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Highlights 

*  Capillary pericytes play a key role in regulating cerebral blood flow 

* Enzyme-derived messengers and inorganic molecules may both contribute to capillary 

control of brain blood flow 

* Interaction between capillary pericytes and endothelial cells can contribute to 

neurovascular coupling  

 
 
Abstract 

Neural information processing depends critically on the brain’s energy supply, which 

is provided in the form of glucose and oxygen in the blood. Regulation of this supply 

occurs by smooth muscle and contractile pericytes adjusting the diameter of 

arterioles and capillaries, respectively. Controversies exist over the relative 

importance of capillary and arteriolar level control, whether enzymatically generated 

signals or K+ ions are the dominant controller of cerebral blood flow, and the 

involvement of capillary endothelial cells. Here, we try to synthesise the relevant 

recent data into a coherent view of how brain energy supply is controlled and suggest 

approaches to answering key questions. 

 

1. Introduction 

The majority of brain energy expenditure is on neuronal information processing [1]. The 

fact that neural activity increases cerebral blood flow, to match energy supply to energy 

usage, was suggested 130-140 years ago by Mosso and by Roy and Sherrington (for a 

historical review see [2]), and it became increasingly important to understand this 

neurovascular coupling (NVC) process on realising that it underlies non-invasive brain 

imaging using Blood Oxygen Level Dependent functional Magnetic Resonance Imaging 

(BOLD fMRI). Researchers found enzyme-derived mediators of NVC by two distinct bodies 

of work recognised by Nobel Prizes: one in 1982 for the arachidonic acid-derived 

prostaglandins which were later recognised as also being generated by astrocytes, thus 
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providing a link between neurons and blood vessels [3], and another in 1998 for work 

showing that nitric oxide (NO) is an endothelium-derived relaxing factor in the cardiovascular 

system (including in the brain [4]). 

In the intervening 40 years, a large number of experiments have demonstrated that NO 

and various arachidonic acid (AA) derivatives including prostaglandin E2 (PgE2) and 

epoxyeicosatrienoic acids (EETs) contribute to NVC [5]. Strikingly, however, inhibiting the 

enzymes producing such messengers leads to at most a roughly 65% reduction of NVC 

[6]••. A possible mechanism acting in parallel to enzyme-derived messenger systems is 

neuronal activity-evoked extracellular K+ concentration ([K+]o) rises. [K+]o rises near blood 

vessels as a result of spatial buffering of K+ through astrocytes to their vascular endfeet [7]. 

This rise of [K+]o would hyperpolarise arteriolar smooth muscle cells (SMCs) or capillary 

pericytes by evoking an outward current through inward rectifier channels (see Potassium 

section below), thus evoking relaxation and an increase of blood flow. An initial test of this 

idea proved negative [8], but the concept was reinvigorated with the notion that neuronal 

activity-evoked intracellular Ca2+ concentration ([Ca2+]i) transients in astrocytes might spread 

to the astrocyte endfoot and trigger K+ efflux through Ca2+-sensitive K+ channels. This would 

directly trigger contractile cell relaxation [9], or endothelial cell hyperpolarisation which could 

spread along the endothelium and through gap junctions to arteriolar SMC, decreasing their 

Ca2+ influx and causing them to relax [10]••. Another mechanism independent of enzyme-

derived messengers involves neuronal activity-mediated local decreases of the oxygen 

concentration ([O2]) which may also increase blood flow by making red blood cells (RBC) 

more deformable [11].  

This review will address the conflict between the concepts of blood flow being mediated 

by enzyme-derived messengers versus inorganic K+ ions or O2 molecules. Do these systems 

act independently, what is their relative importance and do they interact? 

The second issue we will address is the locus of control of CBF. Despite the award of the 

Nobel Prize to Krogh in 1920 for his discovery of contractile elements (now termed pericytes) 

on capillaries which act independently of SMCs on arterioles [12], until recently the majority 
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of neuroscientists assumed that cerebral blood flow (CBF) is controlled solely by arteriolar 

SMCs. It is now known, however, that most of the resistance of the brain’s vascular system 

is located in capillaries rather than arterioles [13]••, and that pericytes are contractile and 

control CBF in health and in a range of diseases [14–19]. With this change of viewpoint, it is 

becoming crucial to understand at which level of the capillary bed pericytes can regulate 

blood flow, and the relative importance of pericytes versus arteriolar SMCs in that control. 

