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Microglia are the resident immune cells of the central nervous system (CNS) and they
contribute to primary inflammatory responses following CNS injuries. The morphology
of microglia is closely associated with their functional activities. Most previous research
efforts have attempted to delineate the role of ramified and amoeboid microglia in the
pathogenesis of neurodegenerative diseases. In addition to ramified and amoeboid
microglia, bipolar/rod-shaped microglia were first described by Franz Nissl in 1899 and
their presence in the brain was closely associated with the pathology of infectious
diseases and sleeping disorders. However, studies relating to bipolar/rod-shaped
microglia are very limited, largely due to the lack of appropriate in vitro and in vivo
experimental models. Recent studies have reported the formation of bipolar/rod-shaped
microglia trains in in vivo models of CNS injury, including diffuse brain injury, focal
transient ischemia, optic nerve transection and laser-induced ocular hypertension (OHT).
These bipolar/rod-shaped microglia formed end-to-end alignments in close proximity
to the adjacent injured axons, but they showed no interactions with blood vessels or
other types of glial cell. Recent studies have also reported on a highly reproducible
in vitro culture model system to enrich bipolar/rod-shaped microglia that acts as a
powerful tool with which to characterize this form of microglia. The molecular aspects of
bipolar/rod-shaped microglia are of great interest in the field of CNS repair. This review
article focuses on studies relating to the morphology and transformation of microglia
into the bipolar/rod-shaped form, along with the differential gene expression and spatial
distribution of bipolar/rod-shaped microglia in normal and pathological CNSs. The
spatial arrangement of bipolar/rod-shaped microglia is crucial in the reorganization and
remodeling of neuronal and synaptic circuitry following CNS injuries. Finally, we discuss
the potential neuroprotective roles of bipolar/rod-shaped microglia, and the possibility
of transforming ramified/amoeboid microglia into bipolar/rod-shaped microglia. This will
be of considerable clinical benefit in the development of novel therapeutic strategies for
treating various neurodegenerative diseases and promoting CNS repair after injury.
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INTRODUCTION

Microglia are generally considered as phenotypically diverse
immune cells which reside in the central nervous system
(CNS). The morphological changes of microglia are closely
associated with their function and the microenvironment in
which they reside (Chamak and Mallat, 1991; Suzumura et al.,
1991; Szabo and Gulya, 2013; Tam and Ma, 2014; Tam et al.,
2016). Under normal physiological conditions, microglia adopt
a ‘‘surveying’’ phenotype, referred to as ‘‘ramified microglia’’
with compact cell bodies and elongated branching processes
(Hanisch and Kettenmann, 2007). Ramified microglia frequently
extend and retract their highly motile processes so that they
can actively sense and survey their microenvironment to detect
subtle changes, but without disrupting the existing neuronal
circuitry (Nimmerjahn et al., 2005). Ramified microglia in the
immediate vicinity of micro-lesions respond rapidly and quickly
transform into an active state, thus allowing them to migrate
towards the site of injury (Davalos et al., 2005; Nimmerjahn
et al., 2005). Ramified microglia first thicken, withdraw
their processes, enlarge their cell bodies, and subsequently
transform into an amoeboid morphology. Amoeboid microglia
are regarded as ‘‘activated’’ microglia since they are responsible
for antigen presentation, the production of an exhaustive list of
inflammatory cytokines, chemokines and neurotrophic factors
and are responsible for the removal of cellular debris by
phagocytosis (Wyss-Coray and Mucke, 2002; Glass et al., 2010).
Recent studies have also shown that amoeboid microglia are
closely associated with neurological disorders such as brain
injuries, Alzheimer’s disease (AD), Parkinson’s disease (PD) and
Huntington’s disease (HD) in which chronic neuroinflammation
is usually observed (Glass et al., 2010; Krause and Müller,
2010; Smith et al., 2012). Amoeboid microglia are also detected
in early and late stages of the onset of neurodegenerative
diseases (Lynch, 2009). Studying the association ofmicroglia with
disease progression is therefore very attractive to neuroscientists,
particularly in terms of neurodegeneration and neuroprotection.

Over the past few decades, most studies have focused upon
the well-characterized ramified and amoeboid microglia, and
studies of bipolar/rod-shaped microglia remain scarce due to
the lack of a well-established in vitro culture system and
a highly reproducible in vivo animal model with which to
study this form of microglia. There is compelling evidence
to suggest that bipolar/rod-shaped microglia play a pivotal
role in CNS repair since they align end-to-end along with
the damaged axons following traumatic brain injury (Ziebell
et al., 2012; Taylor et al., 2014). Bipolar/rod-shaped microglia
are also highly phagocytic and proliferative in nature (Ziebell
et al., 2012; Tam and Ma, 2014), and are involved in the
internalization of degenerating neurons following CNS injury
(Yuan et al., 2015). Bipolar/rod-shaped microglia express a
distinctive transcriptional profile in response to immunological
stimuli such as lipopolysaccharides (LPS), and quickly transform
into amoeboid microglia (Tam and Ma, 2014; Tam et al., 2016).
This suggests that bipolar/rod-shaped microglia might be a
transitional stage between the ramified and amoeboid microglia
(Suzumura et al., 1990; Bohatschek et al., 2001; Jonas et al., 2012).

A recent case study involving autopsy of over 160 patients
showed that the presence of bipolar/rod-shaped microglia in the
hippocampus and cerebral cortex was directly related to an AD
cohort with aging and AD-related pathology such as dementia,
and the formation of senile plaques and neurofibrillary tangles
(NFTs; Bachstetter et al., 2015, 2017).

In this review article, we summarize our current
understanding of bipolar/rod-shaped microglia based upon
recent studies which have defined the role of this form of
microglia in neurological diseases. We also discuss the potential
neuroprotective role of bipolar/rod-shaped microglia in
neurodegenerative diseases. Accumulating evidence suggests
that the formation of bipolar/rod-shaped microglia might be
potentially beneficial, not only in protecting the CNS neurons
against progressive neuronal degeneration induced by chronic
neuroinflammation, but also in helping with the reorganization
of neuronal circuitry. This review aims to provide a more
in-depth understanding of bipolar/rod-shaped microglia in
order to provide new focus in the development of therapeutic
strategies for neurodegenerative diseases.

THE DISCOVERY AND IDENTIFICATION OF
BIPOLAR/ROD-SHAPED MICROGLIA

Bipolar/rod-shaped microglia were first identified as an activated
form ofmicroglia by Nissl (1899) more than a century ago. In this
original study, Nissl examined glia cell morphology in cerebral
cortices from patients who suffered from paralytic dementia, and
he described this form of microglia as ‘‘strung-out, extremely
slim with infinitely long processes’’. These bipolar/rod-shaped
microglia extend their processes into pyramidal neuronal layers
and are aligned with the growing tips of dendrites from nearby
neurons (Nissl, 1899). Further studies showed that bipolar/rod-
shaped microglia were also present in cerebral cortices in
neurological disorders associated with typhus infections and
syphilis, as well as sleeping disorders (Spielmeyer, 1922). The
incidence of these neurological disorders was dramatically
reduced, largely due to the discovery of penicillin. Thus, studies
on this microglia subtype gradually reduced and researchers
became unfamiliar with this form of microglia due to their
rare occurrence in pathological brains (Graeber, 2010). This
might account for our limited knowledge of bipolar/rod-shaped
microglia, even though they were discovered more than a
century ago.

Over the past two decades, bipolar/rod-shaped microglia
were observed in several chronic neuropathological disorders,
including viral encephalitis, lead encephalopathy and
subacute sclerosing panencephalitis (SSPE). Patients with
viral encephalitis exhibit microglial nodule formation in
the brain which represents a hallmark pathological feature,
regardless of the type and origin of the virus. This microglial
nodule consists of a bundle of activated bipolar/rod-shaped
microglia, reactive astrocytes, infiltrated macrophage and
degenerating axons (Nelson et al., 2002). In a rat model of
chronic lead (a heavy metal) intoxication, microglia were
transformed into bipolar/rod-shaped with enlarged endoplasmic
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reticuli and a large quantity of cytoplasmic lipid inclusions after
9 months of continuous exposure to lead (Markov and Dimova,
1974). Autopsy of brains from SSPE patients further revealed
that bipolar/rod-shaped microglia were the predominant
form of microglia in the cortical area, as well as in the white
matter (Wierzba-Bobrowicz et al., 2002; Boche et al., 2013).
These studies collectively suggest that bipolar/rod-shaped
microglia are often observed in various neuropathological
disorders.

MORPHOLOGICAL DYNAMICS OF
RAMIFIED, BIPOLAR/ROD-SHAPED AND
AMOEBOID MICROGLIA

Bipolar/rod-shaped microglia are seldom observed in cultures
owing to the small number of this microglia subtype in the
overall microglia population (Suzumura et al., 1990; Bohatschek
et al., 2001; Hoffmann et al., 2003; Szabo and Gulya, 2013).
Primary microglia usually adopt an amoeboid morphology
when cultured on non-coated surface (Suzumura et al., 1990;
Kann et al., 2004). After treating with granulocyte-macrophage
colony stimulating factor (GM-CSF), amoeboid microglia
transformed into bipolar/rod-shaped microglia with elongated
cell bodies and highly polarized processes following 5 days
of incubation. The bipolar/rod-shaped microglia were highly
proliferative compared to the amoeboid microglia (Suzumura
et al., 1990).

Further study showed that the majority of microglia
adopted ramified morphology when co-culturing on an astrocyte
monolayer. The ramified microglia quickly transformed into
bipolar/rod-shaped microglia within 3 h following the addition
of rat brain lysate to the co-cultures, and these bipolar/rod-
shaped microglia were gradually transformed into amoeboid
microglia after 12 h of incubation. Interestingly, removal of brain
lysate by washing off the culture medium induced a reverse
transformation of amoeboid into bipolar/rod-shaped microglia
within 24 h, and gradually transformed back into ramified
microglia following 96 h of incubation without the brain lysate
(Bohatschek et al., 2001).

One study showed that in rat hippocampal slice cultures,
microglia adopted mixed and diverse morphological forms
ranging from ramified, bipolar/rod-shaped to amoeboid 72 h
following LPS challenge (Papageorgiou et al., 2016). Unlike other
studies, the number of amoeboid microglia in hippocampal slice
cultures remained unchanged after LPS stimulation (Gao et al.,
2002; Qin L. et al., 2007). Also, the levels of pro-inflammatory
cytokines such as interleukin 1 beta (IL-1β) and tumor necrosis
factor α (TNFα) were significantly elevated, and the neuronal
architecture remained largely intact without any detectable
neuronal loss. In contrast, the number of amoeboid microglia
was markedly increased when exposed to both LPS and
interferon gamma (IFNγ), which demonstrated a significant
neuronal loss (Papageorgiou et al., 2016). Transformation of
bipolar/rod-shaped microglia into amoeboid microglia, and
the induced neurotoxicity might involve the crosstalk between
microglia and infiltrated leukocytes since IFNγ is mainly

secreted by leukocytes but not by microglia (Papageorgiou et al.,
2016).

Accumulating evidence suggests that morphological
transformation of microglia involves the change in
electrophysiological properties and intracellular calcium
concentration ([Ca2+]i) of the microglial cells. Astrocytes
are known to produce macrophage colony stimulating factor
(M-CSF), which induces the transformation of amoeboid
microglia into a mix of ramified (vast majority) and bipolar/rod-
shaped microglia (small number) within few hours along with
voltage-gated sodium (Na+) and outward potassium (K+)
current increase in the transformed microglia (Frei et al., 1992;
Korotzer and Cotman, 1992; Liu et al., 1994; Sievers et al., 1994;
Eder et al., 1998; Kann et al., 2004). Ramified and bipolar/rod-
shaped microglia returned to amoeboid morphology after
washing out the astrocyte-conditioned medium (ACM; Eder
et al., 1998). Further experiments showed the involvement of
chloride (Cl−) channel in ramification of microglia. Cl− channel
blockers added to the ACM inhibited the transformation
of microglia; however, blocking Na+ and K+ channels
did not affect the ramification process (Eder et al., 1998).
Ramification of microglia involves in membrane stretching
(i.e., extension of processes) and cytoskeletal reorganization
that might activate Cl− channel. Stretching of microglial cell
membrane under experimental condition was induced by
a fine movement of recording patch pipette resulting in a
current activation mediated mainly by Cl− ions (Eder et al.,
1998).

The change in [Ca2+]i serves as a signal transduction
pathway to control various cellular events such as cell
migration, proliferation, release of cytokines and morphological
transformation of microglia (Möller, 2002; Farber and
Kettenmann, 2006). Microglia express purinergic receptors
and G protein-coupled receptor CD88 to regulate the [Ca2+]i
of microglia (Farber and Kettenmann, 2006). Microglia
irrespective of their morphology, including ramified and
bipolar/rod-shaped microglia in ACM-treated microglia
cultures, or amoeboid microglia on non-coated surface,
showed a transient increase in [Ca2+]i in response to the
agonists of purinergic receptor (i.e., ATP and UTP) and
CD88 (i.e., Complement factor 5a, C5a), respectively (Möller
et al., 2000; Kann et al., 2004). In contrast, LPS-induced
activation of microglia resulted in a chronic increase in the basal
[Ca2+]i, and suppression of UTP- and C5a-evoked transient
increase in [Ca2+]i (Hoffmann et al., 2003). The UTP- and
C5a-evoked transient increase in [Ca2+]i was successfully
restored with the suppression of LPS-induced elevation of
[Ca2+]i by BAPTA and AG126 (Hoffmann et al., 2003; Kann
et al., 2004). The LPS-induced production of pro-inflammatory
cytokines TNFα and IL-6, and nitric oxide (NO) by activated
microglia requires the elevation of [Ca2+]i. The release of
cytokine and NO were significantly reduced by the blockade
of intracellular calcium release in LPS-treated microglia using
BAPTA (Hoffmann et al., 2003). ACM-induced ramified and
bipolar/rod-shaped microglia did not differ functionally from
amoeboid microglia grown on non-coated surface. However,
the LPS-stimulated microglia behave differently in regulating
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[Ca2+] (Möller et al., 2000; Hoffmann et al., 2003; Kann et al.,
2004).

