronal development. Finally, our results are in agreement
with earlier findings in PC12 and neuroblastoma cells which
suggest that HMG-CoA reductase inhibitors stimulate neurite
growth (Maltese and Sheridan 1985; Sato-Suzuki and Murota
1996; Kumano et al. 2000).

Our data indicate that pravastatin’s stimulation of neuri-
togenesis is because of inhibition of isoprenoid synthesis.
Mevalonate is' necessary for formation of FPP and its
downstream derivative, GGPP. The presence of FPP is
required for the farnseylation of small G-proteins, such as
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Ras, by famesyltransferase. Similarly, GGPP is required for
geranylgeranylation of the Rho family of proteins by
geranylgeranyltransferase. Therefore, FPP, GGPP and
geranylgeranyltransferase, but not famesyltransferase, are
required for the geranylgeranylation of Rho (Noguchi et al.
1998). In the present study, treatment of the neurons with the
isoprenoids GGPP and FPP completely prevented the effect
of pravastatin on neurite outgrowth. Furthermore, neurite
number and neurite length were significantly enhanced by
treatment with the geranylgeranyltransferase inhibitor GGTI-
286, while FTI-277, a famesyltransferase inhibitor, had no
effect on neurite outgrowth. Activation of the Rho family of
GTPases requires geranylgeranylation, but not farmesylation
(Casey and Seabra 1996). The monomeric G-protein RhoA,
in particular, is involved in rearrangement of the actin
cytoskeleton; inhibition of RhoA signaling simulates neurite
outgrowth in a variety of models (Lee et al. 2000; Scott and
Luo 2001; Bryan et al. 2004). Therefore, enhancement of
neurite outgrowth by pravastatin is consistent- with the
hypothesis that reduction of RhoA signaling via inhibition of
geranylgeranylation stimulates neuritogenesis.

HMG-CoA reductase inhibitors are either lipophilic or
hydrophilic compounds. Lipophilic statins, such as pravast-
atin, enter cells via an ATP-dependent anion transport system
(Nezasa et al. 2003). Pravastatin was not previously thought
to cross the blood-brain barrier, even although pravastatin
use is associated with a reduced risk of AD (Wolozin ef al.
2000; Rockwood et al. 2002). However, it was recently
demonstrated in mice that oral pravastatin treatment results in
measurable pravastatin levels in the brain (Johnson-Anuna
et al. 2005). It will therefore be important to investigate the
effects of pravastatin and other lipophilic statins on neuritic
growth in vivo, because, as our data suggest, pravastatin
may be useful for preventing the neuritic dystrophy caused
by AD.

Acknowledgements

We thank Bing Li, Emily Hueske, Dr Serkan Oray, and Dr Jill
Crittenden for their advice. This work was supported by the National
Institutes of Health (Grant MH-28783), Center for Brain Sciences
and Metabolism Charitable Trust, and a grant from the American
Foundation for Aging Research (AMP).

References

Bi X., Baudry M., Liu J., Yao Y., Fu L., Brucher F. and Lynch G. (2004)
Inhibition of geranylgeranylation mediates the effects of 3-hyd-
roxy-3-methylglutaryl (HMG)-CoA reductase inhibitors on
microglia. J. Biol. Chem. 279, 48 238-48 245.

Brendza R, P, Bacskai B. J., Cirrito J. R. et al. (2005) Anti-Ap antibody
treatment promotes the rapid recovery of amyloid-associated neu-
ritic dystrophy in PDAPP transgenic mice. J. Clin. Invest. 115,
428433,

Bryan B., Kumar V., Stafford L. J., Cai Y., Wu G. and Liu M. (2004)
GEFT, a Rho family guanine nucleotide exchange factor, regulates

Journal Compilation @ 2006 International Society for Neurochemistry, J. Neurochem. (2006) 10.1111/j.1471-4159.2006.03763.x



8 A. M. Pooler ef al.

neurite outgrowth and dendritic spine formation. J. Biol. Chem.
279, 45 82445 832.

Casey P. J. and Seabra M. C. (1996) Protein prenyltransferases. J. Biol.
Chem. 271, 5289-5292.

Cordle A. and Landreth G. (2005) 3-Hydroxy-3-methylglutaryl-co-en-
zyme A reductase inhibitors attenuate [p-amyloid-induced
microglial inflammatory responses. J. Neurosci. 25, 299-307.

