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Abstract
Neuroinflammation is closely associated with the pathogenesis of Parkinson’s disease (PD) and
other neurological disorders. The hallmark of neuroinflammation is microglial activation.
Increasing evidence suggests that inhibition of microglia-mediated neuroinflammation might
represent a promising therapeutic potential for PD and related disorders. Fluoxetine, a selective
serotonin reuptake inhibitor, is commonly used for the treatment of major depression due to its
tolerability and safety profiles. Recent studies have shown that fluoxetine affords robust
neuroprotection in a series of neurological disease models. However, the mechanism underlying
fluoxetine-mediated neuroprotection remains unclear. Here, by using rat primary midbrain neuron-
glia cultures, we report that both R and S isomers of fluoxetine attenuated chronic
neurodegeneration induced by a commonly used inflammogen lipopolysaccharide (LPS).
Reconstituted cell culture studies further revealed that microglia were required for fluoxetine-
mediated neuroprotection. Fluoxetine significantly inhibited LPS-induced activation of microglia
and subsequent release of multiple pro-inflammatory and cytotoxic factors including tumor
necrosis factor-α, interleukin-1β, nitric oxide, and reactive oxygen species. Furthermore,
inhibition of microglial NF-κB signaling pathway participated in fluoxetine-mediated
neuroprotection. Collectively, fluoxetine exerted neuroprotection against microglia-mediated
neurotoxicity. Thus, fluoxetine not only can relieve depression, a common nonmotor symptom of
PD, but might also hold a potential to retard inflammation-mediated chronic neurodegenerative
process of this disease.
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1. Introduction
Extensive studies have indicated neuroinflammation participates in the pathogenesis of
neurological disorders, such as stroke, depression and neurodegenerative diseases, including
Parkinson’s disease (PD) [1]. The hallmark of neuroinflammation is the microglial
activation [2]. Once activated, microglia secret an array of pro-inflammatory factors
including chemokines, cytokines, and reactive oxygen species (ROS). The accumulation of
these factors contributes to neuronal damages. Toxic soluble factors (e.g. α-synuclein)
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produced by the damaged neurons in turn amplify microglial activation. Accordingly, a
vicious “self-propelling cycle” is created leading to prolonged neuroinflammation [2].
Therefore, inhibition of microglial activation may represent a therapeutic potential for the
treatment of inflammation-related neurological disorders.

Fluoxetine [3-(p-trifluoromethylphenoxy)-N-methyl-3- phenylpropylamine], a selective
serotonin reuptake inhibitor, is commonly used for the treatment of major depression [3].
Depression is the most frequent neuropsychiatric symptom in neurodegenerative diseases
including PD. Additionally, several lines of evidence have shown that fluoxetine possesses
potent neuroprotection against hypoxic-ischemia brain injury in rat pups [4], 3, 4-
methylenedioxymethamphetamine (MDMA)-induced neurotoxicity on the serotonin
transporter in rat brains [5] and kainic acid-induced neuronal death in the mouse
hippocampus [6]. Moreover, fluoxetine has been found to modulate neural stem cell survival
and serotoninergic differentiation through the modulation of Bcl-2 expression [7]. Recent
studies indicate fluoxetine affords robust neuroprotection in the postischemic brain through
its anti-inflammatory effect [8]. Further, the long-term effect of antidepressants in the adult
brain has been reported to associate with increased neurogenesis, dendritic arborization and
synaptogenesis [9]. However, the mechanism underlying fluoxetine-mediated
neuroprotection remains unclear and warrants further study.

In the present study, primary midbrain neuron-glia cultures were used to explore
neuroprotective effects of R-fluoxetine and S-fluoxetine on lipopolysaccharide (LPS)-
induced neurotoxicity and to further investigate the mechanisms of fluoxetine-mediated
neuroprotection.

2. Material and Methods
2.1. Animals

Timed-pregnant Fisher F344 rats were obtained from Charles River Laboratories (Raleigh,
NC, USA). All efforts were made to minimize animal suffering and to reduce the number of
animals used.

