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ABSTRACT
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Advisor:
Dr. Coral L. Murrant

Arterioles are thought to be important in coordinating skeletal muscle blood flow,
but they lack a consistent architectural relationship with skeletal muscle and the
signalling capability to direct flow to specific fibres. However, capillaries have a
conserved architectural proximity with skeletal muscle fibers and can direct flow by
signalling the upstream arteriole controlling their perfusion. Signalling mechanisms at
the capillary level remain understudied. Therefore, we aimed to characterize capillary
signalling by investigating i) whether redundancies occur between vasodilators at the
capillary level and ii) if a second pathway is involved in mediating the capillary
conducted response.
Using the hamster cremaster muscle, we stimulated capillaries with vasodilators
in the absence and presence of a second vasodilator. Using K+, ADO and SNAP (NOdonor) we demonstrated that vasodilators can inhibit one another's vasodilatory effects.
We found that KCl significantly attenuated SNAP- and ADO-induced vasodilatations,
ADO attenuated KCl and SNAP-induced vasodilatations and NO attenuated KClinduced vasodilatation. During muscle contraction, only when K+ was inhibited were NO
or ADO able to elicit a detectable vasodilatation. Therefore, we have demonstrated
inhibitory interactions occur between vasodilators at capillary. As these interactions

occur during muscle contraction indicate that redundancies between vasodilators
are physiologically relevant and influence vasodilatation during active hyperaemia.
We sought to determine the role pannexin/purinergic-dependent signalling plays
in mediating the capillary conducted response. Using hamster cremaster muscle, we
stimulated capillaries via vasodilators (KCl, ADO, PIN, SNAP and ACh) in the absence
and presence of blockers of the pannexin/purinergic-dependent pathways (MEF, PROB
and SUR) and gap-junction dependent pathway (HALO). We found that KCl-, ADO- and
PIN-induced conducted responses were pannexin/purinergic-dependent, NO-induced
upstream vasodilatation was GJ-dependent while ACh upstream vasodilatations were
both GJ- and pannexin/purinergic-dependent. To establish the physiological relevance
of pannexin/purinergic-dependent signalling we stimulated capillaries via muscle
contraction in the absence and presence of the MEF, SUR, and HALO. We
demonstrated that during contraction the conducted response could be propagated via
either pathway, however this was dependent on contraction parameters. These data
demonstrate the capillary conducted response is, at times, dependent upon the
pannexin/purinergic- pathway making it potentially critical in the regulation of skeletal
muscle blood flow.
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1 CHAPTER 1
INTRODUCTION & REVIEW OF LITERATURE
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1.1

The concerted relationship between tissue perfusion and metabolism
Active hyperaemia (sometimes referred to as functional hyperaemia) describes the

increase in blood flow observed during periods of heightened tissue metabolism. This
response functions to ensure that oxygen (O2) and substrate delivery meets and
matches the O2 nutrient requirement of the active tissue (Murrant & Sarelius, 2015).
Studies have demonstrated a positive linear relationship between flow and metabolism
is conserved in virtually all metabolically active tissues (Clifford & Hellsten, 2004). The
physiological importance of active hyperaemia is emphasized in instances where the
concerted relationship between flow and tissue metabolism become uncoupled. Blood
flow dysregulation, where metabolic demand outstrips O2 supply, can lead to an
impairment of ‘normal’ tissue function (Murrant & Sarelius, 2015). For instance, in the
brain, the uncoupling of blood flow and metabolic demand can lead to ischemia, causing
impairment in cognitive function (Hossmann, 1994; Venkat et al., 2016), in the heart it
can result in myocardial ischemia or infarct, leading to tissue death (Boyette & Manna,
2018) and in skeletal muscle, dysregulation causes fatigue and a decrease in force
production (Gorman et al., 1988; Hogan et al., 1994). Therefore, preserving the
relationship between blood flow and tissue metabolism is critical in maintaining and
sustaining tissue function.
Given the concerted relationship between blood flow and metabolism, active
hyperaemia is particularly pronounced in tissues with a dynamic metabolism. Skeletal
muscle, for instance, has a variable metabolic rate, being able to rapidly transition from
periods of rest to prolonged intense activity, yet throughout the these fluctuations in
2

metabolic rate, blood flow is rapidly, consistently and reliably matched to the metabolic
demand of the working muscle (Andersen & Saltin, 1985; Sarelius & Pohl, 2010). The
relationship between blood flow and skeletal muscle metabolic demand is demonstrated
by the linear relationship that exists between blood flow and indices of metabolism such
as; oxygen uptake (Bockman, 1983; Mohrman & Regal, 1988), running speed (Laughlin
& Armstrong, 1982; Armstrong & Laughlin, 1985) and contraction frequency (Mackie &
Terjung, 1983). Interestingly, the increases in tissue blood flow during heightened
metabolism are not thought to be indiscriminate, but rather that increases in flow are
specifically directed to active skeletal muscle fibres (Mackie & Terjung, 1983; Berg et
al., 1997). In turn, there may be a spatial relationship to consider as to how blood flow is
directed to active motor units.
1.2

