
 

Ulm University Hospital 

Department of Neurology 

Director: Prof. Dr. med. Albert Christian Ludolph 

 

 

 

Neuronal Interleukin-13 (IL-13) Modulates Synaptic 

Physiology and Neuronal Resilience to Trauma 

 

Dissertation 

Submitted to the 

Medical Faculty of Ulm University 

For the Doctoral Degree of Medicine (Dr. med.) 

 

 

 

Presented by 

Shun Li 

Born in Xuzhou, Jiangsu Province, P. R. China 

2021



 

 

 

 

 

 

 

 

 

Dean of the Faculty of Medicine: Prof. Dr. rer. nat. Thomas Wirth 

1st reviewer: apl Prof. Dr. Francesco Roselli 

2nd reviewer: Prof. Dr. Bernd Knöll 

Date of defense: October 14, 2022   

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

Parts of this work have already been published elsewhere[85]: 

 

Li S, olde Heuvel F, Rehman R, Li Z, Aousji O, Froehlich A, Zhang W, Conquest A, 

Woelfle S, Schoen M, O’Meara C, Reinhardt RL, Voehringer D, Kassubek J, Ludolph A, 

Huber-Lang M, Knöll B, Morganti-Kossmann MC, Boeckers T, Roselli F: Interleukin-13 

and its receptor are synaptic proteins involved in plasticity and neuroprotection. bioRxiv, 

2021.2012.2001.470746 (2021)  

© by the authors, licensed under CC BY-NC-ND 4.0 

(https://creativecommons.org/licenses/by-nc-nd/4.0) 

 

https://creativecommons.org/licenses/by-nc-nd/4.0


I 

 

List of Content 

List of Content ....................................................................................................... I 

Abbreviations ......................................................................................................... III 

1. Introduction ........................................................................................................ 1 

1.1. IL-13 and IL-13 receptors .............................................................................. 1 

1.1.1. IL-13 in cancers .................................................................................. 3 

1.1.2. IL-13 in inflammatory diseases and autoimmune diseases .................... 5 

1.1.3. IL-13 in neurological Diseases ............................................................. 7 

1.2. Traumatic brain injury and IL-13 .................................................................... 8 

1.2.1. Traumatic brain injury .......................................................................... 8 

1.2.2. IL-13 in traumatic brain injury ............................................................... 9 

1.3. The aim of this study ................................................................................... 12 

2. Materials and methods ..................................................................................... 13 

2.1. Materials .................................................................................................... 13 

2.1.1. Equipment ........................................................................................ 13 

2.1.2. Consumable Supplies ....................................................................... 15 

2.1.3. Equipment for primary cortical neurons .............................................. 16 

2.1.4. Chemicals and drugs......................................................................... 16 

2.1.5. Solutions .......................................................................................... 19 

2.1.6. Kits ................................................................................................... 24 

2.1.7. Antibody ........................................................................................... 24 

2.1.8. RNAscope probe............................................................................... 27 

2.1.9. Primer .............................................................................................. 27 

2.2. Methods ..................................................................................................... 28 

2.2.1. Experimental Animals ........................................................................ 28 

2.2.2. Traumatic brain injury mice model ...................................................... 29 

2.2.3. Perfusion and Cryostat section preparation ........................................ 29 

2.2.4. Immunofluorescence staining mouse brain sections ........................... 29 

2.2.5. Single-molecule mRNA in situ hybridization ........................................ 30 

2.2.6. Dissociated rat cortical neuronal culture and related procedures ......... 30 

2.2.7. Immunofluorescence staining rat cortical neuronal culture .................. 32 

2.2.8. Imaging and image quantification ....................................................... 32 

2.2.9. Brain fractionation ............................................................................. 33 

2.2.10. Western blot ..................................................................................... 33 

2.2.11. RNA extraction and qPCR ................................................................. 34 

2.2.12. Anti-synaptotagmin-1 antibody feeding protocol ................................. 35 

2.2.13. AAV Vectors and Chemogenetics....................................................... 35 

2.2.14. Intracerebral Injection of Viruses ........................................................ 35 

2.2.15. Holotomography Live imaging............................................................ 36 

2.2.16. Human patient’s cohort...................................................................... 36 

2.2.17. Single-molecule Array determination of cytokines in CSF .................... 39 

2.2.18. Immunohistochemistry and imaging ................................................... 39 

2.2.19. Statistical Analysis............................................................................. 40 



II 

 

3. Result .................................................................................................................. 41 

3.1. IL-13 and its receptor IL-13Rα1 are synaptic proteins enriched in synapses .. 41 

3.2. IL-13 drives the phosphorylation of CREB and the induction of activity-

dependent immediate-early genes......................................................................... 47 

3.3. IL-13 upregulates synaptic activity ............................................................... 52 

3.4. IL-13 is upregulated upon trauma through activity-dependent and nuclear-

calcium-regulated transcription .............................................................................. 53 

3.5. IL-13 reduces neuronal sensitivity to apoptosis ............................................ 57 

3.6. IL-13 is expressed in human neurons and it is upregulated in patients with 

traumatic brain injury ............................................................................................ 59 

4. Discussion .......................................................................................................... 62 

5. Summary ............................................................................................................ 68 

6. Reference ........................................................................................................... 70 

7. List of figures and tables .................................................................................. 91 

7.1. Figures ....................................................................................................... 91 

7.2. Tables ........................................................................................................ 92 

8. Acknowledgments ............................................................................................. 94 

9. Curriculum vitae ................................................................................................ 95 

 



III 

 

Abbreviations 

3R Replacement, reduction, refinement 

℃ Degree Celsius 

  

A  

ANOVA Analysis of variance 

APS Ammonium peroxodisulfate 

ATF-3 Activating transcription factor 3 

  

B  

BSA Bovine Serum Albumin 

  

C  

CSF Cerebral spinal fluid 

Ca2+ Calcium 

CNS Central Nervous System 

CO2 Carbon dioxide 

CREB cAMP response element binding protein 

  

D  

DAPI 4′,6-diamidino-2-phenylindole 

ddH2O Double-distilled water 

dH2O Distilled water 

DIV day in vitro 

DMEM 
Dulbecco’s Modified Eagle Medium-high 

glucose (4.5 g/L) 

DMEM+++ 
DMEM with 10% FBS, 1% Glutamine (100x) 

and 1% P/S 

DMSO Dimethyl sulfoxide 



IV 

 

DNA Deoxyribonucleic acid 

dNTPs Deoxynucleotides 

DPBS-/- 
Dulbecco's phosphate-buffered saline 

(no calcium, no magnesium) 

DPI day post-injury 

DREAM DRE-antagonist modulato 

  

E  

ECL Enhanced chemiluminescence 

EDTA Ethylenediaminetetraacetic acid 

ERK Extracellular signal-regulated kinase 

et al. And others 

  

F  

FBS Fetal bovine serum 

FcεRI High-affinity IgE receptor 

  

G  

GCS Glasgow Coma Scale 

GFAP Glial fibrillary acidic protein 

  

H  

HCI Hydrochloric acid 

Homer-1 Homer protein homolog 1 

HBSS-/- 
Hanks' Balanced Salt Solution 

(no calcium, no magnesium) 

HBSS+/+ 
Hanks' Balanced Salt Solution 

(calcium, magnesium, no phenol red) 

  



V 

 

I  

Iba-1 Ionized calcium-binding adapter molecule-1 

IgE Immunoglobulin E 

IL-4 Interleukin 4 

IL-6 Interleukin 6 

IL-13 Interleukin 13 

IL-13R Interleukin 13 receptor 

IL-13Rα1 Interleukin 13 receptor α 1 

IL-13Rα2 Interleukin 13 receptor α 2 

  

J  

JAK Janus kinase 

  

K  

kDa Kilodaltons 

  

L  

L Liter 

LSM Laser scanning microscope 

  

M  

M Molar 

MAP2 Microtubule-associated protein 2 

MHC Major histocompatibility complex; 

mg Milligram 

min Minutes 

ml Milliliter 

mm Millimeter 

mRNA Messenger RNA 



VI 

 

mV Millivolt 

  

N  

NaCl Sodium chloride 

NB Neurobasal medium 

NB++ 
Neurobasal medium supplemented with 1% 

Glutamine and 1% P/S 

NB+++ 
Neurobasal medium supplemented with 2% B-

27, 1% Glutamine and 1% P/S 

nm Nanometer 

nM Nanomolar 

  

O  

O2 Oxygen 

  

P  

PBS Phosphate buffered saline 

PBS-/- 
Phosphate buffered saline 

(no calcium, no magnesium) 

pCREB Phospho-CREB 

pERK1/2 Phospho-ERK1/2 

PFA Paraformaldehyde 

pH Potential of hydrogen 

pIL-13Rα1 Phospho-interleukin 13 receptor α 1 

PSAM Pharmacologically Selective Activation Module 

PSD-95 Postsynaptic density protein 95 

P/S Penicillin/Streptomycin 

pSTAT3 Phospho-STAT3 

pSTAT6 Phospho-STAT6 



VII 

 

Q  

qPCR 
Real-Time Quantitative Reverse Transcription 

PCR 

  

R  

RNA Ribonucleotide Acid 

RT Room temperature 

RNAse R Ribonuclease R 

RT buffer Reverse transcription buffer 

RIPA buffer Radioimmunoprecipitation assay buffer 

rpm Revolutions per minutes 

  

S  

STAT Signal transducer and activator of transcription 

SDS Sodium dodecyl sulphate 

STAT3 
Signal transducer and activator of transcription 

3 

STAT6 
Signal transducer and activator of transcription 

6 

  

T  

TBI Traumatic Brain Injury 

TBS Tris-buffered saline 

TBST Tris-buffered saline with 0.1% Tween 20 

TNF-α Tumor necrosis factor-α 

Tris Tris-aminomethane 

  

U  

μg Microgram 



VIII 

 

μl Microliter 

μm Micrometer 

μM Micromolar 

USA United States of America 

  

V  

V Volt 

VCAM Vascular cell adhesion protein 

  

W  

WT Wild type 



1 

 

1.  Introduction 

Cytokines have a wide range of biological functions, including immune cell proliferation, 

cell death, activation, suppression and regulation of signaling pathways via an autocrine, 

paracrine or endocrine mechanism[84]. Interleukins are secreted proteins and signal 

molecules, belonging to a distinct group of complex immunomodulatory cytokines and 

growth factors, which were initially thought to be expressed by white blood cells[18]. 

Interleukins play a crucial role in nearly all aspects of inflammation and immunity[26, 39, 

122]. With the extensive consideration of inflammation and immune dysfunction, 

Interleukin-13 (IL-13), a predominantly Th2-derived cytokine, has received high 

attention[54, 126, 137, 139]. IL‐13, a jack-of-all-trades cytokine with comprehensive 

functions, is broadly expressed in most tissues, such as heart, lung, liver, stomach, skin, 

hair follicles and so on[2]. The file of critical effector functions mediated by IL-13 remains 

to grow. IL-13 involves a various array of biological activities including regulation of 

gastrointestinal parasite expulsion, airway hyperresponsiveness (AHR), allergic 

inflammation, tissue eosinophilia, mastocytosis, IgE Ab production, goblet cell 

hyperplasia, tumor cell growth, intracellular parasitism, tissue remodeling, and fibrosis[44, 

64, 82, 94, 109]. Our group recently reported the surprising detection of IL-13 mRNA in 

neurons[118]. The characterization of IL-13 expression in the brain together with its 

cognate receptor IL-13R is still indistinct. 

1.1. IL-13 and IL-13 receptors 

IL-13, formerly known as P600, is a pleiotropic protein in the interleukin family encoded 

by the IL-13 gene in humans, which was first described in 1989 by KD Brown et al.[22]. 

The molecular weight of IL-13 is 13 kDa[128]. IL-13, which shares similar overlapping 

secondary structural features with Interleukin 4 (IL-4), folds into 4 alpha-helical bundles. 

Although IL-4 and IL-13 are functionally correlated, it is remarkable to note in several 

conditions IL-13 seems to play a more crucial role than IL-4[102, 127]. IL-13 is incipiently 

reported as a T-cell-derived and anti-inflammatory cytokine[100, 102, 125]. Though this 

original description remains accurate, the known functions of IL-13 have extended 
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dramatically over the past few years. IL‐13 is known to be involved in regulating cell‐

mediated immunity, modulating cell proliferation, growth and apoptosis[69, 158]. 

Meanwhile, IL-13 takes part in the genesis and development of a variety of diseases, 

including allergic asthma, chronic obstructive pulmonary disease, schistosomiasis, hepatic 

fibrosis and cancers[29, 49, 128]. IL-13 is generated by and either directly or indirectly 

affects the function of multiple cell types, including T cells, eosinophils, mast cells, 

basophils, epithelial cells, smooth muscle cells, fibroblasts, and macrophages[159].  

Figure 1. The three‐dimensional structure of Interleukin-13, Interleukin-13 receptor α 1 and 

Interleukin-13 receptor α 2. IL-13: Interleukin-13; IL-13Rα1: Interleukin-13 receptor α 1;    

IL-13Rα2: Interleukin-13 receptor α 2. Reprinted with permission from SWISS‐MODEL, 

https://swissmodel.expasy.org/repository/uniprot/P35225, which is licensed under CC BY-SA 4.0, 

https://creativecommons.org/licenses/by-sa/4.0. 

The interleukin-13 receptor (IL-13R), a type I cytokine receptor, binds IL-13. IL-13R is 

originally reported in expression in human renal cell carcinoma (RCC) and brain cancers in 

1995 by W Debinski et al. and N I Obiri et al.[36, 114]. There are two types of IL-13 

receptors, IL-13Rα1 and IL-13Rα2[30]. IL-13Rα1was cloned from mouse and human 

cells, which chain binds to the IL-4 receptor α chain (IL-4Rα) to form a complex for signal 

transduction[4]. IL-13Rα2 was cloned from the RCC cell line Caki and glioma[74]. Figure 

1 presents the three‐dimensional structure of IL‐13, IL‐13Rα1 and IL‐13Rα2. Due to 

binding, replacing and crosslinking, IL-13 receptors can be divided into three different 

types. The first type of IL-13Rα1 is expressed simultaneously with IL-13Rα2, and some 

IL-13Rα1 forms a complex with IL-4Rα. This type is found in, for example, RCC, brain 

tumor cells[74], most head and neck tumor cells[72], AIDS-associated Kaposi's sarcoma 

https://swissmodel.expasy.org/repository/uniprot/P35225
https://creativecommons.org/licenses/by-sa/4.0
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cells[62]. In the second category, IL-13Rα2 is not expressed, and IL-13Rα1 binds to IL-

4Rα to form a complex. This type of receptor is mainly expressed in endothelial cells, 

fibroblasts, and some tumor cells[115]. The third type, IL-2 receptor (IL-2Rγc) is 

expressed, which may be involved in regulating the binding of IL-13 to the receptor[62]. 

This type is expressed in B cells, monocytes and TF-1 cells[115, 168]. 

Since IL-13 and its receptors are widely distributed in tissues and organs throughout the 

body, it shows a direct or indirect participation in the occurrence, progress and possibly 

amelioration of numerous diseases. 

1.1.1. IL-13 in cancers 

Immune dysfunction and inflammation are broadly considered to be associated with 

promoting the development and progression of cancer. Cytokines such as interleukins and 

TNF are highly expressed in solid tumors[9, 24]. After the discovery of IL-13, a large 

number of studies have found that IL-13 and its receptors are closely related to malignant 

tumors, inflammatory diseases, and autonomic diseases. In addition, IL-13 plays a key role 

in the chemotaxis and migration of lymphocytes, monocytes and fibroblasts[108, 115]. 

