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Chemokine CCL2–CCR2 Signaling Induces Neuronal Cell
Death via STAT3 Activation and IL-1␤ Production after
Status Epilepticus
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Elevated levels of chemokine C-C motif ligand 2 (CCL2) and its receptor CCR2 have been reported in patients with temporal lobe epilepsy
and in experimental seizures. However, the functional significance and molecular mechanism underlying CCL2–CCR2 signaling in
epileptic brain remains largely unknown. In this study, we found that the upregulated CCL2 was mainly expressed in hippocampal
neurons and activated microglia from mice 1 d after kainic acid (KA)-induced seizures. Taking advantage of CX3CR1GFP/⫹:CCR2RFP/⫹
double-transgenic mice, we demonstrated that CCL2–CCR2 signaling has a role in resident microglial activation and blood-derived
monocyte infiltration. Moreover, seizure-induced degeneration of neurons in the hippocampal CA3 region was attenuated in mice lacking CCL2
orCCR2.WefurthershowedthatCCR2activationinducedSTAT3(signaltransducerandactivatoroftranscription3)phosphorylationandIL-1␤
production, which are critical for promoting neuronal cell death after status epilepticus. Consistently, pharmacological inhibition of STAT3 by
WP1066 reduced seizure-induced IL-1␤ production and subsequent neuronal death. Two weeks after KA-induced seizures, CCR2 deficiency not
only reduced neuronal loss, but also attenuated seizure-induced behavioral impairments, including anxiety, memory decline, and recurrent
seizure severity. Together, we demonstrated that CCL2–CCR2 signaling contributes to neurodegeneration via STAT3 activation and IL-1␤
production after status epilepticus, providing potential therapeutic targets for the treatment of epilepsy.
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Significance Statement
Epilepsy is a global concern and epileptic seizures occur in many neurological conditions. Neuroinflammation associated with
microglial activation and monocyte infiltration are characteristic of epileptic brains. However, molecular mechanisms underlying
neuroinflammation in neuronal death following epilepsy remain to be elucidated. Here we demonstrate that CCL2–CCR2 signaling is required for monocyte infiltration, which in turn contributes to kainic acid (KA)-induced neuronal cell death. The downstream of CCR2 activation involves STAT3 (signal transducer and activator of transcription 3) phosphorylation and IL-1␤
production. Two weeks after KA-induced seizures, CCR2 deficiency not only reduced neuronal loss, but also attenuated seizure-induced
behavioral impairments, including anxiety, memory decline, and recurrent seizure severity. The current study provides a novel insight
on the function and mechanisms of CCL2–CCR2 signaling in KA-induced neurodegeneration and behavioral deficits.

Introduction
Epilepsy is a global concern with an estimated 50 – 65 million
living with the condition worldwide (Thurman et al., 2011; Vez-
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characterized by increased occurrence of seizures resulting from
excessive or uncontrolled increase in neuronal activity (Fisher et
al., 2005). Epileptic seizures are known to occur in many neurological conditions, including as a consequence of stroke and traumatic brain injury (Vezzani et al., 1999; Temkin, 2009). Current
antiepileptic strategies primarily target neuronal mechanisms.
These medical therapies have proven insufficient in at least a third
of patients with recurrent seizures, raising the need for alternative
and/or complementary strategies (Devinsky et al., 2013). Aside from
neuronal hyperactivity, characteristics of epileptic brains include
neuroinflammation associated with activation of resident microglia and infiltration of peripheral monocytes (Shapiro et al.,
2008). Indeed, autopsy analysis of human patients with intractable seizures revealed an 11-fold increase in microglia/macrophage reactivity in the hippocampus of epileptic brains (Beach et
al., 1995).
Although there is a strong correlation between the severity of
epilepsy and degree of microglial/macrophage accumulation
(Boer et al., 2006), the morphological and proliferative signs of
their activation are generally delayed (Avignone et al., 2008;
Drexel et al., 2012; Eyo et al., 2017). Therefore, it is still unclear
whether microglia/macrophage activation is a secondary reaction
to neuronal injury following the primary seizure or is actively
involved in epileptogenesis. Interestingly, both beneficial and
detrimental roles have been attributed to microglia/macrophages
in epilepsy. For example, recent studies suggest a neuroprotective
role of microglia in epilepsy by a microglial ablation strategy as
well the use of P2Y12 knock-out (P2Y12⫺/⫺) mice (Mirrione et
al., 2010; Eyo and Wu, 2013; Eyo et al., 2014, 2016). On the other
hand, reactive microglia/macrophages are known to release a variety of proinflammatory mediators that aggravate seizure activities and excitotoxicity under epileptic conditions (Ding et al.,
2014; Miskin and Hasbani, 2014). Indeed, broad microglial inhibitors, such as minocycline and macrophage inhibitory factor
(MIF), reduce neurodegeneration following epilepsy (Rogove
and Tsirka, 1998; Wang et al., 2012). However, the molecular
mechanism underlying microglia/macrophage-induced neuronal cell death following epilepsy remains to be elucidated.
Chemokines are proinflammatory mediators critical in recruiting leukocytes into the brain following seizures. Recent studies have shown the upregulation of several chemokines, including
chemokine C-C motif ligand 2 (CCL2), in patients with temporal
lobe epilepsy and in rodents after experimental seizures (Manley
et al., 2007; Wu et al., 2008). CCL2 is a potent chemoattractant
protein for monocytes, and hence is alternatively referred to as
monocyte chemoattractant protein-1 (MCP-1). Elevated levels of
CCL2 expression in an inflamed brain were associated with activation and recruitment of macrophages/microglia to the injury
sites (Selenica et al., 2013). CCL2 attracts and acts via chemokine
C-C motif receptor 2 (CCR2)-expressing cells, thereby regulating
migration and infiltration of monocytes, T-lymphocytes, and
natural killer cells to regions of inflammation (Rollins, 1991;
Semple et al., 2010). In addition to CCL2 upregulation, the
expression of CCR2 was also significantly increased in the hippocampus in a rat model of pilocarpine-induced status epilepticus (Foresti et al., 2009). The results obtained in experimental
animal models and in human patients point to a key role for
CCL2–CCR2 signaling in epilepsy.
Despite the well characterized regulation of CCL2 following
epilepsy, the molecular mechanisms underlying the CCL2–CCR2
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signaling and its functional significance in the pathogenesis of
epilepsy remain largely unknown. Here we show direct evidence
using the double-transgenic CX3CR1GFP/⫹:CCR2RFP/⫹ mice that
CCL2–CCR2 signaling is required for macrophage infiltration
and neurodegeneration in the hippocampus in a mouse model of
kainic acid (KA)-induced status epilepticus. The underlying neurotoxic mechanism of CCL2–CCR2 signaling in activated microglia/macrophages involves the STAT3 (signal transducer and
activator of transcription 3) pathway and IL-1␤ production. The
current study provides a novel therapeutic strategy targeting
CCL2–CCR2 signaling against neuroinflammation and hippocampal neurodegeneration under epileptic conditions.