Skeletal muscle contraction and the challenges faced by the supplying
vasculature
The initiation of skeletal muscle contraction begins with the excitement of a motor

unit, whereby stimulation of an alpha motor neuron elicits the propagation of multiple
action potentials along the nerve axon to the neuromuscular junctions causing
contraction of muscle fibres innervated by that motor nerve. Studies have shown that
the ratio between alpha-motor neurons and the number of muscles fibres they innervate
(known as the innervation ratio) range between 1:5 (extraocular muscles) to 1:1,934
(medial gastrocnemius) depending on the skeletal muscle bed (Torre, 1953; Feinstein et
al., 1955). For instance studies have shown muscle fibres within a single motor unit can
be spread over 8% to 76% of a whole muscle (Bodine-Fowler et al., 1990). Therefore,
3

motor unit activation will cause the contraction of numerous skeletal muscle fibres that
are widely dispersed throughout the whole skeletal muscle bed. This means that during
contraction skeletal muscle will be comprised of recruited and non-recruited fibres, with
active and non-active fibres residing beside one another (Enoka, 1995). Consequently,
the vasculature is challenged with coordinating increases in blood flow specifically to the
active fibres. A lack of coordination would cause a regional increase in blood flow and
overperfusion of the tissue ultimately resulting in a mismatch between blood flow
delivery and metabolic demand (Twynstra et al., 2012). Given that under normal
circumstances tissue overperfusion does not occur means that the vasculature is able
to coordinate a level of specificity such that flow is directed to active muscle fibres
dispersed throughout the skeletal muscle bed. Yet how this is achieved is currently
unknown.
1.3

Metabolic hypothesis: A mechanism for skeletal blood flow regulation
The full complement of mechanisms that regulate blood flow to active skeletal

muscle have yet to be identified. The well documented linear relationship between flow
and muscle metabolic demand has been shown to function independently of
central/neural control (Bockman, 1983), leading to the hypothesis that substance(s)
released locally from contracting skeletal muscle fibres mediate the active hyperaemic
response (Clifford & Hellsten, 2004; Rowell, 2004; Joyner & Wilkins, 2007; Sarelius &
Pohl, 2010). This hypothesis, termed the ‘metabolic hypothesis,’ proposes that products
associated with skeletal muscle contraction are released in proportion to muscle’s
metabolic rate and diffuse from the active muscle fibres and act on the vasculature to
4

elicit a vasodilatory response (Grega, 1985; Joyner & Casey, 2015).This vasodilatation
would decrease vascular resistance and increase the magnitude of perfusion
corresponding to the muscle’s metabolic demand. Yet, since the first form of the
metabolic hypothesis were proposed almost 150 years ago by Gaskell (1880), studies
to date have been unable to identify any obligatory vasoactive substance(s) involved in
the regulation of active hyperaemia. Numerous metabolic by-products have been shown
to elicit vasodilatation such as by-products of ATP hydrolysis (H+, Pi, ADP), and
oxidative phosphorylation (ADO, CO2, ¯O2) (Clifford & Hellsten, 2004; Hellsten et al.,
2012; Hong & Kim, 2017). The investigation of vasodilators proposed to be involved in
the regulation of active hyperaemia has been extended to include products associated
with muscle activation and recruitment such as; potassium (K+) and nitric oxide (NO) as
well as acetylcholine (ACh) (for review see Clifford & Hellsten, 2004; Hellsten et al.,
2012; Hong & Kim, 2017). Aside from the local factors, research has also investigated
the role of substances released by cell types closely associated with skeletal muscle
tissue such as; ATP from red blood cells (RBCs) (for review see Ellsworth et al., 2016
and Ellis et al., 2012), NO, prostanoids and endothelial derived hyperpolarizing factor
(EDHF) from endothelial cells (for review see Sandoo et al., 2010). However, the further
removed a source of a putative vasodilator is from being linked to skeletal muscle
metabolism or activation, the more challenging it is to explain how blood flow and
metabolism could be so tightly coupled. Setting aside potential sources of vasoactive
agents it is generally considered that factors mediating skeletal muscle blood flow act
via diffusion (Armstrong et al., 2007; Ross et al., 2013). Interestingly, upon the initiation
5

of muscle contraction there is an immediate (£1 second) vasodilatation and increase in
tissue blood flow, providing further support that the vasodilators mediating active
hyperaemia are released in extremely close proximity to the vasculature (Corcondilas et
al., 1964; Brock et al., 1998; Naik et al., 1999; Tschakovsky et al., 2004). Given the
capillaries intimate association with skeletal muscle fibres their role in skeletal muscle
blood flow regulation is beginning to be re-examined (Murrant et al., 2017).
Capillaries are comprised of endothelial cells and are void of vascular smooth
muscle cells (VSMC) meaning their luminal diameter is relatively fixed. Hence why
blood flow regulation is thought to be mediated by vasodilators diffusing and acting on
nearby arterioles to cause vasodilatation and increase flow to capillaries supplying
active muscle fibres (for review see Segal, 2005). However, this model, seating
arterioles as the coordinators of blood flow during heightened muscle metabolism is
beginning to come under scrutiny. This is mainly due to the fact that this would require
arterioles, controlling capillary perfusion, be positioned to be stimulated by the diffusion
of locally released vasodilators in the £1 second timeframe in which muscle contraction
causes an increase in blood flow (Corcondilas et al., 1964; Tschakovsky et al., 1996,
2004; Brock et al., 1998; Casey & Joyner, 2012). Ultimately, this would necessitate a
conserved architectural relationship between each skeletal muscle fibre and all the
arterioles controlling flow to the capillaries supplying that muscle fibre. However, there is
no evidence that this relationship exists (Bearden et al., 2004; Al Tarhuni et al., 2016).
As products of muscle contraction act via diffusion any inconsistent architectural
relationships between the muscle fibres and the arteriolar microvasculature creates
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variability in the diffusion distance translating into inconsistent tissue-vasculature
communication. Recent studies have begun to focus on capillary endothelial cells as
potential coordinators of skeletal muscle blood flow due to their conserved, close
proximity to skeletal muscle fibres and their ability to signal the upstream arteriolar
vasculature (Murrant et al., 2017). To further understand why capillaries are beginning
to be considered a critical vascular level in the coordination of skeletal muscle blood
flow during active hyperaemia we must take a closer look at their architectural
relationship with skeletal muscle in addition to their ability to communicate with other
parts of the microvascular network.
1.4

