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Abstract: Microglia are the main immune cells of the brain, and play a vital role in stroke pathophysiology. In the
healthy brain, microglia depend on colony-stimulating factor 1 receptor (CSF1R) signaling for survival, and its phar-
macological inhibition can cause morphological changes in microglia. How CSF1R influences microglia and neuro-
nal structures after stroke remains unclear. Here we found that treatment with ki20227 during global ischemia led
to a significant deficit in microglial density in the CNS in mice, and CSF1R-inhibition led to a significant reduction in
the neuronal density of mice. Also, the dendritic spines of layer 5 pyramidal neurons showed a significant loss in the
cortex over a period of 3 d. These findings demonstrated that microglial density and survival during global ischemia
were dependent on CSF1R signaling, and inhibition of CSF1R receptors in microglia contributed to the loss of den-
dritic spines and neurons in stroke. Thus, microglia may play a role in global ischemic pathology.
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Introduction

Colony stimulating factor 1 receptor (CSF1R) is
expressed on committed macrophage precur-
sors, monocytes, and microglia [1-4]. In the
brain, microglia are shown to be the only cell
type that express CSF1R under normal condi-
tions [2, 5]. Survival of microglia in the adult
brain is shown to be fully dependent on CSF1R
signaling [6]. It has two natural ligands: colony
stimulating factor 1 (CSF1) and interleukin-34
(IL-34) [7-9]. CSF1 promotes the survival, prolif-
eration and differentiation of bone marrow pro-
genitor cells, monocytes, and macrophages,
and regulates the response of this lineage to
inflammatory challenges [10-15]. Mice lacking
either CSF1 or CSF1R showed reduced densi-
ties of macrophages in several tissues [16, 17].
Furthermore, CSF1R knockout mice would die
before adulthood [5, 18]. Besides its homeo-
static role in normal animals, it can play a role
in pathologies such as arthritis that involve
chronic activation of tissue macrophage popu-
lations [10]. Recent research found that the
ramified microglia perform tissue surveillance

and also have a purposeful role [19]. In the
absence of pathological insult, interactions
with synapses [20], while after ischemia, rami-
fied changes in morphology may be associated
with microglial function, and may contribute to
the pathological process of stroke during isch-
emia and reperfusion [21, 22]. The pleiotropic
physiological functions of microglia confound
our understanding of its role in neurodegenera-
tive or neuroprotective actions after stroke [23-
27]. In the present study, we inhibited CSF1R
signaling in microglia in global ischemia using
quantitative methods to analyze microglial den-
sity in fixed tissue, and precisely characterize
microglial morphological responses to injury.
Our objective was to examine the changes in
microglial morphology related to cerebral injury
induced by global ischemia and reperfusion
after inhibition of CSF1R signaling. We hypoth-
esized that ischemia and reperfusion would
lead to microglial morphological responses
after inhibition of CSF1R signaling, and that a
relationship existed between microglial mor-
phology and brain injury after ischemia and
reperfusion. To test these hypotheses, we ana-
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lyzed microglial density in a murine model of
global ischemic stroke. The results revealed
that microglial physiology in the ischemic brain
was also dependent on CSF1R signaling.
Inhibition of CSF1R signaling activity in isch-
emic mice resulted in morphological changes in
microglia, a remarkable loss of dendritic spines
and neuronal deficits as compared to the con-
trol group.

Materials and methods
Description of ki20227

Ki20227 (N-{4-[96, T7-dimethoxy-4-quinolyl)
oxy]-2-methoxyphenyl}-N-[1-(1, 3-Thiazole-2-yl)
ethyl] urea, which is a highly selective CSF1R
inhibitor, was bought from Med Chem Express.
It was suspended in vehicle (0.5% methyl cel-
lulose in distilled water) in vivo.

Animals

Transgenic mice expressing yellow fluorescent
protein (YFP)-H in the layer 5 pyramidal neu-
rons (Thy1-YFP line H) were purchased from the
Jackson Laboratory, and bred in the Labora-
tory Centre for Medical Sciences, Lanzhou
University. Transgenic mice aged 3-5 months
and weighing 20-30 g were used in this study.
All experiments were performed in accordance
with the institutional animal guidelines.

