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GA 

This study reveals a previously unknown mechanism by which IL-4 deficiency causes 

neural hyperexcitability and enhances neuronal excitatory transmissions. 

Supplementing IL-4 might be beneficial for improvement of functional recovery after 

brain ischemia injury 
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Running title: IL-4 deficiency aggravates ischemic stroke 

Abstract Systematic administration of anti-inflammatory cytokine interleukin 4 (IL-4) has been 

shown to improve recovery after cerebral ischemic stroke. However, whether IL-4 affects 

neuronal excitability and how IL-4 improves ischemic injury remain largely unknown. Here we 

report the neuroprotective role of endogenous IL-4 in focal cerebral ischemia–reperfusion (I/R) 

injury. In multi-electrode array (MEA) recordings, IL-4 reduces spontaneous firings and network 

activities of mouse primary cortical neurons. IL-4 mRNA and protein expressions are 

upregulated after I/R injury. Genetic deletion of Il-4 gene aggravates I/R injury in vivo and 

exacerbates oxygen-glucose deprivation (OGD) injury in cortical neurons. Conversely, 

supplemental IL-4 protects Il-4–/– cortical neurons against OGD injury. Mechanistically, cortical 

pyramidal and stellate neurons common for ischemic penumbra after I/R injury exhibit intrinsic 

hyperexcitability and enhanced excitatory synaptic transmissions in Il-4–/– mice. Furthermore, 

upregulation of Nav1.1 channel, and downregulations of KCa3.1 channel and α6 subunit of 

GABAA receptors are detected in the cortical tissues and primary cortical neurons from Il-4–/– 

mice. Taken together, our findings demonstrate that IL-4 deficiency results in neural 
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hyperexcitability and aggravates I/R injury, thus activation of IL-4 signaling may protect the 

brain against the development of permanent damage and help recover from ischemic injury after 

stroke. 

KEY WORDS Anoxic depolarization; IL-4; Ischemia–reperfusion injury; Neuronal excitability; 

Synaptic transmissions 

1. Introduction 

Stroke is the second leading cause of death and the major cause of long-term disability 

worldwide. Ischemic stroke represents approximately 87% of all brain strokes1. During ischemic 

stroke, energy depletion induces anoxic depolarization and excitotoxicity of cortical neurons 

characterized by progressive cell death and development of permanent local brain damage2. 

Meanwhile, proinflammatory mediators are released from activated resident microglia for 

participation in neuroinflammation3, further aggravating neuronal loss and brain damage.  

Conversely, several lines of evidence suggest that neurons can rapidly respond to ischemic 

conditions by secreting molecules that support brain tissue healing and repairing4,5. It has 

recently been shown that as an intrinsic defense mechanism neurons produce and secrete 

anti-inflammatory cytokine interleukin 4 (IL-4) in response to sublethal ischemic injury6. IL-4 

participates in protecting injured neurons in central nervous system7. Interleukin 4 receptor alpha 

chain (IL-4Rα) is expressed in neurons and plays a critical role in modulating neuronal death 

through activation of signal transducer and activator of transcription 6 (STAT6) during ischemia8. 

IL-4 stimulates microglial phagocytosis and enables efficient clearance of apoptotic neurons for 

repair6. Systemic administration of IL-4 also reduces ischemic lesion and improves neurologic 

function after stroke6,9-11. All these investigations indicate that neuronal IL-4 is actively involved 

in promoting recovery of brain injury after stroke. However, the underlying mechanism for 

neuroprotective role of neuronal IL-4 in ischemic recovery remains largely unknown. 

Previous studies have shown that the anti-apoptotic function of IL-4 is closely related to 

hyperpolarization of mitochondrial membrane potential in different cells including effector CD4 

cells12 and B cells13. The interaction of IL-4 with its high-affinity receptor IL-4Rα and the 

subsequent recruitment of the IL-2Rγ chain14,15 are related to membrane depolarization of T 

cells16. The upregulation of IL-4 expression influences membrane potential oscillations due to 

opening of intermediate/small conductance calcium-activated K+ channel (KCa3.1, encoded by 

Kcnn4 gene) in macrophages17. Interestingly, IL-4 upregulates KCa3.1 expression and increases 
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KCa3.1 current through IL-4 receptor (IL-4R) signaling pathway in microglia18, and KCa3.1 

contributes to regulation of after-hyperpolarization potentials (AHPs)19. All these investigations 

suggest that an enhanced neuronal IL-4 signaling may regulate neuronal membrane potential, 

thus affecting the excitability of neurons in the brain. We, therefore, hypothesize that neuronal 

IL-4 might have a direct impact on anoxic depolarization or hyperexcitability during ischemic 

injury after stroke. 

To test this hypothesis, we utilized Il-4 knockout (KO) mice and found that Il-4–/– mice were 

more susceptible to ischemia–reperfusion (I/R) injury induced by transient middle cerebral artery 

occlusion (tMCAO) in vivo, and neurons from Il-4–/– mice were hyperexcitable. Mechanistically, 

genetic deletion of Il-4 resulted in intrinsic hyperexcitability in cortical neurons with 

upregulation of Nav1.1 channels, and downregulations of KCa3.1 channels and α6 subunits of 

GABAA receptors. These findings for the first time demonstrate a previously unknown 

mechanism that loss of IL-4 causes neural hyperexcitability, and the enhancement of neuronal 

IL-4 signaling by reduction of neuronal firing can protect the brain against development of 

permanent damage and help recover from ischemic injury after stroke. 

