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1 This study aims to investigate whether or not long-term statin treatment causes upregulation of D1

and D2 receptor gene expression with concomitant increase in endothelial nitric oxide synthase (eNOS)
expression in Sprague–Dawley rats.

2 Serum triglyceride levels were dose dependently reduced in the simvastatin-treated rats reaching
statistical significance at the highest dose (49% reduction), while pravastatin caused similar effects
(52%) at the same dose. Cholesterol levels remained unchanged in both groups at all doses.

3 Simvastatin, 10 or 30mg kg�1 day�1, increased D1 and D2 receptor expressions in the prefrontal
cortex. Similar upregulation was observed neither with simvastatin in the striatum nor with
pravastatin in both brain regions.

4 Simvastatin (10mgkg�1 day�1) also increased eNOS expression in the prefrontal cortex but not
neuronal NOS or inducible NOS.

5 D1 receptor activation by chloro-APB (5 mM) increased cAMP levels in synaptosomes prepared
from the prefrontal cortex of control and simvastatin-treated rats by 88 and 285%, respectively. This
effect was markedly attenuated by the selective D1 antagonist SCH-23390 (25 mM).

6 D2 receptor activation by quinpirole (5 mM) had no effect on the basal cAMP levels in
synaptosomes prepared from the prefrontal cortex of control and simvastatin-treated rats, while the
same concentration of quinpirole completely abolished the D1 receptor-mediated increase.

7 These results suggest that lipophilic statins can alter dopaminergic functions in the prefrontal
cortex possibly via a central mechanism. The possibility of a nitric oxide mechanism involving eNOS
requires further investigation.
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Introduction

Statins reduce serum low-density lipoprotein (LDL) cholester-
ol by inhibiting the rate-limiting enzyme, hydroxymethylglu-
taryl-coenzyme reductase, in cholesterol synthesis. These drugs

are now widely used clinically for the prevention of ather-
omatous disease. Meta-analyses of data from major clinical
trials have shown that the risk of ischaemic heart disease

events is reduced by 60% and stroke by 17% (Law et al.,
2003). The statins are also being recognised to have potential
application in peripheral arterial disease, end-stage renal

disease, diabetes mellitus, and Alzheimer’s disease (AD)
(McKenney, 2003; Vega et al., 2003). In animal studies, statins
also appear to be beneficial in traumatic brain injury (Lu et al.,
2004) and neuroinflammation (Adamson & Greenwood,

2003). Despite growing evidence for a role of statins in CNS
diseases such as stroke and AD, there is relatively little
knowledge of their effects in the brain.

Current evidence indicates that statins may provide neuro-
protection against ischaemic damage through endothelial
nitric oxide synthase (eNOS)-dependent mechanisms (Endres

et al., 2004). Statins can increase the production of NO directly
by increasing eNOS activity or indirectly by decreasing factors
such as oxidised LDL, oxidised LDL receptor 1, and Rho,

which negatively regulate eNOS expression (see Laufs, 2003
for a review). In the kidney, the natriuretic and diuretic
responses mediated by D1 receptors were attenuated by the
NOS inhibitor NG-nitro-L-arginine (L-NAME) in anaesthe-

tised rats (Venkatakrishnan et al., 2000), while D2 receptor
blockade potentiated the renal effects of L-NAME in humans
(Montanari et al., 1998). It has also been reported that
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chemical hypoxia increased dopamine D1A receptor mRNA
expression in renal epithelial cells (LLC-PK1 cell line), which is

also blocked by L-NAME, indicating that the expression of
this dopamine receptor is positively regulated by the NO
system (Healy et al., 2000). In the brain, NO mediates release

of dopamine (Hirsch et al., 1993; Dominguez et al., 2004). It
has also been reported that NO is involved in the nicotine-
induced burst firing of dopaminergic neurons in the ventral

tegmental area of the rat brain (Schilstrom et al., 2004), and
that these dopaminergic cells also express NOS (Klejbor et al.,
2004). Therefore, it is interesting to investigate any possible
effects of statins on the central dopaminergic system.