Meanwhile, IL-13 can regulate the proliferation, invasion and blood vessel growth of a 

variety of malignant tumor cells. Although IL-13Rα1 is expressed at basal levels and 

uniformly in a variety of cancer and non-cancer cells and tissues, IL-13Rα2 is 

predominantly overexpressed in a variety of solid cancers, such as glioblastoma[155], 

neuroendocrine malignant pheochromocytoma[81], breast cancer[73], pancreatic 

cancer[48], ovarian cancer[77], adrenocortical carcinoma[65], colon cancer[152], prostate 

cancer[67], melanoma[117] and AIDS-associated Kaposi's sarcoma[62]. At the same time, 

IL-13Rα2 expression is very low or not expressed in the surrounding stroma. 

IL-13Rα2 shows a remarkable function in the mechanism of promoting cancer invasion 

and metastasis. T Fujisawa et al. demonstrated that IL-13Rα2 promotes pancreatic cancer 

metastasis by activating matrix metalloproteinases (MMPs) transcription, and its effect can 

be inverted by knocking down IL-13Rα2[48]. In this study, they also showed that IL-
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13Rα2 regulates the transcription of MMPs by stimulating extracellular signal-regulated 

kinase (ERK) 1/2 and activating the action of the transcription factor, activator protein-1 

(AP-1) including c-jun and c-fos (Figure 2). The signal transduction mechanisms of IL-

13Rα2 have been published in other tumors as well. CE Brown et al. utilized publicly 

available datasets to discover that IL-13Rα2 expression increases with glioma malignancy 

grade, which is a prognostic indicator of poor patient survival, and is associated with 

activated immune pathways[21]. IL-13Rα2 does not only block the typical apoptotic 

pathway induced by IL-13/IL-4 through STAT6 in glioma cells but also activates STAT3 

and B-cell lymphoma[90, 129]. In addition, IL-13α2 advances invasion and metastasis of 

ovarian cancers through the pathway of ERK/AP-1[49]. Moreover, P Papageorgis et al. 

found that IL-13Rα2 knockdown upregulates STAT6 phosphorylation and reduces the 

migratory ability of metastatic breast cancer cells. Okamoto et al. discovered that 

amphiregulin, which belongs to the epidermal growth factor (EGF) family, is positively 

related to IL-13Rα2 expression and promotes cancer growth through the activation of 

amphiregulin in melanoma.  

Figure 2. The schema of mechanisms by which Interleukin-13 receptor α 2 (IL-13Rα2) promotes 

cancer invasion of metastasis, based on[48]. Interleukin-13 (IL-13) induces activation of 

Extracellular signal-regulated kinase 1/2 (ERK1/2) and Activator protein-1 (AP-1) nuclear factors 

and inhibits Signal transducer and activator of transcription 6 (STAT6) activation through IL-

13Rα2. Activation of AP-1 induces transcription of Matrix metalloproteinases (MMP) genes and 

MMPs to promote cell invasion and metastasis[48]. 

IL-13Rα2 can be a potential diagnostic and prognostic biomarker and a marker for 
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therapeutic response to conventional as well as cutting-edge cellular and gene therapy 

approaches for cancers. The above studies have shown that IL-13 can be used as a target to 

combat the growth and metastasis of malignant tumors. 

1.1.2. IL-13 in inflammatory diseases and autoimmune diseases 

IL-13, a predominantly Th2-derived cytokine is closely related to inflammation, allergy, 

and immune regulation by forming a complex with IL-13Rα2[96]. IL-13 plays a key role 

in inflammatory diseases, autoimmune diseases, and parasitic infections. Meanwhile, 

therapies for these diseases targeting IL-13 are being investigated.  

Figure 3. Summary of effects of Interleukin-13 (IL-13) on hematopoietic and nonhematopoietic 

cells, based on[50]. IL-13 plays an important role in mucus production and goblet cell hyperplasia, 

eosinophil trafficking into the lungs, Immunoglobulin E (IgE) production, airway smooth muscle 

contractility and proliferation, fibrosis, basement membrane thickening, and barrier 

dysfunction[50]. FcεRI, High-affinity IgE receptor; MHC: Major histocompatibility complex; 

VCAM: Vascular cell adhesion protein. 

IL-13 shows different roles in a broad diversity of cell types that are associated with the 

pathogenesis of allergic disorders (Figure 3). IL-13 plays a crucial role in mucus 

production and goblet cell hyperplasia, eosinophil trafficking into the lungs, and 
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Immunoglobulin E (IgE) production, airway smooth muscle contractility and proliferation, 

fibrosis, basement membrane thickening, barrier dysfunction[50]. Therefore, IL-13 has an 

important function in respiratory diseases. The release of IL-4, IL-5, and IL-13 are key 

pathophysiological characteristics of asthma[23, 43]. AL Chenery et al. revealed a crucial 

protective role for IL-13 in limiting acute lung injury, promoting airway eosinophilia, and 

inducing type 2 effector proteins in acute lung injury caused by nematode infection[29]. 

The levels of IL-6, IL-13 and IL-17 significantly increased in Interstitial lung disease 

(ILD), one of the most severe complications which are associated with connective tissue 

disease (CTD)[149]. AN Donlan et al. identified that the level of IL-13 in patients with 

severe COVID-19 is elevated. In addition, Dupilumab, a mAb that blocks IL-13 and IL-4 

signaling, can improve the severity of COVID-19 patients[40]. Another COVID-19 cohort 

study also accumulated evidence that IL-13 is universally correlated with Acute 

Respiratory Distress Syndrome (ARDS), Acute Kidney Injury (AKI) and mortality[53]. IL-

5, IL-6, IL-13, G-CSF, and IFN-γ notably increase in Chronic rhinosinusitis with nasal 

polyps compared controls, while IL-5, IL-6, IL-13, or G-CSF have a positive correlation 

with scores of disease severity[87]. 

At the same time, IL-13 also plays an important role in digestive system diseases and 

circulatory system diseases. TK Bessey et al.'s study demonstrated that compared to other 

surgical conditions or acute gastroenteritis, children hospitalized with acute intussusception 

have elevated levels of pro-inflammatory cytokines IFN-γ, TNF-α, MIP-1β, IL-1β, IL-2, 

IL-6, IL-7, IL-8, and IL-17 as well as anti-inflammatory cytokines like IL-13[13]. 

Eosinophilic esophagitis, a food allergen-driven disease, is accompanied by IL-13 

overexpression and esophageal barrier dysfunction[78]. IL-13 shows a critical yet different 

function in mediating immunity to intestinal helminths[10]. In addition, F Sicklinger et al. 

showed that basophils promote tissue repair after myocardial infarction by increasing 

cardiac IL-4 and IL-13 levels[141]. 

Meanwhile, the function of IL-13 cannot be ignored in skin and oral diseases. LC Tsoi et 

al. suggested that atopic dermatitis is primarily an IL-13-dominant disease[150]. The 
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growth of IL-13 expression in the skin is associated with the severity of atopic 

dermatitis[146]. Selective IL-13 inhibitors, such as tralokinumab and lebrikizumab, are 

being developed as new biological therapies[42, 46]. Increased circulating IL-13, IL-22, 

and IL-31levels in patients with papuloerythrodermamay (PEO) suggests that these 

cytokines may be involved in the pathogenesis of PEO. The correlation analysis of IL-13, 

IL-22, and IL-31 and the disease severity score of PEO show a significant correlation[147]. 

Periodontal ligament stem cells derived from periodontitis-affected teeth show an 

upregulation of IL-13, together with a downregulation of miRNA-146a, compared to 

controls. Overexpression of microRNA-146a downregulates IL-13 and inhibits the 

proliferation of PDLSCs derived from both periodontitis-affected teeth and healthy 

teeth[154]. 

1.1.3. IL-13 in neurological Diseases 

Several studies have reported that various immune-modulatory markers, such as cytokines, 

acute-phase proteins, and specific and non-specific autoantibodies appear to be upregulated 

in the peripheral blood of patients with mental disorders[103, 120]. As an important 

cytokine, IL-13 also shows necessary functions in neurological diseases. Recent evidence 

suggests that IL-13 may also have a neuronal origin and may have neuromodulatory 

properties[106, 118], which may affect learning processes[19]. 

Elevated IL-13 have generally been considered as neuroprotective against proinflammatory 

triggers such as lipopolysaccharides (LPS)[164]. Anti-inflammatory cytokines, like IL-13, 

may reduce NO-mediated cytotoxicity as well as ceramide-mediated apoptosis in 

neuroinflammatory diseases[123]. A study showed an elevation of IL-13 in peripheral 

blood obtained from Gulf War veterans with neurological symptoms[56]. IL-13-deficient 

mice are significantly impaired in working memory as well as attenuated reference 

memory, which are essential for effective complex learning[20]. Cytokines, IL-13 and IP-

10, associated with Alzheimer's disease (AD) and anxiety, are elevated in amyloid 

precursor protein-KO mice which experience increased thigmotactic behavior[95]. 

Increased levels of IL-4, IL-5, IL-10, IL-13, and TGF-β1 have positive effects on cognitive 
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function, as evaluated by MoCA and a spatial memory task, in insomnia comorbid with 

depression patients[59]. D Liu et al. proposed that the significant enrichment of 

overlapping differentially expressed genes between major depression and type 2 diabetes is 

in the Reactome pathway, which is through IL-13 and IL-4 signaling[89]. Furthermore, IL-

13 ameliorates postischemic hepatic gluconeogenesis and hyperglycemia through 

enhancing STAT6 and STAT3 in a rat model of strok[86]. 

In contrast, some studies also described the opposite function of IL-13. Elevated brain 

levels of IL-13 in rats induce oxidative stress that eventually resulted in hippocampal 

degeneration[110]. M Krefft et al. reported that the levels of IL-1β and IL-13 in patients 

with Prader-Willi syndrome (PWS) were significantly increased. In addition, increased 

levels of IL-13 are associated with more serious psychopathology, including attention and 

social problems as well as criminal and aggressive behavior[80]. Y Wu found that after 

intracranial EV-A71 infection, expression levels of IL-13, IL-3, IL-1β, IL-17, and TNF-α 

are significantly up-regulated[157]. EV-A71 can cause severe and sometimes fatal 

neurological complications such as convulsions, shock, and even death[119]. Moreover, 

IL-13 and RANTES levels are significantly increased in cases of autoantibody associated 

epilepsy compared to controls[52]. 

1.2. Traumatic brain injury and IL-13 

1.2.1. Traumatic brain injury 

Traumatic brain injury (TBI), also known as an intracranial injury, refers to a blunt, 

penetrating, or acceleration/deceleration force-derived craniocerebral injury. TBI is one of 

the major reasons for death and disability throughout the world, particularly among 

children and young adults[47, 66, 148]. In addition, men are injured twice as often as 

women, and the risk of fatal head injuries is four times that of women[130]. Even though 

the development of diagnosis and treatment reduces mortality and improves outcomes, TBI 

is also an important public health problem associated with high socioeconomic costs and 

substantial loss of healthy life-years due to ill health, disability, and/or early death[5].  
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The severity of TBI varies widely because TBI can be caused by a closed head injury, 

penetrating head injury, or a combination thereof[41]. TBI can result in physical, cognitive, 

social, emotional, and behavioral symptoms, with results ranging from complete recovery 

to permanent disability or death[76, 97]. According to the response to stimulus speech, 

movement, and eye-opening, TBI can be divided into mild, moderate, and severe 

categories[133]. Mild TBI is the most common type of diagnosis and usually leads to 

survival after TBI[32]. In addition, primary and secondary brain injury are ways to classify 

the injury processes that happen in TBI[3]. The main direct primary injury and the delayed 

secondary injury cascade of biochemical and metabolic pathological events can lead to the 

focal and global neurological dysfunction associated with TBI[121, 138]. Secondary 

injuries, including damage to the blood-brain barrier, release of factors that cause 

inflammation, free radical overload, excessive release of the neurotransmitter glutamate 

(excitotoxicity), influx of calcium and sodium ions into neurons, and dysfunction of 

mitochondria, can be observed from several minutes to several hours post injury and could 

last for several weeks to several months[7, 37]. The secondary damage could prove far 

more severe than the initial primary injury itself[166]. 

Although there has been a lot of understanding of the molecular and cellular mechanisms 

of TBI, these advances have not been translated into successful clinical trials, so there has 

been no significant improvement in treatment[43, 73]. Therefore, the study of traumatic 

brain injury remains of high significance. 

1.2.2. IL-13 in traumatic brain injury 

Traumatic brain injury is a catastrophic disease with increasing morbidity and 

mortality[63]. After the main injury, the secondary injury mechanism plays a major role in 

the deterioration of the patient's condition[11]. It has been shown that the severity of 

immune response is related to the size of brain damage and neurological deficits[61, 91]. In 

addition, post-traumatic inflammation, including increased expression of cytokines and 

activation of microglia, has received increasing attention as biomarkers and potential 

driving factors after TBI[34]. A variety of cytokines, such as TNF-α, IL-1 and IFN-γ, are 
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produced after the nervous system is injured, which are known for promoting 

inflammation[33, 113]. At the same time, IL-13, an anti-inflammatory cytokine, released 

by a variety of immune cells, shows a biological significance in the TBI as well[1, 6, 31]. 

Emerging research describes the biological importance of IL-13 in the central nervous 

system. Recent evidence suggested that IL-13 may also have a neuronal origin and may 

have neuromodulatory properties, which may affect learning processes[106, 118]. IL-4, IL-

5, IL-6, IL-8, IL-13 and TNF-α are statistically significantly different between TBI 

survivors and non-survivors over 5 years old[1]. Increased expression of IL-13 is 

discovered in the brain early after TBI[6, 34]. Meanwhile, IL-6, IL-10, IL-13 and TNFα 

levels significantly increase in patients with prolonged disorder of consciousness, most 

frequently caused by severe traumatic brain injury, compared with controls[156]. This 

proves IL-13 is associated with long-term inflammatory responses in the chronic 

unconscious phase after TBI as well. 

The roles of IL-13 in TBI seem to be various and controversial. IL-13-deficient mice 

showed a decrease in working memory and reference memory, indicating that this cytokine 

plays an important role in cognitive performance under physiological conditions[20]. WY 

Miao et al. proved that IL-13 can improve the neurological outcome after TBI by 

modifying the phenotype of microglia/macrophages and repressing the inflammatory 

response[101]. Additionally, there have been studies showing that targeted intracerebral 

delivery of the anti-inflammatory cytokine IL-13, by means of transplanting IL-13-

expressing mesenchymal stem cells (IL-13-MSCs), promotes a phenotypic switch in both 

microglia and macrophages during the pro-inflammatory phase in a mouse model of 

ischemic stroke[57]. However, the study of C Gao et al. confirmed that autophagy 

activation prevents pyroptotic cell death through the down-regulation of IL-13 and the 

inhibition of the JAK1-STAT1 signaling pathway, which exhibits neuroprotective function 

in the moderate TBI model[51]. Finally, others have reported harmful functions of IL-13 

on neuronal survival in an inflammatory environment as well[106, 107]. 

