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            Abstract
Human apolipoprotein E has three isoforms: APOE2, APOE3 and APOE41. APOE4 is a major genetic risk factor for Alzheimerâ€™s disease2,3 and is associated with Downâ€™s syndrome dementia and poor neurological outcome after traumatic brain injury and haemorrhage3. Neurovascular dysfunction is present in normal APOE4 carriers4,5,6 and individuals with APOE4-associated disorders3,7,8,9,10. In mice, lack of Apoe leads to bloodâ€“brain barrier (BBB) breakdown11,12, whereas APOE4 increases BBB susceptibility to injury13. How APOE genotype affects brain microcirculation remains elusive. Using different APOE transgenic mice, including mice with ablation and/or inhibition of cyclophilin A (CypA), here we show that expression of APOE4 and lack of murine Apoe, but not APOE2 and APOE3, leads to BBB breakdown by activating a proinflammatory CypAâ€“nuclear factor-ÎºBâ€“matrix-metalloproteinase-9 pathway in pericytes. This, in turn, leads to neuronal uptake of multiple blood-derived neurotoxic proteins, and microvascular and cerebral blood flow reductions. We show that the vascular defects in Apoe-deficient and APOE4-expressing mice precede neuronal dysfunction and can initiate neurodegenerative changes. Astrocyte-secreted APOE3, but not APOE4, suppressed the CypAâ€“nuclear factor-ÎºBâ€“matrix-metalloproteinase-9 pathway in pericytes through a lipoprotein receptor. Our data suggest that CypA is a key target for treating APOE4-mediated neurovascular injury and the resulting neuronal dysfunction and degeneration.
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                    Figure 1: 
                        CypA deficiency or inhibition reverses BBB breakdown in 
                        Apoe
                         âˆ’
                        /âˆ’
                         and 
                        APOE4
                         mice.
                      [image: ]


Figure 2: 
                        CypA activates the NF-ÎºBâ€“MMP9 pathway causing BBB breakdown in 
                        Apoe
                         âˆ’
                        /âˆ’
                         and 
                        APOE4
                         mice.
                      [image: ]


Figure 3: 
                        CypA ablation or inhibition reverses microvascular and CBF reductions in 
                        Apoe
                         âˆ’
                        /âˆ’
                         and 
                        APOE4
                         mice.
                      [image: ]


Figure 4: 
                        APOE isoform-specific regulation of CypAâ€“NF-ÎºBâ€“MMP9 pathway in pericytes.
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Figure 5: 
                        Vascular defects in 
                        Apoe
                         âˆ’
                        /âˆ’
                         and 
                        APOE4
                         mice precede neuronal dysfunction.
                      [image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        APOE4/4 is linked to damaging lipid droplets in Alzheimerâ€™s diseaseÂ microglia
                                        
                                    

                                    
                                        Article
                                         Open access
                                         13 March 2024
                                    

                                

                                Michael S. Haney, RÃ³bert PÃ¡lovics, â€¦ Tony Wyss-Coray

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Xenografted human microglia display diverse transcriptomic states in response to Alzheimerâ€™s disease-related amyloid-Î² pathology
                                        
                                    

                                    
                                        Article
                                         Open access
                                         27 March 2024
                                    

                                

                                Renzo Mancuso, Nicola Fattorelli, â€¦ Bart De Strooper

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Bloodâ€“brain barrier disruption and sustained systemic inflammation in individuals with long COVID-associated cognitive impairment
                                        
                                    

                                    
                                        Article
                                         Open access
                                         22 February 2024
                                    

                                

                                Chris Greene, Ruairi Connolly, â€¦ Matthew Campbell

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                Change history
	05 May 2023
A Correction to this paper has been published: https://doi.org/10.1038/s41586-023-06118-0





