







    Skip to main content




    
        
        Thank you for visiting nature.com. You are using a browser version with limited support for CSS. To obtain
            the best experience, we recommend you use a more up to date browser (or turn off compatibility mode in
            Internet Explorer). In the meantime, to ensure continued support, we are displaying the site without styles
            and JavaScript.


    




    

    
            

            
                
                    Advertisement

                    
        
            
    
        
            
                [image: Advertisement]
        

    


        
    
                

            
        

    
        
            
                
                    
                    
                    
                        
                        
                            
                                
                                [image: Nature]
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	articles

	
                                    article


    
        
        
            
            
                
                    	Article
	Published: 27 April 2022



                    Neuroimmune cardiovascular interfaces control atherosclerosis

                    	Sarajo K. Mohanta 
            ORCID: orcid.org/0000-0001-6144-40921,2 na1, 
	Li Peng 
            ORCID: orcid.org/0000-0003-0646-81173 na1, 
	Yuanfang Li 
            ORCID: orcid.org/0000-0002-2646-32601, 
	Shu Lu 
            ORCID: orcid.org/0000-0003-4338-71641, 
	Ting Sun1, 
	Lorenzo Carnevale 
            ORCID: orcid.org/0000-0002-6422-82534, 
	Marialuisa Perrotta 
            ORCID: orcid.org/0000-0002-0421-07214,5, 
	Zhe Ma1, 
	Benjamin Förstera6, 
	Karen Stanic6, 
	Chuankai Zhang1, 
	Xi Zhang1, 
	Piotr Szczepaniak 
            ORCID: orcid.org/0000-0003-2622-73377, 
	Mariaelvy Bianchini 
            ORCID: orcid.org/0000-0002-5549-48831, 
	Borhan R. Saeed 
            ORCID: orcid.org/0000-0001-9811-39168, 
	Raimondo Carnevale4, 
	Desheng Hu9, 
	Ryszard Nosalski 
            ORCID: orcid.org/0000-0003-4661-877310, 
	Fabio Pallante 
            ORCID: orcid.org/0000-0001-9224-62674, 
	Michael Beer11, 
	Donato Santovito 
            ORCID: orcid.org/0000-0003-1811-47461,2,12, 
	Ali Ertürk 
            ORCID: orcid.org/0000-0001-5163-51006, 
	Thomas C. Mettenleiter13, 
	Barbara G. Klupp13, 
	Remco T. A. Megens 
            ORCID: orcid.org/0000-0001-9871-66961,2,14, 
	Sabine Steffens 
            ORCID: orcid.org/0000-0002-6892-97511,2, 
	Jaroslav Pelisek15,16, 
	Hans-Henning Eckstein15, 
	Robert Kleemann17,18, 
	Livia Habenicht19, 
	Ziad Mallat 
            ORCID: orcid.org/0000-0003-0443-787820, 
	Jean-Baptiste Michel21, 
	Jürgen Bernhagen 
            ORCID: orcid.org/0000-0003-2996-26522,6,22, 
	Martin Dichgans 
            ORCID: orcid.org/0000-0002-0654-387X6,22, 
	Giuseppe D’Agostino 
            ORCID: orcid.org/0000-0002-3502-425123, 
	Tomasz J. Guzik7,10, 
	Peder S. Olofsson 
            ORCID: orcid.org/0000-0003-3473-594824, 
	Changjun Yin 
            ORCID: orcid.org/0000-0002-1913-44771,2, 
	Christian Weber1,2,22,25 na1, 
	Giuseppe Lembo4,5 na1, 
	Daniela Carnevale4,5 na1 & 
	…
	Andreas J. R. Habenicht 
            ORCID: orcid.org/0000-0003-2901-30271,2 na1 

Show authors

                    

                    
                        
    Nature

                        volume 605, pages 152–159 (2022)Cite this article
                    

                    
        
            	
                        38k Accesses

                    
	
                        82 Citations

                    
	
                            367 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Atherosclerosis
	Chronic inflammation


    


                
    
    

    
    

                
            