Therefore, more research is necessary to investigate the functions of IL-13 on different 
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CNS residential cells or infiltrated immune cells to fully elucidate the mechanisms for its 

neuroprotective effects in TBI.  
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1.3. The aim of this study 

Continuous remodeling of synaptic structures at the structural and functional levels is 

critical not only to the formation and retention of new memories and to the learning 

process upon experience, but also in the acute and long-term response to pathological 

conditions. Several components of the innate and adaptive immune systems have 

surprisingly been shown to be involved also in synaptic plasticity, either independently of 

their primary immune function or as a consequence of the modulation of microglial 

involvement in synaptic stability. The source of many of these immune-related mediators 

appears to be not infiltrating immune cells, but, rather, glial cells such as astrocytes. Given 

the sensitivity of synaptic processes to locally-secreted cytokines, synaptic physiology is 

also strongly influenced by conditions in which large amounts of cytokines are produced 

by infiltrating immune cells in autoimmune diseases or in traumatic brain injury. Recent 

evidence suggests that IL-13 may also have a neuronal origin and may have 

neuromodulatory properties, which may affect learning processes. Therefore, here we have 

investigated the biological relevance of neuronal IL-13. 

The aim of my thesis was to explore the hypothesis that IL-13 plays a role in neuronal 

physiology and its role as an immune mediator. In addition, we tried to confirm and 

expand the characteristics of IL-13 expression together with its cognate receptor IL-13R in 

the brain. The following aims will be investigated in the current study: 

1. We sought to confirm whether IL-13 and its receptor IL-13Rα1 are synaptic proteins and 

the IL-13R is functional and is expressed on the membrane and synapses. 

2. We tried to verify whether IL-13 will elicit a signaling cascade in neurons. 

4. We planned to verify the hypothesis that IL-13 may ultimately modulate neuronal 

vulnerability and survival. 

5. We attempted to confirm that IL-13 is indeed elevated in the cortical samples and CSF 

of TBI patients. 
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2.  Materials and methods 

2.1. Materials 

2.1.1. Equipment 

Table 1. Overview of employed equipment 

Item Company 

4°C cold room Kälte Klima Müller GmbH, Germany 

-20°C Freezer Kirsch, Germany 

-80°C Deep freezer Haier, China 

Balance Sartorius, Germany 

Biological Safety Cabinets Thermo Fisher Scientific, USA 

Confocal laser scanning 

microscope DMi8 

Leica, Germany 

CO2 incubator Eppendorf, Germany 

Cryostat Leica, Germany 

Dry Baths Thermo Fisher Scientific, USA 

Excel 2016 Microsoft, USA 

Fume cupboard Wesemann, Germany 

Fluorescence microscope Keyence, Japan 

GraphPad Prism 9 GraphPad Software, USA 

Holotomographic microscope NanoLive, Switzerland 

HybEZ Oven ACD - Bio-Techne, USA 

Image J National Institutes of Health, USA 

ImageQuant LAS 4000 GE Healthcare, USA 

Incubator Shaker New Brunswick Scientific Co., USA 

Light Cycler 480II Roche, Switzerland 

LSM-710 Confocal laser scanning Carl Zeiss AG, Oberkochen, Germany 

https://www.thermofisher.com/de/de/home/life-science/lab-equipment/dry-baths/touch-screen-dry-baths.html
https://en.wikipedia.org/wiki/National_Institutes_of_Health
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microscope 

Magnetic hotplate stirrer VWR International GmbH, Germany 

Microbalances VWR International GmbH, Germany 

Microcentrifuge VWR International GmbH, Germany 

Microwave oven Severin, Germany 

Microscope slides (Ground edges frosted) VWR International GmbH, Germany 

Microscope coverslips 24 x 50 mm VWR International GmbH, Germany 

Microscope coverslips 21 x 26 mm VWR International GmbH, Germany 

Microscope slides folder VWR International GmbH, Germany 

Microtome blades Feather, Japan 

Mini microcentrifuge Biozym, Germany 

NanoDrop 2000 Thermo Fisher Scientific, USA 

Power supplies PEQLAB Biotechnologie GmbH, Germany  

Perfusion tubing pump Ismatec, Germany 

pH/mV Meter Mettler-Toledo, Switzerland 

Scalpel Aesculap AG, Germany 

Scales Sartorius, Germany 

Shaker IKA® Werke GmbH, Germany 

Simoa HD-1 Analyzer Simoa® Technology, USA 

Smart Cell Imager PAULA Leica, Germany 

Tissue-Tek O.C.T compound Sakura Finetek, Netherlands 

Teflon douncer B. Braun Biotech International, Germany 

Ultrasonic homogenizers Bandelin SONOPULS, Germany 

Vortex Mixer Greiner Bio-one GmbH, Germany 

Water bath VWR International GmbH, Germany 

Word 2016 Microsoft, USA 
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2.1.2. Consumable Supplies 

Table 2. Overview of employed consumable supplies 

Item Company 

15 ml FALCON conical tube BD Falcon Biosciences, Germany 

50 ml FALCON conical tube BD Falcon Biosciences, Germany 

6-well plate Corning, USA 

24-well plate Corning, USA 

96-well plate SARSTEDT, Germany 

Coverslip 13 mm The Glaswarenfabrik Karl Hecht, Germany 

Disposable hypodermic needle 

0.4 x 20 mm 

B. Braun Melsungen AG, Germany 

Disposable hypodermic needle 

0.9 x 40 mm 

B. Braun Melsungen AG, Germany 

Disposable hypodermic needle 

0.45 x 12 mm 

Henke sass wolf, Germany 

EASYstrainer Cell Sieves Greiner Bio-One, Germany 

Eppendorf tubes 2 ml Eppendorf, Germany 

Eppendorf tubes 5 ml Eppendorf, Germany 

Filter 0.2 μm SARSTEDT, Germany 

Filter papar Bio-Rad, USA 

ibidi dishes (µ-Dish 35 mm) ibidi, Germany 

Nitrocellulose Membranes, 0.45 μm Bio-Rad, USA 

Peel-A-Way® disposable plastic tissue 

embedding molds (22×22×20 mm deep) 

Polyscience, Inc. USA. 

Pipettes tips Sarstedt, Germany 

Sarstedt serological pipettes 5 ml Sarstedt, Germany 

Sarstedt serological pipettes 10 ml Sarstedt, Germany 

Sarstedt serological pipettes 25 ml Sarstedt, Germany 
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Sterile nitril gloves B.Braun Melsungen AG, Germany 

Syringe 1 ml BD Plastipak, Spain 

Western Bolt Box Sigma-Aldrich Chemie GmbH, Germany 

2.1.3. Equipment for primary cortical neurons 

Table 3. Overview of employed equipment for primary cortical neurons 

Item Company 

Dumont Forceps - Micro-Blunted Tips Fine science tools, Germany 

Dumont #7 - Fine Forceps Fine science tools, Germany 

Dumont Forceps - Micro-Blunted Tips Fine science tools, Germany 

Student Fine Scissors Fine science tools, Germany 

Surgical Scissors - Sharp Fine science tools, Germany 

Stemi 2000-CS stereomicroscopes ZEISS, Germany 

Tissue Forceps - 1 x 2 Teeth Fine science tools, Germany 

2.1.4. Chemicals and drugs 

Table 4. Overview of employed chemicals and drugs 

Item Company Catalog number 

2-Mercaptoethanol Sigma-Aldrich Chemie 

GmbH, Germany 

M6250-100ml 

Acrylamide/Bis-solution 

30% (29:1) 

Carl Roth GmbH, Germany A124.1 

Albumine Fraction V (BSA) neoFroxx, Germany 1126GR100 

Ammonium peroxodisulfate 

(APS) 

Carl Roth GmbH, Germany 9178.3 

AS1517499 Axon Medchem, Netherlands 1992 

B-27 supplement (50X) gibco, USA 17504-044 

Borate buffer (20X) Thermo Fisher Scientific, 28341 
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USA 

CNQX Cayman, USA 14618 

Clozapine-N-oxide (CNO) Tocris, Germany 4936 

D (+) Sucrose Carl Roth GmbH, Germany 4661.2 

Distilled water Fresenius Kabi, Germany 7151-5 

DMSO Applichem Panreac, 

Germany 

A3006,0100 

DPBS-/- (1X) gibco, USA 141904-094 

DMEM (1X) gibco, USA 41965-039 

Ethanol Sigma-Aldrich Chemie 

GmbH, Germany 

32205-2.5L-M 

Ethanol, absolute Applichem Panreac, 

Germany 

A3678,0500 

Ethylenediaminetetraacetic 

acid (EDTA) 

Applichem Panreac, 

Germany 

A4892 

Ethylene glycol Carl Roth GmbH, Germany 6881.1 

EveryBlot Blocking Buffer Bio-Rad, USA 12010947 

Fast green FCF Sigma-Aldrich Chemie 

GmbH, Germany 

F7252-5G 

Fetal bovine serum (FBS) gibco, USA 10500-064 

Glycerol Honeywell, Germany 15523 

Glycine Sigma-Aldrich Chemie 

GmbH, Germany 

33226-1KG 

HBSS+/+ gibco, USA 14025-050 

HBSS-/- gibco, USA 14170-088 

Hydrochloric acid (HCl) Honeywell, Germany 35328 

Isopropanol Applichem Panreac, 

Germany 

A3928, 1000GL 
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Leica Microsystems 

Immersion Oil for 

Microscopes 

Leica, Germany 11513859 

L-Glutamin gibco, USA 25030-024 

L-Glutamate Abcam, England ab120049 

Ketamine WDT, Germany - 

Meloxicam Böhringer Ingelheim, 

Germany 

- 

Methanol Sigma-Aldrich Chemie 

GmbH, Germany 

32213-2.5-M 

Mibefradil Cayman, USA 10009019 

MK-801 Cayman, USA 10009019 

NBQX Cayman, USA 14914 

Neurobasal medium gibco, USA 21103-049 

Natriumhydrogenphosphat 

(Na2HPO4) 

Carl Roth GmbH, Germany P030.2 

Nonfat dried milk powder Applichem Panreac, 

Germany 

A0830,0500 

Paraformaldehyde (PFA) Sigma-Aldrich Chemie 

GmbH, Germany 

441244 

PD98059 Promega, USA V119A 

Penicillin/Streptomycin (P/S) gibco, USA 15140-122 

Phosphatase Inhibitor Carl Roth GmbH, Germany 04906837001 

Poly-L-lysin -hydrobromid Sigma-Aldrich Chemie 

GmbH, Germany 

P6282-5MG 

Protease Inhibitor Carl Roth GmbH, Germany 04693132001 

Rompun (Xylazine) Bayer, Germany - 

rrIL-13 R & D Systems, USA 1945-RL 
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Ruxolitinib Cayman, USA 11609 

SDS Carl Roth GmbH, Germany CN30.2 

SDS solution 20% Applichem Panreac, 

Germany 

A0675,0250 

Sodium chloride (NaCl) Sigma-Aldrich Chemie 

GmbH, Germany 

31434 

Sodium hydroxide(NaOH) Carl Roth GmbH, Germany 6771.3 

Stattic Selleck Chemicals, USA S7024 

TB Green Premix Ex Taq 

(2X) 

TaKaRa, Japan RR420L 

Temed Carl Roth GmbH, Germany 2367.3 

Temgesic ampullen 

Buprenorphine 

Reckitt Benckiser 

Healthcare, UK 

- 

Triton-X-100 Sigma-Aldrich Chemie 

GmbH, Germany 

T8787 

Tri-Sodium citrate Sigma-Aldrich Chemie 

GmbH, Germany 

71405 

Tris base Sigma-Aldrich Chemie 

GmbH, Germany 

T1503-1kg 

Trypsin/EDTA Biochrom GmbH, Germany 654833 

Tween 20 
Applichem Panreac, 

Germany 

A4974,0500 

2.1.5. Solutions 

Table 5. PBS-/- 10X  

Component Concentration 

NaCl 80 g/L 

KCl 2 g/L 
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Na2HPO4 14.4 g/L 

KH2PO4 2.4 g/L 

 

Table 6. Brain fractionation buffer 1 

Component Concentration 

HEPES, pH 7.4 10 mM 

EDTA 2 mM 

Sodium Orthovandate 5 mM 

Sodium Fluoride 30 mM 

β-glycerol phosphate 20 mM 

Protease Inhibitor 1X 

 

Table 7. Brain fractionation buffer 2 

Component Concentration 

HEPES, pH 7.4 50 mM 

EDTA 2 mM 

EGTA 2 mM 

Sodium Orthovandate 5 mM 

Sodium Fluoride 30 mM 

β-glycerol phosphate 20 mM 

TritonX 1% 

Protease Inhibitor 1X 

 

Table 8. Brain fractionation buffer 3 

Component Concentration 

Tris, pH 9 50 mM 

Sodium Orthovandate 5 mM 

Sodium Fluoride 30 mM 
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β-glycerol phosphate 20 mM 

NaDOC 1% 

Protease Inhibitor 1X 

 

Table 9. TBS 10X (pH 7.4) 

Component Concentration 

Tris 24.2 g/L 

NaCl 87.7 g/L 

 

Table 10. TBST 1X 

Component Concentration 

TBS 10X 100 ml 

ddH2O 900 ml 

Tween 20 1 ml 

 

Table 11. Loading buffer 6X 

Component Concentration 

Tris/SDS 7 ml 

Glycerin 3 ml 

SDS 1 g 

Bromophenol blue 1 mg 

 

Table 12. RIPA 

Component Concentration 

Tris-HCl pH 8.0 10 mM 

EDTA 1 mM 

EGTA 0.5 mM 

Triton X-100 1% 
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Sodium Deoxycholate 0.1% 

SDS 0.1% 

NaCl 140 mM 

PMSF 1 mM 

ddH2O - 

 

Table 13. Resolving gels for denaturing SDS-PAGE 

% gel Component 
Volume of components (ml) per gel mold 

volume of 15 ml 

8% 

ddH2O 6.9 

Acrylamide/Bis-solution 30% 4.0 

1.5 M Tris (pH 8.8) 3.8 

10% SDS 0.15 

10% APS 0.15 

Temed 0.009 

10% 

ddH2O 5.9 

Acrylamide/Bis-solution 30% 5.0 

1.5 M Tris (pH 8.8) 3.8 

10% SDS 0.15 

10% APS 0.15 

Temed 0.006 

12% ddH2O 4.9 

 Acrylamide/Bis-solution 30% 6.0 

 1.5 M Tris (pH 8.8) 3.8 

 10% SDS 0.15 

 10% APS 0.15 

 Temed 0.006 
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Table 14. 5% stacking gels for denaturing SDS-PAGE 

Component 
Volume of components (ml) per gel mold 

volume of 8 ml 

ddH2O 5.5 

Acrylamide/Bis-solution 30% 1.3 

0.5 M Tris (pH 6.8) 1.0 

10% SDS 0.08 

10% APS 0.08 

Temed 0.008 

 

Table 15. Running Buffer 

Component Concentration 

Tris 3 g/L 

Glycine  14.4 g/L 

SDS 1 g/L 

Table 16. Sample buffer 

Component Concentration 

Tris 3 g/L 

Glycine  14.4 g/L 

SDS 1 g/L 

Methanol 200 ml/L 

If the molecular weight of the protein is larger than 80 kDa, SDS is included at a final 

concentration of 0.1%. 

