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y have a role in the pathophysiology of depression. Lowering cholesterol levels
with statins reduces risks for cardiovascular events, and there is clinical evidence that statins exert
neuroprotective properties not fully explained by their effects on serum cholesterol levels. Altered
cholesterol levels can affect serotonergic neurotransmission, which might be involved in the clinical efficacy
of standard antidepressants.
Methods: We examined interactions between a statin (lovastatin) and a selective serotonin reuptake inhibitor
(fluoxetine) using the forced swim test (FST) in rats, a behavioral assay that identifies treatments with
antidepressant effects in humans. Specifically, we determined if the addition of lovastatin to the diet would
increase the efficacy of a subeffective dose of fluoxetine.
Results: Rats maintained on a lovastatin-enriched diet for 30 days were more sensitive to the antidepressant-
like effects of a low (subthreshold) dose of fluoxetine. The behavior of rats treated with this combination
resembled that normally seen with higher doses of fluoxetine. No effects were observed in rats maintained
on a lovastatin-enriched diet for 3 days.
Conclusions: Lovastatin can augment the antidepressant-like effects of a low dose of fluoxetine in rats, raising
the possibility that statins could be used to facilitate the effects of antidepressants in humans.

Published by Elsevier Inc.
Cholesterol is an important determinant of the structure and
function of cell membranes, and plays an integral role in many neural
functions that contribute to mood state and response to antidepres-
sants (Papakostas et al., 2003a; Pucadyil and Chattopadhyay, 2006).
These functions include monoaminergic signal transduction, energy
metabolism and neuronal growth (Goldstein and Brown, 2001;
Maxfield and Tabas, 2005). Although the major source of central
nervous system (CNS) cholesterol is de novo synthesis within neurons,
accumulating evidence suggests that increased transfer of circulating
plasma cholesterol to the brain may be related to the onset of
neurodegeneration (Dietschy and Turley, 2001). Hypercholesterole-
mia is thus suggested to partly mediate age-related brain changes
(Yehuda et al., 2002). In this context, cholesterol-lowering drugs,
which block systemic cholesterol synthesis, may be a potential treat-
ment option for a range of neurological disorders (Cucchiara and
Kasner, 2001; Jick et al., 2000; Rajanikant et al., 2007).
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Likewise, a possible link between cholesterol and depression has
been suggested in both clinical and preclinical studies. The recently
proposed entity of ‘vascular depression’ provides indirect support for
hypercholesterolemia as a risk factor in the pathophysiology of
depression (Alexopoulos et al., 1997; Thomas et al., 2004). Cardiovas-
cular risk factors, including hypercholesterolemia, have also been
related to poor treatment outcomes as well as levels of symptom
severity in depression (Alexopoulos et al., 1997; Iosifescu et al., 2005;
Thomas et al., 2004).

Concerns about a possible relationship between cholesterol-lowering
therapy and suicide/aggressive behaviors have existed since the 1990s
(Engelberg, 1992; Papakostas et al., 2004b). Decreased function of the
brain5-HTsystem, causedby lowbrain cholesterol-induced alterations in
membrane fluidity, has been proposed as a plausible mechanism for
relating low cholesterol levels to suicide (Engelberg, 1992; Papakostas
et al., 2004b). However, recent large-scale controlled and population-
based studies have suggested a positive role of statins or low cholesterol
levels on psychological well-being, including a reduced risk for de-
pression (Brown et al., 1994; Downs et al., 1993; Freedman et al., 1995;
Wardle et al., 1996; Yang et al., 2003; Young-Xu et al., 2003). Recent
clinical trials that have examined the relationship between elevated
serum cholesterol levels and antidepressant non-response (Papakostas
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et al., 2004a, 2003b; Sonawalla et al., 2002) also support the potential
benefit of reducing cholesterol levels for improved clinical outcomes.
Treatment resistance to antidepressants in persons with hypercholester-
olemia may be ascribed to a decrease in sensitivity of the 5-HT receptors
and/or transporters of the central nervous system (Cohen et al., 1988;
Lamping et al., 1999; Shimokawa and Vanhoutte, 1989; Smith, 1997;
Stroes et al., 1997).

