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This study reveals a previously unknown mechanism by which IL-4 deficiency causes
neura hyperexcitability and enhances neurona excitatory transmissions.
Supplementing IL-4 might be beneficia for improvement of functional recovery after
brain ischemiainjury

1L-4 reduces neuronal excitability
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1l-4 gene knockout
increases both network and
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1/-4 gene knockout aggravates both I/R and OGD injury
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Running title: 1L-4 deficiency aggravates ischemic stroke

Abstract Systematic administration of anti-inflammatory dytee interleukin 4 (IL-4) has been
shown to improve recovery after cerebral ischentioke. However, whether IL-4 affects
neuronal excitability and how IL-4 improves ischermjury remain largely unknown. Here we
report the neuroprotective role of endogenous ib-focal cerebral ischemia—-reperfusion (I/R)
injury. In multi-electrode array (MEA) recordings, IL-4 rezes spontaneous firings and network
activities of mouse primary cortical neurons. ILMARNA and protein expressions are
upregulated after I/R injury. Genetic deletion 164 gene aggravates I/R injuiy vivo and
exacerbates oxygen-glucose deprivation (OGD) injumy cortical neurons. Conversely,
supplemental IL-4 protect$-47~ cortical neurons against OGD injury. Mechanisticatortical
pyramidal and stellate neurons common for ischeyaitumbra after I/R injury exhibit intrinsic
hyperexcitability and enhanced excitatory synaptmsmissions inl-47~ mice. Furthermore,
upregulation of Navl.1 channel, and downregulatioh&Ca3.1 channel and6 subunit of
GABA, receptors are detected in the cortical tissuespaindary cortical neurons fror-47~

mice. Taken together, our findings demonstrate tha# deficiency results in neural
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hyperexcitability and aggravates I/R injury, thugiaation of IL-4 signaling may protect the
brain against the development of permanent damagiéelp recover from ischemic injury after
stroke.

KEY WORDS Anoxic depolarization; IL-4; Ischemia—reperfusiofury; Neuronal excitability;
Synaptic transmissions

1. Introduction

Stroke is the second leading cause of death andmier cause of long-term disability
worldwide. Ischemic stroke represents approxima®@is of all brain strokésDuring ischemic
stroke, energy depletion induces anoxic depolaomaand excitotoxicity of cortical neurons
characterized by progressive cell death and dewsop of permanent local brain damage
Meanwhile, proinflammatory mediators are releassainf activated resident microglia for
participation in neuroinflammatidpfurther aggravating neuronal loss and brain damag

Conversely, several lines of evidence suggestrikatons can rapidly respond to ischemic
conditions by secreting molecules that supportrbiisue healing and repairitty It has
recently been shown that as an intrinsic defenseham@sm neurons produce and secrete
anti-inflammatory cytokine interleukin 4 (IL-4) iresponse to sublethal ischemic infuriL-4
participates in protecting injured neurons in calntiervous systefninterleukin 4 receptor alpha
chain (IL-4Rx) is expressed in neurons and plays a critical mlemodulating neuronal death
through activation of signal transducer and aativaf transcription 6 (STAT6) during ischerfiia
IL-4 stimulates microglial phagocytosis and enalg#gient clearance of apoptotic neurons for
repaif. Systemic administration of IL-4 also reduces &uit lesion and improves neurologic
function after strok&”* All these investigations indicate that neurona#lis actively involved
in promoting recovery of brain injury after strokdowever, the underlying mechanism for
neuroprotective role of neuronal IL-4 in ischenecavery remains largely unknown.

Previous studies have shown that the anti-apopfotiction of IL-4 is closely related to
hyperpolarization of mitochondrial membrane potanta different cells including effector CD4
cells? and B cell$. The interaction of IL-4 with its high-affinity ceptor IL-4R: and the
subsequent recruitment of the IL-2Rhairt**° are related to membrane depolarization of T
cells'®. The upregulation of IL-4 expression influencesmbeane potential oscillations due to
opening of intermediate/small conductance calciativated K channel (KCa3.1, encoded by

Kcnn4 gene) in macrophag®s Interestingly, IL-4 upregulates KCa3.1 expressiod increases



KCa3.1 current through IL-4 receptor (IL-4R) signgl pathway in microgli¥, and KCa3.1
contributes to regulation of after-hyperpolarizatipotentials (AHPsJ. All these investigations
suggest that an enhanced neuronal IL-4 signaling regulate neuronal membrane potential,
thus affecting the excitability of neurons in theibh. We, therefore, hypothesize that neuronal
IL-4 might have a direct impact on anoxic depolatian or hyperexcitability during ischemic
injury after stroke.

To test this hypothesis, we utiliz&d4 knockout (KO) mice and found thHt4™~ mice were
more susceptible to ischemia—reperfusion (I/R)rinjuduced by transient middle cerebral artery
occlusion (tMCAO)in vivo, and neurons frori-47~ mice were hyperexcitable. Mechanistically,
genetic deletion ofll-4 resulted in intrinsic hyperexcitability in corticaneurons with
upregulation of Navl.1 channels, and downregulatiohKCa3.1 channels an subunits of
GABA, receptors. These findings for the first time destmate a previously unknown
mechanism that loss of IL-4 causes neural hypetabitity, and the enhancement of neuronal
IL-4 signaling by reduction of neuronal firing cammotect the brain against development of
permanent damage and help recover from ischemicyimjfter stroke.