2. Materials and methods 

2.1. Chemicals and agents 

NMDA receptor antagonist D-2-amino-5-phosphonovalerate (AP5) and 

α-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate (AMPA)/kainate glutamate receptor 

antagonist 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) were obtained from Sigma (St. Louis, 

MO, USA). GABAA receptor antagonist bicuculline was purchased from Abcam (Cambridge, 

UK). NeurobiotinTM tracer N-(2-aminoethyl) biotinamide hydrochloride was purchased from 

Vector Laboratories (Burlingame, CA, USA), and molecular probe Alexa 488-conjugated 

streptavidin was obtained from Invitrogen (Carlsbad, CA, USA). Neuronal medium NbActiv4 

was from Brain Bits (Springfield, IL, USA), animal-free murine IL-4 was purchased from 

Peprotech (Rocky Hill, NJ, USA). 

2.2. Il-4 gene knockout mice  

A “neo cassete” was inserted into the SacI site (GAGCTC) in the exon 3 of the interleukin 4 

gene (ID: 16189) to produce the Il-4 gene KO mice (Supporting Information Fig. S2A). The 

genotyping was determined using PCR. Briefly, genomic DNA was extracted from ear or tail 

(0.2 cm) using the alkali extraction method20. A PCR reaction was then performed using Ex Taq 



 

4 

 

polymerase (TaKaRa-Bio, Kusatsu, Japan) and the following primers: primer 1, 

5′-GTTGAGCAGATGACATTGGGGC-3′; primer 2, 5′-CTTCAAGCATGGAGTTTTCCC-3′; 

primer 3, 5′-GCGCATCGCCTTCTATCGCCTTC-3′. 

The PCR reaction consisted of an initial 2 min at 94 °C, followed by 40 cycles of 15 s at 

94 °C, 30 s at 57 °C and 30 s at 72 °C. After the last cycle, the reaction is kept at 72 °C for 10 

min before held at 4 °C. A 180 bp cDNA band was observed for wild-type allele, whereas a 208 

bp band was detected for the mutant allele, and heterozygotes containing both alleles were 

detected with the two bands. 

2.3. Multi-electrode array (MEA) recordings 

Cortical neurons from newborn C57BL/6J mice (< 24 h) were acutely dissociated and suspended 

in NbActiv4 (Brain Bits) medium. Approximately ~7×104 neurons in 8 μL medium were seeded 

on 12-well MEA plates (Axion Biosystems Inc, Atlanta, GA, USA) coated with poly-D-lysine 

(40 μg/mL)/laminin (20 μg/mL). 20 ng/mL IL-4 (Peprotech) was added in the culture media in 

IL-4 group for 16 days. On the 3rd day, cytarabine (2.5 μg/mL) was added to suppress the 

proliferation of glial cells by mitotic inhibition for up to seven days21.  

Neuronal activities were recorded using an MEA system (Axion Maestro Pro) and data are 

analyzed using Axion Integrated Studio AxIS2.1 (Axion Biosystems Inc, Atlanta, GA, USA) and 

NeuroExplorer (Nex Technologies, Madison, AL, USA) as previously described22. In the MEA 

recordings, a spike detection criterion of >6 standard deviations above the background was used 

to separate monophasic or biphasic action potential spikes from the noise22. Active electrodes 

were defined as >1 spike over a 200-s analysis period. Firing frequencies were averaged among 

all active electrodes from wells expressing either construct22. 

2.4. Whole-cell patch clamp recordings of acute brain slices 

Mice were anesthetized with pentobarbital sodium (60 mg/kg, i.p.) and decapitated before their 

brains were dissected into ice-cold slicing solution. Acute horizontal (for patch recordings of 

medial entorhinal cortex (mEC) layer II stellate neurons) or coronal slices (for patch recordings 

of motor cortical neurons) at a 300-μm thickness on a vibratome (Leica VT1200S, Leica, 

Nussloch, Germany) and transferred to normal artificial cerebrospinal fluid (ACSF). Then, slices 

were incubated at 37 °C for 20–30 min and stored at room temperature before use. 

The medium after-hyperpolarization potential (mAHP) slope was calculated with Eq. (1): 

mAHP slope (mV/ms)=(Vsmall-peak–Vtrough)/(Tsmall-peak–Ttrough) (mV/ms)   (1) 
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Where Vsmall-peak and Tsmall-peak are the small peak membrane potential and time-point at the 

end of an action potential (AP) respectively, Vtrough and Ttrough are the trough membrane potential 

and time-point at the end of fast after-hyperpolarization potential (fAHP), respectively. 

The sag ratio was calculated with Eq. (2): 

Sag ratio = (Vbaseline–Vsteady-state)/(Vbaseline–Vmin)   (2) 

Where Vbaseline is the resting membrane potential or –70 mV, Vmin is the minimum voltage 

reached soon after the hyperpolarizing current pulse, and Vsteady-state is the average voltage 

recorded at 0–10 ms before the end of the –200 pA stimulus. 

The input resistance (IR) was calculated with Eq. (3): 

Input resistance (MΩ)=(Vbaseline–Vsteady-state)×10 (MΩ)   (3) 

Where Vbaseline is the resting membrane potential or –70 mV, and Vsteady-state is the average 

voltage recorded at 0–10 ms before the end of the –100 pA stimulus. 