Considering the high rate of partial or non-response to antidepres-
sants such as serotonin selective reuptake inhibitors (SSRI) (Fava and
Davidson, 1996), frequently used first-line agents for the treatment of
depression, cholesterol-lowering drugs as adjuncts to SSRIs may
facilitate serotonergic function and thereby improve treatment out-
comes (Cucchiara and Kasner, 2001). Statins are the most widely used
cholesterol-lowering agents, acting as inhibitors of 3-hydroxy 3-
methylglutaryl coenzymeA reductase, which catalyzes the rate-limiting
step in cholesterol biosynthesis (Armitage, 2007). In addition to their
effects on serum cholesterol levels, statins also appear to affect brain
cellular mechanisms of lipid and non-lipid systems in a variety of ways
and have been shown to improve endothelial function, decrease
inflammatory response, maintain plaque stability, and prevent throm-
bus formation (Cucchiara and Kasner, 2001). To examine the potential
role of cholesterol lowering therapy in modulating the response to SSRI
treatment of major depressive disorder (MDD), we utilized the Forced
Swim Test (FST) to study the behavior of rats treated with subther-
apeutic doses of fluoxetine, with or without lovastatin. The FST is well
known for its ability to identify in rat treatments with antidepressant
efficacy in humans (Willner,1984). Lovastatin is lipophilic, facilitating its
ability to penetrate the blood-brain barrier efficiently and influence
brain levels of cholesterol (Tsuji et al., 1993). We hypothesized that
lovastatin augmentation of a sub-effective dose of fluoxetine would
reduce depressive-like behaviors in the FST, which would indicate that
lovastatin can increase the efficacy of fluoxetine and produce behavior
similar to that produced when rodents are treated with standard doses
of antidepressant drugs prior to the FST.

1. Materials and methods

1.1. Animals

Sixty-two male Sprague–Dawley rats (Charles River Laboratories,
Boston MA) were used in these studies. The rats were housed in groups
of 3–4 and weighed 330–370 g at the time of behavioral testing. Rats
weremaintained on a12h light (0700–1900h)–12hdark cyclewith free
access to food and water except during testing. Experiments were
conducted in accordance with the 1996 Guide for the Care and Use of
Laboratory Animals (NIH) and McLean Hospital policies.

1.2. Drugs

Fluoxetine HCl (FLX) was obtained from Sigma (St. Louis MO) and
administered in a distilled water vehicle (VEH) at a volume of 1 cc/kg.
Lovastatin (Spectrum Chemicals, Gardena CA) was administered as a
dietary supplement in a laboratory chow at 0.01% w/w (Research Diets
Inc., New Brunswick NJ). Rats ate an average of 20 g of food each day,
regardless of whether they were assigned standard chow (STD) or
lovastatin-enriched chow (LOV); this amount of the LOV diet
contained a total of 2.0 mg lovastatin (dosage per day). This amount
of LOV is within a dose range known to safely reduce brain con-
centrations of cholesterol with chronic treatment (Vecka et al., 2004).
The diets were equivalent in overall fat, protein, carbohydrate and
caloric content.

1.3. Forced swim test (FST)

The FST studies were conducted as described previously (Carlezon
et al., 2005) with minor modifications. The FST is a two-day procedure
in which rats swim under conditions in which escape is not possible.
On the first day, rats are placed in clear, 65 cm tall–25 cm diameter
cylinders filled to 48 cmwith 25 °C water. The rats initially struggle to
escape from the water, but eventually they adopt a posture of
immobility in which they make only the movements necessary to
keep their heads above water. After 15 min of forced swimming, the
rats are removed from the water, dried with towels, and placed in a
warmed enclosure for 30 min. The cylinders are emptied and cleaned
between rats. When the rats are re-tested 24 h later under identical
conditions in 5 min sessions, immobility is increased. Treatment with
standard antidepressant drugs within the 24 hour period between the
first exposure to forced swimming and re-testing can attenuate
facilitated immobility, an effect correlated with antidepressant
efficacy in humans (Carlezon et al., 2002; Detke et al., 1995; Porsolt
et al., 1977a,b).

Rats tested with FLX (5 mg/kg) received 3 separate intraperitoneal
(IP) injections of drug (or VEH), at 1 h, 19 h, and 23 h after the first
exposure to forced swimming. This commonly used dosing regimen
identifies the antidepressant-like effects of many standard agents
(Carlezon et al., 2002, 2005; Detke et al., 1995; Porsolt et al., 1977a,b).
We chose 5 mg/kg FLX because this dose is sub-effective in the FST
(Carlezon et al., 2002, 2005), which would enable us to detect an
enhanced response in LOV-treated rats. Rats tested with LOV (or STD)
received the special diet for 3 or 30 days prior to the start of the swim
test, and received VEH or FLX injections (IP) at 1, 19, and 23 h after the
forced swim. Therewere 7–8 rats per treatment condition, and separate
rats were used for each treatment (3- or 30-day) regimen. We used this
duration of LOV treatmentbecause previousworkhas demonstratedour
ability to detect antidepressant effects of anomega-3 fattyacid-enriched
diet given for 30 but not 3 or 10 days (Carlezon et al., 2005).

