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            Abstract
Increases in brain blood flow, evoked by neuronal activity, power neural computation and form the basis of BOLD (blood-oxygen-level-dependent) functional imaging. Whether blood flow is controlled solely by arteriole smooth muscle, or also by capillary pericytes, is controversial. We demonstrate that neuronal activity and the neurotransmitter glutamate evoke the release of messengers that dilate capillaries by actively relaxing pericytes. Dilation is mediated by prostaglandin E2, but requires nitric oxide release to suppress vasoconstricting 20-HETE synthesis. In vivo, when sensory input increases blood flow, capillaries dilate before arterioles and are estimated to produce 84% of the blood flow increase. In pathology, ischaemia evokes capillary constriction by pericytes. We show that this is followed by pericyte death in rigor, which may irreversibly constrict capillaries and damage the blood–brain barrier. Thus, pericytes are major regulators of cerebral blood flow and initiators of functional imaging signals. Prevention of pericyte constriction and death may reduce the long-lasting blood flow decrease that damages neurons after stroke.
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                    Figure 1: Signalling pathways that control capillary diameter.[image: ]


Figure 2: Pericyte membrane current and capillary dilation in cerebellar slices.[image: ]


Figure 3: Active dilation of capillaries by pericytes in vivo in mouse cerebral cortex.[image: ]


Figure 4: In ischaemia, pericytes constrict capillaries and then die in rigor.[image: ]


Figure 5: Pericyte death in ischaemia.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Signalling to capillary pericytes in health and disease.
a, As vasodilators released from active neurons and their associated astrocytes (1) diffuse through the brain, they encounter pericytes before arteriole smooth muscle (2) because neurons are closer to capillaries than to arterioles31. This may partly explain why capillaries dilate before arterioles (Fig. 3). Pericyte dilation may spread to arteriole smooth muscle by current flow or [Ca2+]i changes passing through gap junctions (3). b, Oxygen-dependent signalling pathways regulating vessel diameter (adapted from ref. 13). Neuronal activity leads to the generation of nitric oxide (NO) and arachidonic acid. Arachidonic acid (AA) is converted into PGE2, which dilates vessels via EP4 receptors, but also into the vasoconstrictor 20-HETE. Production of 20-HETE is inhibited by NO. Together these pathways regulate capillary diameter (Fig. 1). Larger dilations to glutamate in low [O2] may reflect less production of 20-HETE from arachidonic acid. c, In ischaemia, the decrease of ATP concentration leads to a rise of [Ca2+]i in pericytes. This results in some of them contracting and constricting capillaries1, which will prevent the passage of white and red blood cells. Most pericytes then die (Figs 4 and 5). Death of pericytes in rigor will produce a long-lasting decrease of cerebral blood flow, and reduce the ability of the microvasculature to increase blood flow in response to neuronal activity.


