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Abstract

Ischemic stroke often induces excessive neuronal autophagy, resulting in brain damage; meanwhile, inflammatory responses stimulated
by ischemia exacerbate neural injury. However, interactions between neuronal autophagy and microglial inflammation following isch-
emic stroke are poorly understood. CX3CL1/fractalkine, a membrane-bound chemokine expressed on neurons, can suppress microglial
inflammation by binding to its receptor CX3CR1 on microglia. In the present study, to investigate whether autophagy could alter CX3CL1
expression on neurons and consequently change microglial inflammatory activity, middle cerebral artery occlusion (MCAO) was estab-
lished in Sprague-Dawley rats to model ischemic stroke, and tissues from the ischemic penumbra were obtained to evaluate autophagy
level and microglial inflammatory activity. MCAO rats were administered 3-methyladenine (autophagy inhibitor) or Tat-Beclin 1 (auto-
phagy inducer). Western blot assays were conducted to quantify expression of Beclin-1, nuclear factor kappa B p65 (NF-«B), light chain
3B (LC3B), and CX3CLlI in ischemic penumbra. Moreover, immunofluorescence staining was performed to quantify numbers of LC3B-,
CX3CL1-, and Iba-1-positive cells in ischemic penumbra. In addition, enzyme linked immunosorbent assays were utilized to analyze con-
centrations of tumor necrosis factor alpha (TNF-a), interleukin 6 (IL-6), interleukin 1 beta (IL-1p), and prostaglandin E2 (PGE2). A dry/
wet weight method was used to detect brain water content, while 2,3,5,-triphenyltetrazolium chloride staining was utilized to measure in-
farct volume. The results demonstrated that autophagy signaling (Beclin-1 and LC3B expression) in penumbra was prominently activated
by MCAO, while CX3CLI expression on autophagic neurons was significantly reduced and microglial inflammation was markedly acti-
vated. However, after inhibition of autophagy signaling with 3-methyladenine, CX3CL1 expression on neurons was obviously increased,
whereas Iba-1 and NF-kB expression was downregulated; TNF-a, IL-6, IL-1B, and PGE2 levels were decreased; and cerebral edema was
obviously mitigated. In contrast, after treatment with the autophagy inducer Tat-Beclin 1, CX3CL1 expression on neurons was further
reduced; Iba-1 and NF-«B expression was increased; TNF-a, IL-6, IL-1f, and PGE2 levels were enhanced; and cerebral edema was aggra-
vated. Our study suggests that ischemia-induced neuronal autophagy facilitates microglial inflammatory injury after ischemic stroke, and
the efficacy of this process may be associated with downregulated CX3CL1 expression on autophagic neurons.
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Introduction

Autophagy is a cellular self-recycling process by which dam-
aged organelles, obsolete proteins, and soluble macromole-
cules are delivered to lysosomes for degradation (Jiang and
Mizushima, 2014). Increasing evidence indicates that auto-
phagy extensively participates in immune responses (Levine
et al., 2011), protein secretion, and cell metabolism (Kaur
and Debnath, 2015), and plays important roles in neurode-
generative diseases, neuroinflammation, and cerebral stroke
(Chen et al., 2014). A basal level of autophagy is thought to
be required for cell survival by clearing faulty intracellular
materials during physiological conditions (Hara et al., 2006).
However, excessive autophagy is often induced in patholog-
ical situations such as cerebral ischemia, leading to autoph-
agy-mediated cell death (Descloux et al., 2015). However,
modest levels of autophagy also provide neuroprotection
against ischemic injury (Yang et al., 2017; Wang et al., 2018).
Thus, most investigators believe that an appropriate level of
autophagy is neuroprotective, while excessive autophagy is
harmful. However, it is difficult to define how much auto-
phagy is appropriate or excessive. In fact, complex crosstalk
occurs between autophagy signaling and other pathophysi-
ological processes, such as inflammatory responses (Saitoh
and Akira, 2010).