Materials and Methods
Animals and seizure models
Mice were used in accordance with institutional guidelines as approved by the animal care and use committee at Rutgers University.
Adult C57BL/6 wild-type (WT) mice, CCR2RFP/RFP (CCR2⫺/⫺) mice,
CX3CR1GFP/GFP mice, CX3CR1GFP/⫹ mice, CCL2⫺/⫺ mice were all purchased from Jackson Laboratory. Double-transgenic CCR2RFP/⫹:
CX3CR1GFP/⫹ mice were obtained by crossing CCR2RFP/RFP mice with
CX3CR1GFP/GFP mice. For all seizure experiments, 6 – 8-week-old mice of
both genders were used. All animal procedures performed in this study
were in accordance with institutional guidelines, as approved by the
animal care and use committee at Rutgers University. The KA-induced
seizure models in mice were described in our previous studies (Eyo et al.,
2014, 2015). Briefly, animals were anesthetized with isoflurane, stereotaxically implanted with a 26 gauge, stainless steel, guide cannula aimed
toward the lateral cerebral ventricle [from bregma: ⫺0.2 mm anteroposterior (AP), ⫹1.0 mm mediolateral (ML), ⫺2.0 mm dorsoventral (DV)],
and then were intracerebroventricularly injected with KA at 0.15 g in 5
l of artificial CSF (aCSF). To study recurrent seizure activity, a second
dose of KA (0.15 g/5 l) was administered 14 d after the first dose and
the seizure scores were monitored. Sham controls were injected with 5 l
of aCSF.

Seizure quantification
Seizure behavior was monitored under a modified Racine scale as follows
(Racine, 1972; Eyo et al., 2014): 1, freezing behavior; 2, rigid posture with
raised tail; 3, continuous head bobbing and forepaws shaking; 4, rearing,
falling, and jumping; 5, continuous level 4; and 6, loss of posture and
generalized convulsion activity. Mice progressed at least to stage 3 and
were killed 1 or 3 d after seizure. For electroencephalographic (EEG)
recordings, stainless steel bone-screw recording electrodes (Pinnacle
Technologies) were implanted together with the intracerebroventricular
guide cannula. Four screws were placed on the dura through burr holes in
the skull and electrode leads were attached to a microplug. The intracerebroventricular guide tube was modified to be implanted at 30° from the
vertical angle to avoid the position conflict with the microplug. Dental
cement was applied to fix both electrodes and guide cannula in place.
Animals were connected to the recording system for baseline recording
and habituation to the environment after 1 d recovery. After 2 d, KA was
injected through the guide cannula to induce seizures. Seizure spell was
defined as high-frequency, high-voltage synchronized polyspike or paroxysmal sharp waves with amplitude ⬎2-fold background and lasting
⬎6 s. The EEG recordings were made continuously from 1 d before to
14 d after intracerebroventricular KA. Seizure spells were not detected in
any mice after 2 h of KA injection.

Behavioral assays
Open-field test. The open-field test was used to detect seizure-related
anxiety-like behavior. Mice received a 5 min session in an empty openfield box equipped with a video camera (50 ⫻ 50 cm). The overall distance traveled by the mice, the distance from the center, and the time
spent in the center of the field were measured to evaluate the anxiety
levels. The center region is designated as 25 ⫻ 25 cm in the open field.
Novel-object recognition. To determine whether seizure-induced neuronal damage impairs hippocampal-dependent cognitive function, the
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novel-object recognition test was used. This test measures recognition
memory and is performed as previously described with minor modifications (Matsuda et al., 2015). Briefly, each mouse was subject to a 10 min
acquisition trial, during which the mouse was placed in the open field in
the presence of two identical objects A (acquisition task). On completion
of 10 min of exploration, the mouse was returned to its cage for 1 h. The
mouse was then placed back in the box and introduced to the familiar
object A and a novel object B for another 5 min (test task). The total time
spent exploring each of the two objects was recorded. A preference index
for novel object used to measure recognition memory is defined as the
percentage of time exploring the novel object (B) divided by the total
time spent exploring both objects: [B/(A⫹B)] ⫻ 100.

Immunohistochemistry
At 1 and 3 d after seizures, animals were deeply anesthetized with isoflurane and perfused with PBS, followed by 4% paraformaldehyde with
0.5% picric acid. After the perfusion, the brain was removed and postfixed in the same fixative overnight. Brain sections (15 m) were cut in a
cryostat and processed for immunofluorescence. All histological data
were obtained from sections taken from coronal planes ⫺1.0 to ⫹2.0
mm AP, and the center of the field of view was focused on the hippocampal CA3 region (⫹2.3–2.8 mm ML; ⫹ 2.5–3.0 mm DV). The sections
were first blocked with 5% goat or donkey serum for 1 h at room temperature, and then incubated overnight at 4°C with the following primary
antibodies: Iba-1 antibody (rabbit, 1:1000; Wako), NeuN antibody (rabbit, 1:500; Abcam), GFAP (rabbit, 1:500; Millipore Bioscience Research
Reagents), MCP-1 antibody (mouse, 1:200; Novus Biologicals), RFP
(mouse, 1;500; Abcam), Iba-1 antibody (goat, 1:200; Abcam), IL-1␤
(rabbit, 1:500; Abcam), phosphorylated STAT3 ( pSTAT3) or totalSTAT3 (1:200, rabbit; Cell Signaling Technology). The sections were
then incubated for 1 h at room temperature with Cy3-conjugated or
FITC-conjugated secondary antibodies (1:500; Jackson ImmunoResearch). For double immunofluorescence, sections were incubated with a
mixture of polyclonal and monoclonal primary antibodies, followed by a
mixture of FITC-conjugated and Cy3-congugated secondary antibodies.
The stained sections were examined and captured with a fluorescence
microscope (EVOS FL Cell Imaging System, Life Technologies). For colocalization analysis of CCL2, confocal images of double-immunostained hippocampus sections were analyzed using a macro program designed by
Daniel Shriwarski at the University of Pittsburgh in ImageJ software.

Fluoro-Jade B staining
The anionic fluorochrome Fluoro-Jade B (FJB) was used to stain degenerating neurons in brain sections. Briefly, tissue sections were air dried,
and then immersed in 0.006% potassium permanganate solution for 15
min. Slides were washed briefly in water and then placed in 0.001% FJB
solution (Millipore Bioscience Research Reagents) in 0.1% acetic acid for
30 min. The sections were dehydrated and cleared in xylene, air dried,
and mounted with a coverslip. To quantify FJB-positive cells, three sections per mouse were selected. The numbers of FJB-positive cells from
nine locations per mouse (3 fields per section ⫻ 3 sections per mouse)
were averaged and results are reported as the number of positive neurons
per field of view and expressed as mean ⫾ SEM.

Nissl staining
For Nissl staining, hippocampal tissue sections were mounted and
stained with 0.5% cresyl violet. The number of Nissl-stained neurons in a
defined area CA1/CA3 (1.0 mm ⫻ 0.25 mm) was counted in three fields
of view per region per section in ⱖ3 sections per mouse brain. All assessments of histological sections were blindly performed.

Western blot
Hippocampus samples were extracted and homogenized in lysis buffer
containing protease and phosphatase inhibitors, and the homogenates
were centrifuged at 7000 ⫻ g for 15 min at 4°C as described previously
(Wu et al., 2012). The supernatants were collected and the protein concentration was determined by Bradford method. For each lane, 30 g of
proteins were loaded and separated by SDS-PAGE. After the transfer, the
blots were incubated overnight at 4°C with one of the following primary
antibodies: ␤-actin (1:5000, rabbit; Santa Cruz Biotechnology), RFP (1;

1000, rabbit; Sicgen), IL-1␤ (1;1000, rabbit; Abcam), Iba-1 (1:1000, rabbit; Wako), pSTAT3 (1:1000, rabbit; Cell Signaling Technology; detects
tyrosine phosphorylation at Tyr705 of STAT3) or STAT3 (1:1000, rabbit;
Cell Signaling Technology). These blots were then washed, incubated
with HRP-conjugated secondary antibody, and developed in an enhanced chemiluminescent solution. Specific bands were evaluated by
apparent molecular size. Finally, images were captured using a Fuji-Film
LAS-300 imager(Fuji) and the intensity of the selected bands was
analyzed using National Institutes of Health ImageJ software. For experiments to test blockage of CCL2 on monocyte infiltration, CCL2 neutralizing antibody or its isotype (100 ng in 5 l aCSF; Millipore) was
administered intracerebroventricularly at 15 min before and 2 and 8 h
after KA injection. The mice were killed 1 d after KA treatment.

