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            Abstract
Signalling between cells of the neurovascular unit, or neurovascular coupling, is essential to match local blood flow with neuronal activity. Pericytes interact with endothelial cells and extend processes that wrap capillaries, covering up to 90% of their surface area1,2. Pericytes are candidates to regulate microcirculatory blood flow because they are strategically positioned along capillaries, contain contractile proteins and respond rapidly to neuronal stimulation3,4, but whether they synchronize microvascular dynamics and neurovascular coupling within a capillary network was unknown. Here we identify nanotube-like processes that connect two bona fide pericytes on separate capillary systems, forming a functional network in the mouse retina, which we named interpericyte tunnelling nanotubes (IP-TNTs). We provide evidence that these (i) have an open-ended proximal side and a closed-ended terminal (end-foot) that connects with distal pericyte processes via gap junctions, (ii) carry organelles including mitochondria, which can travel along these processes, and (iii) serve as a conduit for intercellular Ca2+ waves, thus mediating communication between pericytes. Using two-photon microscope live imaging, we demonstrate that retinal pericytes rely on IP-TNTs to control local neurovascular coupling and coordinate light-evoked responses between adjacent capillaries. IP-TNT damage following ablation or ischaemia disrupts intercellular Ca2+Â waves, impairing blood flow regulation and neurovascular coupling. Notably, pharmacological blockade of Ca2+ influx preserves IP-TNTs, rescues light-evoked capillary responses and restores blood flow after reperfusion. Our study thus defines IP-TNTs and characterizes their critical role in regulating neurovascular coupling in the living retina under both physiological and pathological conditions.
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                    Fig. 1: IP-TNTs connect pericytes on distal capillaries in a soma-to-process configuration.[image: ]


Fig. 2: IP-TNTs are a conduit for pericyte-to-pericyte communication in living retinas.[image: ]


Fig. 3: IP-TNT ablation disrupts haemodynamic responses and neurovascular coupling.[image: ]


Fig. 4: Ischaemia damages IP-TNTs and leads to microvascular dysfunction.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 IP-TNTs connect two bona fide pericytes located on separate capillaries.
aâ€“d, Representative examples of NG2â€“DsRed retinas labelled with DAPI (blue) and lectin (green) in combination with 3D reconstruction (right panel for each set) showing a pericyte and its IP-TNT (dotted line), termed here the proximal pericyte, connecting with the processes of a pericyte located on a distal capillary (distal pericyte). IP-TNTs connected a proximal pericyte with a distal one in all retinas analysed. Pericytes and their processes are shown in red. e, Single-pericyte electroporation of fluorescein-coupled dextran (3,000Â Da) into a DsRed-positive pericyte with an IP-TNT (dotted line). Dextran entered the proximal pericyte (green) and IP-TNT but did not diffuse into the distal pericyte (red), allowing clear identification of the two connected pericytes. eâ€², Higher-magnification inset shows the interface between the two IP-TNT-coupled pericytes at the level of the IP-TNT end-foot (ef, green) and the distal pericyte process (dpp, red). f, 3D reconstruction unambiguously shows that the two pericytes are in contact at the level of the IP-TNT end-foot and distal pericyte process. Experiments were replicated 4 times.


Extended Data Fig. 2 IP-TNT characterization: localization of molecular markers and presence in the brain.
a, b, NG2â€“DsRed and lectin-labelled IP-TNTs (dotted line) show absence of immunolabelling for the endothelial cell markers VE-cadherin and CD31. c, Labelling for the basal lamina component laminin confirmed that IP-TNTs are enclosed by a basement membrane. dâ€“f, Representative IP-TNT from CX43â€“ECFP reporter mouse retina showing endogenous CX43 expression in the IP-TNT end-foot (ef; d). IP-TNTs contain the contractile protein Î±-SMA (e), but not Î±-tubulin (f). g, h, Immunolabelling and 3D reconstruction demonstrated that FAK and S6 proteins are localized in IP-TNTs, notably at end-feet (arrowheads). iâ€“l, IP-TNTs do not contain either GAP43 or the mesenchymal stem cell markers CD90, CD44 or CD45. Positive controls for each antibody were postnatal day 5 retinal ganglion cell axons for GAP43 (iâ€²), retinal ganglion cells for CD90 (jâ€²) and peripheral leukocytes for CD44 (kâ€²) and CD45 (lâ€²). m, n, IP-TNTs detected in the visual cortex shown in fixed tissue (m) and by TPLSM in vivo (n). A minimum of 100 IP-TNT-connected pericytes from 5 different animals were analysed for each marker.