References
	Mahley, R. W., Weisgraber, K. H. & Huang, Y. Apolipoprotein E: structure determines function, from atherosclerosis to Alzheimerâ€™s disease to AIDS. J. Lipid Res. 50 (Suppl.). S183â€“S188 (2009)
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Kim, J., Basak, J. M. & Holtzman, D. M. The role of apolipoprotein E in Alzheimerâ€™s disease. Neuron 63, 287â€“303 (2009)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Verghese, P. B., Castellano, J. M. & Holtzman, D. M. Apolipoprotein E in Alzheimerâ€™s disease and other neurological disorders. Lancet Neurol. 10, 241â€“252 (2011)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Thambisetty, M., Beason-Held, L., An, Y., Kraut, M. A. & Resnick, S. M. APOE Îµ4 genotype and longitudinal changes in cerebral blood flow in normal aging. Arch. Neurol. 67, 93â€“98 (2010)
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Sheline, Y. I. et al. APOE4 allele disrupts resting state fMRI connectivity in the absence of amyloid plaques or decreased CSF AÎ²42. J. Neurosci. 30, 17035â€“17040 (2010)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Reiman, E. M. et al. Functional brain abnormalities in young adults at genetic risk for late-onset Alzheimerâ€™s dementia. Proc. Natl Acad. Sci. USA 101, 284â€“289 (2004)
ArticleÂ 
    ADSÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Zlokovic, B. V. Neurovascular pathways to neurodegeneration in Alzheimerâ€™s disease and other disorders. Nature Rev. Neurosci. 12, 723â€“738 (2011)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Snowdon, D. A. et al. Brain infarction and the clinical expression of Alzheimer disease. The Nun Study. J. Am. Med. Assoc. 277, 813â€“817 (1997)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Vermeer, S. E. et al. Silent brain infarcts and the risk of dementia and cognitive decline. N. Engl. J. Med. 348, 1215â€“1222 (2003)
ArticleÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Ruitenberg, A. et al. Cerebral hypoperfusion and clinical onset of dementia: the Rotterdam Study. Ann. Neurol. 57, 789â€“794 (2005)
ArticleÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Methia, N. et al. ApoE deficiency compromises the bloodâ€“brain barrier especially after injury. Mol. Med. 7, 810â€“815 (2001)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Hafezi-Moghadam, A., Thomas, K. L. & Wagner, D. D. ApoE deficiency leads to a progressive age-dependent bloodâ€“brain barrier leakage. Am. J. Physiol. Cell Physiol. 292, C1256â€“C1262 (2007)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Nishitsuji, K., Hosono, T., Nakamura, T., Bu, G. & Michikawa, M. Apolipoprotein E regulates the integrity of tight junctions in an isoform-dependent manner in an in vitro bloodâ€“brain barrier model. J. Biochem. 286, 17536â€“17542 (2011)
CASÂ 
    