CELL CULTURE MODEL SYSTEMS FOR
STUDYING BIPOLAR/ROD-SHAPED
MICROGLIA

The study of bipolar/rod-shaped microglia has been limited
by the lack of in vitro and in vivo model systems with
which to study this form of microglia. Unlike the case for
bipolar/rod-shaped microglia, there are many well-defined cell
culture systems available to purify ramified and amoeboid
microglia, which provide us with a better understanding of the
molecular and cellular properties of these microglia subtypes.
In general, primary microglia cultured on a fibronectin-coated
surface enrich ramified microglia, while microglia cultured on
a laminin-coated surface enrich amoeboid microglia (Chamak
and Mallat, 1991). Many studies have already taken advantage
of this relatively simple culture system to examine how
microglia respond to various factors such as ATP (Hide
et al., 2000; Honda et al., 2001), LPS (Nakamura et al., 1999;
Qin H. et al., 2007; Pannell et al., 2014), and cytokines
(Merrill, 1991). Moreover, cell culture systems allow researchers
to examine gene expression profiling (Duke et al., 2004;
Horvath et al., 2008), along with cellular properties such
as cell migration (Honda et al., 2001; Haynes et al., 2006),
phagocytic activity (Townsend et al., 2005; Koizumi et al.,
2007), electrophysiological properties (Eder et al., 1998) and
intracellular calcium activity (Hoffmann et al., 2003; Kann
et al., 2004) in different forms of microglia. In few studies,
in which ramified and partially bipolar/rod-shaped microglia
were induced within the same culture in vitro, the functional
differences of these two distinct microglia phenotypes were not
explored in detail (Eder et al., 1998;Möller et al., 2000; Kann et al.,
2004).

Recently, we established a cost-effective and highly
reproducible method with which to enrich bipolar/rod-
shaped microglia in vitro (Tam and Ma, 2014; Tam et al.,
2016) and thus study gene expression profiles and characterize
morphological changes systemically. Primary microglia were
isolated from postnatal mice and grown on a poly-D-lysine
and laminin-coated surface with multiple scratches (Figure 1).
Microglia actively migrated towards the scratched surface (Tam
and Ma, 2014) where the laminin coating was scratched off
(Tam et al., 2016) during the initial hours after cell seeding, and
microglia colonized upon the laminin-free scratched surface
developed elongated and bipolar processes, beginning from
the first day in vitro (DIV; Tam and Ma, 2014; Tam et al.,
2016). Bipolar/rod-shaped microglia with elongated processes
quickly formed end-to-end alignments on the scratched poly-
D-lysine and laminin-coated surface after 1 DIV (Tam and
Ma, 2014). In contrast, although trains of bipolar/rod-shaped
microglia could be formed on scratched surface pre-coated
with poly-D-lysine only, these trains of bipolar/rod-shaped
microglia failed to maintain and the microglia alignments
disappeared after 3 DIV. This suggests that laminin is crucial

in stabilizing the formation of microglia alignments since the
trains of bipolar/rod-shaped microglia could be maintained
for at least 6 DIV on the scratched poly-D-lysine and laminin-
coated surface (Tam et al., 2016). In rats, bipolar/rod-shaped
microglia aligned end-to-end at the injury site within 1 day of
diffuse brain injury in vivo (Ziebell et al., 2012). In line with an
in vivo study on human pathological brains (Wierzba-Bobrowicz
et al., 2002), bipolar/rod-shaped microglia in culture showed
high immunoreactivity to proliferating cell nuclear antigen
(PCNA, a cell proliferation marker), indicating that they were
highly proliferative. The gene expression of both M1 (i.e., Tnf,
Il-1b, Cd32 and Cd86) and M2 (i.e., Il-10 and Tgf-β) markers
was markedly reduced in bipolar/rod-shaped microglia at the
time when trains of microglia were formed (i.e., 2 DIV). In
contrast, amoeboid microglia are known to produce significantly
higher levels of pro-inflammatory cytokines compared to
bipolar/rod-shaped microglia (Tam and Ma, 2014). Amoeboid
microglia colonized in the non-scratched area (i.e., laminin-
coated surface), thus demonstrating their ability to digest the
laminin coating (Stolzing et al., 2002; Tam et al., 2016) with the
up-regulation of laminin-cleaving proteins, Adam9 and Ctss,
compared to bipolar/rod-shaped microglia which colonized in
the laminin-free scratched surface (Tam et al., 2016). In addition,
bipolar/rod-shaped microglia were morphologically dynamic
and could rapidly transform into amoeboid microglia within
30 min in response to LPS (i.e., a M1 stimulus). This involved
the up-regulation of pro-inflammatory cytokines (Il-1b and
Tnf ) and activation of the Jak/Stat3 signaling pathway (Tam
and Ma, 2014). Amoeboid microglia which had transformed
from bipolar/rod-shaped microglia regained the ability to cleave
laminin via the up-regulation of the laminin-cleaving proteins,
Adam9 and Ctss, while their gene expression in LPS-treated
amoeboid microglia-enriched cultures remained unchanged
(Tam et al., 2016). Taken together, our recently established
cell culture system successfully enriched bipolar/rod-shaped
microglia forming end-to-end alignments in vitro (Tam and Ma,
2014; Tam et al., 2016) that resemble the spatial arrangement
of trains of bipolar/rod-shaped microglia after CNS injury
in vivo (Ziebell et al., 2012; Taylor et al., 2014; Yuan et al.,
2015). However, bipolar/rod-shaped microglia formed after
GM-CSF and brain lysate stimulation did not form end-to-end
alignments (Suzumura et al., 1990; Bohatschek et al., 2001),
which indicate that a physical scratched surface (perhaps
mimicking the site of injury) is required for the end-to-end
alignment formation.

BIPOLAR/ROD-SHAPED MICROGLIA IN
BRAIN INJURY

Colonization and trains of bipolar/rod-shaped microglia are
not normally observed in the naïve rat brain (Taylor et al.,
2014), and are only occasionally found in the cerebral cortex
and thalamus of rodent brain (Lawson et al., 1990; Taylor
et al., 2014). Following midline fluid percussion injury (mFPI),
an animal model of traumatic brain injury, ramified microglia
which used to be evenly distributed throughout the cortical
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FIGURE 1 | Schematic diagram illustrating the cell culture model systems to enrich amoeboid and bipolar/rod-shaped microglia. Cerebral cortices
dissected from postnatal mice were trypsinized and dissociated mechanically, and the cell suspension was plated onto a poly-D-lysine-coated culture flask. The
microglia were then isolated from the mixed primary cortical cultures after 10–12 days by gently shaking. The purity of the microglia cultures prepared by this method
was >99% (Tam and Ma, 2014; Tam et al., 2016). (A) The vast majority of primary microglia maintained an amoeboid-like morphology after culturing on a
poly-D-lysine/laminin-coated surface without any physical scratches. (B) Multiple physical scratches generated by a P200 pipette tip removed the laminin coating,
which created laminin-free zones between the non-scratched areas. The primary microglia actively migrated to the scratched area and formed trains of
bipolar/rod-shaped microglia (red) in parallel with the direction of the scratches (dotted lines). By contrast, the microglia colonized in the non-scratched surfaces
maintained amoeboid morphology (green) while the laminin coating was still intact.

area were activated and adopted a ‘‘rod-like’’ morphology.
The cell bodies of these ‘‘rod-like’’ microglia were elongated
and their primary processes projected toward the two ends,
and formed trains of bipolar/rod-shaped microglia (Taylor
et al., 2014). These bipolar/rod-shaped microglia appeared to
be highly polarized in response to brain injury. In rats, the
vast majority of bipolar/rod-shaped microglia started colonizing
the primary somatosensory barrel field (S1BF) region in the
cerebral cortex to form end-to-end alignments perpendicular
to the dural surface across the cortical layers as early as
1-day post injury (dpi). An increased number of bipolar/rod-
shaped microglia, with significant microglia alignments, were
observed at 2 dpi, which became more prominent by 7 dpi

(Ziebell et al., 2012). More importantly, these bipolar/rod-shaped
microglia were phenotypically distinct from other forms of
microglia (i.e., ramified and amoeboidmicroglia) with significant
increase in cell length to width ratio, and reduced number
and length of side branches (Taylor et al., 2014). Most of the
bipolar/rod-shaped microglia exhibited high immunoreactivity
to ED1 (a phagocytic marker), but only a few showed
immunoreactivity to OX6 (a major histocompatibility complex
(MHC) class II marker; Ziebell et al., 2012). This indicated
that bipolar/rod-shaped microglia are highly phagocytic (Bauer
et al., 1994; Cho et al., 2006). Interestingly, bipolar/rod-shaped
microglia with high phagocytic activity were not involved in
the clearance of myelin debris since no internalized myelin was
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observed within the bipolar/rod-shaped microglia. Furthermore,
the aligned bipolar/rod-shaped microglia showed no direct
contact with other glia cells such as oligodendrocytes and
astrocytes after brain injury (Ziebell et al., 2012). The trains
of bipolar/rod-shaped microglia aligned end-to-end along the
injured axons, which was consistent with other studies (Nissl,
1899; Spielmeyer, 1922; Cho et al., 2006). Nevertheless, how
these trains of bipolar/rod-shaped microglia are formed has yet
to be elucidated, as does their functional role, particularly their
association with neuronal processes.

BIPOLAR/ROD-SHAPED MICROGLIA IN
ALZHEIMER’S DISEASE

AD is one of the most common neurodegenerative diseases and
affects approximately 48 million people worldwide. Aberrant
beta amyloid precursor protein (βAPP) metabolism and the
subsequent increased deposition of β-amyloid peptides in senile
plaques is the major pathological hallmark of AD (Selkoe,
2000). In the early stages of AD pathology, microglia recruited
to the senile plaques show strong phagocytic activity and
are able to internalize β-amyloid peptides via the class A
scavenger receptor (Shaffer et al., 1995; Paresce et al., 1996,
1997). Microglia secrete proteolytic enzymes such as neprilysin,
matrix metalloproteinase 9 (MMP-9), plasminogen and insulin-
degrading enzyme (IDE), which are capable of degrading
β-amyloid peptides (Leissring et al., 2003; Yan et al., 2006).
Activated microglia are always detected in the senile plaque
core of AD patients (Wegiel and Wisniewski, 1990; Dickson
et al., 1993). In a mouse model of AD, the massive infiltration
of bone marrow-derived microglia into the senile plaque core
significantly disrupted β-amyloid aggregation and reduced the
formation of senile plaques in the AD brain (Simard et al., 2006).
Genetically modified mice with limited microglia recruitment
to the senile plaques during the early onset of AD markedly
elevated β-amyloid peptide levels and increased mortality in
a transgenic mouse model of AD (El Khoury et al., 2007).
These studies further demonstrate the neuroprotective roles
of microglia within the early stages of AD pathogenesis.
Nevertheless, microglia are known to secrete neurotoxic factors
such as IL-1β, NO and TNFα following prolonged exposure to
accumulated β-amyloid peptides (Dickson et al., 1993; Barger
and Harmon, 1997; Hickman et al., 2008). These activated
microglia also exert strong neurotoxicity to hippocampal
neurons both in vitro (Giulian et al., 1996; Barger and Harmon,
1997) and in vivo (Giulian et al., 1995). In another study,
the expression of β-amyloid-binding receptors and β-amyloid-
degrading enzymes in the microglia of 14-month-old AD mice
were markedly reduced as compared to age-matched wild type
littermates; meanwhile, expression of the pro-inflammatory
cytokines, IL-1β and TNFα, were elevated inmicroglia (Hickman
et al., 2008). This suggests that the phagocytic activity of
microglia is significantly impaired upon prolonged exposure to
β-amyloid. Studies have also shown that β-amyloid peptides
also stimulate astrocytes which greatly reduces the secretion
of pro-inflammatory cytokines and NO from β-amyloid-

treated microglia (von Bernhardi and Eugenín, 2004). The
phagocytic capability of microglia to clear senile plaques was
inhibited during co-culture with astrocytes (DeWitt et al.,
1998). These findings account for the progressive deposition
of β-amyloid peptides even though abundant microglia are
present in senile plaques. The accumulation of β-amyloid plaques
cause massive neuronal loss, resulting in subsequent cognitive
impairments, as demonstrated in AD patients and animal models
of AD (West et al., 1994; Casas et al., 2004; Oakley et al.,
2006).

Another major pathological hallmark of AD is the deposition
of NFTs, which are aggregates of a hyper-phosphorylated form
of tau (Ballatore et al., 2007; Ittner and Götz, 2011). Under
normal physiological conditions, the expression of tau appeared
to be most abundant in axons with some expression in the
dendrites (Ittner et al., 2010; Ittner and Götz, 2011). Tau
binds to the axons to stabilize the microtubules and promote
microtubule assembly (Weingarten et al., 1975; Kadavath et al.,
2015), and regulate microtubule-dependent axonal transport via
the modulation of motor proteins including dynein and kinesin
(Dixit et al., 2008; Scholz and Mandelkow, 2014). Under the
pathological condition of AD, however, tau becomes increasingly
phosphorylated which causes tau to become detached from the
microtubules (Ballatore et al., 2007). The increased level of
unbound tau in the cytoplasm increases the likelihood of tau
misfolding, resulting in the aggregation and fibril formation of
tau (Ross and Poirier, 2004; Kuret et al., 2005a,b). In transgenic
mice expressing humanmutant tau (P301L), profoundmicroglial
activation was observed in the dentate gyrus with extensive
degeneration of the axonal terminals. The degenerating axonal
terminals, and their synapses, were wrapped by activated
microglia. In parallel, a significant reduction of synapsin-I (a
synaptic vesicle marker) and postsynaptic density protein 95
(PSD-95, a postsynaptic marker) immunoreactivity indicated a
massive loss of synapses during disease progression (de Calignon
et al., 2012).

Similar tau pathology was also observed in a transgenic mouse
model expressing a different mutant form of human tau (P301S).
Tau pathology began at 6-months of age in the P301S tau mutant
mice and widespread neuronal loss was detected in these mutants
by 8-months of age; microglial activation was detected as early as
in the 4-month-old mice. The hippocampal neurons of 4-month-
old mutant mice exhibited high levels of immunoreactivity
to pro-inflammatory cytokine IL-1β. Administration of the
immunosuppressant FK506 to these mutant mice markedly
attenuated the inflammatory responses resulting in a significant
reduction of activated microglia, tau pathology and neuronal
loss (Yoshiyama et al., 2007). Microglia activation has also
been commonly observed in transgenic animal models of AD
expressing other forms of mutant tau (Ikeda et al., 2005; Zilka
et al., 2009; Bhaskar et al., 2010).

