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Abstract 
Microglia has emerged not only as an essential inflammatory cell but also as a major player in the development of the adult brain. Microglia 
phagocytize extra-numerical synapses during postnatal development, maintain and strengthen the remaining subset of synapses, remodel 
synaptic circuits and clearing apoptotic newborn neurons. Thereby, microglia plays a crucial role for the establishment, plasticity and function 
of adult neural circuits. In addition to the key role in normal brain function, any imbalance in microglia activity has been associated with 
neurodegenerative diseases. Microglial cells respond rapidly to smallest pathological changes, this being a vital aspect in many tissue 
scaring and the local confinement of focal lesions. It is assumed that the high motility of microglial cells represents an important requirement to 
fulfill the numerous functions. In this review will highlight the role of microglial motility in the healthy and the injured brain, and discuss how 
impairment of microglia motility can affect normal brain function. 
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 Introduction 

Microglial cells are unique cells of the central 
nervous system (CNS), both in origin and function. 
Their processes move much more than any other cell 
type, although other glial cells display rather similar 
morphologies, such white matter astrocytes or NG2 glial 
cells. While all other resident cells in the CNS are 
derived from the neuroectoderm microglia are derived 
from the mesoderm. However, their exact origin is still 
a matter of debate. Until now, two major subpopulations 
of microglia have been identified: (i) Cells that migrate 
into the CNS early during embryonic development. The 
origin of this first wave of microglia cells appears bone 
marrow-derived [1]. (ii) During postnatal development 
myeloid progenitor cell seem to circulate between the 
periphery and the brain [2]. In particular, these different 
origins complicate the definition of microglia. However, 
microglial cells display unequivocal responses at the 
onset of inflammatory responses. Microglia will rapidly 
move their processes towards the inflammation within a 
few minutes and will form a “shielding” ring around the 
inflammation within less than an hour. No differences 
can be identified in the reaction of embryonic and non-
embryonic subpopulations of microglia CNS [3]. 

Apart from being the first responders in the CNS 
injuries, microglia has several other functions. During 
the development of the brain microglia phagocyte extra 
numerical synapses. In addition, they maintain and 
strengthen the remaining subset of synapses [4]. They 
further help to remodel synaptic circuits [5] by phagocytic 

clearing of apoptotic newborn neurons cell contact-
dependent modulation of the synaptic architecture [6, 7]. 

But, as the primary immune effectors cells in the 
nervous system [8], the main role of microglia is to act 
swiftly to smallest pathological changes. Microglia has 
an essential role in healing lesions in the CNS. This can 
be seen in a diversity of pathologies, such as stroke, 
brain injuries or neurodegenerative diseases [9, 10]. 
Any imbalance in microglia activity will contribute to 
neurodegenerative diseases [11]. Never the less the 
quick responding of microglia has a downside, too. The 
microglia response can also contribute to neuronal 
degeneration itself due to their production of pro-
inflammatory cytokines or free radicals [12]. The negative 
consequences of microglia activity can be aggravated in 
patients with a genetic predisposition, of higher age or 
suffering from neurodegenerative diseases [13]. It is 
tempting to speculate that all these functions cannot be 
fulfilled without the capability of high cellular motility. 
Here, we will describe how microglia behaves in the 
intact CNS and how it reacts to inflammation and focus 
on the motility of microglia. 

 Resting microglia 

Originally, from an immune point of view, CNS 
microglia was described either as resting or activated. 
Resting microglia have been regarded as being down-
regulated, being inactive or quiescent. Morphologically, 
microglial cells were described as cells with small 
somata and long, ramified processes (Figure 1). It has 
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been suggested that microglia is restrained to its resting 
state by a vast number of micro-environmental influences 
(bimolecular ligand-receptor interactions), predominant 
produced by neurons, such as CX3CL1–CX3CR1 [14], 
CD200–CD200 receptor [15], CD172A–CD47 [16], 
CD22–CD45 [17] and most recently ICAM5–leukocyte 
β2-integrins [18]. Since microglia processes are 

continuously moving and surveying their individual 
local microenvironment, they are now termed surveying 
microglia. Th movement does not have a certain 
direction (Figure 1). Instead, processes are sent in a 
radial way from the microglia body into the surrounding 
parenchyma. 
 