A recent study revealed intimate participation of inflam-
matory mechanisms in all pathological stages of cerebral
ischemia (Iadecola and Anrather, 2011). Within minutes
after a cerebral stroke, ischemia elicits severe oxidative stress
that rapidly activates inflammatory signaling (Eltzschig
and Carmeliet, 2011) and, in turn, leads to reactive oxygen
species production, microglial activation, and blood-brain
barrier damage. This inflammation eventually becomes
self-protective to permit structural and functional reorga-
nization of injured tissues during the late stage of cerebral
ischemia (Spite and Serhan, 2010). Microglia, which are the
resident inflammatory cells of the brain, play pivotal roles
in inflammatory responses in response to ischemia. During
physiological conditions, microglia exert basic functions,
such as maintenance of synaptic structure, remodeling of
presynaptic environments, and release of neurotrophic fac-
tors for brain tissues (Tremblay et al., 2011; Martinez and
Peplow, 2017). However, during pathological conditions,
microglia become activated and act as key mediators of both
neuropathology and neuroprotection (Kohman and Rhodes,
2013). Activated microglia even can determine the fate of
neurons by releasing multiple cytokines and modulatory
molecules to alter microenvironmental homeostasis (Walk-
er et al., 2014; Hass and Barnstable, 2016; Plaza-Zabala et
al., 2017). Both autophagic mechanisms and microglial
inflammatory responses are simultaneously involved in the
pathological process of cerebral stroke. Indeed, studies have
shown that autophagy is able to control the state of microg-
lial activation to balance the detrimental and beneficial effi-
cacy of inflammation in response to cerebral ischemia (Puyal
et al., 2013; Su et al,, 2016). However, precise interactions
between autophagy and microglial inflammatory signaling
are complex and widely unknown.

CX3CL1 (fractalkine), a membrane-bound chemokine
expressed on neurons, can suppress microglial activation by
binding to its receptor CX3CR1 on microglia in brain tissue
(Cardona et al., 2006). Under normal conditions, microglia
are kept quiescent by contact with neurons through conju-
gation of CX3CL1-CX3CRI (Iadecola and Anrather, 2011).
In this manner, microglial inflammatory activity can be ap-
propriately repressed through CX3CL1-CX3CR1 cross-com-
munication between neurons and microglia. However,
expression of CX3CL1 on neurons undergoing autophagy
may be downregulated in pathological conditions (Cardona
et al.,, 2006), such as cerebral ischemia. Thus, the efficacy of
neuronal inhibition of microglial inflammatory activity is
weakened as a result of reduced CX3CL1 expression on au-
tophagic neurons. Subsequently, microglia become activated
to amplify ischemia-stimulated inflammatory responses,
which likely result in excessive inflammation and damage.

Based on the interaction between neurons and microglia
through conjugation of CX3CL1-CX3CR1, we hypothe-
sized that CX3CLI1 expression on autophagic neurons may
be reduced, consequently activating microglia to aggravate
ischemia-induced inflammatory injury. To test this hypoth-
esis, we first verified whether cerebral ischemia could induce
detrimental autophagy in a rat model of ischemic stroke,
and then evaluated CX3CL1 expression levels and the state
of microglial inflammatory activation. Furthermore, to in-
vestigate whether CX3CL1 expression on neurons can be
specifically altered by autophagy, an autophagy inducer and
inhibitor were individually administered in rats who had
undergone middle cerebral artery occlusion (MCAO). Final-
ly, the effects of altered CX3CL1 expression on autophagic
neurons upon microglial inflammatory responses were
observed. The results of this study identify targets against
inflammatory injury that may be useful for promoting novel
stroke treatments.

Materials and Methods

Animals
A total of 96 male specific-pathogen-free Sprague-Dawley
rats (aged 9-10 weeks and weighing 250-280 g) were pro-
vided by the Experimental Animal Center at Kunming Uni-
versity of Science and Technology, China (Animal license
number: SYXK (Dian) K2013-0003). Rats were fed accord-
ing to animal welfare practices. All experiments were ap-
proved by the Animal Experiment Committee of Kunming
University of Science and Technology.

Rats were randomly divided into four groups: sham (sham
operation), MCAO, MCAO + 3-methyladenine (3-MA; 3-MA
treatment), and MCAO + Tat-Beclin 1 (Tat; Tat treatment).