Several lines of evidence suggest that chronic inflammation
in the brain is likely to exacerbate the formation of NFT
and disease-related pathology (Kitazawa et al., 2004; Maccioni
et al., 2010). Following exposure to soluble βAPP, the
levels of pro-inflammatory cytokine IL-1β was elevated in
cultured primary microglia. Co-culturing the primary cortical
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neurons with βAPP-treated microglia resulted in a substantial
increase in tau phosphorylation. However, co-culturing primary
neurons with activated microglia pre-treated with an IL-1
receptor (IL-1R)-blocking antibody significantly reduced the
phosphorylation of tau in neurons, suggesting that the elevated
IL-1β level in activated microglia plays a pivotal role in
augmenting tau phosphorylation (Li et al., 2003). In a transgenic
mouse model of AD, the in vivo administration of LPS
induced significant levels of inflammation throughout the
cerebral cortex and hippocampus, as well as microglial activation
and an increased level of IL-1β, thus resulting in increased
tau phosphorylation while the level of β-amyloid remained
unchanged (Kitazawa et al., 2005). The activity of Cdk5, a potent
mediator of tau phosphorylation (Town et al., 2002), was also
significantly elevated following LPS treatment (Kitazawa et al.,
2005). In other studies, the selective blockade of IL-1β-mediated
signaling pathways using IL-1R blocking antibodies (Kitazawa
et al., 2011) or the Cdk5 inhibitor roscovitine (Kitazawa et al.,
2005) markedly reduced tau phosphorylation via suppression of
the tau kinase p25 activity.

Ablation of Cx3cr1 in mice results in increased microglial
activation which exaggerates LPS-induced tau phosphorylation
and tau pathology-related behavioral abnormalities including
the loss of motor coordination, motor deficits and memory
loss (Bhaskar et al., 2010). In contrast, the overexpression
of Cx3cr1 in mice suppresses microglial activation and tau
phosphorylation. Subsequent neuronal loss in the hippocampus
was greatly reduced in mice overexpressing Cx3cr1 (Nash
et al., 2013). Pre-treating primary cortical neurons with
an IL-1R antagonist could also prevent neurons from
the hyper-phosphorylation of tau following exposure to a
conditioned medium derived from Cx3cr1-deficient microglia
(Bhaskar et al., 2010). Collectively, these studies suggested
that microglial activation contributes to the augmentation of
tau phosphorylation and its subsequent pathogenesis and that
IL-1β is one of the most important pro-inflammatory cytokines
responsible for the induction of tau phosphorylation following
microglial activation.

In AD patients, infiltrated microglia typically adopt amoeboid
morphology (McGeer et al., 1988; Haga et al., 1989; Itagaki
et al., 1989); similar findings have been demonstrated in mouse
models of AD (Wegiel et al., 2003, 2004; Simard et al., 2006).
Amoeboid microglia are mainly localized in the hippocampus
and cerebral cortex, where β-amyloid aggregates are formed
(Simard et al., 2006), and are responsible for the clearance of
β-amyloid aggregates (Shaffer et al., 1995; Paresce et al., 1996).
Interestingly, some of the activated microglia adopt an elongated,
and highly polarized rod-like morphology, within or in close
proximity to senile plaques in patients (Wierzba-Bobrowicz
et al., 2002). Trains of bipolar/rod-shaped microglia were
predominantly aligned end-to-end in the CA1 andCA2/3 regions
of AD hippocampus (Bachstetter et al., 2015). The presence
of a characteristic train of bipolar/rod-shaped microglia in an
animal model of experimental diffuse traumatic brain injury
demonstrated the potential key roles of bipolar/rod-shaped
microglia in neuronal survival (Ziebell et al., 2012). Microglial
were aligned parallel to damaged neuronal fibers but without

physical contact (Bachstetter et al., 2015). In the cerebral
cortex of patients with AD, a subset of microglia showed
strong immunoreactivity to tau; this subset showed a rod-like
morphology with elongated processes (Odawara et al., 1995). The
presence of tau-positive bipolar/rod-shaped microglia remained
unexplained but may have been due to the internalization of
tau-positive degenerated axonal terminals, as significant synaptic
loss was observed in the progression of tau pathology (de
Calignon et al., 2012). Following the administration of LPS in
mice, bipolar/rod-shapedmicroglia were observed in the cerebral
cortex and hippocampus where the levels of phosphorylated tau
remained high (Lee et al., 2010). Our early studies also showed
that bipolar/rod-shaped microglia expressed a significantly
lower level of IL-1β compared with amoeboid microglia (Tam
and Ma, 2014). The presence of bipolar/rod-shaped microglia
might attenuate the substantial increase in tau phosphorylation
induced by microglial activation, and subsequent neuronal loss
and functional abnormalities during the progression of AD.
Taken together, these findings suggest that bipolar/rod-shaped
microglia might be involved in the pathogenesis of AD, or
even in the repair process during disease progression (Wierzba-
Bobrowicz et al., 2002).

BIPOLAR/ROD-SHAPED MICROGLIA IN
PARKINSON’S DISEASE

PD is the second most common neurodegenerative disorder
after AD and affects approximately 10 million people worldwide
(Dorsey et al., 2007; Delenclos et al., 2016). The cause of PD
remains largely unknown since only about 5%–10% of PD
patients are related to genetic mutations (Toulouse and Sullivan,
2008), and more than 90% of PD patients remain idiopathic.
The pathological features of PD include the widespread loss of
dopaminergic neurons in the substantia nigra, resulting in the
loss of ascending axonal projections to the striatum. In fact,
approximate 50% of dopaminergic neurons are lost and 80% of
striatal dopamine is depleted by the time patients are diagnosed
with PD (Toulouse and Sullivan, 2008; Long-Smith et al., 2009).

Accumulating evidence suggests that chronic inflammation
plays an indispensable role in the degeneration of dopaminergic
neurons. Activated microglia accumulate in the substantia nigra
of PD patients, where significant neuronal death has been
observed (McGeer et al., 1988; Hirsch et al., 1998; Ouchi
et al., 2005, 2009; Gerhard et al., 2006). The accumulated
microglia are mainly localized in the degenerating neurons.
Many pro-inflammatory cytokines, including TNFα, IL-1β, IFNγ

and IL-6, have been detected in the brain, as well as in the
cerebrospinal fluid and blood plasma, of PD patients (Mogi et al.,
1994a,b; Müller et al., 1998; Mount et al., 2007). The combined
effects of pro-inflammatory cytokines, including TNFα, IL-1β
and IFNγ, have been demonstrated to stimulate the production
of NO in a microglia cell line BV-2 (Sheng et al., 2011). NO
produced by microglia after treated with LPS and IFNγ induced
significant neuronal loss as demonstrated in primary neuron-glia
co-culture (Dawson et al., 1994) and in rat hippocampal slice
cultures (Papageorgiou et al., 2016). In PD patients, accumulated
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microglia showed strong inducible NO synthase (iNOS), and
cyclooxygenase-2 (Cox-2) immunoreactivity (Hunot et al., 1996;
Knott et al., 2000). The elevated level of iNOS and NO
production in microglia was associated with the progressive
loss of dopaminergic neurons in culture (Le et al., 2001) and
in an animal model of PD (Liberatore et al., 1999; Dehmer
et al., 2000; Kokovay and Cunningham, 2005; Aquilano et al.,
2008). Cox-2 mediates microglial activation and the subsequent
secondary neuronal death of dopaminergic neurons since the
inhibition of Cox-2 significantly reduced microglial activation
and dopaminergic neuronal loss in an animal model of PD
(Vijitruth et al., 2006). These studies demonstrated the causal
relationship between the prolonged activation of microglia
and the subsequent loss of dopaminergic neurons during the
pathogenesis of PD.

The major cause for the activation of microglia resulting in
prolonged inflammation in PD patients has remained elusive,
but evidence suggests that factors released by dying neurons
might be responsible (Long-Smith et al., 2009). Several factors
released by injured neurons can trigger microglial activation,
including α-synuclein aggregates (Zhang et al., 2005; Daniele
et al., 2015; Kim et al., 2016), MMP-3 (Kim et al., 2005, 2007) and
neuromelanin (Wilms et al., 2003). The presence of such factors
in the microglial microenvironment not only induces activation
of microglia, but also the secretion of neurotoxic factors which
leads to further neuronal cell death during the progression of PD
(Kim and Joh, 2006).

In the later stages of PD, bipolar/rod-shaped microglia have
been found in close proximity to degenerating dopaminergic
neurons in the substantia nigra of patient (McGeer et al.,
1988). In a rat model of PD, 3 days after LPS infusion (an
animal model to induce neuroinflammation and substantial loss
of dopaminergic neurons in the substantia nigra), profound
activation of microglia was found in the substantia nigra
ipsilateral to the LPS infusion. At this early time point,
most microglia adopted bipolar/rod-shaped morphology with
enlarged cell bodies and elongated processes. One week after
LPS infusion, bipolar/rod-shaped microglia were transformed
into amoeboid microglia, and such activation of microglia
persisted up to 8 weeks after LPS infusion. The transformation
of bipolar/rod-shaped microglia into amoeboid microglia was
correlated with significant neuronal loss during the later stages
(i.e., 4–6 weeks after LPS infusion; Gao et al., 2002). Amoeboid
microglia are known to secrete neurotoxic factors to induce
neuronal cell death (Gao et al., 2003; Qin et al., 2004).
Interestingly, bipolar/rod-shaped microglia were observed in
the activated microglial population (CD11b-positive) 24 h after
treatment with aggregated α-synuclein (a pathological hallmark
of PD; Zhang et al., 2005). However, whether the existence of
bipolar/rod-shaped microglia in PD brains is neuroprotective
remains elusive.

BIPOLAR/ROD-SHAPED MICROGLIA IN
HUNTINGTON’S DISEASE

HD refers to an inherited genetic disorder characterized by
the substantial loss of neurons in medium-sized spiny neurons

within the corpus striatum and cerebral cortex (Vonsattel
et al., 1985; Vonsattel and DiFiglia, 1998). The classic hallmark
of neuropathology in HD is neuronal loss with nuclear
and cytoplasmic inclusion of mutant Huntingtin protein and
polyglutamine in degenerating neurons (Davies et al., 1997).
Several studies suggest that microglia activation shows strong
correlation with the pathogenesis of HD (Singhrao et al., 1999;
Sapp et al., 2001; Pavese et al., 2006; Björkqvist et al., 2008; Politis
et al., 2011; Crotti et al., 2014). Amoeboid microglia were mostly
observed throughout the whole corpus striatum as well as the
frontal and parietal lobe of the cerebral cortex in HD patients
(Sapp et al., 2001; Pavese et al., 2006). The number of microglia
was increased within the area where substantial neuronal loss was
also detected (Sapp et al., 2001). A recent inflammatory profiling
study provided further support for the association between the
number of microglia and HD progression. Elevated levels of
pro-inflammatory cytokines (IL-1β and TNFα) were detected in
the corpus striatum. The level of other inflammatory mediators,
such as IL-6, IL-8 and MMP-9, was altered in HD patients with
chronic inflammation (Silvestroni et al., 2009). This indicated
that the overproduction of pro-inflammatory factors by activated
microglia induced neurotoxicity in neurons, thus resulting in
neuronal cell death.

In the corpus straitum of HD patients, where the majority
of microglia adopted amoeboid morphology, bipolar/rod-shaped
microglia have been found aligned along the dendrites of
pyramidal neurons in less affected regions of the cerebral
cortex as well as in the cerebellum where the dendrites of
Purkinje cells and the axonal projections of granule cells were
mainly found. The elongated processes of bipolar/rod-shaped
microglia were in close contact with the neuronal soma and their
adjacent axons (Sapp et al., 2001). Bipolar/rod-shaped microglia
showed high immunoreactivity to thymosin β4 and CR3/43,
which are both specific for reactive microglia (Graeber et al.,
1994).

BIPOLAR/ROD-SHAPED MICROGLIA IN
OTHER NEURODEGENERATIVE DISEASES

Glaucoma is a neurodegenerative disease characterized by the
loss of retinal ganglion cells and subsequent axonal degeneration
in the optic nerve (Quigley et al., 1981, 1988, 1989). As with
AD and PD, the prolonged activation of microglia contributes,
at least in part, to the pathology of glaucoma (Neufeld, 1999;
Yuan and Neufeld, 2001; Bosco et al., 2008). In a mouse
ocular hypertension (OHT) model of glaucoma, bipolar/rod-
shaped microglia were observed in the OHT eyes, but not
in the contralateral side which appeared to adopt a ramified
morphology. The processes of bipolar/rod-shaped microglia
were in close proximity to each other and aligned end-
to-end in the retinal nerve fiber layer (NFL). Bipolar/rod-
shaped microglia expressed high levels of phagocytic markers
(CD68/ED-1 andMHC-II) but relatively low levels ofM1 (CD86)
and M2 (Ym1) markers (Ziebell et al., 2012; de Hoz et al.,
2013). In contrast, low levels of MHC-II immunoreactivity
were detected in ramified microglia in the non-injured eyes
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(de Hoz et al., 2013). This indicates that bipolar/rod-shaped
microglia are immunophenotypically distinct from other forms
of microglia.

In a rat model of optic nerve transection, bipolar/rod-shaped
microglia aligned end-to-end almost exclusively in the ganglion
cell layer (GCL) and NFL 7 days after injury. This phenomenon
became more pronounced at day 14 and 21 after injury, and the
bipolar/rod-shaped microglial alignments disappeared 6 weeks
after injury. The bipolar/rod-shaped microglia aligned along
the βIII-tubulin-positive neuronal fibers and exhibited strong
phagocytic activity to actively internalize degenerating axons
(Yuan et al., 2015). Following 10-min focal middle cerebral
artery (MCA) ischemia in rats, bipolar/rod-shaped microglial
alignments were mainly found in the cerebral cortex around
the infarct after 48 and 72 h of reperfusion. However, a more
severe injury caused by 120-min focal MCA ischemia induced
the microglia to adopt an amoeboid-like phenotype (Zhan et al.,
2008). Bipolar/rod-shaped microglia are in a close association
with injured neuronal processes, suggesting that they might
be involved in the maintenance of neuronal circuitry in the
development of neurodegenerative diseases.

POSSIBLE INVOLVEMENT OF
BIPOLAR/ROD-SHAPED MICROGLIA IN
“SYNAPTIC STRIPPING”

There is a growing body of evidence regarding the bipolar/rod-
shaped microglia aligned end-to-end in close proximity along
injured axons at an early stage after CNS injury (Zhan
et al., 2008; Ziebell et al., 2012; de Hoz et al., 2013; Taylor
et al., 2014; Yuan et al., 2015). The trains of bipolar/rod-
shaped microglia have prompted researchers to consider their
involvement in the reorganization of neuronal circuitry following
CNS injury.