        
            Abstract
Atherosclerotic plaques develop in the inner intimal layer of arteries and can cause heart attacks and strokes1. As plaques lack innervation, the effects of neuronal control on atherosclerosis remain unclear. However, the immune system responds to plaques by forming leukocyte infiltrates in the outer connective tissue coat of arteries (the adventitia)2,3,4,5,6. Here, because the peripheral nervous system uses the adventitia as its principal conduit to reach distant targets7,8,9, we postulated that the peripheral nervous system may directly interact with diseased arteries. Unexpectedly, widespread neuroimmune cardiovascular interfaces (NICIs) arose in mouse and human atherosclerosis-diseased adventitia segments showed expanded axon networks, including growth cones at axon endings near immune cells and media smooth muscle cells. Mouse NICIs established a structural artery–brain circuit (ABC): abdominal adventitia nociceptive afferents10,11,12,13,14 entered the central nervous system through spinal cord T6–T13 dorsal root ganglia and were traced to higher brain regions, including the parabrachial and central amygdala neurons; and sympathetic efferent neurons projected from medullary and hypothalamic neurons to the adventitia through spinal intermediolateral neurons and both coeliac and sympathetic chain ganglia. Moreover, ABC peripheral nervous system components were activated: splenic sympathetic and coeliac vagus nerve activities increased in parallel to disease progression, whereas coeliac ganglionectomy led to the disintegration of adventitial NICIs, reduced disease progression and enhanced plaque stability. Thus, the peripheral nervous system uses NICIs to assemble a structural ABC, and therapeutic intervention in the ABC attenuates atherosclerosis.
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                    Fig. 1: Atherosclerosis-associated NICIs emerge in the adventitia adjacent to plaques.[image: ]


Fig. 2: Axon neogenesis and restructuring in adventitia NICIs.[image: ]


Fig. 3: A structural ABC connects the adventitia with the CNS.[image: ]


Fig. 4: Sympathectomy attenuates atherosclerosis progression.[image: ]
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              Microarray data were deposited at the NCBI Gene Expression Omnibus (GSE94044 (adventitia), GSE93954 (ganglia), GSE40156 (aorta, spleen and RLN)). The script for data analyses of electrophysiological recordings has been previously published32 and is available at https://github.com/LorCarnevale/CVNA_Process. All other relevant data are available from the corresponding authors on reasonable request. Source data are provided with this paper.
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Extended data figures and tables

Extended Data Fig. 1 Atherosclerosis-associated axon neogenesis in ATLOs.
a, Schematic view of aorta segments. b, Axon density in distinct aorta segments with or without plaque in aged WT and Apoe−/− mice; n = thorax: 361 sections in 3 WT, 121 or 209 sections in 3 Apoe−/− without or with plaque; abdomen: 254 sections in 6 WT, 109 sections in 3 Apoe−/− without plaque, 260 sections in 9 Apoe−/− with plaque. c, Axon density in thoracic (T) and abdominal (A) aorta segments with or without artery branches in non-atherosclerotic aorta segments; n = 61 or 148 sections without or with branch in 3 WT, 30 or 58 sections without or with branch in 3 Apoe−/− without plaque. d, Axon density in WT versus Apoe−/− aorta segments with plaque; n = 12–116 sections in 3 WT, 17–71 sections in 3 Apoe−/−. Abbreviations: AR, aortic root; AA, aortic arch; ICA, intercostal artery; CA, coeliac artery; SMA, superior mesenteric artery; RRA, right renal artery; LRA, left renal artery. e, Pearson correlation coefficient of axon density with plaque size in thorax and abdomen. n = 3 Apoe−/− mice. f, Enumeration of tubulin-β3 (TUBB3)+ immature axons; n = 3 WT, 3 ATLO. g, Detection of synaptophysin (Synpt+) axon endings (arrow) in ATLOs, their accumulation (arrowheads) at ATLO-media border (dashed line) and quantification in WT adventitia versus ATLOs; n = 4 WT, 4 ATLO; video 4. h, High resolution 3D reconstruction showing colocalization of CD68+ macrophages/monocytes, CD11c+ dendritic cells and CD3e+ T cells with NF200+ axons in ATLOs and their distance from adjacent axons (n = 4 ATLOs per cell-type). i, Colocalization of CD3e+ T cells with TH+ axons in ATLOs (n = 3). Arrows indicate interaction sites that are <1 μm apart; video 1. j, Synapsin (Syn)+ axon endings in WT adventitia and ATLO and accumulation of Syn+ puncta at ATLO-media border (arrowheads); video 3. n = 3 WT, 3 Apoe−/−. k,l, Colocalization of Syn+ or Synpt+ axon endings with CD45+ leukocyte forming axon-leukocyte junctions in ATLOs (arrowheads); n = 2; video 2. m, ATLOs lack ChAT+NFM+ parasympathetic axons but harbor ChAT+ leukocytes (arrow); quantification of ChAT+ T- and B- cells in ATLOs versus WT adventitia (n = 3 WT and 3 Apoe−/−) (FOV, field of view). n, Flow cytometry contour plots and quantification of ChAT+ T/B cells in ATLOs, RLNs and spleen (Spl) (n = 3 independent experiments, 2-3 mice per experiment). o-r, ADRβ2 expression in ATLOs. o, Differential gene expression of Adrb subtypes in aged WT versus Apoe−/− adventitia or plaque (n = 6 WT, 4 Apoe−/− no plaque, 4 ATLO, 3 plaque). p, 3D surface rendering of ADRβ2 expression in CD3e+ T cell in ATLO (n = 3). q, Flow cytometry gating strategy for immune cells. r, Flow cytometry contour plots and quantification of ADRβ2-expressing CD4+ T cells, CD4+CD44+CD62L- TEM cells, CD8+ T cells and B220+ B cells in ATLOs versus RLNs and spleen (n = 5 independent experiments, 1-2 mice per experiment). DAPI stains DNA in blue. For g,j, scale bars, 5µm; for h,i,k,l,p, scale bars, 2 µm; for m, scale bar, 50 µm. For b-d, center lines are medians, box limits are upper and lower quartiles and whiskers are 1.5x interquartile range. For f-h,m-o,r, data are means ± s.e.m. n represents biologically independent animals. Generalized estimating equations (b,c,d); two-sided unpaired Student´s t-test (f,g,m); one-way ANOVA with Bonferroni post hoc test (h,n,r); Generalized linear model with Bonferroni post hoc test (o)
Source data