Preparation of cerebral stroke model and treatment with
3-MA or Tat-Beclin 1

To prepare cerebral stroke model rats, animals were first
anesthetized with chloral hydrate (10%, 360 mg/kg) by intra-
peritoneal injection. Thereafter, the common carotid artery
(CCA), internal carotid artery (ICA), and external carotid
artery (ECA) on the left were separated away from adjacent
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nerves and muscles. A 4-0 nylon monofilament coated with
a round poly-lysine tip (tip diameter of 0.36 mm was similar
to the diameter of the middle cerebral artery; Beijing Cinon-
tech, Beijing, China) was inserted from a mini-incision on
the ECA and went back into the CCA, and then gently into
the middle cerebral artery (MCA) from the ICA. The nylon
monofilament was withdrawn to allow reperfusion after 90
minutes of MCAO. A laser Doppler flowmeter (PeriFlux
5000, Perimed, Stockholm, Sweden) was used to detect re-
gional blood flow to guarantee the robustness of ischemic
stroke. This method of preparing the MCAO rat model was
based on our previous study (Hongyun et al., 2017).

To observe the association between neuronal autophagy
and microglial inflammatory responses following cerebral
stroke, the autophagy inhibitor 3-MA (0.5 ng in 10 pL of 0.1%
dimethyl sulfoxide; Sigma, Milwaukee, WI, USA) and auto-
phagy inducer Tat (0.5 mg in 10 pL 0.1% dimethyl sulfoxide;
Millipore, Billerica, MA, USA) were separately injected in-
tracerebroventricularly 40 minutes before the onset of reper-
fusion. For stereotaxic injection, bregma was viewed as an
original point, and then the injection point was fitted: 1.1-mm
posterior, 1.5-mm lateral and 4.5-mm depth.

Western blot assay

Rats (n = 6 in each group) were sacrificed without pain 12
hours after MCAO/reperfusion. (In our previous study,
we found that at 12 hours after MCAO/reperfusion, auto-
phagic activity in the penumbra was obviously reduced, but
CX3CL1 expression was contrarily increased; meanwhile,
nuclear factor kappa B p65 (NF-«B) level was decreased,
suggesting a potential correlation between them. Therefore,
we chose this time point to investigate the relationship
between autophagy and microglial inflammatory injury
following MCAO.) Tissues in the penumbric area were
isolated. After homogenizing using an abrasive approach,
samples were treated with radioimmune precipitation assay
buffer (containing 50 mM Tris pH 7.4, 1% Triton X-100,
0.1% sodium dodecyl sulfate, 150 mM NaCl, and 1% sodi-
um deoxycholate; Beijing BLKW Biotechnology, Beijing,
China) for 40 minutes. After centrifugation at 13,000 x g
and 4°C for 15 minutes, the supernatant was obtained. To
perform western blot assays, sodium dodecyl sulfate poly-
acrylamide gel electrophoresis was used to separate proteins
from supernatants, and separated proteins were then trans-
ferred onto a polyvinylidene fluoride membrane (Millipore).
Next, 10% nonfat milk was added to cover membranes for
2 hours while shaking to block non-specific antigen bind-
ing. After washing with PBS containing 0.1% polysorbate
20 (PBST), proteins on membranes were separately labeled
using primary rabbit antibodies against rat Beclin-1, NF-
kB p65 (1:1000; Cell Signaling Technology, Danvers, MA,
USA), LC3B (1:1000; Cell Signaling Technology), CX3CL1
(1:1000; Abcam, Cambridge, UK), and B-actin (1:10,000;
Sigma, St. Louis, MO, USA) for 12 hours at 4°C. Mem-
branes were then washed with PBST and incubated with
fluorescence-conjugated second goat antibody (1:5000; Cell
Signaling Technology) for 1 hour at room temperature. Af-
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ter washing for 2 hours with shaking, the reaction band was
amplified through electrochemiluminescence. Fluorescence
densitometry was analyzed by a system (Bio-Rad Image Lab
4.1, Hercules, CA, USA). Protein signals were normalized
against the fluorescence densitometry of p-actin.