Specifically, we studied as the first step whether or not long-
term statin treatment causes upregulation of D1 and D2

receptor gene expression with concomitant increase in eNOS

expression in Sprague–Dawley rats.

Methods

Animals and statin pretreatment

Male Sprague–Dawley rats (280–300 g) were obtained from the
University Laboratory Animal Centre and housed four or five
per cage with food and water available ad libitum under

natural light-dark cycle (approx. 12–12 h). All experiments
were carried out in accordance with the guidelines set by the
National University of Singapore (adapted from Howard-

Jones, 1985). Either simvastatin (1, 10, or 30mg kg�1 day�1)
(Ranbaxy Laboratories, Dewas, India) or pravastatin
(30mg kg�1 day�1) (Bristol-Myers Squibb, Noble Park, Aus-

tralia) suspended in 1.5ml saline was administered by gavage
daily for a period of 4 weeks. Control rats received only saline.

Serum cholesterol and triglyceride

At the end of the 4-week treatment period, blood samples were
collected for the determination of fasting (10–12 h) serum
cholesterol and triglyceride levels. Triglyceride and cholesterol

assay kits were obtained from ThermoTrace (Noble Park,
Australia).

Reverse transcriptase–polymerase chain reaction
(RT–PCR)

Rats were killed with CO2 and the prefrontal cortices and
striata were removed on ice. Tissues were homogenised in ice-
cold Trizol reagent (1 : 10 (w : v)) using a Polytron homo-

geniser. RT–PCR was carried out using a standard protocol.
Extracted RNA (5 mg) was incubated with reverse transcriptase
to synthesise single-stranded cDNA using oligo-dT primers

(GIBCO-BRL, Life Technologies, Rockville, MD, U.S.A.).
PCR was carried out in a total volume of 100 ml containing
20mM Tris–HCl, 50mM KCl, 1.25mM MgCl2, 0.2mM dNTPs,

0.2mM of each primer, and 2.5U of Taq DNA polymerase
(GIBCO-BRL Life Technologies, Rockville, MD, U.S.A.).
The expression of b-actin mRNA was used as an internal

standard. Primer sequences are: D1 sense 50-GATTCCATCA
CCTTCGATGTG-30; D1 antisense 5

0-GGTGTCATAGTCCA
ATATGACCG-30 (359 bp); D2 sense 50-CCCTCCTCATCTT
TATCATCG-30; D2 antisense 50-GGTCTGTATTGTTGAG

TCCGAA-30 (410 bp) (Reuss & Unsicker, 2001); eNOS sense

50-TGCACCCTTCCGGGGATTCT-30; eNOS antisense 50-GG
ATCCCTGGAAAAGGCGGT-30 (189 bp) (De Gennaro

Colonna et al., 2002); nNOS sense 50-GGCACTGGCATCGC
ACCCTT-30; nNOS antisense 50-CTTTGGCCTGTCCGGTT
CCC-30 (213 bp); iNOS sense 50-AGCATCACCCCTGTGTT

CCACCC-30; iNOS antisense 50-TGGGGCAGTCTCCATT
GCCA-30 (388 bp) (Wu et al., 1999); and b-actin sense 50-ATC
TGGCACCACACCTTCTACAATGAGCTGCG-30; b-actin
antisense 50-CGTCATACTCCTGCTTGCTGATCCACATC
TGC-30 (870 bp) (Loo et al., 2002). PCR denaturing, anneal-
ing, and extension reactions proceeded, respectively, at 941C
for 1min, 601C for 1min, and 721C for 1min (b-actin 30

cycles); 941C for 30 s, 601C for 30 s, and 721C for 1min (D1 35
cycles); 941C for 30 s, 591C for 30 s, and 721C for 45 s (D2 35
cycles); 951C for 30 s, 621C for 30 s, and 721C for 30 s (eNOS

35 cycles); 941C for 1min, 661C for 1min, and 721C for 1min
(nNOS 35 cycles); or 941C for 1min, 641C for 1min, and 721C
for 1min (iNOS 35 cycles). The PCR amplifications were

linear. PCR product bands were analysed and quantified by
the Viber Lourmat Imaging system and expressed as band
intensity relative to the b-actin band.

