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The selective serotonin reuptake inhibitor (SSRI) fluoxetine, which is regis-
tered for a variety of psychiatric disorders, has been found to stimulate the
cAMP-responsive element binding protein (CREB), increase the production
of brain-derived neurotrophic factor (BNDF) and the neurotrophic peptide
S1008, enhance glycogenolysis in astrocytes, block voltage-gated calcium and
sodium channels, and decrease the conductance of mitochondrial voltage-
dependent anion channels (VDACs). These mechanisms of actions suggest that
fluoxetine may also have potential for the treatment of a number of neuro-
logical disorders. We performed a Pubmed search to review what is known
about possible therapeutic effects of fluoxetine in animal models and patients
with neurological disorders. Beneficial effects of fluoxetine have been noted
in animal models of stroke, multiple sclerosis, and epilepsy. Fluoxetine was
reported to improve neurological manitfestations in patients with Alzheimer’s
disease, stroke, Huntington’s disease, multiple sclerosis, traumatic brain injury,
and epilepsy. Clinical studies so far were small and often poorly designed. Re-
sults were inconclusive and contradictory. However, the available preclinical
data justity further clinical trials to determine the therapeutic potential of flu-
oxetine in neurological disorders.

Introduction

The selective serotonin reuptake inhibitor (SSRI) flu-
oxetine is widely used to treat depression, obsessive-
compulsive disorder, bulimia, and panic disorder. It has
been approved by Food and Drug Administration (FDA)
for the treatment of depression in 1987 (Wong et al.
2005). Fluoxetine increases extracellular serotonin (5-
HT), which activates 5-HT receptors. The 5-HT receptors
are classified into seven classes (5-HT 1 to 7) with many
subclasses. The effect of activation of 5-HT receptors is
diverse and dependent on the class of receptor. The 5-
HT system is complex and subject to continuing research
(Hoyer 2002). Fluoxetine was also found to stimulate 5-
HT, receptors directly (Chen et al. 1995; Kong et al. 2002)

Although the precise mechanism for its beneficial ef-
fects in psychiatric disorders is uncertain, fluoxetine has
been shown to modulate important cellular functions
that are thought to be important for neuronal cell sur-
vival and neuroplasticity, including regulation of the
transcription factor cAMP-responsive element binding

protein (CREB), the production of neurotrophic factors,
the regulation of neuronal energy supply, and the open-
ing and closing of ion channels.

The aim of this article is to present an overview of the
neurobiological effects of fluoxetine that could be use-
ful for the treatment of neurological disorders, and to
review the reported effects of fluoxetine on neurologi-
cal disorders and their animal models. We performed a
PubMed search with the words fluoxetine, and neuro-
logic(al), neuroprotection, Alzheimer’s disease, demen-
tia, Parkinson’s disease, multiple sclerosis, stroke, Hunt-
ington’s disease, epilepsy, and brain injury. Articles that
reported only effects on psychiatric symptoms were ex-
cluded, while all preclinical and clinical reports published
in English before May 2007 were included.

Neurobiological Effects

An overview of the articles on the neurobiological effects
of fluoxetine that could be useful for the treatment of
neurological disorders is shown in Table 1.
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Effects on CREB and Neurotrophic Factors

Chronic treatment with fluoxetine upregulates cerebral
CREB expression and phosphorylation in rats and mice
(Nibuya et al. 1996; Thome et al. 2000; Tiraboschi et al.
2004). CREB is a transcription factor, which induces the
expression of genes with roles in cell survival, energy
metabolism, and regeneration (Lonze and Ginty 2002).
This transcription factor is so important that the search
for drugs that increase CREB levels has been called the
search for the “Holy Grail of neurological therapeutics”
(Ratan 2004).