Immunofluorescence

Animals (n = 6 in each group) were sacrificed without pain
12 hours after MCAO/reperfusion. Brains were quickly
removed onto ice and placed in sucrose solution for dehy-
dration (30%; Invitrogen, Shanghai, China). Brains were
then sliced into 20-pum-thick sections with a cryostat (SLEE,
Mainz, Germany). After washing with PBS, sections were
treated with Triton X-100 for 15 minutes for permeabiliza-
tion. After a wash step, 10% normal goat serum was used to
block non-specific antigen binding for 40 minutes. Sections
were then separately labeled with primary rabbit antibodies
against rat LC3B and CX3CL1 (1:400; Cell Signaling Tech-
nology), mouse antibodies against Iba-1 and NeuN (1:500;
Abcam), or PBS (negative control) for 4 hours at room tem-
perature. After washing with PBS, sections were incubated
with DyLight 488-conjugated anti-rabbit IgG (1:800; Invi-
trogen) and Alexa Fluor” 594-conjugated anti-mouse IgG
(1:800; Invitrogen) for 2 hours in the dark. Brain sections
were then counterstained with 4',6-diamidino-2-phenylin-
dole (DAPI, Invitrogen) in PBS (1:1000) for 5 minutes.
After a wash, the immune reaction was measured with a
fluorescent microscope (Nikon Instruments, Tokyo, Japan).
Outcomes were indicated as percentages of positive cells.
Under high magnification (400x), numbers of total cells and
positive cells were counted in 10 randomly selected fields
from each section, and 10 detected sections from each ani-
mal were counted.

Enzyme-linked immunosorbent assay (ELISA)

Penumbral tissues (n = 6 in each group) were obtained 12
hours after the insult. A 0.5-g sample of brain tissue from
each rat was isolated and homogenized by abrasiveness.
Brain tissue was then diluted in 4.5 mL of 0.86% physiolog-
ical saline and ultrasonicated with an ultrasonic generator
(Ningbo Scientz Biotechnology, Ningbo, China). Superna-
tants of brain homogenates were obtained after centrifuga-
tion at 3000 x g and 4°C for 15 minutes. Concentrations of
tumor necrosis factor alpha (TNF-a), interleukin-6 (IL-6),
interleukin 1 beta (IL-1p), and prostaglandin E2 (PGE2) in
supernatant were measured by ELISA kits (Invitrogen) ac-
cording to the manufacturer’s protocols.

Detection of brain water content

Animals (n = 6 in each group) were painlessly sacrificed
after deep anesthesia. Brains were quickly removed onto
ice and immediately weighed for wet weight. Next, brains
were dried overnight at 105°C for dry weight measurements.
Water content in brain tissue was evaluated by an Electronic
Microbalance (METTLER TOLEDO, Zurich, Switzerland)
to assess percentage of water content (%) = (wet weight —
dry weight) / wet weight x 100%.
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2,3,5,-Triphenyltetrazolium chloride (TTC) staining
Animals (n = 6 in each group) were sacrificed under deep
anesthesia 12 hours after ischemia/reperfusion. Brains were
quickly removed onto ice and immediately frozen at —20°C
for 20 minutes. Brain samples were then sliced into 2-mm-
thick coronal sections and immediately put into a 0.5% TTC
solution (Beijing Leagene Biotechnology, Beijing, China) at
37°C. After staining for 30 minutes, brain sections were fixed
in 4% paraformaldehyde buffer (Invitrogen) for 12 hours
at room temperature. With regard to TTC staining, infarct
tissues were pale, while normal tissues were red. Afterwards,
Adobe Photoshop 7.0 imaging software (Adobe Systems,
Dublin, Ireland) was used to calculate infarct volume. Re-
sults are represented as infarction ratio (%) = A°/A’ x 100%,
whereby A’ is the volume of the homolateral hemisphere,
and A° represents the infarct volume.

Statistical analysis

All data are presented as the mean + SEM. Statistical dif-
ferences were evaluated by one-way analysis of variance
followed by Dunett’s test using SPSS 11.0 software (SPSS,
Chicago, IL, USA). A value of P < 0.05 was considered statis-
tically significant.

Results

Autophagy level negatively correlates with CX3CL1
expression, but positively associates with inflammatory
signaling after cerebral stroke

Tissues from the penumbra region were obtained to perform
western blot assays at 1, 2, 3, 4, 5, 6, 12, and 24 hours after
MCAO/reperfusion. The results illustrated that autophagy
signaling was remarkably activated and maintained at a high
level within 6 hours after MCAO/reperfusion (Figure 1A,
B); however, two markers of autophagy, Beclin-1 and light
chain 3B (LC3B) (Klionsky et al., 2012), were markedly de-
creased 12 hours after the insult. At this time point, NF-«kB
expression was also decreased (Figure 1D), but expression
of CX3CL1/fractalkine [a ligand for microglial activation
(Sheridan and Murphy, 2013)] was contrarily enhanced
(Figure 1C).