Western blot analysis

Brain tissue was homogenised in a buffer (1 : 20 (w : v))

containing 0.32M sucrose, 10mM Tris–HCl (pH 7.4), 2mM

EDTA, and 10ml ml�1 Protease-Arrest (protease inhibitor,
Genotech, St Louis, MI, U.S.A.). The homogenate was

centrifuged at 900� g for 10min, and the resultant super-
natant was centrifuged at 100,000� g for 1 h. The final pellet
was resuspended in buffer containing 50mM Tris–HCl, 10mM

EDTA, 100mM NaCl, and 8mM MgCl2 (pH 7.4) (0.2 g
original tissue in 0.5ml), and then mixed with an equal volume
of a 2� loading buffer containing 125mM Tris–HCl, 20%

(w : v) glycerol, 4% (w : v) SDS, 0.02% (w : v) bromophenol
blue and 4% (w : v) b-mercaptoethanol. Membrane proteins
were denatured at 951C for 3min, and then separated using
10% discontinuous SDS–polyacryamide gel electrophoresis

(PAGE) (150mg protein/lane). The resolved membrane pro-
teins were transferred onto a 0.2-mm Hybond-P nitrocellulose
sheet by semidry electroblotting for 1 h, and then soaked

overnight at 41C in 4% goat serum or evaporated goat milk for
dopamine receptors; or 5% (w : v) nonfat dry milk in Tris-
buffered saline containing Tween-20 (TBS-T; 10mM Tris–HCl

(pH 7.2), 250mM NaCl, 0.05% (w : v) Tween-20) for eNOS
and b-actin. The membranes were incubated at room
temperature for 1 h with a primary antibody (rabbit anti-rat
D1 or D2 receptor polyclonal antibody (Calbiochem, San

Diego, CA, U.S.A.), 1 : 5000 dilution; rabbit anti-rat
eNOS polyclonal antibody (Santa Cruz Biotechnology,
Santa Cruz, CA, U.S.A.), 1 : 800; mouse anti-rat b-actin
monoclonal antibody (Santa Cruz Biotechnology, Santa Cruz,
CA, U.S.A.), 1 : 5000 in TBS-T, washed, and then
incubated for 1 h with an appropriate secondary antibody,

1 : 5000 dilution; biotinylated anti-rabbit for D1 or D2

receptor, goat anti-rabbit for eNOS and goat anti-mouse
for b-actin (Amersham Biosciences, Little Chalfont, U.K.).

For D1 or D2 receptor only, this was followed by reacting
with peroxidase-conjugated streptavidin at room tempera-
ture for 1 h. Protein bands were visualised by chemilu-
minescence (ECL Western Blotting kit, Amersham), analysed

by Scan-gel-it software (Syngene, Cambridge, U.K.), and
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expressed as band intensity relative to the b-actin (the internal
standard) band.