Swim tests were videotaped from the side of the cylinders, and
later scored by raters unaware of the treatment conditions. Behavior
during the re-test (day 2) of the FST was rated at 5 second intervals
throughout the duration of the forced swimming session. At each
5 second interval, the predominant behavior was assigned to one of 3
categories: immobility, swimming, or climbing (Detke et al., 1995). A
rat was judged to be immobile if it was making only movements
necessary to keep its head above water, climbing if it was making
forceful thrashing movements with its forelimbs directed against the
walls of the cylinder, swimming if it was actively making swimming
movements that caused it to move within the center of the cylinder.
Diving beneath the water is not reported because it rarely occurred.
The behavioral sampling method differentiates classes of antidepres-
sant drugs: for example, norepinephrine reuptake inhibitors decrease
immobility and increase climbing without affecting swimming,
whereas SSRIs decrease immobility and increase swimming without
affecting climbing. We used this scoring procedure to be maximally
sensitive to the antidepressant effects of FLX, which are sometimes
difficult to detect using other scoring procedures (Detke et al., 1995),
and to determine if the combination of LOV and FLX retains an SSRI-
like behavioral profile in this test.

1.4. Statistical analyses

The number of occurrences of each category of behavior (immo-
bility, swimming, climbing) was analyzed using one-way (treatment)
analyses of variance (ANOVAs). Likewise, the weights of the rats
immediately prior to testing were analyzed using one-way ANOVAs.
Significant effects were analyzed further using post hoc Newman–
Keuls tests. Data from the 3-day and 30-day LOV treatment regimens
were analyzed separately.

2. Results

No effects were observed in rats given a 3-day LOV dietary
treatment regimen (Fig. 1A). Neither LOV alone, FLX alone, nor the



Fig.1. Effects of 3-day dietary supplementationwith lovastatin (LOV) (2.0 mg/kg/day) on behaviors in the FST. (A) Neither LOV (3 days) alone, fluoxetine (FLX) (5mg/kg) alone, nor the
combination of LOV plus FLX affected occurrences of immobility, swimming, or climbing in the FST. (B) The treatments did not affect the weights of the rats. 7–8 rats per group.
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combination of LOV plus FLX affected occurrences of immobility (F
(3,27)=0.52, not significant (NS)), swimming (F(3,27)=1.33, NS), or
climbing (F(3,27)=1.30, NS). The weights of the rats did not differ
among groups at the time of the re-test (Fig. 1B), which is important
because weight can influence swimming behaviors (Pliakas et al.,
2001). In contrast, a 30-day LOV dietary treatment regimen affected
behavior in the FST (Fig. 2A). There was a main effect of treatment on
occurrences of immobility (F(3,27)=3.69, pb0.05). Post hoc analysis
revealed that the combination of the LOV-enriched diet and FLX
treatment significantly reduced the occurrences of immobility
(pb0.05, Newman–Keuls tests). There was also a main effect of
treatment on occurrences of swimming (F(3,27)=3.09, pb0.05), due
to increased occurrences of swimming in the rats treated with the
combination of the LOV-containing diet and FLX (pb0.05, Newman–
Keuls tests). However, there was no effect of treatment on occurrences
of climbing (F(3,27)=0.53, NS). This pattern of results – reduced
immobility behavior and increased swimming behavior without
changes in climbing behavior – is similar to that typically seen with
standard SSRIs (Carlezon et al., 2005, 2002; Detke et al., 1995). The
weights of the rats did not differ among groups at the time of the re-
test (Fig. 2B).

3. Discussion

The present studies establish that dietary supplementationwith LOV
increases the antidepressant efficacy of FLX in laboratory animals. We
observed that this combination produced antidepressant-like effects to
a greater extent than FLX alone, as evidenced by reduced immobilityand
increased swimming in rats. Effects on the swimming measures, rather
Fig. 2. Effects of 30-day dietary supplementation with LOV (2.0 mg/kg/day) on behaviors in t
of LOV plus FLX reduced immobility and increased swimming, a pattern of behaviors similar t
the rats. 7–8 rats per group. ⁎pb0.05, Newman–Keuls post hoc tests, 7–8 rats per group.
than climbing, in the FST suggest that the antidepressant-like effects of
LOV augmentation may be attributed to the alteration of serotonergic
function (Carlezon et al., 2002, 2005;Detke et al.,1995). Allmajor classes
of antidepressant treatments – including NRIs, SSRIs, monoamine
oxidase inhibitors, and electroconvulsive shock therapy (Borsini and
Meli, 1988; Detke et al., 1995; Porsolt et al., 1977a,b) – effectively reduce
indicators of immobility in the FST. Indeed, themain strength of the FST
is its ability to identify in rat treatments with antidepressant efficacy in
people (Willner, 1984).