Extended Data Figure 2 Drug effects on capillary baseline diameter and constriction to noradrenaline.
a, Rat capillaries are constricted by 100 µM L-NG-nitroarginine (L-NNA), suggesting that there is some tonic release of NO in the slice, with a greater constriction occurring at high [O2] (bars in a–d, f–n show percentage of initial drug-free diameter). b, However, L-NNA does not affect the diameter of vessels preconstricted with noradrenaline (NA; 2 μM, P = 0.81, ANOVA). c, The guanylyl cyclase blocker ODQ (10 µM) does not affect baseline capillary diameter, suggesting that the constricting effect of tonic NO release seen in a is not through the cGMP pathway but is via suppression of 20-HETE release. d, ODQ slightly enhances the constriction achieved with NA (P = 0.003, ANOVA). P values on the graph are from post hoc t-tests. e, As expected, ODQ blocks cGMP production by guanylyl cyclase, as assessed by radioimmunoassay. f, Inhibition of 20-HETE formation with 1 µM HET0016 (HET) does not affect baseline capillary diameter (white bars, at 20% O2, P = 0.78; at 95% O2, P = 0.49), presumably because the tonic NO release (in a) is sufficient to suppress tonic 20-HETE release, and there is no significant difference in baseline diameter in the presence of HET between the two O2 concentrations (P = 0.57, t-test). Unlike application of L-NNA alone (see a), application of L-NNA and HET together (black bars) does not significantly change capillary diameter (P = 0.59, ANOVA compared to HET alone). Indeed, comparing vessel diameters in HET plus L-NNA with those in L-NNA alone (black bars in f versus panel a) reveals that HET significantly relieves the constriction produced by L-NNA (P = 0.03, ANOVA). g, HET does not affect either the constriction to NA (white bars versus white bars in b, P = 0.51, ANOVA) or the diameter of vessels in L-NNA and NA (black bars versus black bars in b, P = 0.26, ANOVA). h, i, Blocking synthesis of epoxy-derivatives of arachidonic acid with MS-PPOH 10 µM does not affect the degree of constriction to NA (h, P = 0.92, ANOVA) or the dilation to glutamate (i; P = 0.92, ANOVA). j–l, Blocking EP4 receptors with 1 µM L161,982 had no effect on baseline diameter in cerebellum (j) or cortex (97.3 ± 1.4% of baseline in 20% O2, P = 0.07, n = 34) and also did not affect the constriction to NA in either area (cerebellum: k, P = 0.90, ANOVA over both [O2]; l, cortex in 20% O2). m, n, Applying DETA-NONOate (m, 100 μM) or prostaglandin E2 (n, 1 μM) dilated cerebellar capillaries preconstricted with noradrenaline (in 20% O2). Data shown as mean ± s.e.m.


Extended Data Figure 3 Pericyte current responses in NG2-DsRed mouse cerebellar slices.
Mean initial inward and later outward currents (as in Fig. 2a–d, 95% O2) evoked in pericytes by stimulation of the parallel fibres, and by superfusion of 500 μM glutamate or 100 μM NMDA. Numbers of cells apply to both black and white bars. Error bars show s.e.m.


Extended Data Figure 4 Smoothing of the in vivo diameter changes.
a, Specimen single frame from the image sequence for Fig. 3d (penetrating arteriole on the right, capillary on the left). The presence of red blood cells (RBC) leads to apparent holes in the image of the capillary diameter. b, RBC movement results in the holes being removed when averaging over 10 frames. c, For a step increase in vessel diameter (top), the effect on the measured diameter time course (bottom) of a running maximum intensity average being calculated over 10 frames starting at each time being considered: the maximum intensity summation results in the largest diameter at any time dominating the smaller diameters at other times, and so the diameter increase is brought forward by 10 frames. If this were not corrected for, the diameter would appear to increase 10 frames (1.72 s) before it actually does. To correct for this, the time axis needs to be advanced by 1.72 s. d, Correction of the 10-frame averaged time courses of the data used for Fig. 3d for the time shift introduced by the averaging. e, Effect of the five-point FFT procedure (which removes frequencies over 1.16 Hz) applied to the averaged time courses in d. The smooth dashed lines are the traces plotted in Fig. 3d.


Extended Data Figure 5 Responses of capillaries in somatosensory cortex in vivo.
a, b, Reproducibility of response to whisker-pad stimulation at 101 capillary locations in NG2-DsRed mice. Mean capillary response time courses are the same on repeated stimulation (a). Responses at 5 and 15 s into 15 s whisker-pad stimulation did not differ significantly between the first and second stimulation (b). c, Time to reach a certain percentage of the maximum dilation in j–1th order vessel minus that in jth order vessel (j is an integer ≥ 1) imaged simultaneously. The time to 10% and 20% of the peak is faster in first-order capillaries than in zero-order penetrating arterioles (see main text and Fig. 3f), although there are no significant differences between vessels of adjacent orders for any of the other bars shown (P = 0.33–1, t-tests; n for each comparison was as in Fig. 3f). d, Time course of responses in all responding (>5%) vessels of different order. Arterioles were significantly slower to reach 10% of their peak response than first- and second-order vessels (see main text). e, The response distributions of capillaries do not differ near pericyte somata or processes (P = 0.24, Kolmogorov–Smirnov test; 172 somata locations, 292 process locations). f, Comparison of time course of dilation of penetrating arterioles and first-order capillaries with that of the blood-flow increase in capillaries (n = 49, all orders averaged) assessed by line-scanning (normalized to the average value at the peak from 11.7 to 13.2 s). Data shown as mean ± s.e.m.