Table 17. Blocking buffer for WB 

Component Concentration 

nonfat milk powder or BSA 5% 

TBST 1 X 



24 

 

2.1.6. Kits 

Table 18. Overview of employed kits 

Item Company Catalog number 

Antibody Array Assay Kit Full Moon BioSystems, USA KAS02 

BCA Protein Assay Kit Thermo Fisher Scientific, 

USA 

23225 

Clarity Western ECL 

Substrate 

Bio-Rad, USA 170-5061 

Neurosciences Phospho 

Antibody Array 

Full Moon BioSystems, USA PNS170 

Simoa® TNFα Advantage 

Kit HD-1/HD-X 

Quanterix, USA 101580 

Simoa® IL-13 Advantage Kit 

HD-1/HD-X 

Quanterix, USA 102732 

VECTASTAIN® Elite ABC-

HRP Kit, Peroxidase 

(Standard) 

Vector Laboratories, USA PK-6100 

2.1.7. Antibody 

2.1.7.1. Antibody for immunofluorescence 

Table 19. List of primary antibody for immunofluorescence 

Antibody Host species Dilution Company Catalog 

number 

ATF-3 Rabbit 1:1000 Sigma HPA001562 

c-fos Mouse 1:500 Abcam ab208942 

CREB(phospho) Rabbit 1:500 CST 9198S 

ERK1/2(phospho) Rabbit 1:200 CST 9101 



25 

 

ERK1/2(phospho) Rabbit 1:200 CST 4370 

GFP Chicken 1:500 Abcam ab13970 

GFAP Mouse 1:500 Sigma G3893 

Homer-1 b/c Rabbit 1:500 SySy 160022 

Iba1 Rabbit 1:1000 SySy 234003 

IL-13 Mouse 1:50 Santa SC-393365 

IL-13 Rabbit 1:100 Bioss bs-0560R 

IL-13Rα1 Rabbit 1:500 Invitrogen PA5-50989 

IL-13Rα1 (phospho) Rabbit 1:250 Invitrogen PA5-38607 

KCHiP3 (Dream) Rabbit 1:25 Thermo NPA5-11665 

MAP2 Chicken 1:500-1000 Encor CPCA-MAP2 

Neu-N Guinea pig 1:500 SySy 266004 

PSD-95 Mouse 1:500 Abcam ab2723 

RFP (conjugated) Camel 1:500 Nanotech N0404-AT565-L 

SHANK2 Mouse 1:500 Abnova MAB 7890 

SHANK2 Mouse 1:500 Gene Tex GTX 42007 

STAT3(phospho) Mouse 1:200 CST 9138S 

STAT6(phospho) Rabbit 1:250 Invitrogen PA5-104692 

Synaptotagmin-1 Rabbit 1:500 SySy 105 103C3 

Synaptophysin Guinea pig 1:500 SySy 101004 

Synaptophysin Rabbit 1:100 Abcam ab14692 

VGAT Guinea pig 1:500 SySy 131004 

VGLUT1 Guinea pig 1:500 SySy 135304 

VGLUT2 Guinea pig 1:500 SySy 135404 

 

Table 20. List of secondary antibody for immunofluorescence 

Antibody Host 

species 

Dilution Company Reference 

number 
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Anti-chicken AF 405 Goat 1:500 Abcam ab175674 

Anti-chicken AF 488 Donkey 1:500 Biotium 20166 

Anti-guinea pig CF 

568 

Donkey 1:500 Biotium 20377 

Anti-rabbit AF 568 Donkey 1:500 Invitrogen A10042 

Anti-mouse AF 647 Donkey 1:500 Invitrogen A31571 

DAPI 405 - 1:1000 Thermo 62247 

2.1.7.2. Antibody for Western Blot 

Table 21. List of primary antibody for Western Blot 

Antibody Host 

species 

Dilution Company Reference 

number 

β-actin Mouse 1:10000 Special 

Promotion 

69009-I-Ig 

IL-13 Mouse 1:100 Santa SC-393365 

IL-13Rα1 Rabbit 1:500 Invitrogen PA5-50989 

PSD-95 Mouse 1:4000 Abcam ab2723 

STAT6 Rabbit 1:1000 CST 9362 

Synaptophysin Rabbit 1:20000 Abcam ab14692 

 

Table 22. List of secondary antibody for Western Blot 

Antibody Host 

species 

Dilution Company Reference 

number 

Anti-mouse Horse 1:3000 Vector 

Laboratories 

PI-2000 

Anti-rabbit Goat 1:5000 Vector 

Laboratories 

PI-1000 
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2.1.7.3. Antibody for Immunohistochemistry 

Table 23. List of primary antibody for Immunohistochemistry 

Antibody Host 

species 

Dilution Company Reference 

number 

IL-13 Mouse 1:200 Santa SC-393365 

IL-13Rα1 Rabbit 1:200 Invitrogen PA5-50989 

 

Table 24. List of secondary antibody for Immunohistochemistry 

Antibody Host 

species 

Dilution Company Reference 

number 

Anti-Mouse IgG Antibody (H+L), 

Biotinylated 

Horse 1:200 Vector Lab BA-2000 

Anti-Rabbit IgG Antibody (H+L), 

Biotinylated 

Goat 1:200 Vector Lab BA-1000 

2.1.8. RNAscope probe 

Table 25. List of RNAscope probe 

Gene Reference number 

IL-13-C1 312291 

2.1.9. Primer 

Table 26. List of primer for qPCR 

Gene Sequence 

c-fos (rat) forward: 5’ -gagccgcgaacgagcagtga- 3’ 

Reverse: 5’ -ggcgaggggtccaggggtag- 3’ 

egr-1 (rat) forward: 5’ -aacaaccctacgagcacctg- 3’ 

Reverse: 5’ -accagcgccttctcgttatt- 3’ 

egr-2 (rat) forward: 5’ -aggccgtagacaaaatcccag- 3’ 
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Reverse: 5’ -cctcccagttcaccattggg- 3’ 

fos-B (rat) forward: 5’ -gtgagagatttgccagggtc- 3’ 

Reverse: 5’ -agagagaagccgtcaggttg- 3’ 

gadd45a (rat) forward: 5’ -ggagtcagcgcaccataact- 3’ 

Reverse: 5’ -ggtcgtcatcttcatccgca- 3’ 

gadd45b (rat) forward: 5’ -ctcctggtcacgaactgtcat- 3’ 

Reverse: 5’ -ggacccactggttattgcct- 3’ 

GAPDH (rat) forward: 5’ -gacatgccgcctggagaaac- 3’ 

Reverse: 5’ -agcccaggatgccctttagt- 3’ 

IL-13 (rat) forward: 5’ -atggtatggagcgtggacct- 3’ 

Reverse: 5’ -actggagatgttggtcaggg- 3’ 

GAPDH (human) forward: 5’ -gtctcctctgacttcaacagcg- 3’ 

Reverse: 5’ -accaccctgttgctgtagccaa- 3’ 

IL-13 (human) forward: 5’ -atgcatccgctcctcaatcc- 3’ 

Reverse: 5’ -agtgagagcaatgaccgtgg- 3’ 

2.2. Methods 

2.2.1. Experimental Animals 

Neuronal rat primary cultures were approved by the Ulm University veterinary and animal 

experimentation committee under the license number O.103-12. Intracerebral AAV 

injection, chemogenetics and TBI were approved by the Regierungspräsidium Tübingen 

under license number 1420. 

STAT6−/− mice (B6.129S2(C)-Stat6tm1Gru/J) were previously described[70] and were 

backcrossed for more than 10 generations to BALB/c background[145]. PV-Cre mice 

(B6.129P2-Pvalbtm1(cre)Arbr/J), kind gift of Silvia Arber and Pico Caroni, were used for the 

in vivo TBI experiments and the chemogenetic experiments. 

For histology on normal mouse cortex, Wild type (WT) mice (B6SJLF1/J) were used. All 
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mice were group housed from weaning to the time of the procedure, with ad libitum access 

to food and water, and under a light/dark cycle of 14/10 h, at 24°C and humidity 60-80%. 

2.2.2. Traumatic brain injury mice model 

Experimental traumatic brain injury was performed by a modified closed, blunt weight 

drop model[45]. Briefly, adult mice aged P60-80 were anesthetized with 5% sevoflurane in 

95% O2 and treated with 0.1mg of buprenorphine prior to performing the injury. The skin 

was incised on the midline to expose the skull and the mouse was positioned in the weight 

drop apparatus, in which the head was fixed onto the holding frame. TBI was delivered by 

dropping a weight of 120 g from a height of 40 cm and a displacement into the skull of 1.5 

mm onto the coordinates of the injection site (x = +2.0; y = -2.0; z = 0.0). 100% of 02 was 

administered after the impact until normal breathing was restored. After the TBI, the skin 

was sutured with prolene 6-0 and the mice were transferred to their cage with ad-libitum 

access to food and water. Efforts were made to minimize animal suffering and reduce the 

number of necessary animals, strictly adhering to the “3R” guidelines. 

2.2.3. Perfusion and Cryostat section preparation 

Mice were sacrificed 3 h after TBI. Intracardial perfusion was performed as reported 

previously. In brief, firstly, mice were perfused with 25 ml ice-cold PBS-/-, followed by 50 

ml ice-cold 4% PFA in PBS-/-. Brains were extracted and post-fixed in 4% PFA at 4°C for 

18 h. Then the brains were cryoprotected in 30% sucrose in PBS-/-, before embedding 

them in OCT Brain samples were transferred to the cryotome machine at -15℃. 40 μm-

thick cryostat sections were cut and kept in the 24-well plate with PBS-/-. 

2.2.4. Immunofluorescence staining mouse brain sections 

Brain samples were processed as previously described[118]. The sections were blocked 

(3% BSA, 0.3% triton-X100, 1 x PBS-/-) for 2 h at room temperature, after which primary 

antibodies were diluted in blocking buffer and incubated at 4℃ for 48 h. Sections were 

washed 3 x for 30 min and secondary antibodies were diluted in blocking buffer and the 
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sections were incubated for 2 h at room temperature followed by a final washing steps 3 x 

30 min. The sections were dried and mounted with prolong antifade mounting medium 

(Invitrogen). 

2.2.5. Single-molecule mRNA in situ hybridization 

We performed the Single-molecule mRNA in situ hybridization as showed by the 

manufacturer instructions (ACDBio, RNAscope, Fluorescence In Situ mRNA 

Hybridization for fixed frozen tissue sections, all reagents/buffers were provided by 

ACDbio), with minor adjustments. In brief, brain sections were fixed on glass slides for 

histology. After performing antigen retrieval for 5 min, brain sections were washed twice 

with dH2O and once with ethanol. Following, the slides were pretreated with reagent III at 

40°C for 20 min and probe hybridization for IL-13 was performed at 40°C for 4.5 h. The 

slides were washed two times with wash buffer for 2 min and then incubated with 

amplification-1 reagent at 40°C for 30 min. Slides were washed twice for 2 min each time, 

and incubated with amplification-2 reagent at 40°C for 15 min, followed by two times 

washing steps. The last amplification was performed by 30 min incubation with 

amplification-3 and then the 2 x 2 min washing step was performed. The final detection 

amplification was performed by incubating the amplification-4 reagent at 40°C for 45 min, 

and the final washing step was extended to 10 min each time. In case of co-

immunofluorescent staining, the sections were blocked with blocking buffer (PBS-/-, 3% 

BSA and 0,3% Triton-X 100) at room temperature for 1 h. Then the sections were 

incubated with primary antibodies diluted in blocking buffer at 4°C overnight. After being 

washed with PBS-/- 3x30 min, the sections were incubated with secondary antibodies at 

room temperature for 2 h, followed by the last round of washing 3 x 30 min. Finally, the 

sections were mounted with Fluorogold prolong antifade mounting medium (Invitrogen). 

2.2.6. Dissociated rat cortical neuronal culture and related procedures 

The primary rat cortical neuronal culture was performed as described in A Catanese et al., 

with slight modifications[25]. Each pregnant rat (Sprague-Dawley rats, Janvier 
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Laboratories) had 6-15 embryos, and both genders were used. After anesthesia with CO2, 

adult pregnant rats were sacrificed. Sprayed with 70% ethanol, rats had laparotomy and the 

embryos (E17-E18) were taken out. The heads of embryos were removed into sterile dish 

with ice cold Hank's Balanced Salt Solution (HBSS) on ice. After removing the skull, the 

embryonic brain was dissected out. The frontal cortical tissues were manually dissected in 

ice cold HBSS under stereomicroscopic guidance. 

The cortical tissues were incubated with 0.25% Trypsin/EDTA (1x) at 37°C and 5% CO2 

for 7-15 min. After three wash with Dulbecco’s Modified Eagle Medium-high glucose (4.5 

g/L) (DMEM) with 10% fetal bovine serum (FBS), 1% Glutamine (100x) and 1% 

Penicillin/Streptomycin (P/S) (DMEM+++), the brain tissues were mechanically 

dissociated in DMEM+++. The cells were resuspended in DMEM+++ after filtered by a 

100 μm sieve. The cortical cells were plated on ibidi dishes (µ-Dish 35 mm) (for 

Holotomography Live imaging), 6-wells plate (for cells harvest, WB and qPCR) or 

coverslips in the 24-wells plate (for Immunofluorescence) with DMEM+++. The dishes, 

plates and coverslips were coated with Poly-L-lysine (0,05 mg/ml) overnight at 37°C and 

5% CO2. DMEM+++ was replaced with Neurobasal medium supplemented with 2% B-27, 

1% Glutamine and 1% P/S (NB+++) after 4-6 h. Cortical cells were grown in a humidified 

atmosphere at 37°C containing 5% CO2 and medium was half-renewed weekly. 

All the treatments and experiments were performed on day in vitro 21 (DIV21). Primary 

cells were treated with IL-13 50 ng/ml for 1 h or 3 h[143]. The inhibitors of transcription 

factors, ERK inhibitor PD98059 (20µM, Promega), STAT6 inhibitor AS1517499 (1 µM, 

Axon Medchem), STAT3 inhibitor Stattic (20 µM, Selleckchem), and JAK inhibitor 

Ruxolitinib (280 nM, Cayman) were added to the culture medium half an hour before IL-

13 exposure[118, 163]. In addition, for pretreatment with the inhibitors of glutamate 

receptors and calcium channels, primary culture was exposed to AMPA and kainate 

receptor blockers CNQX (10 µM, Cayman) and NBQX (10 µM, Cayman), NMDA blocker 

MK-801 (10 µM, Cayman), and calcium channel blocker Mibefradil (10 µM, Cayman) for 

half an hour. In these inhibitors experiments, the control culture used the same volume of 
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DMSO as the vehicle control. 

2.2.7. Immunofluorescence staining rat cortical neuronal culture 

Immunofluorescence staining was performed as previously described[118]. Briefly, after 

the intervention, the coverslips were washed two times with ice cold DPBS-/-. Cells were 

fixated for 15 min with ice cold 4% PFA added with 0.1 M sucrose. Then cells were 

washed 2 times with ice cold DPBS-/- again. Cells were blocked in PBS-/- with 3% BSA 

and 0,3% Triton-X 100 at room temperature for 2 h. After blocking, cells were incubated 

with primary antibodies diluted in blocking buffer at 4℃ for 48 hours. After washing with 

PBS-/- three times for 30 min, the cells were incubated with secondary antibodies at room 

temperature for 2 h. Cells were washed three times for 30 min with PBS-/- at room 

temperature again. At the end, the coverslips were mounted on microscope glass slides 

with Fluorogold prolong antifade mounting medium. 