Determination of cAMP in rat synaptosomal preparation

Prefrontal cortices were homogenised in ice-cold 0.32M.
sucrose (10% (w : v)) using a Teflon-glass homogeniser
with 0.25mm clearance. The homogenate was centrifuged
at 1000� g for 15min and the supernatant was centri-

fuged at 20,000� g for 20min. The resultant P2 pellet was
resuspended in the same initial volume of sucrose solution.
This synaptosomal preparation was kept at 2–41C until use

within 2 h.
Synaptosomal preparation (0.1ml) was added to phosphate-

buffered Krebs medium containing NaCl (128mM), Na2HPO4

(10), KCl (4.7), CaCl2 (2.5), MgSO4 (1.2), D-glucose (11),
ascorbic acid (1.1), and Na2EDTA (0.16) at pH 7.0, aerated
with 95% O2 and 5% CO2 for 1 h. R(þ )-7-chloro-8-hydroxy-

3-methyl-1-phenyl-2,3,4,5-tetrahydro-1H-3-benzazepine hydro-
chloride (SCH-23390, 25mM) was also added if appropriate.
The mixture was warmed at 371C for 10min. Agonist drugs,
6-chloro-7,8-dihydroxy-3-allyl-1-phenyl-2,3,4,5-tetrahydro-1H-

3-benzazepine hydrobromide (chloro-APB), quinpirole
hydrochloride, or both at 5 mM each were then added and
incubation continued for another 25min. The final incubation

volume was 1ml. All drugs and chemicals were of analytical
grade and obtained from Sigma-Aldrich (St Louis, MI,
U.S.A.).

After incubation, tissue was recovered by centrifugation
(20,000� g for 20min, 41C) and resuspended in water to
give a protein concentration of 0.25–0.35mgml�1. cAMP
was measured using a direct enzyme immunoassay kit (Sigma-

Aldrich, St Louis, MI, U.S.A.).

Protein measurement

Protein contents of samples used in Western blot and cAMP
determination were determined using a protein assay kit

(Bio-Rad Laboratories, Hercules, CA, U.S.A.).

Statistical analysis

All statistical procedures including independent sample t-test,
one-, and two-way analysis of variance (ANOVA) (General
Linear Model multivariate analysis) were performed by SPSS

for Windows v12.

Results

Effects on serum cholesterol and triglyceride

Data presented in Table 1 show that simvastatin treatment
dose dependently reduced serum triglyceride levels by 19, 29,
and 49% in rats treated with 1, 10 or 30mg kg�1 day�1,

respectively, reaching statistical significance at the highest
dose. Similarly, pravastatin (30mg kg�1 day�1) reduced serum
triglyceride levels by 52% when compared to the saline-
treated control. Serum cholesterol levels, however, remained

unchanged.

Upregulation of dopamine receptor expression

Simvastatin treatment at 10 or 30mgkg�1 day�1 increased the
mRNA expression of both D1 and D2 receptors in the
prefrontal cortex increased by 1.8- and 2.4-fold, respectively,

while a low dose of 1mgkg�1 day�1 was without effect
(Figure 1). In contrast, pravastatin, at 30mgkg�1 day�1, failed
to give similar effects (Figure 2). Both statins were

Table 1 Serum triglyceride and cholesterol levels in
rats after a 4-week treatment period with simvastatin
(sim) or pravastatin (pra)

Triglyceride
(mg dl�1)

Cholesterol
(mgdl�1)

Saline treated 6374 6973
Sim treated (1mgkg�1 day�1) 51714 6776
Sim treated (10mgkg�1 day�1) 4579 8272
Sim treated (30mgkg�1 day�1) 3275* 6671
Pra treated (30mgkg�1 day�1) 3074* 7274

Statistics were performed by general linear model multivariate
analysis: triglyceride F(4,31)¼ 5.259, Po0.005; cholesterol
F(4,31)¼ 1.523, P40.2, n¼ 5–17 per group, total n¼ 37.
*Significantly different from the saline-treated group,
Po0.02, by post hoc analysis with Bonferroni correction.
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Figure 1 Expression of mRNA of D1 and D2 receptors in the
prefrontal cortex of saline- and simvastatin-treated rats. RT–PCR
showed that simvastatin (sim, 10 or 30mgkg�1 day�1) increased D1