For whole-cell voltage-clamp recordings of miniature inhibitory postsynaptic currents 

(mIPSCs), the internal solution contained (in mmol/L): 122 CsCl, 1 CaCl2, 5 MgCl2, 10 EGTA, 

10 HEPES, 4 Na2ATP, 0.3 Tris-GTP, 14 Tris-phosphocreatine, adjusted to pH 7.3 with CsOH. 

Tetrodotoxin (TTX; sodium channel blocker, 0.5 μmol/L), AP5 (NMDA receptor antagonist, 50 

μmol/L), CNQX (AMPA/kainate glutamate receptor antagonist, 10 μmol/L) were applied to 

block excitatory synaptic transmission. For recordings of miniature excitatory postsynaptic 

currents (mEPSCs), the internal solution contained (in mmol/L): 118 KMeSO4, 15 KCl, 2 MgCl2, 

0.2 EGTA, 10 HEPES, 4 Na2ATP, 0.3 Tris-GTP, 14 Tris-phosphocreatine, adjusted to pH 7.3 

with KOH. TTX, bicuculline (GABAA receptor antagonist, 10 μmol/L) and CGP55845 (selective 

GABAB receptor antagonist, 2 μmol/L) were applied to block inhibitory synaptic transmission. 

We used thick-wall borosilicate glass pipettes, which were pulled with open-tip resistances of 4–

6 MΩ. Slices were maintained under continuous perfusion of ACSF at 32–33 °C with a flow rate 

of 2–3 mL/min. In the whole-cell configuration, series resistance (Rs) was maintained at the 

range of 15–30 MΩ, and the recordings with unstable Rs or a change of Rs > 20% were aborted. 

For cell labeling, the internal solution either for whole-cell current clamp recordings or for 

voltage-clamp recordings contained 0.1%–0.2% (w/v) neurobiotin tracer. At the end of the 

electrophysiological recordings (~30 min), slices were treated as previously described23,24. 

Labeled neurons in brain slices were imaged by laser scanning confocal microscopy (TCS-SP8 
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STED 3X, Leica Microsystems, Wetzlar, Germany) with 40× oil-immersion objectives for 

pyramidal neurons and 63× oil-immersion objectives for stellate neurons.  

All recordings were performed at least 10 min after breakthrough for internal solution 

exchange equilibrium using a MultiClamp 700B amplifier (Molecular Device, Sunnyvale, CA, 

USA), and data were acquired using pCLAMP 10.6 software and filtered using a Digidata 1440A 

digitizer (Molecular Devices, Sunnyvale, CA, USA). Only a single neuron was recorded in each 

brain slice. 

2.5. Culture of mouse primary cortical neurons 

Cortical neurons were dissociated from newborn mice (within 24 h) by 0.25% trypsinization25. 

Cells were suspended in high-glucose DMEM (Gibco, Gaithersburg, MD, USA) containing 10% 

fetal bovine serum (Gibco) before plated on poly-D-lysine hydrobromide (Sigma–Aldrich) coated 

12-well culture plates at a density of approximate 1.2×105 cells/cm2 for different experiments. 

After 4–6 h seeding, the medium was changed to phenol red-free neurobasal A medium (Gibco) 

supplemented with 2% B27 (Gibco), containing 0.5 mmol/L GlutaMAX-Ⅰ, and 0.5% penicillin–

streptomycin before one-half medium was refreshed every three days. On the 3rd day, cytarabine 

(2.5 μg/mL) was added to suppress the proliferation of glial cells by mitotic inhibition for up to 

seven days21. Cells were maintained at 37 Ⅰ in a humidified atmosphere containing 95% air and 

5% CO2
 and used for experiments after 7–9 days in vitro. 

2.6. In vivo model of I/R injury induced by middle cerebral artery occlusion in mice 

C57BL/6J mice (12±2 weeks) were obtained from the Department of Laboratory Animal Science, 

Peking University Health Science Center (Beijing, China). The Il-4 gene knockout mice (12±2 

weeks, background is C57BL/6J) were kindly provided by Kopf’s group26 and bred in our animal 

facility. All experimental procedures were approved by the Beijing Committee for Animal Care 

and Use. The surgery protocol was approved by the Committee on the Ethics of Animal 

Experiments of Peking University Health Science Center (Beijing, China).  

Mice were anesthetized with pentobarbital sodium (60 mg/kg, i.p.). A probe was connected 

to the left skull for monitoring relative local cerebral blood flow (LCBF) with laser Doppler 

flowmetry (LDF) (Periflux 5000, Perimed, Sweden). Transient focal cerebral ischemia was 

induced by left tMCAO for 90 min. The LCBF drops and maintains below 80% of the baseline 

during ischemia27. Scoring of neurological deficits following stroke was evaluated by the Longa 

method according to an expanded 7 scale28. The observer was blind to animal treatment, and one 
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mouse obtaining no less than 2 scores was counted as a valid model. Infarct areas were analyzed 

using Adobe Photoshop CC and determined by an indirect method correcting for edema29.  

2.7. Oxygen-glucose deprivation (OGD) injury in mouse cortical neurons 

The in vitro OGD injury model was generated as previously described30. The original media 

were replaced with a glucose-free and phenol red-free DMEM containing 10 mmol/L of sodium 

dithionite (Na2S2O4), a deoxygenated reagent for 30 min (or 20 min), before return to their 

original culture medium for maintenance of 24 h until the assay of cell injury. 

The release amount of lactate dehydrogenase (LDH) into the culture medium as a 

measurement of cell death was measured using LDH assay reagent (Promega, Fitchburg, WI, 

USA) according to the instructions30. The survival cell viability was estimated by a cell counting 

kit-8 assay (CCK-8, Dojindo, Kumamoto, Japan)31. At least three wells were measured in each 

group. For the calculation of LDH release, we took the value in the sham group as 100%, and the 

value in the OGD group was divided by the sham group to get the relative value of LDH release. 