One of the CREB regulated genes is coding for brain-
derived neurotrophic factor (BDNF). BDNF is impor-
tant for the normal development of the human brain
and has a critical role in neural plasticity (Larsson et al.
1999; Mattson et al. 2004). Decreased levels of BDNF
may play a pivotal role in the neurodegeneration asso-
ciated with aging, Huntington’s disease, and Alzheimer’s
disease (Mattson et al. 2004). Increased BDNF expres-
sion was found in multiple sclerosis lesions and proposed
as a mechanism for neuroprotection (Stadelmann et al.
2002). Fluoxetine elevates BDNF levels in the rat brain
(Mercier et al. 2004), and enhances the production of
S1008 in astrocytes (Haring et al. 1993; Manev et al.
2001). S1008, which is produced mainly in astrocytes,
has paracrine and autocrine effects on neurons and glia.
It enhances neurogenesis, but at high concentrations it
leads to apoptosis (Rothermundt et al. 2003). S1008 ele-
vation is associated in multiple sclerosis patients with an
effect on interferon-g, while in an in vitro model of trau-
matic brain injury S1008 reduced delayed neuronal in-
jury (Petzold et al. 2004; Willoughby et al. 2004).

Effect on Neuronal Energy Supply

The energy supply of neurons is complex and in-
completely understood. According to the astrocyte-
neuron lactate shuttle hypothesis, lactate produced dur-
ing glycogenolysis in astrocytes is shuttled to neurons
and axons and serves as metabolic fuel, especially dur-
ing neuronal activation (Brown et al. 2003; Magistretti
et al. 1999; Tekkok et al. 2005). Fluoxetine enhances
glycogenolysis in cultured astrocytes and could thus the-
oretically improve energy supply to axons and neurons
(Zhang et al. 1993; Chen et al. 1995; Kong et al. 2002).

Effect on Electrolyte Channels

Fluoxetine inhibits voltage-gated calcium channels in rat
cerebral cells and sodium channels in bovine adrenal cells
(Pancrazio et al. 1998; Deak et al. 2000). This may pre-
vent neurotoxic intracellular calcium overload in neu-

Fluoxetine

rons, which is a key mechanism in neuronal death in
both acute conditions, such as ischemia and hypoxia, and
neurodegenerative processes (Choi 1995; Mattson 2000;
Stys 2005). In ischemic rat spinal cord, white matter inhi-
bition of the Na™/Ca®"-exchanger was found to be neu-
roprotective (Ouardouz et al. 2005).

Fluoxetine decreased the conductance of the mito-
chondrial voltage-dependent anion channel (VDAC) in
mitochondria isolated from rat liver (Nahon et al. 2005).
VDAC has an important role in the release of cytochrome
¢, an important step in apoptosis. Inhibition of the VDAC
by fluoxetine protected against staurosporine-induced
apoptotic cell death in human U-937 cells (Shimizu et al.
1999; Nahon et al. 2005).

Studies in Neurological Disorders and
Their Animal Models

An overview of the articles reporting effects of fluoxe-
tine in animal models of neurological disorders and in pa-
tients with neurological disorders is provided in Tables 2
and 3.

Parkinson’s Disease

In patients with Parkinson’s disease, neuronal destruction
of the substantia nigra reduces the amount of dopamine
in the striatum, which impairs motor function. Neuronall
cell death may be caused by mitochondrial dysfunction
resulting in decreased energy production and increased
intracellular Ca?* levels (Mandemakers et al. 2007). Flu-
oxetine might be neuroprotective by preventing eleva-
tions of intracellular Ca** levels, promoting neuronal en-
ergy supply and the release of neurotrophic factors by
astrocytes.

In a rat model of Parkinson’s disease, fluoxetine re-
duced the availability of extracellular dopamine after
L-DOPA administration, and it was suggested that SS-
RIs might worsen motor function in patients with Parkin-
son’s disease (Yamato et al. 2001).

