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Abstract
Rhythmical contractility of blood vessels 
was first observed in bat wing veins by Jones 
(Philos Trans R Soc Lond 1852:142, 131–
136), and subsequently described in arteries 
and arterioles of multiple vascular beds in 
several species. Despite an abundance of 
descriptive literature regarding the presence 
of vasomotion, to date we do not have an 
accurate picture of the cellular and ionic 
basis of these oscillations in tone, or the 
physiological relevance of the changes in 
pulsatile blood flow arising from vasomo-
tion. This chapter reviews our current under-
standing of the cellular and ionic mechanisms 
underlying vasomotion in resistance arteries 
and arterioles. Focus is directed to the ion 
channels, changes in cytosolic Ca2+ concen-
tration, and involvement of intercellular gap 
junctions in the development and synchroni-
zation of rhythmic changes in membrane 
potential and cytosolic Ca2+ concentration 
within the vessel wall that contribute to vaso-
motion. The physiological consequences of 

vasomotion are discussed with a focus on the 
cerebral vasculature, as recent advances 
show that rhythmic oscillations in cerebral 
arteriolar diameter appear to be entrained by 
cortical neural activity to increase the local 
supply of blood flow to active regions of the 
brain.
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12.1	 �Introduction

Rhythmic oscillations in the diameter of blood 
vessels have been observed for more than 
150 years beginning with the initial description 
by Jones [1]. In his analysis of veins in the bat 
wing, Jones [1] stated that there was “something 
peculiar in the flow of blood in the veins; that 
they contracted and dilated rhythmically,” with 
an average of 7–13 contractions per minute. 
Similar spontaneous and evoked oscillations in 
diameter, now generally referred to as vasomo-
tion, are accepted to be a common feature of 
arteries and veins ranging in size from conduit 
vessels (e.g., carotid arteries) to microvasculature 
of animals and humans studied in vitro and in 
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vivo under various experimental and physiologi-
cal conditions (reviewed in [2–7]). Vasomotion is 
dependent on mechanisms within the vascular 
wall, as it is observed in isolated segments of 
arterioles maintained in vitro in the absence of 
neural activity and blood flow, but it can be mod-
ulated by neurohumoral factors in a vessel- and 
species-specific manner [4, 5, 7]. An example of 
spontaneous vasomotion in a segment of rat mid-
dle cerebral artery studied in vitro by pressure 
myography is presented in Fig. 12.1. Varied pat-
terns of modulation and different sensitivities to 
pharmacological manipulation and endothelium 
removal have been described for vessels of differ-
ent vascular beds and varied caliber, suggesting 
that multiple mechanisms may contribute to the 
appearance and maintenance of vasomotion in a 
vessel-specific manner [4–8]. Despite these com-
plexities, considerable progress has been made in 
understanding the factors and mechanisms 
responsible for vasomotion. This chapter pres-
ents a current understanding of vasomotion in 
arteries and arterioles. Emphasis has been placed 
on the cellular and ionic mechanisms that have 
been postulated to contribute to the rhythmic 
oscillations in membrane potential, cytosolic 
Ca2+ concentration, and cross-bridge cycling in 
vascular smooth muscle cells during vasomotion. 
Furthermore, we explore recent advancements in 
our understanding of the influence of neural 
activity in the brain on vasomotion in the cerebral 
vasculature, and the link between the presence of 
vasomotion and metabolic demand associated 
with information processing in the brain cortex.

12.2	 �Vasomotion is a Common 
Feature of the 
Macrovasculature

Vasomotion has been observed in segments of con-
duit arteries, as well as small-resistance arteries 
and arterioles studied in vitro by wire (isometric) 
and pressure (isobaric) myography (Fig. 12.1), and 
in vessels in vivo through the application of multi-
ple techniques that assess blood flow (e.g., laser 
Doppler flow, blood cell velocity, capillary pres-
sure). For a more comprehensive presentation and 
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Fig. 12.1  Vasomotion in pressurized middle cerebral 
arteries in vitro. Panel a: Continuous recording of arterial 
diameter over a range of intraluminal pressures from 20 to 
100  mmHg. The “noisy” appearance of the recording 
results from oscillations in diameter of decreasing ampli-
tude with increased intraluminal pressure. Panel b: 
Representative expanded segments of the trace in panel a 
at 20, 40, and 100 mmHg illustrating the change in ampli-
tude and frequency of vasomotion associated with 
increased intraluminal pressure
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historical perspective the interested reader should 
consult the following review articles [2–4, 6, 8]. In 
the case of blood flow measurements, the rhythmic 
oscillations in arterial diameter during vasomotion 
evoke corresponding variations in flow velocity, or 
“flowmotion” [9, 10]. Blood flow measurements 
include variations in flow due to multiple causes; 
these include a “myogenic” component of tempo-
ral variability resulting from vasomotion, as well as 
fluctuations in flow due to cardiac and respiratory 
activity, and rhythmic endothelium-dependent and 
neurogenic mechanisms [11, 12].

