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            Abstract
There are no clinically relevant treatments available that improve function in the growing population of very preterm infants (less than 32 weeksâ€™ gestation) with neonatal brain injury. Diffuse white matter injury (DWMI) is a common finding in these children and results in chronic neurodevelopmental impairments1,2. As shown recently, failure in oligodendrocyte progenitor cell maturation contributes to DWMI3. We demonstrated previously that the epidermal growth factor receptor (EGFR) has an important role in oligodendrocyte development4. Here we examine whether enhanced EGFR signalling stimulates the endogenous response of EGFR-expressing progenitor cells during a critical period after brain injury, and promotes cellular and behavioural recovery in the developing brain. Using an established mouse model of very preterm brain injury, we demonstrate that selective overexpression of human EGFR in oligodendrocyte lineage cells or the administration of intranasal heparin-binding EGF immediately after injury decreases oligodendroglia death, enhances generation of new oligodendrocytes from progenitor cells and promotes functional recovery. Furthermore, these interventions diminish ultrastructural abnormalities and alleviate behavioural deficits on white-matter-specific paradigms. Inhibition of EGFR signalling with a molecularly targeted agent used for cancer therapy demonstrates that EGFR activation is an important contributor to oligodendrocyte regeneration and functional recovery after DWMI. Thus, our study provides direct evidence that targeting EGFR in oligodendrocyte progenitor cells at a specific time after injury is clinically feasible and potentially applicable to the treatment of premature children with white matter injury.
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                    Figure 1: Enhanced EGFR expression in oligodendrocyte lineage cells prevents oligodendrocyte and myelin loss, and ultrastructural and behavioural deficits caused by neonatal hypoxia.[image: ]


Figure 2: EGFR activity is crucial for white matter recovery after neonatal hypoxia.[image: ]


Figure 3: Intranasal HB-EGF accelerates oligodendrocyte regeneration and promotes cellular recovery in white matter after neonatal hypoxia.[image: ]


Figure 4: Intranasal HB-EGF promotes ultrastructural, physiological and behavioural recovery in white matter after neonatal hypoxia.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Hypoxia results in a significant increase in EGF levels in the white matter.
The white matter was dissected out at P11, P15 and P18 in normoxia (Nx)- and hypoxia (Hyp)-exposed CNP-EGFP (Rep) and CNP-EGFP-hEGFR (Rep-hEGFR) mice. At P11, in both Hyp groups, there was a significant increase in EGF levels, as measured by ELISA. There was no significant difference between the two Hyp groups, indicating that overexpression of EGFR in oligodendrocyte lineage cells does not modify endogenous EGF levels. At P15 and P18, there was no difference between all four groups. All histograms are presented as mean absorption (optical density (OD)) relative to total protein concentrationâ€‰Â±â€‰s.e.m. **Pâ€‰<â€‰0.05; ***Pâ€‰<â€‰0.01 (P11 and P15, n = 4 mice per group and per age; P18, n = 3 mice per group; one-way ANOVA, Bonferroni post-hoc test for individual comparisons).


