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Microglia activation-induced mesencephalic dopaminergic
neurodegeneration — an in vitro model for Parkinson’s disease
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Abstract Uncontrolled and chronic microglia activation has been implicated in the process of dopaminergic neuron
degeneration in sporadic Parkinson’s disease (PD). Elevated proinflammatory mediators, presumably from activated
microglia (e.g., cytokines, PGE2, nitric oxide, and superoxide radical), have been observed in PD patients and are
accompanied by dopaminergic neuronal loss. Preclinical studies have demonstrated the deleterious effects of
proinflammatory mediators in various in vivo and in vitromodels of PD. The use of in vitro studies provides a unique tool
to investigate the interaction between neurons and microglia and is especially valuable when considering the role of
activated microglia in neuronal death. Here we summarize findings highlighting the potential mechanisms of microglia-
mediated neurodegeneration in PD.
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Introduction

Parkinson’s disease (PD) is the second most common
neurological disorder and is characterized by the progressive
loss of dopaminergic neurons in the substantia nigra pars
compacta (SNpc). Epidemiological data suggests that the
prevalence of PD is about 0.1% in the global population.
More than one million individuals are affected in North
America alone, and approximately 50000 new cases arise
every year. The majority of the PD cases are sporadic /
idiopathic with clinical symptoms beginning late in life and
progressing over decades (Olanow and Tatton, 1999).

Clinically, the symptoms of PD do not become apparent
until at least 50% of the dopaminergic neurons in the SNpc
are lost, and there is an 80% reduction in dopamine levels in
the striatum (Kirik et al., 1998; Lozano et al., 1998). While
there are a number of treatments options aimed at symptom
modification currently available, there is no effective
treatment that can slow down the progressive dopaminergic
neuronal loss that is observed in PD.

As of now, a number of hypotheses have been proposed to

explain the selective dopaminergic neuron loss in PD. Among
these putative pathophysiological mechanisms, chronic
neuroinflammation and oxidative stress have been implicated
by playing an important role in the pathogenesis of PD.
Microglia, the immune resident macrophages in the brain, are
believed to be the primary contributor to brain neuroin-
flammation and oxidative stress in PD. Under normal
condition, microglia play a homeostatic function by scaven-
ging excessive neurotoxins, clearing cellular debris and
silently removing dying cells (Nakamura, 2002; Ransohoff
and Perry, 2009). However, when microglia become
aberrantly and chronically activated there is a potential for
neurotoxic effects. Activated microglia produce a variety of
highly soluble mediators which can have unintended effects
on otherwise healthy bystander neurons. A subset of
microglia-derived mediators with the potential to induce
neuronal injury and death include: proinflammatory cytokines
such as tumor necrosis factor (TNFα) and interleukin 1-beta
(IL-1β), nitric oxide, prostaglandins, and reactive oxygen
species and reactive nitrogen species (ROS/RNS) (Hunot et
al., 1996; Arimoto and Bing, 2003; Arimoto et al., 2007;
Hunter et al., 2007). Importantly, without a resolution of the
inflammatory process a feed-forward cycle can persist (Zhang
et al., 2005). Ultimately, the interaction between activated
microglia and injured neurons can propel the formation of a
vicious pathological cycle.
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A variety of preclinical models of PD have been generated
that recapitulated aspects of the pathological, behavioral and
biochemical changes observed clinically. These in vitro and in
vivo preclinical models have been useful at elucidating
underlying mechanism of nigral dopaminergic degeneration,
and to develop and screen neuroprotective strategies.
Historically, many of the preclinical models relied on toxins
(described in detail in following section) such as 6-OHDA,
MPTP, paraquat, rotenone, and lipopolysaccharide (LPS).
More recently there has been a push for developing and
characterizing preclinical models of PD genetic risk factors.
This new and exciting direction of PD preclinical research has
been led in part by the work of the Michael J. Fox Foundation,
which maintains a database of research models (http://www.
pdonlineresearch.org/MJFFResources). Moreover, the in
vitro platform is invaluable for addressing mechanistic
questions related to dopaminergic neuron cell death.