and D2 receptor mRNA expression by about 1.8- and 2.4-fold,
respectively, in the prefrontal cortex when compared to the saline-
treated control (C) group. No changes were observed with sim
treatment at 1mgkg�1 day�1. Graphs showed band intensity relative
to the corresponding b-actin band. Error bars represent s.e.m., n¼ 6
per group. One-way ANOVA: F(3,16)¼ 85.607, Po0.001 for D1

and F(3,16)¼ 30.793, Po0.001 for D2. ***Po0.001 by post hoc
analysis with Bonferroni correction. Top panel shows typical bands
of b-actin, D1 and D2 receptors in the same order (left to right) as
presented in the graph.
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without effect in the striatum (Figure 2). The upregulation
of D1 and D2 receptors was further confirmed at the
protein level, demonstrating a 1.3- and 1.5-fold increase,

respectively, in the prefrontal cortex after simvastatin treat-
ment (30mg kg�1 day�1, Figure 3). Similar results were
obtained also with 10mg kg�1 day�1 (data not shown).

Upregulation of eNOS expression

Since maximum upregulation of dopamine receptors was
observed at 10mg kg�1 day�1 dose of simvastatin treatment,
this dose was used for the determination of eNOS expression.

It was found that mRNA expression of eNOS increased by
2.1-fold, in the prefrontal cortex, but neither nNOS nor iNOS
was affected by the simvastatin treatment (Figure 4). The

upregulation of eNOS was confirmed at the protein levels (1.8-
fold, Figure 5). No changes in eNOS expression were observed
in the striatum and pravastatin (30mg kg�1 day�1) also had no
effects in either brain regions (data not shown).

Effects of dopamine agonists on synaptosomal cAMP
levels

Figure 6 shows that D2 receptor activation by quinpirole
(5 mM) did not significantly alter the synaptosomal cAMP

levels. In contrast, D1 receptor activation by chloro-APB

(5 mM) significantly increased cAMP levels by 88% in
synaptosomes from control rats and 285% in synaptosomes

from simvastatin-treated rats. These increases are markedly
attenuated by the D1 antagonist SCH23390 (25 mM). More-
over, the chloro-APB-induced increases were completely
abolished by quinpirole (5 mM).

Discussion

Both simvastatin and pravastatin, at 30mgkg�1 day�1 dose,
significantly decreased serum triglyceride level by 50% in rats

after 4 weeks of treatment, while serum cholesterol levels
remained unchanged. Both statins thus produced a significant
alteration in the lipid metabolism at the highest dose used.

These results are consistent with previous reports (Schoonjans
et al., 1999; Roglans et al., 2002), for example, Schoonjans
et al. reported that an extremely high dose of simvastatin
(120mg kg�1 day�1) for 4 days reduced triglyceride by 43%

without affecting the total cholesterol in the serum.
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Figure 2 Expression of mRNA of D1 and D2 receptors in the
prefrontal cortex and striatum of saline-, simvastatin- and pravas-
tatin-treated rats. RT–PCR showed that simvastatin (sim,
30mgkg�1 day�1), but not pravastatin (pra, 30mgkg�1 day�1),
increased D1 and D2 receptor mRNA expression by 1.6- and 2.2-
fold, respectively, in the prefrontal cortex when compared to the
saline-treated control (C) group. No changes were observed
in the striatum. Graphs showed band intensity relative to the
corresponding b-actin band. Error bars represent s.e.m., n¼ 6 per
group. One-way ANOVA: F(2,27)¼ 6.641, Po0.005 for D1 and
F(2,15)¼ 21.460, Po0.001 for D2 in the prefrontal cortex.
**Po0.01 by post hoc analysis with Bonferroni correction. Top
panel shows typical bands of b-actin, D1 and D2 receptors in the
same order (left to right) as presented in the graph.
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Figure 3 Expression of D1 and D2 receptor proteins in the
prefrontal cortex of saline- and simvastatin-treated rats. Simvastatin
(30mgkg�1 day�1) increased D1 and D2 receptor expression by 1.3-
and 1.5-fold, respectively, in the prefrontal cortex when compared to
the saline-treated control group. Graphs showed band intensity
relative to the corresponding b-actin band. Error bars represent
s.e.m. Top panel shows typical bands of b-actin, D1 and D2