Dufouil C., Richard F., Fievet N., Dartigues J. F., Ritchie K., Tzourio C.,
Amouyel P. and Alperovitch A. (2005) APOE genotype, choles-
terol level, lipid-lowering treatment, and dementia: the Three-City
Study. Neurology 64, 1531-1538.

Eckert G. P, Wood W. G. and Muller W. E. (2005) Statins: drugs for
Alzheimer’s disease? J. Neural Transm. 112, 1057-1071.

Fan Q. W, Yu W,, Gong J. S., Zou K., Sawamura N., Senda T., Yan-
agisawa K. and Michikawa M. (2002) Cholesterol-dependent
modulation of dendrite outgrowth and microtubule stability in
cultured neurons. J. Neurochem. 80, 178-190.

Hamelin B. A. and Turgeon J. (1998) Hydrophilicity/lipophilicity:
relevance for the pharmacology and clinical effects of HMG-CoA
reductase inhibitors. Trends Pharmacol. Sci. 19, 26-37.

Johnson-Anuna L. N., Eckert G. P., Keller J. H., Igbavboa U., Franke C.,
Fechner T., Schubert-Zsilavecz M., Karas M., Muller W. E. and
Wood W. G. (2005) Chronic administration of statins alters mul-
tiple gene expression patterns in mouse cerebral cortex. J. Phar-
macol. Exp. Ther. 312, 786-793.

Kivipelto M., Solomon A. and Winblad B. (2005) Statin therapy in

Alzheimer’s disease. Lancet Neurol. 4, 521-522.

Kumano T., Mutoh T., Nakagawa H. and Kuriyama M. (2000) HMG-CoA
reductase inhibitor induces a transient activation of high-affinity
nerve growth factor receptor, trk, and morphological differentiation
with fatal outcome in PC12 cells. Brain Res. 859, 169-172.

Lee T., Winter C., Marticke S. S., Lee A. and Luo L. (2000) Essential
roles of Drosophila RhoA in the regulation of neuroblast prolif-
eration and dendritic but not axonal morphogenesis. Neuron 25,
307-316.

Li J. and Wurtman R. J. (1998) Nerve growth factor stimulates diacyl-
glycerol de novo synthesis and phosphatidylinositol hydrolysis in
pheochromocytoma cells. Brain Res. 803, 44-53.

Malgaroli A. and Tsien R. W. (1992) Glutamate-induced long-term
potentiation of the frequency of miniature synaptic currents in
cultured hippocampal neurons. Nature 357, 134-139.

Maltese W. A. and Sheridan K. M. (1985) Differentiation of neurobla-
stoma cells induced by an inhibitor of mevalonate synthesis:
relation of neurite outgrowth and acetylcholinesterase activity to
changes in cell proliferation and blocked isoprenoid synthesis.
J. Cell Physiol. 125, 540-558.

Mauch D. H., Nagler K., Schumacher S., Goritz C., Muller E. C., Otto
A. and Pfrieger F. W. (2001) CNS synaptogenesis promoted by
glia-derived cholesterol. Science 294, 1354-1357.

McKee A. C., Kosik K. S. and Kowall N. W. (1991) Neuritic pathology
and dementia in Alzheimer’s disease. Ann. Neurol. 30, 156-165.

Meske V., Albert F., Richter D., Schwarze J. and Ohm T. G. (2003)
Blockade of HMG-CoA reductase activity causes changes in
microtubule-stabilizing protein tau via suppression of geranylger-
anylpyrophosphate formation: implications for Alzheimer's dis-
ease. Eur J. Neurosci, 17, 93-102.

Nezasa K., Higaki K., Takeuchi M., Nakano M. and Koike M. (2003)
Uptake of rosuvastatin by isolated rat hepatocytes: comparison
with pravastatin. Xenobiotica 33, 379-388.

Noguchi Y., Nakamura S., Yasuda T., Kitagawa M., Kohn L. D., Saito Y.
and Hirai A. (1998) Newly synthesized RhoA, not Ras, is iso-
prenylated and translocated to membranes coincident with pro-

© 2006 The Authors

gression of the Gl to S phase of growth-stimulated rat FRTL-5
cells. J. Biol. Chem. 273, 3649-3653.