2. Materials and methods

2.1. Chemicals and agents

NMDA receptor antagonist  p-2-amino-5-phosphonovalerate (AP5) and
a-amino-3-hydroxyl-5-methyl-4-isoxazole-propionateAMPA)/kainate  glutamate receptor
antagonist 6-cyano-7-nitroquinoxaline-2,3-dione (X were obtained from Sigma (St. Louis,
MO, USA). GABAx receptor antagonist bicuculline was purchased fAlmam (Cambridge,
UK). Neurobiotif™ tracer N-(2-aminoethyl) biotinamide hydrochloride was pused from
Vector Laboratories (Burlingame, CA, USA), and noolar probe Alexa 488-conjugated
streptavidin was obtained from Invitrogen (Carlsb&#, USA). Neuronal medium NbActiv4
was from Brain Bits (Springfield, IL, USA)animal-free murine IL-4 was purchased from
Peprotech (Rocky Hill, NJ, USA).

2.2.11-4 gene knockout mice

A “neo cassete’ was inserted into the Sacl site (GAGCTC) in there 3 of the interleukin 4
gene (ID: 16189) to produce thk4 gene KO mice (Supporting Information Fig. S2A).eTh
genotyping was determined using PCR. Briefly, geicoBNA was extracted from ear or tail

(0.2 cm) using the alkali extraction methddA\ PCR reaction was then performed using Ex Taq



polymerase (TaKaRa-Bio, Kusatsu, Japan) and thdowlg primers: primer 1,
5-GTTGAGCAGATGACATTGGGGC-3 primer 2, 5CTTCAAGCATGGAGTTTTCCC-3
primer 3, 5GCGCATCGCCTTCTATCGCCTTC-3

The PCR reaction consisted of an initial 2 min 4t°€, followed by 40 cycles of 15 s at
94 °C, 30 s at 57 °C and 30 s at 72 °C. After #st tycle, the reaction is kept at 72 °C for 10
min before held at 4 °C. A 180 bp cDNA band waseobsd for wild-type allele, whereas a 208
bp band was detected for the mutant allele, andrb®ygotes containing both alleles were
detected with the two bands.
2.3. Multi-electrode array (MEA) recordings
Cortical neurons from newborn C57BL/6J mice (< 24vkre acutely dissociated and suspended
in NbActiv4 (Brain Bits) medium. Approximately ~78%neurons in §iL medium were seeded
on 12-well MEA plates (Axion Biosystems Inc, AtlapntGA, USA) coated with polg-lysine
(40 pg/mL)/laminin (20pg/mL). 20 ng/mL IL-4 (Peprotech) was added in thduwre media in
IL-4 group for 16 days. On the 3rd day, cytarabf@es ng/mL) was added to suppress the
proliferation of glial cells by mitotic inhibitiofor up to seven dags

Neuronal activities were recorded using an MEAays{Axion Maestro Pro) and data are
analyzed using Axion Integrated Studio AxIS2.1 (@xiBiosystems Inc, Atlanta, GA, USA) and
NeuroExplorer (Nex Technologies, Madison, AL, USds) previously describ&d In the MEA
recordings, a spike detection criterion of >6 staddleviations above the background was used
to separate monophasic or biphasic action potestiides from the noiéeé Active electrodes
were defined as >1 spike over a 200-s analysi®ogeFRiring frequencies were averaged among
all active electrodes from wells expressing eittmrstruct?.
2.4. Whole-cell patch clamp recordings of acute brain slices
Mice were anesthetized with pentobarbital sodiuth rf&/kg, i.p.) and decapitated before their
brains were dissected into ice-cold slicing solutidcute horizontal (for patch recordings of
medial entorhinal cortex (mEC) layer |l stellataurans) or coronal slices (for patch recordings
of motor cortical neurons) at a 3@@a thickness on a vibratome (Leica VT1200S, Leica,
Nussloch, Germany) and transferred to normal eidificerebrospinal fluid (ACSF). Then, slices
were incubated at 37 °C for 20—30 min and stored@nh temperature before use.

The medium after-hyperpolarization potential (mAKR)pe was calculated with Eq. (1):

MAHP slope (MV/MS)Asmail-pearVirough)/(Tsmall-pear-Ttrough) (MV/Ms) (1)



Where Vsmai-peakand Tsmai-peak@re the small peak membrane potential and timetadithe
end of an action potential (AP) respectivélygugh and Tyoughare the trough membrane potential
and time-point at the end of fast after-hyperpaktion potential (fAHP), respectively.

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

Sag ratio =VpaselineVsteady-statf (VbaselineVmin) ~ (2)

Where Vpaseline IS the resting membrane potential or —70 MM, is the minimum voltage
reached soon after the hyperpolarizing current epuéd Vsieaqy-stadS the average voltage
recorded at 0-10 ms before the end of the —20QipAiks.