The active removal of synaptic terminals by microglia was
first observed in the facial nerve injury model by Blinzinger
and Kreutzberg (1968), and is now referred to as ‘‘synaptic
stripping’’. Following facial nerve transection in rats, microglia
underwent rapid proliferation at the lesion site and migrated
to the cell bodies of damaged motor neurons (Graeber et al.,
1988) to remove the synaptic boutons from injured neurons
(Blinzinger and Kreutzberg, 1968). Synaptic stripping usually
takes place within the first few days after injury by interposing
the finemicroglial processes to the junction between pre-synaptic
elements and the post-synaptic cell soma (Moran and Graeber,
2004). Synaptic stripping in the cortical region has also been
observed during inflammation induced by heat-killed bacteria
in rats. Upon microglial activation, the microglial processes
wrap around the cell bodies of cortical neurons, and extend
their processes to the axons. Electron microscopy imaging
revealed that the synaptic terminals were lost while the microglial
processes were in direct contact with the neuronal soma, further
suggesting the potential role of microglia in the removal of
dysfunctional synapses (Trapp et al., 2007).

Over the last decade, advances in in vivo two-photon
imaging have enabled the direct visualization of interactions

between fluorescently-labeled neurons and microglia in the
living brain of genetically modified mice. The processes of
ramified microglia made very brief, but direct, contact with
the synaptic terminal once per hour. However, the interactions
between microglial processes and pre-synaptic boutons were
dramatically increased following transient cerebral ischemia.
Such a prolonged microglia-synapse interaction usually resulted
in the disappearance of pre-synaptic terminals. This suggests that
microglia actively detect synaptic conditions, and are involved in
synaptic stripping and the subsequent remodeling of neuronal
circuitry (Wake et al., 2009).

The specific spatial arrangement of bipolar/rod-shaped
microglia after injury indicates their strong association with
damaged axons; however, whether this form of microglia is
involved in synaptic stripping remains uncertain. Nevertheless,
it is noteworthy to mention that microglia morphology varies
significantly across different brain regions. In normal adult
mouse brain, bipolar/rod-shaped microglia with elongated cell
bodies and extremely long primary processes are mainly
localized in axon-rich white matter regions including the
corpus callosum (i.e., the largest white matter structure in
the brain), the molecular layer of the cerebellum (which
only consists of axonal projections from Purkinje cells) and
the fimbria area in the hippocampus. Bipolar/rod-shaped
microglia align in parallel to the adjacent axons (Lawson
et al., 1990). The molecular determinants which direct the
microglia to adopt a bipolar/rod-shaped phenotype in these
brain regions remain poorly understood. However, it is plausible
to reason that bipolar/rod-shaped microglia might participate
in experience-dependent remodeling and the elimination of
synapses, given that they are in such a close spatial association
with axonal terminals and the dominance of bipolar/rod-shaped
microglia within the axon-rich white matter region (Tremblay
et al., 2010). More importantly, the structural removal of
impaired synapses from injured axons might be essential to
the entire neuronal circuitry in order to make room for the
establishment of new connections. This might facilitate the
injured nervous system to restore original function after damage
(Hanisch and Kettenmann, 2007), but this will require further
research.

FUTURE PERSPECTIVE:
NEUROPROTECTIVE ROLES OF
BIPOLAR/ROD-SHAPED MICROGLIA

Inflammation-mediated neurodegenerative diseases usually
share convergent mechanisms to amplify the inflammatory
responses which result in neurotoxicity and subsequent neuronal
cell death. Sustained microglia activation is the pathological
hallmark of many neurodegenerative diseases which involve the
secretion of neurotoxic factors from microglia thus resulting
in neuronal loss during the early stages of disease onset (Glass
et al., 2010). Interestingly, the presence of bipolar/rod-shaped
microglia in the affected region usually takes place at the initial
phase of microglial activation before the disease advances
from early to later stages. During the end stage of disease,
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bipolar/rod-shaped microglia can be found in the less affected
regions while amoeboid microglia are predominantly seen in the
affected regions. This implies that bipolar/rod-shaped microglia
might induce neuroprotection and slow down the progression of
disease.

Despite the fact that persistent microglial activation is
harmful to neurons, as demonstrated in many neurodegenerative
diseases, the transient activation of bipolar/rod-shaped microglia
might be beneficial in CNS damage to facilitate post-injury
neuronal repair mechanisms. Brain injury is known to induce
the transient formation of trains of bipolar/rod-shaped microglia
at the injury site during the initial phase of injury (Zhan
et al., 2008; Ziebell et al., 2012; Taylor et al., 2014). Previous
studies by ourselves, and others, have shown that this
form of microglia is highly proliferative (Suzumura et al.,
1991; Wierzba-Bobrowicz et al., 2002; Tam and Ma, 2014).
Inhibition of microglia proliferation at the site of injury
showed augmentation of brain damage in the cerebral cortex
following ischemic insult in mice (Denes et al., 2007; Lalancette-
Hébert et al., 2007). These studies collectively suggest that the
initial activation of microglia, and the transient formation of
highly proliferative bipolar/rod-shaped microglial alignments,
might be essential for expanding the microglial milieu at the
site of injury, and exert potential neuroprotection to limit
secondary damage to the CNS. Further studies on inhibiting such
proliferation and formation of bipolar/rod-shaped microglia
alignments in response to diffuse brain injury (Ziebell et al.,
2012; Taylor et al., 2014) will be required to elucidate the
neuroprotective roles of bipolar/rod-shaped microglia in brain
injury.

Bipolar/rod-shapedmicroglia expressed relatively lower levels
of pro-inflammatory cytokines (TNFα and IL1-β) compared
to amoeboid microglia (Tam and Ma, 2014). However, upon
LPS stimulation, bipolar/rod-shaped microglia were quickly
transformed into amoeboid microglia expressing high levels of
pro-inflammatory cytokines within a very short period of time
(Tam and Ma, 2014; Tam et al., 2016). These ‘‘transformed’’
amoeboid microglia also regained proteolytic properties to
degrade laminin (Tam et al., 2016), an extracellular matrix
protein which promotes axonal regeneration. Earlier, we stated
that bipolar/rod-shaped microglia are usually present during the
early phase of neurodegenerative diseases when inflammation
is not prominent, while almost exclusively amoeboid microglia
have been found in pathological brain at the very late stage
of disease onset when neuroinflammation persisted. Further
studies should focus on the possibility of bipolar/rod-shaped
microglia being transformed into amoeboid microglia during
disease progression in animalmodels.We strongly believe that by
transforming the amoeboid microglia into more neuroprotective
bipolar/rod-shaped microglia might offer a promising new
therapeutic strategy for neurodegenerative diseases and disorders
involving chronic neuroinflammation. Our previous study
demonstrated that bipolar/rod-shaped microglia expressed high
levels of anti-inflammatory cytokines such as IL-10 and TGF-β
(Tam and Ma, 2014). IL-10 is known to inhibit the production of
pro-inflammatory cytokines (Sawada et al., 1999). Transforming
amoeboid microglia back into bipolar/rod-shaped microglia

might be a possible strategy to reduce further damage to
CNS neurons by minimizing the production of neurotoxic
cytokines.

Accumulating evidence also suggests that the removal of
dysfunctional synaptic terminals by microglia is of great
importance for subsequent neuronal repair. Followed by facial
nerve injury, the loss of synapses appeared to be one of
the earliest responses brought about by microglial activation
(Blinzinger and Kreutzberg, 1968; Moran and Graeber, 2004).
This may be considered as a neuroprotective response since the
removal of dysfunctional synapses prevented injured neurons
from excitotoxicity leading to better neuronal survival (Wake
et al., 2009; Kato et al., 2016). The preserved motor neurons
then reactivate their intrinsic growth program to regrow
injured axons, and to reconnect with the original target muscle
for functional synapse formation (Wake et al., 2009; Perry
and O’Connor, 2010). Recent investigations on microglia-
neuron interactions using in vivo two-photon imaging and
patch clamp methods further support the neuroprotective
roles of microglia. Microglia actively migrate towards and
enwrap the swollen axons induced by neuronal hyperactivity.
Pharmacological blockade of microglial migration prevented
microglia from physically contacting the swollen axons. The
neurons eventually underwent apoptotic cell death due to
excitotoxicity (Kato et al., 2016). After optic nerve transection,
bipolar/rod-shaped microglia internalized the injured optic
nerve fibers and the degenerating retinal ganglion cells (Yuan
et al., 2015). The close association between bipolar/rod-shaped
microglia and injured axonal fibers might be linked to the
reorganization of neuronal circuitry, and subsequent neuronal
regenerative processes. Chronic neuroinflammation usually
results in significant neuronal loss. Therefore, by switching
microglial morphology from amoeboid form to bipolar/rod-
shaped microglia might help to actively remove the impaired
synaptic clefts and injured axons, thus creating more favorable
conditions for axonal regrowth and the re-establishment of new
synaptic connections.

Collectively, an in-depth understanding of the spatial and
temporal activation of bipolar/rod-shaped microglia, and their
association with degenerating axons, would render them
excellent candidates with which to devise new strategies for
treating neurodegenerative diseases. The recent establishment
of a cost-effective and highly reproducible in vitro cell culture
system to enrich bipolar/rod-shaped microglia allows more
comprehensive studies on their gene and secretory protein
expression profiles (Tam and Ma, 2014; Tam et al., 2016).
It would be of great interest to explore if bipolar/rod-shaped
microglia could also secrete neurotrophic factors such as brain-
derived neurotrophic factor (BDNF), nerve growth factor (NGF)
and neurotrophin-3 (NT-3; Nakajima et al., 2001), which
contribute to the promotion of neuronal survival following
injury and neurodegeneration (Hanisch and Kettenmann, 2007).
Further research is now required to elucidate the mechanisms
underlying the regulation of transformation from bipolar/rod-
shaped microglia into amoeboid microglia and how this
morphological change can be reversed to the bipolar/rod-
shaped or ramified microglia (Figure 2). More importantly,
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FIGURE 2 | Microglia are phenotypically dynamic. (A) The functional roles of microglia in normal or pathological central nervous system (CNS) are tightly
associated with their morphological changes. Ramified microglia actively sense the subtle changes in CNS microenvironment. Bipolar/rod-shaped microglia form
end-to-end alignments in close proximity to damaged neuronal fibers, suggesting that their functions are related to synaptic reorganization. Amoeboid microglia are
extremely motile which actively migrate towards the injury site. They are highly phagocytic to internalize cellular debris and secrete neurotoxic factors which induce
neuronal cell death. However, there are microglia subtypes that have yet not been fully characterized (i.e., hyper-ramified, bushy-like and spider-like microglia;
Karperien et al., 2013; Ziebell et al., 2015). (B) In normal healthy CNS, most of the microglia are displayed as ramified microglia. In response to the change in the
microenvironment, the ramified microglia undergo rapid transformation into bipolar/rod-shaped microglia or amoeboid microglia depending on the types of stimulus.
Bipolar/rod-shaped microglia can quickly transform into amoeboid microglia in response to lipopolysaccharide (LPS) activation. The amoeboid microglia transformed
from bipolar/rod-shaped microglia secrete pro-inflammatory cytokines and degrade extracellular laminin.
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the development of new therapeutic interventions by switching
the microglial phenotype from amoeboid to bipolar/rod-shaped
microglia might shed new light on pathogenesis and identify
targets for treating neurodegenerative diseases.

AUTHOR CONTRIBUTIONS

NPBA and CHEM discussed and formed the review focus.
NPBA conducted the literature review and wrote the first draft
of the manuscript under the supervision of CHEM. CHEM
evaluated and revised the manuscript for final submission. All
authors have made substantial and intellectual contributions

to the current work and approved the final version for
submission.

ACKNOWLEDGMENTS

This work is supported in part by The Health and Medical
Research Fund (HMRF), Food and Health Bureau, Hong Kong
Special Administrative Region Government (Ref. No: 12134101),
GRF grants from the Research Grant Council of the Hong
Kong Special Administrative Region Government (CityU 160813
and CityU 11100015), and City University of Hong Kong Seed
Funding (7004587).

REFERENCES

Aquilano, K., Baldelli, S., Rotilio, G., and Ciriolo, M. R. (2008). Role of nitric
oxide synthases in Parkinson’s disease: a review on the antioxidant and
anti-inflammatory activity of polyphenols. Neurochem. Res. 33, 2416–2426.
doi: 10.1007/s11064-008-9697-6

Bachstetter, A. D., Ighodaro, E. T., Hassoun, Y., Aldeiri, D., Neltner, J. H.,
Patel, E., et al. (2017). Rod-shaped microglia morphology is associated with
aging in 2 human autopsy series. Neurobiol. Aging 52, 98–105. doi: 10.1016/j.
neurobiolaging.2016.12.028

Bachstetter, A. D., Van Eldik, L. J., Schmitt, F. A., Neltner, J. H., Ighodaro, E. T.,
Webster, S. J., et al. (2015). Disease-related microglia heterogeneity in
the hippocampus of Alzheimer’s disease, dementia with Lewy bodies
and hippocampal sclerosis of aging. Acta Neuropathol. Commun. 3:32.
doi: 10.1186/s40478-015-0209-z

Ballatore, C., Lee, V. M., and Trojanowski, J. Q. (2007). Tau-mediated
neurodegeneration in Alzheimer’s disease and related disorders. Nat. Rev.
Neurosci. 8, 663–672. doi: 10.1038/nrn2194

Barger, S. W., and Harmon, A. D. (1997). Microglial activation by Alzheimer
amyloid precursor protein and modulation by apolipoprotein E. Nature 388,
878–881. doi: 10.1038/42257

Bauer, J., Sminia, T., Wouterlood, F. G., and Dijkstra, C. D. (1994). Phagocytic
activity of macrophages and microglial cells during the course of acute and
chronic relapsing experimental autoimmune encephalomyelitis. J. Neurosci.
Res. 38, 365–375. doi: 10.1002/jnr.490380402

Bhaskar, K., Konerth, M., Kokiko-Cochran, O. N., Cardona, A., Ransohoff, R. M.,
and Lamb, B. T. (2010). Regulation of tau pathology by the microglial
fractalkine receptor. Neuron 68, 19–31. doi: 10.1016/j.neuron.2010.
08.023

Björkqvist, M., Wild, E. J., Thiele, J., Silvestroni, A., Andre, R., Lahiri, N.,
et al. (2008). A novel pathogenic pathway of immune activation detectable
before clinical onset in Huntington’s disease. J. Exp. Med. 205, 1869–1877.
doi: 10.1084/jem.20080178

Blinzinger, K., andKreutzberg, G. (1968). Displacement of synaptic terminals from
regenerating motoneurons by microglial cells. Z. Zellforsch. Mikrosk. Anat. 85,
145–157. doi: 10.1007/bf00325030