Pedrini S., Carter T. L., Prendergast G., Petanceska S., Ehrlich M. E. and
Gandy S. (2005) Modulation of statin-activated shedding of Alz-
heimer APP ectodomain by ROCK. PLoS Med. 2, el8.

Pooler A. M., Guez D. H., Benedictus R. and Wurtman R. J. (2005)
Uridine enhances neurite outgrowth in NGF-differentiated PC12
cells. Neuroscience 134, 207-214.

Rando R. R. (1996) Chemical biology of protein isoprenylation/methy-
lation. Biochim. Biophys. Acta 1300, 5-16.

Rockwood K., Kirkland S., Hogan D. B., MacKnight C., Merry H.,
Verreault R., Wolfson C. and McDowell I. (2002) Use of lipid-
lowering agents, indication bias, and the risk of dementia in
community-dwelling elderly people. Arch. Neuwrol. 59, 223-227.

Sato-Suzuki I. and Murota S. (1996) Simvastatin inhibits the division
and induces neurite-like outgrowth in PC12 cells. Neurosci. Lett.
220, 21-24,

Schulz J. G., Bosel J., Stoeckel M., Megow D., Dimagl U. and Endres
M. (2004) HMG-CoA reductase inhibition causes neurite loss by
interfering with geranylgeranylpyrophosphate synthesis. J. Neur-
ochem. 89, 24-32.

Scott E. K. and Luo L. (2001) How do dendrites take their shape? Nat.
Neurosci. 4, 359-365.

Sebok A., Nusser N., Debreceni B., Guo Z., Santos M. F., Szeberenyi J.
and Tigyi G. (1999) Different roles for RhoA during neurite ini-
tiation, elongation, and regeneration in PC12 cells. J. Neurochem.
73, 949-960.

Stamatakis K., Cernuda-Morollon E., Hernandez-Perera O. and Perez-
Sala D. (2002) Isoprenylation of RhoB is necessary for its degra-
dation. A novel determinant in the complex regulation of RhoB
expression by the mevalonate pathway. J Biol. Chem. 277,
49 38949 396.

Takai Y., Sasaki T. and Matozaki T. (2001) Small GTP-binding proteins.
Physiol. Rev. 81, 153-208.

Tanaka T., Tatsuno I, Uchida D. et al. (2000) Geranylgeranyl-pyro-
phosphate, an isoprenoid of mevalonate cascade, is a critical
compound for rat primary cultured cortical neurons to protect the
cell death induced by 3-hydroxy-3-methylglutaryl-CoA reductase
inhibition. J. Meurosci. 20, 2852-2859.

Tohda C., Matsumoto N., Zou K., Meselhy M. R. and Komatsu K. (2004)
AP(25-35)-induced memory impairment, axonal atrophy, and syn-
aptic loss are ameliorated by M1, a metabolite of protopanaxadiol-
type saponins. Neuropsychopharmacology 29, 860-868.

Wolozin B. (2004) Cholesterol and the biology of Alzheimer’s disease.
Neuron 41, 7-10.

Wolozin B., Kellman W., Ruosseau P, Celesia G. G. and Siegel G.
(2000) Decreased prevalence of Alzheimer disease associated with
3-hydroxy-3-methyglutaryl co-enzyme A reductase inhibitors.
Arch. Neurol. 57, 1439-1443.

Wood W., Eckert G. P., Igbavboa U. and Muller W. E. (2003) Amyloid
B-protein interactions with membranes and cholesterol: causes or
casualties of Alzheimer’s disease. Biochim. Biophys. Acta 1610,
281-290.

Young-Xu Y., Chan K. A., Liao J. K., Ravid S. and Blatt C. M. (2003)
Long-term statin use and psychological well-being. J. Am. Coll.
Cardiol. 42, 690-697.

Zamrini E., McGwin G. and Roseman J. M. (2004) Association between
statin use and Alzheimer’s disease. Neuroepidemiology 23, 94-98.

Zhang F. L. and Casey P. J. (1996) Protein prenylation: molecular
mechanisms and functional consequences. Annu. Rev. Biochem. 65,
241-269.

Journal Compilation © 2006 International Society for Neurochemistry, J. Newrochem. (2006) 10.1111/].1471-4159.2006.03763.x