Extended Data Fig. 2 Aorta transcriptomes for atherosclerosis-associated axon neogenesis in ATLOs.
a-d, Gene expression in WT and Apoe−/− aorta during ageing. a, Heatmaps of differentially regulated NS development genes (left) and respective NS-related GO terms (right). b-d, Quantification of selected candidate genes for axon neogenesis (b), axon guidance (c), and synaptic transmission (d). n = 3 WT, 3 Apoe−/− aorta per group. e-h, Gene expression in aged aorta laminae. e, Heatmaps show differentially expressed NS-related GO terms in laser capture microdissection-derived aged WT vs Apoe−/− aorta adventitia and plaque. f-h, Quantification of candidate genes associated with axon neogenesis (f), axon guidance (g), and synaptic transmission (h). n = 3 WT adventitia, 4 Apoe−/− adventitia no plaque, 4 ATLO, 3 plaque. i, Schematic view of laser capture microdissection-derived aged aorta laminae, and numbers of statistically significant (t-test with Benjamini-Hochberg correction) and differentially regulated NS development genes in two-tissue comparisons. n = 3 WT, 4 Apoe−/− no plaque, 4 ATLO, 3 plaque. j, Heatmaps show differentially expressed NS-related GO terms in aged WT and Apoe−/− RLN vs ATLO. k, Quantification of selected candidate genes. l,m, Comparison of selected candidate NS-genes in aged WT vs Apoe−/− RLN (l) and spleen (m). n = 3 WT RLN or spleen, 3 Apoe−/− RLN or spleen, and 4 ATLOs. Cluster analyses were performed using ANOVA with Benjamini-Hochberg correction (a,e,j). Signal intensities and statistics are reported in supplementary Tables 1–5. n, Detection and enumeration of ALDH1+ axons (arrow) in WT adventitia vs ATLO (n 3WT, 5 Apoe−/−). Scale bar, 20 µm. o, Detection of NGF-expressing periaxonal cells (arrow) and non-neuronal cells (arrowhead), and their quantification in WT adventitita versus ATLOs (n = 3 WT, 3 Apoe−/−). Scale bar, 20 µm. Inset: higher magnification of the boxed area. Scale bar, 8 µm. Data represent means ± s.e.m. n represents biologically independent animals. Generalized linear model with Bonferroni post hoc test (b-d,f-h,k); two-sided unpaired Student´s t-test (n,o); multiple unpaired t-test corrected for multiple comparisons (Bonferroni) (l,m)
Source data