Extended Data Figure 6 Ischaemia-evoked pericyte death in cortical slices and in vivo.
a, Rat pericyte death is not affected by either of the free radical scavengers MnTBAP (150 µM) or PBN (100 µM; P = 0.78 and P = 1, respectively, ANOVA with Dunnett’s post hoc test versus no drug control). The amount of pericyte death did not differ between the two different scavengers (P = 0.88, ANOVA) so the data from the two scavengers were combined for the analysis in the main text (Fig. 4d). b, In addition to the drugs discussed in the main text, none of the following drugs affected pericyte death following OGD and reoxygenation (ANOVA with Dunnett’s post hoc test versus no drug control): an inhibitor of mitochondrial calcium uptake, Ru360 (50 µM, P = 1), the metabotropic glutamate receptor antagonist MCPG (500 µM, P = 0.93) or the 20-HETE synthesis blocker HET0016 (HET, 1 µM, P = 1). c, The percentage of dead cerebral cortical pericytes and endothelial cells after 24 h in the control and treated hemispheres of MCAO-treated rats, sham-operated animals where a filament was inserted into the ICA but was not advanced far enough to completely occlude the vessel (see Methods), sham animals without ICA occlusion, and naive animals that did not experience any surgery before being killed. These data were analysed together with the striatal data in the main Fig. 5f. There was no difference in cell death between cortex and striatum (P = 0.55, repeated measures ANOVA). A much greater proportion of pericytes died than endothelial cells (P = 2.1×10−7, repeated measures ANOVA), and pericyte death, but not endothelial cell death, was greater in the lesioned hemisphere (effect of hemisphere, P = 0.008, repeated measures ANOVA; interaction between hemisphere and cell type, P = 0.007). As expected, most pericyte death occurred in the MCAO treated animals, whereas sham-operated animals with ICA occlusion showed intermediate levels of death between MCAO and naive (or sham with no ICA occlusion) animals (MCAO versus naive animals, P = 0.004; MCAO versus sham without ICA occlusion, P = 0.01; MCAO versus sham with ICA occlusion, P = 0.20; sham with ICA occlusion versus naive, P = 0.13; Tukey post-hoc tests). Data shown as mean ± s.e.m.


Extended Data Table 1 Properties of vessels of different branching orders in vivoFull size table
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Vessel in Figure 1d responding to noradrenaline and glutamate in a rat cerebellar slice. (MOV 9109 kb)


Glutamate release from neurons dilates capillaries
Vessel in Figure 2e-f responding to noradrenaline and parallel fibre stimulation in a rat cerebellar slice. (MOV 3479 kb)


Capillary and arteriole dilation in vivo
Penetrating arteriole and primary capillary in Figure 3d in mouse somatosensory cortex in vivo responding to whisker pad stimulation. The capillary dilates before the arteriole. Green is FITC-dextran; pericytes are labelled with DsRed. (MOV 2744 kb)
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Blood flow response to neural activity
Cerebral blood flow dynamics have long been linked to neural activity, and form the basis of BOLD (blood-oxygen-level-dependent) functional imaging. But how such blood flow changes are mediated has remained controversial. Here, David Attwell and colleagues reveal how neuronal activity can hyperpolarize pericytes, leading to their relaxation and capillary dilation. Capillary dilation is responsible for 84% of the blood increase linked to neural activity, so irreversible capillary closure due to pericyte death during ischaemia can injure the blood–brain barrier and exacerbate injury. Pericyte death under pathological conditions can be reduced if glutamate receptor signalling is inhibited. This work suggests that pericytes are major regulators of cerebral blood flow and may initiate BOLD imaging signals.
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