In the rescue experiment, we took the Il-4–/– group value as 100%, and the value of adding IL-4 

was divided by that of Il-4–/– group to get the relative value. 

2.8. RNA isolation, reverse transcription and qRT-PCR analysis 

After MCAO surgery for 6, 12, and 24 h, the brains were divided ischemia part and contralateral 

part to extract RNAs. Total RNAs were extracted with TRIzol reagent (Sigma) from mouse 

cerebral tissues or cortical neurons according to the manufacturer’s instructions. 4 μg RNA was 

subjected to reverse transcription (RT) with a GoScriptTM Reverse Transcription System 

(Promega), and the resulting cDNA subjected to quantitative RT-PCR analysis with the use of 

GoTaq® qPCR Master Mix (Promega) and specific primers in a 7500 Fast Real-Time PCR 

System (Applied Biosystems). PCR primer sequences were listed in the Supporting Information 

Table S7. The calculation was based on follows using the ΔΔCt method32. For calculation of 

relative expression of Il-4 mRNAs in each brain after ischemic injury, we took the contralateral 

value as 1, and the ischemic area part value was divided by the value from the contralateral part 

to get the relative value. 

2.9. Western blot 

After MCAO surgery for 6, 12, and 24 h, mouse brains were removed and divided ischemia part 

and contralateral part to extract whole protein. Total proteins were extracted in cold RIPA lysis 

buffer containing 2% cocktail (Roche, Indianapolis, IN, USA). Protein samples were loaded on 
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10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis before transferred to PVDF 

membranes (Millipore Corporation, Bedford, MA, USA). After blocking by 5% milk, PVDF 

membranes were incubated with primary antibodies at 4 Ⅰ overnight such as rat anti-IL-4 

antibody (1:500, Abcam, ab11524), mouse monoclonal anti-KCa3.1 antibody (1:250, Alomone, 

ALM-051), rabbit anti-Nav1.1 antibody (1:250, Alomone, ASC-001), rabbit GABAA R α6 

Polyclonal Antibody (1:200, Alomone, AGA-004), mouse anti-β-actin antibody (1:5000, Abcam) 

and mouse anti-GAPDH antibody (1:5000, Abcam). The membranes were then incubated with 

their corresponding secondary horseradish peroxidase-conjugated antibodies before detected 

using an ECL Western blotting detection system (Millipore). The immunoreactive bands were 

scanned by Tanon 5200 instrument, captured by Tanon MP system before quantitative analysis 

by densitometry with Tanon GIS software. For calculation of relative expression of IL-4 proteins, 

we took the contralateral value as 1, and the ischemic area value was divided by the value from 

the contralateral part to get the relative value. 

2.10. Immunostaining and confocal microscopy 

Mouse primary cortical neurons in 15 mm culture dish after seven to nine days were fixed with 4% 

PFA for 15 min at room temperature after washed three times by 0.01 mol/L PBS before blocked 

by 10% sheep serum with 0.3% Triton X-100 (Amresco, Solon, OH, USA) in 0.01mol/L PBS for 

1 h. Cells were incubated overnight at 4 °C with primary antibodies including rabbit monoclonal 

NeuN antibody (1:1000, Abcam, ab177487), mouse monoclonal anti-KCa3.1 antibody (1:200, 

Alomone, ALM-051) and rabbit anti-Nav1.1 antibody (1:200, Alomone, ASC-001). To test 

neuronal purity of the primary cultured cortical neurons, we also used rabbit anti-GFAP (glial 

fibrillary acidic protein) antibody (1:200, Abcam, ab16997) for astrocytes; recombinant anti-Iba1 

(ionized calcium-binding adaptor molecule-1) antibody [EPR16589] (1:500, Abcam, ab178847) 

for microglial cells; and rat mAb to anti-MBP (Myelin basic protein) antibody (1:100, Abcam, 

ab7349) for oligodendrocytes. The immunoreactivity was visualized with Alexa Fluor 488- or 

594-conjugated secondary antibodies (1:500; ZSGB-BIO) and goat anti-rat IgG H&L (Alexa 

Fluor® 488) (1:500, Abcam, ab150165). The nuclei were stained by Hochest33342. 

Immunocytochemical staining was scanned by confocal microscopy (TCS SP8 II, Leica 

Microsystems, Wetzlar, Germany). 

2.11. Statistical analysis 
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All data are expressed as the means±SEM. Unless otherwise noted, statistical significance was 

determined using unpaired Student’s t-test for comparison between two groups. Two-way 

ANOVA with Bonferroni’s multiple comparisons test was used for the comparison between 

multiple groups. Each “n” indicates the number of independent experiments. A value of P < 0.05 

was considered to be statistically significant. 

3. Results 

3.1. Reduction of spontaneous firings and network activities of mouse primary cortical neurons 

by IL-4 in multi-electrode array recordings 

To test whether IL-4 had a direct effect on neuronal firings, we started performing 

multi-electrode array (MEA) recordings of spontaneous firings in primary cortical neurons in the 

presence of cytarabine that inhibits glial cells to purify neurons to 92.0% (Supporting 

Information Fig. S1). As shown in Fig. 1, robust spontaneous firings of cortical neurons were 

recorded, and adding IL-4 (20 ng/mL) decreased the spike frequency about 26% (Fig. 1A), burst 

activity about 36% (Fig. 1B), network bursting frequency about 17% and the synchrony of 

spontaneous spikes about 22% (Fig. 1C). These data show that IL-4 attenuates spontaneous 

neuronal firing and network burst activity, suggesting a direct effect of IL-4 on neural 

excitability.  