Cytokine array
The mouse cytokine array kit precoated with 40 cytokine/chemokine
antibodies was purchased from R&D Systems. Protein samples were prepared in the same way as for Western blot analysis. Each reaction was
performed according to the manufacturer’s instructions using 150 g of
proteins collected from the mouse hippocampus.

Statistical analysis

Data were expressed as mean ⫾ SEM. All statistical tests were performed
using GraphPad Prism 5.0 (GraphPad Software). Quantitative data were
compared between different groups by two-sample (unpaired Student’s)
two-tailed t test assuming equal variance. Data for multiple comparisons
were analyzed by two-way ANOVA followed by post hoc Student–Newman–
Keuls tests. Instances for which a statistically significant difference was detected were indicated by asterisks: *p ⬍ 0.05; **p ⬍ 0.01; ***p ⬍ 0.001.

Results
Chemokine CCL2 was upregulated and mainly expressed in
microglia and neurons after status epilepticus
Inflammatory cytokines are known to be critical for the pathogenesis of epilepsy (Dedeurwaerdere et al., 2012). To determine
the change of cytokine expression after status epilepticus, we induced seizure activities in mice by intracerebroventrical injection
of KA (0.15 g in 5 l of aCSF) and then performed a nonbiased
protein screening using a cytokine/chemokine array that contains 40 different cytokine and chemokine antibodies (Fig. 1A).
Hippocampal tissue lysates from control mice or from mice 1 d
after KA-induced seizure were examined using the cytokine/
chemokine array. We found a marked increase in the levels of
several chemokines, including CCL2, CCL3, CCL5, CCL12, and
CXCL10, as well as of cytokines, including IL-1␣ and IL-1␤. These
results clearly indicate that KA-induced seizures significantly upregulated cytokine/chemokine expression 1 d after treatment.
To further study the function of seizure-associated cytokines
and chemokines, we chose CCL2 for further characterization for
the following reasons: (1) CCL2 expression is enriched in microglia (Leung et al., 1997; Zhang et al., 2014); (2) CCL2 is one of the
most elevated inflammatory mediators in patients with epilepsy,
but its contribution to seizure generation remains largely unknown (Cerri et al., 2016); (3) while the etiology of seizures is
mostly idiopathic, infection is one of the few known risk factors
of acquired epilepsy that is accompanied by increased macrophage infiltration in the brain (Marchi et al., 2014); (4) the
blood– brain barrier is compromised following epilepsy (Marchi
et al., 2012); and (5) the availability of both CCL2⫺/⫺ mice and
CCR2⫺/⫺ mice enhances our ability to fully investigate the CCL2signaling pathway. Using Western blot, we confirmed that CCL2
was significantly upregulated 1 d after intracerebroventricular
KA and maintained at high levels until 3 d after intracerebroventricular KA treatment (Fig. 1B; p ⬍ 0.001).
Next, to define the cellular distribution of CCL2, we performed immunofluorescence double staining of CCL2 with
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Figure 1. Elevated levels of CCL2 in the hippocampus after seizures. A, Top, Schematic representation of the cytokine array containing 40 different antibodies with duplicates. The array contains
three positive controls (PC) and one negative control (NC). The expression level of cytokines/chemokines in the aCSF control (middle) and KA group (bottom) is shown. KA-induced seizures
upregulated the expression of cytokines/chemokines, including CCL2 (D9,10), IL-1␤ (B19,20), TIMP1 (E3,4), CCL10 (D11,12), CCL3 (D15,16), CCl5 (D21,22), CXCL10 (D1,2), IL-1a (B17,18), and IL-1ra
(B21,22) compared with those in the control group (n ⫽ 3 for each group). The red box highlights CCL2 (D9,10) expression in aCSF control and KA-treatment group. B, left, Western blotting analysis
shows an increase in CCL2 expression at 1 and 3 d after KA-induced seizures. Right, Summarized results showing relative CCL2/␤-actin in KA groups compared with relative CCL2/␤-actin in the aCSF
control condition. n ⫽ 4 for each group; ***p ⬍ 0.001. C, Representative immunostaining images shows that the expression of CCL2 colocalized with microglial marker Iba-1 and neuronal marker
NeuN, but not with astrocytic marker GFAP, in hippocampal CA3 area after seizures. DAPI staining was used to identify the cell nuclei. Scale bars: 100 m; magnified merged figures, 50 m.
Summarized histogram shows colocalization of CCL2 with neuronal and microglial markers. Arbitrary unit (A.U.) is defined as percentage area of CCL2 stained region (m 2) that colocalized with the
neuron and glial markers (n ⫽ 3 for each group).

neuronal/glial cell markers in hippocampal CA3 area, where neuronal cell death is known to be prominent after intracerebroventricular KA treatment (Lee et al., 2003). Microglial marker Iba1,
astrocyte marker GFAP, and neuronal marker NeuN were used.