                    Google ScholarÂ 
                

	Bell, R. D. et al. Pericytes control key neurovascular functions and neuronal phenotype in the adult brain and during brain aging. Neuron 68, 409â€“427 (2010)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Armulik, A. et al. Pericytes regulate the bloodâ€“brain barrier. Nature 468, 557â€“561 (2010)
ArticleÂ 
    ADSÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Sullivan, P. M. et al. Reduced levels of human apoE4 protein in an animal model of cognitive impairment. Neurobiol. Aging 32, 791â€“801 (2011)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Satoh, K. et al. Cyclophilin A enhances vascular oxidative stress and the development of angiotensin II-induced aortic aneurysms. Nature Med. 15, 649â€“656 (2009)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Jin, Z. G. et al. Cyclophilin A is a proinflammatory cytokine that activates endothelial cells. Arterioscler. Thromb. Vasc. Biol. 24, 1186â€“1191 (2004)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Handschumacher, R. E., Harding, M. W., Rice, J., Drugge, R. J. & Speicher, D. W. Cyclophilin: a specific cytosolic binding protein for cyclosporin A. Science 226, 544â€“547 (1984)
ArticleÂ 
    ADSÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Begley, D. J. et al. Permeability of the bloodâ€“brain barrier to the immunosuppressive cyclic peptide cyclosporin A. J. Neurochem. 55, 1222â€“1230 (1990)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Grammas, P. Neurovascular dysfunction, inflammation and endothelial activation: implications for the pathogenesis of Alzheimerâ€™s disease. J. Neuroinflammation 8, 26 (2011)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Paul, J., Strickland, S. & Melchor, J. P. Fibrin deposition accelerates neurovascular damage and neuroinflammation in mouse models of Alzheimerâ€™s disease. J. Exp. Med. 204, 1999â€“2008 (2007)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Zhong, Z. et al. Activated protein C therapy slows ALS-like disease in mice by transcriptionally inhibiting SOD1 in motor neurons and microglia cells. J. Clin. Invest. 119, 3437â€“3449 (2009)
ADSÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Candelario-Jalil, E. et al. Matrix metalloproteinases are associated with increased bloodâ€“brain barrier opening in vascular cognitive impairment. Stroke 42, 1345â€“1350 (2011)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Garcia-Alloza, M. et al. Matrix metalloproteinase inhibition reduces oxidative stress associated with cerebral amyloid angiopathy in vivo in transgenic mice. J. Neurochem. 109, 1636â€“1647 (2009)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Jaeger, L. B. et al. Testing the neurovascular hypothesis of Alzheimerâ€™s disease: LRP-1 antisense reduces bloodâ€“brain barrier clearance, increases brain levels of amyloid-Î² protein, and impairs cognition. J. Alzheimers Dis. 17, 553â€“570 (2009)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Yang, Y., Lu, N., Zhou, J., Chen, Z. N. & Zhu, P. Cyclophilin A up-regulates MMP-9 expression and adhesion of monocytes/macrophages via CD147 signalling pathway in rheumatoid arthritis. Rheumatology 47, 1299â€“1310 (2008)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Deane, R. et al. apoE isoform-specific disruption of amyloid Î² peptide clearance from mouse brain. J. Clin. Invest. 118, 4002â€“4013 (2008)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Masliah, E. et al. Neurodegeneration and cognitive impairment in apoE-deficient mice is ameliorated by infusion of recombinant apoE. Brain Res. 751, 307â€“314 (1997)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Zipser, B. D. et al. Microvascular injury and bloodâ€“brain barrier leakage in Alzheimerâ€™s disease. Neurobiol. Aging 28, 977â€“986 (2007)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                


Download references




Acknowledgements
We would like to thank the National Institute of Health for grants R37NS34467 (B.V.Z.); R37AG23084 (B.V.Z.); RO1AG039452 (B.V.Z.); and R37AG13956 (D.M.H.) used to support this study.


Author information
Authors and Affiliations
	Center for Neurodegenerative and Vascular Brain Disorders, University of Rochester Medical Center, Rochester, 14642, New York, USA
Robert D. Bell,Â Ethan A. Winkler,Â Itender Singh,Â Abhay P. Sagare,Â Rashid Deane,Â Zhenhua Wu,Â Jan SallstromÂ &Â Berislav V. Zlokovic

	Aab Cardiovascular Research Institute, University of Rochester Medical Center, Rochester, 14642, New York, USA
Robert D. BellÂ &Â Bradford C. Berk

	Department of Neurology, Hope Center for Neurological Disorders, Knight Alzheimerâ€™s Disease Research Center, Washington University School of Medicine, Saint Louis, 63110, Missouri, USA
David M. Holtzman

	Division of Vascular Biology, Department of Medical Biochemistry and Biophysics, Karolinska Institutet, Stockholm SE-171 77, Sweden, 
Christer BetsholtzÂ &Â Annika Armulik

	 Institute of Neuropathology, University Hospital ZÃ¼rich, CH-8091, ZÃ¼rich, Switzerland , 
Annika Armulik

	Zilkha Neurogenetic Institute and Department of Physiology and Biophysics, Center for Neurodegeneration and Regeneration, University of Southern California, Keck School of Medicine, Los Angeles, 90089, California, USA
Berislav V. Zlokovic