2.2. Reagents
LPS (Escherichia coli strain O111:B4) was purchased from Calbiochem (San Diego, CA).
All other reagents were obtained from Invitrogen (Carlsbad, CA) and Sigma Chemical Co.
(St. Louis, MO).

2.3. Cell cultures
Rat primary neuron-glia, neuron-astrocyte, neuron-microglia and neuron-enriched cultures
were prepared from the ventral mesencephalic tissues of embryonic day 14–15 rats as
described previously [10, 11].

2.4. [3H] dopamine (DA) uptake assays
[3H] DA uptake assay was performed as described previously [10]. The specific [3H]DA
uptake was calculated by subtracting the amount of radioactivity obtained in the presence of
mazindol from that obtained in the absence of mazindol.

2.5. Immunocytochemical staining
Immunostaining was performed following our published protocols [10]. DA neurons were
recognized with an anti-tyrosine hydroxylase (TH) antibody. Microglia were identified with
an antibody specific for ionized calcium-binding adapter molecule-1 (Iba-1).
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2.6. Tumour necrosis factor (TNF)-α, interleukin (IL)-1β, and nitric oxide (NO) assays
The production of NO was determined with the Griess reagent. The release of TNFα and
IL-1β was measured with the immunosorbent assay kits from R&D Systems

2.7. Real-time RT-PCR and Western blot analysis
Total RNA was isolated using Trizol reagent and purified with RNeasy Kit. The primers
were designed with ABI Primer Express software (Applied Biosystems, Foster City, CA).
The sequences of the primers were the following: β-actin,
GTATGACTCCACTCACGGCAAA (forward), GGTCTCGCTCCTGGAAGATG
(reverse); iNOS, ACATCAGGTCGGCCATCACT (forward),
CGTACCGGATGAGCTGTGAATT (reverse); TNFα, GACCCTCACACTCAGATCATC-
TTCT (forward), CCTCCACTTGGTGGTTTGCT (reverse); IL-1 β,
CTGGTGTGTGACGTTCCC-ATTA (forward), CCGACAGCACGAGGCTTT (reverse).
Protein levels were quantified using BCA assay. Membranes were blocked with nonfat milk
and then incubated with the primary antibodies.

2.8. Superoxide and intracellular ROS measurement
The production of extracellular superoxide was evaluated by measuring the superoxide
dismutase (SOD)-inhibitable reduction of the tetrazolium salt WST-1 [12]. Intracellular
ROS were determined by using the DCFH-DA assay.

2.9. Statistical analysis
Data are expressed as the mean ± S.E.M. Statistical significance was assessed by one- or
two-way ANOVA with treatment or time/dose/culture type as the independent factors using
GraphPad Prism software. When ANOVA showed significant differences, pairwise
comparisons between means were tested by Bonferroni’s post test with correction. A value
of p < 0.05 was considered statistically significant.

3. Results
3.1. Fluoxetine protected DA neurons against LPS-induced neurotoxicity

Fluoxetine is a racemic mixture (50/50) of R(−)-fluoxetine and S (+)-fluoxetine
enantiomers. R-fluoxetine and S-fluoxetine are similarly effective at blocking serotonin
reuptake. We found that the pretreatment of midbrain neuron-glia cultures for 30 min with
R-fluoxetine and S-fluoxetine offered similar protection against LPS-induced DA neuronal
damage, as shown by attenuated decreases in [3H]DA uptake and in the number of TH-
positive neurons (Figure 1A, B). Morphological inspection indicated neurites of the
remaining TH-positive neurons in LPS-treated cultures became fewer and shorter compared
with the vehicle-treated control cultures. After R-fluoxetine and S-fluoxetine treatment, not
only more DA neurons survived, but their neurites were also less damaged compared with
the LPS-treated cultures (Figure 1C). Similarly, pretreatment of primary cortical neuron-glia
cultures with both isomers (3 μM) significantly restored LPS-induced reduction in [3H] γ-
amino butyric acid (GABA) uptake and decreases in the number of neuron-specific nuclear
protein (Neu-N)-positive neurons (data not shown), which indicates the neuroprotective
effect of fluoxetine is not limited to DA neurons.