The input resistance (IR) was calculated with BYy. (

Input resistance (K)=(VpaselineVsteady-stap*10 (MQ)  (3)

Where Vpaseiine IS the resting membrane potential or =70 mV, ®kehay-stadS the average
voltage recorded at 0—10 ms before the end of 188 pA stimulus.

For whole-cell voltage-clamp recordings of miniguinhibitory postsynaptic currents
(mIPSCs), the internal solution contained (in minpll22 CsCl, 1 CaG] 5 MgCh, 10 EGTA,
10 HEPES, 4 N&ATP, 0.3 Tris-GTP, 14 Tris-phosphocreatine, adgiste pH 7.3 with CsOH.
Tetrodotoxin (TTX; sodium channel blocker, @&ol/L), AP5 (NMDA receptor antagonist, 50
umol/L), CNQX (AMPA/kainate glutamate receptor argagt, 10 umol/L) were applied to
block excitatory synaptic transmission. For recogdi of miniature excitatory postsynaptic
currents (MEPSCs), the internal solution contafiredimol/L): 118 KMeSQ, 15 KCI, 2 MgC},
0.2 EGTA, 10 HEPES, 4 NATP, 0.3 Tris-GTP, 14 Tris-phosphocreatine, adgigte pH 7.3
with KOH. TTX, bicuculline (GABA\ receptor antagonist, 10nol/L) and CGP55845 (selective
GABAg receptor antagonist, @mol/L) were applied to block inhibitory synapti@atrsmission.
We used thick-wall borosilicate glass pipettes,cuhwvere pulled with open-tip resistances of 4—
6 MQ. Slices were maintained under continuous perfusfohCSF at 32—-33 °C with a flow rate
of 2-3 mL/min. In the whole-cell configuration, = resistanceR;) was maintained at the
range of 15-30 I?, and the recordings with unstalieor a change dRs > 20% were aborted.

For cell labeling, the internal solution either fwhole-cell current clamp recordings or for
voltage-clamp recordings contained 0.1%-0.28v)( neurobiotin tracer. At the end of the
electrophysiological recordings (~30 min), slicegrev treated as previously described
Labeled neurons in brain slices were imaged by lssanning confocal microscopy (TCS-SP8



STED 3X, Leica Microsystems, Wetzlar, Germany) witBx oil-immersion objectives for
pyramidal neurons and 63x oil-immersion objectifgsstellate neurons.

All recordings were performed at least 10 min afteeakthrough for internal solution
exchange equilibrium using a MultiClamp 700B ametif(Molecular Device, Sunnyvale, CA,
USA), and data were acquired using pPCLAMP 10.6vgaie and filtered using a Digidata 1440A
digitizer (Molecular Devices, Sunnyvale, CA, US®nly a single neuron was recorded in each
brain slice.

2.5. Culture of mouse primary cortical neurons

Cortical neurons were dissociated from newborn nigénin 24 h) by 0.25% trypsinizatidn
Cells were suspended in high-glucose DMEM (Gibcaitté&rsburg, MD, USA) containing 10%
fetal bovine serum (Gibco) before plated on pollysine hydrobromide (Sigma—Aldrich) coated

12-well culture plates at a density of approximatx10° cells/cnf for different experiments.

After 4-6 h seeding, the medium was changed to gilred-free neurobasal A medium (Gibco)
supplemented with 2% B27 (Gibco), containing 0.5alimGlutaMAX-11, and 0.5% penicillin—
streptomycin before one-half medium was refreshedlyethree days. On the 3rd day, cytarabine
(2.5ug/mL) was added to suppress the proliferation @il glells by mitotic inhibition for up to
seven days. Cells were maintained at 37in a humidified atmosphere containing 95% air and
5% CQ and used for experiments after 7—9 diaygtro.

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

C57BL/6J mice (12+2 weeks) were obtained from tlepdtment of Laboratory Animal Science,
Peking University Health Science Center (Beijingpir@). Thell-4 gene knockout mice (12+2
weeks, background 857BL/6J) were kindly provided by Kopf’s grotimnd bred in our animal
facility. All experimental procedures were approvsdthe Beijing Committee for Animal Care
and Use. The surgery protocol was approved by tbenrfittee on the Ethics of Animal
Experiments of Peking University Health Science t€e(Beijing, China).

Mice were anesthetized with pentobarbital sodiuth rt&/kg, i.p.). A probe was connected
to the left skull for monitoring relative local edaral blood flow (LCBF) with laser Doppler
flowmetry (LDF) (Periflux 5000, Perimed, Swedenyaiisient focal cerebral ischemia was
induced by left tMCAO for 90 min. The LCBF dropsdamaintains below 80% of the baseline
during ischemi&. Scoring of neurological deficits following strokeas evaluated by the Longa

method according to an expanded 7 s€alkhe observer was blind to animal treatment, arel o
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mouse obtaining no less than 2 scores was coustad/alid model. Infarct areas were analyzed
using Adobe Photoshop CC and determined by aneicidinethod correcting for edefia

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

The in vitro OGD injury model was generated as previously desd’. The original media
were replaced with a glucose-free and phenol red-®MEM containing 10 mmol/L of sodium
dithionite (NaS;0,4), a deoxygenated reagent for 30 min (or 20 miefoie return to their
original culture medium for maintenance of 24 hilthe assay of cell injury.