Extended Data Fig. 3 Axon neogenesis, relation to genotype, age, and cause-effect relationship in adventitia NICIs.
a, NF200+ axon density in subclavian and renal arteries in aged (78 weeks) WT vs Apoe−/− mice with plaque. n = 3 WT, 3 Apoe−/−. b, Similar NF200+ axon density in renal LNs and in splenic red pulp (RP) or white pulp (WP) of aged WT vs Apoe−/−. n = RLN: 3 WT and 3 Apoe−/−; spleen: 5 WT and 4 Apoe−/−. c, Analyses of serum and spleen noradrenaline levels during ageing. n = serum: young: 3 WT, 8 Apoe−/−; adult: 6 WT, 5 Apoe−/−; aged: 7 WT, 7 Apoe−/−; spleen: young: 3 WT, 9 Apoe−/−; adult: 9 WT, 9 Apoe−/−; aged: 8 WT, 12 Apoe−/−. d, NF200+, TH+, and CGRP+ axon density in the aortic root adventitia adjacent to plaques (paraffin sections) in adult (30 weeks) Ldlr−/− on a Western diet (WD) (n = 5) vs WT mice (n = 4). e, NF200+, TH+, and CGRP+ axon density in the aortic root adventitia (frozen sections) in adult (32 weeks) Apoe−/− (n = 4) versus WT mice (n = 3) . f, Analysis of aortic arch noradrenaline levels in adult mice. n = 3 WT, 4 Apoe−/−. g, Representative OR/H image of abdominal aorta of aged humanized Apoe4 knockin mice on high-fat diet (HFD); comparison of serum total cholesterol (n = 16 WT, 21 Apoe−/−, 8 Apoe4 on chow diet, 10 Apoe4 HFD); and NF200+, TH+, and CGRP+ axon densities in the abdominal aorta adventitia of Apoe4 HFD vs Apoe4 mice (n = 3 Apoe4, 4 Apoe4 HFD). Scale bar, 50 µm. h, Representative OR/H image of abdominal aorta of aged Apoe−/−/Ltbrfl/fl/Tagln-cre mice, and axon densities in the abdominal adventitia of aged Apoe−/−/Ltbrfl/fl/Tagln-cre compared to their Apoe−/− control or WT adventitia. n = 6 WT, 6 Apoe−/−, 4 Apoe−/−/Ltbrfl/fl/Tagln-cre. Scale bar, 25 µm. Data are means ± s.e.m. n represents biologically independent animals. Two-way ANOVA with Bonferroni post hoc test (a,b,c,d,e,g); two-sided unpaired Student´s t-test (f); factorial ANOVA with Bonferroni post hoc test (h)
Source data


Extended Data Fig. 4 Restructuring of the PNS in the vicinity of adventitia NICIs.
a, Approach on tracing in tissue-cleared intact abdominal aorta of young (12 weeks) WT mice. 3D segmentation and manual tracing of NF200+ nerves/axon bundles along their entire paths (800–1200 µm thickness) shows connectivities of the sympathetic CG (yellow) and SycGs (light yellow) with the adventitia. An example of a traced axon bundles (red) contacting the adventitia; approximations of diameters of different sizes of nerves/axon bundle connecting the ganglia are indicated. Arrowheads, beginning and ending of the traced axon bundle from adventitia to CG; arrow, direction of tracing. Scale bars, 0.7 mm. b, Light sheet 3D reconstruction images of NF200+ nerves and axons in the intact abdominal aorta and periaortic tissues (autofluorescence, magenta) of aged WT (n = 3) and Apoe−/− (n = 2) mice showing NF200+ neuronal structures (green) in the 600 µm-thick abdominal aortic segments (4 µm per z-step; arrow, CG; arrowhead, SycGs). Scale bars, 0.5 mm. c, Light sheet 3D reconstruction in the intact abdominal aorta of aged Apoe−/− mice showing varicosities (arrows) in axons adjacent to plaque. Inset, single plan image of the 3D projected whole stack (z = 1.2 mm; arrow, varicosities in axons; arrowhead, nerve) (c). Dashed line, media; yellow line, plaque. Scale bars, 500 µm (left), 50 µm (rihgt). d,e, 3D reconstruction and segmentation views of an abdominal aorta region showing NF200+ nerves and axons and their spatial relationship to the intact abdominal aorta (z = 320 µm; 4 µm per z-step) in aged Apoe−/− mice (n = 2). Nerves and axons are evident in the vicinity of the aorta; video 11. Scale bars, 40 µm. f, 3D reconstruction of TDE-cleared whole mount abdominal aorta (z = 80 µm; 1 µm per z-step; n = 3) showing NF200+ nerves and axons in the adventitia. White, second harmonic generation (SHG) from collagen in the adventitia. Arrow, axon; double arrowhead, nerve; asterisk, axon neogenesis in ATLO. Scale bars, 70 µm. g, NF200+ axons (arrow, arrowhead) in T cell (T) and B cell (B) areas in ATLO, and their quantification in ATLO and Apoe−/− paraaortic lymph node (pLN). n = 7 ATLOs, 4 pLNs. Scale bar, 30 µm. h, Single neurofilament L (NFL)+ immature newly formed axons and double NFL+/neurofilament H (NFH)+ mature axons in aged WT adventitia vs ATLOs (n = 3 WT, 3 Apoe−/−). Scale bars, 10 µm. Data are means ± s.e.m. n represents biologically independent animals. Two-sided unpaired Student´s t-test (g); two-way ANOVA with Bonferroni post hoc test (h)
Source data


