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            Abstract
Macrophages are important players in the maintenance of tissue homeostasis1. Perivascular and leptomeningeal macrophages reside near the central nervous system (CNS) parenchyma2, and their role in CNS physiology has not been sufficiently well studied. Given their continuous interaction with the cerebrospinal fluid (CSF) and strategic positioning, we refer to these cells collectively as parenchymal border macrophages (PBMs). Here we demonstrate that PBMs regulate CSF flow dynamics. We identify a subpopulation of PBMs that express high levels of CD163 and LYVE1 (scavenger receptor proteins), closely associated with the brain arterial tree, and show that LYVE1+ PBMs regulate arterial motion that drives CSF flow. Pharmacological or genetic depletion of PBMs led to accumulation of extracellular matrix proteins, obstructing CSF access to perivascular spaces and impairing CNS perfusion and clearance. Ageing-associated alterations in PBMs and impairment of CSF dynamics were restored after intracisternal injection of macrophage colony-stimulating factor. Single-nucleus RNA sequencing data obtained from patients with Alzheimer’s disease (AD) and from non-AD individuals point to changes in phagocytosis, endocytosis and interferon-γ signalling on PBMs, pathways that are corroborated in a mouse model of AD. Collectively, our results identify PBMs as new cellular regulators of CSF flow dynamics, which could be targeted pharmacologically to alleviate brain clearance deficits associated with ageing and AD.




            
                
                    

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



                
            


            
                
                    
                

            

            
                
                
                
                
                    
                        This is a preview of subscription content, access via your institution

                    

                    
                

                

                Access options

                


                
                    
                        
                            

    
        
            
                
                Access through your institution
            
        

        
    



                        

                        

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



                    
                

                
    
    Access Nature and 54 other Nature Portfolio journals
Get Nature+, our best-value online-access subscription
$29.99 / 30 days
cancel any time

Learn more


Subscribe to this journal
Receive 51 print issues and online access
$199.00 per year
only $3.90 per issue

Learn more


Rent or buy this article
Prices vary by article type
from$1.95
to$39.95
Learn more


Prices may be subject to local taxes which are calculated during checkout



  

    
    
        
    Additional access options:

    	
            Log in
        
	
            Learn about institutional subscriptions
        
	
            Read our FAQs
        
	
            Contact customer support
        



    

                
                    Fig. 1: PBMs sample CSF and regulate its flow dynamics.[image: ]


Fig. 2: In vivo evidence of PBMs regulating CSF flow dynamics.[image: ]


Fig. 3: PBMs regulate CSF flow dynamics through ECM remodelling and arterial motion.[image: ]


Fig. 4: PBMs in aged mice.[image: ]


Fig. 5: PBMs in human AD and a 5×FAD mouse model of amyloidosis.[image: ]
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                Data availability

              
              Mouse single-cell mRNA sequencing data are available at the Gene Expression Omnibus under the accession number GSE188285. The human single-nucleus data from the Knight ADRC is publicly available by request from the National Institute on Aging Genetics of Alzheimer’s Disease Data Storage Site with accession number NG00108.v1 (https://www.niagads.org/datasets/ng00108). To access the data from the DIAN brain bank, special request must be made using this URL: https://dian.wustl.edu/our-research/for-investigators/.

            

Code availability

              
              Custom code used to analyse the mRNA sequencing data is freely available at https://doi.org/10.5281/zenodo.7047054.

            

References
	Ginhoux, F. & Guilliams, M. Tissue-resident macrophage ontogeny and homeostasis. Immunity 44, 439–449 (2016).
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Masuda, T. et al. Specification of CNS macrophage subsets occurs postnatally in defined niches. Nature 604, 740–748 (2022).
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Alves de Lima, K. et al. Meningeal γδ T cells regulate anxiety-like behavior via IL-17a signaling in neurons. Nat. Immunol. 21, 1421–1429 (2020).
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Filiano, A. J. et al. Unexpected role of interferon-γ in regulating neuronal connectivity and social behaviour. Nature 535, 425–429 (2016).
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Konsman, J. P., Parnet, P. & Dantzer, R. Cytokine-induced sickness behaviour: mechanisms and implications. Trends Neurosci. 25, 154–159 (2002).
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Mestre, H. et al. Flow of cerebrospinal fluid is driven by arterial pulsations and is reduced in hypertension. Nat. Commun. 9, 4878 (2018).
Article 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Iliff, J. J. et al. Cerebral arterial pulsation drives paravascular CSF–interstitial fluid exchange in the murine brain. J. Neurosci. 33, 18190–18199 (2013).
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	van Veluw, S. J. et al. Vasomotion as a driving force for paravascular clearance in the awake mouse brain. Neuron 105, 549–561.e5 (2020).
Article 
    PubMed 
    
                    Google Scholar 
                

	Iliff, J. J. et al. A paravascular pathway facilitates CSF flow through the brain parenchyma and the clearance of interstitial solutes, including amyloid β. Sci. Transl Med. 4, 147ra111 (2012).
Article 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Louveau, A. et al. Structural and functional features of central nervous system lymphatic vessels. Nature 523, 337–341 (2015).
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Li, X. et al. Meningeal lymphatic vessels mediate neurotropic viral drainage from the central nervous system. Nat. Neurosci. 25, 577–587 (2022).
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Rustenhoven, J. et al. Functional characterization of the dural sinuses as a neuroimmune interface. Cell 184, 1000–1016.e27 (2021).
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Kierdorf, K., Masuda, T., Jordão, M. J. C. & Prinz, M. Macrophages at CNS interfaces: ontogeny and function in health and disease. Nat. Rev. Neurosci. 20, 547–562 (2019).
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Faraco, G., Park, L., Anrather, J. & Iadecola, C. Brain perivascular macrophages: characterization and functional roles in health and disease. J. Mol. Med. 95, 1143–1152 (2017).
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Van Hove, H. et al. A single-cell atlas of mouse brain macrophages reveals unique transcriptional identities shaped by ontogeny and tissue environment. Nat. Neurosci. 22, 1021–1035 (2019).
Article 
    PubMed 
    
                    Google Scholar 
                

	Goldmann, T. et al. Origin, fate and dynamics of macrophages at central nervous system interfaces. Nat. Immunol. 17, 797–805 (2016).
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Faraco, G. et al. Perivascular macrophages mediate the neurovascular and cognitive dysfunction associated with hypertension. J. Clin. Invest. 126, 4674–4689 (2016).
Article 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Thanopoulou, K., Fragkouli, A., Stylianopoulou, F. & Georgopoulos, S. Scavenger receptor class B type I (SR-BI) regulates perivascular macrophages and modifies amyloid pathology in an Alzheimer mouse model. Proc. Natl Acad. Sci. USA 107, 20816–20821 (2010).
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Park, L. et al. Brain perivascular macrophages initiate the neurovascular dysfunction of Alzheimer Aβ peptides. Circ. Res. 121, 258–269 (2017).
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Jordão, M. J. C. et al. Single-cell profiling identifies myeloid cell subsets with distinct fates during neuroinflammation. Science 363, eaat7554 (2019).
Article 
    PubMed 
    
                    Google Scholar 
                

	Mrdjen, D. et al. High-dimensional single-cell mapping of central nervous system immune cells reveals distinct myeloid subsets in health, aging, and disease. Immunity 48, 380–395.e6 (2018).
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Wardlaw, J. M. et al. Perivascular spaces in the brain: anatomy, physiology and pathology. Nat. Rev. Neurol. 16, 137–153 (2020).
Article 
    PubMed 
    
