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Abstract
Ischaemic stroke can induce rapid activation of microglia. 
As the resident immune cells of the central nervous 
system, microglial activation is believed to play a central 
role in neuroinflammation and pathological progression 
of ischaemic tissue. The activation of microglia after 
ischaemia involves several stereotypical events 
including morphological transformation, proliferation 
and polarisation. Studies using confocal or two-photon 
imaging techniques have revealed that the degree of 
microglial activation is correlated with the degree of 
ischaemia. Activated microglia display diverse polarisation 
phenotypes. It remains largely unclear regarding whether 
activated microglia are beneficial or detrimental to 
poststroke recovery. This mini-review focuses on the 
morphological and functional aspects of microglial 
activation, with particular attention to progress in two-
photon imaging studies.

Introduction
Microglia are the resident immune cells in the 
central nervous system (CNS). Ontogenically, 
they are myeloid lineage cells derived from 
the yolk sac and colonise the CNS during 
early development.1 2 Unlike cortical neurons, 
microglia have the potential to proliferate and 
can be replenished through self-renewal.3 4 
Microglia in physiological conditions display 
ramified morphology. The fine processes of 
microglia are highly dynamic and actively 
monitor the microenvironment.5 6 It is gener-
ally believed that microglia serve a critical role 
in immune surveillance and maintaining CNS 
homeostasis. In addition, microglia are also 
involved in circuit rewiring and synapse plas-
ticity in the brain.7 8 

Abundant data suggest that microglia are 
not only important for normal brain func-
tion but also crucial for neuroinflammation 
and pathogenesis in neurological diseases.9 10 
Microglia switch from homeostatic to the acti-
vated state in response to pathological stimuli. 
The activation of microglia involves several 
phenotypic changes in morphology and func-
tion including morphological transformation, 
proliferation and polarisation. The degree of 
activation varies depending on the nature and 
severity of the pathological conditions and is 
well described in many pathological condi-
tions such as traumatic brain injury, prion 

disease and Alzheimer’s disease.11–13 Progres-
sive neurodegeneration is often associated 
with chronic microglial activation which can 
take weeks or even years,14 but acute injury can 
induce rapid extension of microglial processes 
within minutes.5 In the case of ischaemic 
stroke, reduction in blood flow can initiate 
rapid deramification of microglia, and severe 
ischaemia is accompanied by an intense reac-
tion of microgliosis.15 16 Microglial activation 
is believed to be involved in the pathological 
progression of ischaemic tissue. However, the 
function of activated microglia in ischaemic 
stroke remains not completely understood. 
Previous studies indicate that microglia can be 
neuroprotective or neurotoxic to ischaemic 
brain.17 18 The different results in the liter-
ature suggest that distinct events may occur 
during the complicated process of microglial 
activation in different ischaemic conditions. 
Much of our understanding of microglial 
activation is obtained using high-resolution 
imaging techniques including confocal and 
two-photon microscopy. Confocal microscopy 
enables the imaging of live cells with submi-
cron resolution and is well suited for moni-
toring microglial activation in vitro. However, 
due to several factors such as light scattering 
and phototoxicity, confocal microscopy is not 
ideal for imaging subcellular structures deep 
within living tissues. Two-photon microscopy 
overcomes these limitations and great break-
through has been obtained when applied to 
monitor microglial dynamics in vivo.5 6 This 
mini-review provides an update, mostly from 
an imaging perspective, on the morphological 
transformation, proliferation and polarisation 
during microgliosis in ischaemic stroke, and 
attempts to uncover the link between microg-
lial activation and their potential functions.