 
Figure 1 – Transcranial two-photon laser scanning imaging reveals a rapid and dynamic movement of microglial 
processes. Time-lapse recordings of the same brain region (approximately 15 minutes) A to D shows microglia extending 
(white arrow) or retracting (yellow arrow) processes in the brain parenchyma. All cell bodies appear immobile in 
respect to the process movements. 

Despite process movement, almost all of the cell 
bodies appear immobile (Figure 1). Only 5% of the cell 
bodies of the microglia move in the brain with a speed 
of about 1.5 µm per hour. Microglia is positioned 50–
60 μm apart from each other. With this positioning, it is 
a rare event that processes of different microglia will 
touch each other while they are scanning the environment. 
This tiling arrangement allows the microglia to efficiently 
scan every single volume of the brain within every few 
hours [8]. 

Surveying microglia has two predominant movements 
of the processes: extending and retracting to and from 
the brain parenchyma. The speed of these two movements 
is almost equal, around 1.5 µm/min. [8]. While some 
process protrusions might be lost during process 
movement, new membrane extensions can appear in 
other areas or at another level of the same process 
overall balancing the total membrane length [8]. Similar 
morphological changes appear in the white matter [8, 
19]. 
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Some processes may have several, highly mobile, 
filopodia-like protrusions with different forms and sizes 
that can typically form bulbous endings, which have a 

life period about four minutes [8]. These protrusions 
display appearance and disappearance rates of about 
2 µm/min. [8] (Table 1). 

Table 1 – Physiological and morphological properties of microglia as observed by two-photon laser scanning microscopy 

Study Dibaj P et al., 2010 [19] Davalos D et al., 2005 [20] Nimmerjahn A et al., 2005 [8]

CNS level investigated With matter Gray matter Gray matter 

Cell number 10 cells >30 cells 20 cells 

Mouse number 5 mice 10 mice 2 mice 

Resting microglia process speed 2.1±0.2 µm/min. 0.7±0.59 µm/min. 2.2±0.2 µm/min. 

Lesion size 
10–20 μm, in some cases 

up to 50 µm 
~15 μm – 

Reacting time 1–2 minutes <1 minute 10–15 minutes 

Reacting distance 50–100 µm 75–125 µm <90 µm 

Activated microglial process speed 2.9±0.2 µm/min. 1.25±0.06 µm/min. 1.8±0.3 µm/min. 

Migrational speed 1.2±0.1 µm/min. – – 
 

Apart from scanning the environment, microglia 
performs housekeeping functions. They clear all 
accumulating metabolic products and the debris of 
deteriorated cells [8, 20]. To do this, microglias are 
equipped with approximately 20 ITAM (immunoreceptor 
tyrosine-based activation motif)-associated receptors, 
including FcRs, TREMs, ILTs (also called LILRs), 
MAIRs, PIR-A, MDL-1, DCAR, OSCAR, CD200 
receptors and c-Fms [21–23]. The ITAM-signaling 
molecules are counter-regulated by the ITIM (immuno-
receptor tyrosine-based inhibition motif)-receptors in 
microglial phagocytosis (for an extensive review see [23]). 
ITAM-ITIM bearing receptors recognize carbohydrates. 
With these receptors, microglia can identify the structural 
integrity of cells [24]. 

Cell surfaces and secreted proteins are characterized 
by carbohydrate moieties, the glycocalyx. Sialic acids 
have been suggested to as a component of the glycocalyx 
involved in “self” recognition [24, 25]. When immune 
cells, like microglia, bind to such a sugar component, 
the immune response will be repressed via the ITAM-
ITIM bearing receptors. If microglia binds to a cell, 
which does not express the “self” antigen, the ITAM-
ITIM bearing receptors will initiate the phagocytosis 
process. While the microglias are scanning the CNS, 
they are supposed to check if all the cells in their 
vicinity are healthy, otherwise microglia will start to 
phagocytose. Under pathological conditions such as 
inflammation or cancer, it is known that reactive oxygen 
damage the cellular glycocalyx [26–30]. An intact 
glycocalyx is essential for normal cellular function and 
any alteration of the glycocalyx might induce immediate 
responses of the microglia [23]. 