Capillaries are the vascular level most intimately associated with skeletal
muscle fibres.
While variability in the skeletal muscle microvasculature architecture can depend on

factors such as; species, skeletal muscle tissue bed and presence of disease, certain
aspects are generally conserved. Briefly, a feed inflow arteriole (1A arteriole) is paired
with an outflow vein. The 1A arteriole gives rise to smaller unpaired 2A arterioles
(sometimes referred to as the transverse arterioles), these vessels further bifurcate into
smaller arteriolar ramifications (3A arterioles, at times referred to as the branch
arterioles) which further branch to the terminal arteriolar vasculature (4A arterioles, also
referred to as the modular inflow arterioles) the final arteriole ramification before the
capillary modules (also referred to as capillary units or capillary groups). The number of
capillaries extending from the terminal arteriole range from 2-20 and supply a localized
volume of tissue before converging into an outflow venule. Importantly, the number of
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branch orders from the 1A arteriole to the terminal arteriole is species dependent. The
studies outlined in Chapters 3 and 4 use the hamster cremaster muscle, a skeletal
muscle bed 5 to 6 cells thick making it ideal for visualizing changes in vessel diameter
via intravital microscopy (Armstrong et al. 2007). While the microvascular structure is
similar to the architecture described above the hamster cremaster muscle has 4
arteriolar levels; the paired inflow arteriole (1A), transverse arteriole (2A arteriole),
branch arteriole (3A arteriole) and the terminal arteriole ramification (4A arteriole).
Figure 1.1 illustrates an idealized schematic of the hamster cremaster microvascular
network.
As mentioned, capillary modules arising from a terminal 4A arteriole, convey blood
between the inflow 4A arteriole and outflow venule. After branching from the 4A arteriole
capillaries run parallel to skeletal muscle fibres with their length being relatively
conserved across different muscle beds (Mázková et al., 1986; Lund et al., 1987; Honig
et al., 7). Considering capillaries are the prominent site of gas and nutrient/metabolite
exchange between blood and tissue, this vasculature level is the most intimately
associated with skeletal muscle fibres with little variability in distance between the
muscle and endothelial cells at an average distance of ~0.5µm (Baum et al., 2018).
Architecturally, there is a conserved relationship between capillaries and skeletal
muscle with 3-6 capillaries surrounding each muscle fibre; with the capillary:fibre ratio
being dependent upon muscle fibre type, fitness and disease state (Lillioja et al., 1987;
Hargreaves et al., 1990; Zoladz et al., 2005; Audet et al., 2011; Green et al., 2011;
Plyley & Groom, 2017).
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The average capillary length is ~800µm however length can range between 5001700µm (Eriksson & Myrhage, 1972; Mázková et al., 1986; Lund et al., 1987; Bloch &
Iberall, 1982; Honig et al., 1977). Interestingly, skeletal muscle fibre length typically
exceeds capillary length. Consequently, skeletal muscle fibres are fed by multiple
capillaries arising from multiple capillary modules. Figure 1.2 provides a schematic
illustrating how a skeletal muscle fibre can be supplied by multiple capillary modules.
Examining the literature, the average length of a cat tenuissimus muscle is 25,000μm
(Loeb et al., 1987) however the average capillary length in the muscle is 1,015μm
(Eriksson & Myrhage, 1972); therefore, each muscle fibre will be supplied by capillaries
from at least 25 modules, and each of these will be associated with 25 different
upstream 4A arterioles. In the hamster retractor muscle, it has been estimated that over
50 capillary modules supply each muscle fibre with flow through each of these modules
being governed by their associated 4A arteriole (Emerson & Segal, 1997).
Architecturally, each of these 50 4A arterioles are a bifurcation from a different
upstream 3A arteriole in distant parts of the arteriolar network. This architecture raises
the question of how metabolically active skeletal muscle fibres are able to communicate
their need for an increase in capillary perfusion to the specific arterioles that control the
capillary modules that supplies them?
1.5

Skeletal muscle microvascular architecture does not support the current
dogma of blood flow control
As mentioned, the rapid (£1 second) increase in skeletal muscle blood flow

