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Abstract

The smooth muscle cells (SMCs) of skeletal muscle arterioles are intricately sensitive
to changes in membrane potential. Upon increasing luminal pressure, the SMCs
depolarize, thereby opening voltage-dependent Ca?* channels (VDCCs), which leads
to contraction. Mechanisms that oppose this myogenic tone can involve voltage-
dependent and independent dilator pathways, and can be endothelium-dependent or
independent. Of particular interest are the pathways leading to hyperpolarization of
SMCs, as these can potentially evoke both local and conducted dilation. This review
focuses on three agonists that cause local and conducted dilation in skeletal muscle:
acetylcholine (ACh), adenosine triphosphate (ATP) and KCI. The mechanisms for the
release of these agonists during motor nerve stimulation and/or hypoxia, and their
actions to open either Ca*-activated K" channels (Kc.) or inwardly rectifying K*
channels (Kir) are described. By causing local and conducted dilation, each agonist

has the ability to improve skeletal muscle blood flow during exercise and ischemia.



Introduction

The myogenic tone observed in skeletal muscle arterioles occurs secondary to
depolarization and an increase in the open-probability of voltage-dependent Ca®"
channels (VDCCs) [1]. This tone is sensitive to nifedipine, reflecting a major
contribution by L-type VDCCs [1-3]. The mechanism for depolarization is not fully
understood, but possible candidates are cation influx through stretch-activated
channels [4], and transient receptor potential (TRP) channels [5]; and Ca®*-activated
channels, including TRPM4, TRPC6 and CI" channels [6]. How these are influenced by
structural proteins, which can act as both mechano ‘sensors’ and ‘transducers’ [7, 8],
has yet to be fully resolved. Together with locally-released and circulating
vasoconstrictors, the intrinsic tone in skeletal muscle vascular beds at rest is high [9].

During ischemia, including that observed at the onset of exercise, blood flow markedly
increases to satiate metabolic demand [9]. The mechanisms for selectively improving
flow to these regions are many-fold. This review will focus on the factors locally
released in response to metabolic demand, which act ultimately to hyperpolarize
smooth muscle cells (SMCs). This is of particular interest as this hyperpolarization can
not only stimulate dilation by reducing the open-probability of VDCCs within the area of
ischaemia (local dilation) but can also signal bidirectionally through the wall of the
arteries and arterioles to cause conducted dilation. Conducted dilation significantly
reduces vascular resistance to increase blood flow with sufficient magnitude to match
flow and metabolic demand [10-15]. It relies on the passage of current through gap
junctions, often including a role for myoendothelial gap junctions, using the
endothelium as the conduit [16-24, reviewed in 25] (Figure 1), and does not require
further opening of K* channels at the upstream sites. In most cases conducted dilation

is not altered in the presence of a nitric oxide synthase inhibitor [18, 25, 26].



Factors influencing blood flow in the cremaster microcirculation

The arteries and arterioles within skeletal muscle preparations used for intravital
microscopy, such as the cremaster muscle, dilate following a reduction in pO, or
stimulation of skeletal muscle bundles [27-31]. Three examples of vasodilator
mediators that could contribute to this dilation are the focus of this review. They include
acetylcholine (ACh) released from depolarized motor nerve endplates [32]; adenosine
triphosphate (ATP) released from hypoxic erythrocytes within the ischemic regions
[33]; and the K" efflux occurring during repolarization of skeletal muscle fibres that acts

to hyperpolarize adjacent SMCs [34, 35] (Figure 2).

A role for acetylcholine (ACh)?

Each skeletal muscle fibre is innervated by a motor nerve, releasing ACh as the neuro-
muscular transmitter. The pattern of innervation has been characterized within various
preparations, including hamster cremaster muscle [36], and the proposal that ACh can
spillover to reach capillaries and arterioles functionally has been demonstrated in vivo
[32]. Not only does stimulation of skeletal muscle fibres evoke a vasodilatation
dependent upon stimulus train duration within the vicinity of neuromuscular junctions
(NMJs), but dilation occurs also upstream. The dilation at the upstream site was not
dependent on muscarinic receptors whereas local dilation was, suggesting an
important role for a ‘spillover’ action of ACh directly to activate endothelial cell (EC)
muscarinic receptors and to further affect blood flow, conducted dilation upstream
beyond the spillover site [32]. Importantly from a metabolic point of view, this is
separate to the action of ACh at nicotinic receptors in the NMJ, as experiments were
performed in the presence of tubocurarine to prevent skeletal muscle contraction. The
endogenous source of ACh could also reflect release from non-neuronal sources such
as ECs themselves as the machinery for making and releasing ACh exists within ECs

[37]. How this links to release during increased metabolic demand is not yet known. In



various rodent models for intravital microscopy and sharp microelectrode recordings, it
has been shown that focally-applied ACh can stimulate both local and conducted
hyperpolarization and dilation [38], responses that are associated with and dependent

on increases in EC Ca?* at the site of stimulation [39, 40].

When studied in isolation and under luminal pressure, ACh stimulates an increase in
EC Ca*, hyperpolarization and dilation of rat cremaster arterioles, a response
underpinned by opening all three subtypes of Ca?*-activated K* (Kc,) channels: small
(S), intermediate (1) and large (B) conductance, sensitive to apamin, TRAM-34, and
iberiotoxin, respectively [1, 24, 26, 40]. In cremaster arterioles, both SKc, and K¢,
channels are present in endothelial cells (ECs) whereas BKc¢, channels are present in
at least SMCs [41-44]. It has also been shown that a similar profile of hyperpolarization
is observed in vivo, as shown following either genetic deletion or pharmacological
blockade [22, 45, 46]. Therefore with each cycle of skeletal muscle contraction, ACh
can potentially act locally at EC muscarinic receptors to stimulate local and conducted
dilation. Whether ACh is similarly released from non-neuronal sources during

ischaemia has yet to be defined.