Moreover, we will address how an interaction between pericytes and capillary endothelial 

cells (cECs) may contribute to NVC. 

It is remarkable that we still do not know for sure which messengers regulate CBF, or 

even at which level of the vascular bed they act. This review attempts to synthesise answers 

to these questions, and to propose experiments to gain further mechanistic insights. 

 

2. The locus of the initiation of neurovascular coupling 

Capillary dilation precedes arteriolar dilation [15,17,18,20], implying that capillaries 

actively dilate to increase CBF, rather than passively increasing diameter in response to a 

pressure rise produced by upstream arteriolar dilation. Capillary dilation is mediated by 

relaxation of pericytes, the only contractile cell in the capillary bed. In contrast, two groups 

argued that pericytes do not contribute to functional hyperaemia [11,21]. This discrepancy 

originates in a different definition of what is a pericyte, based on morphology and expression 

of the contractile protein alpha smooth muscle actin (αSMA) (reviewed by [22]). Recent work 

on cerebral precapillary “sphincters” increases the ambiguity of cell definition [17]. 

Sphincters are located at the junction between the penetrating arteriole (PA) and some 1st 

order capillaries, and constitute a narrowing established by contractile cells around the 

vessel wall – arguably pericytes – which act as a bottle neck for RBCs. Importantly, across 

labs there is consensus that the pericytes located on the first 4 branch orders of capillaries 

coming off the PA are involved in NVC, but are often mistaken to be SMCs [21,23]. 

These pericytes on capillaries just downstream of the penetrating arteriole (PA) have 

more circumferential processes around the capillaries and express higher levels of αSMA 
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than pericytes towards the distal end of the vascular bed which have more longitudinal 

processes and less αSMA. The αSMA content is interpreted as an indicator that pericytes 

can contribute to NVC. Indeed, 1st and 2nd branch order capillaries show the largest dilation 

to neuronal activity [15,24]. However, it has been shown that αSMA visualization in 

paraformaldehyde fixed tissue is hampered because of actin depolymerisation, and a faster 

cold methanol-based fixation technique allows detection of small quantities of αSMA in 

pericytes up to the 7th vessel branch order [25]. In addition, to αSMA-based contractility, Rho 

kinase signalling and actin polymerisation could alter contractile tone in pericytes with lower 

αSMA levels [26–28]. These higher order pericytes may also contribute to NVC [28], since 

they exhibit a delayed pericyte [Ca2+]i reduction in response to neuronal activity [20]•, 

conceivably relaxing the vessel wall and allowing RBCs to pass more rapidly, as proposed 

by [14]. 

To date, there is unanimity that in response to neuronal activity pericytes on the first 4 

capillary branch orders increase CBF, and it is documented that 1st and 2nd order capillaries 

dilate before arterioles, but it is unclear to what extent pericytes at different positions in the 

vascular bed contribute to NVC. This is mostly because we lack specific cellular markers to 

examine their function, a gap in our knowledge we will revisit below. 

 

3. Messengers signalling to the cerebral vasculature 

As outlined in the Introduction, numerous messengers released by neuronal activity may 

contribute to NVC [5]. These include enzyme-derived agents such as NO and arachidonic 

acid (AA) metabolites (vasodilatory PgE2 and EETs, and vasoconstricting 20-HETE), ATP 

which acts on astrocyte P2X receptors to release AA derivatives [29]•• (see Figure 1B), ATP-

derived adenosine which can elicit vasodilation via mural cell receptors and K+ which may 

hyperpolarise mural or endothelial cells [9,10]. Finally, local reductions in O2 could increase 

blood flow by making RBCs deform more easily as they pass through capillaries [11] (see 

Figure 1C). How might all these messengers interact? 