The release amount of lactate dehydrogenase (LDit) the culture medium as a
measurement of cell death was measured using LBHya®agent (Promega, Fitchburg, WI,
USA) according to the instructiotfs The survival cell viability was estimated by dl ceunting
kit-8 assay (CCK-8, Dojindd{umamoto, Japan). At least three wells were measured in each
group. For the calculation of LDH release, we ttiuk value in the sham group as 100%, and the
value in the OGD group was divided by the sham grtouget the relative value of LDH release.
In the rescue experiment, we took thé~~ group value as 100%, and the value of adding IL-4
was divided by that df-47~ 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 bravere divided ischemia part and contralateral
part to extract RNAs. Total RNAs were extractedhwitRlzol reagent (Sigma) from mouse
cerebral tissues or cortical neurons accordindgiéonhanufacturer’s instructions.;dy RNA was
subjected to reverse transcription (RT) with a GBSl Reverse Transcription System
(Promega), and the resulting cDNA subjected to titziive RT-PCR analysis with the use of
GoTad qPCR Master Mix (Promega) and specific primersaii7500 Fast Real-Time PCR
System (Applied Biosystems). PCR primer sequencas Visted in the Supporting Information
Table S7. The calculation was based on follows gusite AACt method?. For calculation of
relative expression df-4 mRNAs in each brain after ischemic injury, we tdbk contralateral
value as 1, and the ischemic area part value wadedi 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 bsaiere removed and divided ischemia part
and contralateral part to extract whole proteintafproteins were extracted in cold RIPA lysis

buffer containing 2% cocktail (Roche, Indianapolld, USA). Protein samples were loaded on



10% sodium dodecyl sulfate-polyacrylamide gel etggtoresis before transferred to PVDF
membranes (Millipore Corporation, Bedford, MA, USAdfter blocking by 5% milk, PVDF
membranes were incubated with primary antibodieg at overnight such as rat anti-IL-4
antibody (1:500, Abcam, ab11524), mouse monoclan&tKCa3.1 antibody (1:250, Alomone,
ALM-051), rabbit anti-Nav1.1 antibody (1:250, Alom® ASC-001), rabbit GABA R a6
Polyclonal Antibody (1:200, Alomone, AGA-004), meusntif-actin antibody (1:5000, Abcam)
and mouse anti-GAPDH antibody (1:5000, Abcam). Teambranes were then incubated with
their corresponding secondary horseradish perogidasjugated antibodies before detected
using an ECL Western blotting detection system I{pMite). The immunoreactive bands were
scanned by Tanon 5200 instrument, captured by Tafi®rsystem before quantitative analysis
by densitometry with Tanon GIS software. For cadtioh of relative expression of IL-4 proteins,
we took the contralateral value as 1, and the iegharea 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 culturendifier seven to nine days were fixed with 4%
PFA for 15 min at room temperature after washeeetttiimes by 0.01 mol/L PBS before blocked
by 10% sheep serum with 0.3% Triton X-100 (Amresapn, OH, USA) in 0.01mol/L PBS for

1 h. Cells were incubated overnight at 4 °C witimary antibodies including rabbit monoclonal
NeuN antibody (1:1000, Abcam, ab177487), mouse mlonal anti-KCa3.1 antibody (1:200,
Alomone, ALM-051) and rabbit anti-Navl.1 antibod¥:400, Alomone, ASC-001). To test
neuronal purity of the primary cultured corticalunens, we also used rabbit anti-GFAP (glial
fibrillary acidic protein) antibody (1:200, Abcamb16997) for astrocytes; recombinant anti-lbal
(ionized calcium-binding adaptor molecule-1) antip¢gEPR16589] (1:500, Abcam, ab178847)
for microglial cells; and rat mAb to anti-MBP (Myelbasic protein) antibody (1:100, Abcam,
ab7349) for oligodendrocytes. The immunoreactiwigs visualized with Alexa Fluor 488- or
594-conjugated secondary antibodies (1:500; ZSGB}RBind goat anti-rat IgG H&L (Alexa
Fluof® 488) (1:500, Abcam, ab150165). The nuclei wereinsth by Hochest33342.
Immunocytochemical staining was scanned by confauoaroscopy (TCS SP8 II, Leica
Microsystems, Wetzlar, Germany).