                    Google Scholar 
                

	Mestre, H. et al. Aquaporin-4-dependent glymphatic solute transport in the rodent brain. eLife 7, e40070 (2018).
Article 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Yang, L. et al. Evaluating glymphatic pathway function utilizing clinically relevant intrathecal infusion of CSF tracer. J. Transl Med. 11, 107 (2013).
Article 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Da Mesquita, S. et al. Functional aspects of meningeal lymphatics in ageing and Alzheimer’s disease. Nature 560, 185–191 (2018).
Article 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Ahn, J. H. et al. Meningeal lymphatic vessels at the skull base drain cerebrospinal fluid. Nature 572, 62–66 (2019).
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Mestre, H. et al. Cerebrospinal fluid influx drives acute ischemic tissue swelling. Science 367, eaax7171 (2020).
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Polfliet, M. M. et al. A method for the selective depletion of perivascular and meningeal macrophages in the central nervous system. J. Neuroimmunol. 116, 188–195 (2001).
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Hablitz, L. M. et al. Increased glymphatic influx is correlated with high EEG delta power and low heart rate in mice under anesthesia. Sci. Adv. 5, eaav5447 (2019).
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Gakuba, C. et al. General anesthesia inhibits the activity of the ‘glymphatic system’. Theranostics 8, 710–722 (2018).
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Lim, H. Y. et al. Hyaluronan receptor LYVE-1-expressing macrophages maintain arterial tone through hyaluronan-mediated regulation of smooth muscle cell collagen. Immunity 49, 326–341.e7 (2018).
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Chow, B. W. et al. Caveolae in CNS arterioles mediate neurovascular coupling. Nature 579, 106–110 (2020).
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Baccin, C. et al. Combined single-cell and spatial transcriptomics reveal the molecular, cellular and spatial bone marrow niche organization. Nat. Cell Biol. 22, 38–48 (2020).
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Zhang, N. et al. LYVE1+ macrophages of murine peritoneal mesothelium promote omentum-independent ovarian tumor growth. J. Exp. Med. 218, e20210924 (2021).
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Boissonneault, V. et al. Powerful beneficial effects of macrophage colony-stimulating factor on β-amyloid deposition and cognitive impairment in Alzheimer’s disease. Brain 132, 1078–1092 (2009).
Article 
    PubMed 
    
                    Google Scholar 
                

	Hawkes, C. A. & McLaurin, J. Selective targeting of perivascular macrophages for clearance of β-amyloid in cerebral amyloid angiopathy. Proc. Natl Acad. Sci. USA 106, 1261–1266 (2009).
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Keren-Shaul, H. et al. A unique microglia type associated with restricting development of Alzheimer’s disease. Cell 169, 1276–1290.e17 (2017).
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Da Mesquita, S. et al. Meningeal lymphatics affect microglia responses and anti-Aβ immunotherapy. Nature 593, 255–260 (2021).
Article 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Utz, S. G. et al. Early fate defines microglia and non-parenchymal brain macrophage development. Cell 181, 557–573.e18 (2020).
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Pires, P. W. et al. Improvement in middle cerebral artery structure and endothelial function in stroke-prone spontaneously hypertensive rats after macrophage depletion. Microcirculation 20, 650–661 (2013).
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Császár, E. et al. Microglia modulate blood flow, neurovascular coupling, and hypoperfusion via purinergic actions. J. Exp. Med. 219, e20211071 (2022).
Article 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Erde, J., Loo, R. R. O. & Loo, J. A. Improving proteome coverage and sample recovery with enhanced FASP (eFASP) for quantitative proteomic experiments. Methods Mol. Biol. 1550, 11–18 (2017).
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Rappsilber, J., Mann, M. & Ishihama, Y. Protocol for micro-purification, enrichment, pre-fractionation and storage of peptides for proteomics using StageTips. Nat. Protoc. 2, 1896–1906 (2007).
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Cai, R. et al. Panoptic imaging of transparent mice reveals whole-body neuronal projections and skull–meninges connections. Nat. Neurosci. 22, 317–327 (2019).

	Lun, A. T. L., McCarthy, D. J. & Marioni, J. C. A step-by-step workflow for low-level analysis of single-cell RNA-seq data with Bioconductor. F1000Research 5, 2122 (2016).
PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	McCarthy, D. J., Campbell, K. R., Lun, A. T. L. & Wills, Q. F. Scater: pre-processing, quality control, normalization and visualization of single-cell RNA-seq data in R. Bioinformatics 33, 1179–1186 (2017).
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Butler, A., Hoffman, P., Smibert, P., Papalexi, E. & Satija, R. Integrating single-cell transcriptomic data across different conditions, technologies, and species. Nat. Biotechnol. 36, 411–420 (2018).
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Van den Berge, K. et al. Observation weights unlock bulk RNA-seq tools for zero inflation and single-cell applications. Genome Biol. 19, 24 (2018).
Article 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Robinson, M. D., McCarthy, D. J. & Smyth, G. K. edgeR: a Bioconductor package for differential expression analysis of digital gene expression data. Bioinformatics 26, 139–140 (2010).
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Hong, G., Zhang, W., Li, H., Shen, X. & Guo, Z. Separate enrichment analysis of pathways for up- and downregulated genes. J. R. Soc. Interface 11, 20130950 (2014).
Article 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                


Download references




Acknowledgements
We thank S. Smith for editing the manuscript; S. Blackburn, N. Al-Hamadani, X. Wang and E. Griffin for animal care; S. Brophy for laboratory management; all the members of the Kipnis Laboratory for their valuable comments during numerous discussions of this work; all the members of the Washington University Center for Cellular Imaging core (WUCCI) for their valuable contribution of electron microscopy imaging; staff at the University of Virginia Flow Cytometry Core and from the Sequencing Core for their help with cell sorting and sequencing; all the members of the Washington University Small Animal MR Imaging Facility and the University of Virginia Molecular Imaging Core Facility for their help in MRI. We acknowledge the expert technical assistance of Y. Mi, P. Erdmann-Gilmore, A. Davis and R. Connors for the CSF proteomics experiment performed at the Washington University Proteomics Shared Resource (WU-PSR), and R. Reid Townsend (Director) and R. Sprung and T. Zhang (Co-directors); the staff of the Neuropathology Cores and other personnel of the Charles F. and Joanne Knight Alzheimer’s Disease Research Center (ADRC); and the altruism of the participants and their families and contributions of the Knight ADRC and DIAN research and support staff at each of the participating sites for their contributions to this study. This work was supported by grants from the National Institutes of Health/National Institute on Aging (AG034113, AG057496, AG078106), the Cure Alzheimer’s Fund and the Ludwig Foundation to J.K.; AG057777 and AG067764 to O.H.; and AG062734 to C.M.K. O.H. is an Archer Foundation Research Scientist. The WU-PSR is supported in part by the WU Institute of Clinical and Translational Sciences (NCATS UL1 TR000448), the Mass Spectrometry Research Resource (NIGMS P41 GM103422; R24GM136766) and a Siteman Comprehensive Cancer Center Support grant (NCI P30 CA091842). The Neuropathology Cores and the Charles F. and Joanne Knight ADRC are supported by P30 AG066444, P01AG026276 and P01AG03991. Data collection and sharing for this project was supported by the DIAN (UF1AG032438) funded by the National Institute on Aging (NIA), the German Center for Neurodegenerative Diseases (DZNE), Raul Carrea Institute for Neurological Research (FLENI), partial support by the Research and Development Grants for Dementia from Japan Agency for Medical Research and Development, AMED, and the Korea Health Technology R&D Project through the Korea Health Industry Development Institute (KHIDI). This manuscript has been reviewed by DIAN Study investigators for scientific content and consistency of data interpretation with previous DIAN Study publications. The illustrations of the mice and MRI are freely available from Servier Medical Art (https://smart.servier.com). The brain cartoon and the summary illustration were created by the authors.