observed upon the initiation of muscle contraction is thought to be primarily mediated by
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the diffusion of factor(s), released locally from active muscle. Given that 4A arterioles
control capillary perfusion, it is assumed that the vasoactive products released by the
active muscle fibres must be acting directly with these arterioles to cause vasodilatation
to increase perfusion of capillaries supplying active muscle. Yet, as discussed, this
requires a conserved architectural relationship between the 4A arterioles and each
skeletal muscle fibre. However, a recent review article by Murrant et. al (2017) analyzed
the relationship between arterioles and capillaries and whether their structural
relationship can facilitate the rapid vasodilatation observed in response to muscle
contraction.
Based on the diffusion equation, Murrant and colleagues calculated that for a
diffusible factor to elicit a change in blood flow within £1 second of contraction the blood
vessel being stimulated must be £40μm from the active muscle fibre. However,
arterioles are not consistently £40μm from each muscle fibre. Using estimated volume
of tissue supplied by a capillary module (Lund et al., 1987) they show that skeletal
muscle fibres and the supplying 4A arteriole may be as far as 100μm away from one
another, a distance that would take a small substance ~10 seconds to diffuse across.
Furthermore, calculations based on the tissue volume supplied by a capillary module,
as reported by Emerson & Segal (1997), show that skeletal muscle fibre and the 4A
arteriole would be separated by 270μm, which would take a small molecule ~20
seconds to diffuse across. Lastly, based on the tissue volume supplied by seven
capillary modules in the rat extensor digitorum longus muscle (Fraser et al., 2012)
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muscle fibres could be between 68.25μm and 169.5μm from a 4A arteriole. Based on
the architectural relationship between the vasculature and muscle fibres it seems as
though the terminal 4A arterioles do not possess a consistent or sufficient structural
relationship with skeletal muscle fibres that would allow a vasoactive agent to diffuse
and act on the vasculature with in a 1 second timeframe. Also addressed in the review
by Murrant et. al (2017) was the hypotheses that skeletal muscle may not be the only
source releasing vasoactive agents, but substances originating from other tissues such
as; RBCs or nerves may be involved in the regulation blood flow. However, these
hypotheses still encounter the same architectural challenges as it requires diffusion of a
substance to the terminal arteriole governing perfusion of the capillaries associated with
the contracting skeletal muscle fibres. Despite the cellular source of a vasoactive
substance, if the assumption is that arterioles are the primary site for stimulation and
diffusion is the communication mechanism, then there are spatial and architectural
complexities that need to be addressed in order to explain how diffusion of a vasodilator
can act on the 4A arteriole controlling capillary perfusion of active tissue.
The arguments above, detailing the architectural considerations that arise if the
locus of blood flow control resides at the arteriolar level, are based on the assumption
that the 4A arteriole is the vascular level stimulated by the diffusion of vasoactive
products released by active muscle fibre. This assumption is based on the fact that
there are increasingly fewer blood vessels that comprise the vascular tree upstream of
the 4A arteriole. This, in turn, substantially decrease the probability of having an
arteriole within a physiologically relevant diffusion distance from a skeletal muscle fibre
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(Bearden et al., 2004; Al Tarhuni et al., 2016). Secondly, arterioles of a higher branch
order do not seem to possess the signalling mechanisms to direct flow to specific
capillary modules associated with active muscle fibres, this idea will be expanded upon
later. From an architectural point of view, it appears as though arterioles fail to provide a
means in which blood flow can be specifically recruited to active skeletal muscle fibres.
As mentioned, capillary vasculature is intimately related to each skeletal muscle
fibre. There is little variability in distance between skeletal muscle fibres and capillary
endothelial cells given that they reside immediately beside each skeletal muscle fibre,
and along the entire length of each fibre. Based on this conserved proximity, capillary
endothelial cells are ideally positioned to be exposed to products of skeletal muscle
contractions and therefore have their finger on the metabolic pulse of the muscle.
However, for capillaries to be able to coordinate blood flow to active skeletal muscle
fibres they must be capable of being stimulated by the products released by muscle
contraction and, further, be able to communicate this signal to cause vasodilatation in
their upstream 4A arteriole to cause an increase in their own perfusion.
1.6

Capillaries can be stimulated by vasoactive products and skeletal muscle
contraction.
Capillaries small size and density in skeletal muscle has made evaluating their role

in mediating active hyperaemia a significant challenge. Despite the technological
advances over the past 358 years since capillaries were first described by Marcello
Malpighi in 1661 (Pearce, 2007), many questions regarding capillary receptor
population and signalling mechanisms still remain. However, there is evidence to
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suggest capillaries are anything but a passive piece of the microvascular network.
Capillary endothelial cells can be stimulated by vasoactive substances such as; ACh,
bradykinin, norepinephrine, phenylephrine as well as vasodilators associated with motor
unit recruitment and skeletal muscle contraction such as potassium (K+), epinephrine
(EPI), nitric oxide (NO), adenosine (ADO), among others (Dietrich, 1989; Tyml et al.,
1997; McGahren et al., 1998; Sarelius et al., 2001; Yu et al., 2000; Cohen & Sarelius,
2002; Twynstra et al., 2012; Segal et al., 1989; Song & Tyml, 1993). More specifically,
capillary stimulation with some of the aforementioned vasoactive substances can result
in the conduction of a vasoactive signal in the upstream 4A arteriole controlling the
perfusion of the stimulated capillary. The physiological relevance of capillary stimulation
has also been demonstrated as contraction of skeletal muscles fibres underlying
capillary modules induce an upstream conducted response and a subsequent
vasodilatation of the associated 4A arteriole (Berg et al., 1997; Cohen et al., 2000;
Cohen & Sarelius, 2002).
The role of capillaries in active hyperaemia remain widely understudied as many
questions surround the signalling pathway(s) underlying capillary endothelial
stimulation. Typically, current literature extends what is known about arteriolar
endothelial cells to propose potential signalling mechanisms that occur during capillary
stimulation. While making these inferences is currently the only practical approach,
there is an indication that capillary and arteriolar endothelial cells differ substantially.
This comes from the observation that the vasoactive agents ADO and NO are able to
elicit a conducted vasodilatation when applied to capillaries (Tyml et al., 1997; Cohen &
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Sarelius, 2002; Song & Tyml, 1993) however, their application onto the arteriolar
vasculature results a local vasodilatation with no evidence of any upstream or
downstream conducted vasodilatation (Rivers & Frame, 1999; Chen & Rivers, 2001;
Hoepfl et al., 2002; Wölfle et al., 2007; Delashaw & Duling, 2017; Frame, 2000). The
signalling mechanisms that may explain differences in the vasodilatory response during
stimulation of different vascular levels remain unknown. Furthermore, signalling events
during contraction are complex given that many different vasodilators associated with
muscle fibre recruitment and metabolism are released and thought to act on the
surrounding vasculature. How capillaries work to integrate the multiple signals that
occur during contraction to ultimately regulate skeletal muscle blood flow remain
understudied.
Although little is known about capillary endothelial there is evidence that skeletal
muscle capillaries are able to be stimulated by vasoactive substances and muscle
contraction, clearly demonstrating that capillary endothelial cells are an active
component of the microvascular network. Their ability to signal for changes in the
associated upstream arteriolar vasculature to influence/change tissue perfusion may be
critical in the coordination of tissue blood flow.
1.7