Extended Data Fig. 3 IP-TNTs exist in all retinal vasculature plexuses and connect distal capillaries of the same and different orders.
a, Schematic of the systematic uniform random sampling method used for histological quantification in whole-mounted retinas. b, Quantitative analysis demonstrated that IP-TNTs are abundant in all plexuses of the retinal vasculature, with a higher density in the intermediate and deep plexuses than in the superficial plexus (nÂ =Â 3 mice, two-tailed ANOVA Tukeyâ€™s test, ***PÂ <Â 0.001). c, 3D reconstruction of a representative vascular network in which each branch order has been pseudocoloured. The first-order vessel was defined as the first branch division (arteriole) from the central retinal artery, and subsequent branches were assigned consecutively higher orders (nÂ =Â 3 mice). d, Most IP-TNT-linked capillaries (87%) originate from different branches (87%), while the remainder derive from the same branch (nÂ =Â 94 IP-TNTs/capillaries, nÂ =Â 3 mice). e, IP-TNTs connected pericytes located either on same-order vessels (values on diagonal line) or different-order vessels (values above or below diagonal line) (nÂ =Â 94 IP-TNTs/capillaries, nÂ =Â 3 mice). f, Analysis of the number of IP-TNTs per vessel order shows that these processes are more prevalent in fourth- to eighth-order vessels (nÂ =Â 3 mice). Total sampled areaÂ =Â 560Â Î¼m Ã— 451Â Î¼m Ã— 10 disectorsÂ =Â 2,525,600Â Î¼m2. Data are presented as mean values Â± s.e.m.
Source data


Extended Data Fig. 4 IP-TNT-coupled pericytes communicate through intercellular Ca2+Â waves (ICWs).
a, b, Time-lapse recordings of ICWs propagation between a proximal and a distal pericyte, visualized with lectin, connected by an IP-TNT (dotted line) in NG2â€“GCaMP6 retinas. Panels in b show the propagation of ICWs over time from the proximal pericyte (1), through the IP-TNT, onto the distal pericyte (2). See Supplementary VideoÂ 3. Experiments were replicated 5 times.


Extended Data Fig. 5 Live TPLSM imaging of light-evoked haemodynamic responses of retinal capillaries.
a, TPLSM recordings of capillary diameter changes at pericyte soma in NG2â€“DsRed mice subjected to a flash light stimulus (102Â cdÂ mâ€“2, 5Â ms). A linear probe perpendicular to the capillary at a pericyte location denotes the site where capillary diameter was measured (dotted line). Experiments were replicated in 211 capillaries, nÂ =Â 4 mice. b, Longitudinal analysis of diameter changes by TPLSM in vivo shows little change in capillary diameter before light stimulation (dilation: nÂ =Â 20 capillaries, nÂ =Â 4 mice; constriction: nÂ =Â 18 capillaries, nÂ =Â 4 mice). c, By contrast, light provoked coordinated capillary dilation (blue: nÂ =Â 46 capillaries, nÂ =Â 4 mice) and constriction (red: nÂ =Â 60 capillaries, nÂ =Â 4 mice). d, Maximum response graph confirms substantial light-evoked capillary dilation and constriction after a flash light stimulus (pre-stimulus: nÂ =Â 105 capillaries, nÂ =Â 4 mice; dilation: nÂ =Â 46 capillaries, nÂ =Â 4 mice; constriction: nÂ =Â 60 capillaries, nÂ =Â 4 mice; two-tailed ANOVA Tukeyâ€™s test, ***PÂ <Â 0.001). eâ€“g, The overall response of arterioles (labelled with FITC in e), identified by a diameter larger than 9Â Î¼m, was substantially slower than that of capillaries (arterioles: nÂ =Â 15 vessels, nÂ =Â 3 mice; capillaries: nÂ =Â 18 vessels, nÂ =Â 3 mice; two-tailed Mannâ€“Whitney U test, *PÂ =Â 0.026). Data are presented as mean values Â± s.e.m.
Source data