Autophagy induction reduces CX3CL1/fractalkine
expression and enhances microglial activation

To test the effect of autophagy on stroke-induced inflamma-
tory responses, MCAO rats were additionally administered
with 3-MA and Tat-Beclin 1, separately. Brain tissues from
the penumbra were obtained to perform western blot assays
12 hours after MCAO/reperfusion. The results showed that
ischemia-induced autophagy was further increased after
treatment with an autophagy inducer (Figure 2A), while
CX3CL1 expression levels were markedly reduced (Figure
2B), and both Iba-1 (Figure 2C) and NF-kB expression
levels (Figure 2D) were markedly increased. In contrast,
after treatment with the autophagy inhibitor 3-MA, the
MCAO-induced reduction of CX3CL1 expression was ef-
tectively suppressed, and both Iba-1 and NF-«kB expression
were downregulated compared with the MCAO group.

Neuronal autophagy enhances microglial inflammatory
responses but downregulates CX3CL1/fractalkine
expression

To further investigate the association between CX3CL1
expression and activation of microglial inflammatory re-
sponses, immunofluorescence was performed using anti-
bodies against NeuN [a neuron marker (Gusel'nikova and
Korzhevskiy, 2015)], CX3CL1, NF-kB, and Iba-1 [a mi-
croglia marker (Korzhevskiy and Kirik, 2015)] at 12 hours
after the insult. The results illustrated that induction of au-
tophagy remarkably increased the percentage of autophagic
neurons (Figure 3A, E), but obviously decreased the ratio
of CX3CL1-positive neurons in the MCAO + Tat group
(Figure 3B, F). However, the percentage of Iba-1- (Figure
3C, G) and NF-«kB-positive microglia (Figure 3D, H) was
contrarily increased after treatment with the autophagy in-
ducer. Comparatively, after treatment with the autophagy
inhibitor 3-MA, CX3CL1 expression on neurons was mark-
edly increased, whereas Iba-1 and NF-kB expression were
reduced.

Autophagy induction boosts production of inflammatory

markers after cerebral stroke

Inflammatory markers indirectly reflect the activation of
microglial inflammatory responses. Thus, we measured pro-
duction of TNF-q, IL-6, IL-1pB, and PGE2 in the penumbra
12 hours after MCAO/reperfusion. The results illustrated
that inhibition of autophagy (MCAO + 3-MA group) could
reduce the production of inflammatory molecules, but in-
duction of autophagy (MCAO + Tat group) further promot-
ed their production after stimulation by ischemia (MCAO
group). Moreover, concentrations of inflammatory mole-
cules in the sham group exhibited lower levels (Figure 4).

Autophagy induction aggravates ischemia-induced brain
edema after cerebral stroke

To investigate the correlation between autophagy and in-
flammatory edema, brain water content was evaluated 12
hours after the insult. After MCAO, ischemia/reperfusion
induced prominent brain edema in brains. Moreover, brain
water content increased in the MCAO + Tat group com-
pared with the MCAO group. In contrast, MCAO-induced
brain edema was obviously attenuated in the MCAO + 3-MA
group after treatment with the autophagy inhibitor 3-MA
(Figure 5).

Autophagy induction enlarges brain infarct volume after
cerebral stroke

The results described above confirmed that an autophagy
inducer could aggravate microglial inflammatory responses.
We next investigated the effect of facilitated inflammatory
responses on infarct volume by TTC staining (Figure 6A).
As shown in Figure 6B, infarct volume was markedly en-
larged in the MCAO + Tat group compared with the MCAO
group. Comparatively, the infarct volume was reduced after
treatment with an autophagy inhibitor in the MCAO + 3-MA

group.
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Figure 1 Correlation between
autophagy and CX3CL1/
fractalkine expression or
NF-kB p65 activation after
ischemic stroke (western blot
assay).

Autophagic signaling in the pen-
umbra was remarkably activated
by ischemia within 6 hours(h)
after cerebral ischemia (A, B);
however, the autophagy level was
obviously declined at 12 h after
insult. At this time point, the
NF-«xB p65 expression level (D)
was also decreased, but CX3CL1
expression (C) was contrarily
increased. There is a trend that
autophagy level was negatively
correlated with CX3CL1 expres-
sion, but positively correlated
with activation of inflammatory
signaling (as shown in the red
squares). Relative protein expres-
sion was expressed as the optical
density ratio to B-actin. Data are
presented as the mean + SEM (n
= 6; one-way analysis of variance
followed by Dunett’s test). *P <
0.01. NF-xB: Nuclear factor kap-
pa B; LC3B: light chain 3B.