Extended Data Figure 2 Enhanced EGFR expression in oligodendrocyte lineage cells prevents oligodendrocyte death and promotes proliferation of OPCs in white matter.
aâ€“d, Representative Ã—40 confocal images of Rep+PI+ cells from normoxia and hypoxia-exposed white matter at P11 in Rep and Rep-hEGFR mice. e, At P11 and P18, hypoxia resulted in a significant increase in the number of oligodendrocyte cells undergoing apoptosis (Rep+Casp3+). Enhanced EGFR expression prevented this increase at all time points, except P60 where no difference was evident. Comparison of the Hyp Rep with the Hyp Rep-hEGFR groups demonstrates that hEGFR in oligodendrocyte lineage cells is protective against apoptosis induced by hypoxia (n = 4 mice per group and per age; one-way ANOVA, Bonferroni post-hoc test for individual comparisons). f, PI was injected intraperitoneally 1â€‰h before mice were killed. A significant increase in the number of Rep+PI+ oligodendrocyte cells indicated membrane disruption contributing to cell death (n = 3 mice per group; one-way ANOVA, Bonferroni post-hoc test for individual comparisons). gâ€“j, Representative Ã—40 confocal images of Rep+NG2+ OPCs from normoxia and hypoxia-exposed white matter at P18 in Rep and Rep-hEGFR mice. k, At P11 and P18, Rep-hEGFR Nx mice had more NG2+ OPCs compared with the Rep Nx group. Hypoxia resulted in a significant increase in the number of Rep+NG2+ OPCs in both Rep and Rep-hEGFR groups; however, overexpression of hEGFR did not have an additive effect. l, At P11 and P18, the Rep-hEGFR group had more Rep+Ki67+ cells; however, this did not reach significance (Pâ€‰>â€‰0.05). Hypoxia resulted in enhanced oligodendrocyte-lineage proliferation at P11 and P18, but hEGFR overexpression did not have a significantly additive effect when compared with the Rep Hyp group. k, l, n = 4 mice per group and per age; one-way ANOVA, Bonferroni post-hoc test for individual comparisons. m, More OPCs were in a proliferative state in Rep-hEGFR Nx mice compared with Rep Nx. Hypoxia enhanced OPC proliferation, and overexpression of hEGFR resulted in a significantly additive increase compared to the Rep Hyp group (n = 3 mice per group; one-way ANOVA, Bonferroni post-hoc test for individual comparisons). All histograms are presented as meansâ€‰Â±â€‰s.e.m. Scale bars, 50â€‰Î¼m (aâ€“d, gâ€“j). *P = 0.05; **Pâ€‰<â€‰0.05; ***Pâ€‰<â€‰0.01.


Extended Data Figure 3 The inclined beam-walking task requires normal subcortical white matter.
aâ€“c, This study was performed to test the hypothesis that the inclined beam-walking task is a good assessment of subcortical white matter function. To test this hypothesis, we tested a well-established model of subcortical white matter demyelination induced by bilateral lysolecithin injections in 8-week-old C57BL/6J male and female mice. Animals were tested at 5 days after surgical interventionâ€”which is a time period when demyelination is at its maximumâ€”to determine whether subcortical white matter integrity is important in this behavioural task. Control mice received bilateral injections of normal saline using the same coordinates as the lysolecithin group. a, b, Bilateral demyelination was confirmed after testing by removal of brains and immunohistochemical analysis of corpus callosum. Only mice that had clear bilateral lesions on microscopic examination were included in the behavioural analysis (n = 3 mice were excluded). c, The lysolecithin-injected mice had a marginally significant or very significant increase in average number of foot slips on the 2-cm- and-1-cm-wide inclined beam, respectively (two-tailed Mannâ€“Whitney test, n = 6 per group). d, We wanted to determine whether the performance of Rep (CNP-eGFP) transgenic mice on the inclined beam-walking task was similar to that of C57BL/6 mice (wild type). No difference in performance was evident between the two different lines of male mice. We found that the Rep and wild-type mice performed similarly in either normoxic or hypoxic conditions (Poisson multiple regression analysis; Nx Rep, n = 7; Nx wild type, n = 11; Hyp Rep, n = 8; Hyp wild type, n = 11). All histograms are presented as meansâ€‰Â±â€‰s.e.m. *P = 0.05; **Pâ€‰<â€‰0.05; ***Pâ€‰<â€‰0.01.