In agreement with this observation, a number of case
reports and small studies suggested that fluoxetine may
worsen motor symptoms in Parkinson’s disease (Steur
1993; Simons 1996). However, an open pilot study in 14
patients who used fluoxetine 20 mg daily for 1 month
found no change in rigidity and bradykinesia scores, but
a decrease in tremor severity was observed (Montastruc
et al. 1995). Another open label study of 62 depressed pa-
tients with Parkinson’s disease showed that SSRIs were
well tolerated and did not change motor symptoms as
measured with the Unified Parkinson’s Disease Rating
Scale (UPDRS) after 6 months of treatment (Dell’Agnello
et al. 2001).
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In three reports, the effects of repetitive transcranial
magnetic stimulation (rTMS) and fluoxetine in depressed
patients with Parkinson’s disease were compared. Both
fluoxetine and rTMS improved the Stroop (colored words
and interference card) and Hooper and Wisconsin (perse-
verative errors) test performances. Increases in regional
cerebral blood flow (rCBF) in the posterior cingulate
gyrus and decreases in the right medial frontal gyrus were
noted with both fluoxetine and rTMS. Compared with
1TMS, fluoxetine intake was associated with a relative
rCBF increase in the occipital lobe (Boggio et al. 2005;
Fregni et al. 2006). The Mini Mental State Examination
(MMSE) (Folstein et al. 1975), which is an 11-item ex-
amination of cognitive functions with higher scores indi-
cating better cognition, improved when both groups were
analyzed together after 8 weeks. The motor score did not
change significantly although there was a trend toward
worsening in the fluoxetine group (Fregni et al. 2004).

Alzheimer’s Disease

In Alzheimer’s disease amyloid-8 and tau make up the
plaques and tangles that are believed to cause the pro-
gressive neurodegeneration, which leads to dementia.
Impaired energy metabolism is found in Alzheimer’s dis-
ease, and an increase in CREB phosphorylation has been
suggested to offer promise as therapeutic intervention for
counteracting neuronal damage in Alzheimer’s disease
(Chong et al. 2003; Beal 2005).

In a small randomized, double-blind trial, 18 patients
with Alzheimer’s disease and major depression were
treated with fluoxetine 10 mg/day and 19 with amitripty-
line 25 mg/day during 6 weeks (Taragano et al. 1997).
Scores on the MMSE increased significantly with treat-
ment when both groups were analyzed together. In the
fluoxetine group the MMSE increased from 20.0 at base-
line to 21.4 at day 45. Dropout rates were very high:
55% for amitriptyline and 22% for fluoxetine. A ran-
domized, double-blind trial compared the use ot fluox-
etine 20 mg/day, haloperidol 3 mg/day, and placebo in
15 nondepressed patients with disruptive agitated behav-
iors (5 per group) over a period of 6 weeks (Auchus and
Bissey-Black 1997). Besides more side effects in the active
treatment groups, no significant differences were found.

No improvement of MMSE was noticed in a ran-
domized, double-blind, placebo-controlled trial of 15 de-
pressed patients on fluoxetine up to 40 mg/day during
6 weeks (Petracca et al. 2001).

In a 8-week, double-blind, placebo-controlled study
of 58 nondepressed patients with mild cognitive impair-
ment, which may be a prodromal state of Alzheimer’s
disease, fluoxetine improved memory and cognition,
measured with the MMSE and subtests from the
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Persian standardized Wechsler Memory Scale IIT (WMS-
1II) (Mowla et al. 2007).

Stroke

In ischemic stroke neurons die when blood supply falls
below the infarction threshold of 8-10 mL/100 g/min.
Neurons in the so-called penumbra, where the blood
flow is between the infarction threshold and the func-
tional threshold of 18-22 mL /100g/min, can die due to
lethal biochemical processes or be rescued by vessel re-
canalization or neuroprotective interventions. Recovery
after stroke is not only dependent on the survival of the
neurons in the penumbra, but also on brain plasticity.
Fluoxetine could be neuroprotective in the acute phase
(ion channel blockade, enhanced energy metabolism, and
neurotrophic factor release) and improve brain plasticity
during stroke rehabilitation (neurotrophic factors).

After induction of focal ischemia in rats, fluoxetine did
not alter the degree of recovery of function compared to
nontreated rats after 4 weeks of treatment (Windle and
Corbett 2005). In another study, fluoxetine administered
7 days before and for up to 28 days after induction of focal
cerebral ischemia did not influence sensorimotor recov-
ery in rats (Zhao et al. 2005). However, low dose fluox-
etine given during 7 days postpartum reduced functional
deficits in rats with neonatal hypoxic ischemic brain in-
jury (Chang et al. 2006).