Response of CSF1R to inhibitory effect of
ki20227

The tyrosine kinase activity of CSFA1R was inhib-
ited by the administration of ki20227, and inhi-
bition of protein kinases was determined as
previously described. The mice were treated
with ki20227 (n=16) by intragastric administra-
tion (each mouse was given 2 mg/g/day), and
after 2 days of treatment, a global ischemic
model was developed. During reperfusion for 3
days, we also gave ki20227 daily. Vehicle was
administrated intragastrically after ischemia
for 60 minutes and reperfusion for 3 days
(n=16).

Global ischemia model

Bilateral common carotid artery ligation (BCAL)
model was used in all mice to induce global
cerebral ischemia. Animals were deeply anes-
thetized by intraperitoneal injection with 2%
ketamine and 0.2% xylazine. Thereafter, ani-
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mals were placed in supine position and the
occlusion of carotid arteries were made through
a midline incision. To confirm the effectiveness
of surgery, the surgical mice were identified by
their blood flow and dendritic structure through
the cranial window with a fluorescent micro-
scope. If the blood flow decreased obviously
and the dendritic structure showed beading in
10 minutes, as expected, global ischemia was
induced. Sutures were loosened after occlu-
sion for 60 minutes to restore the brain blood
flow for 3 days.

Image analysis of ki20227 efficacy on microg-
lia

The CX3CR16"”* mice that express green fluo-
rescent protein in the microglia were selected
to study the efficacy of ki20227. After global
ischemia for 1 h and reperfusion for 1 d, 2 d
and 3 d, the brain was fixed with 4% PFA, and
then cut into slices (30 um) by vibrating micro-
tome (Leica). Confocal images (60-um z-stack
at 1 ym intervals, Olympus- FV1000MPE, 40x
objective) were acquired at the somatosensory
cortical region. On different reperfusion days,
we used Imagel) software to analyze the density
of microglia. SPSS software was used for all
statistical analyses. Analysis of variance, two-
tailed unpaired t-test, and one-way ANOVA were
used for comparison of the four groups. Results
were expressed as the mean + standard error
of the mean, *P<0.05, **P<0.01.

Immunofluorescent labeling and confocal
microscopy

Brain sections were washed in phosphate buf-
fer saline (PBS), and blocked with 10% goat
serum in PBS for 0.5 h. Primary antibodies
NeuN (Millipore, 1:200) were diluted in buffer
with 0.01% Triton X-100 and 10% goat serum
for 12 h at 4°C. For each confocal experiment,
all brain sections were cut on the same day,
immunostained together and imaged within 48
h of staining. SPSS software was used for all
statistical analyses. Analysis of variance, two-
tailed unpaired t-test, and one-way ANOVA were
used for comparison of the four groups. Results
were expressed as the mean * standard error
of the mean, *P<0.05, **P<0.01.

Image analysis of spines
We chose the mice that express yellow fluores-

cent protein (YFP)-H in the layer 5 pyramidal
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Figure 1. Two-photon imaging shows a murine model of global ischemia. A. BCAL model was used to create global
ischemia. B. Cranial window under two-photon imaging shows the changes in dendritic structure (green) before isch-
emia, 60 min after ischemia, and 3 d after reperfusion. In vivo two-photon imaging demonstrated the cessation of
blood flow and obvious dendritic beading after 60 minutes BCAL, and most of the spines were lost, which reflected
a successful BCAL. Two-photon imaging revealed that after reperfusion for 3 d, most of the beading dendritic struc-
tures and spines recovered to their normal positions. C. Partial enlargement of B. Representative image showing

structural changes in dendritic spines during ischemia/reperfusion.

neurons (Thyl-YFP line H), and after reperfu-
sion for 3 d, the brain was fixed with PFA, and
cut into slices (30 um) by vibrating microtome
(Leica). All the brain slices were imaged using
confocal microscopy (30-um z-stack at 1 um
intervals, Olympus- FV1000MPE, 100x oil
objective), and the images were acquired at the
cortex region. All images were analyzed using
ImageJ software (http://imagej.net/Imagel). To
quantify dendritic spines after ischemia, we
measured the total length of dendrites with the
aid of a custom designed macros, which was
used to mark the dendrites at 100 um fixed
length, and calculated the length of the select-
ed dendritic segments. For each neuron, we
chose apical shaft, apical oblique, and basilar
dendrite. The apical shaft dendrite was divided
into four parts from the top to bottom, each
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part was 100 um long; four parts of the apical
oblique and basilar dendrite were chosen in
each neuron, and on each side we chose two.
Approximately 20 neurons were counted for
each mouse to quantify the changes in dendrit-
ic spines. SPSS software was used for all statis-
tical analyses. Analysis of variance, two-tailed
unpaired t-test, and one-way ANOVA were used
for comparison of the four groups. Results were
expressed as the mean + standard error of the
mean, *P<0.05, **P<0.01.