 Active microglia 

When microglia encounters unhealthy cells or cellular 
debris, they directly start to change their morphology: 
they polarize (Figure 2C). It starts with extension of 
microglial processes towards the target, followed by 
migration of their cell bodies and eventually phagocytosis 
[23]. So far, only minor differences between the microglia 
reactions in gray and the white matter have been described, 
the rate of process extensions and retractions appear 
faster in myelinated fiber tracts. 

After experimental lesions, e.g. local tissue damage 
induced by high-intensity laser pulses, microglia will 

react within three to five minutes immediate process 
extensions. However, it takes several hours that also 
complete cells migrate into the lesion site. The extent of 
such cell migrations depend on the size of the injury. 
ATP and NO have been suggested as important chemo-
attractants for this process [19]. A well-established 
gradient of respective chemoattractants from the lesion 
site into the adjacent parenchyma determines the microglial 
response. Within 24 hours, microglia will surround the 
lesion site. Depending on the lesion size, the injured tissue 
will be completely ensheathed to shield the healthy CNS. 

Processes can be sent from a distance between 50 µm 
for a small lesion (less that 25 µm in diameter) and more 
than 125 µm for bigger lesions [19] (Table 1). Interestingly, 
microglial bodies and processes, which are extremely close 
to the lesion, are often found to retract from the lesion. 

The reacting microglia do not target a specific area, 
but within 30 minutes they form a “shielding” ring around 
the lesion site [31] (Figure 2, E and F). Microglia will 
further accumulate around the lesion site for the next 
few days, thus showing a long lasting reaction. After the 
tenth day, the number of microglia starts to decline in a 
constant matter [32]. 

 Microglia motility 

Schwab A (2001) [33] suggested a mechanism for 
cellular (microglial) migration: firstly, the migration 
path is established on detection of cellular debris in 
extracellular space using chemoattractive cues. Secondly, 
at the nearest membrane site, Na+/H+ and Cl-/HCO3

- pumps 
are activated (Figure 3). This activation will increase 
actin polymerization in the nearest lamellipodium, a fine 
cellular process. 

Polymerization will start to generate a tension in the 
membrane. This tension will be increased further by 
sheer cellular volume expansion, which will lead to 
opening of Ca2+ channels. Due to the influx of Ca2+, an 
equivalent amount of K+ will leave through stretch-
activated K+ channels, which will decrease the volume. 
This ongoing discrepancy between Ca2+ and K+ 
concentrations in different parts of the cell will lead to 
expanding and shrinking of these parts and thus enable 
migration. The cell will keep migrating until the extra-
cellular signals disappear. In addition, chloride influx 
has been suggested to further promote lamellipodia 
formation in microglia [34]. 



B. Cătălin et al. 

 

470 
  

 
Figure 2 – Time-lapse recording of a cortical brain region using transcranial two-photon laser scanning imaging shows that 
after a laser induce lesion (A), microglial cells will rapidly move their processes towards the lesion site (B and C) 
trying to limit the lesion (D) by forming a shielding ring (E and F). 
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Figure 3 – Process forming as a response to ATP, NO or other chemoattractants detected in the extracellular space. 
(A) Detection of chemoattractants will determine salt and osmotically obligated water intake by parallel Na+/H+ and 
Cl-/HCO3

- activation. This will determine (B) extension of the lamellipodium towards the lesion and retracting processes 
distally from the lesion by Ca2+ influx. 

 Conclusions and future perspectives 

Any form of CNS damage initializes a cascade of 
cellular and molecular events over several days [35]. 
For many years, neuroscientists have focused on neuronal 
signaling [36, 37], thereby ignoring microglial reactions 
to injury. With the recent emergence of in vivo two-
photon imaging of the living CNS, we now have an 
excellent tool to investigate microglia at hand. Increasing 
our knowledge on microglia will not only facilitates the 
development of novel treatment strategies for neural 
inflammation and neurodegenerative diseases, it will 
also further our understanding of normal brain function 
during development and learning processes [38–40]. 
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