Extended Data Figure 4 Inhibition of EGFR prevents expansion of progenitor cells in the developing white matter and after hypoxia.
aâ€“d, Representative Ã—40 confocal images of subcortical white matter Sox2+ cells, a transcription factor expressed in proliferating multipotential neural progenitor cells. e, Gefitinib, a specific EGFR inhibitor, resulted in a significant decrease in the number of white matter Sox2-expressing cells compared with normoxia vehicle-treated mice. After hypoxia, there was a significant expansion of Sox2+ cells in the white matter compared with the Nx vehicle group; however, this expansion was prevented by gefitinib (Hyp gefitinib) (Hyp vehicle versus Hyp gefitinib, Pâ€‰<â€‰0.01) (n = 4 for each group; one-way ANOVA, Bonferroni post-hoc test for individual comparisons). fâ€“i, Representative Ã—40 confocal images of subcortical white matter Ascl1+ cells (Mash1) in the Ascl1â€“eGFP transgenic mice. Ascl1 is a proneural transcription factor expressed in proliferating multipotential neural progenitor cells. j, Similar to above, gefitinib resulted in a significant decrease in the total number of Ascl1â€“eGFP+ cells in the white matter compared with normoxia vehicle-treated mice. Hypoxia resulted in a significant expansion in the number of Ascl1â€“eGFP+ cells, which gefitinib prevented (Hyp vehicle versus Hyp gefitinib, Pâ€‰<â€‰0.05) (n = 4 for each group; one-way ANOVA, Bonferroni post-hoc test for individual comparisons). All histograms are presented as meansâ€‰Â±â€‰s.e.m. **Pâ€‰<â€‰0.05; ***Pâ€‰<â€‰0.01. aâ€“d, fâ€“i, Scale bars, 50â€‰Î¼m.


Extended Data Figure 5 Intranasal HB-EGF does enter the brain and activates EGFRs in oligodendrocyte lineage cells.
aâ€“c, Saline or HB-EGF was administered intranasally once in P11 mice, which were then killed at 1, 5, 15 and 30â€‰min after administration. a, Western blot analysis was performed on microdissected white matter probing for actin, HB-EGF and pEGFR (Tyrâ€‰1068 phosphorylation site). In the saline group, no HB-EGF was detected in the white matter and no change in pEGFR was detected. In the mice that received HB-EGF, the HB-EGF protein was detected at 5â€‰min and increased up to 30â€‰min. The pEGFR signal steadily increased at 5, 15 and 30â€‰min after HB-EGF administration. b, c, The line graphs represent relative abundance of protein compared with actin (n = 3 for each time point and condition). Line graphs are presented as meansâ€‰Â±â€‰s.e.m. d, A normoxia-treated P11 mouse was administered HB-EGF and killed 30â€‰min later. Immunohistochemistry of pEGFR was performed. In the white matter, there were several Rep+pEGFR+DAPI+ cells, indicating that oligodendrocyte lineage cells express activated EGFR (pEGFR). Shown is a Ã—40 representative image of the white matter demonstrating Rep+pEGFR+DAPI+ cells. e, In this set of experiments, Hyp Rep mice received either intranasal saline or HB-EGF from P11â€“P14 (Fig. 3b). The subcortical white matter was microdissected at P15 and CNPâ€“eGFP+ cells were FACS purified. Western blot analysis was performed to probe for pEGFR. The western blot demonstrates that a more robust signal for pEGFR was present in the Hyp HB-EGF group, relative to actin (n = 4 for each group of 2â€“3 pooled brains).