Results

Induction of ischemia and alteration of den-
dritic structure in the BCAL model

In the BCAL model, neuronal activity is closely
related to microcirculation and influences the
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Figure 2. Microglial changes over time in the cerebral cortex of a mouse model of ischemic pathology. A. Confocal
image of microglia in global ischemia. The images show microglial morphology (green) before ischemia, BCAL 1 h-
reperfusion for 1 d and 3 d, respectively, in the drug- treated and control groups. B. Post stroke, drug-treated groups
showed reduced density of microglia. Analysis of microglial density in the vehicle and ki20227 groups, respectively,
after BCAL 1 h following days of reperfusion showed that the density of microglia decreased significantly after treat-
ment with ki20227 during global ischemia. Two-way ANOVA was used to analyze statistical differences in the data:

*P<0.05, **P<0.01. n=8.

integrity of neural network. To create this
model, we placed the animal in the supine posi-
tion and blood flow was discontinued through
common carotid arteries by ligation (Figure
1A). An effective and successful surgery can
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reduce the blood flow, and passive flow of blood
can be seen through the cranial window under
a fluorescent microscope. We ceased blood
flow effectively for 10 minutes. An obvious
change in the dendritic structure demonstrated
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Figure 3. Representative image of the cortical neuronal deficits after inhibition of CSF1R in global ischemic pathol-
ogy. A. Confocal representative images of the cortical neurons and microglia in the sham, BCAL 1 h-Rep 3 d, sham
+ki20227 group, BCAL 1 h-Rep 3 d+ki20227 groups, respectively. B. Analysis of neuronal density in the sham, BCAL
1 h-Rep 3 d, sham+ki20227, BCAL 1 h-Rep 3 d+ki20227 groups, respectively, showed no distinction between the
sham and sham+ki20227, but significant difference in the sham and BCAL 1 h-Rep 3 d. After stroke treatment
with ki20227, more significant difference was found as compared to the other groups. Two-way ANOVA was used to
analyze statistical differences in the data: *P<0.05, **P<0.01. n=8.

beading in 60 minutes, and most of the spines
were lost, which reflected a successful BCAL
model. Although dendritic structures were se-
verely damaged, two-photon imaging revealed
that most dendritic structures and spines
recovered at their original positions after reper-
fusion for 3 days (Figure 1B and 1C).

Effect of CSF1R signaling inhibition on microg-
lial density and morphology

In order to clarify the spatiotemporal relation
between morphological response of microglia
and the pathological process of cerebral injury
after ischemia and reperfusion, microglia from
the cerebral cortex were imaged and the den-
sity change was assessed in the images pre
and post ischemia. We further examined the
events after the inhibition of CSF1R, which
revealed a significant change in the density of
microglia. We observed the microglial structure
in the sham, BCAL1 h-Rep 3 d, sham+ki20227
and BCAL1 h-Rep 3 d+ki20227 groups (Figure
2A). ImageJ software was used to analyze the
images and evaluate the microglial density in
all groups (Figure 2B). Sham group was com-
pared with BCAL 1 h followed 1, 2 and 3 days
reperfusion, and we observed the significant
reduction of microglial density at BCAL 1
h-Rep2 d (*P<0.05). The densities of microglia
for sham and BCAL 1 h followed 1, 2 and 3 days
reperfusion were 296.4 + 17.1/mm?, 278.5 +
16.6/mm?, 265.3 + 11.4/mm?, 287.2 + 18.5/
mm? respectively. Collectively, the treatment
with ki20227 had a pivotal role in reducing the
density of microglia at all groups. The
sham+ki20227 group showed a significant
reduction of microglial as compared to the
sham group (*P<0.05). The density of microglia
in sham+ki20227 group was 275.2 + 10.4/
mm?. Significant decrease in microglial density
was observed in the comparison between vehi-
cle and ki20227 treatment after BCAL 1 h
followed 1 d to 3 d reperfusion (*P<0.05,
**P<0.01). The microglial densities were 244.3
+ 14.9/mm?, 223.5 + 14.3/mm? and 204.4 +
19.4/mm? respectively. Further the Significant
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decrease in microglial density was observed
after ki20227 treatment between BCAL1 h-Rep
2 d+ki20227 and BCAL1 h-Rep 3 d+ki20227
(**P<0.01).