Boche, D., Perry, V. H., and Nicoll, J. A. (2013). Review: activation patterns
of microglia and their identification in the human brain. Neuropathol. Appl.
Neurobiol. 39, 3–18. doi: 10.1111/nan.12011

Bohatschek, M., Kloss, C. U., Kalla, R., and Raivich, G. (2001). In vitro
model of microglial deramification: ramified microglia transform into
amoeboid phagocytes following addition of brain cell membranes to
microglia-astrocyte cocultures. J. Neurosci. Res. 64, 508–522. doi: 10.1002/
jnr.1103

Bosco, A., Inman, D.M., Steele, M. R.,Wu, G., Soto, I., Marsh-Armstrong, N., et al.
(2008). Reduced retinamicroglial activation and improved optic nerve integrity
with minocycline treatment in the DBA/2J mouse model of glaucoma. Invest.
Ophthalmol. Vis. Sci. 49, 1437–1446. doi: 10.1167/iovs.07-1337

Casas, C., Sergeant, N., Itier, J. M., Blanchard, V., Wirths, O., van der Kolk, N.,
et al. (2004). Massive CA1/2 neuronal loss with intraneuronal and N-terminal

truncated Aβ42 accumulation in a novel Alzheimer transgenic model. Am.
J. Pathol. 165, 1289–1300. doi: 10.1016/s0002-9440(10)63388-3

Chamak, B., and Mallat, M. (1991). Fibronectin and laminin regulate the in vitro
differentiation of microglial cells.Neuroscience 45, 513–527. doi: 10.1016/0306-
4522(91)90267-r

Cho, B. P., Song, D. Y., Sugama, S., Shin, D. H., Shimizu, Y., Kim, S. S.,
et al. (2006). Pathological dynamics of activated microglia following medial
forebrain bundle transection. Glia 53, 92–102. doi: 10.1002/glia.20265

Crotti, A., Benner, C., Kerman, B. E., Gosselin, D., Lagier-Tourenne, C.,
Zuccato, C., et al. (2014). Mutant Huntingtin promotes autonomous microglia
activation via myeloid lineage-determining factors. Nat. Neurosci. 17, 513–521.
doi: 10.1038/nn.3668

Daniele, S. G., Béraud, D., Davenport, C., Cheng, K., Yin, H., and Maguire-
Zeiss, K. A. (2015). Activation of MyD88-dependent TLR1/2 signaling by
misfolded α-synuclein, a protein linked to neurodegenerative disorders. Sci.
Signal. 8:ra45. doi: 10.1126/scisignal.2005965

Davalos, D., Grutzendler, J., Yang, G., Kim, J. V., Zuo, Y., Jung, S., et al. (2005).
ATP mediates rapid microglial response to local brain injury in vivo. Nat.
Neurosci. 8, 752–758. doi: 10.1038/nn1472

Davies, S. W., Turmaine, M., Cozens, B. A., DiFiglia, M., Sharp, A. H., Ross, C. A.,
et al. (1997). Formation of neuronal intranuclear inclusions underlies the
neurological dysfunction in mice transgenic for the HD mutation. Cell 90,
537–548. doi: 10.1016/s0092-8674(00)80513-9

Dawson, V. L., Brahmbhatt, H. P., Mong, J. A., and Dawson, T. M. (1994).
Expression of inducible nitric oxide synthase causes delayed neurotoxicity
in primary mixed neuronal-glial cortical cultures. Neuropharmacology 33,
1425–1430. doi: 10.1016/0028-3908(94)90045-0

de Calignon, A., Polydoro, M., Suárez-Calvet, M., William, C., Adamowicz, D. H.,
Kopeikina, K. J., et al. (2012). Propagation of tau pathology in a model of early
Alzheimer’s disease. Neuron 73, 685–697. doi: 10.1016/j.neuron.2011.11.033

de Hoz, R., Gallego, B. I., Ramirez, A. I., Rojas, B., Salazar, J. J., Valiente-
Soriano, F. J., et al. (2013). Rod-like microglia are restricted to eyes with
laser-induced ocular hypertension but absent from the microglial changes in
the contralateral untreated eye. PLoS One 8:e83733. doi: 10.1371/journal.pone.
0083733

Dehmer, T., Lindenau, J., Haid, S., Dichgans, J., and Schulz, J. B. (2000). Deficiency
of inducible nitric oxide synthase protects against MPTP toxicity in vivo.
J. Neurochem. 74, 2213–2216. doi: 10.1046/j.1471-4159.2000.0742213.x

Delenclos, M., Jones, D. R., McLean, P. J., and Uitti, R. J. (2016). Biomarkers in
Parkinson’s disease: advances and strategies. Parkinsonism Relat. Disord. 22,
S106–S110. doi: 10.1016/j.parkreldis.2015.09.048

Denes, A., Vidyasagar, R., Feng, J., Narvainen, J., McColl, B. W., Kauppinen, R. A.,
et al. (2007). Proliferating resident microglia after focal cerebral ischaemia in
mice. J. Cereb. Blood FlowMetab. 27, 1941–1953. doi: 10.1038/sj.jcbfm.9600495

DeWitt, D. A., Perry, G., Cohen, M., Doller, C., and Silver, J. (1998). Astrocytes
regulate microglial phagocytosis of senile plaque cores of Alzheimer’s disease.
Exp. Neurol. 149, 329–340. doi: 10.1006/exnr.1997.6738

Dickson, D. W., Lee, S. C., Mattiace, L. A., Yen, S. H., and Brosnan, C. (1993).
Microglia and cytokines in neurological disease, with special reference to AIDS
and Alzheimer’s disease. Glia 7, 75–83. doi: 10.1002/glia.440070113

Frontiers in Aging Neuroscience | www.frontiersin.org 12 May 2017 | Volume 9 | Article 128

https://doi.org/10.1007/s11064-008-9697-6
https://doi.org/10.1016/j.neurobiolaging.2016.12.028
https://doi.org/10.1016/j.neurobiolaging.2016.12.028
https://doi.org/10.1186/s40478-015-0209-z
https://doi.org/10.1038/nrn2194
https://doi.org/10.1038/42257
https://doi.org/10.1002/jnr.490380402
https://doi.org/10.1016/j.neuron.2010.08.023
https://doi.org/10.1016/j.neuron.2010.08.023
https://doi.org/10.1084/jem.20080178
https://doi.org/10.1007/bf00325030
https://doi.org/10.1111/nan.12011
https://doi.org/10.1002/jnr.1103
https://doi.org/10.1002/jnr.1103
https://doi.org/10.1167/iovs.07-1337
https://doi.org/10.1016/s0002-9440(10)63388-3
https://doi.org/10.1016/0306-4522(91)90267-r
https://doi.org/10.1016/0306-4522(91)90267-r
https://doi.org/10.1002/glia.20265
https://doi.org/10.1038/nn.3668
https://doi.org/10.1126/scisignal.2005965
https://doi.org/10.1038/nn1472
https://doi.org/10.1016/s0092-8674(00)80513-9
https://doi.org/10.1016/0028-3908(94)90045-0
https://doi.org/10.1016/j.neuron.2011.11.033
https://doi.org/10.1371/journal.pone.0083733
https://doi.org/10.1371/journal.pone.0083733
https://doi.org/10.1046/j.1471-4159.2000.0742213.x
https://doi.org/10.1016/j.parkreldis.2015.09.048
https://doi.org/10.1038/sj.jcbfm.9600495
https://doi.org/10.1006/exnr.1997.6738
https://doi.org/10.1002/glia.440070113
http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Aging_Neuroscience/archive


Au and Ma Bipolar/Rod-Shaped Microglia in Neurodegeneration

Dixit, R., Ross, J. L., Goldman, Y. E., and Holzbaur, E. L. (2008). Differential
regulation of dynein and kinesinmotor proteins by tau. Science 319, 1086–1089.
doi: 10.1126/science.1152993

Dorsey, E. R., Constantinescu, R., Thompson, J. P., Biglan, K. M., Holloway, R. G.,
Kieburtz, K., et al. (2007). Projected number of people with Parkinson disease
in the most populous nations, 2005 through 2030. Neurology 68, 384–386.
doi: 10.1212/01.WNL.0000247740.47667.03

Duke, D. C., Moran, L. B., Turkheimer, F. E., Banati, R., and Graeber, M. B. (2004).
Microglia in culture: what genes do they express? Dev. Neurosci. 26, 30–37.
doi: 10.1159/000080709

Eder, C., Klee, R., and Heinemann, U. (1998). Involvement of stretch-activated Cl-
channels in ramification of murine microglia. J. Neurosci. 18, 7127–7137.

El Khoury, J., Toft, M., Hickman, S. E., Means, T. K., Terada, K.,
Geula, C., et al. (2007). Ccr2 deficiency impairs microglial accumulation and
accelerates progression of Alzheimer-like disease. Nat. Med. 13, 432–438.
doi: 10.1038/nm1555

Farber, K., and Kettenmann, H. (2006). Functional role of calcium signals for
microglial function. Glia 54, 656–665. doi: 10.1002/glia.20412

Frei, K., Nohava, K., Malipiero, U. V., Schwerdel, C., and Fontana, A.
(1992). Production of macrophage colony-stimulating factor by astrocytes
and brain macrophages. J. Neuroimmunol. 40, 189–195. doi: 10.1016/0165-
5728(92)90133-6

Gao, H. M., Hong, J. S., Zhang, W., and Liu, B. (2003). Synergistic dopaminergic
neurotoxicity of the pesticide rotenone and inflammogen lipopolysaccharide:
relevance to the etiology of Parkinson’s disease. J. Neurosci. 23, 1228–1236.

Gao, H. M., Jiang, J., Wilson, B., Zhang, W., Hong, J. S., and Liu, B. (2002).
Microglial activation-mediated delayed and progressive degeneration of rat
nigral dopaminergic neurons: relevance to Parkinson’s disease. J. Neurochem.
81, 1285–1297. doi: 10.1046/j.1471-4159.2002.00928.x

Gerhard, A., Pavese, N., Hotton, G., Turkheimer, F., Es, M., Hammers, A., et al.
(2006). In vivo imaging of microglial activation with [11C](R)-PK11195 PET in
idiopathic Parkinson’s disease. Neurobiol. Dis. 21, 404–412. doi: 10.1016/j.nbd.
2005.08.002

Giulian, D., Haverkamp, L. J., Li, J., Karshin, W. L., Yu, J., Tom, D., et al. (1995).
Senile plaques stimulate microglia to release a neurotoxin found in Alzheimer
brain. Neurochem. Int. 27, 119–137. doi: 10.1016/0197-0186(95)00067-i

Giulian, D., Haverkamp, L. J., Yu, J. H., Karshin, W., Tom, D., Li, J., et al. (1996).
Specific domains of β-amyloid from Alzheimer plaque elicit neuron killing in
human microglia. J. Neurosci. 16, 6021–6037.

Glass, C. K., Saijo, K., Winner, B., Marchetto, M. C., and Gage, F. H.
(2010). Mechanisms underlying inflammation in neurodegeneration. Cell 140,
918–934. doi: 10.1016/j.cell.2010.02.016

Graeber, M. B. (2010). Changing face of microglia. Science 330, 783–788.
doi: 10.1126/science.1190929

Graeber, M. B., Bise, K., and Mehraein, P. (1994). CR3/43, a marker for activated
human microglia: application to diagnostic neuropathology. Neuropathol.
Appl. Neurobiol. 20, 406–408. doi: 10.1111/j.1365-2990.1994.tb00987.x

Graeber, M. B., Tetzlaff, W., Streit, W. J., and Kreutzberg, G. W. (1988). Microglial
cells but not astrocytes undergo mitosis following rat facial nerve axotomy.
Neurosci. Lett. 85, 317–321. doi: 10.1016/0304-3940(88)90585-x

Haga, S., Akai, K., and Ishii, T. (1989). Demonstration of microglial cells
in and around senile (neuritic) plaques in the Alzheimer brain. An
immunohistochemical study using a novel monoclonal antibody. Acta
Neuropathol. 77, 569–575. doi: 10.1007/bf00687883

Hanisch, U. K., and Kettenmann, H. (2007). Microglia: active sensor and versatile
effector cells in the normal and pathologic brain. Nat. Neurosci. 10, 1387–1394.
doi: 10.1038/nn1997

Haynes, S. E., Hollopeter, G., Yang, G., Kurpius, D., Dailey, M. E., Gan, W. B.,
et al. (2006). The P2Y12 receptor regulates microglial activation by extracellular
nucleotides. Nat. Neurosci. 9, 1512–1519. doi: 10.1038/nn1805

Hickman, S. E., Allison, E. K., and El Khoury, J. (2008). Microglial
dysfunction and defective β-amyloid clearance pathways in aging Alzheimer’s
disease mice. J. Neurosci. 28, 8354–8360. doi: 10.1523/JNEUROSCI.0616
-08.2008

Hide, I., Tanaka, M., Inoue, A., Nakajima, K., Kohsaka, S., Inoue, K., et al.
(2000). Extracellular ATP triggers tumor necrosis factor-α release from
rat microglia. J. Neurochem. 75, 965–972. doi: 10.1046/j.1471-4159.2000.
0750965.x

Hirsch, E. C., Hunot, S., Damier, P., and Faucheux, B. (1998). Glial cells and
inflammation in Parkinson’s disease: a role in neurodegeneration?Ann. Neurol.
44, S115–S120. doi: 10.1002/ana.410440717

Hoffmann, A., Kann, O., Ohlemeyer, C., Hanisch, U. K., and Kettenmann, H.
(2003). Elevation of basal intracellular calcium as a central element in the
activation of brain macrophages (microglia): suppression of receptor-evoked
calcium signaling and control of release function. J. Neurosci. 23, 4410–4419.

Honda, S., Sasaki, Y., Ohsawa, K., Imai, Y., Nakamura, Y., Inoue, K., et al. (2001).
Extracellular ATP or ADP induce chemotaxis of cultured microglia through
Gi/o-coupled P2Y receptors. J. Neurosci. 21, 1975–1982.