3.2. Increased neuronal excitability and excitatory synaptic transmissions of cortical neurons in 

Il-4–/– mice 

To confirm the effect of IL-4 on neural excitability, we utilized Il-4 gene knockout (Il-4–/–) mice 

generated by Kopf’s group (Supporting Information Fig. S2). As ischemic penumbra after I/R 

injury commonly occurs in the cortex where IL-4 and IL-4Rα are also expressed8, we recorded 

the layer II/III pyramidal neurons in the motor cortex (M1) that controls motor function33 and 

layer II stellate neurons in mEC that provides main excitatory inputs to the hippocampus34. 

In response to a series of 400 ms current steps, layer II/III pyramidal neurons from Il-4–/– 

mice fired more action potentials (APs) and exhibited depolarized resting membrane potentials 

(RMPs, Fig. 2A–D and Supporting Information Table S1), indicating that Il-4–/– neurons were 

hyperexcitable mainly due to their depolarized RMPs. When holding at –70 mV, the mAHP slope 

increased in Il-4–/– pyramidal neurons (Supporting Information Fig. S2F). 

To further investigate whether Il-4 null had any influence on synaptic transmissions, we 

recorded of cortical pyramidal neurons for miniature excitatory postsynaptic currents (mEPSCs) 
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and miniature inhibitory postsynaptic currents (mIPSCs). The mEPSC frequency of Il-4–/– 

pyramidal neurons, but not the mIPSC, increased with cumulative probability of shorter 

inter-event intervals (Fig. 2E–G and Supporting Information Tables S2 and S3), indicating that 

Il-4–/– neurons exhibited enhanced excitatory synaptic transmissions. 

Current-clamp recordings of Il-4–/– stellate neurons further confirmed the increased number 

of APs due to depolarized RMP (Fig. 2H–K and Supporting Information Table S4), increased 

mAHP slope at –70 mV (Fig. S2J), and enhanced mEPSC frequency (Fig. 2L–N and Supporting 

Information Table S5), but not the mIPSC (Supporting Information Table S6), consistent with the 

observations for the pyramidal neurons. All these results indicated that IL-4 deficiency enhanced 

neuronal excitability and excitatory synaptic transmissions in both cortical pyramidal and stellate 

excitatory neurons. 

3.3. Upregulation of IL-4 in ischemic brain after focal I/R injury 

To examine the expression of IL-4 after brain injury, we generated mouse focal cerebral ischemia 

by tMCAO for 90 min and reperfusion for different durations (6, 12 and 24 h). As shown in Fig. 

3A, the mRNA expression of Il-4 in the Isc region after tMCAO increased to 3.5-fold at 6 h, 

2.4-fold at 12 h and declined to the baseline level at 24 h after reperfusion. Western blot analysis 

further revealed that the protein expression of IL-4 in the Isc hemisphere increased to 3.0-fold 

after reperfusion for 24 h (Fig. 3B). These results suggested the upregulation of IL-4 signaling 

under ischemic conditions. 

3.4. Aggravation of focal brain I/R injury by Il-4 silencing in mice 

To examine the role of IL-4 in ischemic injury, both Il-4–/– and Il-4+/+ mice were subjected to 

tMCAO injury for 90 min as monitored by the decline of local cerebral blood flow (LCBF) in 

laser Doppler flowmetry (LDF) assay (Fig. 3C). The declined LCBF was maintained about 20% 

of baseline as an indicator for successful occlusion of cerebral blood flow and there are no 

significant differences of the declined LCBF between the two genotypic groups of mice (Fig. 

3C). 

For assessment of the cerebral lesion induced by I/R injury, the infarct volume was measured 

after TTC staining. As shown in Fig. 3D, the total infarct volume of Il-4–/– male mice was 

2.0-fold larger than those in Il-4+/+ male mice. The scoring of neurological deficits, determined 

by an expanded seven-point scale method also revealed that the behavior outcome of Il-4–/– male 

mice (5.00 ± 0.24, n = 10) was significantly worse than that of Il-4+/+ mice. Similarly, female 
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Il-4–/– mice also exhibited the aggravated behavioral deficits and infarct volume after cerebral I/R 

injury (Supporting Information Fig. S3). 

3.5. Il-4 deficient neurons are more susceptible to OGD injury and supplementing IL-4 alleviates 

OGD injury 

To further verify the role of IL-4 in ischemic injury, neurons were subjected to oxygen-glucose 

deprivation injury for 30 min and reoxygenation (OGD/R) for 24 h (Fig. 4A). Cell death was 

determined by measuring the lactate dehydrogenase (LDH) release. Il-4–/– neurons had an 

elevated LDH release with approximately 28% more than that in Il-4+/+ neurons after OGD/R 

injury (Fig. 4B). Viable cells were measured by CCK-8 assay in which dehydrogenase activity of 

survival cells is directly proportional to the number of living cells. Data showed that the 

percentage of viable Il-4–/– neurons was about 24% lower than that of Il-4+/+ neurons subject to 

OGD/R injury (Fig. 4C), consistent with our earlier in vivo data. These results demonstrated that 

IL-4 deficiency increased the susceptibility of neurons to ischemic injury in vitro. 