In the control group, we found very weak expression of CCL2
(data not shown). However, CCL2 was dramatically upregulated
and primarily expressed in microglia and neurons but not in
astrocytes in hippocampal CA3 area 1 d after intracerebroven-
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tricular KA treatment (Fig. 1C). The specificity of CCL2
immunostaining was confirmed by lack of positive signals in KAinjected CCL2⫺/⫺ mice (data not shown). Together, these results
indicate that CCL2 is one of the key components upregulated
after KA-induced seizures, and increased CCL2 is mainly expressed by hippocampal microglia and neurons.
CCL2 chemokine induced macrophage infiltration in the
hippocampus after seizures
Next, we determined the role of CCL2 upregulation after KAinduced status epilepticus. Given that CCL2 acts via its receptor
CCR2 in mediating macrophage infiltration (Cazareth et al.,
2014), we hypothesized that the upregulated CCL2 after seizures
induced the infiltration of blood-derived CCR2-positive
monocytes. To test this hypothesis, we took advantage of
double-transgenic CCR2RFP/⫹:CX3CR1GFP/⫹ mice, in which resident CX3CR1-positive microglia are labeled with GFP while
CCR2-positive monocytes are labeled with RFP, to investigate the
timeline of monocyte infiltration and microglia activation after
KA-induced seizures. In the aCSF control group, we observed the
occurrence of ramified GFP-positive resting microglia but not
RFP-positive macrophages in the hippocampus. However, in
mice after KA-induced seizures, we found that the RFP-positive
cells, presumably infiltrated CCR2-positive macrophages, were
increased at 1–3 d and started declining by 7 d, whereas microglial
activation increased progressively from 1 to 7 d after intracerebroventricular KA injection (Fig. 2 A, B). Using Western blot, we
confirmed the upregulation of both Iba1 expression and RFP
levels at 1 and 3 d after KA injection (Fig. 2 D, E; p ⬍ 0.05). These
results directly demonstrated the infiltration of CCR2-positive
macrophages after KA-induced seizures.
We further tested the idea that CCL2 is the chemokine that
induced the infiltration of CCR2-positive macrophages. To this
end, we administered CCL2-neutralizing antibody (100 ng in 5 l
aCSF, i.c.v., three successive doses at 15 min before and 2 and 8 h
after KA injection) in CCR2RFP/⫹:CX3CR1GFP/⫹ mice after status
epilepticus. Indeed, we found that the infiltration of CCR2 RFP/⫹
cells after seizure was largely reduced (Fig. 2C). Moreover, resident microglial activation after seizure was also diminished after
the application of the CCL2-neutralizing antibody as evidenced
morphologically (Fig. 2C). Consistently, we found that the treatment with CCL2-neutralizing antibody, but not isotype control
antibody, suppressed KA-induced upregulation of both Iba1 and
RFP levels in the hippocampus (Fig. 2 D, E; p ⬍ 0.05). To further
confirm that CCL2–CCR2 signaling was required for CCR2positive macrophage infiltration, CCR2⫺/⫺ mice were used (Fig.
2C). As expected, we found a reduced occurrence of Iba1-positive
microglia/macrophages in CCR2⫺/⫺ mice at 1 d after KA-induced
seizures. Together, our data indicated that upregulated levels of
CCL2 after seizures induced the recruitment of CCR2-positive
macrophages and subsequently caused, at least in part, microglial
activation in the hippocampal CA3 area.
CCR2-receptor deficiency did not alter the severity of acute
seizures but attenuated neuronal degeneration after status
epilepticus
CCL2–CCR2 signaling has been shown to increase neuronal activity and neuronal cell death in a variety of neurological diseases,
such as acute ischemic stroke and chronic Alzheimer’s disease
(Chen et al., 2003; Severini et al., 2014). However, little is known
about the functional significance of CCL2–CCR2 signaling in
status epilepticus. Here, we report the upregulation of CCL2 and
infiltration of CCR2 macrophage 1 d after KA-induced seizures.
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Therefore, we surmised that CCL2–CCR2 signaling may participate
in the pathology of seizure-associated events, such as neuronal cell
death. To address this question, we examined neurodegeneration
and seizure behavior in CCR2⫺/⫺ and CCL2⫺/⫺ mice after intracerebroventricular injection of KA.
To begin, we used FJB, a fluorescent green dye that labels
degenerating neurons, to detect neuronal degeneration in the
hippocampus after seizures. In WT mice, we noted characteristic
FJB staining localized mostly in the ipsilateral CA3 region of hippocampus 1 d after intracerebroventricular KA injection (Fig. 3A).
However, CCR2⫺/⫺ and CCL2⫺/⫺ mice both displayed reduced FJB
staining in the hippocampal CA3 area 1 d after KA injection (Fig.
3 B, C). We counted FJB-positive neurons and found dramatically
fewer degenerating neurons in the epileptic brains of CCR2⫺/⫺
and CCL2⫺/⫺ mice compared with brains of WT mice (Fig. 3D;
p ⬍ 0.01).
Next, we compared KA-induced acute seizure behaviors in
age-matched WT, CCR2⫺/⫺, and CCL2⫺/⫺ mice. Interestingly,
during the initial 2 h of seizure observations, we found that neither CCR2⫺/⫺ nor CCL2⫺/⫺ mice displayed a significant difference in seizure Racine scores compared with WT mice (Fig. 3E;
p ⬎ 0.05). In line with this, EEG measurements showed no significant difference in EEG scores between the WT, CCR2⫺/⫺, and
CCL2⫺/⫺ mice during the acute phase (0 –2 h after intracerebroventricular KA treatment; Fig. 3 F, G). Moreover, no recurrent
seizures were observed during the chronic phase (7–14 d after
intracerebroventricular KA treatment) in either WT, CCR2⫺/⫺,
or CCL2⫺/⫺ mice in our model of KA-induced seizure (data not
shown). Together, the results suggest that CCL2–CCR2 signaling
may not be directly relevant in acute seizure behaviors, but the
reduced KA-induced neuronal death in CCR2⫺/⫺ and CCL2⫺/⫺
mice implicates a critical role of the signaling in neuronal degeneration after status epilepticus.
CCR2 is required for production of IL-1␤ after seizures
To study the molecular mechanisms underlying CCL2–CCR2
signaling in neuronal degeneration after epilepsy, we turned to
cytokine IL-1␤ because (1) it was upregulated after seizures in
our cytokine/chemokine array (Fig. 1A), and (2) IL-1␤ is known
to increase neuronal activities and neuronal degeneration in
many disease conditions, such as epilepsy (Patel et al., 2006),
Parkinson’s disease (Koprich et al., 2008), and Alzheimer’s disease (Kitazawa et al., 2011). Using Western blot, we indeed observed an increase in IL-1␤ levels at 1 d after KA-induced status
epilepticus (Fig. 4A), consistent with that seen in the cytokine/
chemokine array (Fig. 1A). To test the role of CCR2 in IL-1␤
upregulation, we compared IL-1␤ levels in WT and CCR2⫺/⫺
mice after intracerebroventricular KA treatment. Interestingly,
we found that KA-induced IL-1␤ upregulation was largely abolished in CCR2⫺/⫺ mice (Fig. 4 A, B; p ⬍ 0.05). These results suggest that CCR2 is required for IL-1␤ upregulation after status
epilepticus.
Next, we wanted to determine the cellular distribution of
IL-1␤ after KA-induced seizures. To this end, we performed double immunostaining of IL-1␤ with neuronal and glial markers.
We found that in WT aCSF control mice, IL-1␤ expression was
low in the mouse hippocampus (Fig. 4C,D). However, there was
dramatic upregulation in IL-1␤ levels after KA-induced seizures
and the expression was strictly colocalized with Iba1 (Fig. 4C,D).
Consistently, IL-1␤ did not colocalize with GFAP or NeuN in the
hippocampus after seizure (data not shown). In addition, using
CCR2RFP/⫹:CX3CR1GFP/⫹ mice, we found that IL-1␤ was expressed in both CX3CR1-GFP microglia and CCR2-RFP macro-
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Figure 2. Microglial activation and macrophage infiltration in the hippocampus after status epilepticus. A, Representative confocal images of hippocampus (CA3) in which CX3CR1-positive
resident microglia are labeled with GFP and CCR2-positive macrophages are labeled with RFP in CX3CR1GFP/⫹:CCR2RFP/⫹ double-transgenic mice at 1, 3, and 7 d after KA-induced seizures and in the
aCSF control group. NotethatresidentmicrogliabecomeactivatedandCCR2-positivemacrophagesaccumulateinhippocampalCA3area1dafterseizures.Scalebar,100 m.B,Quantitativeanalysisshowing
time course of CCR2-RFP macrophage infiltration and CX3CR1-GFP microglia activation at different time points following intracerebroventricularKA treatment. N.D., Not detected. Bars represent mean⫾ SEM.
C,AdministrationofCCL2-neutralizingantibodyeffectivelysuppressedinfiltrationofCCR2RFP-positivecells,accompaniedbythereductioninmicrogliaactivation1dafterKAtreatment.Similarly,noinfiltration
of CCR2 RFP-positive cells was found in CCR2⫺/⫺ (CX3CR1GFP/⫹:CCR2RFP/RFP) mice 1 d after KA treatment. Scale bar, 50 m. D, Western blots of Iba-1, RFP, and ␤-actin in the hippocampus of aCSF control, 1 d
afterKAtreatment,3dafterKAtreatment,CCL2mAb,andCCL2isotypemicegroups.TheCCL2-neutralizingantibodyortheisotype(100ngin5 laCSF,i.c.v.)wasadministered15minbeforeand2and8hafter
KAinjectionandthemicewerekilled1dafterKAtreatment. ␤-Actinwasusedasloadingcontrol.E,Thebargraphsrepresentdensitometricanalysisoftheimmunoreactiveblots.AlldatawerenormalizedtoaCSF
control. n ⫽ 3 for each group, *p ⬍ 0.05, **p ⬍ 0.01 compared with aCSF group; #p ⬍ 0.05 compared with 1 d after KA treatment group.