2.11. Satistical analysis



All data are expressed as the means+SEM. Unlessvatie noted, statistical significance was
determined using unpaired Student$est for comparison between two groups. Two-way
ANOVA with Bonferroni’s multiple comparisons testaw used for the comparison between
multiple groups. Eachrf’ indicates the number of independent experimehtgmlue ofP < 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 neurofiengs, we started performing
multi-electrode array (MEA) recordings of spontamedirings in primary cortical neurons in the
presence of cytarabine that inhibits glial cells garify neurons to 92.0% (Supporting
Information Fig. S1). As shown in Fig. 1, robusbsfaneous firings of cortical neurons were
recorded, and adding IL-4 (20 ng/mL) decreasedsfliee frequency about 26% (Fig. 1A), burst
activity about 36% (Fig. 1B), network bursting fosocy about 17% and the synchrony of
spontaneous spikes about 22% (Fig. 1C). These staiw that IL-4 attenuates spontaneous
neuronal firing and network burst activity, suggegta direct effect of IL-4 on neural
excitability.
3.2. Increased neuronal excitability and excitatory synaptic transmissions of cortical neurons in
I1-47" mice
To confirm the effect of IL-4 on neural excitabyjliwe utilizedll-4 gene knockoutl(-47") mice
generated by Kopf's group (Supporting Informatiag. F52). As ischemic penumbra after I/R
injury commonly occurs in the cortex where IL-4 dhedRa are also expressedve recorded
the layer II/Ill pyramidal neurons in the motor tor (M1) that controls motor functidhand
layer Il stellate neurons in mEC that provides nednitatory inputs to the hippocamptis

In response to a series of 400 ms current steper I&11l pyramidal neurons fronbl-47
mice fired more action potentials (APs) and exkiitlepolarized resting membrane potentials
(RMPs, Fig. 2A-D and Supporting Information Tabl&),9ndicating thatl-47~ neurons were
hyperexcitable mainly due to their depolarized RMR&en holding at —70 mV, the mAHP slope
increased inl-47~ pyramidal neurons (Supporting Information Fig. $2F

To further investigate whethet-4 null had any influence on synaptic transmissions,

recorded of cortical pyramidal neurons for miniatexcitatory postsynaptic currents (MEPSCS)



and miniature inhibitory postsynaptic currents (8@3). The mEPSC frequency df4"~
pyramidal neurons, but not the mIPSC, increased with cunudaprobability of shorter
inter-event intervals (Fig. 2E—G and Supportingpinfation Tables S2 and S3), indicating that
I1-47~neurons exhibited enhanced excitatory synaptistrassions.

Current-clamp recordings ¢F-4~stellate neurons further confirmed the increaseuber
of APs due to depolarized RMP (Fig. 2H-K and Suppgrinformation Table S4), increased
MAHP slope at —70 mV (Fig. S2J), and enhanced mBERSfDency (Fig. 2L-N and Supporting
Information Table S5), but not the mIPSC (Suppartimformation Table S6), consistent with the
observations for the pyramidal neurons. All thessults indicated that IL-4 deficiency enhanced
neuronal excitability and excitatory synaptic tramssions in both cortical pyramidal and stellate
excitatory neurons.
3.3. Upregulation of IL-4 in ischemic brain after focal I/Rinjury
To examine the expression of IL-4 after brain igjuve generated mouse focal cerebral ischemia
by tMCAO for 90 min and reperfusion for differentrdtions (6, 12 and 24 h). As shown in Fig.
3A, the mRNA expression df-4 in the Isc region after tMCAO increased to 3.5dfalt 6 h,
2.4-fold at 12 h and declined to the baseline lawél4 h after reperfusion. Western blot analysis
further revealed that the protein expression oftlir the Isc hemisphere increased to 3.0-fold
after reperfusion for 24 h (Fig. 3B). These ressliggested the upregulation of IL-4 signaling
under ischemic conditions.
3.4. Aggravation of focal brain I/Rinjury by I1-4 silencing in mice

+/+

To examine the role of IL-4 in ischemic injutypth [1-47~and 11-4""* mice were subjected to
tMCAO injury for 90 min as monitored by the declinkElocal cerebral blood flow (LCBF) in
laser Doppler flowmetry (LDF) assay (Fig. 3C). Tdexlined LCBF was maintained about 20%
of baseline as an indicator for successful occlusib cerebral blood flow and there are no
significant differences of the declined LCBF betwehe two genotypic groups of mice (Fig.
30).

For assessment of the cerebral lesion induced®injury, the infarct volume was measured
after TTC staining. As shown in Fig. 3D, the totafarct volume ofll-47~ male mice was
2.0-fold larger than those if-4*"* male mice. The scoring of neurological deficitstedmined
by an expanded seven-point scale method also V&t the behavior outcomelb#~~ male

mice (5.00 + 0.24n = 10) was significantly worse than that [64""* mice. Similarly, female
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I1-47~ mice also exhibited the aggravated behavioratitefand infarct volume after cerebral I/R
injury (Supporting Information Fig. S3).

3.5. I1-4 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 injy neurons were subjected to oxygen-glucose
deprivation injury for 30 min and reoxygenation (D) for 24 h (Fig. 4A). Cell death was
determined by measuring the lactate dehydrogenaBél)( release.ll-47~ neurons had an
elevated LDH release with approximately 28% mommntthat inll-4*"* neurons after OGD/R
injury (Fig. 4B). Viable cells were measured by G8lassay in which dehydrogenase activity of
survival cells is directly proportional to the nuembof living cells. Data showed that the
percentage of viabl#-47~ neurons was about 24% lower than thatlef"* neurons subject to
OGD/R injury (Fig. 4C), consistent with our earliarvivo data. These results demonstrated that
IL-4 deficiency increased the susceptibility of m@uws to ischemic injurin vitro.