Redundancy and Skeletal Muscle Blood Flow
Numerous vasoactive agents have been proposed as being important in facilitating

the active hyperaemic response, however, to date none have been found to be
obligatory. This is likely due to the fact that studies investigating putative vasodilators
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have been unable to reach a consensus with regard to their role or importance in
mediating blood flow regulation. For example there is data to support a role for
adenosine as a regulator of active hyperaemia (Tabaie et al., 1977; Honig & Frierson,
1980; Kille & Klabunde, 1984), yet, other studies have been unable find a significant
role for the vasodilator (for review see Marshall, 2007), thus to date the role of ADO in
active hyperaemia remains widely disputed. A similar uncertainty exists for other
putative vasodilators such as NO and ACh (Clifford & Hellsten, 2004; Sarelius & Pohl,
2010; Mortensen & Saltin, 2014). Given the distinct lack of evidence indicating that any
single vasodilator or a common signalling mechanism is responsible for the regulation
of active hyperaemia has led current thinking to explore the idea of a more complex,
integrated, redundant control system (Rowell, 2004; Joyner & Wilkins, 2007; Hellsten et
al., 2012; Chilian & Koshida, 2001).
Redundancy describes a phenomenon whereby one vasodilator could take the place
of another if it was inhibited. This necessitates that multiple vasodilators are present at
the same time during muscle contraction and that one vasodilator (A) exerts an
inhibitory effect on the vasodilatory ability of another vasodilator (B). Therefore, when
both A and B are present the effects of A are expressed. If vasodilator A is inhibited, its
inhibition on vasodilator B is removed and the effects B will be expressed. This type of
signal interaction would allow for vasodilator B to, at least partially, compensate for the
loss of vasodilator A. This redundant signalling paradigm necessitates that certain
vasodilators have an inhibitory influence on the vasodilatory effectiveness of another.
Interestingly, there is some evidence to suggest that vasodilators can interact with one
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another. Studies have shown interactions exists between NO and prostaglandins
(Boushel et al. 2002; Schrage et al 2004; Markwald et al. 2011), NO and ADO (Casey et
al., 2013) between ADO, NO and potassium (K+) (Dua et al., 2009) as well as NO and
endothelial derived hyperpolarizing factor (EDHF) (Bauersachs et al., 1996; Kessler et
al., 1999; Huang et al., 2001; Nishikawa et al., 2000; Olmos et al., 1995). Furthermore,
studies have also found that vasodilators can interact with other vascular signalling
events as demonstrated by the fact that flow-induced vasodilatations can be potentiated
by ADO (Kuo & Chancellor, 1995) and further that an interplay between ADO, oxygen
tension, noradrenaline, vascular pressure and wall shear stress exists (Frisbee, 2002).
Furthermore, our lab was the first to show a proof-in-principle that vasodilators relevant
to skeletal muscle contraction can interact in an inhibitory manner providing evidence to
suggest the existence of a redundant control paradigm at the arteriolar level (Lamb &
Murrant, 2015). Specifically, we demonstrated physiologically relevant concentrations of
the vasodilator K+ was able to significantly attenuate the magnitude of vasodilatation
elicited both NO and ADO. The evidence that vasodilators are able to influence one
another’s vasodilatory ability implies that the magnitude of vasodilatation responsible for
the increase in blood flow in response to exercise is not determined by the sum of the
effects of individual vasodilators but rather is the product of a complex set of
interactions between multiple vasodilators. Presumably, this system functions to
preserve tissue blood flow and safeguard the coupling between flow and metabolism in
the event a vasodilator was inhibited (be it pharmacologically or pathologically),
however this has yet to be tested. Yet, whether redundancy occurs between
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vasodilators at the level of the capillary and whether it occurs during skeletal muscle
contraction is currently unexplored.
1.8

Intervascular Signalling in the Skeletal Muscle Microvasculature
Distribution of blood flow to active skeletal muscle fibres requires coordinated