Rhythmic, synchronous contraction over sev-
eral millimeters of individual vessel segments is a 
ubiquitous feature of the arterial vasculature [4, 
8]; examples include cerebral [13, 14], mesenteric 
[15–18], irideal [19], skeletal muscle [20], and 
cutaneous arteries and arterioles [21, 22]. In some 
instances, vasomotion can exhibit a more irregu-
lar character owing to the superimposition of mul-
tiple rhythms (Fig.  12.1), generated by multiple 
intrinsic oscillators at different frequencies [23, 
24], or superimposed activity originating from 
multiple initiating sites along the vessel wall. 
Reported variations in the amplitude and fre-
quency (0.01–0.3  Hz) of spontaneous vasomo-
tion, or vasomotion observed in the presence of 
intraluminal pressure, stretch, vasoconstrictors, or 
vasodilators, arise from varied physiological or 
experimental conditions, species and vascular 
bed, and vessel caliber (Fig. 12.1). Different sta-
ble patterns of vasomotion at varied frequencies 
can also emerge in the presence of various ion 
channel and transport-blocking drugs, consistent 
with the presence of multiple oscillatory mecha-
nisms in the vessel wall [7, 8]. In general, branch 
vessels of similar size behave independently and 
differences in frequency are detected at the branch 
points, with smaller downstream vessels oscillat-
ing at a higher frequency [5–7, 21, 25, 26]. 
Vasomotion is generally observed at intermediate 
levels of tone development, and may be reduced 
in amplitude or not detected towards extremes of 
full dilation or constriction [27]. The characteris-
tics of noradrenaline- and arginine vasopressin-
evoked vasomotion in rat mesenteric arteries 
assessed in vitro and in vivo were similar [16, 17, 
28]. However, differences in amplitude and fre-

quency of the oscillations were detected in vivo 
depending on the combination of anesthetic and 
vasoconstrictor employed [28]. Effects of anes-
thesia on vasomotion were previously reported in 
several studies, i.e., including an inhibition or a 
stimulation of rhythmic contractions [7, 9, 21, 
29–32]. For this reason, analysis of vasomotion in 
vessels in vivo is best performed in the awake, 
unanesthetized condition [14, 22, 31, 32].

12.3	 �Cellular Mechanisms 
of Arterial Vasomotion

No clear pattern of pharmacological sensitivity, 
endothelium removal, or neuronal dependence 
has emerged for arterial vasomotion, prompting 
the view that multiple mechanisms may be 
involved in a vessel- and species-dependent man-
ner [4, 6–8]. This section provides a summary of 
the major mechanisms postulated to underlie 
vasomotion that are largely based on an analysis 
of vasomotion in rat mesenteric arteries. Also 
presented are recent advances that (1) identify a 
role for bestrophin- and/or ANO1/TMEM16A-
containing Ca2+-sensitive chloride channels as a 
cause of rhythmic depolarizations in vasomotion 
[33–35] and (2) present contrasting views con-
cerning the role of asynchronous Ca2+ waves in 
the initiation of vasomotion in vitro and in vivo 
[7, 16, 22, 32, 36].

Vasomotion is dependent on simultaneous, 
rhythmic contraction and relaxation of smooth 
muscle cells over the length of individual vessel 
segments that may span several millimeters. By 
necessity this contractile behavior requires two 
key elements, a mechanism that synchronizes 
electrical and contractile activity in individual 
myocytes along the vessel wall, and an oscillatory 
mechanism that provides temporal control over 
Ca2+-dependent activation of cross-bridge cycling. 
Synchronized contractile behavior in individual 
vascular smooth muscle cells is not attributed to 
innervation, as neurotransmitters are released “en 
passant” from intermittent varicosities within a 
loose network of perivascular (mostly sympa-
thetic) nerves in the outer adventitial connective 
tissue layer surrounding vessels [37]. Rather, there 
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is general agreement that synchronization is 
dependent on the presence of gap junctions that 
permit intercellular electrical communication 
between individual smooth muscle cells (homo-
cellular junctions), and between smooth muscle 
and endothelial cells (heterocellular junctions) at 

myoendothelial projections (i.e., myoendothelial 
gap junctions; Fig.  12.2) [5, 7, 8, 38–40]. Gap 
junctions are formed by the alignment of two con-
nexon hemichannels in opposing cell membranes, 
with each connexon composed of six transmem-
brane connexin proteins (i.e., connexins 37, 40, 
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Fig. 12.2  Cartoon representation of the key elements pos-
tulated to contribute to arterial vasomotion. The upper car-
toon depicts a branching resistance arteriole showing the 
key structural elements, endothelial cells (ECs) lining the 
vessel lumen and arranged parallel to the direction of 
blood flow, surrounded by vascular smooth muscle cells 
(VSMCs) oriented in a perpendicular manner around the 
vessel wall, and the loose meshwork of sympathetic nerves 
and intermittent varicosities within the adventitial layer of 
connective tissue around the vessel. The lower cartoon is 
an expanded version showing that the ECs are electrically 
coupled to the surrounding VSMCs by heterocellular gap 
junctions (GJs) within myoendothelial projections that 
extend between the cell types. The postulated mechanisms 
of vasomotion within ECs and VSMCs include (1) Gq/11 G 
protein-coupled receptors, such as the α1-adrenoceptor (α1-
AR), that evoke synthesis of inositol 1,4,5-trisphosphate 
(IP3) via phospholipase C (PLC) activation and PIP2 
hydrolysis that is required to elicit the release of internal 
Ca2+ stores in the sarcoplasmic reticulum (SR) via IP3 
receptors (IP3Rs) near the plasma membrane in VSMCs 
and within myoendothelial projections of ECs. The local-
ized release of Ca2+ at these sites is denoted by the 
red shading in the cytosol between the IP3Rs and plasma 
membrane. (2) A cytosolic oscillator mechanism that 