Author information
Author notes	These authors contributed equally: Siling Du, Steffen E. Storck, Justin Rustenhoven


Authors and Affiliations
	Center for Brain Immunology and Glia (BIG), Washington University in St Louis, St Louis, MO, USA
Antoine Drieu, Siling Du, Steffen E. Storck, Justin Rustenhoven, Zachary Papadopoulos, Taitea Dykstra, Kyungdeok Kim, Susan Blackburn, Tornike Mamuladze, Igor Smirnov & Jonathan Kipnis

	Department of Pathology and Immunology, School of Medicine, Washington University in St Louis, St Louis, MO, USA
Antoine Drieu, Siling Du, Steffen E. Storck, Justin Rustenhoven, Zachary Papadopoulos, Taitea Dykstra, Kyungdeok Kim, Susan Blackburn, Tornike Mamuladze, Richard Perrin, Gwendalyn J. Randolph, Igor Smirnov & Jonathan Kipnis

	Immunology Graduate Program, School of Medicine, Washington University in St Louis, St Louis, MO, USA
Siling Du, Zachary Papadopoulos, Tornike Mamuladze & Jonathan Kipnis

	Department of Biomedical Engineering, Danforth Campus, Washington University in St Louis, St Louis, MO, USA
Fenghe Zhong & Song Hu

	Department of Psychiatry, Washington University in St Louis, St Louis, MO, USA
Oscar Harari & Celeste M. Karch

	Department of Neurology, Hope Center for Neurological Disorders, Knight Alzheimer’s Disease Research Center, School of Medicine, Washington University in St Louis, St Louis, MO, USA
Celeste M. Karch, Randall J. Bateman & Richard Perrin

	Indiana School of Medicine, Indianapolis, IN, USA
Martin Farlow, Jared Brosch, Jill Buck, Marty Farlow & Bernardino Ghetti

	Department of Neurology, Massachusetts General Hospital, Harvard Medical School, Boston, MA, USA
Jasmeer Chhatwal

	School of Medicine, Washington University in St Louis, St Louis, MO, USA
Sarah Adams, Nicolas Barthelemy, Tammie Benzinger, Susan Brandon, Virginia Buckles, Lisa Cash, Charlie Chen, Jasmin Chua, Carlos Cruchaga, Darcy Denner, Aylin Dincer, Tamara Donahue, Anne Fagan, Becca Feldman, Shaney Flores, Erin Franklin, Nelly Joseph-Mathurin, Alyssa Gonzalez, Brian Gordon, Julia Gray, Emily Gremminger, Alex Groves, Jason Hassenstab, Cortaiga Hellm, Elizabeth Herries, Laura Hoechst-Swisher, David Holtzman, Russ Hornbeck, Gina Jerome, Sarah Keefe, Deb Koudelis, Yan Li, Jacob Marsh, Rita Martinez, Kwasi Mawuenyega, Austin McCullough, Eric McDade, John Morris, Joanne Norton, Kristine Shady, Wendy Sigurdson, Jennifer Smith, Peter Wang, Qing Wang, Chengjie Xiong, Jinbin Xu & Xiong Xu

	Institute of Neurological Research Fleni, Buenos Aires, Argentina
Ricardo Allegri, Patricio Chrem Mendez & Noelia Egido

	Niigata University, Niigata, Japan
Aki Araki, Takeshi Ikeuchi, Kenji Ishii & Kensaku Kasuga

	Tokyo University, Tokyo, Japan
Kenji Ishii, Ryoko Ihara, Akemi Nagamatsu & Yoshiki Niimi

	Neuroscience Research Australia, Sydney, New South Wales, Australia
Jacob Bechara, William Brooks & Peter Schofield

	University of Pittsburgh, Pittsburgh, PA, USA
Sarah Berman, Sarah Goldberg, Snezana Ikonomovic, William Klunk, Oscar Lopez, James Mountz, Neelesh Nadkarni, Riddhi Patira, Lori Smith, Beth Snitz, Sarah Thompson & Elise Weamer

	Brown University–Butler Hospital, Providence, RI, USA
Courtney Bodge & Stephen Salloway

	Emory University School of Medicine, Atlanta, GA, USA
Kathleen Carter, Duc Duong, Erik Johnson, Allan Levey, Lingyan Ping & Nicholas T. Seyfried

	Brigham and Women’s Hospital–Massachusetts General Hospital, Boston, MA, USA
Colleen Fitzpatrick

	University of Southern California, Los Angeles, CA, USA
Helena Chui & John Ringman

	Mayo Clinic Jacksonville, Jacksonville, FL, USA
Gregory S. Day, Neill Graff-Radford, Morgan Graham & Sochenda Stephens

	Columbia University, New York, NY, USA
Chrismary De La Cruz, Jill Goldman, Arlene Mejia, Katie Neimeyer & James Noble

	German Center for Neurodegenerative Diseases (DZNE), Munich, Germany
Anna Diffenbacher, Igor Yakushev, Johannes Levin & Jonathan Vöglein

	University College London, London, UK
Jane Douglas, Nick Fox, Miguel Grilo, Cath Mummery & Antoinette O’Connor

	Icahn School of Medicine at Mount Sinai, New York, NY, USA
Bianca Esposito, Alison Goate & Alan Renton

	Osaka City University, Osaka, Japan
Hisako Fujii, Michio Senda & Hiroyuki Shimada

	Edith Cowan University, Perth, Western Australia, Australia
Samantha Gardener, Ralph Martins, Hamid Sohrabi & Kevin Taddei

	German Center for Neurodegenerative Diseases (DZNE), Tubingen, Germany
Susanne Gräber-Sultan, Lisa Häsler, Anna Hofmann, Mathias Jucker, Stephan Käser, Elke Kuder-Buletta, Christoph Laske & Oliver Preische

	Ludwig–Maximilian’s University, Munich, Germany
Christian Haass, Estrella Morenas-Rodriguez & Brigitte Nuscher

	Mayo Clinic, Rochester, NY, USA
Clifford Jack

	University of Michigan, Ann Arbor, MI, USA
Robert Koeppe

	University of Pittsburgh Medical Center, Pittsburgh, PA, USA
Neal Scott Mason

	University of Melbourne, Parkville, Victoria, Australia
Colin Masters

	Hertie Institute for Clinical Brain Research, Tubingen, Germany
Ulricke Obermüller


Authors	Antoine DrieuView author publications
You can also search for this author in
                        PubMed Google Scholar



	Siling DuView author publications
You can also search for this author in
                        PubMed Google Scholar



	Steffen E. StorckView author publications
You can also search for this author in
                        PubMed Google Scholar



	Justin RustenhovenView author publications
You can also search for this author in
                        PubMed Google Scholar



	Zachary PapadopoulosView author publications
You can also search for this author in
                        PubMed Google Scholar



	Taitea DykstraView author publications
You can also search for this author in
                        PubMed Google Scholar



	Fenghe ZhongView author publications
You can also search for this author in
                        PubMed Google Scholar



	Kyungdeok KimView author publications
You can also search for this author in
                        PubMed Google Scholar



	Susan BlackburnView author publications
You can also search for this author in
                        PubMed Google Scholar



	Tornike MamuladzeView author publications
You can also search for this author in
                        PubMed Google Scholar



	Oscar HarariView author publications
You can also search for this author in
                        PubMed Google Scholar



	Celeste M. KarchView author publications
You can also search for this author in
                        PubMed Google Scholar



	Randall J. BatemanView author publications
You can also search for this author in
                        PubMed Google Scholar



	Richard PerrinView author publications
You can also search for this author in
                        PubMed Google Scholar



	Martin FarlowView author publications
You can also search for this author in
                        PubMed Google Scholar



	Jasmeer ChhatwalView author publications
You can also search for this author in
                        PubMed Google Scholar



	Song HuView author publications
You can also search for this author in
                        PubMed Google Scholar



	Gwendalyn J. RandolphView author publications
You can also search for this author in
                        PubMed Google Scholar



	Igor SmirnovView author publications
You can also search for this author in
                        PubMed Google Scholar



	Jonathan KipnisView author publications
You can also search for this author in
                        PubMed Google Scholar