3.2. Fluoxetine attenuated LPS-induced activation of microglia and production of pro-
inflammatory factors

We next elucidated the cellular and molecular mechanisms underlying the neuroprotection
produced by fluoxetine. In four types of reconstituted culture systems, MPP+ (the active
metabolite of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine [MPTP] that causes
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Parkinsonism in humans) reduced DA uptake capacity by approximately 40% compared
with the corresponding control cultures. However, the neurotoxicity was differentially
attenuated by fluoxetine. In neuron-glia cultures that contain neurons, astrocytes and
microglia and neuron-microglia cultures, but not in either neuron-enriched or neuron-
astrocyte cultures, fluoxetine-mediated neuroprotection was detected (Figure 2A). These
results demonstrated microglia, but not astroglia, were required for fluoxetine-mediated
neuroprotection.

The elevated expression of Iba-1, a microglial marker, started to manifest from day 1 after
LPS stimulation. At 5-day after LPS treatment, up to 3-fold increase of Iba-1 protein
expression was observed. The inhibitory effects of fluoxetine on LPS-induced upregulation
of Iba-1 were discerned from day 5 after LPS application (Figure 2B). As seen in Figure 2C,
activated microglia revealed larger cell body, thicker processes and irregular shapes; these
morphological changes were significantly attenuated by the pretreatment with fluoxetine.

We then found that fluoxetine suppressed the production of multiple pro-inflammatory and
cytotoxic factors in microglia-enriched and neuron-glia cultures. Both R-fluoxetine and S-
fluoxetine attenuated LPS-induced extracellular superoxide release and intracellular ROS
production (Figure 3A and B). Treatment with both isomers resulted in a significant
reduction in LPS-induced mRNA expression and extracellular release of TNFα, NO and
IL-1β (Figure 3C–F).

3.3. Fluoxetine suppressed LPS-induced activation of NF-κB signaling pathway in
microglia

As shown in Figure 4, R-fluoxetine and S-fluoxetine significantly attenuated LPS-induced
phosphorylation of p65 and IKKβ in the primary microglia-enriched cultures. Moreover,
LPS induced a rapid phosphorylation of cytosolic IκBα followed by the degradation of
IκBα; these changes were ameliorated by the pretreatment with fluoxetine.

4. Discussion
This study demonstrated that both R-fluoxetine and S-fluoxetine produced microglia-
dependent neuroprotection against LPS- and MPP+-induced neuronal damage. Fluoxetine
significantly inhibited LPS-induced activation of microglia and the subsequent release of
pro-inflammatory factors such as TNFα, IL-1β, NO and ROS. Furthermore, inhibition of
microglial NF-κB signaling pathway was involved in fluoxetine-mediated neuroprotection.

We previously reported that LPS directly induced microglial activation and the removal of
microglia prevented LPS-induced neurotoxicity; MPP+, although incapable of directly
activating microglia, caused reactive microgliosis (a secondary response to neuronal
damages) after targeted DA neurons [13]. The present study indicated that the presence of
microglia is essential for fluoxetine to attenuate chronic neurotoxicity induced by both LPS
and MPP+ (Figure 1 and 2).

A wealth of evidence supports that excessive amount of pro-inflammatory factors released
by activated microglia become deleterious to neurons [2]. Postmorten brain analysis reveals
microglial activation and elevated production of pro-inflammatory mediators in patients
with neurodegenerative diseases [14]. Reduction in these inflammatory factors by
pharmacological inhibition or genetic deletion provides neuroprotective effects in various
experimental settings. In this study, we observed that fluoxetine exhibited potent inhibitory
effects on LPS-induced production of various pro-inflammatory factors such as TNFα,
IL-1β, NO and ROS. These results were consistent with the previous study that fluoxetine
suppressed the inflammatory process in cultured microglia [Liu, 2011] and the postischemic
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brain [8]. Taken together, fluoxetine-mediated neuroprotection was attributed to the
inhibition of microglial activation and the reduction of various pro-inflammatory factors.