The most widely used and well-described PD research
models use toxins that induce a dopaminergic neuron death.
6-hydroxydopamine (6-OHDA) and 1-Methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) are both excellent models
to induce dopaminergic cell death. As the hydroxylated
analog of dopamine, intracerebral injection of 6-OHDA into
substantia nigra, medial forebrain bundle, and striatum
effectively induces the dopaminergic neuron loss, dopamine
depletion, and neurobehavioral deficits (Perese et al., 1989;
Przedborski et al., 1995). MPTP animal model was developed
after found as a neurotoxic contaminant used by a group of
drug addicts in the 1980s (Langston et al., 1983). After
systemic administration, MPTP can easily cross the blood-
brain barrier and enter astrocyte in which it is converted into
1-methyl-4-phenylpyridinium (MPP+), and then it is released
and taken up into dopaminergic neurons via dopamine
transporter (DAT), ultimately causing neuronal loss and
motor impairment.

Paraquat, rotenone, and LPS are environmental toxins,
which have been used as models of PD. Paraquat is a type of
herbicide similar to MPP+ structurally, and the study on its
systematic administration demonstrated the deleterious
effects on the survival of dopaminergic neurons in the
substantia nigra and the density of striatal dopamine nerve
terminal (Brooks et al., 1999). Rotenone, which has been used
as herbicide and insecticide, was recently found that it could
induce the damage to the dopaminergic neurons and
reproduce crucial pathological features of PD (Betarbet et
al., 2000; Sherer et al., 2003). LPS is an endotoxin from
Gram-negative bacteria. Bing et al. and Castaño et al.
independently demonstrated that intranigral LPS injection
causes a selective inflammation-mediated dopaminergic
neuronal death (Bing et al., 1998; Castaño et al., 1998;
Herrera et al., 2000). More studies reported the consistent
deleterious results with various routes including intrapallidal
and intrastriatal injection (Zhang et al., 2005; Choi et al.,
2009; Hunter et al., 2009).

Currently, no animal models can perfectly reproduce all the

major pathological, biochemical, and behavioral features of
PD patients. However, each animal model has unique aspects
that can be utilized for developing new therapeutic strategies
or compound screening test [for review, see (Blandini and
Armentero, 2012)]. For example, although 6-OHDA and
MPTP do not obviously induce the proteinaceous aggregates
and Lewy-body inclusion, they can be effectively used in
screening therapy test due to the robust neuronal loss and
motor impairment induced by them. Recent studies suggested
that the rotenone neurotoxicity might not be specific to the
nigrostriatal dopamine system (Lapointe et al., 2004).
Nevertheless, rotenone is valuable to study the role of α-
synuclein in the nigral dopaminergic neuronal loss since
rotenone can stably induce its aggregation using multiple
routes (Sherer et al., 2003; Cannon et al., 2009).

Evidence of activated microglia-mediated
dopaminergic neuronal loss

Is it possible that dopaminergic neurons themselves are more
vulnerable to the microglia-induced toxicity than other
neuron cell types? Data suggests this might be the case, as
neurons in the SNpc have lower levels of intracellular
glutathione, and subsequently reduced antioxidant ability
(Loeffler et al., 1994). However, there may be region specific
differences in microglia that could also impart the selectivity
of microglia-induced neurotoxicity in the SNpc. It has been
determined that compared to other brain regions the SNpc has
four to five times more microglia (Kim et al., 2000).

Clinical data supports the involvement of microglia in PD.
In the SNpc of postmortem PD patient extensive proliferation
of reactive microglia is found surrounding dopaminergic
neurons (McGeer et al., 1988a, 1988b). An increase in pro-
inflammatory molecules such as TNFα, IL-1β, and inducible
nitric oxide synthase (iNOS) have been found in activated
glial cells in the SNpc of postmortem PD patient brains
(Hunot et al., 1996). However, clinical data only provides a
static view of the disease progression. It is therefore difficult
to assert that increased microglial activation is a cause of the
dopaminergic neuron loss and not a consequence of the
neuron loss. To this point, inflammation along with increased
oxidative stress in the midbrain appears to precede the
eventual loss of dopaminergic neurons (McGeer et al., 1988a;
Jenner and Olanow, 1996). While this correlation does not
prove the involvement of microglia in the disease progres-
sion, it at least suggests that microglial activation does exist
prior to the neuron loss.