Extended Data Fig. 5 NICIs in human cardiovascular tissues.
a,b, Representative images and quantification of NF200+ and TH+ axons in the coronary artery (CA) adventitia of healthy control donors vs atherosclerotic CA of cardiac transplant recipients with coronary artery disease (CAD) (paraffin sections, n = 5 healthy CA from organ donors, 10 CA (NF200) or 6 CA (TH) with plaque). Representative images and quantification of NF200+ and TH+ axons in non-atherosclerotic CAs versus early atherosclerotic CA adventitia from cardiac transplant recipients (frozen sections, n = 6 CA (NF200) or 4 CA (TH) nonCAD without plaque; 7 CA (NF200) or 5 CA (TH) CAD with plaque). c, Detection and enumeration of NF200+ and TH+ nerves in the abdominal aorta adventitia of healthy control donors, non-atherosclerotic and atherosclerotic asymptomatic abdominal aortic aneurysm (AAA) aorta (paraffin sections); n = 4 healthy abdominal aorta, 5 AAA no plaque, 16 AAA with plaque. d, Aortic noradrenaline levels in healthy vs and atherosclerotic AAA aorta; n = 5 healthy abdominal aorta, 8 AAA with plaque. e, Detection and quantification of NF200+ and TH+ axons in AAA with TLOs versus without TLOs (frozen sections); n = 5 AAA no TLO, 6 AAA with TLO. f, H&E-stained nerve-TLCs (N-TLCs) in healthy versus atherosclerotic CAs; n = 5 healthy CA from organ donors, 10 CA with plaque. g, CD45+ N-TLCs in adventitial nerves in healthy versus atherosclerotic AAA aorta; n = 7 healthy control aorta, 13 AAA with plaque. h, CD45+ leukocyte infiltration in adventitial nerves in healthy versus atherosclerotic AAA aorta. n = 4 healthy control aorta, 10 AAA with plaque. For a,b,e, scale bars, 25 µm; for c,f-h, scale bars, 100 µm. Data are means ± s.e.m. n represents biologically independent samples. Two-sided unpaired Student´s t-test (a,b,d,e); one-way ANOVA with Bonferroni post hoc test (c); two-sided Mann-Whitney U-test (f-h). Patient details are reported in supplementary Tables 7 and 8
Source data


Extended Data Fig. 6 NICIs in PNS ganglia and nerves in atherosclerosis.
a, OR/H-staining shows the presence of epineural tertiary lymphoid cluster (TLC) surrounding PvaGs in aged Apoe−/− mice, but not in aged WT mice (dashed line, media) (n = 12 WT, 20 Apoe−/−). b-f, Cellularity and structures of TLCs. b, TH+ sympathetic PvaG-TLCs harbor CD45+ leukocytes including CD68+ macrophages (arrow), CD11c+ MHC-II+ dendritic cells (arrow), CD3e+ T cells (open triangle), B220+ B cells (filled triangle), CD138+ plasma cells (arrow). c, Foxp3+ T regulatory cells (arrow), Ki67+ proliferating centrocytes in germinal centre (PNA+) (filled triangle), Ki67+ proliferating B cells (arrow), IgM+ plasma cells (filled triangle). d, PNAd+ high endothelial venules (HEV) (arrow), Coll-IV+ or Meca32+ blood vessels (open arrow, arrow), Lyve1+ lymph vessels (open triangle), ER-TR7+ conduits (open arrow) or ER-TR7+ epineurium (filled triangle) and their connection with HEVs (arrow). e, Nerve-TLCs contain CD45+ leukocytes including CD68+ macrophages, CD3e+ T cells (open triangle), B220+ B cells (filled triangle), CD138+ plasma cells (arrow), PNAd+ HEVs (arrow), Meca 32+ blood vessels (arrow), Lyve1+ lymph vessels (open triangle), and ER-TR7+ conduits (open arrow). f, DRG-TLCs around epineuria adjacent to spinal meninges (arrow head) contain CD68+ macrophages (arrow) and B220+ B cells (f). n = PvaG: 19 Apoe−/−; nerves: 12 Apoe−/−; DRGs: 7 Apoe−/−. g, Morphometry of epineural clusters in PvaG (n = 12 WT, 20 Apoe−/−), nerves (n = 8 WT, 12 Apoe−/−) and DRGs (n = 5 WT, 7 Apoe−/−) in aged mice. Each sphere represents the total number of clusters per mouse. h, Pearson correlation coefficient of PvaG-TLC sizes (TLC/PvaG area) with both plaque sizes (intima/media area) and ATLO sizes (adventitia/media area) (n = 15 PvaG-TLCs). One symbol represents the mean value of one individual variable. i, TLO stages of epineural clusters in PvaG (n = 19 Apoe−/−), nerves (n = 12 Apoe−/−) and DRGs (n = 7 Apoe−/−). Each sphere represents TLO stages per tissue. j, Heatmaps of LCM-derived PvaG microarrays show differentially regulated genes in respective immuno-inflammation-related GO terms in aged WT versus Apoe−/− PvaGs. Analyses were performed using two-sided unpaired Student’s t test. n = 5 WT PvaGs, 6 Apoe−/− PvaGs. k,l, Quantitative comparisons of differentially expressed up-regulated genes for cytokine activity, mast cell activation, complement activation, nervous system development, and axonogenesis in WT versus Apoe−/− PvaGs. (n = 5 WT PvaGs, 6 Apoe−/− PvaG). Signal intensities and statistics are reported in supplementary Table 6. m, Sympathetic gene expression in LCM-derived PvaG. n = 8 PvaGs. p, Detection of CXCL13 expression in WT and Apoe−/− PvaGs in B cell follicles (open triangle) and in PvaG neuronal cell bodies (filled triangle). o, Schematic choreographies of PvaG-TLCs, N-TLCs, and DRG-TLCs. n, Enumeration of infiltrating intraganglionic CD68+ macrophages, CD3e+ T cells, and Giemsa-stained mast cells within PvaGs, and thoraco-lumbar DRGs (i). n = PvaG: 6 WT, 8 Apoe−/−; DRGs: 3 WT, 5 Apoe−/−. Scale bars, 50 µm. Data are means ± s.e.m. n represents biologically independent animals. Two-sided Mann-Whitney U-test (g); Pearson bivariate correlation (h); Kruskal-Wallis H test (i); multiple unpaired t-test corrected for multiple comparisons (Bonferroni) (k,l); one way ANOVA with Bonferroni post hoc test (m); Two-sided unpaired Student´s t-test (n)
Source data