phages (Fig. 4D). These results suggest that both activated resident
microglia and infiltrated macrophages are sources for upregulated
IL-1␤ after KA-induced seizures. This contrasts with results from
another study that reported IL-1␤ release by reactive astrocytes in a
rat model of temporal lobe epilepsy (Akin et al., 2011). We believe
this discrepancy may be due to the difference in epilepsy model,
animal species, and time course investigated, given that even minor
strain differences can affect epilepsy outcome (Schauwecker, 2012).
To confirm CCR2 is required for IL-1␤ production after status epi-

lepticus, we examined the expression of IL-1␤ in CCR2⫺/⫺ mice.
Indeed, we found compromised IL-1␤ expression in association
with reduced microglial activation and macrophage infiltration in
CCR2⫺/⫺ mice (Fig. 4C,D). Our results collectively showed that
KA seizures induced production of IL-1␤ from microglia and
macrophages is CCR2-dependent.
Given the reduced neuronal degeneration and the decreased
IL-1␤ production in CCR2⫺/⫺ mice, we hypothesized that IL-1␤
may promote neuronal cell death after seizures. To test this hy-
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pothesis, we used IL-1 receptor antagonist
(IL-1ra) to neutralize IL-1␤ and tested its
effect on KA-induced neuronal degeneration. IL-1ra was applied 15 min before and
2 h after the injection of KA (0.5 g in 5 l
aCSF, i.c.v., using the same stereotaxically
placed cannula for KA) and then neuronal
cell death was examined 1 d after seizures
using FJB staining. We found that IL-1ra
significantly decreased the number of degenerated neurons damaged by seizures
(Fig. 4 E, F; p ⬍ 0.05). Therefore, IL-1␤
upregulation and probably release may
promote neuronal cell death after status
epilepticus and thus inhibition of IL1␤ was able to limit the hippocampal
degeneration.
STAT3 signaling in CCR2-dependent
IL-1␤ production after seizures
We have shown that CCR2 is required for
IL-1␤ production from activated microglia and infiltrated macrophages after KAinduced seizures. To further examine the
possible downstream signaling of CCR2
that leads to IL-1␤ production, we tested
STAT3 signaling. STAT3 is critical for
promoting the production of inflammatory cytokines (Qin et al., 2012; Przanowski et al., 2014) and is coupled to
CCR2 activation in cancer cells (Izumi et
al., 2013). First, we set out to investigate
whether STAT3 is activated after status
epilepticus. Since STAT3 activation requires its phosphorylation (Wen et al.,
1995), we first performed immunostaining of pSTAT3 in the mouse hippocampus from aCSF control mice and from
mice 1 d after KA injection. Consistent
with the low basal STAT3 activity, we
found pSTAT3 staining was low in aCSF
control mice (Fig. 5A). However, pSTAT3
was highly expressed in the hippocampal
CA3 after intracerebroventricular KA
treatment (Fig. 5A). In addition, pSTAT3
expression mainly colocalized (90.85 ⫾
1.64%) with the microglial/macrophage Figure 3. Decrease in the number of degenerated neurons in CCR2⫺/⫺ mice and CCL2⫺/⫺ mice 1 d after KA treatment.
marker Iba-1. To further examine pSTAT3 A–C, FJB staining was used to detect neuronal degeneration in the hippocampus 1 d after KA treatment in WT (A), CCR2⫺/⫺ (B),
expression in resident microglia or infil- and CCL2⫺/⫺ (C) mice. Scale bar, 100 m. A’, B’, C’, Magnified images for the rectangles shown in A–C, respectively. Scale bar, 50
trated macrophages, we performed pSTAT3 m. D, Quantification of number of FJB-positive neurons in WT, CCR2⫺/⫺, and CCL2⫺/⫺ mice 1 d after KA-induced seizures. n ⫽
staining in CCR2RFP/⫹:CX3CR1GFP/⫹ mice. 4 for each group, **p ⬍ 0.01. E, Seizure scores 0 –2 h after intracerebroventricular delivery of KA in WT, CCR2⫺/⫺, and CCL2⫺/⫺
Our results showed that pSTAT3 was ex- mice. n ⫽ 9 in WT, n ⫽ 6 in CCR2⫺/⫺, and n ⫽ 6 in CCL2⫺/⫺ mice, p ⬎ 0.05. F, Representative EEG traces from awake WT,
pressed in both CX3CR1-GFP microglia CCR2⫺/⫺, and CCL2⫺/⫺ mice before intracerebroventricular KA injection (baseline) and with stage 4 seizures after intracerebroand CCR2-RFP macrophages. These results ventricular KA injection (seizure). G, The histogram depicts total seizure spells detected between 0 and 2 h after KA administration
⫺/⫺
⫺/⫺
mice. Seizure spells were defined as high-frequency, high-voltage synchronized polyspike or
suggest STAT3 signaling is upregulated in in WT, CCR2 , and CCL2
both activated resident microglia and in- paroxysmal sharp waves with amplitude ⬎2-fold background and lasting ⬎6 s. The peak-to-peak amplitude cutoff was set at
filtrated macrophages after KA-induced 1000 V. n ⫽ 3 for each genotype of mice.
seizures.
to assess the role of CCR2 in regulating the expression of pSTAT3.
Next, using CCR2⫺/⫺ mice, we determined whether CCR2
Consistently, we found that the pSTAT3 level was upregulated
was involved in the activation of the STAT3 signaling pathway
significantly and reached ⬎3-fold in KA-injected mice compared
after seizures. Interestingly, we found that CCR2⫺/⫺ mice had
with the control group. However, the pSTAT3 upregulation after
decreased pSTAT3 levels compared with WT mice after KAseizures was attenuated in CCR2⫺/⫺ mice (Fig. 5 B, C; p ⬍ 0.05).
induced seizures (Fig. 5A). Western blot analysis was further used
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activation and IL-1␤ production require
CCR2 after status epilepticus, we tested
whether STAT3 signaling acts upstream of
IL-1␤. To test this idea, we examined the
effect of STAT3 inhibition by WP1066 on
IL-1␤ production after seizures. Indeed,
we found that in addition to suppressing
STAT3 phosphorylation, WP1066 significantly attenuated IL-1␤ production and
Iba1 levels (Fig. 6 A, B; p ⬍ 0.05). Therefore, these results indicate that STAT3
signaling is upstream of IL-1␤ production and microglial activation after
seizures.
Since STAT3 signaling is required for
IL-1␤ production, we surmised that the
inhibition of STAT3 by WP1066 would
rescue KA-induced neuronal degeneration. To this end, we studied the effect
of WP1066 on neuronal degeneration after status epilepticus by FJB staining.
WP1066 was applied 30 min before and
2 h after intracerebroventricular KA treatment and neuronal cell death was assessed
1 d after KA treatment. We found that the
number of FJB-positive neurons in the
CA3 region decreased significantly after
WP1066 treatment compared with those
with vehicle treatment (Fig. 6C,D; p ⬍
0.05). However, the severity of the acute
seizure scores after WP1066 treatment
was similar to that in the vehicle-treated
group (Fig. 6E; p ⬎ 0.05). This contrasts
with the findings of a previous study,
which reported that WP1066 did not afFigure 4. CCR2 deficiency reduces the production of proinflammatory cytokine IL-1␤ after status epilepticus. A, B, Western blots of fect cell death, although it affected chronic
IL-1␤ level in the hippocampus of WT and CCR2⫺/⫺ group. ␤-Actin was used as internal control. The graph represents densitometric seizure severity (Grabenstatter et al.,
analysisoftheblots1dafterKAtreatmentnormalizedtoWTaCSFcontrol.n⫽4foreachgroup;*p⬍0.05.C,Immunofluorescenceimages 2014). The discrepancies between findofCA3hippocampalareafromWTandCCR2⫺/⫺ mice1dafterseizuresshowingcolocalizedexpressionofIba-1andIL-1␤.DAPIwasused ings related to WP1066 in neuronal cell
for nuclear staining. Scale bar, 50 m. D, Quantification of number of IL-1␤ ⫹ Iba1 ⫹ cells in WT mice as well as IL-1␤ ⫹ RFP ⫹ cells in death and seizure severity might be due to
CX3CR1GFP/⫹:CCR2RFP/⫹ double-transgenic mice before and after intracerebroventricular KA treatment. KA-induced IL-1␤ upregulation
the different status epilepticus models
was reduced in CCL2⫺/⫺ mice. n ⫽ 4 for each group. N.D., Not detected. E, F, Administration of IL-1ra decreased the number of FJBthat were used. Indeed, intracerebrovenpositive neurons in the hippocampus 1 d after seizure. Scale bar, 50 m. n ⫽ 4 for each group; *p ⬍ 0.05.
tricular KA-induced status epilepticus
causes localized neuronal death in hipTogether, these results indicate that activation of microglia and
pocampal CA3, while pilocarpine-induced status epilepticus is
macrophages after seizures was associated with the initiation of
more widespread in hippocampal CA1, CA3, and hilus. Also, as
the STAT3-signaling pathway, which might be partially dependent
opposed to the pilocarpine model, the intracerebroventricular
on CCR2 activation.
KA model failed to induce chronic seizures, as recorded by EEGs,
even in WT mice (data not shown). Therefore, the molecular mechInhibition of STAT3 signaling decreased IL-1␤ production
anisms underlying the cell death and seizure severity in the two modand neuronal degeneration after seizures
els could be different. Together, our results show that although
To further determine the role of STAT3 signaling following
WP1066 treatment did not prevent the development or reduce the
seizures, a potent STAT3 inhibitor WP1066 (100 mg/kg, i.p.)
severity of acute seizure behaviors, it was able to inhibit neuronal cell
was used 30 min before and 2 h after intracerebroventricular
death after KA-induced status epilepticus. Together, these results
KA treatment and the expression of pSTAT3 was tested 1 d afindicate that STAT3 signaling may act as a mediator for CCR2ter intracerebroventricular KA treatment. A previous study
induced IL-1␤ production in activated microglia and infiltrated
macrophages, leading to neuronal degeneration after seizures.
showed that, despite the short half-life of WP1066, transient
levels of WP1066 in vivo in the brain and plasma was sufficient to
CCR2 deficiency attenuates seizure-induced behavioral
reduce chronic seizure severity in a pilocarpine model of epilepsy
impairments beyond the acute injury