involves cycles of Ca2+ release by IP3Rs to evoke depolar-
ization by activating cGMP-dependent Ca2+-activated 
chloride channels (cGMP-ClCa), or nonselective cation 
channels consisting of TRPC3 (activation by a direct pro-
tein-protein interaction with IP3Rs is postulated for this 
conductance) or TRPM4 proteins, in the plasma mem-
brane. The depolarization (+ΔVm) activates nearby volt-
age-gated Ca2+ channels resulting in Ca2+ influx and a 
global change in cytosolic Ca2+ concentration that evokes 
cross-bridge cycling in the myofilaments, and propagates 
electrotonically into adjacent VSMCs via homocellular 
GJs (ΔVm). Cytosolic Ca2+ concentration is subsequently 
reduced by transport into the SR via sarco/endoplasmic 
reticulum Ca2+-ATPase (SERCA) for subsequent release 
during the next cycle of vasomotion as well as extrusion 
out of the cell (not shown). (3) IP3 from VSMCs may tran-
sit myoendothelial GJs to evoke Ca2+ release and activation 
of endothelial nitric oxide synthase (eNOS) and intermedi-
ate-conductance, Ca2+-activated K+ channels (IKCa) local-
ized within and in close proximity to the myoendothelial 
projection (slightly displaced out of the projection for clar-
ity in this cartoon), with the resultant synthesis and release 
of nitric oxide (NO) activating soluble and particulate gua-
nylyl cyclase (GC) to produce the second messenger, 
cGMP, that is required for cGMP-ClCa activity
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43, and/or 45) that surround an aqueous cell-to-
cell pathway that permits electrical coupling, as 
well as the movement of ions and small molecules 
(<~1 kDa) between the cytosol of connected cells 
(reviewed in [39, 40]). Evidence that functional 
gap junctions are essential for vasomotion in rab-
bit mesenteric arteries was provided through the 
use of inhibitor peptides that disrupt the interac-
tion between gap junction hemichannels [41]. 
Vasomotion was suppressed by these peptides 
without an effect on basal tone suggesting that a 
specific block of gap junction communication was 
achieved [41]. Vasomotion was also assessed fol-
lowing genetic knockout of connexin 40 in mice, 
and only irregular contractile activity was observed 
in cremaster arterioles [42]. Finally, inhibition of 
gap junctions with heptanol or glycyrrhetinic acid 
derivatives was also reported to suppress vasomo-
tion, with the caveat that these agents are known to 
have off-target effects [41, 43, 44].

There is also consensus that the signal that pro-
motes synchronization along the vessel wall must 
be electrical in nature, i.e., a change in membrane 
potential (ΔVm) [5–8]. Only an electrical signal 
appears sufficient to account for synchronization 
over millimeter lengths of arteriolar segments that 
are considerably greater than the width of indi-
vidual myocytes (~3–5  μm) positioned perpen-
dicularly around the vessel wall [5, 16]. In this 
scenario, independent oscillations in membrane 
potential within individual myocytes are thought 
to be entrained by rapid cell-to-cell spread of elec-
trotonic current via gap junctions. This results in 
synchronized phases of depolarization, voltage-
dependent Ca2+ channel activation, and Ca2+ influx 
that evoke a simultaneous, global rise in cytosolic 
Ca2+ concentration and cross-bridge cycling in all 
myocytes along the vessel wall (i.e., a coupled 
oscillator model [5, 16, 45]).

Three generalized mechanisms are thought to 
be responsible for rhythmic contractile behav-
ior of smooth muscle (reviewed in [46]), and 
examples of each mechanism are presented in 
this book. The postulated mechanisms involve (1) 
oscillations in membrane potential in individual 
smooth muscle cells that are evoked by special-
ized pacemaker cells, such as interstitial cells 
of Cajal associated with gastrointestinal smooth 

muscle cells, and atypical smooth muscle cells 
within urogenital smooth muscle tissues; (2) 
a membrane oscillator mechanism within the 
plasma membrane that periodically depolarizes 
and hyperpolarizes membrane potential, lead-
ing to intermittent voltage-dependent Ca2+ entry 
and rhythmic activation of cross-bridge cycling; 
and (3) a cytosolic oscillator involving intermit-
tent release of Ca2+ from internal Ca2+ stores via 
inositol trisphosphate receptors (IP3R) and/or 
ryanodine receptors (RyR) in the sarcoplasmic 
reticulum [46]. It is this third scenario involving 
oscillatory Ca2+ release and refilling of internal 
Ca2+ stores that is postulated to be involved in arte-
rial vasomotion (Fig. 12.2) [5, 7, 16]. However, 
Ca2+ released from the internal stores does not 
activate contraction directly, as global elevations 
in cytosolic Ca2+ concentration are only achieved 
with depolarization and voltage-dependent Ca2+ 
channel activity in vascular smooth muscle cells 
[47]. Rather, localized Ca2+ release from IP3Rs in 
close proximity to the plasma membrane is pos-
tulated to cause the activation of a Ca2+-sensitive 
depolarizing current, and subsequent Ca2+ influx 
through voltage-dependent Ca2+ channels leading 
to contraction (Fig. 12.2) [7, 16]. Uptake of Ca2+ 
from the cytosol into the sarcoplasmic reticulum 
via sarco/endoplasmic reticulum Ca2+-ATPase 
(SERCA) activity refills the internal Ca2+ store in 
preparation for the next release event. The delay 
required for store refilling is postulated to provide 
the necessary time lag needed for rhythmicity; 
that is, in this model, IP3R-dependent store release 
and refilling is the primary cytosolic oscillator [7, 
8, 16], with release from the store dependent on 
the combination of IP3 concentration and luminal 
Ca2+ concentration [48]. Factors that influence the 
refilling process, including changes in the level of 
Ca2+ influx across the plasma membrane, cytosolic 
concentration of IP3, and level of luminal Ca2+ in 
the store, may alter the frequency of vasomotion 
by affecting this cytosolic oscillator mechanism.

The current view that arterial vasomotion is 
dependent on a cytosolic oscillator involving the 
periodic release of internal Ca2+ stores via IP3Rs, 
coupled to rhythmic oscillations in membrane 
depolarization and elevations of global cytosol 
Ca2+ concentration due to the activation of a Ca2+-
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sensitive inward current, is supported by several 
observations:

	1.	 Oscillations in membrane potential are 
detected in a variety of vessels exhibiting 
vasomotion, with depolarization observed to 
precede the onset of constriction [5, 16, 17, 
27, 49–53], with the apparent exception of iri-
deal arterioles [19, 54]. That oscillations in 
membrane potential are required for vasomo-
tion is indicated by experiments showing an 
inhibition of vasomotion in the presence of 
ATP-sensitive K+ channel-activator drugs that 
cause sustained smooth muscle hyperpolar-
ization [16, 55].