In eight nondepressed stroke patients, a single dose
of fluoxetine appeared to improve motor skills of the
affected side (Pariente et al. 2001). During rehabilita-
tion 1-6 months after stroke, severely disabled patients
showed significantly more often good recovery after 3
months of fluoxetine treatment, compared to placebo and
the norepinephrine reuptake inhibitor maprotiline (Dam
et al. 1996). Two other randomized, double-blind,
placebo-controlled trials including 104 and 31 stroke pa-
tients were mainly focused on the antidepressant effects
of fluoxetine and found no benefit on functional recov-
ery after respectively 45 days and 12 weeks of treatment
(Robinson et al. 2000; Wiart et al. 2000).

Spalletta et al. looked at the effect of sertraline (n =
21) and fluoxetine 20 mg (n = 29) on patients with and
without alexithymia, a condition in which patients have
problems identifying and coping with feelings. A signifi-
cant increase of MMSE after 8 weeks of treatment in the
32 patients without alexithymia was noticed (Spalletta
et al. 2006).

Huntington’s Disease

In patients with Huntington'’s disease, the slowly progres-
sive neuronal loss in the basal ganglia causes a movement
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disorder (characteristic chorea) together with a cognitive
and affective disorder. An altered energy metabolism is
hypothesized to be important in the pathophysiology of
Huntington’s disease (Walker and Raymond 2004). Flu-
oxetine might have a neuroprotective effect by increasing
energy metabolism and the production of BDNF.

Two patients with Huntington'’s disease responded well
to fluoxetine treatment. Both showed motor improve-
ment and one patient’s cognitive functions also im-
proved. Beneficial effects did take 4-6 months to develop
and lasted several years (De Marchi et al. 2001). A ran-
domized, double-blind, placebo-controlled trial in non-
depressed Huntington’s disease patients failed to show
substantial clinical benefits of fluoxetine treatment af-
ter 4 months, although a slight reduction in agitation
and in the need for routine care was found (Como et al.
1997).

Multiple Sclerosis

In the beginning of their disease about 80% of the pa-
tients with multiple sclerosis have symptoms that come
and go (relapses) resulting from focal inflammatory de-
myelination in the central nervous system (CNS). After
10-20 years most patients experience gradual increasing
disability, which is caused by a more diffuse progressive
axonal loss. Mitochondrial failure, which gives dysfunc-
tion of electrolyte channels and leads eventually to toxic
intracellular calcium overload, is suspected to play a piv-
otal role in the axonal dysfunction and degeneration in
multiple sclerosis (Waxman 2006). By improving energy
metabolism and by blocking sodium channels, fluoxetine
might protect axons in patients with multiple sclerosis.

In mice with chronic relapsing experimental aller-
gic encephalomyelitis (EAE), an animal model for the
inflammatory lesions of multiple sclerosis, fluoxetine
prevented worsening of neurological signs, prolonged
survival, and reduced CNS inflammation and axonal
damage compared to untreated animals (Traugott and
Velia 1997).

In a letter to the editor a psychiatrist reported a pa-
tient with multiple sclerosis who suffered a worsening
of symptoms after initiating treatment with fluoxetine
(Browning 1990). A number of psychiatrists replied that
multiple sclerosis patients on treatment with fluoxetine
on the contrary remained quite stable (Flax et al. 1991).

In a preliminary open study of 11 patients with mul-
tiple sclerosis, 2 weeks of fluoxetine administration in-
creased cerebral white matter N-acetylaspartate levels
on magnetic resonance spectroscopy, suggesting an im-
provement in axonal mitochondrial energy production
(Mostert et al. 2006). Trends toward an improvement of
walking ability and fatigue were also noted.

J.P. Mostert et al.

Traumatic Brain Injury

Trauma to the head causes permanent and reversible
damage to neurons. Improved energy metabolism and in-
creased production of neurotrophic factors by the admin-
istration of fluoxetine might prevent irreversible loss of
neurons and promote plasticity in patients with traumatic
brain injury.

In a rat model of moderate to severe traumatic brain
injury, fluoxetine treatment during 15 days did not im-
prove motor performance (Wilson and Hamm 2002).

In an open-label investigation of five head-injured pa-
tients, fluoxetine not only improved mood, but had also
a beneficial effect on several measures of cognition after
8 months of treatment (Horsfield et al. 2002).