receptors. *Po0.05 by independent sample t-test: t¼ 2.524 for D1

and 2.984 for D2, n¼ 6 per group.
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Upregulation of eNOS expression in vascular tissues by statins
has been reported in several species (Kano et al., 1999; Mital

et al., 2000; Yamada et al., 2000; Wassmann et al., 2001). To the
best of our knowledge, only Endres et al. (1998) demonstrated
simultaneous upregulation of eNOS in the aorta and brain

(cerebral hemisphere) of 129/SV mice treated for 14 days with
simvastatin (20mgkg�1 day�1). Our present data extended this
finding by showing upregulation of eNOS expression in the rat

brain and regional differences between the prefrontal cortex and
striatum. Endres et al. further demonstrated that the neuropro-
tective effects of simvastatin against focal cerebral ischaemia
observed in these mice were completely absent in eNOS-

knockout mice, indicating that increased eNOS activity is the
underlying mechanism of the neuroprotection. Our observation
that nNOS and iNOS were not upregulated together with eNOS

is consistent with this conclusion.
In contrast to simvastatin, pravastatin did not increase the

expression of eNOS, as well as the dopamine receptors. We

attribute this to the hydrophilicity of pravastatin, which is thus
unable to cross the blood–brain barrier readily. The lipophi-
licity, expressed as log D at pH 7.4, for simvastatin and
pravastatin are 1.6 and �0.84, respectively (McTaggart et al.,

2001). Consistently, Botti et al. (1991) reported that pravas-
tatin was undetectable in the CSF of healthy human subjects
when their serum drug concentration was 440 ngml�1. On the

contrary, the CSF concentration of lovastatin, a lipophilic
statin similar to simvastatin, was found to be about 11% of
that in the serum (1.3 vs 11.5 ngml�1). This, together with the

fact that pravastatin treatment altered serum triglyceride levels

to the same extent as simvastatin treatment, strongly indicated

that the lack of effects of pravastatin on the expression of
eNOS and dopaminergic receptors in the prefrontal cortex is
due to its absence (or presence in insufficient concentration) in

the brain. Thus, simvastatin is acting through a central
mechanism to cause the observed upregulation of eNOS and
both D1 and D2 receptors.

Rosuvastatin (up to 20mg kg�1 day�1) was also reported to
provide neuroprotection similar to those of simvastatin and
atorvastatin while upregulating eNOS in mice (Laufs et al.,
2002). However, in this study, upregulation of eNOS in the

brain was presumed based on the upregulation of eNOS in the
aorta. Since rosuvastatin has low lipophilicity (log D at pH 7.4
is �0.33, McTaggart et al., 2001), it is uncertain whether eNOS

was indeed upegulated in the brain by rosuvastatin in view of
our present finding with pravastatin.
Concomitant to the increased eNOS expression, we have

observed upregulation of D1 and D2 receptor expression in
the prefrontal cortex. It has been reported that inhibition
of NO synthesis by L-NAME reduced significantly
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Figure 4 Expression of mRNA of eNOS, nNOS and iNOS in the
prefrontal cortex of saline- and simvastatin-treated rats. RT–PCR
showed that simvastatin (sim, 10mgkg�1 day�1) increased eNOS
mRNA expression by 2.2-fold in the prefrontal cortex when
compared to the saline-treated control (C) group. No changes in
expression were observed for nNOS and iNOS. Graphs showed
band intensity relative to the corresponding b-actin band. Error bars
represent s.e.m. Top panel shows typical bands of b-actin, eNOS,
nNOS and iNOS as indicated. ***Po0.001 by independent sample
t-test: t¼ 4.460 for eNOS, n¼ 7 per group.