To test any protective effect of IL-4, we added4ll(20 ng/mL) in the culture of cortical
II-47~ neurons before subjected to 20 min OGD injury. Beipenting IL-4 resulted in an
increased viability of OGD-injuredi-47~ cortical neurons to 144% at 24 h, while at normal
condition adding IL-4 had no effect on cell viatyilof 11-47~ neurons (Fig. 4D—F). These results
indicate that adding IL-4 can rescue OGD-inducgarynin I1-47~ neurons.

We also tested the neuronal firingslird”~brain slices after incubating 20 ng/mL IL-4 in
ACSFfor 4 hours, and there was no significant diffeeeirc neuronal firing betweelt-47~ and
11-47~ + IL-4 groups (Supporting Information Fig. S4).

3.6. Upregulation of Nav1.1 and downregulation of KCa3.1 and a6 subunit of GABAA receptors

in 11-47~ mice and supplemental IL-4 increases KCa3.1 and a6 subunit mRNA expressions

Neuronal excitability is largely controlled by iamannels in concerted actiBnTo understand
the mechanism underlying the hyperexcitabilitylisd™™ mice, we further tested the mRNA
expression of ion channels that are critical fourneal excitability. Among the ion channels
tested (Supporting Inforamtion Fig. S5), Navl.l m#REXxpression was upregulated about
1.2-fold, whereas KCa3.1 angb subunit of GABA were downregulated to 0.66-fold and
0.78-fold in 11-47" cortical tissues, respectively (Fig. 5A). Furthetamination of cultured
primary cortical neurons revealed an upregulatibNavl.1 mRNA expression about 3.7-fold,
and down-regulation of KCa3.1 angb subunit of GABA to 0.27-fold and 0.24-fold,
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respectively (Fig. 5B). Western blot analysis ferthevealed that Navl1.1 protein expression was
increased to 1.5-fold (Fig. 5C), whereas KCa3.1 @#BAx a6 subunit protein expressions
were decreased to 0.19-fold and 0.70-foltli4"~ mice, respectively (Fig. 5D and E), consistent
with their mMRNA expression levels.

To test whether supplemental IL-4 could rescueighechannel expression;4~~ cortical
neurons were cultured for 7 days in the presentke-4f(20 ng/mL) or vehicle. RT-PCR analysis
showed that the mRNA expressions of KCa3.1 @hdubunit increased to 1.6-fold and 4.3-fold,
respectively inl-47~ neurons in the presence of IL-4 compared to vehielated|-47~ neurons
(Fig. 5F). In addition, we also tested the effecsupplemental IL-4 on the channel expressions
in 11-4""* neurons, and the results showed that the mRNA esjares of KCa3.1 and6 subunit
were upregulated about 3.6-fold and 4.0-fold reSpely in I1-4*"* cortical neurons in the
presence of IL-4, as compared to vehicle treated”* neurons (Fig. 5G). These results
indicated that neuronal IL-4 deficiency resulted the upregulation of Navl.l and
downregulations of both KCa3.1 anfl subunit of GABA receptors.

4. Discussion

The aim of this study was to test the hypothesas lih-4 signaling might exert a direct influence
on neuronal excitability that defines the fundaraéntechanism of brain function and
neurological disordet&3® Our hypothesis was based on the previous inatgiits that focal
ischemia evokes a sudden loss of membrane pot(diabxic depolarization) in neurons within
the ischemic core or ischemic penumibrd The excitotoxicity is characterized by
hyperexcitable neurons and cell death in the ales@fcoxygen and glucose, which can be
reversed by a sodium channel blocker named dibetain

Based on literature finding&*’, IL-4 binds to IL-4R for functioning (Fig. 6). 14-deficiency
may change gene transcriptions, downregula#fitgn4 gene encoding KCa3.1 protein and
Gabra6 gene encoding GABAreceptor chloride channel, and upregulattagal gene through
IL-4 signaling pathways. Downregulation of KCa3.hannels reduces potassium outflow,
resulting in hyperexcitable with a larger mAHP "p@and decreased tonic GARBAeceptors
expression reduces chloride inflow, thus leadingribanced neuronal firings through membrane
depolarization. In addition, the upregulation ofvilld channels can increase sodium inflow into
cortical neurons. All these alterations are likelyenhance neuronal excitability and glutamate

release from excitatory axonal terminals, ultimatakccentuating susceptibility to ischemic
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injury. Conversely, enhancement of IL-4 signalilgough supplemental IL-4 can rescue the
expressions of these ion channels, reverse th@mauexcitability and protect against ischemic
injury (Fig. 6). These findings support the view that anti-inflaatany IL-4 can protect brains
against ischemic injury and promote recovery ageiemic injury%4