With all the caveats associated with animal studies, there is
a body of research in a number of animal models of PD
(MPTP, 6-OHDA and LPS) that supports the notion that
microglial activation plays an active role in the pathological
process of dopaminergic neurodegeneration (He et al., 2001;
Gao et al., 2002; McGeer et al., 2003; Vijitruth et al., 2006;
Arimoto et al., 2007; Hunter et al., 2007). While it is beyond
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the scope of this review to cover all the clinical and preclinical
studies, there does appear to be a consensus that uncontrolled
microglia activation is essential in the process of dopaminer-
gic neuronal loss via releasing proinflammatory cytotoxic
molecules.

The knowledge gained by in vitro studies has generated
some potential mechanisms by which microglia could induce
dopaminergic neuron loss. The purpose of this review is to
describe the key neurotoxic molecules released from
activated microglia and their potential signaling pathways
related to dopaminergic neuronal death observed mainly in in
vitro models.

Potential mechanisms of microglia-
activation mediated dopaminergic
neurodegeneration

ROS

Superoxide radical is a main ROS molecule produced by the
activated microglia, which can readily react with nitric oxide
and form the highly reactive oxidative molecule – peroxyni-
trite. Ultimately, peroxynitrite can lead to dopaminergic
injury and death as a result of the modification of
intraneuronal nucleic acids, lipids, and proteins (Hald and
Lotharius, 2005).

Clinical relevance of ROS involvement in PD is provided
by immunostaining of dopaminergic neurons, which demon-
strates increased oxidation of lipids, DNA and proteins in
SNpc of PD patients (Zhang et al., 1999). As a significant
source of ROS, the subunit gp91phox of NADPH oxidase
(PHOX) in microglia was also found upregulated in PD
patients compared to normal control, and the increased
PHOX was coincident with microglial activation and
dopaminergic neuronal loss in MPTP animal model (Wu et
al., 2003).

The important roles for PHOX have been further
investigated in vitro. By either pharmacological or genetic
inhibition of PHOX activity the role of PHOX in microglia-
mediated neuronal death was tested. Using mesencephalic
neuron/glia mixed cultures insulted with LPS, suppression of
PHOX was found to be neuroprotective (Qin et al., 2004;
Zhang et al., 2010). This data suggests that PHOX is a critical
molecule in the activated microglia-induced oxidative stress-
mediated dopaminergic neurodegeneration. However, poten-
tial non-oxidative mechanism of PHOX also exists. Increas-
ing evidence suggested that PHOX in microglia is not only
responsible for the oxidative production but also actively
takes part in the regulation of other proinflammatory
signaling pathways. For example, it has been shown that
PHOX inhibition abolishes the production of proinflamma-
tory mediators such as TNFα, prostaglandin E2 (PGE2),
iNOS, and suppresses the MAPK signaling pathways such as
p38 MAPK, JNK, and ERK (Pawate et al., 2004; Qin et al.,
2004; Block and Hong, 2005).

Recent work further showed that high-mobility group box
1 (HMGB1) treated in the primary microglia binds to
macrophage antigen complex I (MAC-1) receptor and
activates PHOX, in contrast, neutralizing HMGB1 and
genetic ablation of MAC-1 blocked the production of
neurotoxic molecules and the progressive dopaminergic
neurodegeneration, suggesting that HMGB1 and MAC-1
may act as the upstream mediator of the LPS-induce PHOX
activation and consequent production of superoxide in
microglia (Gao et al., 2011).