Morphological transformation of microglia after 
ischaemic stroke
Microglia in a healthy brain display ramified 
morphology. The fine processes of micro-
glia are highly dynamic and can constantly 
monitor the CNS microenvironment to serve 
a housekeeping function.5 19 20 In response to 
pathological stimuli, microglia change their 
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process dynamics and undergo a rapid morphological 
transformation. Microglia can make targeted movement 
toward the injured site by retracting or extending their 
processes.5 Ramified microglia transform into amoeboid 
microglia through a stereotypical sequence of events.21 
Microglia are sensitive to blood flow fluctuation. The 
dynamics of their processes is highly correlated with 
local blood supply, and reduction in blood flow induces 
a significant decrease in process activity.15 In addition, 
microglia tend to retract their branches after ischaemia, 
leading to a reduction in the total length and the total 
number of microglial processes.22 Loss of blood flow in 
the peri-infarct region results in marked deramification 
and amoeboid transformation of soma. Interestingly, the 
presence of residual blood flow appears to be necessary 
for the motility of microglial processes since complete 
loss of blood flow arrested the morphological transfor-
mation of microglia.15 In addition to blood flow change, 
other events occurred during ischaemia also contribute 
to the activation of microglia. Our recent data showed 
that blood–brain barrier leakage can cause marked 
microglial deramification without a significant increase 
in mRNA expression level of inflammatory cytokines, 
indicating that  morphological transformation occurs 
earlier than inflammatory response.22 The degree of 
morphological transformation of activated microglia 
is correlated to the severity and duration of ischaemia. 
Transient ischaemia only induces a moderate reduction 
in the total length and the total number of microglial 
processes, and this partial deramification and reduc-
tion in process dynamics can be reversed following 
reperfusion.15 22 In contrast, severe ischaemia leads to a 
complete deramification and microglia transform into 
amoeboid shapes resembling peripheral macrophage.23 
In addition, there is a regional difference in microglial 
activation during ischaemia. In focal cerebral ischaemia, 
microglia branching complexity is found to be increased 
in the striatal region but decreased in cortical regions.24 
Thus, microglia can be hyper-ramified or deramified in 
response to focal ischaemia depending on brain regions 
or the degree of ischaemia.

The activated microglia display distinctive spatial and 
temporal patterns in region spanning the peri-infarct 
tissue.25 26 In focal ischaemia, the area of microgliosis can 
be divided into three different zones: core zone, accumu-
lation zone and marginal zone.23 Microglia in different 
zones have distinct morphological characteristics. Rami-
fied microglia are located in the cortical region with 
normal blood flow, microglia with few short and stout 
processes are observed in the marginal zone, and amoe-
boid microglia with hypertrophic cell body are found in 
the accumulation zone and the core region.23 The distri-
bution pattern of microglia with different morphology 
across the peri-infarct region suggests that morphological 
transformation of microglia may reflect a transition in 
microglial function, and distinct morphological pheno-
types may represent different pathological states of isch-
aemic tissue.

Proliferation of microglia after ischaemia
In a healthy brain, the number of microglia remains rela-
tively steady and only a small percentage of cells proliferate 
at a given time.4 27 28 However, microglia rapidly transform 
into activated state and undergo active division following 
ischaemia.23 29 Proliferative activity of microglia after 
ischaemia is associated with the severity of ischaemia, and 
microglia in different brain regions may have different 
sensitivity to ischaemia. Massive expansion of microglia in 
hippocampal CA1 region can be observed after transient 
global ischaemia, but transient global ischaemia does not 
induce significant proliferation of microglia in cerebral 
cortices.22 In focal ischaemia, the activated microglia 
accumulate in the peri-infarct region and adapt deram-
ified morphology, and proliferative activity of microglia 
mainly occurs in the accumulation zone where microglia 
have the highest density (based on visibly higher numbers 
of bromodeoxyuridine (BrdU)-positive microglia and 
quantitative evaluation of microglial density in the accu-
mulation zone).23

There are still some controversies regarding the 
origins of microglia involved in microgliosis after isch-
aemia. Previous studies suggest that there are at least 
three different origins for microgliosis after ischaemic 
stroke: local self-renewal of reactive microglia, infiltration 
of blood-derived cells and mobilisation of pericytes or 
other endogenous progenitors.16 Earlier studies suggest 
that haematopoietic cells transplanted into lethally irra-
diated mice infiltrate into the brain parenchyma and 
differentiate into microglia after middle cerebral artery 
occlusion.30 31 These results offer a hope that bone 
marrow-derived microglial precursors can be used as a 
potential candidate of cell-based therapy for ischaemic 
stroke. A more recent study by Ozen et al indicates that 
microglia can be derived from pericytes after ischaemia.32 
Using a photothrombosis stroke model, our study suggests 
that although circulating cells can infiltrate the cerebral 
parenchyma after stroke, these blood-derived cells are 
different from reactive microglia and proliferation of resi-
dent microglia is the main source of microgliosis.23 Inter-
estingly, Lambertsen and colleagues suggest that reactive 
microglia in the hippocampus have a mixed origin after 
ischaemia.33 This study suggests that reactive microglia 
in ischaemic mice can originate from infiltrating cells or 
resident microglia, but they only derived from resident 
microglia in ischaemic rat. Thus, microglia may derive 
from different origins depending on the experimental 
models or pathological conditions.