A role for adenosine triphosphate (ATP)?

The concentration of extracellular ATP increases when erythrocytes are made hypoxic,
and can act at EC purinergic P2X and P2Y receptors to stimulate dilation [18, 26, 33,
47, 48]. When luminally applied to arterioles, ATP stimulates both local and conducted
dilation both in vivo [40, 49] and in isolated cremaster arterioles [26]. In this context
ATP can act via Gg11-coupled P2Y4 receptors [26] although other receptors likely also
play a role; and if broken down to adenosine, can potentially act at adenosine
receptors [50]. The EC P2Y receptor responses are very similar in profile to that of ACh,

acting via Kca channels stimulated by increases in EC Ca®" [26, 40]. Therefore in



situations of ischaemia, whether at rest or during exercise, the circulating erythrocytes
can act as specialized shuttles for the release of ATP which then stimulates dilation
and improves flow. When flow increases, potentially both the pO, and velocity of flux
increases, reducing both the stimulus for and accumulation of ATP. As with ACh, the
sources of ATP can be many-fold, including neuronal and non-neuronal sources such
as ECs [51-53], and interestingly there is evidence that ECs can release ATP in
response to hypoxia [52]. How each source may or may not contribute to dilation

requires further investigation.

A role for K*?

Small increases in the concentration of extracellular K*, up to 20 mM KCI, stimulates
hyperpolarization and dilation of skeletal muscle arterioles due to opening Kigr channels
and stimulation of the Na'/K*-ATPase [24, 26, 54]. KCI can also stimulate conducted
dilation in skeletal muscle, shown with focally-applied KCI at various concentrations [26,
55, 56] and by luminal perfusion [26]. When applied for short periods at 19 mM, KCI
stimulated both local and conducted dilation via activation of Kigr channels [26], a profile
similar to that seen in the coronary microcirculation [57]. The actions of KCI are of
relevance within skeletal muscle as K can accumulate extracellularly during fibre
contraction both from open voltage-gated K* channels in each repolarization phase, or
via Katp channels when intracellular ATP levels decrease. K* channels in the vascular
wall itself could also play a role, and indeed the accumulated K* acting at vascular K
channels can act in an autocrine manner. Of interest with Kigr channels is their property
of being more likely to be open at hyperpolarized potentials, therefore Kr channels are
more effective as membrane potential approaches the equilibrium potential [58]
(calculated as ~-90mV), helping to maintain hyperpolarization and dilator responses.
Kir channels are at least expressed in hamster cremaster arteriole smooth muscle cells

[54], but their presence in ECs has not yet been established. However, the latter may



provide the pathway for facilitating conducted dilation [26, 59]. Thus, the action of K*
itself could signal from contracting skeletal muscle fibres to act on the vasculature, and

then may also act by amplifying conducted dilation.

Other vasodilators within the microcirculation

Katp channel openers such as pinacidil and cromakalim stimulate local and conducted
dilation in hamster [29] and mouse [46, 60] cremaster preparations in vivo. Therefore,
as ATP levels drop in SMCs where the channels are expressed [61], this pathway
could be stimulated. Further to this, agonists acting through Gs-coupled receptors in
SMCs can potentially activate Karp channels via protein kinase A [62], including
catecholamines, adenosine, prostacyclin, and calcitonin gene-related peptide, to
similarly evoke local and conducted dilation. In endothelial cells agonists acting at
Gg11-coupled receptors could act in a similar manner to ACh and ATP, including 5-
hydroxytryptamine, histamine, bradykinin, tachykinin, calcium-sensing, and proteinase-

activated receptors.

Evidence in humans

The ability of ACh, ATP and K" to act as autocrine and paracrine vasodilators is clear
(Figure 2). When measured in the blood of humans the concentration of ACh and it's
breakdown product choline were <10 nM and >10 pM, respectively [63, 64]. This
relatively high concentration of choline provides the tantalizing possibility that a non-
neuronal cholingeric system yet to be resolved is important, and may involve blood
components. When measured in humans, the plasma concentration of ATP is ~1 uM
[65] and appears to play a role during exercise [51]; and the circulating levels of K* in
plasma can increase by a few millimolar during exercise [66]. As in rodents, there is
much evidence for vasodilator actions of each of these mediators, at least partly via the

opening of K channels [34, 67, 68]. Whether these mediators stimulate conducted



dilation in human skeletal muscle has yet to be established, although there is some

evidence for conducted dilation in human coronary arterioles [69].

In summary, a number of different mediators and ion channels have been implicated in
the phenomenon of conducted dilation in skeletal muscle vascular beds. The
contribution by each mediator to the amplitude and time course of an observed

response remains to be established and represent areas of future important research.
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Figures and Legends
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Figure 1. Structure of the arteriolar wall. Isolated, cannulated rat skeletal muscle
arteriole with myogenic tone fixed at an intraluminal pressure of 75 mmHg and imaged
by electron microscopy (a: TEM; b: 3D SEM) indicating the orientation of and contacts
between cells. VSM, smooth muscle cell; EC, endothelial cell; IEL, internal elastic

lamina.
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Figure 2. Factors influencing blood flow in skeletal muscle. Schematic depicting
the agents known to influence blood flow within skeletal muscle. This review is limited
to known actions at the arterial circulation, but recent evidence supports roles for
pericytes, capillaries and post-capillary venules [70]. If the local stimulus leads to
opening either SMC or EC K" channels, conducted dilation may be observed. 5HT, 5-
hydroxytryptamine; BK, bradykinin.