Nitric oxide  
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A meta-analysis suggested that, of all these messenger systems, blockage of neuronal 

NO synthase (nNOS) may cause the largest reduction in NVC [6]••. NO dilates by raising the 

cGMP level, and by blocking synthesis of 20-HETE [15] which blocks BKCa channels and 

thus depolarises contractile cells causing vasoconstriction [30]. NO appears to act on 

arterioles in cerebral cortex [29]••, but in cerebellum dilates capillaries via pericytes by 

inhibiting 20-HETE production [15], suggesting brain region-dependent differences in the 

molecular organisation of NVC. 

AA metabolites 

PgE2 and EET formation from AA and release is stimulated by a neuronal activity-evoked 

rise in astrocytic [Ca2+]i, and - at least in brain slices - arteriolar dilation does not depend on 

astrocytic [Ca2+]i changes or PgE2 release [8,29,31]. However, neurons may also release AA 

which is taken up by astrocytes and converted into PgE2 and EET release in the absence of 

astrocytic [Ca2+]i changes [32], and furthermore it has been suggested that an increase in 

arteriole pressure or flow evokes a rise in astrocyte [Ca2+]i rather than vice versa [33]. The 

PgE2 released from astrocytes is a major mediator of NVC at capillaries [15,29], apparently 

acting via pericyte EP4 receptors (EP4R) [15,29,34], to relax pericytes and thus dilate 

capillaries. Curiously, while EP4R block decreases pericyte-mediated hyperaemia [15,29], 

neither immunohistochemistry nor transcriptomic work report high levels of EP4R expression 

by brain pericytes, perhaps suggesting an unknown intermediate signalling step between 

PgE2 and pericyte relaxation. 

ATP and adenosine  

Following synaptic activity, ATP is released into the extracellular space. In addition to 

ATP and its metabolites’ actions on neuronal excitability [35], ATP and adenosine have also 

vasomodulatory effects. ATP raises astrocytic [Ca2+]i by activating P2X1 receptors and this 

elicits a phospholipase D-dependent release of PgE2 which dilates pericytes [29]••. ATP is 

degraded rapidly to ADP and adenosine by extracellular endonucleotidases. Blocking 

adenosine receptors reduced stimulation-evoked blood flow [36] and adenosine may dilate 

both arterioles and capillaries [37,38]. Adenosine acts via the A2A receptor, a GsPCR, 
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[38,39], and neuronal activity-induced increases in adenosine level correlated with and 

preceded [O2] increases [39]. This raises the question of whether ATP and adenosine are 

equally important for functional hyperaemia. Blocking the ATP-astrocyte pathway inhibited 

capillary dilation by ~70% [29]•• and promoting the conversion of ATP to adenosine by 

overexpressing endonucleotidase resulted in reduced functional hyperaemia [40], 

suggesting that the ATP-astrocyte-PgE2-pericyte-relaxing pathway is more important than 

the actions of adenosine. 

Potassium  

In parallel with enzyme-derived messenger systems, neuronal activity raises [K+]o (see 

Figure 1C). Conventionally, [K+]o elevations depolarise cells, but for inward rectifier K+ (Kir) 

channels, the conductance is increased by a rise of [K+]o [41], resulting in an increased 

outward current and cell hyperpolarisation (and activation of the Na/K-ATPase by external K+ 

may also contribute an outward current, at least transiently [42]). In arteriolar smooth 

muscle, this is suggested to close voltage-gated Ca2+ channels, lowering [Ca2+]i and causing 

relaxation [9]. Brain pericytes also express the inward rectifier channel subunits Kir2.1 and 

Kir2.2 [43,44], and patch-clamping showed Kir2-mediated currents in retinal pericytes 

[45,46]. Thus, brain pericytes may also respond directly to rises in [K+]o with 

hyperpolarisation, as suggested by a preprint [47] and our own unpublished data, and 

pericyte voltage changes can spread rapidly (through gap junctions with the endothelial 

cells) to other pericytes and possibly to arteriolar SMCs further along the capillary [14,48].  