Although SSRIs are generally effective and safe as first-line agents in
treating clinical depression, thesemedications takeweeks to achieve full
efficacy. During this lag period, patients are exposed to an elevated risk
for suicide and continue to be functionally impaired (Jick et al., 2000).
High partial- or non-response rates constitute othermajor challenges in
the treatment ofMDD. Approximately 30 to 50% of patients treatedwith
antidepressants do not achieve remission (Fava and Davidson,1996). As
such, augmenting antidepressants with other agents that have
mechanisms facilitating the recovery of pre-existing monoamine
depletion may be useful to bolster the efficacy of antidepressant effects.
The present studies, however, do not address the question of whether
the onset of antidepressant efficacy would be shortened; indeed, there
are currently no animal screeningmethods that reliablymodel the lag in
efficacy in humans that characterize all current antidepressant treat-
ments. The effects of statins in humans are not immediate, andmaximal
effect may take four to six weeks to achieve. Consistent with this
observation, we found that the ability of LOV to potentiate FLX effects
required chronic (30 days) of treatment, whereas a shorter regimen
(3 days)waswithout effect. It is important to emphasize that statins can
occasionally cause adverse effects, particularlywith long-termexposure.
he FST. (A) Whereas neither LOV alone nor FLX alone affected behavior, the combination
o that seenwith SSRIs at standard doses. (B) The treatments did not affect theweights of
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One percent of patients treated suffer from conditions including
myopathy and liver toxicity (Farmer and Torre-Amione, 2000). More
research is needed to determine if interactions between statins and
antidepressants would enable the use of dosages far below those with
the potential to cause side effects.

Alteration in cholesterol and phospholipids of brain cell mem-
branes may influence membrane fluidity, consequently affecting
various catecholamine neurotransmitter systems, including 5-HT
and noradrenaline (Heron et al., 1980). Preclinical studies have
demonstrated that low cholesterol levels may lead to decreased 5-
HT function in the brain through reduced numbers and/or function of
postsynaptic 5-HT receptors (Hawton and Morgan, 1993; Muldoon
et al., 1990). In contrast, mechanisms by which cholesterol depletion
may favorably affect the 5-HT system have also been proposed. These
include an inverse correlation between platelet 5-HT concentrations
and serum cholesterol levels in patients with hyperlipidemia or renal
disease; an association between cholesterol lowering treatment and
normalization of initially low intraplatelet 5-HT; and a directly ad-
verse impact of elevated cholesterol levels on 5-HT transporter or
receptor function (Barradas et al., 1992; Delva et al., 1996; Papakostas
et al., 2003a; Ringo et al., 1994).

Recent theoretical mechanisms for depression pertaining to
immune-mediated alterations in serotonin function (Muller and
Schwarz, 2007) would be another plausible explanation for the ability
of LOV to potentiate FLX effects. Current immune-mediated concepts
on the etiology of depression include increased proinflammatory
cytokines, and final activation of tryptophan- and serotonin degrading
enzyme indoleamine 2, 3-deoxygenase, which may cause a reduction
of serotonergic neurotransmission in MDD (Muller and Schwarz,
2007). Considering the anti-inflammatory and immunomodulatory
properties of statins (Cucchiara and Kasner, 2001; Rajanikant et al.,
2007), adjunctive use of statins with SSRIs may block or reverse a
cascade of immune-mediated serotonin depletion in depression. The
present findings that suggest the antidepressant efficacy of LOV may
occur through serotonergic (rather than noradrenergic) pathways
support our proposal that statins increase serotonergic function. Other
possible mechanisms include antioxidant effects, vascular effects,
such as anti-platelet and anti-thrombotic effects, and the modulation
of cholesterol distribution within brain cell membranes (Cucchiara
Kasner, 2001; Kirsch et al., 2003; Rajanikant et al., 2007).

Due to the relatively high concentration of cholesterol in the brain,
the detection of changes specific to membrane cholesterol is difficult.
Although we were unable to measure changes in membrane
cholesterol levels, LOV is known to cross the blood-brain barrier
(Guillot et al., 1993), and rats treated with LOV (0.1 mg/day for six
weeks) have previously been reported to have reductions in their
brain cholesterol levels (Vecka et al., 2004). Measurement of blood
levels of cholesterol as a proxy would be of limited utility because
brain levels are much more tightly regulated (Waelsch et al., 1941;
Pardridge and Mietus, 1980). Our behavioral sampling data suggest
preferential effects of LOV on the serotonergic system, but additional
work (e.g., in vivo microdialysis) is needed to examine the effects of
statins on brain catecholamines. Regardless, this is the first report of
the ability of a statin drug to potentiate key behavioral effects of an
SSRI.
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