CSF1R inhibition promoted the loss of neurons
and dendritic spines causing progression of
ischemic pathology

Analysis of the number of neurons in the con-
trol and drug-treated groups showed that after
inhibition of CSFAR by ki20227 in the microglia,
more neurons were lost after global ischemia.
The sham group did not show any significant
effects on neuronal loss as compared to the
group treated with ki20227. The density of neu-
ron in sham and sham+ki20227 groups were
3577 + 59/mm? and 3489 + 115/mm? respec-
tively. However, groups with global ischemia
showed a significant decrease, and treatment
with ki20227 significantly reduced the number
of neurons as compared to the BCAL1 h-Rep 3
d+vehicle groups (**P<0.01). The density of
neuron in BCAL1 h-Rep 3 d+vehicle group was
3054 + 87/mm? and in BCAL1 h-Rep 3
d+ki20227 was 2534 + 104/mm? (Figure 3A
and 3B). These results suggested that after
ischemia, some neurons may have died, and
microglia are necessary for their survival. By
using Thy1-YFP mice, we analyzed the impact of
ischemia on surviving dendritic spines of neu-
rons in control and drug treated group. Since it
is impossible to conclude whether the incom-
plete neurons were caused by global ischemia
or histological sectioning, we chose the neu-
rons with complete apical shaft, apical oblique
and basilar dendrite to analyze the density of
dendritic spines. Prolonged inhibition of CSF1R
by ki20227 in microglia promoted the loss of
dendritic spines and their deficits were
observed after global ischemia. The sham
group did not show any significant effects on
dendritic spine loss as compared to the group
treated with ki20227, and the density of den-
dritic spines were 0.88 + 0.04/um and 0.84 +
0.04/um in the apical shaft dendrite at the
position 0-100 ym and 100-200 um respec-
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Figure 4. CSF1R inhibition in microglia promoted dendritic spine deficits after
global ischemia/reperfusion. A. Confocal representative images of the corti-
cal neuronal structure, containing the dendritic trunk, lateral branches, and
basilar dendrites. B. A representative confocal image of dendritic structures
in the sham, sham+ki20227, BCAL 1 h-Rep 3 d, BCAL 1 h-Rep 3 d+ki20227
groups, respectively. C. Density analysis of dendritic spines in the sham
group, BCAL 1 h-Rep 3 d, sham+ki20227 group, BCAL 1 h-Rep 3 d+ki20227
groups, respectively. In each group, 10 neurons were selected from each
mouse. There is no distinction in the apical shaft dendrite at the 200-400
um position, apical oblique dendrite and basilar dendrite, but significant dif-
ference was found in the apical shaft dendrite at the 0-200 um position after
treatment with ki20227 and vehicle, respectively, after global ischemia. Two-
way ANOVA was used to analyze statistical differences in the data: *P<0.05,
**P<0.01. n=8.

tively. After only treated with ki20227, the den-
sity of dendritic spines were 0.90 £ 0.04/um
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and 0.89 = 0.04/um in the
apical shaft dendrite at the
position 0-100 um and 100-
200 um respectively. Den-
dritic spine loss was found
and the density of dendritic
spines were changed signifi-
cantly in BCAL1 h-Rep 3 d
compare with the sham in the
apical shaft dendrite at the
position 0-100 um (the densi-
ty was 0.82 + 0.04/um), and
100-200 pm (the density was
0.77 = 0.04/um) (*P<0.05).
However, the dendritic spines
in the apical shaft dendrite at
the position 200-400 um, the
apical oblique dendrite and
basilar dendrite did not show
any changes pre and post
ischemia. The groups treated
with ki20227 after global
ischemia promoted the loss
of dendritic spines at the posi-
tion 0-100 uym (the density
was 0.72 %= 0.04/um) and
100-200 pm (the density was
0.67 + 0.04/um). The density
of dendritic spines had a high-
ly significant change compare
with BCAL1 h-Rep 3 d+ vehi-
cle and BCAL1 h-Rep 3
d+ki20227 groups (*P<0.05).
However, in the apical shaft
dendrite at the position 200-
400 pm, the apical oblique
dendrite and basilar dendrite
treatment with ki20227 did
not show any changes after
BCAL1 h-Rep 3 d. (Figure 4A
and 4B). These results sug-
gested an association of CSF-
1R levels with the observed
beneficial response of microg-
lia to neurons in global isch-
emia.