	2.	 Rhythmic, synchronized oscillations in global 
cytosolic Ca2+ concentration in smooth muscle 
cells are detected during vasomotion in arteri-
oles studied in vitro [15, 16] and in vivo [22, 
32, 36], with cytosolic Ca2+ rapidly increas-
ing prior to the onset of contraction in both 
experimental conditions. An ~0.3 s delay was 
detected between the peak elevation in cyto-
solic Ca2+ and maximal rate of constriction in 
murine ear arterioles in vivo [22], and a delay 
of ~0.9 s was detected in basilar arterial seg-
ments in vitro [53]. These values are consistent 
with the time lag between the rise in global 
Ca2+ concentration, and subsequent phosphor-
ylation of myosin regulatory light chain (i.e., 
LC20) by Ca2+-calmodulin-dependent myo-
sin light-chain kinase and contraction during 
depolarization-evoked contraction of urinary 
bladder smooth muscle following neural acti-
vation [56, 57].

	3.	 The oscillations in cytosolic Ca2+ concentra-
tion associated with vasomotion are sup-
pressed by inhibiting L-type, voltage-gated 
Ca2+ channels, or removal of extracellular 
Ca2+ [16, 17, 56, 58, 59], whereas vasomotion 
is enhanced by treatment with the Ca2+ chan-
nel activator BayK8644 [59]. Ca2+ influx via 
voltage-dependent Ca2+ channels is required 
for cross-bridge cycling, and to refill the inter-
nal Ca2+ stores following Ca2+ release by IP3Rs 
(Fig.  12.2) [5, 7]. Global elevations in cyto-
solic Ca2+ in smooth muscle cells are widely 
recognized to be dependent on membrane 

electrical activity, in which depolarization 
evokes the activation of voltage-gated Ca2+ 
channels, and oscillations in Ca2+ entry lead to 
rhythmic variations in membrane potential 
and vasomotion through intermittent filling 
and release of internal Ca2+ stores [47].

	4.	 Inhibition of the release of internal Ca2+ stores 
in vascular myocytes by blocking phospho-
lipase C-dependent inositol 1,4,5-trisphos-
phate (IP3) synthesis from phosphoinositide 
4,5-bisphosphate (PIP2) with U73122, or IP3Rs 
with the nonselective inhibitor 2-aminoethyl 
diphenylborinate (2-APB), was shown to 
prevent rhythmic oscillations in cytosolic 
Ca2+ concentration and vasomotion, as does 
blocking Ca2+ uptake into the sarcoplasmic 
reticulum with cyclopiazonic acid (CPA) or 
thapsigargin [16, 24, 27, 56, 58–61]. The key 
role played by IP3R is also indicated by the 
stimulation of vasomotion by different vaso-
constrictor agonists, noradrenaline, serotonin, 
and vasopressin, that all act on Gq/11-coupled 
receptors to evoke phospholipase C-mediated 
generation of IP3 (Fig. 12.2) [7].

Treating arteries and arterioles with ryanodine to 
alter RyR-mediated release of internal Ca2+ stores 
has varied effects on vasomotion, including a 
block of cytosolic Ca2+ oscillations and rhythmic 
contraction [16, 56, 59], alteration in the fre-
quency and amplitude of Ca2+ oscillations and 
vasomotion (as was also noted for CPA in rabbit 
mesenteric arteries), and a change in endothelium 
dependency of vasomotion from necessary to not 
required [60, 62]. These contrasting observations 
may reflect a varied contribution of RyR to the 
cytosolic oscillator in different vessels and 
experimental conditions, and/or that depleting 
internal Ca2+ stores with ryanodine or CPA may 
reveal the presence of additional oscillator mech-
anisms in the vascular wall that may or may not 
involve endothelium-dependent mechanisms [7]. 
Based on our current understanding, there is gen-
eral agreement that periodic release of Ca2+ from 
the sarcoplasmic reticulum via IP3Rs in vascular 
myocytes represents the key component of the 
cytosolic oscillator necessary for vasomotion, but 
RyRs may be involved in vessel-specific manner, 
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a view consistent with the evidence of a differen-
tial expression and functional contribution of 
RyRs, but not IP3Rs, to the regulation of cyto-
solic Ca2+ in smooth muscle cells within arteries 
and arterioles of varied size and location [63, 64].

Identification of the ionic conductance respon-
sible for rhythmic depolarization of membrane 
potential during vasomotion has been hampered 
by a lack of selective pharmacological tools to 
inhibit or activate the suspected channel candi-
dates, but the recent application of molecular 
approaches has provided novel insight. Several 
lines of evidence suggest that cGMP-dependent, 
Ca2+-activated chloride channels are stimulated 
by IP3R-dependent release of Ca2+ from the sar-
coplasmic reticulum to evoke membrane poten-
tial depolarization during vasomotion in rat 
mesenteric arteries (i.e., ECl is ~−25 mV, so acti-
vation of the channels elicits outward Cl− flux 
and depolarization; Fig.  12.2) (reviewed in [7, 
8]). Ca2+ released from the sarcoplasmic reticu-
lum via IP3R may be localized within microdo-
mains between the sarcoplasmic reticulum and 
plasma membrane such that chloride channel gat-
ing is stimulated without activation of cross-
bridge cycling (Fig.  12.2). This mechanism 
parallels the regulation of membrane potential by 
localized Ca2+ sparks created by the focal release 
of Ca2+ from RyRs that stimulate juxtaposed 
large-conductance Ca2+-activated potassium 
channels in the plasma membrane to evoke 
hyperpolarization and relaxation [47].