Proinflammatory cytokines

The clinical relevance for the role of proinflammatory
cytokines has also been established. A line of postmortem
studies demonstrated that proinflammatory cytokines such as
TNFα, IL-1β, and IL-6 are significantly increased in the
striatum of PD brains (Mogi et al., 1994 a,b). Moreover, it has
been demonstrated that TNFα is secreted by microglia
surrounding degenerating dopaminergic neurons in the SN
of PD patients (Boka et al., 1994; Hunot et al., 1999).
Furthermore, enhanced expression of IL-1β, IL-6 and TNFα
has also been shown in CSF of PD patients (Nagatsu et al.,
2000). In addition, increased levels of TNFR1 receptor have
been shown to be elevated in the SN of PD patients (Mogi et
al., 2000). All the above findings suggested that proinflam-
matory molecules released from activated microglia have a
deleterious role in the dopaminergic neurodegeneration seen
in PD.

Recent studies report that neutralizing antibodies to either
TNFα or IL-1β and IL-1β type 1 receptor (IL-1R) can
significantly rescue dopaminergic neurons against LPS-
induced toxicity in mesencephalic neuron/glia cultures and
in primary ventral mesencephalic neuron-enriched cultures
(Gayle et al., 2002; Long-Smith et al., 2010). Blocking
soluble TNFα signaling attenuates the loss of dopaminergic
neurons in primary mesencephalic/glia mixed cultures
stimulated with both LPS and 6-OHDA (McCoy et al.,
2006). It has been shown both in vitro and by using TNRa
receptor (TNFR1 and TNFR2) knockout mice that activation
of TNFR1 contributes the neuronal death, whereas activation
of TNFR2 has an neuroprotective effect in a ischemia-
reperfusion-induced retinal damage model (Fontaine et al.,
2002). This is consistent with the findings in the primary
cortical neuronal cultures insulted with glutamate and beta-
amyloid (Li et al., 2004; Marchetti et al., 2004). Whether
TNFR1 and TNFR2 have differential roles in microglia-
induced dopaminergic neuronal death and the intraneuronal
mechanisms need to be clarified.

iNOS and COX-2

In microglia the primary enzyme responsible for the
production of nitric oxide is iNOS. Clinical relevance has
also been shown for the involvement of iNOS in PD.

406 Microglia activation and Parkinson’s disease



Postmortem studies have found an upregulation of iNOS in
the SN of PD patients but not in control subjects (Hunot et al.,
1996; Knott et al., 2000). Further, preclincal animal models
demonstrated that iNOS inhibition protects neurons in
different PD animal models (Liberatore et al., 1999; Dehmer
et al., 2000; Iravani et al., 2002; Wu et al., 2002; Arimoto and
Bing, 2003).

Recent animal studies have suggested that microglial p38
MAPK may act as the upstream signaling of iNOS since
inhibition of p38 MAPK pathway reduced the production of
nitric oxide and rescued dopaminergic neurons against MPP+

and LPS insult (Du et al., 2001; Xing et al., 2008). As the

product of iNOS, diffusible nitric oxide can readily form
highly cytotoxic peroxynitrite, which can cause nitration of
the key proteins resulting in the alteration of their structures
and functions. A marker of nitration, 3-nitrotyrosine, has been
shown by immunostaining to be increased in Lewy bodies in
PD patients (Good et al., 1998). Several studies demonstrated
an increased nitration of α-synuclein and its aggregation in
human dopaminergic SH-SY5Y/microglia cell line cocultures
upon LPS stimuli and in MPTP PD model (Paxinou et al.,
2001; Przedborski et al., 2001; Shavali et al., 2006), and the
increased α-synuclein nitration appears positively correlated
with enhancing fibril formation and dopaminergic neuronal

Figure 1 Schematic summary of the key molecules and their signaling cascades in the activated microglia and dopaminergic neuron.
Upon the stimuli from LPS or other extracellular molecules such as HMGB1 and ones released from injured neurons such as α-synuclein,
microglia are activated and release PHOX-mediated free radicals such as superoxide, and MAPKs signaling-mediated production of nitric
oxide, progstagland E2, and cytokines such as TNFα. The superoxide and nitric oxide can readily react and form highly diffusible cytoxic
molecules peroxynitrite (ONOO-), which can direclty cause the nitration of the key proteins such as α-synuclein and lead to its
aggregation, causing neuronal apoptosis probably via inhibiting the function of ubiqutin proteasome system. In addition, ONOO- can react
with mitochondrial membrane and cause its dysfunction via inhibition of complex I, enhancing the intracellular burden of oxidative stress.
Microglia-derived PGE2 induces neuronal death via its receptor EP1, though no downstream signaling has been studied in the neurons.
Upon binding to its TNFR1 receptor, the overwhelming signaling from TNFα may initiate the activation of proinflammatory signaling
such as p38 MAPK, leading to the activation of caspases signaling, ultimately leading to neuronal apoptosis.