Extended Data Figure 6 Intranasal HB-EGF treatment increases the number of oligodendrocyte lineage cells derived from PDGFÎ±R-expressing OPCs.
a, PDGFÎ±R-CreER;Z/EG transgenic mice were divided into four groups. Saline or HB-EGF was administered intranasally. Intraperitoneal injections of tamoxifen were administered at P12, P13 and P14 in the morning, 1â€‰h before the morning dose of saline/HB-EGF. Mice were killed at P18. bâ€“e, Representative Ã—40 confocal images of CC1+ cells (red) derived from PDGFÎ±R-CreER;Z/EG (GFP+) (green) progenitors at P18. fâ€“i, Cells derived from PDGFÎ±R-expressing progenitors after hypoxia and after HB-EGF treatment belong to the oligodendrocyte lineage (Olig2+). Representative Ã—40 confocal images of the subcortical white matter in all four groups at P18. In serial sections from each PDGFÎ±R-CreER;Z/EG mouse, all GFP+ cells in the subcortical white matter co-stained with anti-Olig2+ antibody in all four groups (n = 4 for each group). In all four groups, no GFP+ cells co-stained with anti-GFAP or anti-glutamate/aspartate transporter (GLAST) antibody (data not shown). j, Hypoxia results in a significant increase in the number of GFP+ cells in the white matter and HB-EGF has an additive effect (n = 4 mice per group; one-way ANOVA, Bonferroni post-hoc test for individual comparisons). Histograms are presented as meansâ€‰Â±â€‰s.e.m. bâ€“i, Scale bars, 50â€‰Î¼m. **Pâ€‰<â€‰0.05; ***Pâ€‰<â€‰0.01.


Extended Data Figure 7 HB-EGF treatment prevents hypoxia-induced changes in white matter axonal g ratios at P30.
a, b, Scatter plots depicting g ratios versus axon diameter. The lines represent linear fits to pooled data from all mice for each genotype (n = 3 mice per group). a, The scatter plot demonstrates that the Nx saline and Nx HB-EGF groups were similar. b, The scatter plot demonstrates that the Nx HB-EGF and Hyp HB-EGF groups were similar. c, Histogram demonstrating that, at P30, the percentage of myelinated subcortical white matter fibres was significantly decreased in the Hyp saline group. No significant difference was found in the Hyp HB-EGF group. **Pâ€‰<â€‰0.05; ***Pâ€‰<â€‰0.01.


Extended Data Figure 8 Intranasal HB-EGF prevents loss of NAA after hypoxia.
a, 1H-NMR spectroscopy was performed on dissected white matter at P11, P18 and P30. A full-scale representative spectrum is shown where the peak for NAA is at 2.0â€‰p.p.m. The spectrum shown on Fig. 4l is truncated. b, Western blots of aspartoacylase (ASPA), an enzyme found in oligodendrocytes and responsible for hydrolysation of NAA for myelin production in the developing brain. Hypoxia does not result in any significant change in the amount of ASPA present in the white matter at each of the time points listed (P11 and P30, n = 4 for each group and age; P18, n = 5 for each group; one-way ANOVA, Bonferroni post-hoc test for individual comparisons, except P11 unpaired t-test). Histograms are presented as meansâ€‰Â±â€‰s.e.m.


Extended Data Figure 9 Protocol for late HB-EGF administration used for this study.
In this study, HB-EGF or saline was administered at a later time point. Beginning in the morning of P18, HB-EGF or saline was administered every 12â€‰h until the morning of P21. Intraperitoneal BrdU was administered 1â€‰h before HB-EGF or saline administration, from P18â€“P21. The inclined beam-walking task was performed at P35. Only Rep mice were used for this study. The histogram is presented in Fig. 4p.