Interestingly, capillary endothelial cells (cECs) also express Kir2.1 and Kir2.2 and a 

neuronal activity-induced rise in [K+]o hyperpolarises cECs [10]••. This hyperpolarisation 

propagates upstream to the PA and spreads to arteriolar SMCs through myoendothelial gap 

junctions, relaxing the SMCs. Genetic ablation of Kir2.1 from ECs suggested that this 

mechanism confers ~50% of stimulation-evoked hyperaemia, although this knock-out may 

have unanticipated effects on the pericytes and SMCs overlying the ECs. This EC to 

arteriolar SMC signalling is unlikely to be the first event in NVC, however, since pericyte-

mediated capillary dilation precedes arteriolar dilation [15,17,18,20,24]. Indeed, pericytes are 
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also electrically coupled to ECs via myoendothelial gap junctions [49–51] and may hence 

relax in response to cEC hyperpolarisation before upstream SMC relaxation. Longden et al. 

(2017) reported that raising [K+]o around capillaries had no effect on capillary diameter but 

our own unpublished experiments on brain slices demonstrate a dilation at pericyte 

locations, which is also echoed by more recent work from the Nelson lab [19]••.  

Retinal pericytes have a different resting membrane potential (VM) according to their 

position in the vascular tree: pericytes on capillaries near arterioles are more hyperpolarised 

(VM ~-45 mV) than pericytes deeper in the capillary bed (VM ~-35 mV) [46]. If brain pericytes 

exhibit a similar VM stratification, when [K+]o rises the resulting difference in outward current 

and degree of activation of voltage-gated Ca2+ channels may result in pericytes at different 

locations evoking [Ca2+]i (and capillary diameter) changes of different magnitude and 

kinetics, as observed by [20]• and also seen in our own unpublished data.  

In conclusion, neuronal-evoked elevations in [K+]o are likely to contribute to dilations of 

capillaries and arterioles. Surprisingly, we lack information on how much [K+]o rises near 

endothelial cells, pericytes and arteriolar smooth muscle cells, and on its spatio-temporal 

dynamics following neuronal activity, for which we propose concrete experiments below.  

Oxygen  

Neuronal activity can locally reduce O2 concentration, which increases RBC deformability 

[11]. This would allow RBCs to deform to pass through capillaries more readily, thus 

decreasing vascular resistance and increasing blood flow. Although interesting, this effect 

cannot explain NVC for both qualitative and quantitative reasons. First, when neurons are 

active, although the local [O2] can initially fall [52], the increase in blood flow produced by 

NVC brings in excess extra O2 so that the local [O2] rises above its original value even while 

a maintained increase in blood flow is produced [53]. As the [O2] is higher, the increase in 

blood flow hence cannot be being driven by low [O2] affecting RBCs. Second, the effect of 

the O2-evoked increase of RBC deformability on flow is quantitatively very small. When 

cortical neurons were activated by hindlimb stimulation they lowered cortical [O2] by 1.9 mm 

Hg (Fig. 5F of [11]). The same decrease of [O2], when applied to RBCs in PBS flowing 
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through a 5 m diameter glass tube produced only a 1.3% increase of RBC speed (Fig. 4D 

of [11]), which is less than 9% of the RBC speed increase seen in the cortex during neuronal 

activation (15%, Fig. 5C of [11]). Although perfusion through a glass microtube may not well 

recapitulate the environment of flow through a capillary owing to lack of the glycocalyx which 

lines the capillaries, it appears that the O2 effect on deformability can only explain less than 

10% of NVC. RBCs may nevertheless contribute to NVC by releasing, in response to low 

[O2], ATP, which activates NO production in ECs [54]. 

 

4. Interactions of enzyme-generated messengers and K+ in NVC  

Are the various mechanisms of NVC discussed above simply additive, or do they interact 

in a synergistic or occlusive manner? The meta-analysis of Hosford and Gourine showed 

that inhibiting the production of enzymatically-derived messengers leads to at most a 65% 

reduction of NVC, while blocking K+ channels reduces NVC by a highly variable amount with 

a mean suppression of 40% [6]••. Interpreting the effects of applying these inhibitors is 

complicated by the fact that, as described below, enzyme-derived messengers affect the Kir 

channels that can contribute to NVC, while blockers of K+ channels (even if they only affect 

the target cell, which is often not the case) will affect not only changes of membrane current 

evoked by [K+]o rises but also the cell’s resting potential (thus potentially altering Ca2+ influx 

through voltage-gated Ca2+ channels). 