Extended Data Fig. 6 Laser ablation does not damage endothelial cells.
a, b, The laser parameters used to ablate IP-TNTs did not damage endothelial cells, even when aimed directly at capillaries, or alter blood retinal barrier integrity, as there was no leakage of FITC-coupled dextran (70Â kDa, a) or fluorescein (332Â Da, b). Experiments were replicated 3 times. c, Longer laser exposure time directed at endothelial cells in a single capillary (white circle) was required to cause damage (>4Â s), as assessed by leakage of FITC-coupled dextran. Experiments were replicated 3 times. d, e, Ca2+ signals in endothelial cells after laser ablation, visualized with Fluo-4-AM, were indistinguishable from those in non-laser-ablated controls, suggesting that this procedure caused no major alterations (nÂ =Â 9 capillaries per group, nÂ =Â 2 mice per group; two-tailed Studentâ€™s t-test, n.s., not significant). Data are presented as mean values Â± s.e.m.
Source data


Extended Data Fig. 7 Laser ablation does not cause retinal neuron damage.
aâ€“c, The same laser parameters used to ablate IP-TNTs were applied to adjacent retinal ganglion cells (white circle). Experiments were replicated in 18 laser spots, nÂ =Â 3 mice. d, e, Longitudinal analysis of light-evoked capillary dilation (blue; nÂ =Â 15 capillaries, nÂ =Â 3 mice) and constriction (red; nÂ =Â 21 capillaries, nÂ =Â 3 mice) demonstrated that microvessel dynamics were preserved under these conditions (pre-stimulus: nÂ =Â 79 capillaries, nÂ =Â 3 mice; dilation: nÂ =Â 15 capillaries, nÂ =Â 3 mice; constriction: nÂ =Â 21 capillaries, nÂ =Â 3 mice; two-tailed ANOVA Tukeyâ€™s test, *PÂ <Â 0.05, ***PÂ <Â 0.001). fâ€“h, An AAV was used to selectively express GCaMP6 in retinal ganglion cells and monitor their ability to respond to light following laser ablation. Identical light-evoked Ca2+ responses were recorded before and after laser exposure, confirming the functional integrity of these neurons (nÂ =Â 11 retinal ganglion cells per group, nÂ =Â 3 mice per group; two-tailed Studentâ€™s t-test, n.s., not significant). i, j, Retinas were extracted after the experiment and immunostained with an antibody against RBPMS (specific for retinal ganglion cells), and neuronal density was analysed at the site of laser application (white circle within square). Experiments were replicated in 39 laser spots, nÂ =Â 4 mice. k, Quantification of retinal ganglion cell numbers across a 2,000-Î¼m2 disector area centred at the laser site revealed no significant difference in neuronal density relative to equivalent non-lasered areas (nÂ =Â 43 control disectors, nÂ =Â 39 laser-treated disectors, nÂ =Â 4 mice per group; two-tailed Studentâ€™s t-test, n.s., not significant). Data are presented as mean values Â± s.e.m.
Source data