Extended Data Fig. 7 Distinct pattern of CNS nuclei participates in the formation of the ABC.
a, Schematic of PRV injection site in the perirenal abdominal aorta. b, Schematic of polysynaptic PRV retrograde migration from ATLO to brain. c, In-situ detection of India ink around the abdominal aorta and in RLN (left), but not in the kidney (right). Histological detection of ink in the adventitia, paraaortic adipose tissue (arrow) and within RLN (arrowhead), but not in the PvaG soma 2 days post-injection (n = 5 aged WT). d, PRV+ neurons (arrow) in TH+ sympathetic PvaGs at d2 or SycGs at d4 p.i., and their quantification. e, PRV+ neurons in thoracic 6–13th DRGs of aged Apoe−/− mice at d4; n = 4 per time point. f, Mapping of PRV+ neurons from ATLO to brain until d4. n = 4 for PvaG, 3 for CG; 5 for IML; 6 for RPa; 6 for PVN . Each circle represents mean of PRV+ neurons, arrow indicates direction of PRV migration, and colour indicates the p.i. day. g, Quantification PRV+ neurons in 27 distinct brain nuclei at 4–6d after abdominal aorta inoculation; n = 6 per time point. h, Anatomical locations of brain nuclei in g according to the Allen Mouse Brain Atlas (sagittal view). i, Connectivity mapping of PRV migration over time in 28 different neural tissues (from peripheral ganglia to higher brain nuclei depicted in f,g) after abdominal aorta inoculation. j, Anatomical representation (sagittal view) of neural tissues in i according to the Allen Mouse Brain Connectivity Atlas. Each circle represents mean of PRV+ neurons, arrow indicates direction of PRV migration, and colour indicates the p.i. day. k,l, Quantitative comparisons of PRV+ neurons in IML of the spinal cord and 27 distinct brain nuclei (k), and their anatomical mapping (l) at 6d p.i. into the abdominal aorta versus control target tissues: right eye, psoas major lumbar muscle, kidney, and blood; n = 4 per group. Scale bars, 50 µm. Data are means ± s.e.m. n represents biologically independent animals. Mixed-model ANOVA with Bonferroni post hoc test (d,e). Abbreviations: gigantocellular reticular nucleus-alpha (GiA), raphe pallidus (RPa), lateral paragigangtocellular nuclei (LPGi), lateral reticular nucleus (LRt); Raphe obscurus nucleus (Rob); rostroventral lateral medulla (RVLM); area postrema (AP); repositus nucleus (Pr); locus coeruleus (LC); Barrington’s nucleus (Bar); noradrenaline cell group 5 (A5); laterodorsal tegmental nucleus (LDTg); ventrolateral periaqueductal gray (VLPAG); lateral periaqueductal gray (LPAG); medial lemniscus (ml); peduncular part of lateral hypothalamus (PLH); dorsomedial hypothalamic nucleus (DM); ventromedial hypothalamic nucleus (VMH); arcuate hypothalamic nucleus (Arc); suprachiasmatic nucleus (Sch); cortical amygdala (CoA); lateral amygdala (LA); medial amygdala (MeA); central amygdala (CeA); intergeniculate leaflet of the thalamus (IGL); and piriform cortex (Pir)
Source data