When examining K+-evoked hyperpolarisation in ECs, Harraz et al. demonstrated that 

activation of GqPCRs (which activate phospholipase C to convert the lipid PIP2 to Ca2+-

releasing IP3) leads to a fall of PIP2 level which inhibits Kir2 channels (see Figure 2) [55,56]. 

As a result, the hyperpolarisation generated when [K+]o rises, and its propagation from 

capillaries to arterioles, are inhibited. Vasodilating PgE2 (generated in the ATP-astrocyte-

PgE2-pericyte pathway for regulating blood flow) acts on Gq-coupled EP1 receptors 

expressed in the ECs (www.mousebrain.org/genesearch). Thus, we would expect the 

activation of NVC via PgE2 release to suppress NVC mediated by Kir2 channels on ECs. 

Conversely block of the PgE2 pathway would allow a larger K+-mediated response to spread 
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to arteriolar SMCs and perhaps pericytes, resulting in an underestimate of the contribution of 

PgE2 to NVC. 

Since pericytes and arteriolar SMCs also express some EP1 receptors 

(www.mousebrain.org/genesearch) one might expect that PgE2 would also suppress Kir2 

channels in these cells, and thus also inhibit NVC evoked by a [K+]o rise around these 

contractile cells. Surprisingly, however, Kir channels in contractile cells appear to be much 

less sensitive to a fall in PIP2 level than are EC Kir2 channels [57]. 

 

5. Coordination of NVC at the capillary and arteriolar level 

Mishra et al. proposed [29]•• that NVC at the capillary level was largely mediated by 

PgE2, and at the arteriolar level was mediated largely by NO, although K+ may contribute in 

both locations. The faster dilation of capillaries than of arterioles [15] might then reflect 

differences in the kinetics of generation of these messengers (the relative speed of capillary 

dilation mediated by PgE2 and by K+ is unknown), or the fact that capillaries are in general 

closer to active neurons than are arterioles [58] so the messengers need to diffuse less 

distance to activate capillary NVC. If there was extensive propagation of vasodilating voltage 

signals along ECs between the capillaries and arterioles [10]•• then one would presumably 

expect some mixed pharmacology at both locations when testing blockers of the PgE2 and 

NO pathways, but capillary to arteriole endothelial connections may often be disrupted in the 

brain slices largely used in the experiments of Mishra et al. [29]••. 

An interesting question is whether propagation of hyperpolarisation along capillary ECs 

has an intrinsic directionality to it (e.g. upstream to arterioles). A mechanism for this has 

recently been suggested in the retina [59], based on gap junction coupling between 

pericytes and ECs facilitated by NO which opens connexin-43 containing gap junctions 

[60,61]. A preference for hyperpolarising upstream ECs was proposed to reflect 

accumulation of caveolae (cell membrane invaginations) containing caveolin-1 and eNOS at 

the upstream end of the ECs [62]. However, it is unclear how such a mechanism alone 

would generate directional selectivity, as the upstream end of one EC is the downstream end 



11 
 

of the next one; conceivably a gradient of gap junctional strength along the endothelium also 

contributes.  

Supporting the notion that caveolin-1 is important in NVC, deleting caveolin-1 from 

arteriolar ECs roughly halved both the 15% increase in somatosensory cortex arteriole 

diameter and the ~2.7-fold increase in capillary blood flow evoked by whisker stimulation 

[63]•. This was attributed to altered NVC at the arteriole level mediated by EC caveolae, 

conceivably modulating a propagated voltage change in ECs arriving from capillaries. 