The rhythmic depolarizations, oscillations in 
cytosolic Ca2+ concentration, and vasomotion of 
rat mesenteric arteries evoked by α1-adrenoceptor 
activation with phenylephrine were shown to be 
dependent on the presence of cytosolic cGMP 
[16]. Moreover, a cGMP-dependent, Ca2+-
activated chloride current was observed in myo-
cytes from these arteries [65]. This current was 
found to possess biophysical and pharmacologi-
cal properties distinct from those of “classical” 
Ca2+-activated chloride channels in vascular 
smooth muscle [65] that are thought to be due to 
expression of ANO1/TMEM16A chloride chan-
nel proteins [66, 67]. Expression of another puta-
tive Ca2+-activated Cl− channel protein, 
bestrophin, was demonstrated to be essential for 

the cGMP dependence of the chloride current 
[33], and the amplitude of vasomotion in rat mes-
enteric arteries was reduced following siRNA 
knockdown of bestrophin-3 [34]. Although 
ANO1/TMEM16A silencing produced a similar 
suppression of vasomotion as bestrophin-3 
knockdown, this strategy also reduced bestrophin 
expression, so it remains unclear if the two pro-
teins form distinct channels, or that bestrophin 
confers cGMP sensitivity and unique properties 
to ANO1/TMEM16A channels by acting as an 
auxiliary subunit [35].

Alternatively, it is possible that rhythmic acti-
vation of a depolarizing, nonselective cation con-
ductance is responsible for the IP3R-dependent 
depolarization of membrane potential in vaso-
motion (Fig.  12.2). Recent electrophysiologi-
cal analysis has identified two mechanisms by 
which IP3Rs could potentially evoke rhythmic 
depolarization by activating nonselective cat-
ion channels in vascular smooth muscle cells. 
Specifically, a direct interaction of IP3Rs with 
transient receptor potential cation channels com-
posed of TRPC3 proteins was identified [68]. In 
this case, the conformational change associated 
with IP3R activation is coupled to the gating of 
TRPC3 channels via a direct, protein-protein 
interaction [68]. Alternatively, localized Ca2+ 
release by IP3R near the plasma membrane could 
evoke the activation of cation channels contain-
ing Ca2+-sensitive TRPM4 subunits [69, 70]. 
Consistent with a role for nonselective cation 
channels, an increased  level of vasomotion was 
observed in mesenteric arteries of spontaneously 
hypertensive rats (SHR) compared to normoten-
sive controls (WKY), and found to be associated 
with a greater expression of TRPC1, TRPC3, and 
TRPC5 cation channel proteins [71]. The extent 
of vasomotion was reduced by exposing the 
arteries to putative nonselective cation channel 
inhibitors, gadolinium, SKF-96365, and 2-APB, 
or antibodies against TRPC1 and TRPC3 pro-
teins [71]. Furthermore, chronic treatment of the 
SHRs with angiotensin AT1 receptor antagonist, 
but not the L-type Ca2+ channel blocker amlodip-
ine, was demonstrated to suppress TRPC protein 
expression and vasomotion in the mesenteric 
vessels [71].
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An intact, functional endothelium is essential 
for vasomotion in many, but not all, arteries [7]. 
For example, endothelial removal blocks vaso-
motion in rat mesenteric arteries [16, 59, 72–74], 
but it is potentiated by endothelial denudation or 
inhibition of NO synthesis in other vessels [23, 
75, 76]. The endothelium appears to be required 
for nitric oxide synthesis and release (Fig. 12.2). 
Nitric oxide is thought to be necessary because it 
evokes cGMP synthesis by guanylyl cyclase in 
the myocytes, and cGMP is required to facilitate 
cGMP-dependent Ca2+-activated Cl− channel 
activity and depolarization during vasomotion in 
rat mesenteric arteries (Fig.  12.2) [7, 8]. 
Consistent with this view, inhibition of nitric 
oxide synthesis (e.g., with l-NG-nitroarginine (l-
NNA)) also blocked vasomotion in these vessels, 
and it was partially restored with sodium nitro-
prusside or membrane-permeant analogs of 
cGMP [16, 59, 74, 77].

Alternatively, the endothelium may be 
required to facilitate electrical conduction and/or 
synchronization along the vessel wall. The longi-
tudinal orientation of electrically coupled endo-
thelial cells and presence of myoendothelial gap 
junctions would be expected to permit synchroni-
zation over greater distances along vessels than 
what is possible with electrotonic current spread 
within the smooth muscle layer alone [78, 79]. It 
is also possible that vasomotion is affected by 
endothelium-dependent hyperpolarization [73]. 
In this case, IP3 generated in smooth muscle cells 
by α1-adrenoceptor activation may diffuse into 
endothelial cells via myoendothelial gap junc-
tions to cause the release of Ca2+ stores within the 
myoendothelial projections. Subsequent activa-
tion of intermediate-conductance Ca2+-activated 
potassium (IKCa) channels in the endothelial cells 
may evoke hyperpolarization that spreads back 
through the junctions to regulate smooth muscle 
membrane potential and contractility [80, 81]. 
This mechanism involving IP3- and endothelial 
IKCa channel-dependent feedback dilation is 
thought to account for endothelium-mediated 
inhibition of constriction evoked by α1-
adrenoceptors (see [81]), but it may also modu-
late vasomotion [73] (Fig. 12.2).