Extended Data Fig. 8 Ischaemia leads to pericyte-mediated capillary constriction and IP-TNT rupture.
a, In vivo TPLSM imaging of TRITC-lectin-labelled ischaemic retina, showing constricted capillary sites at pericyte locations (arrowheads). Experiments were replicated 3 times. b, c, Quantification of capillary diameter (b; nÂ =Â 6 mice per group; two-tailed Studentâ€™s t-test, *PÂ =Â 0.049) and number of constrictions (c; sham: nÂ =Â 4 mice; ischaemia: nÂ =Â 6; two-tailed Studentâ€™s t-test, *PÂ =Â 0.023) in whole-mounted ischaemic and sham-operated control retinas. d, Frequency distribution of the number of constrictions relative to the degree of decrease in capillary diameter (%) in sham-operated controls (blue trace) and ischaemic retinas (red trace) (sham: nÂ =Â 4 mice; ischaemia: nÂ =Â 6; two-tailed Studentâ€™s t-test, â€“70% *PÂ =Â 0.013, â€“50% *PÂ =Â 0.019, â€“40% **PÂ =Â 0.004, â€“20% **PÂ =Â 0.005, â€“10% *PÂ =Â 0.048). e, Changes in diameter of large vessels in ischaemic and sham-operated whole-mounted retinas (nÂ =Â 6 mice per group, two-tailed Studentâ€™s t-test, n.s., not significant). fâ€“h, Analysis of IP-TNTs in NG2â€“DsRed retinas before and after oxygenâ€“glucose deprivation (OGD), to mimic ischaemia ex vivo. Arrowheads point at an intact IP-TNT before damage (f) and to the rupture of the process after 20 and 60Â min of ischaemia with extravasation of DsRed into the extracellular space (g, h). Experiments were replicated 5 times. i, j, Quantification of the numbers of pericytes, visualized in Ds-Red retinas (i; sham: nÂ =Â 4 mice; ischaemia: nÂ =Â 5; two-tailed Studentâ€™s t-test, n.s., not significant), and retinal ganglion cells, visualized with the retinal ganglion cell marker RBPMS (j; nÂ =Â 4 mice per group; two-tailed Studentâ€™s t-test, n.s., not significant), showed that these cells do not die in ischaemic retinas (1Â h ischaemia) relative to sham-operated controls. k, Induction of ischaemic retinal microregions after tail vein injection of Rose bengal by application of a laser to a single capillary (arrow in inset), which causes blood cells to stall in photocoagulated capillaries (arrowheads in inset). Experiments were replicated in 17 laser spots; nÂ =Â 7 mice. l, Light-evoked capillary responses were substantially reduced in ischaemic retinal microregions induced by Rose bengal photocoagulation (dilation: sham, nÂ =Â 16 capillaries, nÂ =Â 4 mice, reperfusion, nÂ =Â 17 capillaries, nÂ =Â 4 mice; constriction: sham, nÂ =Â 13 capillaries, nÂ =Â 4 mice, reperfusion, nÂ =Â 5 capillaries, nÂ =Â 4 mice; two-tailed Studentâ€™s t-test, **PÂ =Â 0.009, ***PÂ <Â 0.001). m, Quantitative analysis confirmed a substantial loss of IP-TNTs in ischaemic versus non-ischaemic microregions within the same retina (nÂ =Â 9 microregions per group, nÂ =Â 3 mice per group; two-tailed Studentâ€™s t-test, **PÂ =Â 0.008). Data are presented as mean values Â± s.e.m.
Source data