(Grabenstatter et al., 2014). Consistent with their study, we confirmed that WP1066 effectively inhibited the levels of pSTAT3
To study the functional significance of CCL2–CCR2-dependent
without reducing the expression of total STAT3 (Fig. 6 A, B; Graacute neuronal death after KA-induced status epilepticus, we exbenstatter et al., 2014). Since we have shown that both STAT3
amined the pathology and behaviors 14 d after KA treatment in
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WT and CCR2⫺/⫺ mice. Nissl staining
was used to investigate the neuronal loss
in the CA1 and CA3 region of the hippocampus 14 d after KA treatment, since
the FJB method more accurately measures
acute neuronal degeneration. We observed a characteristic loss of pyramidal
neurons in WT mice, which is consistent
with increased FJB staining 1 d after KA
treatment. There was no significant difference in neuronal survival between WT
and CCR2⫺/⫺ mice in the CA1 region
(data not shown). However, there were
more surviving neurons in the CA3 of
CCR2⫺/⫺ mice compared with WT mice
14 d after KA treatment (Fig. 7A; p ⬍
0.001). Therefore, the tendency of neuronal loss shown by Nissl staining in the
chronic seizure stage correlated with that
seen in the acute stage shown by FJB staining 1 d after seizure (Fig. 3B), suggesting
that the CCL2–CCR2 signaling contribution to neuronal death persists in the
chronic phase of epilepsy.
Epilepsy is often associated with behavior alterations, such as anxiety and impaired cognitive performance (Caplan et
al., 2008). Hence, we wanted to test the
implications of CCL2–CCR2-dependent
hippocampal neurodegeneration in anxiety and cognition in a KA-induced seizure
model. Anxiety-related behavior was evaluated by analyzing the time/distance that
⫺/⫺
mice 1 d after KA-induced seizures.
mice traveled in the center of the open Figure 5. Microglial activation and STAT3 phosphorylation is attenuated in CCR2
A, Immunofluorescence images of CA3 hippocampal area showing colocalized expression of pSTAT3 with Iba-1 in WT and
field. Under control condition with aCSF
CCR2⫺/⫺ mice 1 d after KA-induced seizures and in aCSF WT controls. DAPI was used for nuclear staining. Note attenuated pSTAT3
injection, there was no significant differ- immunofluorescence in the CCR2⫺/⫺ mice. Scale bar, 100 m. B, Western blots of Iba-1 and pSTAT3 level in the hippocampus of
ence between WT and CCR2⫺/⫺ mice in WT and CCR2⫺/⫺ group 1 d after seizures. ␤-Actin was used as loading control. C, The summarized results of the densitometric
the time spent in the center. However, at 7 analysis with each bar representing the ratio of optical density of pSTAT3 level to that of STAT3 (left) or Iba-1 (right) to that of
or 14 d after injection of KA, the WT mice, ␤-actin. All data were normalized to WT aCSF control. n ⫽ 4 for each group; *p ⬍ 0.05.
compared with CCR2⫺/⫺ mice, spent less
timeinthecenter,suggestingthatepilepsythe second KA injection (Fig. 7D). Together, these results suggest
induced anxiety-like behavior is reduced in CCR2⫺/⫺ mice (Fig.
that CCL2–CCR2 signaling exacerbates neuronal loss, seizure7B; p ⬍ 0.05). Similarly, WT mice, compared with CCR2⫺/⫺
induced cognitive decline, and increased seizure severity upon
mice, traveled less distance in the central area (data not shown).
secondary seizure induction in the chronic stage of KA-induced
As a control, we found no significant difference in total distance
epilepsy.
between WT and CCR2⫺/⫺ mice (data not shown). Next, we used
Discussion
novel-object recognition to examine hippocampal-dependent cogniIn the current study, we delineate an intriguing molecular castive function and to investigate whether cognitive decline is
cade underlying CCL2–CCR2 signaling in neuronal cell death
more evident in WT mice than in CCR2⫺/⫺ mice. Administration
of KA to WT mice induced cognitive decline in agreement with
after status epilepticus (Fig. 8). At 1 d following KA-induced
previous reports (Matsuda et al., 2015). Indeed, CCR2 deficiency
seizures, hyperactive neurons and microglia release CCL2, trigattenuated this seizure-induced cognitive decline, although in the
gering CCR2-positive monocyte infiltration. Activation of CCR2
control group, WT and CCR2⫺/⫺ mice showed no significant
is coupled to the STAT signaling pathway and subsequent prodifference (Fig. 7C).
duction of IL-1␤ by both microglia and macrophages, which in
We found no significant difference in acute seizure scores
turn promotes neuronal cell death after seizures. Our results
between the WT and CCR2⫺/⫺ following the KA injection, but
suggest a critical role for CCL2–CCR2 signaling in neuronal cell
CCR2 deficiency reduced KA-induced neuronal cell death (Fig.
death after status epilepticus, identifying it as a potential thera3). Here we tested the severity of recurrence of seizures following
peutic target for the management of epilepsy.
KA reinjection 14 d after the first KA injection (Fig. 7D). Interestingly, we found that the second dose of KA (14 d after the first
CCL2–CCR2 signaling in macrophage infiltration
KA injection) evoked more severe seizures in WT mice compared
after seizures
with CCR2⫺/⫺ mice. The WT group presented a drastically
Increasing evidence based on observations made from exhigher mortality rate and seizure score within the first hour after
perimental animals and human patients suggests that the
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derlying the role of inflammation in epileptic
neuronal death are still largely unknown.
In this study, we found an array of chemokines, including CCL2, CCL3, CCL5,
CCL10, and CXCL10, that are upregulated 1 d following KA-induced seizures.
This is consistent with previous studies
that reported an increase in CCL2 levels in
rodent brains after acute seizures (Manley
et al., 2007; Foresti et al., 2009) and in
brain tissue of epilepsy patients (Wu et al.,
2008; Choi et al., 2009). Our study further
determined the cell types expressing
CCL2 and showed that the elevated CCL2
expression was predominantly localized
in microglia and neurons. Future studies
are needed to address how CCL2 is upregulated and whether common mechanisms are used to increase the CCL2
expression in neurons and microglia.
It has been reported that CCL2 is able
to induce monocyte recruitment into the
CNS after experimental autoimmune encephalomyelitis and ischemic stroke (Che
et al., 2001; Huang et al., 2001; Hughes et
al., 2002; Semple et al., 2010). Indeed, our
study directly demonstrated the role of
CCL2 in macrophage infiltration through
CCR2 activation after seizures using two
complementary approaches: (1) We observed blood-born CCR2RFP/⫹ cells in the
hippocampus after seizures, which was inhibited by a CCL2-neutralizing antibody;
(2) There is absence of macrophage
infiltration in CCR2⫺/⫺ mice after KAinduced status epilepticus. In addition to
CCL2 upregulation, the expression of its
receptor CCR2 was also notably increased
after seizures. Considering the infiltration
of CCR2-postive macrophages in the hippocampus, the upregulated CCR2 was
likely due to the increased macrophages
after seizures. Interestingly, we also noted
that blocking CCL2 not only reduced
macrophage infiltration, as evidenced by
Figure 6. Inhibition of pSTAT3 reduces production of proinflammatory cytokine IL-1␤ and neuronal degeneration induced by reduced Iba1 expression, but also reduced
seizures. A, Western blots of pSTAT3, STAT3, Iba-1, and IL-1␤ in the hippocampus of aCSF, KA⫹vehicle, and KA⫹WP1066 the activation of resident microglia, as evtreatment group. ␤-Actin was used as loading control. B, The summarized results showing the bar graphs represent densitometric idenced morphologically. This suggests
analysis with each bar representing the ratio of optical density of pSTAT3 level to that of STAT3 (left), IL-1␤ to that of ␤-actin that macrophage infiltration may trigger
(middle), or Iba-1 to that of ␤-actin (right). All data were normalized to aCSF control. n ⫽ 3 for each group; *p ⬍ 0.05; **p ⬍ 0.01. activation of endogenous microglia after
C, D, FJB staining was used to detect neuronal degeneration in the hippocampus 1 d after KA treatment; the data are represented seizure induction and is worthy of further
qualitatively (C) and quantitatively (D) showing that WP1066 reduces seizure-induced FJB staining. Scale bar, 50 m. E, The graph investigation. Microglia and CCR2-posirepresents seizure scores of mice treated with vehicle and WP1066 1 d after KA injections. n ⫽ 6 mice each group; *p ⬎ 0.05.
tive macrophages are shown to play differential roles in the inflamed brain with the
neuroinflammatory response may be a potential contributor to
monocyte-derived macrophages being highly phagocytic and inseizure-related pathologies (Vezzani et al., 2011; Janigro et al.,
flammatory, whereas microglia demonstrate an unexpected sig2013). It is not clearly known whether the inflammatory renature of globally suppressed cellular metabolism at disease onset
sponse underlies epileptogenesis or exacerbates the damage
(Yamasaki et al., 2014). The deficiency of CCR2 reduced overall
pSTAT3 and IL-1␤, which indicates that CCL2–CCR2 signaling
after the onset of seizures. Seizure-induced inflammatory
is critical to trigger the cascade in infiltrated macrophages as well
responses, including activation of glial cells and secretion of inas in resident microglia. Interestingly, a recent study identified
flammatory mediators, are known to increase neuronal hyperacCCR2 expression in neuronal progenitors (Hung et al., 2013).
tivities, thereby promoting neuronal cell death during epilepsy
However, we did not observe CCR2 RFP/⫹ cells in the dentate
(Vezzani and Viviani, 2015). However, the molecular mechanisms un-