Discussions

Microglia in ramified cell mor-
phology have small somata
and an extensive arborization
of dynamic processes, neces-

sary for active surveillance of its micro domains
[28, 29]. The ramified morphology and process
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activity vary across brain regions [30, 31].
Recent studies have elucidated the role of
mediators that altered microglial morphological
and functional activities in healthy as well as
models of CNS injury [32-36]. The total progres-
sive morphological and functional changes
occurring during ischemia and reperfusion that
contribute to cerebral injury after ischemic
stroke are poorly understood [18, 37]. This
study focused on the changes in the morpholo-
gy of neurons and microglia in response to isch-
emic stroke and reperfusion, which was further
extended using ki20227. Our results confirmed
the efficacy of CSF1R inhibition in reducing
microglial density in ischemia. The inhibition of
CSF1R kinase activity by ki20227 was used to
modify microglia, which can influence neurons
and loss of dendritic spines. Our results sup-
ported a previous report that showed neuropro-
tective function of ramified microglia in brain
excitotoxicity [38-40]. Our findings support the
relevance of CSF1R signaling of microglia in
global ischemic stroke and validate the evalua-
tion of CSF1R inhibitors in clinical trials for
ischemic diseases. Microglia are distributed
throughout brain parenchyma. However, cell
density between brain regions is variable [35,
41, 42]. BCAL 1 h after reperfusion for 3 d and
treatment with ki20227 to inhibit CSF1R
showed reduced microglial density, suggesting
that the CSF1R of microglia was heavily impli-
cated in stroke, which was consistent with find-
ing that mice lacking either of the two CSF1R
ligands, CSF1 or IL-34, also have reduced den-
sities of microglia throughout the CNS [43].
CSF1R plays a crucial role in microglial tissue
homeostasis, and the adult brain has a remark-
able capacity to regulate microglia population
[6] . Recent research found that chronic deple-
tion of >99% of all microglia for 3 or 8 weeks in
adult mice resulted in no deficits in any behav-
ioral cognitive task [44, 45]. But pharmacologi-
cal inhibition of CSF1R in microglia prevented
the progression of Alzheimer’s-like pathophysi-
ology [46]. Microglia play an important role in
cognition and behavior in healthy adult mice,
and their depletion showed a significant reduc-
tion in motor-learning-dependent synapse for-
mation [36, 40, 47] . Groups treated with
ki20227 after global ischemia showed reduc-
tion in the number of neurons and dendritic
spines, as compared to the global ischemic
mice treated with vehicle. Our study found after
reperfusion for 3 d, the microglial processes
recovered to the normal state, but inhibiting the
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CSF1R in microglia decreased the number of
neurons and dendritic spines with progression
of global ischemia-like pathology. Our study
suggests that microglia are necessary for the
stability of the neurons and dendritic spines
after global ischemia. These features suggest
that microglia are crucial for stroke, preferen-
tially depend on CSFA1R and actively modify
morphology via CSF1R, to play a key role in the
progression of ischemia-like pathophysiology.

In summary, the present data provided evi-
dence of an important role of microglia in glob-
al ischemic diseases, as well as their depen-
dence upon CSF1R activation. Reduction of
microglial density and processes in global isch-
emic disease mice using a selective CSF1R
inhibitor promoted neuronal decline and the
loss of dendritic spines leading to exacerbated
progression of global ischemic disease-like
pathology. The efficacy of microglial inhibition
in global ischemic disease-like pathology and
reduction of the potentially damaging compo-
nents to dendritic spines and neurons highlight
the possible evaluation of microglia in clinical
trials for global ischemic disease.
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