Previous findings have shown that anti-inflammataytokines such as IL-4 induce
neurogenesf$, promote axonal outgrowth to form new connectidfgnd modulate synaptic
plasticity’®. Similar to those findings, our findings reveal-4Ldeficiency leads to repetitive
firings, enhanced miniature excitatory transmissiand more susceptibility to ischemic injury,
thus supplementing or boosting IL-4 level may dasesneuronal firings and neural network
activities, which should be beneficial for funct@mecovery after ischemic injury. lon channels
are essential for neuronal excitabiftyln neurons, an excess of sodium influx can reduce
membrane potential and lead to cytotoxic edema, iatmdcellular calcium overload can also
trigger a series of pathological events that ultetyaresult in neuronal apoptosis as well as
necrotic death Previous reports demonstrate that IL-4 upregsl#&€a3.1, Kv1.3 and Kir2.1
expressions in microglia through IL-4R signalinghpeay®“® IL-4 binding to IL-4R reduces
pro-inflammatory cytokine production or alters Egiam channel expressions such as KCa3.1,
Kv1.3 and Kir2.1 channels that play protective sole neuroinflammatioi. KCa3.1 channel
also contributes to AHPs in neurons expressing Ikedeptory’. Consistent with those
investigations, our data show that IL-4 deficiemayses downregulation of KCa3.1 channel and
changes of mAHP slope, thus helping lead to ine@aguronal excitability.

GABA, receptors regulate neuronal excitability by logatibitory controls, which are
classified as phasic and tonic inhibitidhsTonic inhibition {.e., mediated by4, 45, 06, ands),
but not phasic inhibition (mediated b, a3, andy2), induced by GABA currents contributes
to RMP®. Our findings show the downregulation of the toméicsubunit, which can be reversed
after supplement of IL-4 in botH-47~ and II-4*"* neurons. The depolarized RMP b4~
neurons is at least partially due to the downregaof tonica6 subunit of GABA receptors,
which is consistent with the observation that Iladgments GABA receptor function and
reduces the excitability of neocortical neurtins

Voltage-gated Navl.1l channel participates in cdimigpnot only neuronal RMP but also
threshold potential®* Nav1.1 is mainly expressed in GABAergic inhibjtdnterneurons rather

than excitatory neurofs Under normal physiological conditions, inhibito@ABAergic
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interneurons are more excitable than excitatoryrore to maintain the balance of neural
network excitability®. During or after cerebral ischemia injury, it ikely that the upregulation
of Navl.1 induced by IL-4 deficiency causes GABAeligterneurons hyperexcitable and more
susceptible to death than excitatory neurons duisngemia injury. Therefore, the decreased
GABA release resulted from a decreased number dA&s4gic interneurons will further reduce
the inhibitory control over excitatory neurons, si#ng damage to the balance of network
excitability, thus resulting in exacerbation of gatoxicity.

5. Conclusions

Our findings reveal a previously unknown mechanismwhich IL-4 deficiency causes neural
hyperexcitability and enhances neuronal excitatoampsmissions. I1L-4 deficiency leads to an
increased vulnerability to ischemic injury. Conwadys supplemental IL-4 reduces neuronal firing
and neural network activities, and increases neunaability as well. Our data support the view
that IL-4 plays a neuroprotective role in ischemaad reperfusion injury. Therefore,
supplementing IL-4 might be beneficial for improvamh of functional recovery after brain
ischemia injury®*%
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Figure captions

Figure 1 Attenuation of spontaneous firings and networkvéets of mouse primary cortical
neurons by IL-4 in multi-electrode array (MEA) redmgs. A) Raw traces of neuronal firings
for a single electrode recordings of mouse prinzanyical neurons in the presence or absence of
IL-4 (20 ng/mL) after culture of 16 dayB) Heat-maps of representative MEA recordings of
cortical neurons, and reduction of burst frequeCy.Well-wide (64 electrodes) raster plots of
MEA recordings of cortical neurons for 1.0 min, aeduction of network burst frequency and
synchrony index with IL-4. Data are collected fr&mvells of MEA plates (320 electrodes) and
are expressed as the mean+SER& 0.05 and P< 0.01versus the control group. The numbers
at the bottom of the bars indicate the number diswe

Figure 2 Hyperexcitability and enhanced synaptic transmissiof pyramidal and stellate
neurons froml-47~ mice. @) Morphology of pyramidal neurons in the motor ear(M1) layer
[I/1Il labeled with neurobiotin. B) Representative traces for neuronal firings by hedoell
current clamp recordings dof-4*"" andll-47~ pyramidal neuron.®) The comparison of fired
action potential numbers (AP No.) betweenlbfi”~ andll-4*"* pyramidal neurons.Y) The
resting membrane potentials (RMP) 168" andll-47~pyramidal neurons.H) Representative
traces for miniature excitatory postsynaptic cusgmEPSCSs) by voltage-clamp recordings of
11-4"" and1-47~ pyramidal neurons.F) Increased frequency of mMEPSCs with a cumulative
probability of shorter inter-event interval§)(in 11-47~pyramidal neuronsH) Morphology of a
stellate neuron in mEC layer Il for patch-clampaorglings. () The representative traces for
neuronal firings of recordings ®F-4** andll-4~" stellate neuronsJj Comparison of fired APs
and RMP K) between ofll-4"* andl-47~ stellate neurons.L) Representative traces for
mEPSCs inll-4"" andl-47 stellate neurons.M) Increased frequency of mEPSCs with a
cumulative probability of shorter inter-event intais (N) in 11-47 stellate neurons. Data are
expressed as the mean+SEMndicates the number of cells recorddek 0.05, and~ P< 0.001
versus I1-4*"* group.