NF-κB is the most important transcription factor in inflammatory responses and regulates
the production of various pro-inflammatory factors [15]. NF-κB activation was observed in
MPTP-induced PD animal model and in the PD brains of patients [16]. Of great interest is
discerned colocalization of p65 with CD11b-positive activated microglia in the substantial
nigra of postmortem PD brains [17]. In addition, selective inhibition of NF-κB activation
suppressed microglial activation and prevented DA neuronal loss against MPTP-injured PD
mouse model [17]. Here, we found fluoxetine significantly inhibited LPS-induced NF-κB
activation, which might be responsible for the decreased production of pro-inflammatory
factors and consequent neuroprotection. However, whether fluoxetine at concentrations used
in this study (0.3–3.0 μM) also targets other inflammation-associated signaling pathways
warrants further investigation.

At present, the main treatment for PD – dopamine replacement – can only temporarily
alleviate motor symptoms but fails to retard PD progression or to relieve concomitant
nonmotor symptoms (e.g. depression, anxiety and dementia). The anti-inflammation and
neuroprotective effects of fluoxetine observed in this study may contribute to its approved
anti-depression effect and potential retardation of chronic neurodegeneration in PD. Given
its tolerability and safety profiles, fluoxetine may become a promising therapeutics for the
treatment of both motor and nonmotor dysfunction in PD.

In conclusion, fluoxetine protected neurons against microglia-mediated neurotoxicity. This
neuroprotection was at least partially mediated by the inhibition of microglial NF-κB
activation and the consequent decrease in the production of pro-inflammatory factors. Thus,
fluoxetine might possess a potential benefit for the treatment of PD and other inflammation-
related neurological disorders.
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Figure 1. Fluoxetine produced neuroprotection against LPS-induced neurotoxicity
Rat primary mesencephalic neuron-glia cultures were pretreated with fluoxetine for 30 min
before the addition of LPS. Seven days later, the LPS-induced dopaminergic neurotoxicity
was determined by [3H]DA uptake assay (A) and the quantification of cell number (B) and
morphological assessment of TH-immunoreactive DA neurons (C). Scale bar, 200 μm.
Results were the mean ± S.E.M. from three independent experiments performed in
triplicate. #p < 0.05 compared with control cultures; *p < 0.05 compared with LPS-treated
cultures.
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Figure 2. Fluoxetine attenuated LPS-induced microglial activation
Reconstituted cell cultures were pretreated with fluoxetine followed by MPP+ treatment.
The [3H]DA uptake analysis was performed 7 days later (A). Mesencephalic neuron-glia
cultures were pretreated with fluoxetine for 30 min before stimulated with LPS (10 ng/ml).
At 1, 3, 5 and 7 days after LPS treatment, the protein level of Iba-1 was determined by
Western blotting (B). Results were the mean ± S.E.M. from three independent experiments
performed in triplicate. #p < 0.05 compared with control cultures; *p < 0.05 compared with
LPS-treated or MPP+-treated cultures. Seven days after LPS treatment, the cultures were
immunostained with anti-Iba-1 antibody (C). Scale bar, 200 μm.
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Figure 3. Fluoxetine reduced pro-inflammatory factor production
Primary microglia-enriched cultures were pretreated with fluoxetine for 30 min before LPS
treatment. Extracellular superoxide release was detected by SOD-inhibitable reduction of
WST-1 (A) and levels of intracellular ROS were measured with DCFH-DA (B). Primary
neuron-glia cultures were pretreated with fluoxetine for 30 min and then treated with LPS.
The extracellular release and the mRNA expression of pro-inflammatory factors were
measured by Griess reagent and ELISA (C–E) and real-time RT-PCR (F). Results were the
mean ± S.E.M. from three independent experiments performed in triplicate. #p < 0.05
compared with control cultures; *p < 0.05 compared with LPS-treated cultures.
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Figure 4. Fluoxetine suppressed LPS-induced activation of NF-κB signaling pathway in
microglia
Primary microglia-enriched cultures were pretreated with fluoxetine for 30 min and then
incubated with LPS for 15 min. The whole cell lysates were analyzed by western blotting.
Results were the mean ± S.E.M. from three independent experiments. #p < 0.05 compared
with control cultures; *p < 0.05 compared with LPS-treated cultures.
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