Authors	Robert D. BellView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Ethan A. WinklerView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Itender SinghView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Abhay P. SagareView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Rashid DeaneView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Zhenhua WuView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	David M. HoltzmanView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Christer BetsholtzView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Annika ArmulikView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Jan SallstromView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Bradford C. BerkView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Berislav V. ZlokovicView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Contributions
R.D.B. designed and performed experiments, analysed data and contributed to writing the paper. E.A.W. designed and performed experiments. I.S. performed experiments. A.P.S. performed CBF experiments. R.D. designed experiments and analysed data. Z.W. gathered pilot data. D.M.H. provided guidance and edited the paper. C.B. designed experiments and edited the paper. A.A. performed pilot cadaverine studies. J.S. generated pilot data. B.C.B. provided guidance and edited the paper. B.V.Z. designed experiments, analysed data and wrote the paper.
Corresponding author
Correspondence to
                Berislav V. Zlokovic.


Ethics declarations

              
                Competing interests

                The authors declare no competing financial interests.

              
            

Supplementary information

Supplementary Information
This file contains Supplementary Figures 1-15, Supplementary Materials and Methods, Supplementary Discussion, Supplementary Tables 1-3 and Supplementary References. (PDF 1515 kb)





PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3

PowerPoint slide for Fig. 4

PowerPoint slide for Fig. 5




Rights and permissions
Reprints and permissions


About this article
Cite this article
Bell, R., Winkler, E., Singh, I. et al. Apolipoprotein E controls cerebrovascular integrity via cyclophilin A.
                    Nature 485, 512â€“516 (2012). https://doi.org/10.1038/nature11087
Download citation
	Received: 24 October 2011

	Accepted: 26 March 2012

	Published: 16 May 2012

	Issue Date: 24 May 2012

	DOI: https://doi.org/10.1038/nature11087


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

                
                    	
                            
                                
                                    
                                        Border-associated macrophages in the central nervous system
                                    
                                

                            
                                
                                    	Rui Sun
	Haowu Jiang


                                
                                Journal of Neuroinflammation (2024)

                            
	
                            
                                
                                    
                                        Cell type-specific roles of APOE4 in Alzheimer disease
                                    
                                

                            
                                
                                    	Jessica Blumenfeld
	Oscar Yip
	Yadong Huang


                                
                                Nature Reviews Neuroscience (2024)

                            
	
                            
                                
                                    
                                        Current understanding of the Alzheimerâ€™s disease-associated microbiome and therapeutic strategies
                                    
                                

                            
                                
                                    	Dong-oh Seo
	David M. Holtzman


                                
                                Experimental & Molecular Medicine (2024)

                            
	
                            
                                
                                    
                                        Cellular junction dynamics and Alzheimerâ€™s disease: a comprehensive review
                                    
                                

                            
                                
                                    	Keyvan Asghari
	Zahra Niknam
	Leila Chodari


                                
                                Molecular Biology Reports (2024)

                            
	
                            
                                
                                    
                                        Inflammation as common link to progressive neurological diseases
                                    
                                

                            
                                
                                    	Ana Dias-Carvalho
	Susana Isabel SÃ¡
	Vera Marisa Costa


                                
                                Archives of Toxicology (2024)

                            


                

            

        
    

            
                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
Restoring the bloodâ€“brain barrier
There are known connections between the Alzheimer's-disease-linked APOE4 gene and cerebrovascular integrity. However, the mechanisms that drive known bloodâ€“brain-barrier dysfunction both in rodent models and in APOE4-associated neurological disorders are unknown. Here, Berislav Zlokovic and colleagues report that APOE4 activates a matrix metalloproteinase pathway in cells forming the bloodâ€“brain barrier in mice, leading to its breakdown and the neuronal uptake of blood-derived neurotoxic proteins. In turn, microvascular and cerebral blood flow are reduced; together, these deficits can initiate neurodegenerative changes in rodents. The authors suggest that cyclophilin A (CypA), a component of the APOE4-activated pathway, is a potential target for treating APOE4-mediated neuronal dysfunction. Treatment with the CypA inhibitor cyclosporine A restores the bloodâ€“brain barrier in APOE4 mice.
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