Despite the association of caveolin-1 with eNOS (see above), this effect proved to be 

independent of eNOS, although eNOS did contribute to NVC (perhaps activated by ATP 

release from astrocytes [64]). However, quantitative considerations argue against such a 

(previously unknown) mechanism acting solely at the arteriole level. The 15% increase of 

arteriolar diameter in control conditions [63]• would evoke a 1.75-fold increase in flow (by 

simplistic use of Poiseuille’s law) if arterioles were the only significant resistance in the 

cortical vasculature. However, arterioles comprise only around 1/7th of the total intracortical 

vascular resistance [13]•• so, to explain the 2.7-fold increase in downstream capillary blood 

flow [63]•, most of the increase in blood flow evoked by neuronal activity must be attributed 

to relaxation of pericytes on downstream capillaries. This suggests that the change of NVC 

seen when deleting caveolin-1 is not occurring at the arteriole SMC adjacent to the ECs 

where the caveolae are being suppressed, but somehow instead occurs at downstream 

capillary pericytes. 

Some limitations on vasodilatory signal spread may be imposed by thin processes 

(“nanotubes”) reported to link pericytes on different capillary trees [65]•. Following pericyte-

mediated capillary dilation, the pericytes connected by nanotubes to a dilating pericyte are 

reported to constrict their underlying capillary, perhaps generating a focus of capillary 

dilation surrounded by other constricted capillaries. It has also been proposed that such a 

focus in blood supply can be achieved by pericytes located at branch points through 

preferentially dilating only one of the downstream daughter vessels [19]••. This phenomenon 
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could be instructed by a hyperpolarising signal backpropagating through the endothelium, 

hence ensuring the supply of RBC to locations with enhanced energy need.  

 

6. Future directions and conclusions 

Given the uncertainty about the properties of pericytes and ECs at different positions in 

the capillary bed, and how they interact with each other and with arteriolar SMCs, we 

suggest the following key avenues for tackling the largest gaps in our knowledge (see Figure 

3). 

Defining mural cell differences in the brain vascular bed using spatial transcriptomics 

Although it has been suggested that all pericytes are essentially identical and lack 

contractile proteins [44], the current consensus, based on imaging pericyte contraction and 

relaxation, is that pericytes on at least the first 4 branch orders of capillaries are contractile 

[14,15,17,18,20,22] and possibly those on higher order vessels as well [28], but also that 

pericytes differ in their properties along the capillary bed. Spatial transcriptomic techniques, 

such as seqFISH+ [66], will allow researchers to define the mRNA expression profile of 

mural (and endothelial) cells as a function of their location in the vascular bed (see Figure 

3A), and hence facilitate the creation of population-specific conditional CreER-driver mouse 

lines.  

Simultaneous read-out of pericyte and endothelial cell activity  

Monitoring and manipulating cells simultaneously will be key to establishing the relative 

contribution to NVC of SMCs, pericytes and endothelial cells at different locations in the 

vascular bed, and assimilation of technical advances from circuit neuroscience laboratories 

will facilitate progress (see Figure 3B). Use of the existing rich optogenetic and DREADD 

toolbox is still in its infancy in the brain blood flow field, but optogenetic modulation of 

pericytes is emerging as a promising tool [28,67,68]. Simultaneous two-colour Ca2+ imaging 

in pericytes and cECs paired with neuronal activation, puff application of candidate signalling 

molecules (e.g. K+ and PgE2), and cell (population) specific manipulation will also allow 

testing of whether and how pericytes and cECs interact to accomplish NVC.  
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Defining the locus and spread of neuronal activity-mediated [K+]o rise 

Imaging the origin, kinetics and spread of K+ is hampered by a lack of available tools. 

Conventionally, K+-sensitive electrodes are used to estimate changes in [K+]o [69], but they 

provide poor temporal resolution, and could damage the tissue. Extracellular use of standard 

K+-sensitive indicators suffers from poor selectivity against Na+. While indicators sensitive 

enough to report neuronal activity-derived changes in [K+]o have been developed [70], a 

better solution would be a genetically expressed indicator similar to the glutamate-sensitive 

fluorescence reporter (GluSnFR) family [71] (see Figure 3C). 