To test any protective effect of IL-4, we added IL-4 (20 ng/mL) in the culture of cortical 

Il-4–/– neurons before subjected to 20 min OGD injury. Supplementing IL-4 resulted in an 

increased viability of OGD-injured Il-4–/– cortical neurons to 144% at 24 h, while at normal 

condition adding IL-4 had no effect on cell viability of Il-4–/– neurons (Fig. 4D–F). These results 

indicate that adding IL-4 can rescue OGD-induced injury in Il-4–/– neurons. 

We also tested the neuronal firings in Il-4–/– brain slices after incubating 20 ng/mL IL-4 in 

ACSF for 4 hours, and there was no significant difference in neuronal firing between Il-4–/– and 

Il-4–/– + IL-4 groups (Supporting Information Fig. S4). 

3.6. Upregulation of Nav1.1 and downregulation of KCa3.1 and α6 subunit of GABAA receptors 

in Il-4–/– mice and supplemental IL-4 increases KCa3.1 and α6 subunit mRNA expressions 

Neuronal excitability is largely controlled by ion channels in concerted action35. To understand 

the mechanism underlying the hyperexcitability in Il-4–/– mice, we further tested the mRNA 

expression of ion channels that are critical for neuronal excitability. Among the ion channels 

tested (Supporting Inforamtion Fig. S5), Nav1.1 mRNA expression was upregulated about 

1.2-fold, whereas KCa3.1 and α6 subunit of GABAA were downregulated to 0.66-fold and 

0.78-fold in Il-4–/– cortical tissues, respectively (Fig. 5A). Further examination of cultured 

primary cortical neurons revealed an upregulation of Nav1.1 mRNA expression about 3.7-fold, 

and down-regulation of KCa3.1 and α6 subunit of GABAA to 0.27-fold and 0.24-fold, 
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respectively (Fig. 5B). Western blot analysis further revealed that Nav1.1 protein expression was 

increased to 1.5-fold (Fig. 5C), whereas KCa3.1 and GABAA α6 subunit protein expressions 

were decreased to 0.19-fold and 0.70-fold in Il-4–/– mice, respectively (Fig. 5D and E), consistent 

with their mRNA expression levels. 

To test whether supplemental IL-4 could rescue the ion channel expressions, Il-4–/– cortical 

neurons were cultured for 7 days in the presence of IL-4 (20 ng/mL) or vehicle. RT-PCR analysis 

showed that the mRNA expressions of KCa3.1 and α6 subunit increased to 1.6-fold and 4.3-fold, 

respectively in Il-4–/– neurons in the presence of IL-4 compared to vehicle treated Il-4–/– neurons 

(Fig. 5F). In addition, we also tested the effect of supplemental IL-4 on the channel expressions 

in Il-4+/+ neurons, and the results showed that the mRNA expressions of KCa3.1 and α6 subunit 

were upregulated about 3.6-fold and 4.0-fold respectively in Il-4+/+ cortical neurons in the 

presence of IL-4, as compared to vehicle treated Il-4+/+ neurons (Fig. 5G). These results 

indicated that neuronal IL-4 deficiency resulted in the upregulation of Nav1.1 and 

downregulations of both KCa3.1 and α6 subunit of GABAA receptors. 

4. Discussion 

The aim of this study was to test the hypothesis that IL-4 signaling might exert a direct influence 

on neuronal excitability that defines the fundamental mechanism of brain function and 

neurological disorders18,36. Our hypothesis was based on the previous investigations that focal 

ischemia evokes a sudden loss of membrane potentials (anoxic depolarization) in neurons within 

the ischemic core or ischemic penumbra37,38. The excitotoxicity is characterized by 

hyperexcitable neurons and cell death in the absence of oxygen and glucose, which can be 

reversed by a sodium channel blocker named dibucaine39. 

Based on literature findings18,40, IL-4 binds to IL-4R for functioning (Fig. 6). IL-4 deficiency 

may change gene transcriptions, downregulating Kcnn4 gene encoding KCa3.1 protein and 

Gabra6 gene encoding GABAA receptor chloride channel, and upregulating Scna1 gene through 

IL-4 signaling pathways. Downregulation of KCa3.1 channels reduces potassium outflow, 

resulting in hyperexcitable with a larger mAHP slope, and decreased tonic GABAA receptors 

expression reduces chloride inflow, thus leading to enhanced neuronal firings through membrane 

depolarization. In addition, the upregulation of Nav1.1 channels can increase sodium inflow into 

cortical neurons. All these alterations are likely to enhance neuronal excitability and glutamate 

release from excitatory axonal terminals, ultimately accentuating susceptibility to ischemic 
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injury. Conversely, enhancement of IL-4 signaling through supplemental IL-4 can rescue the 

expressions of these ion channels, reverse the neuronal excitability and protect against ischemic 

injury (Fig. 6). These findings support the view that anti-inflammatory IL-4 can protect brains 

against ischemic injury and promote recovery after ischemic injury9,10,41. 