7888 • J. Neurosci., August 16, 2017 • 37(33):7878 –7892

Tian, Peng et al. • CCL2–CCR2 Signaling in Epilepsy

Figure 7. CCR2 deficiency attenuates seizure-induced behavioral impairments. A, The number of surviving neurons in Nissl-stained sections was counted in the CA3 area of the ipsilateral side of
the hippocampus in WT and CCR2⫺/⫺ mice 14 d after KA injection. n ⫽ 5 for each group, ***p ⬍ 0.001. Scale bars, 50 m. B, Open-field test was used to examine anxiety behaviors of WT and
CCR2⫺/⫺ mice at 7 and 14 d after KA treatment. Representative traces (left) and summarized data (right) show that WT mice, compared with CCR2⫺/⫺ mice, spent less time in the center of the open
field at both 7 and 14 d after KA injection. n ⫽ 8 and 5 for aCSF-injected and KA-injected group (WT mice and CCR2⫺/⫺ mice) respectively; *p ⬍ 0.05; **p ⬍ 0.01. C, Novel-object recognition was
used to detect hippocampal-dependent memory change following KA-induced seizures. The preference for the novel object was significantly higher in CCR2⫺/⫺ mice than in WT mice. n ⫽ 8 and
5 for aCSF-injected and KA-injected group (WT mice and CCR2⫺/⫺ mice) respectively; *p ⬍ 0.05; **p ⬍ 0.01. D, A second dose of KA (0.15 g/5 l, i.c.v.) 14 d after first KA injection (0.15 g/5
l, i.c.v.) induced recurrent seizure. Left, Percentage (Rate) of mice that survived (Live) compared with the percentage of mice that died among WT and CCR2⫺/⫺ mice. Right, Score of recurrent
seizures among WT and CCR2⫺/⫺ mice. Since all WT mice died within 60 min of KA injection, the mean seizure score was also counted within the first hour after second KA injection. n ⫽ 5 for each
group; **p ⬍ 0.01.