Horvath, R. J., Nutile-McMenemy, N., Alkaitis, M. S., and Deleo, J. A. (2008).
Differential migration, LPS-induced cytokine, chemokine, and NO expression
in immortalized BV-2 and HAPI cell lines and primary microglial cultures.
J. Neurochem. 107, 557–569. doi: 10.1111/j.1471-4159.2008.05633.x

Hunot, S., Boissiere, F., Faucheux, B., Brugg, B., Mouatt-Prigent, A., Agid, Y., et al.
(1996). Nitric oxide synthase and neuronal vulnerability in Parkinson’s disease.
Neuroscience 72, 355–363. doi: 10.1016/0306-4522(95)00578-1

Ikeda, M., Shoji, M., Kawarai, T., Kawarabayashi, T., Matsubara, E., Murakami, T.,
et al. (2005). Accumulation of filamentous tau in the cerebral cortex of human
tau R406W transgenic mice. Am. J. Pathol. 166, 521–531. doi: 10.1016/s0002-
9440(10)62274-2

Itagaki, S., McGeer, P. L., Akiyama, H., Zhu, S., and Selkoe, D. (1989).
Relationship of microglia and astrocytes to amyloid deposits of Alzheimer
disease. J. Neuroimmunol. 24, 173–182. doi: 10.1016/0165-5728(89)90115-x

Ittner, L. M., and Götz, J. (2011). Amyloid-β and tau—a toxic pas de deux in
Alzheimer’s disease. Nat. Rev. Neurosci. 12, 65–72. doi: 10.1038/nrn2967

Ittner, L. M., Ke, Y. D., Delerue, F., Bi, M., Gladbach, A., van Eersel, J., et al. (2010).
Dendritic function of tau mediates amyloid-β toxicity in Alzheimer’s disease
mouse models. Cell 142, 387–397. doi: 10.1016/j.cell.2010.06.036

Jonas, R. A., Yuan, T. F., Liang, Y. X., Jonas, J. B., Tay, D. K., and Ellis-
Behnke, R. G. (2012). The spider effect: morphological and orienting
classification of microglia in response to stimuli in vivo. PLoS One 7:e30763.
doi: 10.1371/journal.pone.0030763

Kadavath, H., Hofele, R. V., Biernat, J., Kumar, S., Tepper, K., Urlaub, H., et al.
(2015). Tau stabilizes microtubules by binding at the interface between tubulin
heterodimers. Proc. Natl. Acad. Sci. U S A 112, 7501–7506. doi: 10.1073/pnas.
1504081112

Kann, O., Hoffmann, A., Schumann, R. R., Weber, J. R., Kettenmann, H.,
and Hanisch, U. K. (2004). The tyrosine kinase inhibitor AG126 restores
receptor signaling and blocks release functions in activated microglia (brain
macrophages) by preventing a chronic rise in the intracellular calcium level.
J. Neurochem. 90, 513–525. doi: 10.1111/j.1471-4159.2004.02534.x

Karperien, A., Ahammer, H., and Jelinek, H. F. (2013). Quantitating the subtleties
of microglial morphology with fractal analysis. Front. Cell. Neurosci. 7:3.
doi: 10.3389/fncel.2013.00003

Kato, G., Inada, H., Wake, H., Akiyoshi, R., Miyamoto, A., Eto, K., et al. (2016).
Microglial contact prevents excess depolarization and rescues neurons from
excitotoxicity. eNeuro 3:ENEURO.0004-16.2016. doi: 10.1523/ENEURO.0004-
16.2016

Kim, C., Lee, H. J., Masliah, E., and Lee, S. J. (2016). Non-cell-autonomous
Neurotoxicity of α-synuclein Through Microglial Toll-like Receptor 2. Exp.
Neurobiol. 25, 113–119. doi: 10.5607/en.2016.25.3.113

Kim, Y. S., and Joh, T. H. (2006). Microglia, major player in the brain
inflammation: their roles in the pathogenesis of Parkinson’s disease. Exp. Mol.
Med. 38, 333–347. doi: 10.1038/emm.2006.40

Kim, Y. S., Choi, D. H., Block, M. L., Lorenzl, S., Yang, L., Kim, Y. J., et al. (2007).
A pivotal role of matrix metalloproteinase-3 activity in dopaminergic neuronal
degeneration via microglial activation. FASEB J. 21, 179–187. doi: 10.1096/fj.
06-5865com

Kim, Y. S., Kim, S. S., Cho, J. J., Choi, D. H., Hwang, O., Shin, D. H.,
et al. (2005). Matrix metalloproteinase-3: a novel signaling proteinase from
apoptotic neuronal cells that activates microglia. J. Neurosci. 25, 3701–3711.
doi: 10.1523/JNEUROSCI.4346-04.2005

Kitazawa, M., Cheng, D., Tsukamoto, M. R., Koike, M. A., Wes, P. D.,
Vasilevko, V., et al. (2011). Blocking IL-1 signaling rescues cognition,
attenuates tau pathology and restores neuronal β-catenin pathway
function in an Alzheimer’s disease model. J. Immunol. 187, 6539–6549.
doi: 10.4049/jimmunol.1100620

Frontiers in Aging Neuroscience | www.frontiersin.org 13 May 2017 | Volume 9 | Article 128

https://doi.org/10.1126/science.1152993
https://doi.org/10.1212/01.WNL.0000247740.47667.03
https://doi.org/10.1159/000080709
https://doi.org/10.1038/nm1555
https://doi.org/10.1002/glia.20412
https://doi.org/10.1016/0165-5728(92)90133-6
https://doi.org/10.1016/0165-5728(92)90133-6
https://doi.org/10.1046/j.1471-4159.2002.00928.x
https://doi.org/10.1016/j.nbd.2005.08.002
https://doi.org/10.1016/j.nbd.2005.08.002
https://doi.org/10.1016/0197-0186(95)00067-i
https://doi.org/10.1016/j.cell.2010.02.016
https://doi.org/10.1126/science.1190929
https://doi.org/10.1111/j.1365-2990.1994.tb00987.x
https://doi.org/10.1016/0304-3940(88)90585-x
https://doi.org/10.1007/bf00687883
https://doi.org/10.1038/nn1997
https://doi.org/10.1038/nn1805
https://doi.org/10.1523/JNEUROSCI.0616-08.2008
https://doi.org/10.1523/JNEUROSCI.0616-08.2008
https://doi.org/10.1046/j.1471-4159.2000.0750965.x
https://doi.org/10.1046/j.1471-4159.2000.0750965.x
https://doi.org/10.1002/ana.410440717
https://doi.org/10.1111/j.1471-4159.2008.05633.x
https://doi.org/10.1016/0306-4522(95)00578-1
https://doi.org/10.1016/s0002-9440(10)62274-2
https://doi.org/10.1016/s0002-9440(10)62274-2
https://doi.org/10.1016/0165-5728(89)90115-x
https://doi.org/10.1038/nrn2967
https://doi.org/10.1016/j.cell.2010.06.036
https://doi.org/10.1371/journal.pone.0030763
https://doi.org/10.1073/pnas.1504081112
https://doi.org/10.1073/pnas.1504081112
https://doi.org/10.1111/j.1471-4159.2004.02534.x
https://doi.org/10.3389/fncel.2013.00003
https://doi.org/10.1523/ENEURO.0004-16.2016
https://doi.org/10.1523/ENEURO.0004-16.2016
https://doi.org/10.5607/en.2016.25.3.113
https://doi.org/10.1038/emm.2006.40
https://doi.org/10.1096/fj.06-5865com
https://doi.org/10.1096/fj.06-5865com
https://doi.org/10.1523/JNEUROSCI.4346-04.2005
https://doi.org/10.4049/jimmunol.1100620
http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Aging_Neuroscience/archive


Au and Ma Bipolar/Rod-Shaped Microglia in Neurodegeneration

Kitazawa, M., Oddo, S., Yamasaki, T. R., Green, K. N., and LaFerla, F. M.
(2005). Lipopolysaccharide-induced inflammation exacerbates tau pathology
by a cyclin-dependent kinase 5-mediated pathway in a transgenic model of
Alzheimer’s disease. J. Neurosci. 25, 8843–8853. doi: 10.1523/JNEUROSCI.
2868-05.2005

Kitazawa, M., Yamasaki, T. R., and LaFerla, F. M. (2004). Microglia as a potential
bridge between the amyloid β-peptide and tau. Ann. N Y Acad. Sci. 1035,
85–103. doi: 10.1196/annals.1332.006

Knott, C., Stern, G., and Wilkin, G. P. (2000). Inflammatory regulators in
Parkinson’s disease: iNOS, lipocortin-1 and cyclooxygenases-1 and -2. Mol.
Cell. Neurosci. 16, 724–739. doi: 10.1006/mcne.2000.0914

Koizumi, S., Shigemoto-Mogami, Y., Nasu-Tada, K., Shinozaki, Y., Ohsawa, K.,
Tsuda, M., et al. (2007). UDP acting at P2Y6 receptors is a mediator of
microglial phagocytosis. Nature 446, 1091–1095. doi: 10.1038/nature05704

Kokovay, E., and Cunningham, L. A. (2005). Bone marrow-derived microglia
contribute to the neuroinflammatory response and express iNOS in the
MPTP mouse model of Parkinson’s disease. Neurobiol. Dis. 19, 471–478.
doi: 10.1016/j.nbd.2005.01.023

Korotzer, A. R., and Cotman, C. W. (1992). Voltage-gated currents expressed by
rat microglia in culture. Glia 6, 81–88. doi: 10.1002/glia.440060202

Krause, D. L., and Müller, N. (2010). Neuroinflammation, microglia and
implications for anti-inflammatory treatment in Alzheimer’s disease. Int.
J. Alzheimers Dis. 2010:732806. doi: 10.4061/2010/732806

Kuret, J., Chirita, C. N., Congdon, E. E., Kannanayakal, T., Li, G., Necula, M., et al.
(2005a). Pathways of tau fibrillization. Biochim. Biophys. Acta 1739, 167–178.
doi: 10.1016/j.bbadis.2004.06.016

Kuret, J., Congdon, E. E., Li, G., Yin, H., Yu, X., and Zhong, Q. (2005b). Evaluating
triggers and enhancers of tau fibrillization. Microsc. Res. Tech. 67, 141–155.
doi: 10.1002/jemt.20187

Lalancette-Hébert, M., Gowing, G., Simard, A., Weng, Y. C., and Kriz, J. (2007).
Selective ablation of proliferating microglial cells exacerbates ischemic injury
in the brain. J. Neurosci. 27, 2596–2605. doi: 10.1523/JNEUROSCI.5360
-06.2007

Lawson, L. J., Perry, V. H., Dri, P., and Gordon, S. (1990). Heterogeneity in the
distribution and morphology of microglia in the normal adult mouse brain.
Neuroscience 39, 151–170. doi: 10.1016/0306-4522(90)90229-w

Le, W., Rowe, D., Xie, W., Ortiz, I., He, Y., and Appel, S. H. (2001). Microglial
activation and dopaminergic cell injury: an in vitro model relevant to
Parkinson’s disease. J. Neurosci. 21, 8447–8455.

Lee, D. C., Rizer, J., Selenica, M. L., Reid, P., Kraft, C., Johnson, A., et al.
(2010). LPS- induced inflammation exacerbates phospho-tau pathology in
rTg4510 mice. J. Neuroinflammation 7:56. doi: 10.1186/1742-2094-7-56

Leissring, M. A., Farris, W., Chang, A. Y., Walsh, D. M., Wu, X., Sun, X., et al.
(2003). Enhanced proteolysis of β-amyloid in APP transgenic mice prevents
plaque formation, secondary pathology, and premature death. Neuron 40,
1087–1093. doi: 10.1016/s0896-6273(03)00787-6

Li, Y., Liu, L., Barger, S. W., and Griffin, W. S. (2003). Interleukin-1 mediates
pathological effects of microglia on tau phosphorylation and on synaptophysin
synthesis in cortical neurons through a p38-MAPK pathway. J. Neurosci. 23,
1605–1611.

Liberatore, G. T., Jackson-Lewis, V., Vukosavic, S., Mandir, A. S., Vila, M.,
McAuliffe, W. G., et al. (1999). Inducible nitric oxide synthase stimulates
dopaminergic neurodegeneration in the MPTP model of Parkinson disease.
Nat. Med. 5, 1403–1409. doi: 10.1038/70978

Liu, W., Brosnan, C. F., Dickson, D. W., and Lee, S. C. (1994). Macrophage
colony-stimulating factor mediates astrocyte-induced microglial ramification
in human fetal central nervous system culture. Am. J. Pathol. 145, 48–53.

Long-Smith, C. M., Sullivan, A. M., and Nolan, Y. M. (2009). The influence
of microglia on the pathogenesis of Parkinson’s disease. Prog. Neurobiol. 89,
277–287. doi: 10.1016/j.pneurobio.2009.08.001

Lynch, M. A. (2009). The multifaceted profile of activated microglia. Mol.
Neurobiol. 40, 139–156. doi: 10.1007/s12035-009-8077-9

Maccioni, R. B., Farías, G., Morales, I., andNavarrete, L. (2010). The revitalized tau
hypothesis on Alzheimer’s disease. Arch. Med. Res. 41, 226–231. doi: 10.1016/j.
arcmed.2010.03.007

Markov, D. V., and Dimova, R. N. (1974). Ultrastructural alterations of rat brain
microglial cells and pericytes after chronic lead poisoning. Acta Neuropathol.
28, 25–35. doi: 10.1007/bf00687515

McGeer, P. L., Itagaki, S., Boyes, B. E., and McGeer, E. G. (1988). Reactive
microglia are positive for HLA-DR in the substantia nigra of Parkinson’s and
Alzheimer’s disease brains. Neurology 38, 1285–1291. doi: 10.1212/wnl.38.8.
1285

Merrill, J. E. (1991). Effects of interleukin-1 and tumor necrosis factor-α on
astrocytes, microglia, oligodendrocytes, and glial precursors in vitro. Dev.
Neurosci. 13, 130–137. doi: 10.1159/000112150

Mogi, M., Harada, M., Kondo, T., Riederer, P., Inagaki, H., Minami, M.,
et al. (1994a). Interleukin-1β, interleukin-6, epidermal growth factor and
transforming growth factor-α are elevated in the brain from parkinsonian
patients. Neurosci. Lett. 180, 147–150. doi: 10.1016/0304-3940(94)90508-8

Mogi, M., Harada, M., Riederer, P., Narabayashi, H., Fujita, K., and Nagatsu, T.
(1994b). Tumor necrosis factor-α (TNF-α) increases both in the brain and
in the cerebrospinal fluid from parkinsonian patients. Neurosci. Lett. 165,
208–210. doi: 10.1016/0304-3940(94)90746-3

Möller, T. (2002). Calcium signaling in microglial cells. Glia 40, 184–194.
doi: 10.1002/glia.10152

Möller, T., Kann, O., Verkhratsky, A., and Kettenmann, H. (2000). Activation
of mouse microglial cells affects P2 receptor signaling. Brain Res. 853, 49–59.
doi: 10.1016/s0006-8993(99)02244-1