2.2.8. Imaging and image quantification 

In this project, we used the laser-scanning microscope (Leica DMi8) and fluorescence 

microscope (Keyence). The Leica microscope equipped with an ACS APO 40x and 63x oil 

DIC immersion objective was used to acquire images in a 1024x1024 pixel 12-bit format 

and a Z-stacks of 5 μm (step size of 10 x 0.5 μm or 7 x 0.5 μm). Imaging parameters were 

set to obtain signals from the stained antibody while avoiding saturation. All fluorescent 

channels were acquired independently to avoid fluorescence cross-bleed. For each 

treatment, 5-7 areas were randomly selected for imaging. Each group of experimental 

biology was repeated 3-5 times. For c-fos, we used the fluorescence microscope (Keyence) 

equipped with a 4x and 20x air objective. 

Ten optical stacks were imported into ImageJ. The confocal stack (10 optical slices each) 

collapsed in the maximum intensity projection image. For quantification of receptors on 

the cell membrane such as pIL-13Rα1, the mean gray value of the cell membrane per 

mature cortical neuron was measured. Transcription factors such as pCREB, the mean gray 

value of the nucleus per mature cortical neuron was measured. Regarding pERK1/2, the 
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mean gray value of the cytoplasm of each mature cortical neuron was measured. The c-fos 

positive neurons were manually counted by an operator who turned a blind eye to the 

treatment group. 

2.2.9. Brain fractionation 

Brain fractionation was acquired as described previously[131]. After dissection, the 

cortical tissue is suspended in Buffer 1 and homogenized with the Teflon douncer. 75 µl 

sample (Ho) was taken into a new tube called Ho. To remove extracellular matrix, nuclei 

and cell debris, the obtained homogenate (Ho) was centrifuged at 4°C at 500 x g for 5 min. 

The supernatant (S1) was collected in a new tube called P3. 75 µl sample (S1) was taken 

into a new tube called S1. P3 was centrifuged at 4°C at 10000 x g for 15 min in order to 

separate the crude membrane fraction (P2) and the cytosol (S2). The supernatant (S2) was 

collected. The pellet (P2) was resuspended in 500 Buffer 2. P2 was centrifuged at 4°C at 

20000 x g for 80 min. The supernatant (S3) contained the soluble synaptic cytosol. The 

pellet (P3) containing the insoluble PSD fraction was resuspended in Buffer 3. Then all the 

samples were frozen in liquid nitrogen and then stored at -80°C. 

2.2.10. Western blot 

BCA Protein Assay Kit was used to determine the concentrations of protein as described in 

the manufacturer's instructions. 40-50 µg protein with 1 x loading buffer and 5% 2-

Mercaptoethanol was heated at 95℃ for 5 min. Samples were loaded on 8-12% SDS-

PAGE gel and transferred to the nitrocellulose membrane. The membranes were blocked 

with blocking buffer. Then the membranes were incubated with primary antibodies on the 

shaker at 4°C overnight. After washing 5 times for 5 min with TBST on the shaker at room 

temperature, the membranes were incubated in horseradish secondary antibodies in 

blocking buffer on the shaker at room temperature. The membranes were washed 5 times 

for 5 min again. Proteins bound to western blotting membranes were detected by Enhanced 

chemiluminescence (ECL).  ImageJ was used to acquire the mean gray value of the bands 

and normalised with a loading control (β-actin). 
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2.2.11. RNA extraction and qPCR 

RNA isolation was performed as described in the manufacturer's instructions (QIAzol, 

Qiagen). After the intervention, the dishes were washed three times with ice cold DPBS-/-. 

0.5 ml QIAzol Lysis Reagent was added per well in the 6-well plate. The pipette was used 

to rinse the bottom of dishes until the cells lysate was uniformly homogeneous. The tube 

containing the homogenate was placed at room temperature for 5 min. 0.15 ml chloroform 

was added and the tube was shanked vigorously for 15 sec. The tube containing the 

homogenate was kept at room temperature for 10 min. After centrifuged at 4°C at 12,000 x 

g for 15 min, the upper, aqueous phase was transferred into a new tube. The RNA was 

precipitated by mixing with 250 μl isopropanol by vortexing. After being kept at room 

temperature for 10 min, the tube was centrifuged at 4°C at 12,000 x g for 10 min. The 

supernatant was discarded. After adding 1 ml 75% ethanol, the tube was centrifuged at 4°C 

at 8000 x g for 10 min. The supernatant was removed completely, and the RNA pellet was 

air-dry until the pellet looked like the colour of wet sugar. The RNA pellet was dissolved 

in 15-25 μl of RNase-free water. The concentration and quality was detected by NanoDrop 

2000. The ratio of A260/A280 should be greater than 1.8. 

Reverse transcription was performed as described previously[118]. 1 μg RNA was mixed 

with RNase-free water and 5 μl Radom primers, dn6, to bring the total volume to 40 μl. 

The samples were incubated for 10 minutes at 70℃. 15 μl master mix was added, 

containing 12 μl RT 5x buffer, 2 μl dNTPs, 0.5 μl RiboLock Rnase Inhibitor, 0.5 μl M-

MLV RT RNase. After incubating for 10 min at room temperature, the samples were 

incubated at the water bath at 42℃ for 45 min. To stop the reaction, the samples were 

heated at 99°C for 5 min. The cDNA was used immediately for qPCR or store at -20°C. 

We used the Light Cycler 480II in this project. 2 µl cDNA was mixed with 5 µl TB Green 

Premix Ex Taq and 3 µl primer mix in a 96-well plate. All the samples were duplicated 6 

times. We used the housekeeping gene GAPDH as a control. The CT values obtained from 

the light cycler were calculated with the 2-ΔΔCt formula. 
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2.2.12. Anti-synaptotagmin-1 antibody feeding protocol 

We performed the anti-synaptotagmin antibody feeding protocol, as previously 

reported[25], to detect the synaptic vesicle release rate. Briefly, a monoclonal antibody 

(diluted 1:500) directed against a luminal epitope of Synaptotagmin-1 fluorescently labeled 

with Oyster®550 (105 103C3, Synaptic System) were added to the culture medium 30 min 

before fixing. For IL-13 and inhibitors exposure experiments, the same protocol as 

reported above was applied. After being washed twice with DPBS-/-, the cells were fixed 

with 4% paraformaldehyde containing 4% sucrose for 10 min. Then the processed primary 

cells were used for immunofluorescence steps. 

2.2.13. AAV Vectors and Chemogenetics 

AAV9 mediating the expression of Pharmacologically Selective Activation Module 

(PSAM)[28, 92, 135] were obtained from Vector Biolabs (Malvern-PA, US), at the titers 

of 9 × 1012 viral genomes/ml, which used the following constructs: pAAV-pCAG-flox-

PSAM (Leu41Phe, Tyr116Phe)5HT3-WPRE and pAAV-cbaflox-PSAM (Leu141Phe, 

Tyr116Phe) GlyR-WPRE, and the anion-permeable (inhibitory PSAM, henceforth 

inhPSAM) channels. PSEM308, the PSAM agonist, which was obtained from Apex 

Scientific Inc. (Stony Brook-NY, USA) and dissolved in sterile saline, was administered 

by intraperitoneal injection 30 min before TBI, at the dose of 5 μg/g. pAAV-hSyn-PV-

nuclear localisation sequence (NLS)-mC, which was constructed by PCR-amplifying the 

PV-NLS-mCherry coding sequence from pAAV-CMV-PV-NLS-mCherry and then 

subcloning it into a pAAV-hSyn express, drove the expression of PV-NLS-mCherry under 

control of the human synapsin promoter, ion plasmid[136]. 

2.2.14. Intracerebral Injection of Viruses 

Intracortical injection of AAVs was performed, as previously reported[28, 71], in mice 

aged P30–P35. Mice were administered buprenorphine (0.05 mg/kg; Reckitt Beckshire 

Healthcare, Beckshire, UK) and meloxicam (1.0 mg/kg; Böhringer Ingelheim, Biberach an 

der Riß, Germany) 20 min before the surgery. Mice were positioned into a stereotactic 
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frame under continuous isoflurane anesthesia (4% isoflurane in 96% O2). After incising the 

scalp at the midline, a burr hole was drilled at the coordinates x = +2.0, y = − 2.0 by a hand 

micro-drill, which corresponded to the somatosensory cortex. Approximately 200–500 nL 

of the viral suspension which was mixed with an equal volume of 1.5% Fast green 

solution, was injected by a pulled glass capillary which connected to a Picospritzer 

microfluidic device, over a span of 10 min. In case of preventing the backflow of the virus, 

the capillary was kept in place for another 10 min. To allow the bone to heal, the burr hole 

was left open. Prolene 7.0 surgical thread was used to suture the skin. Animals were 

transferred to a recovery cage with a warmed surface and ad libitum access to food and 

water after surgery. During the following 72 h, animals were administered additional doses 

of buprenorphine. Meanwhile, the animals were monitored for eventual neurological 

impairment. 

2.2.15. Holotomography Live imaging 

The holotomographic microscope[134] was used to obtain high-contrast, label-free, time-

lapsed imaging of cultured cortical neurons for 12 h, acquiring a three-dimensional 

holotomographic stack every 15 min. Neuronal cultures were exposed to vehicles or, to 

simulate an acute excitotoxic environment associated with traumatic injury, to 20 µM or 40 

µM glutamate either alone or in presence of IL-13 (50 ng/ml; added at the same time of 

glutamate addition). We treated the cells with additional STAT6 inhibitor AS1517499 (1 

µM, Axon Medchem) and JAK inhibitor Ruxolitinib (280 nM, Cayman) 30 minutes before 

the last treatment. 

2.2.16. Human patient’s cohort 

The recruitment of patients and the use of brain and CSF samples were authorized by the 

Kaifeng Central Hospital and Alfred Hospital Human Ethics Committee and the analysis at 

Ulm University was authorized by the Ulm University Ethical committee with approval 

number: 194-05. 

Samples of the motor cortex from 4 independent healthy (i.e., not affected by trauma or 
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neurodegenerative processes) post-mortem human brains were obtained from the Institute 

for Anatomy and Cell Biology of the Medical Faculty of Ulm University (collectively 

henceforth defined as “Healthy Cohort”- are reported in the methods). 

Patients for Kaifeng Cohort were recruited at the Kaifeng Central Hospital, China, between 

January 2018 and January 2021; informed consent in a delayed fashion was obtained from 

the next of the kin. Human Brain tissue samples came from 19 patients with TBI (13 

males, 6 females, age range 22.8-85.6 years, average age 56.7 years) and 14 patients with 

non-nerve injury diseases such as cerebral hemorrhage or aneurysm (Control group, 9 

males, 5 females, age range 42.3-82.5 years, average age 72.6 years). Inclusion criteria for 

TBI were: severe TBI with a post-resuscitation GCS ≤8 and, the need for neurosurgery to 

remove hematoma or injured brain tissue. Inclusion criteria for controls were: non-nerve 

injury diseases such as cerebral hemorrhage or aneurysm. Brain samples of TBI were 

collected in the proximity of, but not part of the necrotic or hemorrhagic lesion within 6.5 h 

after TBI and kept at -80°C. Exclusion criteria comprised pregnancy, neurodegenerative 

diseases, HIV and other chronic infection/inflammatory diseases, or history of TBI. 

Table 27. Patients information for Kaifeng Cohort 

Case Age (years) Gender 

(Male/Female, 

M/F) 

Surgery time 

after TBI (h) 

Glasgow Coma 

Scale 

1 46 M 3 3 

2 63 M 3 4 

3 49 F 5 4 

4 49 M 4 5 

5 53 F 3 4 

6 67 M 6 4 

7 65 M 3 3 

8 57 M 5 6 

9 85 M 3 5 

10 23 F 2 8 
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11 22 F 3 5 

12 54 M 5 6 

13 65 M 6 5 

14 60 F 6 5 

15 65 M 5 3 

16 82 F 3 5 

17 42 M 3 3 

18 56 M 3 3 

19 55 M 5 3 

Patients for Melbourne Cohort were recruited at the Alfred Hospital, Melbourne; informed 

consent in delayed fashion was obtained from the next of the kin. Inclusion criteria for TBI 

were: severe TBI with a post-resuscitation GCS ≤8 (unless initial GCS>9 was followed by 

deterioration requiring intubation) and, upon CT imaging, the need for an extraventricular 

drain (EVD) for ICP monitoring and therapeutic drainage of CSF. Controls were patients 

subject to CSF drainage for non-traumatic reasons. CSF was collected over 24 h and kept 

at 4°C; samples were obtained on admission (day 0) and daily up to day 5 after injury. 

Then the CSF samples were centrifuged at 2,500 rpm at 4°C for 10 min, aliquoted, and 

frozen at −80°C before detection. Exclusion criteria comprised pregnancy, 

neurodegenerative diseases, HIV and other chronic infection/inflammatory diseases, or 

history of TBI. Out of the 42 TBI patients constituting the original cohort[160], we 

selected samples from 30 patients, depending on the availability of three pristine aliquots 

for day 0, day 1 and day 4 after injury. 
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Table 28. Patients information for Melbourne Cohort 

 Control group Day 0 group Longgituding group 

Gender 

(Male/Female) 
6 (2/4) 27 (19/8) 11 (7/4) 

Age (years, median, 

range) 
71 (53-85) 37 (17-59) 29 (23-42) 

Glasgow Coma Scale 

(median, range) 
N/A (not applicable) 6 (3-9) 6 (3-7) 

Injury Severity 

Score (median, 

range) 

N/A 35 (17-59) 43 (17-59) 

Normoxial/Hypoxia 

(SO2<92%) 
N/A 12/15 5/6 

Lesion type 

(Focal/Diffuse) 
N/A 13/14 6/5 

Glasgow Outcome 

Scale-Extended 

(median, range) 

N/A 3.5 (1-8) 3 (1-6) 

2.2.17. Single-molecule Array determination of cytokines in CSF 

Single-molecule arrays were performed as described in the instructions provided by the 

manufacturer (Quanterix) to quantify TNF-α and IL-13. CSF samples for TNF-α detection 

were diluted 1:5 before the test. In addition, for the IL-13 experiment, we didn't dilute the 

CSF samples. 

2.2.18. Immunohistochemistry and imaging 

Immunohistochemistry was performed on 50 µm thick cortical sections as described 

before[17]. Briefly, sections underwent an antigen retrieval step in citrate buffer (pH = 6) 

for 20 min at 80°C, followed by a blocking step in 5% BSA and 0,25% Triton-X 100 at 

room temperature for 90 min. After blocking, sections were incubated in primary antibody 

overnight at room temperature diluted in Tris buffer. The following day, the sections were 

washed 3 times with Tris buffer and incubated at room temperature for 90 min with the 
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corresponding secondary biotinylated antibody diluted in Tris buffer (anti-mouse, 1:200, 

Vector Lab, #BA-2000; anti-rabbit,1:200, Vector Lab, #BA-1000). The sections were then 

washed 3 times and treated with avidin-biotin complex solution (VECTASTAIN® Elite 

ABC-HRP Kit, Vector Lab, #PK-6100) for 90 min at room temperature. The color reaction 

was then conducted using 3,3-diaminobenzidine (DAB) solution. Sections were dehydrated 

gradually in ethanol series, cleared in Xylene twice, and finally mounted on microscope 

glass slides with Histomount mounting medium (National Diagnostics). The sections were 

imaged using a brightfield microscope (Keyence, BZ-X800) by making a tile scan image 

of the grey and white matter of the cortex. 