Extended Data Fig. 8 Specificity of ABC circuit in aged Apoe−/− mice.
a,b, ATLOs are innervated by nodose ganglia (NG) neurons or other parasympathetic efferents. a, Localization and quantification of PRV+ neurons in the NG, 10N and NTS in 3–6d p.i. after abdominal aorta inoculation. Detection of PRV+ChAT+ cholinergic neurons in 10N at d6 after abdominal aorta inoculation (right). n = d4: 3 mice; d5: 3 mice (NG,10N); 6 mice (NTS); d6: 4 mice (NG); 6 mice (10N, NTS). Arrow indicates double positive neuron. b, Localization and quantification of PRV+ neurons in the NG, 10N and NTS in 2–4d p.i. after stomach wall inoculation; n = d2,3: 3 mice; d4: 4 mice. c, Quantification of PRV+ neurons in medulla, hypothalamic and amygdala nuclei at d6 p.i. in the abdominal aorta; n =  3 WT, 4 Apoe−/−. d, PRV+TH+ neurons among total TH+ neurons in sympathetic brain nuclei including RVLM, LC and A5 in aged WT versus Apoe−/− mice; n = 3 WT, 3 Apoe−/−. e, Quantification of Fos+NeuN+ neurons in CoA, LA, MeA nuclei of the amygdala); n = 3 WT, 3 Apoe−/−. f, Detection of Fos+NeuN+ and Fos+TH+ neurons in RPa (arrow); n = 2 WT, 3 Apoe−/−. g, Detection of Fos+ChAT+ neurons in LPGi (arrow). n = 2 WT, 2 Apoe−/−. h, Detection and quantification of Fos+NeuN+ neurons among total NeuN+ neurons in TH+ LC (arrow); n = 3 WT, 4 Apoe−/−. i, Detection of Fos+ neurons within CGRP+ axon field in the NTS. n = 2 WT, 2 Apoe−/−. Scale bars, 50 µm. Data are means ± s.e.m. n represents biologically independent animals. Mixed-model ANOVA with Bonferroni post hoc test (a,b); multiple unpaired t-test corrected for multiple comparisons (Bonferroni) (c,d,e); two-sided unpaired Student´s t-test (h)
Source data


Extended Data Fig. 9 Atherosclerosis, cardiac imaging, blood pressure and heart rate variability.
a, In vivo ultrasound images followed by 3D reconstructions of aorta and plaque volumes versus corresponding in-situ images in aortic arch and abdominal aorta of WT and Apoe−/− mice (n = young: 4 WT, 8 Apoe−/−; adult: 12 WT, 17 Apoe−/−; aged: 21 WT, 24 Apoe−/−); video 13. b-e, Imaging of an abdominal plaque using ultrasound-imaging and histology in aged Apoe−/− mice. b, B-mode echo images of the abdominal plaque (P) (yellow line). c, 3D reconstruction of B-mode echo images (plaque in yellow). d, Histological detection of OR/H stained lipid-rich plaque area (red). e, Pearson correlation of abdominal aorta plaque volume measured by ultrasound versus plaque size (intima/media ratio) measured by histology. n = 9 aged Apoe−/− mice for ultrasound imaging before sacrifice and for histology in the same mice postmortem. Abbreviations: RRA, right renal artery; Abd. aorta, abdominal aorta. f, Echocardiographic assessment of cardiac functional and structural parameters in aged WT and Apoe−/− mice (n = 20 WT and 20 Apoe−/−). g, Analysis of the heart rate variability (HRV) across life span in young and aged Apoe−/− vs WT mice. (n = young: 4 WT, 4 Apoe−/−; aged: 3 WT, 4 Apoe−/−). h, Radiotelemetric analysis of systolic and diastolic blood pressure measurements in young and aged Apoe−/− vs WT mice across lifespan (n = young: 4 WT, 4 Apoe−/−; aged: 3 WT, 4 Apoe−/−). Blood pressure and HRV were continuously measured for 3 days, during night and day. Average values of nocturnal and diurnal blood pressure for the 3 days of measurements are shown. Measurements of cardiovascular parameters during ageing are reported in supplementary Tables 9 and 10. For a,b,f, scale bars, 1 cm; for d, scale bar, 50 µm. For f, centre lines are medians, box limits are upper and lower quartiles and whiskers are 1.5x interquartile range. For g-h, data  are means ± s.e.m. n represents biologically independent animals. Two-sided unpaired Student´s t-test (f); mixed-model ANOVA with Bonferroni post hoc test (g,h)
Source data