Figure 2 Effect of altered
autophagy on CX3CL1
expression and inflammatory
responses after ischemic stroke
(western blot assay).

Autophagy inducer Tat-Beclin 1
and autophagy inhibitor 3-MA
were additionally administered
in MCAO rats, separately. CX-
3CL1, Iba-1, and NF-«B p65 ex-
pression were detected 12 hours
after insult. The results indicated
that autophagy inhibition (A)
dramatically enhanced CX3CL1
expression (B); meanwhile, both
Iba-1 (C) and NF-kB p65 (D)
expression levels were markedly
declined. Compared with the
MCAO group, CX3CL1 expres-
sion was further reduced after
treatment with an autophagy
inducer in the MCAO + Tat
group; whereas, Iba-1 and NF-kB
p65 were increasingly expressed.
Relative protein expression was
expressed as the optical density
ratio to PB-actin. Data are pre-
sented as the mean + SEM (n =
6; one-way analysis of variance
followed by Dunett’s test). *P <
0.01. MCAO: Middle cerebral
artery occlusion; 3-MA: 3-meth-
yladenine; Tat: Tat-Beclin 1; NF-
kB: nuclear factor kappa B.
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Figure 3 Neuronal autophagy reduces CX3CL1 expression on neurons and activates microglial inflammatory responses after cerebral stroke.

Immunofluorescence was performed to determine cellular localization of CX3CL1 and its effect on microglial inflammatory responses. The results
showed that enhanced neuronal autophagy [A, E (MCAO + Tat group)] reduced CX3CL1 expression on neurons (B, F), and further boosted mi-
croglial activity (C, G). In contrast, inhibition of neuron autophagy improved the percentage of CX3CL1-positive neurons, and reduced the ratio
of NF-kB p65-positive microglia (D, H). In A and B, green staining (DyLight 488) indicates LC3B and CX3CLI-positive cells, while red staining
(Alexa Fluor” 594) indicates NeuN-positive cells and yellow (merged) indicated the LC3B and CX3CL1-positive neurons. In C, red indicates
Iba-1-positive cells; blue indicates total cells; and the merged picture shows the percentage of activated microglia. In D, green staining (DyLight
488) indicates NF-kB p65-positive cells, while red staining (Alexa Fluor® 594) indicates Iba-1-positive cells and yellow (merged) indicates the ratio
of NF-kB p65-positive microglia. Arrows indicate positive neurons or microglia. Scale bars: 10 pm. Data are presented as the mean + SEM (n = 6

one-way analysis of variance followed by Dunett’s test). *P < 0.01. MCAO: Middle cerebral artery occlusion; 3-MA: 3-methyladenine; Tat: Tat-Be-
clin 1; NF-kB: nuclear factor kappa B.
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Discussion

Tissue plasminogen activator is an efficacious drug for
ischemic cerebral stroke; however, less than 5% of stroke
patients can benefit from this treatment, as a result of safety
concerns and a narrow window for delivery within 4.5 hours
(Fonarow et al., 2011). Therefore, more practical treatments
for ischemic stroke are urgently needed. Identifying patho-
logical mechanisms of cerebral ischemia may provide bet-
ter insights into stroke treatment (Rana et al., 2018). Most
clinical stroke patients exhibit an infraction in the middle
cerebral artery (Moskowitz et al., 2010); thus, the MCAO
rat model was prepared in the present study. After stroke,
cells in the ischemic core rapidly die within several minutes,
owing to complete interruption of blood supply. However,
in areas localized around the ischemic core (also known as
the ischemic penumbra), cells can be partly fueled by the
adjacent vascular supply; thus, cell death in the penumbra
spreads slowly (Moskowitz et al., 2010) and a large number
of cells in the penumbral area undergo autophagy. Because
autophagic injury is reversible (Lo, 2008), we investigated
the rescue of autophagic cells in ischemic penumbra.