The cellular mechanism by which vasomotion 
is initiated is controversial; recent studies (e.g., 
[22, 32]) using in vivo experimental approaches 
have cast doubt on the established model involv-
ing asynchronous Ca2+ waves arising from analy-
ses of vasoconstrictor-evoked vasomotion in rat 
mesenteric arterioles under isometric recording 
conditions in vitro [7, 8, 16]. An abundant litera-
ture on Ca2+ signaling in arteries in vitro indicates 
that activation of Gq/11-coupled receptors by vaso-
constrictor agonists is associated with the pres-
ence of asynchronous, IP3R-dependent (and/or 
RyR-dependent) oscillations in cytosolic Ca2+ 
concentration within individual vascular myo-
cytes [47, 82]. These oscillations in cytosolic Ca2+ 
occur as waves of Ca2+ elevation that spread 
through the cytosol due to regenerative Ca2+-
induced Ca2+ release from nearby IP3Rs [47, 82]. 
Significantly, asynchronous Ca2+ waves are con-
sistently detected in individual myocytes within 
the vessel wall prior to the appearance of synchro-
nous, global elevations in cytosolic Ca2+ concen-
tration and the onset of vasomotion in arteries 
studied in vitro [7, 8, 15, 16]. Peng et al. [16] pos-
tulated that the initiation of vasomotion occurs 
when these asynchronous Ca2+ wave events in 
individual cells are entrained to produce synchro-
nized, global Ca2+ elevations in myocytes along 
the length of the vessel wall. Entrainment was 
postulated to involve Ca2+-dependent activation of 
depolarizing cGMP-dependent, Ca2+-activated 
chloride current and cell-to-cell electrical com-
munication via gap junctions [16]. In this case, 
the oscillations in membrane potential in individ-
ual myocytes influence the electrical behavior of 
adjacent cells via electrotonic current flow, lead-
ing to simultaneous depolarization, global Ca2+ 
elevation, and contraction of increasingly greater 
numbers of myocytes along the vessel in the 
absence of a defined pacemaker. This mechanism 
of self-organizing behavior is comparable to that 
of crowds at sports events, such as soccer matches, 
in which songs initiated by small groups of sup-
porters spread through the crowd, and unison is 
achieved in the absence of a conductor [83].

The Peng et al. [16] model for the initiation of 
vasomotion is compelling, but it remains to be 
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established that this mechanism is applicable to 
arteries and arterioles in vivo. Indeed, although 
synchronous elevations in global cytosolic Ca2+ 
concentration and vasomotion are readily 
observed in small arteries and arterioles in vivo 
(or surgically exposed vessels in situ), asynchro-
nous propagating Ca2+ waves were only rarely 
detected in cremaster skeletal muscle arterioles 
[36, 84], femoral arteries [85, 86], and intact ear 
arterioles [22, 32]. The genetically encoded 
GCaMP2 and exMLCK fluorescent probes used 
to monitor cytosolic Ca2+ concentration by confo-
cal microscopy in these studies were shown to be 
appropriate for detecting asynchronous Ca2+ 
waves in arterial segments exposed to α1-
adrenoceptor agonist in vitro [36]. These obser-
vations suggest that technical limitations are 
likely not involved. Alternatively, Mauban et al. 
[36] indicated that a Ca2+-dependent desensitiza-
tion of IP3Rs may underlie the absence of asyn-
chronous Ca2+ waves in vivo. An increased 
cytosolic Ca2+ concentration is expected in arte-
rial myocytes in vivo due to myogenic constric-
tion evoked by intraluminal pressure, and the 
influence of neurohumoral vasoconstrictors that 
are not present under in vitro isometric recording 
conditions [36]. This elevated cytosolic Ca2+ may 
cause desensitization of the IP3Rs and preclude 
propagating Ca2+ waves, but have a limited 
impact on Ca2+ release due to receptor- and phos-
pholipase C-dependent IP3 synthesis [36]. This 
hypothesis needs to be tested experimentally. 
Alternatively, it is possible that there are multiple 
routes to vasomotion initiated by different mech-
anisms under varied physiological conditions [7, 
8]. Further study is required to resolve this key 
issue.

12.4	 �Cerebral Arterial Vasomotion 
and Neural Activity 
in the Brain

A long-held, but widely debated, view holds that 
the physiological function of vasomotion is to 
increase blood flow to supply the metabolic needs 
of downstream parenchyma [2, 21, 87–94]. 
However, whether vasomotion is a physiological 

or pathophysiological characteristic of the vascu-
lature remains unresolved [7, 8]. Historically, 
attention has focused on the peripheral vascula-
ture due to ease of access for experimentation. 
Multiple studies have shown that flowmotion in 
cutaneous microcirculation is associated with 
increased tissue perfusion, greater O2 content, 
and increased O2 extraction, consistent with a 
physiological role [5, 7, 8, 94]. Recent analysis of 
the cerebral vasculature reinforces this view, 
indicating that vasomotion is associated with 
increased oxygen delivery to active regions and a 
direct consequence of neural activity in the brain 
[14]. These new findings coupled with evidence 
that the regulation of the cerebral vasculature and 
vasomotion may be impaired in situations of cog-
nitive dysfunction such as Alzheimer’s disease 
[95, 96] highlight the importance of understand-
ing the physiological role(s) and regulation of 
vasomotion, and the differences between the 
peripheral and cerebral vasculature.

The high metabolic cost of neural electrical 
activity and lack of substantive energy reserves in 
the brain require that a mechanism known as neu-
rovascular coupling mediates dynamic regulation 
of blood flow in response to changes in neural 
activity. This regulation permits precise, spatio-
temporal matching of neuronal metabolic demand 
with the supply of O2 and glucose, and removal 
of metabolic by-products [97–99]. Blood oxygen 
level-dependent (BOLD) functional magnetic 
resonance imaging (BOLD fMRI) [100, 101] and 
intrinsic optical signal (IOS) imaging techniques 
have been widely employed as a proxy for neural 
activity related to sensory stimulation, move-
ment, and decision-making. A local positive 
BOLD signal (i.e., decreased deoxyhemoglobin) 
is indicative of augmented blood flow in response 
to an increase in neural activity. For example, 
sensory stimulation evokes a rapid increase in 
penetrating and pial arterial diameter and blood 
flow that is accompanied by a local increase in 
BOLD signal within the cortical region respon-
sible for processing the sensory signal [31, 102].