Consortia
Dominantly Inherited Alzheimer Network
	Richard Perrin
	, Celeste M. Karch
	, Randall J. Bateman
	, Jared Brosch
	, Jill Buck
	, Marty Farlow
	, Bernardino Ghetti
	, Jasmeer Chhatwal
	, Sarah Adams
	, Nicolas Barthelemy
	, Tammie Benzinger
	, Susan Brandon
	, Virginia Buckles
	, Lisa Cash
	, Charlie Chen
	, Jasmin Chua
	, Carlos Cruchaga
	, Darcy Denner
	, Aylin Dincer
	, Tamara Donahue
	, Anne Fagan
	, Becca Feldman
	, Shaney Flores
	, Erin Franklin
	, Nelly Joseph-Mathurin
	, Alyssa Gonzalez
	, Brian Gordon
	, Julia Gray
	, Emily Gremminger
	, Alex Groves
	, Jason Hassenstab
	, Cortaiga Hellm
	, Elizabeth Herries
	, Laura Hoechst-Swisher
	, David Holtzman
	, Russ Hornbeck
	, Gina Jerome
	, Sarah Keefe
	, Deb Koudelis
	, Yan Li
	, Jacob Marsh
	, Rita Martinez
	, Kwasi Mawuenyega
	, Austin McCullough
	, Eric McDade
	, John Morris
	, Joanne Norton
	, Kristine Shady
	, Wendy Sigurdson
	, Jennifer Smith
	, Peter Wang
	, Qing Wang
	, Chengjie Xiong
	, Jinbin Xu
	, Xiong Xu
	, Ricardo Allegri
	, Patricio Chrem Mendez
	, Noelia Egido
	, Aki Araki
	, Takeshi Ikeuchi
	, Kenji Ishii
	, Kensaku Kasuga
	, Jacob Bechara
	, William Brooks
	, Peter Schofield
	, Sarah Berman
	, Sarah Goldberg
	, Snezana Ikonomovic
	, William Klunk
	, Oscar Lopez
	, James Mountz
	, Neelesh Nadkarni
	, Riddhi Patira
	, Lori Smith
	, Beth Snitz
	, Sarah Thompson
	, Elise Weamer
	, Courtney Bodge
	, Stephen Salloway
	, Kathleen Carter
	, Duc Duong
	, Erik Johnson
	, Allan Levey
	, Lingyan Ping
	, Nicholas T. Seyfried
	, Colleen Fitzpatrick
	, Helena Chui
	, John Ringman
	, Gregory S. Day
	, Neill Graff-Radford
	, Morgan Graham
	, Sochenda Stephens
	, Chrismary De La Cruz
	, Jill Goldman
	, Arlene Mejia
	, Katie Neimeyer
	, James Noble
	, Anna Diffenbacher
	, Igor Yakushev
	, Johannes Levin
	, Jonathan Vöglein
	, Jane Douglas
	, Nick Fox
	, Miguel Grilo
	, Cath Mummery
	, Antoinette O’Connor
	, Bianca Esposito
	, Alison Goate
	, Alan Renton
	, Hisako Fujii
	, Michio Senda
	, Hiroyuki Shimada
	, Samantha Gardener
	, Ralph Martins
	, Hamid Sohrabi
	, Kevin Taddei
	, Susanne Gräber-Sultan
	, Lisa Häsler
	, Anna Hofmann
	, Mathias Jucker
	, Stephan Käser
	, Elke Kuder-Buletta
	, Christoph Laske
	, Oliver Preische
	, Christian Haass
	, Estrella Morenas-Rodriguez
	, Brigitte Nuscher
	, Ryoko Ihara
	, Akemi Nagamatsu
	, Yoshiki Niimi
	, Clifford Jack
	, Robert Koeppe
	, Neal Scott Mason
	, Colin Masters
	 & Ulricke Obermüller


Contributions
A.D. designed and performed experiments, analysed and interpreted data, created the figures and wrote the manuscript. S.D. and S.E.S. performed experiments, analysed and interpreted data. F.Z. and S.H. performed the photoacoustic imaging experiment. Z.P. performed the live imaging on dCLNs. S.B. assisted in experiments and data analyses. J.R. and T.M. provided intellectual contribution and assisted in experiments. T.D. performed the mouse scRNA-seq data analyses, analysis of human single-nucleus RNA-seq data and participated in methods writing. K.K. performed the behavioural experiments and analyses. O.H. supervised and interpreted the scRNA-seq data analysis. C.M.K., R.J.B., R.P., M.F., J.C. and P.S. generated the datasets for the DIAN network. G.J.R. provided Lyve1cre::Csf1rfl/fl mice and intellectual contribution. I.S. assisted with animal surgeries and blinded data analyses and quantifications. J.K. designed the experiments, provided resources and intellectual contribution, oversaw data analysis and interpretation, and wrote the manuscript.
Corresponding authors
Correspondence to
                Antoine Drieu or Jonathan Kipnis.


Ethics declarations

              
                Competing interests

                J.K. is a scientific advisor and collaborator with PureTech. J.K. and A.D. are holding provisional patent applications related to the findings described herein. R.J.B co-founded and is on the scientific advisory board of C2N Diagnostics. C2N Diagnostics has licensed certain anti-tau antibodies to AbbVie for therapeutic development. He receives research support from Biogen, Eisai and the DIAN-TU Pharma Consortium. He is also an advisor to Amgen and Hoffman La-Roche.

              
            

Peer review

              
              
                Peer review information

                Nature thanks Kiavash Movahedi and the other, anonymous, reviewer(s) for their contribution to the peer review of this work.

              
            

Additional information
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


Extended data figures and tables

Extended Data Fig. 1 PBMs are distinct from microglia and sample CSF and ISF.
a, CD206+ PBMs (cyan) are easily distinguishable from IBA1+ microglia (yellow) and are located at the vicinity of i.v. lectin+ large blood vessels (red). Scale bar, 100 μm. b, PBMs are located outside of the brain vasculature, in the perivascular space. c, Quantification of whole brain sections showing spatial distribution of PBMs through both perivascular space (PVS) and leptomeninges (LM). Scale bar, 20 μm. n = 5 mice. d, Gating strategy for PBM detection. PBMs were defined as DAPI−CD45+TCRb−CD19−CD11b+CD64hiF4/80hiCD206+ cells. PBMs can be divided in subtypes using MHCII and CD38. e, WT mice received an i.c.m. injection of Alexa-647 conjugated ovalbumin (OVA; 45 kDa; 1 mg/ml; 5 μl). One hour after OVA injection, mice received an i.v. injection of Alexa-594 conjugated lectin (30 μl) and were perfused five minutes later. Maximum projection image obtained by light sheet microscopy from a cleared mouse brain showing brain OVA (magenta) distribution at the vicinity of i.v.-injected lectin+ blood vessels (cyan). Scale bar, 1mm. f, WT mice received an i.c.m. injection of Alexa-647 conjugated ovalbumin (OVA; 45 kDa; 1 mg/ml; 5 μl). Mice were perfused one hour after OVA injection. Representative stereomicroscopy images showing whole brain OVA distribution from the distal part of the middle cerebral artery (MCA), and quantification of both perivascular and cellular OVA distribution. Scale bars, 1mm and 200 μm (inset). n = 6 mice. g, Experimental schematic: WT mice received an i.c.m. injection of FITC Dextran (FITCDex; 4 kDa; 10 mg/ml; 5 μl) and brain were harvested one hour later. Brain coronal sections were stained for anti-CD206 (cyan) and DAPI. Scale bars, 2 mm and 50 μm (insets). h, Experimental schematic: WT mice received an intrastriatal (i.s.) injection of a cocktail containing 0.5 μl of FITC-Dex (10mg/ml; green) and 0.5 μl of OVA (1 mg/ml; magenta) and brains were harvested one hour later. Brains were then stained for anti-CD206 (cyan). Scale bars, 2 mm and 50 μm (insets). i, Mice received an i.s. injection of A488-OVA (green) and an i.c.m. injection of A647-OVA (magenta) one hour later. Mice were perfused one hour later (two hours after the i.s. injection). Some cells sampled both i.s. and i.c.m. OVAs. Scale bars, 2 mm and 100 μm (inset). All data are presented as mean values +/− SEM. The illustration of mice in g and h are from Servier Medical Art, CC BY 3.0.