Concluding remarks 

Capillaries comprise the largest vascular resistance within the brain, and the brain’s main 

energy supply. Pericytes are the only contractile cell type modulating capillaries but, along 

with capillary endothelial cells, they are understudied. This review emphasises the 

importance of understanding control of capillary haemodynamics, which underpins not only 

an adequate brain energy supply but also non-invasive BOLD fMRI imaging.  
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Figure 1: Current view of neurovascular coupling. (A) Introduction to the vascular tree 

and neurovascular unit. Capillaries branch off from penetrating arterioles and are classified 

according to their branch order. Smooth muscle cells and pericytes are contractile cells 

regulating the diameter of arterioles and capillaries, respectively. Inset: Endothelial cells 

(purple) make up the vessel wall, pericytes (green) are tightly wrapped around the 

endothelial cells. Both share a basal lamina. Astrocyte endfeet are in close apposition to the 

vessel. (B) Enzyme-derived messengers mediating NVC. Postsynaptic activation of nNOS in 

interneurons leads to NO production, which relaxes SMCs by raising cGMP levels, and 

dilates arterioles. NO acts on capillaries by blocking 20-HETE production (arrow with bar at 

end). Neuronal activity-derived ATP binds to astrocyte P2X1 receptors raising [Ca2+]i to elicit 

PgE2 and EET formation from AA via PLD2. PgE2 acts on pericyte EP4R. This raises 

[cAMP], activates a hyperpolarising K+ efflux and thus inhibits voltage-gated Ca2+ channels 

(VGCCs) which all result in pericyte relaxation and capillary dilation. (C) Contribution of 

inorganic K+ ions and O2 molecules to NVC. Neuronal activity raises [K+]o during neuronal 

repolarisation and by evoking K+ release from astrocytes through Ca2+-dependent K+ 

channels (BKCa). Increased [K+]o hyperpolarises SMCs by evoking a K+ efflux through Kir2.1 

channels, which leads to closure of VGCCs, and a [Ca2+]i reduction, SMC relaxation and 

arteriolar dilation. Pericytes may also respond to [K+]o elevations with hyperpolarisation and 

relaxation, causing capillary dilation. A [K+]o rise hyperpolarises cECs via Kir2.1 channels. 

This hyperpolarisation propagates upstream to the penetrating arteriole via myoendothelial 

gap junctions and relaxes SMCs. Endothelial cells are also gap junctionally coupled with 

pericytes and may hyperpolarise these as well, dilating capillaries. Neuronal activity can 

introduce a local dip in [O2] which increases RBC deformability, increasing cerebral blood 

flow somewhat.        
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Figure 2: Interaction of PgE2 and K+ in NVC. PgE2 dilates pericytes via EP4 receptors, as 

in Fig. 1 (purple arrows). Neuronal activity-evoked [K+]o rise may produce local pericyte-

mediated capillary dilation by Kir2 based hyperpolarisation of cECs and subsequent gap 

junction coupling-based hyperpolarisation of pericytes, or direct pericyte hyperpolarisation 

via pericyte Kir2 channels (blue arrows). Upstream arteriolar dilation may in part be achieved 

by the backpropagation of an endothelial hyperpolarising signal relaxing SMCs via 

myoendothelial gap junctions. In cECs, PgE2 binds to Gq-coupled EP1Rs, leading to PIP2 

depletion which inhibits Kir2 channels and thus prevents the backpropagation of the 

hyperpolarising signal (yellow arrows and crosses). For illustration purposes gap junction 

coupling of pericytes and cECs, and PIP2 depletion are each only shown in one cEC.   
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Figure 3: Future experimental directions. (A) Defining differences in contractile cells 

around the vessel wall in the vascular bed based on gene expression profiles using spatial 

transcriptomics. (B) Simultaneous monitoring of pericyte and endothelial cell activity paired 

with spatio-temporally controlled manipulation (e.g. using optogenetic actuators) and puff-

application of substances modulating signalling pathways following neuronal activity, should 

facilitate dissection of the cells and messengers mediating NVC. (C) Application of novel 

extracellular K+ indicators and the development of genetically-expressed indicators 
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comparable to the glutamate-sensitive fluorescence reporter (GluSnFR) may facilitate 

identifying the origin and magnitude of the rise in K+ concentration and its spread.  
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