2.2.19. Statistical Analysis 

GraphPad Prism version 9 (GraphPad Software, San Diego, USA) was used in Statistical 

analysis. All data were tested for normality using the Shapiro-Wilks test. Grouped analysis 

was performed using ANOVA with Tuckey multiple correction or Kruskal-Wallis test with 

Dunn’s multiple correction, depending on normality. When appropriate an unpaired t-test 

or Mann-Whitney test was used for comparing two groups. Correlation analysis was done 

by Pearson r or Spearman r, depending on normality. Timeline in the human ‘Melbourne 

cohort’ was analysed using the Friedman test with Dunn’s multiple correction. Data was 

depicted as mean or mean ± SD and statistical significance was set at p < 0.05.
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3.  Result 

3.1. IL-13 and its receptor IL-13Rα1 are synaptic proteins enriched in 

synapses 

First, we explored the expression of IL-13 in the cerebral cortex obtained from adult (P60-

80) male mice using in situ hybridization. Surprisingly, we found that a substantial fraction 

of cells expressed abundant levels of IL-13 mRNA. Double in situ with markers of 

glutamatergic neurons (VGLUT2+) and GABAergic neurons (VGAT+) revealed that IL-

13 is expressed in both subpopulations. When the overall cortical population was used as a 

reference, we found that glutamatergic neurons expressed more IL-13 than the global, 

whereas GABAergic neurons expressed less IL-13 than the global, implying that IL-13 

was more strongly expressed in excitatory neurons (Figure 4). 

Second, we further investigated the localization of IL-13 and its cognate receptor IL-

13Rα1 in cortex by immunostaining. In the murine cortex in which synaptic sites were 

identified by the colocalization of the pre-and post-synaptic markers VGLUT+ and 

SHANK2+ or PSD-95+, respectively, along MAP2 dendrites. We observed some degree of 

synaptic localization for IL-13 (43 ± 9%). Additionally, a substantial amount of puncta was 

not synaptic and a fraction of these was localized inside dendrites (Figure 5A). At the same 

time, when the sections were immunostained with an antibody directed against IL-13Rα1, 

we observed a convincing case for synaptic localization for IL-13Rα1 puncta (47 ± 9%) 

(Figure 5B). 
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Figure 4. Interleukin-13 (IL-13) mRNA was expressed in the mice cortex neurons, according 

to[85]. A-B) Single mRNA molecule In Situ Hybridization for IL-13 mRNA (gray) co-stained with 

DAPI (blue), VGLUT2 (red), or VGAT (red) in the cerebral cortex of mice. The IL-13 mRNA 

molecules were visualized both in the VGLUT2 positive cells (Glutamatergic neurons) and VGAT 

positive cells (GABAergic neurons). C) The number of IL-13 mRNA molecules was visualized 

more in the VGLUT2 positive cells compared with global. D) The number of IL-13 mRNA 

molecules was visualized less in the VGAT positive cells compared with global. Lines represent 

the mean, Group size: N=3. Magnification 40X, scale bar: 20 μm. 
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Figure 5. The localization of Interleukin-13 (IL-13) and Interleukin-13 receptor α 1 (IL-13 Rα1) in 

the mice cortex neuron. A) IL-13 (gray) or B) IL-13Rα1 (gray) co-stained with MAP2 (blue), 

VGLUT (pre-synaptic marker, green), SHANK2 or PSD-95 (post-synaptic marker, red) in the 

cerebral cortex of mice. A-B) IL-13 and IL-13Rα1puncta were synaptic localization. Additionally, 

a fraction of these was localized inside dendrites. Group size: N=3. Magnification 63X, scale bar 

overview: 10 μm, scale bar insert: 2 μm. 

Third, we sought an independent confirmation of the synaptic nature of IL-13 and IL-

13Rα1 using a brain fractionation protocol to isolate distinct cellular subcompartments. 

Frontal cortical samples obtained from adult (P60-80) male mice were fractionated using 

multiple density-gradient steps with the goal to isolate and contrast whole cortical extracts, 

neuronal membranes, synaptosomes, post-synaptic membranes and presynaptic vesicles. 

The enrichment of the individual fractions was monitored by WB with antibodies against 

PSD-95 and Synaptophysin as markers of the post-synaptic and in the vesicle fractions, 

respectively. When the protein extract from each fraction was probed with an antibody 

against IL-13, the immunoreactivity was strongly enriched in the synaptic vesicle fraction 

(S3) and mostly excluded from the postsynaptic fraction (P3) in a pattern closely matching 
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that of synaptophysin (Figure 6A). Most notably, when the same fractions were probed 

with an antibody directed against IL-13Rα1, we verified a very strong enrichment in the 

post-synaptic fraction, compared with a low representation in the whole-cortex 

homogenate and the complete absence in the presynaptic vesicle fraction (thus resembling 

the pattern of PSD-95) (Figure 6B). Thus, these findings not only confirm the synaptic 

localization of IL-13 and IL-13Rα1, but suggest a pre- and post-synaptic (respectively) 

enrichment. 

 

Figure 6. The expression of Interleukin-13 (IL-13) and Interleukin-13 receptor α 1 (IL-13 Rα1) in 

post-synaptic density (PSD) fractions, according to[85]. Western Blot analysis of the subcellular 

fractions derived from PSD isolation: Homogenate (Ho), Purified homogenate (S1), Crude 

membrane fraction (P2), Cytosol (S2), Synaptosomes and PSD and Synaptic cytosol (S3) from 

mice frontal cortical tissue. A) IL-13 was strongly enriched in the synaptic vesicle fraction (S3) 

and mostly excluded from the postsynaptic fraction (P3). B) IL-13Rα1 was a very strong 

enrichment in the post-synaptic fraction (P3), compared with a low representation in the whole-

cortex homogenate and the complete absence in the presynaptic vesicle fraction. Representative 

bands for indicated proteins are shown. Group size: N=3. 

Fourth, since the bulk cortical tissue has a very complex architecture with high density of 

astrocytes and neuronal processes, we set out to explored IL-13 and IL-13Rα1 expression 

and immunolocalization in the dissociated culture of rat cortical neurons. We exploited the 

E18-DIV21 cultures to enable the unequivocal attribution of immunoreactivity for IL-13 to 

neurons and synapses. In fact, cultured neurons displayed a large number of synaptic 
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contacts (Homer-1+ and Synaptophysin+) along the dendrites (identified by MAP2 

immunostaining). Meanwhile, fainter immunostaining for IL-13 was detected in the cell 

bodies (Figure 7A). 45% Synaptophysin+ synapses and 50% Homer-1+ synapses 

colocalized with IL-13-positive puncta. Additionally, 60% of synapses with 

Synaptophysin+ and Homer-1+ colocalized with IL-13-positive puncta (Figure 7B). To 

minimize the risk of any unpredictable unspecific staining generated by the anti-IL-13 

mouse monoclonal antibody, we repeated this set of experiments with an unrelated rabbit 

polyclonal antibody against IL-13; the findings obtained with the second antibody closely 

overlapped with the ones from the mouse monoclonal. 

Fifth, the immunostaining of these cultures with an antibody directed against 

phosphorylated IL-13Rα1 revealed a punctate staining distributed along dendrites, 

reminiscent of a synaptic distribution; indeed, the co-immunostaining for pIL-13Rα1 and 

synaptic markers PSD-95 and VGLUT revealed that substantial fraction of synapses 

colocalized with pIL-13R (Figure 7C). In order to verify that the IL-13R were functional 

and expressed on the membrane, we treated the cortical neurons with IL-13 (50 ng/ml) and 

fixed them at baseline, focusing on timepoints comparable with those investigated in the 

acute phase of TBI (within 3 h) in which IL-13 mRNA was upregulated. The fluorescence 

intensity for pIL-13Rα1 at synaptic sites was significantly increased after 1 h and 3 h of 

IL-13 treatment (Figure 7D). Meanwhile, the fraction of synapses positive for pIL-13Rα1 

was significantly increased after 1 h and 3 h of IL-13 treatment (Figure 7E). In addition, 

the fraction of PSD-95+ synapses positive for pIL-13Rα1 was significantly increased after 

1 h and 3 h of IL-13 treatment (Figure 7F). These indicated that the receptor was 

functionally engaged by its cognate ligand in synapses. 

Taken together, these data support the synaptic localization of IL-13/IL-13Rα1 and sketch 

a model in which IL-13 is a neuron-derived factor released by presynaptic terminals, acting 

on IL-13Rα1 localized in postsynaptic structures. 
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Figure 7. The localization of Interleukin-13 (IL-13) and Interleukin-13 receptor α 1 (IL-13 Rα1) in 

primary rat cortical neurons, according to[85]. A-B) IL-13 (gray) co-stained with MAP2 (blue), 

Synaptophysin (pre-synaptic marker, green), and Homer-1 (post-synaptic marker, red). Cultured 

neurons displayed a large number of Homer-1+and Synaptophysin+ along the dendrites. 45% 

Synaptophysin+ synapses and 50% Homer-1+ synapses colocalized with IL-13-positive puncta. 

Additionally, 60% of synapses with Synaptophysin+ and Homer-1+ colocalized with IL-13-

positive puncta. Meanwhile, fainter immunostaining for IL-13 was detected in the cell bodies. C) 

Phospho-interleukin 13 receptor α 1 (pIL-13Rα1, gray) co-stained with MAP2 (blue), VGLUT 

(pre-synaptic marker, green), and PSD-95 (post-synaptic marker, red)). pIL-13Rα1-positive puncta 

colocalized with VGLUT+ synapses and PSD-95+ synapses. D) The fluorescence intensity for 

pIL-13Rα1 at synaptic sites was significantly increased after 1 h and 3 h of IL-13 treatment. E) The 

fraction of synapses positive for pIL-13Rα1 was significantly increased after 1 h and 3 h of IL-13 

treatment. F) The fraction of PSD-95+ synapses positive for pIL-13Rα1 was significantly increased 

after 1 h and 3 h of IL-13 treatment. Lines represent the mean, Group size: N=3. *: p < 0.05; **: p 

< 0.01; ***: p < 0.001; ****: p < 0.0001, using one-way ANOVA with Tukey's multiple 

comparisons test. Magnification 63X, scale bar overview: 10 μm, scale bar insert: 5 μm. IL-13: 50 

ng/ml. 
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3.2. IL-13 drives the phosphorylation of CREB and the induction of activity-

dependent immediate-early genes 

Next we asked if IL-13 would therefore elicit a signaling cascade in neurons, focusing on 

timepoints comparable with those investigated in the acute phase of TBI (within 3 h) in 

which IL-13 mRNA was upregulated. 

First, we immunostained cultured cortical neurons treated with IL-13 for 1h and 3h for 

phosphorylated IL-13Rα1 (Tyr405) and for phospho-ERK1/2 (Thr202/Tyr204).  

Compared to baseline, IL-13 triggered a significant elevation in the phosphorylation of IL-

13Rα1 at 1h and, albeit reduced in magnitude, at 3 h (Figure 8A-B). Likewise, IL-13 

triggered a strong elevation in ERK phosphorylation at 1h, which subsumed by 3 h (Figure 

8A, C). These findings confirm the activation of signal transduction cascades in neurons by 

IL-13. 

Next, we focused on the phosphorylation of CREB. Indeed, IL-13 treatment caused the 

massive elevation in the levels of phosphorylated CREB (S133) after 1 h and 3 h 

(compared to baseline) (Figure 8A, D). Most notably, when we treated neurons with 

ascending concentrations of IL-13 we did not obtain a linear increase in pCREB levels, but 

rather an inverse-U distribution: effect on pCREB levels increased for IL-13 doses of 5 to 

50 ng/ml (24%, 32% to 61% of the vehicle, respectively) but then declined for doses up to 

450 ng/ml (40% of baseline for 150 ng/ml and 14% for 450 ng/ml) (Figure 8G-H). 
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Figure 8. The activation of Interleukin-13 (IL-13)-triggered signaling cascades in primary rat 

cortical neurons, according to[85]. A-F) Primary cortical neurons were treated with 50 ng/ml IL-

13 at 1 h or 3 h. MAP2 (blue) co-stained with phospho-interleukin 13 receptor α 1 (pIL-13Rα1, 

red), phospho-extracellular signal-regulated kinase 1/2 (pERK1/2, red), phospho-cAMP response 

element binding protein (pCREB, red), phospho-signal transducer and activator of transcription 6 

(pSTAT6, red) and phospho-signal transducer and activator of transcription 6 (pSTAT3, red). A-B) 
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The intensity of pIL-13Rα1 on the neuron membrane increased at 1 h and 3 h after IL-13 

treatment. A, C) The intensity of pERK1/2 in the neuron soma elevated at 1 h and 3 h. A, D) The 

intensity of pCREB in the neuron nuclear increased both at 1 h and 3 h. A, E) The intensity of 

pSTAT6 on the neuron nuclear enhanced at 1 h and 3 h. A, F) The intensity of pSTAT3 on the 

neuron nuclear raised at 1 h and came back to baseline at 3 h. G-H) MAP2 (blue) co-stained with 

pCREB (red). When treating neurons with increasing concentrations of IL-13(5, 15, 50, 150, 450 

ng/ml), the level of pCREB in nuclear increased linearly, but in an inverted U distribution after 3 h. 

50 ng/ml reached the peak. Lines represent the mean, Group size: N=3. *: p < 0.05; **: p < 0.01; 

***: p < 0.001; ****: p < 0.0001, using one-way ANOVA with Tukey's multiple comparisons 

test, or two-way ANOVA with Tukey's multiple comparisons test. Magnification 40X, scale bar: 

20 μm. 

Figure 9. Interleukin-13 (IL-13) induced the large-scale transcription of immediate-early genes 

and other activity-dependent transcription factors in primary rat cortical neurons, according 

to[85]. Primary cortical neurons were treated with 50 ng/ml IL-13 at 1 h or 3 h. A-C) MAP2 (blue) 

co-stained with DRE-antagonist modulato (Dream, red) and Activating transcription factor 3 

(ATF-3, red). The intensity of Dream and ATF-3 in the neuron nuclear increased both at 1 h and 3 

h. A, D) MAP2 (blue) co-stained with c-fos (red). The c-fos positive neurons were raised both at 1 

h and 3 h. E-J) Relative of immediate-early genes mRNA levels showed significant effects after 

exposure to IL-13. Lines represent the mean, Group size: N=3. *: p < 0.05; **: p < 0.01; ***: p < 

0.001; ****: p < 0.0001, using one-way ANOVA with Tukey's multiple comparisons test. 

Magnification 40X, scale bar for Dream and ATF-3: 20 μm; Magnification 20X, scale bar for c-

fos: 50μm.  
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The elevation in pCREB levels suggested that IL-13 may induce the large-scale 

transcription of immediate-early genes and other activity-dependent transcription factors. 

Indeed, we found that this cytokine induced the upregulation of the nuclear levels of ATF-

3, and DREAM after 1h and 3h treatments, and increased the number of c-fos-positive 

neurons in the culture (Figure 9A-D). We confirmed this effect of IL-13 by verifying the 

upregulation of the mRNA of a subset of immediate-early genes (c-fos, fos-B, egr-1, egr-2, 

gadd45a and gadd45b) by qPCR (Figure 9E-J). In addition, upon IL-13 treatment, we 

observed the upregulation, at 1h and 3h, of the phosphorylation of both STAT6 and 

STAT3, which are well-understood[60] IL-13/IL-13R targets (Figure 8A, E-F). 