communication between blood vessels within the microvascular network.
Interconnectivity in skeletal muscle vasculature is achieved via gap junctions (GJs)
(Duling & Berne, 1970; Segal & Duling, 1986; for review see Figueroa & Duling, 2009).
GJs are an intercellular conduit that creates a direct connection between the cytoplasm
of two neighbouring cells. GJs are formed from the coupling of two connexon channels
on adjacent cells, with each connexon channel being comprised of 6 connexin proteins
(Cx) (Evans & Martin, 2002; Sáez et al., 2003). While there are various connexin protein
isoforms, GJs of the vasculature are comprised of various compositions of just four
connexin proteins; Cx37, Cx40, Cx43 and Cx45 (Severs et al., 2001; Evans & Martin,
2002; Haefliger et al., 2004; Figueroa & Duling, 2009). GJs facilitate the cell-cell
signalling necessary in the coordination of the microvasculature, being a physical
junction that connects vascular smooth muscle cells (VSMC), endothelial cells (ECs)
and join VSM to ECs (via myoendothelial gap junction (MEGJ)). Studies investigating
vascular communication have demonstrated that arteriolar stimulation results in a gap
junction-dependent spread of hyperpolarization throughout the microvasculature
network (Xia et al., 1995; Schmidt et al., 2008). Propogation of hyperpolarization, at the
arteriolar level, causes a bidirectional spread of vasodilatation in the upstream and
downstream arteriolar branches (Duling & Berne, 1970b; Beach et al., 1998; Tallini et
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al., 2007; Twynstra et al., 2012; Segal et al., 2005). GJ channels have also been shown
to be expressed in skeletal muscle capillaries offering a functional connectivity between
capillaries and their upstream arterioles (for review see Bagher & Segal, 2011). The
connectivity between these two levels of the microvasculature has been demonstrated
as local stimulation of arterioles causes a hyperpolarization in the associated capillary
modules. Further evidence of this connectivity has been demonstrated as GJ
uncouplers block 4A arteriole vasodilatation in response to stimulation of capillaries with
muscle contraction and ACh (Berg et al., 1997; Cohen et al., 2000).
Interestingly, there are characteristics of upstream responses, induced by muscle
contraction, that cannot be explained by the GJ-dependent spread of hyperpolarization.
For example, the stimulation of capillaries via muscle contraction results in a
vasodilatation that conducts in an ordered directional manner. This directionality differs
from the bidirectional spread of vasodilatation that results from arteriolar stimulation.
Directionality was first described by Berg and colleagues (1997) who demonstrated that
the stimulation of capillary modules, via muscle contraction, produced an increase in
capillary perfusion by eliciting a directional conducted vasodilatation in the upstream 4A,
3A and 2A arteriole. Interestingly, the 4A arteriole supplying capillaries that were not
associated with contracting muscle but arose the same 3A arteriole did not vasodilate
(Fig. 1.3A). These findings demonstrate that capillary stimulation produces a directional
conducted vasodilatation in the upstream arteriolar vasculature that increases RBC flux
specifically to capillaries associated with active muscle fibres. Twynstra & Murrant
(2012) also found that stimulating capillaries, with the KATP channel agonist PIN,
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produced a specific and directional upstream conducted response. They observed the
pathway of vasodilatation would produce an increase in RBC flux specifically to
capillaries associated with active muscle fibres. Like Berg and colleagues (1997) they
found that the conducted response did not spread to parts of the vascular network that
were not associated with the stimulated capillary (Fig. 1.3 B). Taken together the
studies by Berg (1997) and Twynstra (2012) provided evidence that capillary stimulation
induces a directional vasodilatation which creates a specific pathway of decreased
resistance providing a mechanism to direct blood flow to specific muscle fibres. From
what is known about GJ-dependent spread of hyperpolarization in the vasculature, there
is no evidence to suggest that this signalling mechanism is capable of producing or
facilitating the propagation of a directional vasodilatory signal. Instead stimulation of
arterioles produces a less directional vasodilatation. Studies have shown stimulation of
higher order branches (closer to the 1A arteriole) produces an increasingly extensive
and less specific directionality of the conducted response, causing vasodilatation in all
associated blood vessels and thereby a regional increase in blood flow (Twynstra et al.,
2012). Therefore, stimulation of arterioles does not provide the mechanisms required for
in directing blood flow to specific capillaries.
Furthermore, the archetypal characteristic consistent with hyperpolarization is not
observed during conducted responses elicited by capillary stimulation. Stimulation of
capillaries with muscle contraction initiated an upstream 4A vasodilatation that persists
when the membrane potential was clamped via high osmolarity KCl (Cohen et al.,
2000). The implications of which are that the upstream conducted response initiated by
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capillary stimulation occur independently of hyperpolarization. This may suggest the
existence of a second signalling pathway that can facilitate the propagation of an
upstream response from capillaries to their 4A controlling arterioles.
1.9

Pannexins in the Microvasculature.
Pannexin (PanX) proteins form a membrane channels shown to release purines

such as adenosine triphosphate (ATP). Since their characterization in the early 2000s 3
pannexin isoforms (PanX 1, PanX 2 and PanX 3) have been found throughout the body
and PanX-dependent signalling has been shown to be involved in inflammatory
responses and ischemic conditions (Adamson & Leitinger, 2014; Kaneko et al., 2015;
Begandt et al., 2017). Recently, the PanX channel isoform, PanX1, has been found to
be almost ubiquitously expressed in the ECs of arteries, arterioles, venules and VSMCs
of both arterioles and venules (Begandt et al., 2017). Mechanistically, PanX membrane
channels are thought to be closed at physiological membrane potentials (Bao et al.,
2004) but have been shown to efflux ATP upon receptor-independent (including;
mechanical stimulation, depolarization, increases in intracellular [Ca2+]) and receptordependent stimulation (P2X and P2Y receptors, amongst others), for review on
mechanisms of PanX activation see Lohman & Isakson (2015). Recently, it has been
shown that high extracellular concentration of ATP is able to inhibit PanX channels,
thereby providing a proposed negative feedback regulation to this pathway (Sandilos &
Bayliss, 2012).