Previous findings have shown that anti-inflammatory cytokines such as IL-4 induce 

neurogenesis42, promote axonal outgrowth to form new connections7,43 and modulate synaptic 

plasticity44. Similar to those findings, our findings reveal IL-4 deficiency leads to repetitive 

firings, enhanced miniature excitatory transmissions and more susceptibility to ischemic injury, 

thus supplementing or boosting IL-4 level may decrease neuronal firings and neural network 

activities, which should be beneficial for functional recovery after ischemic injury. Ion channels 

are essential for neuronal excitability45. In neurons, an excess of sodium influx can reduce 

membrane potential and lead to cytotoxic edema, and intracellular calcium overload can also 

trigger a series of pathological events that ultimately result in neuronal apoptosis as well as 

necrotic death1. Previous reports demonstrate that IL-4 upregulates KCa3.1, Kv1.3 and Kir2.1 

expressions in microglia through IL-4R signaling pathway18,46. IL-4 binding to IL-4R reduces 

pro-inflammatory cytokine production or alters potassium channel expressions such as KCa3.1, 

Kv1.3 and Kir2.1 channels that play protective roles in neuroinflammation46. KCa3.1 channel 

also contributes to AHPs in neurons expressing IL-4 receptors19. Consistent with those 

investigations, our data show that IL-4 deficiency causes downregulation of KCa3.1 channel and 

changes of mAHP slope, thus helping lead to increased neuronal excitability. 

GABAA receptors regulate neuronal excitability by local inhibitory controls, which are 

classified as phasic and tonic inhibitions47. Tonic inhibition (i.e., mediated by α4, α5, α6, and δ), 

but not phasic inhibition (mediated by α1, α3, and γ2), induced by GABAA currents contributes 

to RMP48. Our findings show the downregulation of the tonic α6 subunit, which can be reversed 

after supplement of IL-4 in both Il-4–/– and Il-4+/+ neurons. The depolarized RMP of Il-4–/– 

neurons is at least partially due to the downregulation of tonic α6 subunit of GABAA receptors, 

which is consistent with the observation that IL-1 augments GABAA receptor function and 

reduces the excitability of neocortical neurons49. 

Voltage-gated Nav1.1 channel participates in controlling not only neuronal RMP but also 

threshold potential50,51. Nav1.1 is mainly expressed in GABAergic inhibitory interneurons rather 

than excitatory neurons52. Under normal physiological conditions, inhibitory GABAergic 
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interneurons are more excitable than excitatory neurons to maintain the balance of neural 

network excitability53. During or after cerebral ischemia injury, it is likely that the upregulation 

of Nav1.1 induced by IL-4 deficiency causes GABAergic interneurons hyperexcitable and more 

susceptible to death than excitatory neurons during ischemia injury. Therefore, the decreased 

GABA release resulted from a decreased number of GABAergic interneurons will further reduce 

the inhibitory control over excitatory neurons, causing damage to the balance of network 

excitability, thus resulting in exacerbation of excitotoxicity.  

5. Conclusions 

Our findings reveal a previously unknown mechanism by which IL-4 deficiency causes neural 

hyperexcitability and enhances neuronal excitatory transmissions. IL-4 deficiency leads to an 

increased vulnerability to ischemic injury. Conversely, supplemental IL-4 reduces neuronal firing 

and neural network activities, and increases neuronal viability as well. Our data support the view 

that IL-4 plays a neuroprotective role in ischemia and reperfusion injury. Therefore, 

supplementing IL-4 might be beneficial for improvement of functional recovery after brain 

ischemia injury6,9-11. 
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Figure captions 

 

Figure 1 Attenuation of spontaneous firings and network activities of mouse primary cortical 

neurons by IL-4 in multi-electrode array (MEA) recordings. (A) Raw traces of neuronal firings 

for a single electrode recordings of mouse primary cortical neurons in the presence or absence of 

IL-4 (20 ng/mL) after culture of 16 days. (B) Heat-maps of representative MEA recordings of 

cortical neurons, and reduction of burst frequency. (C) Well-wide (64 electrodes) raster plots of 

MEA recordings of cortical neurons for 1.0 min, and reduction of network burst frequency and 

synchrony index with IL-4. Data are collected from 5 wells of MEA plates (320 electrodes) and 

are expressed as the mean±SEM, *P< 0.05 and ** P< 0.01 versus the control group. The numbers 

at the bottom of the bars indicate the number of wells. 

Figure 2 Hyperexcitability and enhanced synaptic transmissions of pyramidal and stellate 

neurons from Il-4–/– mice. (A) Morphology of pyramidal neurons in the motor cortex (M1) layer 

II/III labeled with neurobiotin. (B) Representative traces for neuronal firings by whole-cell 

current clamp recordings of Il-4+/+ and Il-4–/– pyramidal neuron. (C) The comparison of fired 

action potential numbers (AP No.) between of Il-4–/– and Il-4+/+ pyramidal neurons. (D) The 

resting membrane potentials (RMP) of Il-4+/+ and Il-4–/– pyramidal neurons. (E) Representative 

traces for miniature excitatory postsynaptic currents (mEPSCs) by voltage-clamp recordings of 

Il-4+/+ and Il-4–/– pyramidal neurons. (F) Increased frequency of mEPSCs with a cumulative 

probability of shorter inter-event intervals. (G) in Il-4–/– pyramidal neurons. (H) Morphology of a 

stellate neuron in mEC layer II for patch-clamp recordings. (I) The representative traces for 

neuronal firings of recordings of Il-4+/+ and Il-4–/– stellate neurons. (J) Comparison of fired APs 

and RMP (K) between of Il-4+/+ and Il-4–/– stellate neurons. (L) Representative traces for 

mEPSCs in Il-4+/+ and Il-4–/– stellate neurons. (M) Increased frequency of mEPSCs with a 

cumulative probability of shorter inter-event intervals (N) in Il-4–/– stellate neurons. Data are 

expressed as the mean±SEM; n indicates the number of cells recorded, *P< 0.05, and *** P< 0.001 

versus Il-4+/+ group. 