During the acute stage of ischemic stroke, dead and in-
jured neurons are the key stimulus to activate inflammatory
responses, as they release so-called “danger signals”, such as
the nucleotides UTP and ATP (Kono and Rock, 2008; Gao
et al,, 2017; Liu et al,, 2017). These danger signals activate
microglial inflammatory responses through recognizable
receptors that are widely expressed on microglia. Once ac-
tivated, microglial inflammatory responses are amplified to
reinforce the expression of adhesion molecules, chemokines,
and cytokines that drive more neuronal death (Iadecola and
Anrather, 2011). CX3CLI, a chemokine expressed on neu-
rons, can suppress microglial activation by binding with its
receptor CX3CR1 on microglia (Cardona et al., 2006). When
CX3CLI expression in autophagic neurons is reduced, sub-
sequent depression of the CX3CL1-CX3CR1 interactions
between neurons and microglia consequently weakens the
efficacy of neurons to inhibit microglial inflammatory activ-
ity. Ultimately, microglial inflammation is excessively acti-
vated and may worsen brain damage (Cardona et al., 2006).
Our previous study (Deng et al., 2016) and another relevant
report (Button et al., 2015) revealed that cerebral stroke of-
ten induces excessive neuronal autophagy, resulting in brain
injury. Therefore, we proposed that microglial inflammatory
responses might be excessively amplified by neuronal auto-
phagy to aggravate brain damage after cerebral stroke. To
verify our hypothesis, we focused on the efficacy of neuronal
autophagy on microglial inflammation following MCAO in
the present study.

First, we observed the dynamic variations of autophagy
activity, CX3CL1 expression level, and state of microglial
activation in the ischemic penumbra after MCAO/reperfu-
sion. Western blot assays illustrated that ischemia-induced
autophagy is negatively correlated with CX3CL1 expres-
sion, but positively associated with activation of microglial
inflammation. According to the characteristic variations of
autophagy following cerebral ischemia, we chose the time

point of 12 hours after MCAO/reperfusion to investigate
a potential correlation between autophagy and microglial
inflammation. CX3CL1 expression levels on neurons in
penumbral tissues were obviously decreased after treatment
with an autophagy inducer in the MCAO + Tat group com-
pared with the MCAO group. In contrast, Iba-1 and NF-
kB expression levels, brain water content, and production
of inflammatory molecules were increased, indicating that
autophagy induction facilitated MCAO-induced microglial
inflammation. Moreover, these results suggested this efficacy
might be correlated with a reduction of CX3CLI1 expression
on autophagic neurons. Furthermore, after administration
of an autophagy inducer, the infarct volume was markedly
expanded, suggesting that autophagy augmentation led to se-
rious inflammatory injury. In contrast, after treatment with
the autophagy inhibitor 3-MA, levels of autophagy were ex-
pectantly reduced, whereas CX3CL1 expression on neurons
was obviously increased in the MCAO + 3-MA group; more-
over, brain injury and microglial inflammatory responses
were also alleviated. These results indicated that inhibition
of autophagy could attenuate MCAO-stimulated microglial
inflammatory injury by promoting CX3CL1 expression.

The main objective of our study was to observe the asso-
ciation between neuronal autophagy and microglial inflam-
mation after cerebral stroke. We found that autophagy in-
duction with Tat-Beclin 1 led to downregulation of CX3CL1
expression on neurons after cerebral ischemia; meanwhile,
serious microglial inflammation and brain injury were ob-
served compared with the MCAO group. In contrast, after
treatment with the autophagy inhibitor 3-MA, ischemia-in-
duced autophagy activity, microglial inflammation, and
brain injury were obviously alleviated; however, the CX-
3CL1 expression level was contrarily increased. Therefore,
we concluded that ischemia-induced neuronal autophagy
facilitates microglial inflammatory injury in cerebral stroke,
and this efficacy might be associated with downregulation of
CX3CL1 expression on autophagic neurons.

Our study preliminarily explores the association between
neuronal autophagy and microglial inflammation after ce-
rebral ischemia. However, several issues should be resolved
in future research. First, why is CX3CL1 down-regulated on
autophagic neurons? Second, as CX3CL1 is partly expressed
by astrocytes, are there associations between autophagic as-
trocytes and microglial inflammation after ischemic stroke?
Third, does neuronal autophagy exacerbate microglial in-
flammation in a rat model of transient cerebral ischemia
and does it play a similar role in permanent ischemic stroke?
Determining the answers to these queries may identify novel
therapeutic targets aimed at autophagy signaling or mi-
croglial inflammatory mechanisms that can improve stroke
treatment.
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