Finally, we explored if the signaling through JAK and ERK, set in motion by IL-13, and 

the increased phosphorylation of glutamate receptors observed at 3h in the large-scale 

screening were connected to pCREB upregulation (thus implying a unified pathway from 

IL-13Rα1 to synaptic activity and glutamate signaling to transcriptional activation). In fact, 

IL-13 induced phosphorylation of CREB was completely prevented by JAK inhibitor 

Ruxolitinib, ERK inhibitor PD98059, or STAT6 inhibitor (Figure 10A, B). Moreover, IL-

13 phosphorylation of CREB required the activity of glutamate receptors, since it was 

strongly demised by AMPAR antagonists NBQX and CNQX, and was dramatically 

abolished by the NMDAR antagonist MK-801. Meanwhile, blockade of Voltage-

Dependent Calcium Channel Mibefradil had the same effect on preventing IL-13-induced 

CREB phosphorylation (Figure 10C, D). 

Thus, IL-13 activates its cognate receptor IL-13Rα1 at synaptic sites and sets in motion 

signaling events involving JAK and ERK, as well as NMDA and AMPA glutamate 

receptors, ultimately leading to CREB, STAT3 and STAT6 phosphorylation as well as the 

induction of multiple immediate-early genes. 
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Figure 10. Interleukin-13 (IL-13) initiated signal transduction in primary rat cortical neurons, 

according to[85]. Primary cortical neurons were treated with 50 ng/ml IL-13 or a combination 

with different inhibitors. phospho-cAMP response element binding protein (pCREB, red) co-

stained with MAP2 (blue). A, B) Phosphorylation of CREB induced by IL-13 was completely 

prevented by JAK inhibitor (Ruxolitinib, Rux) (p < 0.0001), ERK inhibitor (PD98059, PD) (p < 

0.0001), or STAT6 inhibitor (AS1517499, AS) (p < 0.0001). C, D) Phosphorylation of CREB 

induced by IL-13 was strongly diminished by AMPAR antagonists (NBQX and CNQX) (p < 

0.0001), NMDAR antagonist (MK801) (p < 0.0001), and the blocker of Voltage-Dependent 

Calcium Channel Mibefradil (Mibef) (p < 0.0001). Lines represent the mean, Group size: N=3. *: 

p < 0.05; **: p < 0.01; ***: p < 0.001; ****: p < 0.0001, using two-way ANOVA with Tukey's 

multiple comparisons test. Magnification 40X, scale bar: 20 μm. 
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3.3. IL-13 upregulates synaptic activity 

The upregulation of pCREB and the induction of multiple IEGs, provide converging 

support to the hypothesis that IL-13 exposure may increase neuronal firing. To test this 

hypothesis, we used the anti-synaptotagmin-1 feeding assay to assess the rate of synaptic 

activity. In this assay, an antibody against an endoluminal epitope of synaptotagmin-1 is 

added to the culture medium, so that only the synapses with an active cycling of 

presynaptic vesicles (so, only those in which the synaptotagmin-1 luminal epitope is 

exposed to the external medium before being re-endocytosed) are labelled. Most 

importantly, IL-13 treatment significantly increased the number of active synaptic 

terminals after 3h of treatment. Importantly, this effect was blocked by JAK, ERK or 

STAT6 inhibitor, confirming the selectivity of the readout in relationship with the 

signaling cascades set in motion by IL-13 (Figure 11). 
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Figure 11. Interleukin-13 (IL-13) increased the release of synaptic vesicles in primary rat 

cortical neurons, according to[85]. Anti-Synaptotagmin-1 antibody uptake assay was performed 

in primary cortical neurons after treatment with 50ng/ml IL-13 or a combination with different 

inhibitors. Synaptotagmin-1 (red) co-stained with MAP2 (blue). A-B) IL-13 treatment significantly 

increased the number of active synaptic terminals after 3h of treatment (p<0.001). However, this 

effect was blocked by JAK inhibitor (Ruxolitinib, Rux) (p<0.001), ERK inhibitor (PD98059, PD) 

(p<0.001), or STAT6 inhibitor (AS1517499, AS) (p<0.001). Lines represent the mean, Group size: 

N=3. *: p < 0.05; **: p < 0.01; ***: p < 0.001; ****: p < 0.0001, using two-way ANOVA with 

Tukey's multiple comparisons test. Magnification 63X, scale bar overview: 20 μm, scale bar insert: 

10 μm. 

3.4. IL-13 is upregulated upon trauma through activity-dependent and 

nuclear-calcium-regulated transcription 

Neuronal IL-13 mRNA was upregulated upon TBI (Figure 13A). Which mechanisms are 

responsible for the control of the induction of IL-13 in neurons, in particular under injury 
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conditions? In physiological conditions, STAT6 is largely dispensable for IL-13 induction 

in the brain, since in STAT6-KO mice the levels of IL-13 mRNA in the brain are 

decreased by approximately 17.93% compared to WT littermates (Figure 12). 

 

Figure 12. The level of Interleukin-13 (IL-13) was lower in STAT6-KO mice. A) Western Blot 

analysis of IL-13 expression in the frontal cortex of Signal transducer and activator of transcription 

6 (STAT6)-KO mice. B) The expression of IL-13 was lower in STAT6-KO mice than Wild type 

(WT) mice (p < 0.05). Data are displayed as mean ± SD. Group size: N=3. *: p < 0.05, using 

unpaired t-test. 

We explored in vivo if the induction of IL-13 could be dependent on neuronal activity; we 

used a chemogenetic anion-permeable ion channel (PSAM/PSEM system) to inactivate 

Parvalbumin-positive interneurons in the acute phases of TBI, thus enhancing the 

excitability of principal neurons by removing a major source of perisomatic inhibition 

(injection of the AAV9 in the PV-Cre mice resulted in a >95% infection rate for PV 

interneurons). In PSAM-expressing mice administered with saline (i.e., when the 

chemogenetic systems were not active, TBI induced a significant increase in IL-13 mRNA 

in neurons compared to the (sham) baseline; administration of the cognate agonist PSEM 

resulted in the slight upregulation of IL-13 mRNA already in sham animals but resulted in 

a robust increase upon TBI (Figure 13B-C). Thus, increased neuronal activity enhances IL-

13 transcription. 
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To verify this hypothesis, we set out to block, to a large extent, the nuclear Ca2+ signals 

that are involved in a large fraction of activity-dependent transcription. We exploited the 

PV-NLS-mCherry construct, in which the Ca2+-binding protein Parvalbumin is targeted to 

the nucleus by an attached Nuclear Localization Signal (together with the mCherry tag). 

The construct was expressed under hSyn promoter and delivered by injection of AAV9 (as 

control, an empty vector was used). In empty-vector-injected mice, TBI produced a 

substantial elevation in neuronal IL-13 mRNA compared to sham mice. However, 

expression of PV-NLS caused a significant decline in IL-13 mRNA levels already in sham 

mice (compared to empty vectors sham) and completely abolished the upregulation upon 

TBI (Figure 13D-E). Thus, IL-13 induction upon TBI (as well as its baseline transcription) 

is due to activity-dependent transcriptional regulations mediated by the raise of nuclear 

Ca2+ levels. 
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Figure 13. Interleukin-13 (IL-13) induction upon Traumatic Brain Injury (TBI) was due to 

activity-dependent transcriptional regulations mediated by the raise of nuclear Ca2+ levels in 

mice brain, according to[85]. Single mRNA molecule In Situ Hybridization for IL-13 mRNA 

(gray) co-stained with NeuN (blue), GFP (green), or RFP (red) in the cerebral cortex of mice. A) 

Compared with the sham operation, there were more IL-13 mRNA molecules in neurons after TBI. 



57 

 

B-C) In pharmacologically Selective Activation Module (PSAM)-expressing mice administered 

with saline, IL-13 mRNA molecules in neurons significantly increased after TBI compared to the 

(sham) baseline (p<0.001); PSEM (administration of the cognate agonist) resulted in the slight 

upregulation of IL-13 mRNA molecules in neurons already in sham animals (p<0.001) but resulted 

in a robust increase upon TBI (p<0.001). D-E) In empty-vector-injected mice, IL-13 mRNA 

molecules in neurons elevated after TBI compared to sham mice (p<0.001). However, the 

expression of PV-NLS (genetically-encoded and nuclear-targeted calcium buffer parvalbumin) 

caused a significant decline in IL-13 mRNA molecules already in sham mice compared to sham 

(p<0.001) and completely abolished the upregulation upon TBI (p<0.001). Lines represent the 

mean, Group size: N=3. *: p < 0.05; **: p < 0.01; ***: p < 0.001; ****: p < 0.0001, using two-

way ANOVA with Tukey's multiple comparisons test. Magnification 40X, scale bar overview: 50 

μm, scale bar insert: 20 μm. 

3.5. IL-13 reduces neuronal sensitivity to apoptosis 

What is the ultimate impact of IL-13 upregulation, taking place upon TBI, on neuronal 

vulnerability? The increase in the phosphorylation of CREB suggests that IL-13 may be 

beneficial, but detrimental effects of IL-13 have been proposed. We set out to test this 

hypothesis in an experimentally tractable system. We used a holotomographic microscope 

to obtain high-contrast, label-free, time-lapsed imaging of cultured cortical neurons for 12 

h, acquiring a three-dimensional holographic stack every 15 min. Neuronal cultures were 

exposed to vehicles or, to simulate an acute excitotoxic environment associated with 

traumatic injury, to 20 µM or 40 µM glutamate either alone or in presence of IL-13 (50 

ng/ml; added at the same time of glutamate addition). We monitored individual cells for 

the appearance of nuclear pyknosis (nuclear condensation with substantial increase in 

refractive index) as a sign of cell sufferance and death; data were censored for each cell at 

the timepoint when nuclear pyknosis plateaued. In vehicle-co-treated cultures, exposure to 

glutamate (20 or 40 µM) caused a rapid and relentless increase in nuclear condensation, 

which plateaued between 3 and 4.5 h after the exposure; no nuclear pyknosis was observed 

in vehicle-treated cells. Remarkably, co-treatment with IL-13 significantly improved the 

survival of cultured neurons exposed to either 20 or 40 µM glutamate (Figure 14A, B, D, 

E). Notably, the beneficial effect of IL-13 was abolished by the co-treatment with 

inhibitors of IL-13 signaling such as the JAK inhibitor Ruxolitinib and the STAT6 

inhibitor AS1517499 (Figure 14A, C). 
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Figure 14. Interleukin-13 (IL-13) reduces neuronal sensitivity to apoptosis in primary rat 

cortical neurons, according to[85]. Primary cortical neurons were treated with different 

combinations of 20 or 40µM Glutamate, 50ng/ml IL-13, and different inhibitors recorded by 

holotomographic microscope. A, B, D, E) Co-treatment with IL-13 significantly improved the 

survival of cultured neurons exposed to either 20 or 40 µM glutamate. A, C) The prolonged 

survival of cultured neurons was abolished by the co-treatment with JAK inhibitor (Ruxolitinib) 

and STAT6 inhibitor (AS1517499). Group size: N=4. Magnification 40X, scale bar: 20 μm. 
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3.6. IL-13 is expressed in human neurons and it is upregulated in patients 

with traumatic brain injury 

 

Figure 15. The expression of Interleukin-13 (IL-13) in normal human brain and neurotrauma 

patients’ brain and cerebral spinal fluid (CSF). A-B) IL-13 and IL-13Rα1 immunoreactivity 

were detected in neurons. Group size: N=4. Magnification 20X, scale bar overview: 200 μm, scale 

bar insert: 50 μm. C) Relative of IL-13 mRNA level significantly increased after Traumatic Brain 

Injury (TBI) in human brain. Lines represent the mean, *: p < 0.05; **: p < 0.01. D-E) TBI 

patients displayed a very strong elevation in the level of IL-13 on DPI0 compared to controls in 

CSF. IL-13 levels tended to peak already on DPI 0 and then progressively declined with time (DPI 

0 vs DPI 4, p < 0.002). F-G) TNF-α was strongly elevated upon trauma in CSF. (Control vs DPI 0, 

p < 0.001), and TNF-α levels peaked at DPI 1 or later. *: p < 0.05; **: p < 0.01; ***: p < 0.001, 

using unpaired t-test or one-way ANOVA with Tukey's multiple comparisons test. C: control, 

non-nerve injury diseases such as cerebral hemorrhage or aneurysm. DPI: day post-injury.  
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We addressed the relevance of our murine investigations of IL-13 in normal brain and in 

particular in neurotrauma patients through three distinct approaches. 

First, we explored the immunoreactivity for IL-13 and IL-13Rα1 in samples of motor 

cortex from 4 independent healthy (i.e., not affected by trauma or neurodegenerative 

processes) post-mortem human brains (collectively henceforth defined as “Healthy 

Cohort”- are reported in the methods). IL-13 immunoreactivity was detected in three 

distinct populations, diverse for intensity and location. A large number of moderately 

positive cells with neuronal morphology was seen across cortical layers, in particular in 

upper layers; immunoreactivity was concentrated in the cell body and proximal dendrites 

whereas stronger immunoreactivity characterized a punctate staining located along 

dendrites and in the neuropyl. A comparatively smaller number of cells with neuronal 

morphology displayed a strong IL-13 immunoreactivity both in the cell body and in the 

associated axonal processes, with punctate morphology. A third population was identified 

in the form of very strongly expressing cells with astroglial morphology located in the 

white matter underlying the cortical layers (Figure 15A). On the other hand, IL-13Rα1 

expression appeared more homogeneous in terms of expression intensity, with a large 

number of cells with neuronal morphology showing immunolocalization of the receptor, 

with moderate intensity, in the cell body and along the dendrites, up to the apical tuft as 

well as in basal dendrites (Figure 15B). 

Thus, the human brain displays a pattern of expression of IL-13 and IL-13Rα1 compatible 

with that seen in the murine brain, validating our experimental models.  

Second, we investigated if the upregulation of IL-13 transcription observed in murine 

models could be confirmed in human samples. Human cortical samples (n=19) resected in 

the context of the neurosurgical treatment of acute traumatic injury (in the proximity of, 

but not part of necrotic or hemorrhagic lesions) and, as controls, fragments of healthy 

human cortex obtained in the context of elective neurosurgery (clipping of unruptured 

aneurysms, n=14; full details of the two groups -collectively henceforth defined as 

“Kaifeng Cohort”- are reported in the methods) were processed to extract the total RNA 
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content and assess the expression of the IL-13 mRNA. We ascertained that trauma samples 

displayed a strong, significant upregulation of IL-13 mRNA (Figure 15C). 

Third, we set out to verify if the elevation in IL-13 could be detected in the CSF of 

moderate-severe TBI patients. We considered samples obtained from CSF drainage 

positioned in the context of the neurosurgical treatment of TBI patients (DPI0 n=27, DPI4 

n=11), or, as controls (n=6), from patients’ subject to CSF drainage for non-traumatic 

reasons. This cohort (henceforth collectively defined as “Melbourne Cohort”) is 

independent of the Kaifeng Cohort and has been the object of publication before[160]; 

clinical and demographic characteristics are briefly summarized in the methods. We used a 

Single-Molecule Array (SIMOA) platform to determine the concentration of IL-13 and, as 

the proxy of inflammation, TNF-α, in CSF samples obtained within 24h of trauma 

(comparably to the Kaifeng Cohort); for a distinct subset of patients, serial samples were 

available from the day post-injury (DPI) 0 (within 24 h of trauma), DPI 1 and DPI 4 and 

these samples were independently analyzed. We found that, compared to controls, TBI 

patients displayed a very strong elevation, although with substantial variability from case 

to case, in the level of IL-13 in the acute phase of trauma (<24 h), in agreement with the 

murine data and the human gene expression data. The analysis of the serial samples 

showed that in most cases IL-13 levels tended to peak already on DPI 0 and then 

progressively decline with time (Figure 15D-E). Although TNF-α was also strongly 

elevated upon trauma (Figure 15F), and TNF-α levels peaked (in all but 2 cases) at DPI 1 

or later (Figure 15G). 