Extended Data Fig. 2 Effect of PBM depletion.
a, WT mice received an i.c.m. injection of clodronate-loaded liposomes (CLO) or PBS-loaded liposomes (PBS). Microglial cells were identified using anti-IBA1 staining (yellow). Cells that were not in the leptomeninges and CD206- were used for quantifications of cell numbers and Sholl analysis. Scale bars, 100 μm and 20 μm. n = 5 mice/group, two-tailed unpaired Welch’s t-test; repeated measures 2-way ANOVA with Geisser-Greenhouse correction. b, WT mice received an i.c.m. injection of DiI-liposomes (5 mg/ml; 5 μl) and mice were perfused 24 h later. Representative images showing DiI-liposome coverage in whole brains. Scale bar: 2mm. c, Representative images showing DiI-liposome (cyan) uptake by CD206+ PBMs (magenta) in leptomeninges (LM) co-stained for DAPI. Scale bars: 50 μm and 10 μm (inset). d, Experimental schematic: Twenty-four hours after i.c.m. injection of DiI-liposomes, leptomeninges were harvested, DiI-positive cells were sorted and single-cell RNA sequencing was performed. e, tSNE plot showing DiI-positive cells: monocytes, PBMs, granulocytes, migratory dendritic cells (migDCs), fibroblasts and NK/T cells. f, Single-cell RNA sequencing demonstrating 4 PBM clusters. g, Dot plots showing Mrc1, H2-Ab1, Cd74, Cd163 and Lyve1 gene expression in the 4 PBM subtypes. h, Volcano plot corresponding to down- and up-regulated genes comparing MHCIIhi vs. Lyve1hi PBMs. F-test with adjusted degrees of freedom based on weights calculated per gene with a zero-inflation model and Benjamini-Hochberg adjusted P values. i, GO Pathway analysis showing up- and down-regulated pathways comparing MHCIIhi vs. Lyve1hi PBMs. Over-representation test. j. Experimental schematic: WT mice received an i.c.m. injection of CLO or PBS liposomes. OVA was injected i.c.m. three days later and mice were perfused one hour later. k. Representative images showing CD206+ PBMs (cyan) on brain coronal section co-stained for DAPI, and corresponding quantification. Scale bar, 200 μm. n = 5 mice/group; two-tailed unpaired Welch’s t-test. l, Representative images and quantification of OVA distribution in whole brains one hour after OVA injection. Scale bar, 5mm. m, Representative images and quantification of OVA coverage in brain coronal sections. Scale bar, 2 mm. For l and m: n = 5 mice/group; two-tailed unpaired Welch’s t-test. n, Representative images from non-superior sagittal sinus region of the dura mater three days after CLO treatment co-stained for anti-CD206 (cyan) and anti-CD31 (yellow) and corresponding quantifications. o, Representative images from the superior sagittal sinus region from the dura mater three days after CLO treatment co-stained for anti-CD206 (cyan) and anti-CD31 (yellow), and corresponding quantifications. For n and o: Scale bars, 200 μm; n = 5 mice/group; two-tailed unpaired Welch’s t-test. p–u, WT mice received an i.c.m. injection of CLO or PBS liposomes. Tissues were harvested one week later. p, Representative images of total Lyve1 (magenta) coverage in the dura mater co-stained for DAPI and corresponding quantification. Scale bar, 3 mm. q, High magnification images showing LYVE1 staining at the transverse sinus level co-stained for DAPI and corresponding quantification. Scale bar, 500 μm. r, High magnification images showing LYVE1 staining at the superior sagittal sinus level co-stained for DAPI and corresponding quantification. Scale bar, 200 μm. s, High magnification images showing CD206 staining (cyan) co-stained for anti-CD31 (yellow) and corresponding quantification. Scale bar, 500 μm. For p–s: n = 5 mice/group; two-tailed unpaired Welch’s t-test. t, Representative images from lateral choroid plexuses whole mounts co-stained for anti-CD206 (cyan), anti-CD31 (red) and DAPI with corresponding high magnifications and quantification. Scale bars, 2mm and 200 μm (insets). n = 5 mice treated with PBS, and 6 mice treated with CLO; two-tailed unpaired Welch’s t-test. u, Representatives images from deep cervical lymph nodes co-stained for anti-IBA1 (cyan) and DAPI and corresponding quantification. Scale bar, 200 μm. n = 10 mice/group; two-tailed unpaired Welch’s t-test. All data are presented as mean values +/− SEM. The illustrations of mice in d and j are from Servier Medical Art, CC BY 3.0.


Extended Data Fig. 3 CSF flow after PBM depletion.
a, One week after PBM depletion, mice received an i.c.m. injection of FITC-Dextran (FITCDex; 4 kDa; 5 μl), brains were harvested one hour later and FITCdex (green) coverage was measured on coronal sections co-stained for DAPI. Representative images and corresponding quantifications are shown. Scale bar, 2 mm. n = 5 mice/group; two-tailed unpaired Welch’s t-test. b, One week after PBM depletion, mice received an i.c.m. injection of Texas Red (3 kDa; 5 μl), brains were harvested one hour later and Texas Red (red) coverage was measured on coronal sections co-stained for DAPI. Representative images and corresponding quantifications are shown. Scale bar, 2 mm. n = 4 mice treated with PBS, and 5 mice treated with CLO; two-tailed unpaired Welch’s t-test. c, One week after PBM depletion, mice received an intrastriatal injection of OVA (45 kDa; 1 μl) and brains were harvested one hour later. Representative images and corresponding quantifications are shown. Scale bar, 2 mm. n = 4 mice treated with PBS, and 5 mice treated with CLO; two-tailed unpaired Welch’s t-test. d, One week after PBM depletion, mice received an intrastriatal (i.s.) injection of FITC-Dextran (FITCdex; 4kDa; 1 μl) and brains were harvested one hour later. Representative images and corresponding quantifications are shown. Scale bar, 2 mm. n = 4 mice/group; Two-tailed unpaired Welch’s t-test. e, One week after CLO or PBS liposome injection, mice were anesthetized, and a glass capillary was inserted i.c.m. to collect CSF for proteomic analyses. f, Volcano plot corresponding to down- and up-regulated proteins in CSF comparing PBM-depleted and control mice. F-test with adjusted degrees of freedom based on weights calculated per gene with a zero-inflation model and Benjamini-Hochberg adjusted P values. g, Corresponding GO Pathway analysis showing down- and up-regulated pathways in PBM-depleted and control mice. Over-representation test. h, Sunburst plot representing the location of the upregulated CSF-derived neuronal/synaptic-related proteins after PBM depletion. i–k, Quantification of relative spectral counts for i, Clusterin (CLU); j, Apolipoprotein E (APOE) and k, Amyloid Precursor Peptide (APP). For e–k: n = 4 mice treated with PBS, and 5 mice treated with CLO; two-tailed unpaired Welch’s t-test. l, MRI based T2-weighted anatomical sequences were performed before and one week after PBM depletion. m, Representative T2 images showing lateral ventricles (in hypersignal) before and after PBM depletion. Scale bar, 2 mm. n, Quantification of ventricle volume in mm3. n = 5 mice/group; one-way ANOVA with Tukey multiple comparisons test. o, Intracranial pressure was measured one- (7d) and three (21d) weeks after PBM depletion. n = 5 mice treated with PBS, 7 mice treated with CLO at 7d; 6 mice treated with PBS, and 7 mice treated with CLO at 21 d; two-way ANOVA with Sidak’s multiple comparisons test. p, Sagittal view of a T1-FLASH 3D image showing Dotarem (0.754 kDa; 5 μl) accumulation in different brain compartments, including the olfactory bulbs (OB), the lateral ventricles (Lat vtl) and the middle cerebral artery (MCA). Scale bar, 3 mm. q, Representative T1-FLASH 3D images showing Dotarem distribution at the MCA level over time. Scale bar, 3 mm. r, Quantification of Dotarem signal fold increase over an hour. n = 5 mice treated with PBS, and 7 mice treated with CLO; repeated measures 2-way ANOVA with Geisser-Greenhouse correction. s, One week after CLO or PBS liposome injection, mice received an i.c.m. injection of OVA, and deep cervical lymph nodes (dCLNs) were harvested one hour later. t, Representative images showing OVA coverage on dCLN sections. Scale bar, 200 μm. u, Quantification of dCLN area. v, Quantification of OVA coverage. For u and v: n = 10 mice/group; two-tailed unpaired Welch’s t-test. w, One week after CLO or PBS liposome injection, mice received an i.c.m. injection of OVA and then placed in supine position under the stereomicroscope for dynamic imaging of OVA diffusion in the exposed lymph nodes. x, Representative images showing OVA coverage in dCLNs over time. Scale bar, 500 μm. y, Quantifications of both OVA influx (left) and efflux (right) over time. n = 3 mice treated with PBS, and 7 mice treated with CLO; repeated measures 2-way ANOVA with Geisser-Greenhouse correction. z, Proportion of mice that showed OVA outflow from dCLNs. All data are presented as mean values +/− SEM. The illustrations of mice in e, s and w are from Servier Medical Art, CC BY 3.0.