Extended Data Figure 10 Intranasal HB-EGF accelerates oligodendrocyte maturation in the white matter after hypoxia by preventing Notch activation.
a, Microdissected white matter was probed for activated Notch intracellular domain (NICD) and its ligand Delta1. Western blot analysis obtained from microdissected white matter at P11, P14.5 and P18 with actin as a loading control. b, c, Histograms represent quantification of the density of NICD (b) and Delta1 (c) signal normalized to actin. b, At P11 and P14.5, there was a significant increase in the amount of NICD in the Hyp group. No significant difference was evident at P18. The Hyp HB-EGF group had no significant increase at P14.5 compared with the Nx HB-EGF group, and significantly less than the Hyp saline group (n = 4 mice for each group and age; one-way ANOVA, Bonferroni post-hoc test for individual comparisons). c, Delta1 was increased at P14.5 only in the Hyp saline group (P11: n = 4 for each group; P14.5 and P18: n = 5 for each group and age; one-way ANOVA, Bonferroni post-hoc test for individual comparisons). dâ€“g, Representative Ã—40 confocal images of subcortical white matter in the transgenic Notch reporter (TNR) mice, where eGFP is expressed upon activation of Notch effector C-promoter binding factor 1 (CBF1), a downstream transcriptional target of Notch. h, Histogram represents the number of eGFP+Olig2+ cells at P14.5 in the white mater. The Hyp saline group showed a significant increase in eGFP+Olig2+ cells, corresponding to enhanced Notch activation in oligodendrocyte lineage cells. This contributes to delayed maturation of oligodendrocyte lineage cells observed after hypoxia (n = 4 mice per group; one-way ANOVA, Bonferroni post-hoc test for individual comparisons). Histogram is presented as meansâ€‰Â±â€‰s.e.m. dâ€“g, Scale bars, 50â€‰Î¼m. **Pâ€‰<â€‰0.05; ***Pâ€‰<â€‰0.01.





PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3

PowerPoint slide for Fig. 4




Rights and permissions
Reprints and permissions


About this article
Cite this article
Scafidi, J., Hammond, T., Scafidi, S. et al. Intranasal epidermal growth factor treatment rescues neonatal brain injury.
                    Nature 506, 230â€“234 (2014). https://doi.org/10.1038/nature12880
Download citation
	Received: 26 October 2012

	Accepted: 13 November 2013

	Published: 25 December 2013

	Issue Date: 13 February 2014

	DOI: https://doi.org/10.1038/nature12880


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Human preterm colostrum stimulates outgrowth in neurogenic tissue
                                    
                                

                            
                                
                                    	Julian Kaps
	Veronica S. Georgieva
	Titus Keller


                                
                                Pediatric Research (2023)

                            
	
                            
                                
                                    
                                        Neurotherapeutic potential of intranasal administration of human breast milk
                                    
                                

                            
                                
                                    	Atul Malhotra


                                
                                Pediatric Research (2023)

                            
	
                            
                                
                                    
                                        Montelukast reduces grey matter abnormalities and functional deficits in a mouse model of inflammation-induced encephalopathy of prematurity
                                    
                                

                            
                                
                                    	Abi G. Yates
	Elena Kislitsyna
	Helen B. Stolp


                                
                                Journal of Neuroinflammation (2022)

                            
	
                            
                                
                                    
                                        EGF signaling promotes the lineage conversion of astrocytes into oligodendrocytes
                                    
                                

                            
                                
                                    	Xinyu Liu
	Conghui Li
	Junlin Yang


                                
                                Molecular Medicine (2022)

                            
	
                            
                                
                                    
                                        Sirt2 promotes white matter oligodendrogenesis during development and in models of neonatal hypoxia
                                    
                                

                            
                                
                                    	Beata Jablonska
	Katrina L. Adams
	Vittorio Gallo


                                
                                Nature Communications (2022)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        Editorial Summary
EGFR treatment of neonatal brain injury
As the survival rates of premature babies have increased, so too has the incidence of chronic neurodevelopmental disorders in neonates. Diffuse white matter injury is common in preterm infants with neonatal brain injury and is partially the result of a failure in oligodendrocyte precursor cell maturation. Here, Vittorio Gallo and colleagues specifically enhanced epidermal growth factor receptor (EGFR) signalling in oligodendrocyte precursor cells in a model of diffuse white matter injury and found increased cellular and functional recovery post-injury. Oligodendrocyte cell death was decreased and the generation of new oligos was increased by the treatment. This identifies EGFR signalling as a potential therapeutic target in the treatment of premature children after white matter injury.

show all

    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	Protocol Exchange
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Korea
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing]
                    Sign up for the Nature Briefing newsletter â€” what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    [image: ]







[image: ]