Moran, L. B., and Graeber, M. B. (2004). The facial nerve axotomy model. Brain
Res. Rev. 44, 154–178. doi: 10.1016/j.brainresrev.2003.11.004

Mount, M. P., Lira, A., Grimes, D., Smith, P. D., Faucher, S., Slack, R., et al. (2007).
Involvement of interferon-γ in microglial-mediated loss of dopaminergic
neurons. J. Neurosci. 27, 3328–3337. doi: 10.1523/JNEUROSCI.5321
-06.2007

Müller, T., Blum-Degen, D., Przuntek, H., and Kuhn, W. (1998). Interleukin-6
levels in cerebrospinal fluid inversely correlate to severity of Parkinson’s
disease. Acta Neurol. Scand. 98, 142–144. doi: 10.1111/j.1600-0404.1998.
tb01736.x

Nakajima, K., Honda, S., Tohyama, Y., Imai, Y., Kohsaka, S., and Kurihara, T.
(2001). Neurotrophin secretion from cultured microglia. J. Neurosci. Res. 65,
322–331. doi: 10.1002/jnr.1157

Nakamura, Y., Si, Q. S., and Kataoka, K. (1999). Lipopolysaccharide-induced
microglial activation in culture: temporal profiles of morphological change
and release of cytokines and nitric oxide. Neurosci. Res. 35, 95–100.
doi: 10.1016/s0168-0102(99)00071-1

Nash, K. R., Lee, D. C., Hunt, J. B. Jr., Morganti, J. M., Selenica, M. L.,
Moran, P., et al. (2013). Fractalkine overexpression suppresses tau pathology
in a mouse model of tauopathy.Neurobiol. Aging 34, 1540–1548. doi: 10.1016/j.
neurobiolaging.2012.12.011

Nelson, P. T., Soma, L. A., and Lavi, E. (2002). Microglia in diseases of the
central nervous system. Ann. Med. 34, 491–500. doi: 10.1080/0785389023211
17698

Neufeld, A. H. (1999). Microglia in the optic nerve head and the region of
parapapillary chorioretinal atrophy in glaucoma. Arch. Ophthalmol. 117,
1050–1056. doi: 10.1001/archopht.117.8.1050

Nimmerjahn, A., Kirchhoff, F., and Helmchen, F. (2005). Resting microglial cells
are highly dynamic surveillants of brain parenchyma in vivo. Science 308,
1314–1318. doi: 10.1126/science.1110647

Nissl, F. (1899). Über einige Beziehungen zwischen Nervenzellerkrankungen
und gliösen Erscheinungen bei verschiedenen Psychosen. Arch. Psychiatr. 32,
656–676.

Oakley, H., Cole, S. L., Logan, S., Maus, E., Shao, P., Craft, J., et al.
(2006). Intraneuronal β-amyloid aggregates, neurodegeneration and neuron
loss in transgenic mice with five familial Alzheimer’s disease mutations:
potential factors in amyloid plaque formation. J. Neurosci. 26, 10129–10140.
doi: 10.1523/JNEUROSCI.1202-06.2006

Odawara, T., Iseki, E., Kosaka, K., Akiyama, H., Ikeda, K., and Yamamoto, T.
(1995). Investigation of tau-2 positive microglia-like cells in the subcortical
nuclei of human neurodegenerative disorders. Neurosci. Lett. 192, 145–148.
doi: 10.1016/0304-3940(95)11595-n

Ouchi, Y., Yagi, S., Yokokura, M., and Sakamoto, M. (2009). Neuroinflammation
in the living brain of Parkinson’s disease. Parkinsonism Relat. Disord. 15,
S200–S204. doi: 10.1016/s1353-8020(09)70814-4

Ouchi, Y., Yoshikawa, E., Sekine, Y., Futatsubashi, M., Kanno, T., Ogusu, T., et al.
(2005). Microglial activation and dopamine terminal loss in early Parkinson’s
disease. Ann. Neurol. 57, 168–175. doi: 10.1002/ana.20338

Frontiers in Aging Neuroscience | www.frontiersin.org 14 May 2017 | Volume 9 | Article 128

https://doi.org/10.1523/JNEUROSCI.2868-05.2005
https://doi.org/10.1523/JNEUROSCI.2868-05.2005
https://doi.org/10.1196/annals.1332.006
https://doi.org/10.1006/mcne.2000.0914
https://doi.org/10.1038/nature05704
https://doi.org/10.1016/j.nbd.2005.01.023
https://doi.org/10.1002/glia.440060202
https://doi.org/10.4061/2010/732806
https://doi.org/10.1016/j.bbadis.2004.06.016
https://doi.org/10.1002/jemt.20187
https://doi.org/10.1523/JNEUROSCI.5360-06.2007
https://doi.org/10.1523/JNEUROSCI.5360-06.2007
https://doi.org/10.1016/0306-4522(90)90229-w
https://doi.org/10.1186/1742-2094-7-56
https://doi.org/10.1016/s0896-6273(03)00787-6
https://doi.org/10.1038/70978
https://doi.org/10.1016/j.pneurobio.2009.08.001
https://doi.org/10.1007/s12035-009-8077-9
https://doi.org/10.1016/j.arcmed.2010.03.007
https://doi.org/10.1016/j.arcmed.2010.03.007
https://doi.org/10.1007/bf00687515
https://doi.org/10.1212/wnl.38.8.1285
https://doi.org/10.1212/wnl.38.8.1285
https://doi.org/10.1159/000112150
https://doi.org/10.1016/0304-3940(94)90508-8
https://doi.org/10.1016/0304-3940(94)90746-3
https://doi.org/10.1002/glia.10152
https://doi.org/10.1016/s0006-8993(99)02244-1
https://doi.org/10.1016/j.brainresrev.2003.11.004
https://doi.org/10.1523/JNEUROSCI.5321-06.2007
https://doi.org/10.1523/JNEUROSCI.5321-06.2007
https://doi.org/10.1111/j.1600-0404.1998.tb01736.x
https://doi.org/10.1111/j.1600-0404.1998.tb01736.x
https://doi.org/10.1002/jnr.1157
https://doi.org/10.1016/s0168-0102(99)00071-1
https://doi.org/10.1016/j.neurobiolaging.2012.12.011
https://doi.org/10.1016/j.neurobiolaging.2012.12.011
https://doi.org/10.1080/078538902321117698
https://doi.org/10.1080/078538902321117698
https://doi.org/10.1001/archopht.117.8.1050
https://doi.org/10.1126/science.1110647
https://doi.org/10.1523/JNEUROSCI.1202-06.2006
https://doi.org/10.1016/0304-3940(95)11595-n
https://doi.org/10.1016/s1353-8020(09)70814-4
https://doi.org/10.1002/ana.20338
http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Aging_Neuroscience/archive


Au and Ma Bipolar/Rod-Shaped Microglia in Neurodegeneration

Pannell, M., Szulzewsky, F., Matyash, V., Wolf, S. A., and Kettenmann, H. (2014).
The subpopulation of microglia sensitive to neurotransmitters/neurohormones
is modulated by stimulation with LPS, interferon-γ and IL-4. Glia 62, 667–679.
doi: 10.1002/glia.22633

Papageorgiou, I. E., Lewen, A., Galow, L. V., Cesetti, T., Scheffel, J., Regen, T.,
et al. (2016). TLR4-activatedmicroglia require IFN-γ to induce severe neuronal
dysfunction and death in situ. Proc. Natl. Acad. Sci. U S A 113, 212–217.
doi: 10.1073/pnas.1513853113

Paresce, D. M., Chung, H., and Maxfield, F. R. (1997). Slow degradation of
aggregates of the Alzheimer’s disease amyloid β-protein by microglial cells.
J. Biol. Chem. 272, 29390–29397. doi: 10.1074/jbc.272.46.29390

Paresce, D.M., Ghosh, R. N., andMaxfield, F. R. (1996).Microglial cells internalize
aggregates of the Alzheimer’s disease amyloid β-protein via a scavenger
receptor. Neuron 17, 553–565. doi: 10.1016/s0896-6273(00)80187-7

Pavese, N., Gerhard, A., Tai, Y. F., Ho, A. K., Turkheimer, F., Barker, R. A.,
et al. (2006). Microglial activation correlates with severity in Huntington
disease: a clinical and PET study. Neurology 66, 1638–1643. doi: 10.1212/01.
wnl.0000222734.56412.17

Perry, V. H., and O’Connor, V. (2010). The role of microglia in synaptic stripping
and synaptic degeneration: a revised perspective. ASN Neuro 2:e00047.
doi: 10.1042/An20100024

Politis, M., Pavese, N., Tai, Y. F., Kiferle, L., Mason, S. L., Brooks, D. J., et al. (2011).
Microglial activation in regions related to cognitive function predicts disease
onset in Huntington’s disease: a multimodal imaging study.Hum. Brain Mapp.
32, 258–270. doi: 10.1002/hbm.21008

Qin, H., Roberts, K. L., Niyongere, S. A., Cong, Y., Elson, C. O., and
Benveniste, E. N. (2007). Molecular mechanism of lipopolysaccharide-induced
SOCS-3 gene expression in macrophages and microglia. J. Immunol. 179,
5966–5976. doi: 10.4049/jimmunol.179.9.5966

Qin, L., Wu, X., Block, M. L., Liu, Y., Breese, G. R., Hong, J. S., et al.
(2007). Systemic LPS causes chronic neuroinflammation and progressive
neurodegeneration. Glia 55, 453–462. doi: 10.1002/glia.20467

Qin, L., Liu, Y., Wang, T., Wei, S. J., Block, M. L., Wilson, B., et al.
(2004). NADPH oxidase mediates lipopolysaccharide-induced neurotoxicity
and proinflammatory gene expression in activatedmicroglia. J. Biol. Chem. 279,
1415–1421. doi: 10.1074/jbc.M307657200

Quigley, H. A., Addicks, E. M., Green, W. R., and Maumenee, A. E. (1981). Optic
nerve damage in human glaucoma. II. The site of injury and susceptibility
to damage. Arch. Ophthalmol. 99, 635–649. doi: 10.1001/archopht.1981.
03930010635009

Quigley, H. A., Dunkelberger, G. R., and Green, W. R. (1988). Chronic
human glaucoma causing selectively greater loss of large optic nerve fibers.
Ophthalmology 95, 357–363. doi: 10.1016/s0161-6420(88)33176-3

Quigley, H. A., Dunkelberger, G. R., and Green,W. R. (1989). Retinal ganglion cell
atrophy correlated with automated perimetry in human eyes with glaucoma.
Am. J. Ophthalmol. 107, 453–464. doi: 10.1016/0002-9394(89)90488-1

Ross, C. A., and Poirier, M. A. (2004). Protein aggregation and neurodegenerative
disease. Nat. Med. 10, S10–S17. doi: 10.1038/nm1066

Sapp, E., Kegel, K. B., Aronin, N., Hashikawa, T., Uchiyama, Y., Tohyama, K.,
et al. (2001). Early and progressive accumulation of reactive microglia in
the Huntington disease brain. J. Neuropathol. Exp. Neurol. 60, 161–172.
doi: 10.1093/jnen/60.2.161

Sawada, M., Suzumura, A., Hosoya, H., Marunouchi, T., and Nagatsu, T. (1999).
Interleukin-10 inhibits both production of cytokines and expression of cytokine
receptors in microglia. J. Neurochem. 72, 1466–1471. doi: 10.1046/j.1471-4159.
1999.721466.x

Scholz, T., and Mandelkow, E. (2014). Transport and diffusion of Tau protein in
neurons. Cell. Mol. Life Sci. 71, 3139–3150. doi: 10.1007/s00018-014-1610-7

Selkoe, D. J. (2000). The origins of Alzheimer disease: a is for amyloid. JAMA 283,
1615–1617. doi: 10.1001/jama.283.12.1615

Shaffer, L. M., Dority, M. D., Gupta-Bansal, R., Frederickson, R. C., Younkin, S. G.,
and Brunden, K. R. (1995). Amyloid β protein (Aβ) removal by neuroglial cells
in culture. Neurobiol. Aging 16, 737–745. doi: 10.1016/0197-4580(95)00055-J

Sheng, W., Zong, Y., Mohammad, A., Ajit, D., Cui, J., Han, D., et al. (2011).
Pro-inflammatory cytokines and lipopolysaccharide induce changes in cell
morphology and upregulation of ERK1/2, iNOS and sPLA2-IIA expression in
astrocytes and microglia. J. Neuroinflammation 8:121. doi: 10.1186/1742-2094-
8-121

Sievers, J., Schmidtmayer, J., and Parwaresch, R. (1994). Blood monocytes and
spleen macrophages differentiate into microglia-like cells when cultured on
astrocytes. Ann. Anat. 176, 45–51. doi: 10.1016/s0940-9602(11)80414-0

Silvestroni, A., Faull, R. L., Strand, A. D., and Möller, T. (2009). Distinct
neuroinflammatory profile in post-mortem human Huntington’s disease.
Neuroreport 20, 1098–1103. doi: 10.1097/WNR.0b013e32832e34ee

Simard, A. R., Soulet, D., Gowing, G., Julien, J. P., and Rivest, S. (2006). Bone
marrow-derived microglia play a critical role in restricting senile plaque
formation in Alzheimer’s disease. Neuron 49, 489–502. doi: 10.1016/j.neuron.
2006.01.022

Singhrao, S. K., Neal, J. W., Morgan, B. P., and Gasque, P. (1999). Increased
complement biosynthesis by microglia and complement activation on neurons
in Huntington’s disease. Exp. Neurol. 159, 362–376. doi: 10.1006/exnr.1999.
7170

Smith, J. A., Das, A., Ray, S. K., and Banik, N. L. (2012). Role of
pro-inflammatory cytokines released from microglia in neurodegenerative
diseases. Brain Res. Bull. 87, 10–20. doi: 10.1016/j.brainresbull.2011.
10.004

Spielmeyer, W. (1922). Histopathologie des Nervensystems. Berlin: J. Springer.
Stolzing, A., Wengner, A., and Grune, T. (2002). Degradation of oxidized

extracellular proteins by microglia. Arch. Biochem. Biophys. 400, 171–179.
doi: 10.1016/s0003-9861(02)00003-6

Suzumura, A., Marunouchi, T., and Yamamoto, H. (1991). Morphological
transformation of microglia in vitro. Brain Res. 545, 301–306.
doi: 10.1016/0006-8993(91)91302-h

Suzumura, A., Sawada, M., Yamamoto, H., and Marunouchi, T. (1990). Effects of
colony stimulating factors on isolated microglia in vitro. J. Neuroimmunol. 30,
111–120. doi: 10.1016/0165-5728(90)90094-4