Figure 3 Upregulations of IL-4 after focal ischemia-reperfusion injury and aggravation of brain 

ischemia by Il-4 silencing. (A) Schematic timeline of transient middle cerebral artery occlusion 

(tMCAO) in mice subjected to 1.5 h ischemia before reperfusion for 6, 12 or 24 h, and 

representative image of ischemic (Isc) and contralateral (Con) regions. Upregulation of Il-4 
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mRNA in the Isc region at 6 and 12 h after 1.5 h ischemia by real-time PCR analysis. (B) 

Upregulation of IL-4 protein expression in Isc at 24 h after reperfusion by western blot analysis. 

(C) Representative local cerebral blood flow (LCBF) measured by laser Doppler flowmetry 

(LDF) in Il-4+/+ mouse (left) and Il-4–/– mouse (right) subject to I/R injury in tMCAO model. 

Red arrows indicate insertion and withdrawal of the filament. (D) Representative images of 

TTC-stained brain slices at 24 h after reperfusion from Il-4+/+ and Il-4–/– male mice. The white 

regions indicate the infarct size, and regions in red indicate the viable tissues. An increase of 

infarct volume (%) and neurological deficit scores in male Il-4–/– mice subjected to I/R injury. 

Data are presented as the median±95% CI, *** P< 0.001, **** P< 0.0001 versus Il-4+/+ group for 

Mann Whitney test. Other data are presented as the mean±SEM. The numbers at the bottom of 

the bars indicate the number of repeats or mice in each group, *P < 0.05, ** P < 0.01, *** P< 0.001. 

Figure 4 Il-4 deficient neurons are susceptible to OGD injury and alleviation of the ischemia 

injury by supplemental IL-4. (A) Cortical neurons were subject to 30 min oxygen-glucose 

deprivation and 24 h reoxygenation (OGD/R) injury. The representative images for 

morphological changes of Il-4+/+ and Il-4–/– neurons at 24 h after washout. (B) Increase of the 

lactate dehydrogenase (LDH) release in LDH assay and (C) decrease of cell viability in Cell 

Counting Kit-8 (CCK8) assay of Il-4–/– primary cortical neurons subject to OGD/R injury. Data 

are expressed as the mean±SEM, n indicates the number of mice in each group, *P < 0.05, ** P < 

0.01 versus Il-4+/+ group. (D) The representative morphological images of Il-4–/– cortical neurons 

after adding IL-4 (20 ng/mL) for 7 days and subject to 20 min OGD/ 24 h R injury. 

Supplementing IL-4 increased the cell viability of Il-4–/– cortical neurons in the OGD injury 

group (E), but not in the Sham group (F). Data are expressed as the mean±SEM. The numbers at 

the bottom of the bars indicate the number of repeats. ** P < 0.01 versus Il-4+/+ group, paired 

student t-test. n.s.: no significance. 

Figure 5 Upregulation of Nav1.1 and downregulations of KCa3.1 and α6 subunit of GABAA 

receptors in the cortex from Il-4–/– mice and supplemental IL-4 increases KCa3.1 and α6 mRNA 

expressions. Upregulation of Nav1.1 mRNA expression and downregulations of KCa3.1 and α6 

subunit of GABAA receptors mRNA expression, in cortical tissues (A) and cortical neurons (B) 

from Il-4–/– mice. (C) Nav1.1 protein expression in primary mouse cortical neurons by 

immunostaining and upregulation of Nav1.1 protein in Il-4–/– mice (n = 6 mice). (D) The image 

staining with KCa3.1 antibody (green), NeuN antibody (red, a neuronal-specific nucleus marker) 
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and DAPI (blue, a nucleus marker). Downregulation of KCa3.1 protein in Il-4–/– mice (n = 4 

mice, Mann Whitney test). (E) Downregulation of α6 subunit of GABAA protein in Il-4–/– mice 

(n = 4 mice). (F) Increased mRNA expressions of KCa3.1 and α6 subunit in Il-4–/– (F) and Il-4+/+ 

(G) cortical neurons after supplementing IL-4 (20 ng/mL) in culture for 7 days. Data are 

expressed as the mean±SEM, *P< 0.05, ** P< 0.01 and *** P< 0.001 compared with their controls. 

The numbers at the bottom of the bars indicate the number of repeats or mice in the group. 

Figure 6 A proposed molecular mechanism underlying increased neural excitabilities and 

susceptibility to ischemic injury caused by IL-4 deficiency. IL-4 binding to IL-4R actives IL-4 

pathway. IL-4 deficiency alters gene transcriptions by downregulating the Kcnn4 gene encoding 

KCa3.1 protein and Gabra6 gene encoding GABAA receptor chloride channel and upregulating 

the Scna1 gene encoding Nav1.1 protein through IL-4 signaling pathways. Downregulation of 

KCa3.1 channels and tonic GABAA receptors can reduce potassium outflow and chloride inflow 

in neurons, leading to enhanced neuronal firings through membrane depolarization. The 

upregulation of Nav1.1 channels can increase sodium inflow in neurons. All these alterations can 

enhance neuronal hyperexcitability and glutamate release from excitatory axon terminals, 

ultimately increasing susceptibility to ischemic injury. Conversely, enhancement of IL-4 

signaling through supplemental IL-4 can increase KCa3.1 and α6 subunit of GABAA receptors in 

cortical neurons and reverse neuronal hyperexcitability, thus exerting neuroprotection against 

ischemic injury. 

 