Growing attention has recently focused on 
localized, spontaneous fluctuations in BOLD sig-
nals that are detected in the absence of sensory 
stimulation, but synchronized in functionally 
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related yet distant regions of the brain that are 
connected by long range and commissural neural 
pathways, for example in symmetric regions 
across the brain midline [103–106]. Significantly, 
these so-called resting-state BOLD signals occur 
at frequencies focused around ~0.1 Hz, matching 
the frequency of the oscillations in arterial diam-
eter associated with cerebral vasomotion and 
flowmotion [9, 14, 31, 107, 108].

The precise neural correlate of resting-state 
BOLD signal fluctuations has been widely 
debated [104, 109–113], and the interested reader 
is directed to a 2016 themed issue in Philosophical 
Transactions of the Royal Society B entitled 
“Interpreting BOLD: a dialogue between cogni-
tive and cellular neuroscience” [114]. However, 
consensus has developed around the idea that they 
are the result of rhythmic fluctuations in the activ-
ity of intracortical neural networks which can be 
detected via extracellular electrophysiological 
recordings of local field potentials [111, 112, 
115–118]. Specifically, the resting-state BOLD 
signal correlates with γ-band (30–80 Hz) rhythms 
in the local field potential that are generated by 
tightly synchronized electrical activity within 
local networks of fast-spiking cortical interneu-
rons [111, 112, 115–118]. For example, such 
γ-band activity is observed in response to 
increased sensory drive in the somatosensory cor-
tex [119], and increased neural activity associated 
with working memory and learning [120, 121].

Direct evidence that cerebral vasomotion is 
entrained by oscillations in γ-band power and is 
responsible for resting-state BOLD signal was 
recently provided by Mateo and co-workers [14]. 
In their study, Mateo et al. [14] assessed the local 
field potentials generated by superficial layers of 
neurons within the vibrissa area of the  parietal 
cortex in head-restrained, conscious mice fitted 
with a transcranial window to permit two-photon 
fluorescence  microscopy of vasomotion in pial 
arterioles. Vasomotion in the arterioles was found 
to be phase-locked to γ-band oscillations pro-
duced by cortical neuronal activity with a lag of 
~2 s, and accompanied by a positive BOLD IOS 
signal due to increased blood flow that followed 
the arteriolar dilation by ~0.7 s [14]. Significantly, 
the vasomotion was transhemispheric in nature, 

with arterioles in mirrored regions across the mid-
line showing identical behavior that was mark-
edly reduced in mice lacking callosal connections 
[14]. An optogenetic approach was further used to 
establish causality between the γ-band oscilla-
tions and vasomotion. Specifically, transgenic 
mice expressing the channelrhodopsin protein in 
layer 5b pyramidal neurons were stimulated with 
a 40 Hz γ-like train of laser light pulses with a 
sinusoidal variation in intensity around 0.1  Hz 
[14] (i.e., 0.05–0.3  Hz consistent with the fre-
quency range of vasomotion in the preparation; 
[31]). Driving the cortical circuitry in this manner 
caused phase-locked vasomotion in pial arterioles 
identical to that observed during spontaneous 
activity [14]. Identical illumination in wild-type 
mice did not elicit a vasomotor response, ruling 
out a direct effect of the light stimulation protocol 
on blood flow. In contrast, mice with smooth mus-
cle-specific expression of the light-sensitive chlo-
ride pump protein, halorhodopsin, exhibited 
light-driven vasomotion consisting of ~20% 
changes in resting arterial diameter, but with no 
coherent neural activity [14]. This data set dem-
onstrates that the functional interaction is unidi-
rectional, with the neural activity entraining 
vasomotion in the arterioles, but not the reverse. 
Significantly, the amplitude of vasodilations 
observed during spontaneous vasomotion and 
functional hyperemia in response to whisker stim-
ulation were of similar magnitude and both were 
attenuated by urethane anesthesia [31], reminis-
cent of the sensitivity of vasomotion in other vas-
cular beds to anesthetics [7].

To appreciate how cerebral vasomotion may 
be phase-locked to γ-band neural activity, it is 
appropriate to consider the mechanisms of 
neurovascular coupling, as they may foster vaso-
motion. Our understanding of neurovascular cou-
pling is still evolving, but the contemporary view 
presented by Iadecola [99] indicates that vasomo-
tor responses are caused by stimulus- and brain 
region-dependent release of vasoactive media-
tors, such as nitric oxide, prostaglandins, vasoac-
tive peptides, ATP, adenosine, and/or potassium 
ions (K+) from neurons and/or astrocytes, that 
affect membrane potential within capillary endo-
thelial cells [122], pericytes [123], and/or nearby 
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smooth muscle cells in the cerebral microvascu-
lature to evoke dilation or constriction (a decline 
in  local O2 or glucose content may also be 
involved; see [99]).

For example, evidence consistent with the 
potential involvement of capillary endothelial 
cells in sensing modest elevations in extracellular 
K+ concentration due to neural activity, and com-
municating this vasodilatory signal to upstream 
arterioles was recently provided by Longden 
et al. [122]. The cortical capillary endothelium of 
mice was demonstrated to possess the Ba2+-
sensitive Kir2.1 subtype of inward-rectifier K+ 
channel that conducts hyperpolarizing K+ current 
of increased magnitude in the presence of ele-
vated extracellular K+ concentration (from ~4 to 
8–10 mM) [122], as previously shown for endo-
thelial cells in other vascular beds [124]. 
Exposing cerebral capillary endothelial cells to 
10 mM external K+ resulted in a rapid (~2 mm/s) 
propagating hyperpolarization and dilation in 
upstream arterioles in an ex vivo parenchymal 
arteriolar-capillary preparation, and increased 
red blood cell flux in the cortical vasculature of 
mice in vivo, that were similarly suppressed by 
either Ba2+ treatment or endothelium-specific 
knockout of Kir2.1 channels [122].