Extended Data Fig. 9 Ca2+ influx during ischaemia disrupts IP-TNT-mediated ICWs, and the Ca2+ blocker nifedipine protects IP-TNTs.
aâ€“c, Imaging of NG2â€“GCaMP6 mouse retinas showed that transient retinal ischaemia triggered a significant increase in intracellular Ca2+ in pericytes and their IP-TNTs relative to those in sham-operated controls (sham: nÂ =Â 114 pericytes/IP-TNTs, nÂ =Â 3 mice; ischaemia: nÂ =Â 70 pericytes/IP-TNTs, nÂ =Â 3 mice, two-tailed Mannâ€“Whitney U test, ***PÂ <Â 0.001). dâ€“f, The frequency of ICWs between IP-TNT-coupled pericytes was markedly reduced in ischaemic retinas relative to sham controls (in f, sham: nÂ =Â 24 capillaries, nÂ =Â 4 mice; ischaemia: nÂ =Â 20 capillaries, nÂ =Â 4 mice; two-tailed Mannâ€“Whitney U test, **PÂ =Â 0.007). gâ€“i, A single intraocular injection of the Ca2+ channel blocker nifedipine (30 Î¼M), before ischaemia, was sufficient to lower intrapericyte Ca2+ (g, h; in h, vehicle: nÂ =Â 90 pericytes, nÂ =Â 4 mice; nifedipine: nÂ =Â 49 pericytes, nÂ =Â 4 mice; two-tailed Mannâ€“Whitney U test, ***PÂ <Â 0.001) and reduce the number of ruptured IP-TNTs (vehicle: nÂ =Â 5 mice; nifedipine: nÂ =Â 4 mice; two-tailed Studentâ€™s t-test, *PÂ =Â 0.039; i). Data are presented as mean values Â± s.e.m.
Source data
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Video 1.
Pericyte processes connecting distal capillaries are tubular nanotube-like structures. 3D reconstruction of nanotube-like processes linking pericytes on distal capillaries are visualized in a DsRed mice (red) using lectin (green).


Video 2.
IP-TNT ultrastructural characterization by FIB-SEM. A representative IP-TNT visualized with correlative FIB-SEM showing capillaries (green), nucleus of the proximal pericyte (purple), IP-TNT (yellow), and distal pericyte processes (dpp, red). Scale bar = 1 Âµm.


Video 3.
ICWs in IP-TNT-coupled pericytes. NG2-GCaMP6 retinal explant showing the soma of two IP-TNT-coupled pericytes labeled with lectin (red). ICWs, visualized in green, propagate between connected proximal (1) and  distal (2) pericytes, providing further evidence that two bona fide pericytes communicate through IP-TNTs. Scale bar: 5 Âµm.


Video 4.
Live imaging of ICWs in IP-TNT-coupled pericytes. TPLSM imaging of NG2-GCaMP6 retinas show ICWs flowing through an IP-TNT linking pericytes on distal capillaries. ICWs were measured as spontaneous synchronous Ca2+ increases in pericyte pairs. Scale bar = 5 Âµm.


Video 5.
IP-TNT and capillary dynamics ex vivo. An IP-TNT, visualized with lectin in a retinal explant, links two capillaries undergoing coordinated diameter changes. The graph shows diameter changes (%) for both IP-TNT-linked capillaries: one dilates (blue) while the other constricts (red). Scale bar = 5 Âµm.


Video 6.
Blood flow quantification. Blood flow in live retinas visualized by TPLSM and measured by quantification of red blood cells (RBC) crossing a defined location per time unit. RBC do not take up tail vein-injected FITC-dextran, hence are visualized as shadows against the fluorescent plasma. Scale bar = 5 Âµm.


Video 7.
In vivo disintegration of an IP-TNT during ischaemia. Time-lapse live imaging of a lectin-labeled IP-TNT undergoing damage during ischaemia. Arrowheads point at sites of breakage. IP-TNT collapse was not due to an out-of-focus movement artifact because each frame is the projection of an entire z-stack (depth: 30 Âµm). Time after ischaemia induction is shown. Scale bar = 2.5 Âµm.


Video 8.
Ischaemia increases Ca2+ influx in IP-TNT-coupled pericytes. Live imaging of a lectin-labeled IP-TNT and associated pericyte in a NG2-GCaMP6 retina. Time after ischaemia induction is shown. A robust increase in global Ca2+ signal is observed in the pericyte/IP-TNT, which persisted for at least 1 hr of ischaemia. Scale bar = 5 Âµm.
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