gyrus, the region of origin of neuronal progenitors in our transgenic mice. The discrepancy might be due to the differences in
animal species used, methods for CCR2 detection, or models for
the seizure induction.
Previous studies have demonstrated that CCL2 can activate
macrophages by binding to CCR2 expressed on the surface of
these cells (Rollins, 1991). CCR2 activation triggers monocyte
adhesion to inflamed endothelium via ␤-integrin pathways (Shi

and Pamer, 2011). Therefore, monocyte CCR2 promotes its attachment to endothelial cells and subsequent infiltration into the
brain parenchyma. We have shown that seizures induced the
upregulation of CCL2, activated CCR2, and triggered monocyte
infiltration. Indeed, the number of CCR2-positive macrophages
was suppressed by neutralizing CCL2 in WT mice, as well as in
CCR2⫺/⫺ mice. However, it is still unknown whether neuronal
CCL2 and microglial CCL2 play different roles in attracting CCR2-
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Figure 8. Schematic representation of CCL2–CCR2 signaling in causing neuronal cell death via STAT3 activation and IL-1␤ production after status epilepticus. After KA-induced seizure, the
following processes occur: (1) CCL2 is upregulated and released from neurons/microglia; (2) CCL2 increases, aiding in CCR2-positive monocyte infiltration; (3) CCL2–CCR2-dependent activation of
pSTAT3 mediates macrophage infiltration and microglia activation; (4) IL-1␤ is upregulated and released from activated microglia/macrophages; (5) IL-1␤ produced by microglia/macrophages
induces neuronal cell death. Consistently, both CCL2⫺/⫺ mice and CCR2⫺/⫺ mice have the phenotype of less neuronal death 1 d after KA-induced seizures.

positive monocytes into the injured CA3 area. Nevertheless, our
findings indicate a critical role for CCL2–CCR2 signaling in macrophage infiltration in the mouse hippocampus after seizures.
CCL2–CCR2 signaling and neuronal cell death in epilepsy
Status epilepticus results in neurodegeneration in the hippocampus, a prominent feature in clinical epilepsy (Thom,
2014). Previous studies have associated CCL2 with excitotoxic
neurodegeneration (Kalehua et al., 2004; Sheehan et al., 2007).
However, the underlying molecular mechanism remained to be
elucidated. Elevated levels of STAT3 signaling have been documented in rats following pilocarpine-induced status epilepticus
(Grabenstatter et al., 2014). In the present study, we found that
CCL2–CCR2 signaling activates the STAT3 pathway and subsequent IL-1␤ production. Consistently, the upregulation of
pSTAT3 was attenuated in CCR2⫺/⫺ mice. In addition, WP1066,
a potent STAT3 inhibitor suppressed the seizure-induced
increase in expression of the microglial maker Iba-1 and inflammatory cytokine IL-1␤. Although our study does not
clearly differentiate the contribution of pSTAT3 on microglial
activation versus monocyte infiltration, our results indicated a
critical role for pSTAT3 in CCL2/CCR2-mediated microglial
activation and IL-1␤ production. In line with our study, recent
studies also demonstrated that CCL2–CCR2 signaling plays an
important role in STAT3 activation in cancer metastasis
(Izumi et al., 2013; Lin et al., 2013), as well as in epithelial–
mesenchymal transition (Chen et al., 2015).
We further showed that increased IL-1␤ production in microglia/macrophages may promote neuronal cell death based on sev-

eral lines of evidence, including the following: (1) the decrease in
the number of degenerated neurons after seizures, because of the
IL-1 receptor antagonist, which is consistent with previous reports (Allan et al., 2005); (2) the decrease in IL-1␤ production
and cell death after seizures in CCR2⫺/⫺ mice and CCL2⫺/⫺ mice;
and (3) the inhibition of STAT3 accompanied by attenuation in
IL-1␤ production and neuronal cell death. Consistently, recent
studies have shown that IL-1␤ enhanced seizure susceptibility
and neuronal cell death after prolonged febrile seizures (Fukuda
et al., 2014), whereas pharmacological blockade of IL-1␤/IL-1
receptor type 1 axis during epileptogenesis provided neuroprotection (Noe et al., 2013). Our cytokine array shows an increase in
a repertoire of cytokines and chemokines following epilepsy. This
is consistent with a recent report that showed an upregulation of
CCL2, CCL3, CCL5, and IL-1␤ in a pilocarpine model of epilepsy
in rats (Arisi et al., 2015). It is important to note in our data that
although there is an upregulation in endogenous IL-1ra following
epilepsy, it seems to be insufficient to counteract the large increase of both IL-1␣ and IL-1␤ after epilepsy. How is IL-1␤ able
to promote neuronal cell death after epilepsy? Several possibilities have been proposed in previous studies (Vezzani and Baram,
2007; Choi and Friedman, 2014). First, IL-1␤ is known to directly
excite neurons via NMDA receptor activation (Vezzani et al.,
1999). Not surprisingly, this increased neuronal excitability by
IL-1␤ aggravates the neuronal hyperactivities and excitotoxicity
that lead to severe hippocampal degeneration. Second, IL-1␤ is
reported to regulate expression of the p75 neurotrophin receptor
(p75 NTR) and induce neuronal cell death by activating the intrinsic caspase cascade (Troy et al., 2002). Third, IL-1␤ is able to
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directly trigger apoptosis signaling by activating NF-kB/NO and
MAPK/caspase-3 signaling (Wang et al., 2005; Vetere et al.,
2014). Collectively, our results suggested that CCL2–CCR2 signaling triggers STAT3 activation in microglia/macrophages,
which in turn produces inflammatory cytokine IL-1␤ resulting in
neuronal cell death after seizures.
We find that, in addition to being involved in seizure-induced
neurodegeneration, CCL2–CCR2 signaling has a role in chronic
seizure-related outcomes, such as anxiety, memory, and tolerance to secondary seizure episode. Evidence from previous studies revealed that CCR2-mediated trafficking of monocytes to the
brain and activation of resident microglia promoted the establishment of anxiety-like behaviors (Wohleb et al., 2013; Sawada et
al., 2014). Consistently, our results revealed reduced epilepsyinduced anxiety-like behavior in CCR2⫺/⫺ mice, in which both
monocyte infiltration and microglial activation is suppressed. In
line with our findings, another report showed that CCR2 deficiency prevented neuronal cognitive impairments induced by
cranial irradiation (Belarbi et al., 2013). In these studies, CCR2mediated monocyte infiltration and their subsequent inflammatory repertoire were implicated in causing anxiety-like behavior
and cognitive decline (Belarbi et al., 2013; Wohleb et al., 2013;
Sawada et al., 2014). However, the exact mechanism underlying
CCR2-mediated chronic seizure outcomes needs to be further
investigated.
In conclusion, our current study revealed a novel CCL2–
CCR2 signaling cascade in hippocampal degeneration through
STAT3 activation and IL-1␤ production after status epilepticus.
Such information could contribute greatly to our understanding
of this component of neuroinflammatory response, including
microglial activation, macrophage recruitment, and production
of proinflammatory mediators in causing epilepsy after a precipitating injury. Our study identifies CCL2–CCR2 signaling as a
novel candidate target for future therapies to ameliorate neuroinflammatory damage following status epilepticus.
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