Szabo, M., and Gulya, K. (2013). Development of the microglial phenotype in
culture. Neuroscience 241, 280–295. doi: 10.1016/j.neuroscience.2013.03.033

Tam, W. Y., and Ma, C. H. (2014). Bipolar/rod-shaped microglia are
proliferating microglia with distinct M1/M2 phenotypes. Sci. Rep. 4:7279.
doi: 10.1038/srep07279

Tam,W. Y., Au, N. P., andMa, C. H. (2016). The association between laminin and
microglial morphology in vitro. Sci. Rep. 6:28580. doi: 10.1038/srep28580

Taylor, S. E., Morganti-Kossmann, C., Lifshitz, J., and Ziebell, J. M.
(2014). Rod microglia: a morphological definition. PLoS One 9:e97096.
doi: 10.1371/journal.pone.0097096

Toulouse, A., and Sullivan, A. M. (2008). Progress in Parkinson’s disease-where do
we stand? Prog. Neurobiol. 85, 376–392. doi: 10.1016/j.pneurobio.2008.05.003

Town, T., Zolton, J., Shaffner, R., Schnell, B., Crescentini, R., Wu, Y., et al.
(2002). p35/Cdk5 pathway mediates soluble amyloid-β peptide-induced tau
phosphorylation in vitro. J. Neurosci. Res. 69, 362–372. doi: 10.1002/jnr.10299

Townsend, K. P., Town, T., Mori, T., Lue, L. F., Shytle, D., Sanberg, P. R., et al.
(2005). CD40 signaling regulates innate and adaptive activation of microglia in
response to amyloid β-peptide. Eur. J. Immunol. 35, 901–910. doi: 10.1002/eji.
200425585

Trapp, B. D., Wujek, J. R., Criste, G. A., Jalabi, W., Yin, X., Kidd, G. J., et al.
(2007). Evidence for synaptic stripping by cortical microglia. Glia 55, 360–368.
doi: 10.1002/glia.20462

Tremblay,M. E., Lowery, R. L., andMajewska, A. K. (2010).Microglial interactions
with synapses are modulated by visual experience. PLoS Biol. 8:e1000527.
doi: 10.1371/journal.pbio.1000527

Vijitruth, R., Liu, M., Choi, D. Y., Nguyen, X. V., Hunter, R. L., and Bing, G.
(2006). Cyclooxygenase-2 mediates microglial activation and secondary
dopaminergic cell death in the mouse MPTP model of Parkinson’s disease.
J. Neuroinflammation 3:6. doi: 10.1186/1742-2094-3-6

von Bernhardi, R., and Eugenín, J. (2004). Microglial reactivity to β-amyloid
is modulated by astrocytes and proinflammatory factors. Brain Res. 1025,
186–193. doi: 10.1016/j.brainres.2004.07.084

Vonsattel, J. P., and DiFiglia, M. (1998). Huntington disease. J. Neuropathol. Exp.
Neurol. 57, 369–384. doi: 10.1097/00005072-199805000-00001

Vonsattel, J. P., Myers, R. H., Stevens, T. J., Ferrante, R. J., Bird, E. D.,
and Richardson, E. P. Jr., et al. (1985). Neuropathological classification
of Huntington’s disease. J. Neuropathol. Exp. Neurol. 44, 559–577.
doi: 10.1097/00005072-198511000-00003

Wake, H., Moorhouse, A. J., Jinno, S., Kohsaka, S., and Nabekura, J. (2009).
Resting microglia directly monitor the functional state of synapses in vivo

Frontiers in Aging Neuroscience | www.frontiersin.org 15 May 2017 | Volume 9 | Article 128

https://doi.org/10.1002/glia.22633
https://doi.org/10.1073/pnas.1513853113
https://doi.org/10.1074/jbc.272.46.29390
https://doi.org/10.1016/s0896-6273(00)80187-7
https://doi.org/10.1212/01.wnl.0000222734.56412.17
https://doi.org/10.1212/01.wnl.0000222734.56412.17
https://doi.org/10.1042/An20100024
https://doi.org/10.1002/hbm.21008
https://doi.org/10.4049/jimmunol.179.9.5966
https://doi.org/10.1002/glia.20467
https://doi.org/10.1074/jbc.M307657200
https://doi.org/10.1001/archopht.1981.03930010635009
https://doi.org/10.1001/archopht.1981.03930010635009
https://doi.org/10.1016/s0161-6420(88)33176-3
https://doi.org/10.1016/0002-9394(89)90488-1
https://doi.org/10.1038/nm1066
https://doi.org/10.1093/jnen/60.2.161
https://doi.org/10.1046/j.1471-4159.1999.721466.x
https://doi.org/10.1046/j.1471-4159.1999.721466.x
https://doi.org/10.1007/s00018-014-1610-7
https://doi.org/10.1001/jama.283.12.1615
https://doi.org/10.1016/0197-4580(95)00055-J
https://doi.org/10.1186/1742-2094-8-121
https://doi.org/10.1186/1742-2094-8-121
https://doi.org/10.1016/s0940-9602(11)80414-0
https://doi.org/10.1097/WNR.0b013e32832e34ee
https://doi.org/10.1016/j.neuron.2006.01.022
https://doi.org/10.1016/j.neuron.2006.01.022
https://doi.org/10.1006/exnr.1999.7170
https://doi.org/10.1006/exnr.1999.7170
https://doi.org/10.1016/j.brainresbull.2011.10.004
https://doi.org/10.1016/j.brainresbull.2011.10.004
https://doi.org/10.1016/s0003-9861(02)00003-6
https://doi.org/10.1016/0006-8993(91)91302-h
https://doi.org/10.1016/0165-5728(90)90094-4
https://doi.org/10.1016/j.neuroscience.2013.03.033
https://doi.org/10.1038/srep07279
https://doi.org/10.1038/srep28580
https://doi.org/10.1371/journal.pone.0097096
https://doi.org/10.1016/j.pneurobio.2008.05.003
https://doi.org/10.1002/jnr.10299
https://doi.org/10.1002/eji.200425585
https://doi.org/10.1002/eji.200425585
https://doi.org/10.1002/glia.20462
https://doi.org/10.1371/journal.pbio.1000527
https://doi.org/10.1186/1742-2094-3-6
https://doi.org/10.1016/j.brainres.2004.07.084
https://doi.org/10.1097/00005072-199805000-00001
https://doi.org/10.1097/00005072-198511000-00003
http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Aging_Neuroscience/archive


Au and Ma Bipolar/Rod-Shaped Microglia in Neurodegeneration

and determine the fate of ischemic terminals. J. Neurosci. 29, 3974–3980.
doi: 10.1523/JNEUROSCI.4363-08.2009

Wegiel, J., and Wisniewski, H. M. (1990). The complex of microglial cells
and amyloid star in three-dimensional reconstruction. Acta Neuropathol. 81,
116–124. doi: 10.1007/BF00334499

Wegiel, J., Imaki, H., Wang, K. C., Wegiel, J., and Rubenstein, R. (2004). Cells
of monocyte/microglial lineage are involved in both microvessel amyloidosis
and fibrillar plaque formation in APPsw tg mice. Brain Res. 1022, 19–29.
doi: 10.1016/j.brainres.2004.06.058

Wegiel, J., Imaki, H., Wang, K. C., Wegiel, J., Wronska, A., Osuchowski, M., et al.
(2003). Origin and turnover of microglial cells in fibrillar plaques of APPsw
transgenic mice. Acta Neuropathol. 105, 393–402. doi: 10.1007/s00401-002-
0660-3

Weingarten, M. D., Lockwood, A. H., Hwo, S. Y., and Kirschner, M. W. (1975). A
protein factor essential for microtubule assembly. Proc. Natl. Acad. Sci. U S A
72, 1858–1862. doi: 10.1073/pnas.72.5.1858

West, M. J., Coleman, P. D., Flood, D. G., and Troncoso, J. C. (1994). Differences
in the pattern of hippocampal neuronal loss in normal ageing and Alzheimer’s
disease. Lancet 344, 769–772. doi: 10.1016/s0140-6736(94)92338-8

Wierzba-Bobrowicz, T., Gwiazda, E., Kosno-Kruszewska, E., Lewandowska, E.,
Lechowicz, W., Bertrand, E., et al. (2002). Morphological analysis of active
microglia–rod and ramified microglia in human brains affected by some
neurological diseases (SSPE, Alzheimer’s disease and Wilson’s disease). Folia
Neuropathol. 40, 125–131.

Wilms, H., Rosenstiel, P., Sievers, J., Deuschl, G., Zecca, L., and Lucius, R. (2003).
Activation of microglia by human neuromelanin is NF-kappaB dependent and
involves p38 mitogen-activated protein kinase: implications for Parkinson’s
disease. FASEB J. 17, 500–502. doi: 10.1096/fj.02-0314fje

Wyss-Coray, T., and Mucke, L. (2002). Inflammation in neurodegenerative
disease–a double-edged sword. Neuron 35, 419–432. doi: 10.1016/s0896-
6273(02)00794-8

Yan, P., Hu, X., Song, H., Yin, K., Bateman, R. J., Cirrito, J. R., et al. (2006). Matrix
metalloproteinase-9 degrades amyloid-β fibrils in vitro and compact plaques
in situ. J. Biol. Chem. 281, 24566–24574. doi: 10.1074/jbc.M602440200

Yoshiyama, Y., Higuchi, M., Zhang, B., Huang, S. M., Iwata, N., Saido, T. C.,
et al. (2007). Synapse loss and microglial activation precede tangles in a P301S
tauopathy mouse model. Neuron 53, 337–351. doi: 10.1016/j.neuron.2007.
01.010

Yuan, L., and Neufeld, A. H. (2001). Activated microglia in the human
glaucomatous optic nerve head. J. Neurosci. Res. 64, 523–532. doi: 10.1002/jnr.
1104

Yuan, T. F., Liang, Y. X., Peng, B., Lin, B., and So, K. F. (2015). Local proliferation is
themain source of rodmicroglia after optic nerve transection. Sci. Rep. 5:10788.
doi: 10.1038/srep10788

Zhan, X., Kim, C., and Sharp, F. R. (2008). Very brief focal ischemia
simulating transient ischemic attacks (TIAs) can injure brain and induce
Hsp70 protein. Brain Res. 1234, 183–197. doi: 10.1016/j.brainres.2008.
07.094

Zhang, W., Wang, T., Pei, Z., Miller, D. S., Wu, X., Block, M. L., et al.
(2005). Aggregated α-synuclein activates microglia: a process leading to disease
progression in Parkinson’s disease. FASEB J. 19, 533–542. doi: 10.1096/fj.04-
2751com

Ziebell, J. M., Adelson, P. D., and Lifshitz, J. (2015). Microglia: dismantling
and rebuilding circuits after acute neurological injury. Metab. Brain Dis. 30,
393–400. doi: 10.1007/s11011-014-9539-y

Ziebell, J. M., Taylor, S. E., Cao, T., Harrison, J. L., and Lifshitz, J.
(2012). Rod microglia: elongation, alignment, and coupling to form
trains across the somatosensory cortex after experimental diffuse
brain injury. J. Neuroinflammation 9:247. doi: 10.1186/1742-2094
-9-247

Zilka, N., Stozicka, Z., Kovac, A., Pilipcinec, E., Bugos, O., and Novak, M.
(2009). Human misfolded truncated tau protein promotes activation of
microglia and leukocyte infiltration in the transgenic rat model of
tauopathy. J. Neuroimmunol. 209, 16–25. doi: 10.1016/j.jneuroim.2009.
01.013

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2017 Au and Ma. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) or
licensor are credited and that the original publication in this journal is cited, in
accordance with accepted academic practice. No use, distribution or reproduction
is permitted which does not comply with these terms.

Frontiers in Aging Neuroscience | www.frontiersin.org 16 May 2017 | Volume 9 | Article 128

https://doi.org/10.1523/JNEUROSCI.4363-08.2009
https://doi.org/10.1007/BF00334499
https://doi.org/10.1016/j.brainres.2004.06.058
https://doi.org/10.1007/s00401-002-0660-3
https://doi.org/10.1007/s00401-002-0660-3
https://doi.org/10.1073/pnas.72.5.1858
https://doi.org/10.1016/s0140-6736(94)92338-8
https://doi.org/10.1096/fj.02-0314fje
https://doi.org/10.1016/s0896-6273(02)00794-8
https://doi.org/10.1016/s0896-6273(02)00794-8
https://doi.org/10.1074/jbc.M602440200
https://doi.org/10.1016/j.neuron.2007.01.010
https://doi.org/10.1016/j.neuron.2007.01.010
https://doi.org/10.1002/jnr.1104
https://doi.org/10.1002/jnr.1104
https://doi.org/10.1038/srep10788
https://doi.org/10.1016/j.brainres.2008.07.094
https://doi.org/10.1016/j.brainres.2008.07.094
https://doi.org/10.1096/fj.04-2751com
https://doi.org/10.1096/fj.04-2751com
https://doi.org/10.1007/s11011-014-9539-y
https://doi.org/10.1186/1742-2094-9-247
https://doi.org/10.1186/1742-2094-9-247
https://doi.org/10.1016/j.jneuroim.2009.01.013
https://doi.org/10.1016/j.jneuroim.2009.01.013
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Aging_Neuroscience/archive

	Recent Advances in the Study of Bipolar/Rod-Shaped Microglia and their Roles in Neurodegeneration
	INTRODUCTION
	THE DISCOVERY AND IDENTIFICATION OF BIPOLAR/ROD-SHAPED MICROGLIA
	MORPHOLOGICAL DYNAMICS OF RAMIFIED, BIPOLAR/ROD-SHAPED AND AMOEBOID MICROGLIA
	CELL CULTURE MODEL SYSTEMS FOR STUDYING BIPOLAR/ROD-SHAPED MICROGLIA
	BIPOLAR/ROD-SHAPED MICROGLIA IN BRAIN INJURY
	BIPOLAR/ROD-SHAPED MICROGLIA IN ALZHEIMER'S DISEASE
	BIPOLAR/ROD-SHAPED MICROGLIA IN PARKINSON'S DISEASE
	BIPOLAR/ROD-SHAPED MICROGLIA IN HUNTINGTON'S DISEASE
	BIPOLAR/ROD-SHAPED MICROGLIA IN OTHER NEURODEGENERATIVE DISEASES
	POSSIBLE INVOLVEMENT OF BIPOLAR/ROD-SHAPED MICROGLIA IN ``SYNAPTIC STRIPPING''
	FUTURE PERSPECTIVE: NEUROPROTECTIVE ROLES OF BIPOLAR/ROD-SHAPED MICROGLIA
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	REFERENCES