20

PanX1 channel expression throughout the vasculature, and its ability to efflux
purines has led to the hypothesis that the extrusion and diffusion of ATP could activate
purinergic receptors on the same and/or adjacent cells. This in turn could initiate a
signalling cascade as stimulation of purinergic receptors increase intracellular Ca2+,
which in turn could open PanX1 channels causing the propagation an extracellular ATP
signal alongside. Given the proposed PanX/purinergic signalling mechanism is
dependent upon alterations in endothelial cell intracellular [Ca2+] means that this
pathway is able to function independently of hyperpolarization or GJs, the implication of
which is that GJ and PanX signalling pathways can function independently of one
another.
Given this pathway’s recent characterization there is a lot to uncover regarding
the role of PanX1 and how it may be involved in tissue blood flow regulation during
health and disease. While this intercellular signalling pathway has been described in the
larger arteries of the body little is known about whether this communication pathway
exists in the microvasculature or is involved in blood flow regulation at this level.
1.10 ATP’s effect on the Microvasculature.
The effects of ATP on the vasculature has been relatively well characterized
since purinergic signalling was first described in 1929 (Drury & Szent-Györgyi, 1929;
Burnstock, 2012). Since then numerous purine-sensitive receptors have been identified
on both vascular smooth muscle and endothelial cells. Currently, two major
classifications of purine receptors have been characterized in the vasculature;
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purinergic 1 (P1) and purinergic 2 (P2) (for review see Burnstock, 2012). P1 receptors,
which have four receptor subtypes, selectively bind adenosine to ultimately modulate
cellular levels of cAMP. P2 receptors are subclassified into P2X and P2Y which each
have seven and eight subtypes, respectively. Differences in receptor sub-classification
are due to second signalling mechanisms and substrate binding characteristics. P2X
receptors are ligand gated ion channels which have a high binding affinity for ATP and
lower affinity for the by-products of ATP breakdown. P2Y receptors on the other hand
are G-protein-coupled receptors whose binding affinity for ATP and ADP are dependent
upon the receptor subtype. The vascular effects of purinergic receptor stimulation are
dependent upon the cell type stimulated. Stimulation of P2X receptors on VSMC result
in an increase in [Ca2+]i causing a vasoconstriction, while stimulation of P2Y receptors
on arteriolar ECs causes an increase in [Ca2+]i. The cell signalling of the latter fits with
the current model of PanX/purinergic EC signalling which is predicated on stimulation of
purinergic receptors with ATP resulting in an increase in EC [Ca2+]i.
1.11 The Impact of a Second Pathway on Active Hyperaemia
As discussed above, while evidence of a PanX/purinergic pathway has been found
in the vessels of the macrocirculation, little is known about whether this pathway exists
in the microcirculation. Current studies in the field of skeletal muscle microcirculation
operate under the assumption that capillary elicited conducted responses are solely
mediated by the GJ-dependent pathway. Therefore, investigations into the skeletal
muscle active hyperaemic response typically target the GJ signalling pathway and the
conclusions researched are interpreted with the perspective that there is one conducted
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response pathway. The prospect of a second signalling pathway, such as a
PanX/purinergic pathway at capillary level could potentially resolve some of the
disparities seen in the current literature, such as why the capillary conducted response
is not consistently blocked by gap junction uncouplers (Berg et al., 1997; Cohen et al.,
2000; Cohen & Sarelius, 2002) or why a conducted response is seemingly unaffected
by clamping membrane potential (Cohen et al., 2000). A second pathway may also
possibly begin to provide some answers as to how directionality and coordination of
skeletal muscle blood flow is achieved at the microvascular level. However, this may
raise new questions such as to whether physiological stimuli (endogenous vasodilators,
muscle contraction) stimulate this pathway. Therefore, given the importance of the
microvasculature and specifically the capillaries in the coordination of skeletal muscle
blood flow investigating the possibility of second microvascular signalling mechanism is
critical to better understanding how skeletal muscle blood flow is regulated and
coordinated to ensure that blood flow meets and matches tissue metabolic demand.
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Figure 1.1 Typified schematic of the microvasculature network in the hamster
cremaster muscle. Representative segment of the arteriolar microvascular network
(paired feed arteriole, 1A; transverse arteriole, 2A; branch arteriole, 3A; module inflow
arteriole, 4A) and associated capillaries. Diagram not to scale. Modified from Murrant et
al. (2016)
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Figure 1.2 Schematic of capillary modules supplying a skeletal muscle fibre in the
hamster retractor muscle. Modified line drawing from Emmerson & Segal (1997)
showing microvascular network in hamster retractor muscle. The skeletal muscle fibre
overlaid on this network illustrates how a single skeletal muscle fibre can be fed by
multiple capillary modules supplied by different parts of the vascular network. Diagram
not to scale.
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Figure 1.3 Directional patterning of vasodilatation observed during capillary
stimulation. A) Upstream vasodilatation observed during capillary stimulation by
skeletal muscle contraction by Berg et al. (1997). Open circles (O) represent significant
vasodilatation in response to capillary stimulation and closed circles (Æ) represent no
significant vasodilatation in response to capillary stimulation. B) Upstream vasodilatation
observed by Twynstra et. al (2012) during capillary stimulation by via micropipette
application of Pinacidil (KATP agonist). Open circles (O) represent significant
vasodilatation in response to capillary stimulation and closed circles (Æ) represent no
significant vasodilatation in response to capillary stimulation. MI – Modular inflow
arteriole (4A arteriole), TA – Transverse arteriole (2A arteriole). Diagrams not to scale.
Modified from Berg et al. (1997), Twynstra et. al (2012) and Murrant et al. (2016).
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Aim 1: Given the capillary’s role in the coordination of blood flow to active
skeletal muscle fibres we sought to determine if;
a) redundancy exists between vasodilators associated with skeletal muscle
contraction at the level of the capillary.
b) redundancy is physiologically relevant during muscle contraction at the level
of the capillary.