Bin XING and Guoying BING 407



death in primary neuronal/glia cultures (Hodara et al., 2004;
Gao et al., 2008). Peroxynitrite can also directly react with
mitochondria membranes and inhibits mitochondrial complex
I (Murray et al., 2003), causing dopaminergic neuronal death
(Sherer et al., 2007).

Besides direct modification on the proteins and their
functions in the dopaminergic neurons, nitric oxide can also
activate proinflammatory signaling cascades in neurons. The
study on human neuroblastoma cells suggested that the
activation of neuronal p38 MAPK induced by exogenous
nitric oxide facilitates the translocation of cell death activator
BAX from cytosol to the mitochondria along with neurode-
generation (Gomez-Lazaro et al., 2008). In contrast, BAX-
deficiency in these neurons enables them to be resistant to
nitric oxide-induced neurotoxicity (Ghatan et al., 2000). A
more recent study on the rotenone in vitro model further
demonstrated that activation of caspase-2 regulates BAX
translocation and cytochrome c release from mitochondria
and leads to cell death (Tiwari et al., 2011). Activation of
neuronal p38 MAPK by superoxide and nitric oxide also
activates the neuronal caspase- 3, -8 and-9 in the primary
mesencephalic cultures (Choi et al., 2004). This is consistent
with the finding that caspase 8 activation is higher in PD
brains (Hartmann et al., 2001). All above studies implicated
the important roles of neuronal p38 MAPK-caspases-BAX
signaling cascades in the dopaminergic neuronal injury and
death.

Another proinflammatory factor, cyclooxygenase-2 (COX-
2), has been demonstrated in the activated microglia of PD
patients but not in control subjects (Hunot et al., 1996; Knott
et al., 2000). Pharmacological inhibition of COX-2 rescues
dopaminergic neurons against MPTP and MPP+ toxicity
(Wang et al., 2005; Vijitruth et al., 2006). Recent study
suggested that c-Jun N-terminal Kinase (JNK) might take part
in the mediation of COX-2 activity since inhibition of JNK
reduces the expression of COX-2 and rescues dopaminergic
neurons against LPS insult in mesencephalic neuron/glia
mixed cultures (Xing et al., 2007). PGE2 is the major
prostaglandin produced by COX-2. Direct neurotoxic effects
have been shown for PGE2 on dopaminergic neurons (Gao et
al., 2003). Recent study on 6-OHDA-induced neurotoxicity
in rat mesencephalic primary neuronal cultures showed that
PGE2 receptor EP1 on dopaminergic neurons might con-
tribute to COX-2-mediated neuronal death since EP1 receptor
agonist at nanomolar concentration killed dopaminergic
neurons significantly and its selective antagonist can
markedly rescue dopaminergic neurons (Carrasco et al.,
2007).

Summary

Microglia activation has been considered to play an active
role in the process of dopaminergic neurodegeneration and is
strongly implicated in the key underlying mechanisms

involved in neuroinflammtion and oxidative stress. Upon
activation, microglia overproduce a variety of proinflamma-
tory mediators and radical species which can be directly toxic
to dopaminergic neurons via modification of key proteins or
by initiating deleterious intraneuronal signaling cascades
leading to mitochondrial dysfunction and neuronal death. It is
noteworthy that there is tightly regulated cross-talk between
activated microglia and injured neurons in the progress of
dopaminergic neuronal death (Fig. 1). To further understand
how these deleterious signaling pathways are regulated in the
activated microglia and dopaminergic neurons will be very
helpful in the future development of effective therapeutic
strategies against progressive neuronal degeneration.
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