Extended Data Fig. 4 In vivo recording of tracer diffusion at the middle cerebral artery (MCA) level and evaluation of the perivascular space.
A, Experimental schematic: One week after CLO or PBS liposome injection, mice were placed in a stereotaxic frame, the top and the right side of the head were shaved, the skin was incised, and the right temporalis muscle was gently removed. b, After cleaning the area with a cotton bud, mice received an i.c.m. injection of OVA and were immediately placed on their side under the stereomicroscope. c, Example of OVA distribution at the middle cerebral artery level (MCA) before and 20min after injection. Scale bar, 5 mm. d, Inset of c. Higher magnification image showing OVA distribution one hour after injection. The tracer is located around the vessel, at the perivascular level. Scale bar, 1 mm. e, High magnification from d showing that OVA can be sampled by perivascular cells. Scale bar, 100 μm. f, Experimental schematic: mice were anesthetized with either KX or isoflurane (4% induction, 1-2% during dynamic imaging) and received an i.c.m. injection of OVA. Mice were maintained with the same anesthesia regime during the dynamic imaging. g, Representative images showing OVA distribution over time. Scale bar, 1 mm. h, Quantification of OVA coverage over time. n = 5 mice/group; two-way ANOVA mixed-effects analysis (30 last min only). i and j, Mice were then perfused and whole brains were imaged by stereomicroscopy, then the brains were sliced and analyses were made on brain coronal sections. i, Representative images showing OVA distribution and quantification in whole brains and a zoom on the middle cerebral artery. Scale bars, 2 mm (left panels) and 1mm (right panels). j, Representative images showing OVA coverage on brain coronal sections. Scale bar, 2 mm. For i and j, n = 5 mice/group; two-tailed unpaired Welch’s t-test. k, One week after PBM depletion and one hour after i.c.m. injection of OVA, mice were perfused, brains were extracted, and OVA distribution was analyzed on coronal sections stained for DAPI, and corresponding quantification of OVA depth distribution from the brain surface. Scale bars, 100 μm and 50 μm (insets). n = 5 mice/group; two-tailed unpaired Welch’s t-test. l, Representative images showing anti-aquaporin 4 (AQP4) staining. Scale bar, 50 μm. m, Quantification of AQP4 coverage. n, Quantification of AQP4+ blood vessels. For m and n, n = 5 mice/group; two-tailed unpaired Welch’s t-test. o, Brain sections were co-stained for anti-AQP4 (yellow) and anti-CD31 (cyan), and perpendicular lines to blood vessels were used to measure the perivascular space. Scale bars, 50 μm and 10 μm (insets). p, Representation of the perivascular space (PVS) in PBS (left) and CLO (right) treated mice. q, Quantification of perivascular space. n = 4 mice treated with PBS, and 5 mice treated with CLO; two-tailed unpaired Welch’s t-test. r, One week after PBM depletion, mice received an i.c.m. injection of fluorescent beads (0.1 μm thick; 5 μl) and then were immediately placed on their side under the stereomicroscope for dynamic bead imaging at the MCA level. s, Representative images showing bead distribution over an hour at the proximal part of the MCA. Scale bar, 1mm. t, Quantification of bead coverage at the MCA level over time. n = 4 mice treated with PBS, and 7 mice treated with CLO; repeated measures 2-way ANOVA with Geisser-Greenhouse correction. u, Representative images showing beads located at the MCA perivascular space in vivo (left) and ex vivo after perfusion with PBS and post-fixation in 4% PFA (right) from the same mouse. Scale bar, 1mm. v, Representative images from extracted whole brain showing bead repartition at low (left image) and higher magnification (right image) and corresponding plot profile. The beads (green line) are located outside of the MCA (red line), at the perivascular level. Scale bar, 2 mm. w, Measure of the perivascular space (PVS) between in vivo and ex vivo from the same mice. n = 4 mice; Two-tailed paired t-test. x, Representative images showing ex vivo bead repartition at the MCA level in PBM-depleted mice and PBS-treated control mice, and corresponding quantification of bead coverage. Scale bar, 500 μm; n = 4 mice treated with PBS, and 5 mice treated with CLO; two-tailed unpaired Welch’s t-test. y, Quantifications of total perivascular space (space between the two sides of the MCA where beads were found to accumulate) and MCA diameter (identified by the i.v. lectin injection). z, Quantification of the functional space where beads were found to be accumulated. For y and z: n = 10 mice treated with PBS, and 9 mice treated with CLO; two-tailed unpaired Welch’s t-test. All data are presented as mean values +/− SEM. The illustration of mice in a, f and r are from Servier Medical Art, CC BY 3.0.


Extended Data Fig. 5 PBM depletion has mild effect on mouse behavior and no effect on vital signs.
One week after PBM depletion, mice underwent a battery of different behavioral tests. a, Cued fear conditioning: quantification of the percentage of time spent freezing during the three shocks the first day, and exposure to conditioned clues at one- and seven days after fear conditioning. b, Elevated plus maze: quantifications of the percentage of time spent in the open arm (left), the total time spent in the open arm (middle) and the total distance moved (right). c, Open field test: quantification of the distance moved over an hour, the total distance moved, the time spent in the center of the box over an hour and the total time spent in the center of the box. d, Forced swim test: quantification of the total floating time (left) and the latency to float (right). For a-d: n = 10 mice/group; two-tailed unpaired Welch’s t-test. e, Three-chamber test: mice were first exposed to a mouse (S1) or an object (O), and then to a previously-exposed mouse (S1) or a new mouse (S2). Quantifications of the total sniffing time and the total time spent in the chamber for the two tests. n = 17 mice treated with PBS, and 13 mice treated with CLO; two-tailed unpaired Welch’s t-test. f, One week after PBM depletion, respiratory rate, heart rate, arterial pulsation and diameter were monitored. n = 5 mice/group; two-tailed unpaired Welch’s t-test. All data are presented as mean values +/− SEM.