Taken together, the findings from the Kaifeng Cohort and from the Melbourne Cohort are 

in remarkable agreement and demonstrate that upon trauma, the cortex and the CSF 

experience a massive but transient increase in IL-13 levels, which are largely uncorrelated 

with the upregulation of other inflammatory cytokines. Therefore, human neurons are 

exposed to increased levels of IL-13, making our experimental investigation in murine 

models relevant to human subjects. 
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4.  Discussion 

In this thesis, we have presented convincing evidence pointing toward a previously 

unappreciated role of IL-13 as an endogenous regulator, of neuronal origin, of synaptic 

biology and neuronal activity, which extends across species. Furthermore, we show that 

elevation of IL-13 is a shared phenomenon taking place in rodents as well as in humans, 

and that in these conditions IL-13 has fundamentally beneficial effects in protecting 

neuronal survival. 

In this discussion section, we combine recent related literature to discuss the significance 

and shortcomings of our research findings on these issues, as well as future research 

directions. 

The purpose of this study aimed to research the function of neuronal IL-13 in neuronal 

physiology and synaptic activity. IL-13 shares approximately 30% of homology with IL-

4[167], but is strongly related to the latter in their involvement in the regulation of immune 

responses driven by subsets of Th2 lymphocytes and in the IgE switch in B 

lymphocytes[99]. The immune sources of IL-13 have been extensively characterized and 

include mast cells, basophils, and eosinophils, as well as CD4 T cells, ILC2, and NK T 

cells[68]. Recent evidences[106, 118] suggest that IL-13 may also have a neuronal origin 

and may have neuromodulatory properties, which may affect learning processes[20]. The 

present study aimed to confirm and expand the characteristics of IL-13 expression together 

with its cognate receptor IL-13R in the brain. 

Recent study in our laboratory showed that IL-13 mRNA expression is detected in 

hippocampal neurons[118], so we first sought to confirm and expand the expression of IL-

13 in the brain and its homologous receptor IL-13R. 

In order to investigate the research problem, we first explored the expression of IL-13 and 

IL-13R in the cerebral cortex of mice. Due to the bulk cortical tissue has a very complex 

architecture with a high density of astrocytes and neuronal processes[75], we set out to 

explored IL-13 and IL-13Rα1 expression in the dissociated culture of rat cortical neurons. 
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Since the translational value of a project is significantly important, human samples were 

included in our research as well. 

First of all, our result in situ shows that a substantial fraction of cells expressed abundant 

levels of IL-13 mRNA in mice cortex, which is consistent with the previous results of F 

olde Heuvela's discovery of IL-13 mRNA expression in the hippocampus[118]. In 

experimental models of ischemic injury, there is also evidence that both IL-13 and IL-4 

can be produced by neurons in the hippocampus and cortex[164, 165]. Additionally, IL-13 

can express in microglia in rodent brains, and its expression can be enhanced by peripheral 

injection of LPS or neurotoxin 1-metil-4-fenil-1,2,3,6-tetraidropiridina (MPTP)[15, 140]. 

Furthermore, our data indicate that the human cortex also expresses IL-13, which is 

consistent with the expression in the mouse brain. IL-13 and IL-4, two secreted proteins, 

are known for their function in promoting Th2 lymphocyte-mediated allergic inflammation 

and atopy in the periphery[83, 116, 158]. So far, no evidence can support that these two 

peripherally produced proteins with a molecular weight in the 15 kDa range can cross the 

blood-brain barrier[105]. Therefore, instead, IL-13 can locally produce in the brain. 

Continuous remodeling of synaptic structures at the structural and functional levels is 

critical not only to the formation and retention of new memories and to the learning 

process upon experience, but also in the acute and long-term response to pathological 

conditions. Several components of the innate[111, 112, 144] and adaptive[35] immune 

systems have surprisingly been shown to be involved also in synaptic plasticity[16], either 

independently of their primary immune function[14, 35, 144, 153] or as a consequence of 

the modulation of microglial involved in synaptic stability[112]. The source of many of 

these immune-related mediators appear to be not infiltrating immune cells, but, rather, glial 

cells such as astrocytes[144, 153] and even the neurons themselves[55, 118]. Given the 

sensitivity of synaptic processes to locally-secreted cytokines, synaptic physiology is also 

strongly influenced by conditions in which large amounts of cytokines are produced by 

infiltrating immune cells in autoimmune diseases[27] or in traumatic brain injury[104]. In 

the murine cortex, we observed some degree of synaptic localization for IL-13 and IL-
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13Rα1. Meanwhile, the brain fractionation protocol[131] results give a piece of robust 

evidence that IL-13 was strongly enriched in the pre-synaptic fraction, and IL-

13Rα1showed a very strong enrichment in the post-synaptic fraction. Our study first shows 

the localization of IL-13 and its receptor IL13Rα1 in synapses. 

We show that IL-13 neuronal biology shares several similarities with synaptic modulators 

such as neurotrophins. In fact, IL-13 is upregulated upon increased neuronal firing at 

baseline and in trauma, and its transcription is loosely dependent on STAT6 (in contrast to 

immune cells) but strongly dependent upon nuclear-calcium signals[8]. Furthermore, IL-13 

causes the significant upregulation of synaptic activity results in the dramatic elevation of 

CREB phosphorylation and, in turn, of a number of CREB-regulated genes. Taken 

together, these data suggest that IL-13 is a previously unappreciated mediator of synaptic 

plasticity, in particular of activity-dependent potentiation and stabilization. On this ground, 

one may hypothesize that loss of IL-13 may produce phenotypes associated with reduced 

learning and impaired memory retention. 

Our further research about the function of IL-13 on neuronal physiology is limited by the 

research on IL-13-/- mice and electrophysiology. 

Notably, IL-13-/- mice do display abnormalities often related to disturbances of synaptic 

plasticity: in fact, IL-13-/- mice performed very poorly in a 4-days Morris Water Maze 

(MWM) test and almost completely failed at the reversal learning in the same setting[20]. 

Interestingly, similar, although less prominent, behavioural abnormalities are observed in 

mice lacking the IL-4 and IL-13 co-receptor (IL-4Rα-/- mice); these mice dipslayed 

significantly longer latencies to locate the platform in the MWM test. Although these 

abnormalities were attributed to the impairment of BDNF secretion by astrocytes under the 

control of adaptive immunity cells[20], we propose that failure in synaptic plasticity due to 

the loss of neuronal IL-13 may substantially contribute to this phenotype. In fact, IL-13 

appears to drive the phosphorylation events associated with the increased insertion in 

synapses and increased activity of the neurons, which are the hallmarks of the learning 

process. In this direction, additional mechanisms are possible but remain to be 
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investigated: one may hypothesize that IL-13 produced by neurons may reach local 

microglia through spill-over, and may induce a specific microglial phenotype[88] involved 

in the remodelling of synaptic contacts[112]. 

Traumatic brain injury (TBI), often referred to as a "silent epidemic", is one of the 

important causes of death and disability, especially among children and young people 

around the world[132, 151]. In addition, it is estimated that there are approximately 69 

million cases of TBI every year throughout the world[38]. The immune system will be 

activated by tissue damage and cellular stress caused by TBI, which is involved in 

neurotoxic material and coordinate tissue repair[98]. In addition, TBI will also trigger a 

series of reactions that amplify tissue damage besides the direct mechanical injury, which 

include reactive oxygen species, ion channel and gap junction signaling, purinergic 

receptor signaling, excitotoxic neurotransmitter signaling, perturbations in calcium 

homeostasis, and damage-associated molecular pattern molecules[3, 32, 142]. Therefore, 

the immune response and neuroinflammation play an irreplaceable role in the acute nature 

of primary brain injury and secondary tissue damage. 

Our data also show that neurons exposed to IL-13 display a reduced sensitivity to 

excitotoxic death. IL-13 upregulates synaptic signaling leading to CREB phosphorylation, 

a process well-known to be associated with neuroprotection and reduced neuronal 

vulnerability[58, 161]. Recently, additional mechanisms for beneficial effects of IL-13 in 

pathological conditions have been proposed, with major focus on the neuroimmunological 

aspects. In particular, insertion of cells providing continuous source of IL-13 resulted in a 

strong M2 polarization of microglia and macrophages upon stroke[57]; a similar shift was 

observed also upon peripheral administration of IL-13[79]. However, it must be noted that 

in a severe, permanent occlusion model, deletion of IL-13 together with IL-9, IL-4 and IL-

5 did not worsen the outcome[124]. In the context of TBI, IL-13 has been shown to be 

reduce the acute motor deficits in the rotarod test and produce a faster recovery in the foot-

fall test and in the wire-hanging tests when administered through intranasal instillation; 

decrease in so-called pro-inflammatory microglial phenotype together with increased 
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microglial phagocytosis is thought to be involved in the beneficial effects[101]. IL-13 anti-

inflammatory effects have been also related to its ability to trigger the apoptosis of reactive 

microglia[140, 162]. However, in a similar experimental model (controlled cortical injury), 

suppression of IL-13 through the administration of a neutralizing antibody was reported to 

protect from the induction of piroptosis[51]. In this line of thought, IL-13 appeared to 

increase oxygen radicals production by dopaminergic neurons[93, 107] and removal of 

neuronal IL-13 signaling (by l knock-out of the IL-13Rα1) prevented the loss of 

dopaminergic neurons in substantia nigra observed upon chronic stress[106]. Our findings 

may contribute to reconciling these contrasting evidence: in fact, the upregulation of 

phosphorylation of glutamate receptors and their membrane localization increases 

excitatory inputs which, depending on the neuronal type and on the relative dose, may 

enhance ROS production and, at the same time, trigger CREB-dependent transcriptional 

responses. Furthermore, we show that the effect of IL-13 on CREB phosphorylation is not 

linear but bell-shaped: increase or decrease in CREB activation may therefore depends on 

the amount of IL-13 available and the resulting cellular response. 

We have applied three distinct approaches to confirm the relevance of our findings for 

human pathophysiology. We prove that IL-13 (and IL-13Rα1) immunoreactivity 

characterizes at least two neuronal populations in the normal human cortex distinct by their 

expression level. Since immunostaining in human post-mortem tissue is fraught with 

potential artifacts, it is not possible to conclude that these are indeed distinct populations; 

however, the neuronal immunoreactivity for IL-13 and IL-13Rα1 does confirm that murine 

findings recapitulate at least some aspects of human biology. The analysis of IL-13 

expression in the samples from TBI patients further confirms that the upregulation of IL-13 

observed in mice does take place in humans as well. Nevertheless, some limitations apply 

to the use of human samples: we found that some of them show small amounts of a large 

number of mRNA, suggesting they may contain substantial amounts of unrecognized 

necrotic tissue. Meanwhile, we replicated the findings from the Kaifeng Cohort in the 

Melbourne cohort, where, once again, IL-13 was found upregulated (in agreement with 

previous reports[1]) and not correlated with TNF-α levels. In the Melbourne cohort, a 
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significant variability was observed, with IL-13 ranging from normal levels to almost 100-

fold the baseline; since the Melbourne cohort includes patients with substantial variability 

in tissue damage and prognosis[160], IL-13 elevation may be characteristic of a subset of 

patients. To this respect, the role of IL-13 in patients stratification and prognosis is still 

unresolved and may need a substantially larger cohort size to be established. Nevertheless, 

the findings of the Kaifeng and Melbourne cohorts indicate that human neurons are 

exposed to high levels of IL-13 upon trauma, both in the site of injury and throughout the 

CSF, and therefore the investigation of the effects of neuronal exposure to IL-13 in in vitro 

or murine models has translational validity. 

Our investigations, identifying IL-13 as a new neuronal regulator of synaptic structure and 

function, pave the way to address a number of outstanding questions in the realm of 

physiology and pathophysiology: are they forms of plasticity, or learning processes, solely 

or largely dependent on IL-13? Is IL-13 involved in synaptic stability during 

neurodevelopment or experience? Is IL-13 also affecting inhibitory synapses? Does IL-13 

expression identify a subset of neurons involved in learning? Furthermore, is the effect of 

IL-13 on microglia also relevant for plasticity and learning? What is the large-scale effect 

of the prolonged or transient exposure of the brain to high levels of IL-13? Is IL-13 

administration, or rather sequestration, a viable therapeutic option depending on disease 

and pathophysiology? 

Dysregulation of synaptic plasticity and of microglial reactivity are two aspects often 

encountered in acute and chronic neurological and psychiatric conditions[12]. IL-13 may 

one part of the machinery involved in both systems and may provide new entry points for 

drug repurposing and manipulation. In conclusion, our research showed that IL-13 was a 

neuron-derived factor released from the presynaptic terminal and acts on IL-13Rα1 in the 

postsynaptic structure. In addition, IL-13 protected neurons against excitotoxic insults. 

Altogether, IL-13 may represent potential immunotherapy to improve recovery from TBI. 
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5.  Summary 

Background and purpose: Synaptic remodeling is not only essential for memory and 

learning, but also for acute and long-term responses to pathological conditions. Our 

previous study suggests that Interleukin-13 (IL-13) may also have a neuronal origin and 

may have neuromodulatory properties, which may affect learning processes. IL-13, an anti-

inflammatory cytokine, has been reported to protect against demyelination and spinal cord 

injury through immunomodulation. The function of IL-13 and interleukin-13 receptor (IL-

13R) in synaptic physiology, however, remains unclear. 

Methods: First, we immunostained mouse cortical sections for IL-13, IL-13Rα1 and 

synaptic markers. Second, we sought an independent confirmation of the synaptic nature of 

IL-13 and IL-13Rα1 using a brain fractionation protocol to isolate distinct cellular 

subcompartments. Third, we explored IL-13 and IL-13R expression and 

immunolocalization in dissociated culture of rat cortical neurons. Next, we treated cultured 

cortical neurons with IL-13 to detect whether IL-13 would elicit a signaling cascade by 

immunostain. Moreover, we performed the multiplexed single-molecule mRNA 

hybridization for VGLUT2 and IL-13. Furthermore, we used the Single-Molecule Array 

(SIMOA) platform to measure the concentration of IL-13 and Tumor necrosis factor-α 

(TNF-α) in the Cerebral spinal fluid of patients with moderate-severe traumatic brain 

injury (TBI). Finally, neuronal cultures were exposed to glutamate to simulate an acute 

excitotoxic environment associated with traumatic injury and investigated the function of 

IL-13 in this situation. 

Results: We investigate the biological relevance of neuronal IL-13. We demonstrate that 

IL-13 and IL-13Rα1 are synaptic components expressed in rat, mouse, and human neurons 

in an activity-dependent manner in normal conditions and, most notably, upon traumatic 

brain injury. Furthermore, we show that IL-13 increases synaptic activity and neuronal 

firing ultimately driving the phosphorylation of several transcription factors including 

Extracellular signal-regulated kinase (ERK), Signal transducer and activator of 

transcription 6 (STAT6), STAT3 and cAMP response element binding protein (CREB). 
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Finally, we reveal that IL-13 treatment reduced the vulnerability of neurons to 

excitotoxicity in a Janus kinase (JAK)/STAT6 dependent manner. 

Conclusion: To summarize, our research demonstrated that IL-13 was a neuron-derived 

factor released from the presynaptic terminal and acts on IL-13Rα1 in the postsynaptic 

structure. In addition, IL-13 protected neurons against excitotoxic insults. Taken together, 

IL-13 may represent potential immunotherapy to improve recovery from TBI. 
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