Hyperpolarization and vasodilation in the cere-
bral microvasculature in response to extracellular 
K+ accumulation, prostaglandin, or nitric oxide 
release during neurovascular coupling [99] evoke 
vasodilation in upstream penetrating and pial arte-
rioles by a mechanism of ascending, retrograde 
vasodilation, identical to that described for the 
peripheral vasculature [81, 122, 125–127]. The 
functional hyperemic response in the cerebral 
vasculature consists of: (1) a propagating electri-
cal signal of membrane potential hyperpolariza-
tion that rapidly spreads (~2–2.5  mm/s) into 
upstream pial and penetrating arterioles to evoke 
immediate vasodilation and (2) a second, slower 
mechanism of ascending vasodilation involving 
cytosolic Ca2+-dependent release of nitric oxide 
and prostacyclin from the endothelium in response 
to increased flow and shear stress due to dilation 
of distal terminal arterioles [102, 122, 125, 126]. 
Retrograde propagation of the hyperpolarization 
involves cell-to-cell electrical communication 

through the endothelium and then into smooth 
muscle cells via myoendothelial gap junctions to 
evoke vasodilation, being inhibited by focal dis-
ruption of the endothelium or suppression of 
endothelial Kir2.1 expression [102, 122, 126].

Retrograde, ascending propagation of hyper-
polarization evoked by neurovascular coupling 
thus represents a likely mechanism to account for 
the entrainment of vasomotion by neural activity 
in the cerebral vasculature. Rhythmic ascending 
waves of hyperpolarization evoked by neurovas-
cular coupling may serve to entrain the oscilla-
tions in membrane potential responsible for 
vasomotion at the level of the penetrating and pial 
arterioles. Periodic hyperpolarization may addi-
tionally reinforce the subsequent depolarization 
phase of each oscillation by favoring recovery 
from inactivation and increased availability of 
voltage-gated Ca2+ channels. Additionally, release 
of nitric oxide owing to increased shear stress 
could facilitate cGMP-dependent Ca2+-activated 
chloride current and oscillatory depolarization. A 
role for perivascular nerves in the modulation of 
vasomotion may also be postulated. Further 
research is required to delineate the precise 
mechanism(s) contributing to the entrainment of 
vasomotion by neural activity in the brain.

As a final point, vasomotion in the peripheral 
vasculature is similarly affected by nerve activity, 
and oscillations in separate vessel segments can 
be entrained by bursts of sympathetic nerve activ-
ity [128, 129]. This is achieved through a prolon-
gation of cycle length when nerve activity occurs 
after peak relaxation until a critical point after 
which cycle length is reduced [129]. However, in 
contrast to the role of neurovascular coupling in 
entrainment in the cerebral vasculature, entrain-
ment and vasomotion in peripheral vessels are 
facilitated by the release of noradrenaline from 
adventitial sympathetic nerve varicosities. 
Oscillations in forearm skin blood flow at 0.1 Hz 
were suppressed by sympathetic blockade fol-
lowing anesthesia by brachial plexus infiltration 
in humans [128]. Suppression of sympathetic 
nerve activity following application of the gan-
glionic blocker hexamethonium was shown to 
inhibit synchronous oscillations in cytosolic Ca2+ 
concentration and vasomotion in rabbit ear arteri-
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oles in vivo [22, 36]. Finally, 0.1 Hz fluctuations 
in cutaneous microcirculatory blood flow disap-
pear in conditions of sympathetic dysfunction 
such as in diabetes [130, 131]. The contribution 
of rhythmic ascending vasodilation to vasomo-
tion in peripheral vasculature is not known at 
present. The presence of these different mecha-
nisms for entrainment of vasomotion in cerebral 
and peripheral vasculature illustrates the chal-
lenge in developing a comprehensive understand-
ing of vasomotion and its regulation in varied 
vascular beds.

12.5	 �Summary

Despite more than 150  years of research, there 
are many questions concerning vasomotion that 
remain to be adequately addressed. Key issues 
for future study should include (1) identification 
of the inward current activated by the IP3R-
dependent release of Ca2+ stores: Specifically, is 
the contribution of cGMP-dependent, Ca2+-
activated Cl− channels ubiquitous or restricted to 
mesenteric arteries, and what is the role of nonse-
lective cation channels? (2) Why does the contri-
bution of the endothelium to vasomotion vary in 
a vessel-specific manner? (3) What is the mecha-
nism by which vasomotion in cerebral pial and 
penetrating arterioles is entrained to cortical neu-
ral activity: specifically, is this process dependent 
on rhythmic hyperpolarization associated with 
ascending vasodilation and Kir2.1 channels in 
the cerebrovascular endothelium and capillaries? 
(4) If asynchronous Ca2+ waves are not involved 
in synchronization of contractile activity in indi-
vidual myocytes in vivo, what is the mechanism 
responsible for the self-organizing behavior? (5) 
Does entrainment of vasomotion in peripheral 
and cerebral vasculature involve a differential 
contribution of neural- versus endothelium-
dependent mechanisms of modulation, respec-
tively? Novel understanding in these areas will 
undoubtedly be facilitated by technological 
advancements permitting in vivo imaging of arte-
rial diameter and cytosolic Ca2+ concentration, as 
well as cell type-specific expression of functional 
and genetically compromised proteins to selec-

tively augment and disrupt cellular processes 
postulated to contribute to vasomotion and its 
regulation in health and disease.
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