Extended Data Fig. 6 PBMs and extracellular matrix remodelling.
a, One week after CLO or PBS liposome injection, mice were perfused, brains were extracted, lateral choroid plexuses were removed, CD45-CD13+ and CD45-CD31+ cells were sorted and used for single-cell RNA sequencing. Nine different cell types were identified based on canonical markers. b, Volcano plot corresponding to up- and down-regulated genes comparing fibroblasts in PBM-depleted mice and PBS-treated control mice, and corresponding GO Pathway analyses showing up- (left) and down-regulated (right) pathways. c, Volcano plot corresponding to up- and down-regulated genes comparing pericytes in PBM-depleted mice and PBS-treated control mice, and corresponding GO Pathway analyses showing up- (left) and down-regulated (right) pathways. d, Volcano plot corresponding to up- and down-regulated genes comparing capillary endothelial cells (cECs) in PBM-depleted mice and PBS-treated control mice, and corresponding GO Pathway analyses showing up- (left) and down-regulated (right) pathways. For b–d, Volcano plots: F-test with adjusted degrees of freedom based on weights calculated per gene with a zero-inflation model and Benjamini-Hochberg adjusted P values; GO-pathways analyses: over-representation test. e, Representative images showing cortical brain sections stained for anti-CD13 (mural cells, yellow) co-stained for anti-CD206 (magenta), anti-Laminin (cyan) and DAPI, and corresponding quantification. Scale bar, 100 μm; n = 5 mice/group; two-tailed unpaired Welch’s t-test. f, Representative images showing cortical brain sections stained for anti-CD31 (endothelial cells) and corresponding quantification. Scale bar, 200 μm; n = 6 mice/group; two-tailed unpaired Welch’s t-test. g, Representative images showing cortical brain sections of mice that were i.c.m. injected with OVA (magenta), stained for anti-αSMA (vascular smooth muscle cells, cyan) and co-stained for anti-CD31 (yellow), and corresponding quantification. Scale bar, 200 μm; n = 6 mice/group; two-tailed unpaired Welch’s t-test. h, One week after CLO or PBS liposome injection, brain coronal sections were stained for anti-Laminin (cyan) and DAPI (blue). Scale bar, 2 mm. k, High magnification images showing Laminin (cyan) in association with CD31+ blood vessels (red). Scale bar, 200 μm. i, Representative Western blot images of Collagen-IV (160 kDa) and Ponceau S from isolated brain blood vessels one week after PBM depletion, and corresponding quantification. n = 5 mice/group; two-tailed unpaired Welch’s t-test. j, Representative images showing Collagen-IV (cyan) deposition at both αSMA+ (arteries/arterioles; yellow) and αSMA- blood vessels. Scale bar, 200 μm. k and l, Representative images from mouse cortex showing accumulation of k: Collagen-IV; and l: Laminin (cyan), co-stained for anti-CD31 (red), and respective quantifications. Scale bars, 200 μm; n = 6 mice/group; two-tailed unpaired Welch’s t-test. m, High magnification images showing Laminin (cyan) in association with αSMA+ surface and penetrating large blood vessels (magenta), and corresponding quantifications. n, High magnification images showing Collagen-IV (cyan) in association with αSMA+ surface and penetrating large blood vessels (magenta), and corresponding quantifications. For m and n: Scale bar, 200 μm; n = 5 mice/group; two-tailed unpaired Welch’s t-test. o, Experimental schematic: mice received an i.p. injection of dobutamine (40μg/kg) or saline 30min prior to receiving an i.c.m. injection of OVA (1mg/ml; 5 μl). Mice were perfused one hour later. p, Representative images showing OVA distribution in whole brains and corresponding quantifications. q, Representative images showing OVA coverage on brain coronal sections and corresponding quantifications. For p and q, Scale bars, 2 mm; n = 6 mice treated with PBS, 4 mice treated with CLO in saline group; 3 mice treated with PBS, and 5 mice treated with CLO in dobutamine group; two-way ANOVA with multiple comparisons. All data are presented as mean values +/− SEM. The illustrations of mice in a and o are from Servier Medical Art, CC BY 3.0.


Extended Data Fig. 7 LYVE1+ PBMs drive CSF flow dynamics.
a, Single-cell RNA sequencing of the whole brain was performed. Eighteen cell types were identified based on canonical markers. b, Scanning electron microscopy image from a mouse cortex suggesting interactions between a PBM and a vascular smooth muscle cell (VSMC). Scale bars, 2 μm. c, Dot plot for Mrc1 (CD206), H2-Ab1 (MHCII), Cd74, Cd163 and Lyve1 expression in each PBM cluster. d and e, Volcano plot and GO pathway analysis showing up- and down-regulated pathways in PBM cluster 2 versus other PBM clusters. Volcano plots: F-test with adjusted degrees of freedom based on weights calculated per gene with a zero-inflation model and Benjamini-Hochberg adjusted P values; GO-pathways analyses: over-representation test. f, Representative images suggesting interactions between LYVE1+ PBMs (magenta) and αSMA+ (yellow) VSMC. Scale bar, 200 μm and 50 μm (inset). g, Quantification of LYVE1+ cells associated or not with αSMA+ blood vessels. n = 5 mice. h, Mice received an i.v. injection of lectin and were perfused few minutes later. Whole brains were extracted, post-fixed with 4% PFA, and stained for anti-αSMA (green) and anti-LYVE1 (top panels) or anti-MHCII (bottom panels) (cyan). Scale bars: 1mm and 200 μm (insets). i, Characterization of PBM depletion in Lyve1Cre::Csf1rfl/fl mice (Cre+) in brain coronal sections using CD206 staining (co-stained for DAPI) versus control littermates not expressing Cre (Csf1rfl/fl; Cre-). Scale bar, 500 μm; n = 7 Cre- mice, and 3 Cre+ mice; two-tailed unpaired Welch’s t-test. j, Flow cytometry panels showing CD206+ cells in Csf1rfl/fl mice (Left; Cre-) and Lyve1Cre::Csf1rfl/fl mice (Right; Cre+), and quantifications of CD206+ PBM cell numbers (left), and frequency of CD206+ PBMs from total CD45+ cells (right). k, Quantification of CD11b+CD45int microglial cell numbers (left), and frequency of CD11b+CD45int microglial cells from total CD45+ cells (right). l, Flow cytometry panels showing CD38+ and/or MHCII+ CD206+ PBMs in Csf1rfl mice (Left; Cre-) and Lyve1Cre::Csf1rfl mice (Right; Cre+). m, Quantification of MHCII+CD38- PBMs (left), and frequency of MHCII+CD38- PBMs from total CD206+ cells (right). n, Quantification of MHCII-CD38+ PBMs (left), and frequency of MHCII-CD38+ PBMs from total CD206+ cells (right). For i–n: n = 8 Cre- mice, and 4 Cre+ mice; two-tailed unpaired Welch’s t-test. o, (Top) Representative images of coronal brains sections from Lyve1Cre::Csf1rfl/fl (Cre+) and Csf1rfl/fl (Cre-) mice co-stained for anti-Laminin (cyan) and DAPI. (Bottom) High magnification images showing Laminin location at the vicinity of CD31+ blood vessels (red), and corresponding quantification. Scale bars, 2mm (top) and 200 μm (bottom). p, (Left) Representative images of coronal brains sections from Lyve1Cre::Csf1rfl/fl (Cre+) and Csf1rfl/fl (Cre-) mice co-stained for anti-Collagen-IV (cyan, right panels) and DAPI. (Right) High magnification images showing Collagen-IV location at the vicinity of CD31+ blood vessels (red), and corresponding quantification. Scale bars, 2 mm (left) and 200 μm (Right). q, Three-month-old Cre+ and Cre- mice received an i.c.m. injection of Dotarem (0.754kDa; 5 μl) and were immediately placed in prone position into the MRI device for dynamic imaging. r, Representative brain coronal images showing Dotarem distribution over an hour. Scale bar, 3mm. s, Quantification of Dotarem signal fold increase over time, n = 8 Cre- mice, and 5 Cre+ mice; repeated measures 2-way ANOVA with Geisser-Greenhouse correction. t, In vivo imaging of OVA coverage at the MCA level in Lyve1Cre::Csf1rfl/fl (Cre+) and Csf1rfl/fl (Cre-) mice, with corresponding representative images and quantification. Scale bar, 1 mm; n = 7 Cre- mice, and 5 Cre+ mice; repeated measures 2-way ANOVA with Geisser-Greenhouse correction. u, Representative images showing OVA distribution in whole brains in Lyve1Cre::Csf1rfl/fl (Cre+) and Csf1rfl/fl (Cre-) mice. Scale bar, 5 mm. v, OVA coverage in coronal sections of Lyve1Cre::Csf1rfl/fl (Cre+) and Csf1rfl/fl (Cre-) mice. Scale bar, 2mm. For u and v: n = 7 Cre- mice, and 3 Cre+ mice; two-tailed unpaired Welch’s t-test. x, Quantification of CD31 coverage in Lyve1Cre::Csf1rfl/fl (Cre+) and Csf1rfl/fl (Cre-) mouse brain sections. n = 7 Cre- mice, and 3 Cre+ mice; two-tailed unpaired Welch’s t-test. y, Quantification of MMP activity from Lyve1Cre::Csf1rfl/fl (Cre+) and Csf1rfl/fl (Cre-) mice measured by fluorescence spectrometry after 15 min of incubation. n = 8 Cre- mice, and 4 Cre+ mice; two-tailed unpaired Welch’s t-test. z, Quantification of intracranial pressure from Lyve1Cre::Csf1rfl/fl (Cre+) and Csf1rfl/fl (Cre-) mice. n = 6 Cre- mice, and 4 Cre+ mice; two-tailed unpaired Welch’s t-test. All data are presented as mean values +/− SEM. The illustrations of mice (h,q) and the MRI scanner (q) are from Servier Medical Art, CC BY 3.0.