Extended Data Fig. 10 The SNS promotes atherosclerosis during ageing.
a, Spearman correlation coefficients of SSNA vs plaque volume in aortic arch and abdominal aorta in young, adult and aged Apoe−/− mice (n = 26 mice). b, Representative raw signals of SSNA in a time window of 10 min and relative quantification of SSNA spikes in adult and aged Apoe−/− mice before and after Coeliac vagotomy (CVNX) (n = 6 adult and 7 aged). c, Levels of neuron activation-related genes in LCM-derived sympathetic PvaGs in aged WT versus Apoe−/− mice (n = 5 WT PvaGs, 6 Apoe−/− PVaGs). Signal intensities and statistics are reported in supplementary Table 6. d, Approach to 4 weeks 6-OHDA-induced chemical sympathetic denervation in aged Apoe−/− mice. e, TH+ neurons in the locus coeruleus (n = 5 control and 5 OHDA). f, Analysis of spleen noradrenaline (n = 4 control and 7 OHDA), splenic TH+ area (n = 4 control and 4 OHDA), and aortic root TH+ area (n = 3 control and 3 OHDA). g,h, Effect of 6-OHDA denervation on plaque and ATLO. g, OR/H stained abdominal aorta showing ATLO cellularity. (h, Quantification of abdominal aorta media area; macrophage area (CD68+), necrotic core area, SMC area (SMA+), collagen area (Sirius red+), fibrous cap thickness in plaque; and CD3e+Foxp3+ T regulatory cells in ATLO ; n = 4 control and 4 OHDA. i, Measurement of serum cholesterol (n = 6 control and 8 OHDA), relative organ weight (n = 5 per group). j, Flow cytometry gating strategies and enumeration of Lin-Sca1+Kit+CD150+CD48- haematopoietic stem cells (HSC) gated from LSK (Lin-Sca1+Kit+) or Lin-Sca1-Kit+CD34+CD16/32+ granulocyte-macrophage progenitors (GMP) gated from myeloid progenitor cells (MPC) (Lin-Sca1+Kit-) in the bone marrow from total live cells (n = 5 control and 5 OHDA). (k, Gating strategies and quantification of CD11c+CD11b+ myeloid cells and CD4+Foxp3+ T regulatory cells in spleen and RLN from total live cells (n = 5 control and 5 OHDA). l, Approach to 8 months CGX selective surgical denervation in adult Apoe−/− mice. m, Analysis of spleen noradrenaline (n = 4 sham and 5 CGX), aortic root TH+ area (n = 4 sham and 5 CGX), and root plaque size (n = 4 sham and 7 CGX). n, Changes in serum cholesterol (n = 3 sham and 9 CGX); relative organ weights after 8 months of surgery (n = 4 sham and 9 CGX). o, Flow cytometry gating strategy and quantification of number of CD11b+ myeloid cells and CD4+Foxp3+ T regulatory cells in spleen and RLN from total live cells (n = 4 sham; 4 CGX). p,q, Effect of surgical denervation on ATLO and plaque cellularity. p, Histological staining shows ATLO cellularity., q, Quantification of abdominal aorta media area; macrophage area (CD68+), necrotic core area, SMC area (SMA+), collagen area (Sirius red+), fibrous cap thickness in plaque; and CD3e+Foxp3+ T regulatory cells in ATLO ; n = 4 sham, 5 CGX. r, Analyses of internal diameter and ß-stiffness in ascending aorta and abdominal aorta of sham and CGX- mice before surgery (Basal) and 8 months after surgery. s, Systolic and diastolic blood pressure measurement (Basal) and at every 2 months up to 8 months after surgery n = r,s: 7 sham, 10 CGX before surgery, and 5 sham, 9 CGX at 8 months post-CGX.For e, scale bars, 20 µm; for g,p, scale bars 50 µm. Data are means ± s.e.m. n represents biologically independent animals. Two-way ANOVA with Bonferroni post hoc test (b,j,k,o); two-sided unpaired Student´s t-test (e,f,h,i,m,n,q); multiple unpaired t-test corrected for multiple comparisons (Bonferroni) (c,i,n); mixed-model ANOVA with Bonferroni post hoc test (r,s). t, Comparison of short-term (4 weeks) pharmacological deletion of the SNS and long-term (8 months) outcome of CGX on plaque and ATLO
Source data


Extended Data Fig. 11 Schematics of ABC sensor and ABC effector.
a, Adventitia NICIs initiate the ABC using sensory neurons of DRGs to enter the CNS via the spinal cord dorsal horn and—from there—projects to the brain stem medulla oblongata. b, SNS efferents project from hypothalamic and brainstem nuclei to the spinal cord and—from there—to the adventitia via the CG, while vagal efferents originating in the medulla oblongata project to the CG—after traversing the NG in the neck—to create an ABC effector.
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