Epilepsy

Epilepsy is caused by a reduced membrane stability of
neurons. Both genetic predisposition and neuronal dam-
age increase the susceptibility for epileptic seizures. Treat-
ment is aimed at increasing the membrane stability. By
blocking sodium and calcium channels fluoxetine might
improve membrane stability.

Fluoxetine reduced seizure activity in many animal
models of epilepsy (Prendiville and Gale 1993; Wada
et al. 1995; Ugale et al. 2004; Kecskemeti et al. 2005;
Pericic et al. 2005; Richman and Heinrichs 2007). How-
ever, one study reported an increase in epileptic activity
after treatment with fluoxetine in a rat epilepsy model
(Zienowicz et al. 2005).

In an open-label, add-on trial of fluoxetine in pa-
tients with complex partial seizures with and without
secondary generalization, six patients showed complete
disappearance of their seizures and the remaining 11 pa-
tients had a 30% reduction in seizure frequency (Favale
et al. 1995).

It is stated that despite some case reports of worsen-
ing of seizure activity, antidepressant drugs can have an-
ticonvulsant effects when used in usual dosages (Dailey
and Naritoku 1996; Jobe and Browning 2005).

Discussion

Caution should be taken to extrapolate the results of in
vitro studies to in vivo effects. In cell cultures, the con-
centration of fluoxetine used (1-50 uM) mostly exceeds
therapeutic plasma levels in patients (1-3 ©M) and the ef-
fect of fluoxetine might be overestimated. However, drug
concentrations of fluoxetine in the human brain are re-
ported to be 20-fold higher than plasma levels (Karson
et al. 1993) and concentrations of up to 50 uM might
thus be reached in the human brain.

160 CNS Neuroscience & Therapeutics 14 (2008) 153—164 (©) 2008 The Authors. Journal compilation © 2008 Blackwell Publishing Ltd



J.P. Mostert et al.

Beneficial effects of fluoxetine were noted in ani-
mal models of stroke, multiple sclerosis and epilepsy.
In these studies, higher dosages of the medication (1.0-
20 mg/kg/day) were used than in clinical use (20-80
mg/day; 0.25 — 1.0 mg/kg/day) and the results must,
therefore, also be regarded cautiously. In patients with
Parkinson’s disease, fluoxetine was well tolerated but no
positive effects on symptoms of the disease process were
reported. One positive study was found in mild cognitive
impairment. The studies in patients with Alzheimer’s dis-
ease had only 6 weeks of follow-up and could not find
beneficial effects. In stroke patients, initial claims of a
beneficial effect of fluoxetine on motor recovery could
not be confirmed in a larger study with longer follow-
up. In Huntington’s disease a relatively large, well-
designed trial with 4 months of follow-up could not find
better performance of patients treated with fluoxetine
compared to placebo-treated patients. Good studies on
epilepsy, multiple sclerosis, and traumatic brain injury are
lacking.

Many clinical studies were performed in patients with
depression, and it is uncertain whether improvement of
neurological symptoms was influenced by improvement
of the underlying depression. Also it is difficult to mea-
sure effects in neurodegenerative disorders as progression
is slow, clinical scales are insensitive and good surrogate
markers are lacking. Underestimation of therapeutic ef-
fect is possible since at least several weeks of treatment
are necessary before plasma levels of fluoxetine become
stable (Bergstrom et al. 1988).

Small studies with a number of other SSRIs have
also shown an indication for a possible beneficial effect
in some neurological disorders: paroxetine and citalo-
pram in patients with Parkinson’s disease (Rampello
et al. 2002; Chung et al. 2005), sertraline in patients with
traumatic brain injury (Fann et al. 2001), and citalopram
and fluvoxamine in patients with epilepsy (Harmant et al.
1990; Kim et al. 2000; Favale et al. 2003; Specchio et al.
2004; Nakahira et al. 2005). As distinct SSRIs have differ-
ent affinities for the serotonin receptors, it is not possible
to generalize the results of fluoxetine to all other SSRIs.

Although clinical studies so far are inconclusive, the
preclinical findings justify further trials with fluoxetine
and perhaps other SSRIs in patients with neurological
disorders.
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