Figure 3 Upregulations of IL-4 after focal ischemia-repertusinjury and aggravation of brain
ischemia byll-4 silencing. A) Schematic timeline of transient middle cerebréry occlusion
(tMCAOQ) in mice subjected to 1.5 h ischemia befoeperfusion for 6, 12 or 24 h, and

representative image of ischemic (Isc) and corteedh (Con) regions. Upregulation o4



MRNA in the Isc region at 6 and 12 h after 1.5 ¢thénia by real-time PCR analysi®) (
Upregulation of IL-4 protein expression in Isc dtf2 after reperfusion by western blot analysis.
(C) Representative local cerebral blood flow (LCBFgasured by laser Doppler flowmetry
(LDF) in 11-4*"* mouse lgft) andil-47~ mouse (ight) subject to I/R injury in tMCAO model.
Red arrows indicate insertion and withdrawal of fh@ment. D) Representative images of
TTC-stained brain slices at 24 h after reperfugiom 11-4""* and I1-47~ male mice. The white
regions indicate the infarct size, and regionsed indicate the viable tissue&n increase of
infarct volume (%) and neurological deficit scoiesmalell-47~ mice subjected to I/R injury.
Data are presented as the median+95% QP< 0.001,”" P< 0.0001versus II-4*"* group for
Mann Whitney test. Other data are presented asmdan+SEM. The numbers at the bottom of
the bars indicate the number of repeats or mi@ah group,P < 0.05,” P< 0.01,” P< 0.001.
Figure 4 I1-4 deficient neurons are susceptible to OGD injurg atieviation of the ischemia
injury by supplemental IL-4(A) Cortical neurons were subject to 30 min oxygearcgse
deprivation and 24 h reoxygenation (OGD/R) injurfhe representative images for
morphological changes ¢f-4""* and 11-47~ neurons at 24 h after washous) (Increase of the
lactate dehydrogenase (LDH) release in LDH assaly (@h decrease of cell viability in Cell
Counting Kit-8 (CCK8) assagf |l-47~ primary cortical neurons subject to OGD/R injubata
are expressed as the mean+SENhdicates the number of mice in each grolip< 0.05,” P <
0.01versus I1-4"* group. D) The representative morphological imagesl@f’~ cortical neurons
after adding IL-4 (20 ng/mL) for 7 days and subjéct 20 min OGD/ 24 h R injury.
Supplementing IL-4 increased the cell viability Ib#7~ cortical neurons in the OGD injury
group E), but not in the Sham group)( Data are expressed as the mean+SEM. The nurabers

+/+

the bottom of the bars indicate the number of repea < 0.01versus II-4"™* group, paired
student-test. n.s.: no significance.

Figure 5 Upregulation of Navl.1 and downregulations of KQa&nda6 subunit of GABA
receptors in the cortex froth-4”~ mice and supplemental IL-4 increases KCa3.1@hthRNA
expressions. Upregulation of Navl.1 mRNA expressiod downregulations of KCa3.1 ané
subunit of GABA\ receptors mRNA expression, in cortical tissu&s gnd cortical neuron$3j
from 11-47~ mice. €) Navl.l protein expression in primary mouse cattineurons by
immunostaining and upregulation of Nav1.1 proteinli4”~ mice f = 6 mice). D) The image

staining with KCa3.1 antibody (green), NeuN ant¥p@ad, a neuronal-specific nucleus marker)



and DAPI (blue, a nucleus marker). Downregulatiérk6a3.1 protein inll-47 mice f = 4
mice, Mann Whitney test)E) Downregulation of6 subunit of GABA protein inll-47"mice

(n = 4 mice). F) Increased mRNA expressions of KCa3.1 a6dubunit inll-47~ (F) andll-4™"*
(G) cortical neurons after supplementing IL-4 (20mig) in culture for 7 days. Data are
expressed as the mean+SEMs 0.05,” P< 0.01 and” P< 0.001 compared with their controls.
The numbers at the bottom of the bars indicatentimber of repeats or mice in the group.
Figure 6 A proposed molecular mechanism underlying incréaseural excitabilities and
susceptibility to ischemic injury caused by IL-4fideency. IL-4 binding to IL-4R actives IL-4
pathway. IL-4 deficiency alters gene transcriptibgysdownregulating th&cnn4 gene encoding
KCa3.1 protein an@abra6 gene encoding GABAreceptor chloride channel and upregulating
the Scnal gene encoding Navl.l protein through IL-4 signalraghways. Downregulation of
KCa3.1 channels and tonic GARAeceptors can reduce potassium outflow and cldaritiow

in neurons, leading to enhanced neuronal firingouph membrane depolarization. The
upregulation of Nav1.1 channels can increase soditlow in neurons. All these alterations can
enhance neuronal hyperexcitability and glutamatease from excitatory axon terminals,
ultimately increasing susceptibility to ischemicjuy. Conversely, enhancement of IL-4
signaling through supplemental IL-4 can increase@&C and:6 subunit of GABA, receptors in
cortical neurons and reverse neuronal hyperextitgbihus exerting neuroprotection against

ischemic injury.