R
e
la

ti
v
e
 i
n
te

n
s
it
y

0

0.03

0.06

0.09

0.12

0.15

β-actin

eNOS

C sim

***

Figure 5 Expression of eNOS protein in the prefrontal cortex of
saline- and simvastatin-treated rats. Simvastatin (10mgkg�1 day�1)
increased eNOS protein expression by 1.8-fold in the prefrontal
cortex when compared to the saline-treated control group. Graphs
showed band intensity relative to the corresponding b-actin band.
Error bars represent s.e.m. Top panel shows typical bands of b-actin
and eNOS. ***Po0.001 by independent sample t-test: t¼ 19.694,
n¼ 6 per group.
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haloperidol-induced supersensitivity resulting from dopamine

(D2) receptor upregulation (Pudiak & Bozarth, 1997). Simi-
larly, rats chronically treated with haloperidol showed elevated
nNOS expression (Lau et al., 2003). Chemical hypoxia-induced

increase in D1A receptor mRNA expression in renal epithelial
cells was also blocked by L-NAME (Healy et al., 2000). It is
therefore tempting to speculate that the upregulation of D1

and D2 receptors is secondary to that of eNOS in the
prefrontal cortex after simvastatin treatment. However, pre-
sent data do not provide any evidence for a cause-effect

relationship between eNOS and dopamine receptor upregula-
tion. Work is in progress in our laboratory using eNOS
knockout mice to provide firm evidence for a possible
crosstalk between the NO and dopaminergic systems in this

brain region.

Dopamine receptor function was studied by measuring
cAMP levels in synaptosomes since D1 and D2 receptors are

linked positively and negatively, respectively, to adenylyl
cyclase. The basal level of cAMP in the synaptosomal
preparation was found to be about 20 pmolmg�1 protein,

consistent with previously reported values (Heuschneider
& Schwartz, 1989). The observation that activation of D2

receptors by quinpirole did not cause any significant reduction

in cAMP levels indicates a very slow cAMP turnover rate in
the synaptosomal preparations. On the other hand, activation
of D1 receptors raised cAMP levels by 88% in synaptosomes
prepared from untreated control rats. In synaptosomes

prepared from simvastatin-treated rats, D1 receptor activation
caused a markedly enhanced effect (a 285% increase). Thus,
the observed 1.3-fold increase by simvastatin in D1 receptor

protein expression (Figure 3) was translated to a 2.6-fold
increase in function based on the chloro-APB-induced increase
in cAMP levels. Chloro-APB-mediated increase in cAMP

levels was markedly attenuated by SCH-23390 at five times the
concentration of the agonist, further confirming the involve-
ment of D1 receptors. Moreover, D2 receptor function was

demonstrated by the complete abolition of the D1-mediated
increase in cAMP. It is interesting to note that simultaneous
activation of D1 and D2 receptors in these synaptosomes
prepared from both control and simvastatin-treated rat

prefrontal cortex resulted in a zero net change in cAMP levels.
However, this may not reflect the in vivo situation given the
differential potency of dopamine at the D1 and D2 receptors

and differential distribution of these receptors in pre- and
postsynaptic locations.
The dopamine-mediated mesocorticolimbic pathways are

linked to the brain reward and reinforcing circuits, and thus
relevant to drug abuse and addiction (Bonci et al., 2003).
Dopaminergic abnormality is also associated with the patho-
genesis of schizophrenia (Harrison, 2000). However, it should

be noted that significant adverse events relating to the CNS
has not been reported after long-term use of statins in humans
(Pedersen et al., 1996). Thus, it appears probable that

upregulation of dopamine receptors requires exposure to
higher dosages than those currently used clinically.

This work was supported by a grant (R-184-000-039-112) from the
National University of Singapore. We are grateful to P.H. Wang and
Y.Z. Zhu for their excellent technical advice.
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