Microglia from different origins may have distinct 
phenotypes and functional properties. It remains to be 
determined how microglia from different origins affect 
the progression of ischaemic injury. A comprehensive 
understanding of the regulatory mechanisms of micro-
gliosis will help unravel the precise role of microglia in 
ischaemic stroke. In addition, controlling the source 
of microglia may be an effective strategy for stroke 
treatment.
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Polarisation of microglia after ischaemic stroke
In addition to morphological transformation, the acti-
vation of microglia involves a phenotypic shift in gene 
expression or function. Activated microglia following 
ischaemia can produce a variety of effector molecules 
including proinflammatory cytokines, anti-inflammatory 
cytokines and growth factors.9 34 Early efforts attempt to 
classify the activated microglia into two major pheno-
types: M1 and M2 phenotypes. However, recent studies 
have revealed that the polarisation states of microglia are 
much more diverse than the M1/M2 polarisation.9 35 In 
fact, the expressions of proinflammatory cytokines and 
anti-inflammatory cytokines are not mutually exclusive 
and microglia may not be simply classified only in two 
opposite phenotypes. Microglia can express distinct tran-
scription profiles in response to pathological conditions, 
and a variety of intermediate phenotypes beyond M1/
M2 concepts exists.36 37 Microglia/macrophage display 
a distinctive spatial pattern of their phenotype markers 
at given time points after ischaemia, but the expression 
of these markers changes over time.25 Microglia and/
or macrophage can switch from an early anti-inflamma-
tory phenotype to a proinflammatory phenotype during 
ischaemic progression.38 39 Thus, activated microglia are 
plastic and can experience a phenotypic transition during 
ischaemic progression. A variety of signalling molecules 
are involved in shaping the polarisation state of microglia. 
For examples, lipopolysaccharide and interferon-γ  can 
induce microglial differentiation toward a proinflamma-
tory phenotype, but CXCL16 and interleukin 4 promote 
anti-inflammatory polarisation.40–42 Some of the mole-
cules driving microglia polarisation have been studied in 
great detail and we refer the readers to several excellent 
recent reviews focused on molecular mechanisms under-
lying the phenotypic switch.34 43 44

Activated microglia are involved in brain inflamma-
tion, debris clearance, astrocyte activation and synapse 
remodelling.8 45 Although a lot of effort has been made 
to modulate microglial polarisation toward beneficial 
phenotype,44 46 the exact role of microglial polarisation 
and the relative contributions of different microglial 
phenotypes in ischaemic stroke are still not completely 
understood. The diverse polarisation phenotypes imply 
that microglia may participate in various pathological 
processes, and a phenotype switch may reflect a transi-
tion in microglial function. Previous studies aiming to 
suppress or deplete microglia obtain different results. 
Some studies show that microglial activation is neuro-
toxic after ischaemic stroke,17 47 but others suggest that 
microglial activation is neuroprotective because elim-
ination of microglia exacerbates ischaemic injury.18 48 49 
Microglia activation not only contributes to pathological 
mechanisms but also contributes to tissue repair mecha-
nisms,10 and it is conceivable that different polarisation 
phenotypes of microglia may contribute to different 
aspects of pathology. Experimental manipulation intent 
to suppress the neurotoxic effect of microglia could 
also compromise the beneficial functions. Considering 

the diverse functions of microglia, perhaps homeostatic 
maintenance of different polarisation phenotypes should 
be considered in future therapeutic strategies.

Conclusion
Microglia are highly sensitive to pathological changes 
in ischaemic stroke. Recent studies have revealed that 
the activation of microglia involves several fundamental 
changes including morphological transformation, prolif-
eration and polarisation. Activated microglia may have 
multiple origins and microglia with different morpho-
logical and polarisation phenotypes may have distinct 
functions. Future studies will be needed to elucidate the 
roles of different phenotypes in neuroinflammation and 
pathological progression of ischaemic tissue.
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