Extended Data Fig. 8 PBMs in normal aging.
a, Experimental schematic: young adult (3-month-old) and aged (24-month-old) mice received an i.c.m. injection of OVA (45 kDa; 1mg/ml; 5 μl). Immediately after the injection, mice were placed on their side under the stereomicroscope for dynamic imaging. b, Representative images showing OVA distribution over time. Scale bar, 1 mm. c, Quantification of OVA signal fold increase over time in 3 m and 24 m old mice. n = 5 mice/group; repeated measures 2-way ANOVA with Geisser-Greenhouse correction. d and e, 3m and 24 m old mice received an i.c.m. injection of OVA. Mice were perfused one hour later. d, Representative images showing OVA distribution in whole brains in 3 m and 24 m old mice, and corresponding quantification. Scale bar, 5 mm. e, OVA coverage in coronal sections in 3 m and 24 m old mice, and corresponding quantification. Scale bar, 2 mm. For d and e: n = 5 3 m mice, and 4 24 m mice; two-tailed unpaired Welch’s t-test. f, 3m and 24m old mice received an i.c.m. injection of Texas Red (3 kDa; 1mg/ml; 5 μl), brains were harvested one hour later. Representative images of Texas Red coverage (red) and corresponding quantification. Scale bar, 2 mm. n = 5 mice/group; two-tailed unpaired Welch’s t-test. g, Pie chart representation of the quantification of LYVE1+MHCII- versus LYVE1-MHCII+ PBMs by immunostaining. n = 5 mice/group; two-tailed unpaired Welch’s t-test. h, Representative flow cytometry plots from 3 m and 24 m old mice showing PBM subtypes, characterized by their expression of CD38 and MHCII. i–k, Quantification of i: CD206+ PBMs; j: MHCII+CD38- PBMs and k: MHCII-CD38+ PBMs. For i–k, n = 6 mice/group; two-tailed unpaired Welch’s t-test. l, 3m and 24m old mice received an i.c.m. injection of pHrodo particles (1 μm; 5 μl), which became fluorescent only after being phagocytosed. Scale bar, 2 mm. m, Representative confocal image showing pHrodo particles being phagocytosed by CD206+ PBMs. Scale bar, 50 μm. n, pHrodo-positive PBMs can also be detected by flow cytometry. o, Quantification of pHrodo+MHCII-CD38+ versus pHrodo+MHCII+CD38- PBMs in 3 m old mice. n = 6 mice; paired t-test. p, Representative images of 3 m and 24 m old mice showing pHrodo particle repartition at the MCA level, and corresponding quantification. Scale bar, 2 mm. q, Quantification of pHrodo+CD206+ PBMs in 3 m and 24 m old mice. For p and q: n = 6 mice/group; two-tailed unpaired Welch’s t-test. r, Quantification of pHrodo+MHCII-CD38+ versus pHrodo+MHCII+CD38- PBMs in 24 m old mice. n = 6 mice; paired t-test. s, 3 m and 24 m old mice received an i.c.m. injection of fluorescent beads (0.1 μm thick; 5 μl). Mice were perfused one hour later. Representative image from extracted whole brain showing bead repartition at low (left images) and higher magnification (insets, right images). Scale bars, 2 mm and 1 mm (insets). t, Quantification of brain bead coverage. u, Quantifications of total perivascular space (space between the two sides of the MCA where beads were found to accumulate) v, Quantification of MCA diameter (identified by the i.v. lectin injection). w, Quantification of the functional space where beads were found to be accumulated. For t-w: n = 5 mice/group; two-tailed unpaired Welch’s t-test. x, Brain coronal sections from 3 m and 24 m old mice were co-stained for anti-AQP4 (yellow) and anti-CD31 (cyan) to measure the perivascular space size. Scale bars, 50 μm and 10 μm (insets), and representation of the perivascular space (PVS) diameter in 3 m (middle) and 24 m (right) old mice. y, Quantification of perivascular space diameter. n = 5 mice/group; two-tailed unpaired Welch’s t-test. z, (Left) Brain coronal sections were stained for anti-Laminin (cyan) and DAPI (blue). Scale bar, 2 mm. (Right) High magnification images showing Laminin (cyan) in association with CD31+ blood vessels (red). Scale bar, 200 μm. All data are presented as mean values +/− SEM. The illustrations of mice in a and d are from Servier Medical Art, CC BY 3.0.


Extended Data Fig. 9 M-CSF treatment in old mice.
a, Violin plots showing expression of Csf1r mostly by PBMs, monocytes and microglia, as well as expression of Csf1, expressed mostly by endothelial, mural and microglial cells, from the mouse 5xFAD single-cell RNA sequencing dataset. b and c, Brain coronal sections of aged mice six hours after i.c.m. injection of artificial CSF (aCSF) or M-CSF (10 μg/ml; 5 μl) were stained for b: anti-Collagen-IV (left panels) or c: anti-Laminin (right panels) and co-stained for DAPI, Scale bars, 2 mm and 200 μm. d, Experimental schematic: 24 m old mice received an i.c.m. injection of M-CSF (or aCSF as a control), and mice received an i.c.m. injection of OVA to assess CSF flow 24 h later. e, Representative images showing OVA coverage at the MCA level, and corresponding quantification. Scale bar, 500 μm. n = 7 mice treated with aCSF, and 8 mice treated with M-CSF; two-tailed unpaired Welch’s t-test. f, Experimental schematic: 24 m old mice received an i.c.m. injection of M-CSF (or aCSF as a control), and MMP activity was assessed by fluorescence spectrometry 24 h later. g, Quantification of MMP activity. n = 8 mice/group; two-tailed unpaired Welch’s t-test. All data are presented as mean values +/− SEM. The illustrations of mice in d and f are from Servier Medical Art, CC BY 3.0.


Extended Data Fig. 10 PBMs in an Alzheimer’s disease mouse model and in AD patients.
a and b, One month after CLO or PBS liposome injection, 5xFAD mice received an i.c.m. injection of OVA, and brains were analyzed one hour later. a, Representative images and quantification of OVA distribution in whole brains. Scale bar, 2 mm. b, Representative images and quantification of OVA coverage on brain coronal sections. Scale bar, 2 mm. For a and b, n = 7 5xFAD mice treated with PBS, and 8 5xFAD mice treated with CLO; two-tailed unpaired Welch’s t-test. c, Quantification of Aβ coverage in amygdala, cortex and hippocampus. n = 7 5xFAD mice treated with PBS, and 8 5xFAD mice treated with CLO; two-tailed unpaired Welch’s t-test. d, tSNE plot showing 35 different clusters on the 5xFAD mouse single-cell RNA sequencing dataset, based on expression of CD13, CD31 and CD45. e, Mrc1 expression in macrophage cluster allows PBM identification. f, Heatmap showing top 10 positively differentially expressed genes per cluster by adjusted p-value. g, GO Pathway analysis showing up- and down-regulated pathways in 5xFAD mice compared to their WT littermates. Over-representation test. h, The RNA Magnet algorithm determined that PBMs interact preferentially with vascular smooth muscle cells (VSMCs), pericytes and fibroblast-like cells (FLCs). i, Single-nuclei RNA sequencing on familial, pre-symptomatic, sporadic and non-AD patients. j, GO Pathway analysis showing up- and down-regulated pathways in familial AD patients compared to controls. Over-representation test. k, Gene expression levels of Ifngr1 and Ifngr2 from immune versus stromal cells from the mouse 5xFAD single-cell RNA sequencing dataset. l and m, Wild-type mice received an i.c.m. injection of artificial CSF (aCSF) or interferon gamma (IFNγ, 20 ng/ml; 1 μl). The same mice received an i.c.m. injection of OVA (1mg/ml; 5 μl) 3 h later and brains were harvested one hour later. l, Representative images and quantification of OVA distribution in whole brains. m, Representative images showing OVA coverage on brain coronal sections and corresponding quantification. For l and m, n = 5 mice/group; two-tailed unpaired Welch’s t-test. n, Proposed model that recapitulates the findings. All data are presented as mean values +/− SEM.
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