Aim 2: Given the importance of the capillary conducted response in the
coordination of skeletal muscle blood flow we sought to establish;
a) whether the PanX/purinergic pathway was involved in mediating the capillary
conducted response stimulated by vasodilators associated with skeletal
muscle contraction.
b) the physiological importance of the PanX/purinergic pathway characterizing
its involvement in mediating the capillary conducted response stimulated by
skeletal muscle contraction.
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3 CHAPTER 3
CAPILLARY RESPONSE TO SKELETAL MUSCLE CONTRACTION: EVIDENCE
THAT REDUNDANCY BETWEEN VASODILATORS IS PHYSIOLOGICALLY
RELEVANT DURING ACTIVE HYPERAEMIA
Presented as published in the Journal of Physiology
(February 7th 2018. DOI: 10.113/JP275467)
Iain R. Lamb, Nicole M. Novielli and Coral L. Murrant
Department of Human Health and Nutritional Sciences, University of Guelph,
Guelph, ON, Canada, N1G 2W1
Keywords: Capillary, redundancy, skeletal muscle contraction, vasodilatation
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3.1 Key Points
•

The current theory behind matching blood flow to metabolic demand of skeletal muscle
suggests redundant interactions between metabolic vasodilators.

•

Capillaries play an important role in blood flow control given their ability to respond to
muscle contraction by causing conducted vasodilatation in upstream arterioles that
control their perfusion.

•

We sought to determine whether redundancies occur between vasodilators at the level
of the capillary by stimulating the capillaries with muscle contraction and vasodilators
relevant to muscle contraction.

•

We identified redundancies between potassium and both adenosine and nitric oxide,
between nitric oxide and potassium, and between adenosine and both potassium and
nitric oxide. During muscle contraction, we demonstrate redundancies between
potassium and nitric oxide as well as between potassium and adenosine.

•

Our data show that redundancy is physiologically relevant and involved in the
coordination of the vasodilator response during muscle contraction at the level of the
capillaries.
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3.2 Abstract
We sought to determine if redundancy between vasodilators was a
physiologically relevant phenomenon during active hyperaemia. As inhibitory
interactions between vasodilators are indicative of redundancy, we tested whether
vasodilators implicated in mediating active hyperaemia, (potassium (K+), adenosine
(ADO) and nitric oxide (NO)), inhibit one another’s vasodilatory effects through direct
drug application and during muscle contraction. Using the hamster cremaster muscle
and intravital microscopy we locally stimulated capillaries with one vasodilator in the
absence and the presence of a second vasodilator (10-7M SNAP, 10-7M ADO, 10mM
KCl) applied sequentially and simultaneously, and observed the response in the
associated upstream 4A arteriole controlling the perfusion of the stimulated capillary.
We found that KCl significantly attenuated SNAP and ADO-induced vasodilatations by
~49.7% and ~128.0% respectively and ADO significantly attenuated KCl and SNAPinduced vasodilatations by ~94.7% and ~59.6% respectively. NO significantly
attenuated KCl vasodilatation by 93.8%. Further, during muscle contraction we found
that inhibition of NO production using L-NAME and inhibition of ADO receptors using
XAC was effective at inhibiting contraction-induced vasodilatation but only in the
presence of K+ release channel inhibition. Thus, only when the inhibiting vasodilator K+
was blocked was the second vasodilator, NO or ADO able to produce effective
vasodilatation. Therefore, we show that there are inhibitory interactions between
specific vasodilators at the level of the capillary. Further, these inhibitions can be

31

observed during muscle contraction indicating that redundancies between vasodilators
are physiologically relevant and influence vasodilatation during active hyperaemia.

3.3 Introduction
Skeletal muscle active hyperaemia describes the phenomenon whereby an increase in
blood flow is recruited to the tissue during periods of heightened metabolism ensuring
tissue oxygen demand and oxygen delivery are adequately matched. The locus of
blood flow control during muscle contraction has been placed locally within the muscle
tissue itself. Active skeletal muscle fibres communicate their metabolic need through
production of vasodilators which act directly on the local microvasculature to increase
blood flow. This metabolic hypothesis has been extensively studied and although many
important communicating molecules have been identified in mediating the active
hyperaemic response, none have been found to be obligatory for facilitation of the
process. Current thinking has shifted to a more integrated control paradigm in which
groups of communicating molecules interact and influence one another (Boushel et al.,
2002; Schrage et al., 2004; Mortensen et al., 2007; Markwald et al., 2011; Casey et al.,
2013), leading to the hypothesis that these interactions create redundancies between
vasodilators (Rowell, 2004; Joyner & Wilkins, 2007; Hellsten et al., 2012; Lamb &
Murrant, 2015; Chilian & Koshida, 2018).
Redundancy, in the context of active hyperaemia, refers to one vasodilator being
able to compensate for the loss of another. Recently, we have provided a proof-inprinciple clearly demonstrating that vasodilators relevant to muscle contraction
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(adenosine (ADO), nitric oxide (NO) and potassium (K+)) interact at the arteriolar level,
whereby K+ was shown to inhibit NO and ADO-induced vasodilatations and ADO
inhibited NO-induced vasodilatations (Lamb & Murrant, 2015). Inhibition between
vasodilators provides a mechanism for redundancies between vasodilators whereby
one vasodilator can take the place of another. In order to further understand and
contextualize the physiological relevance of redundancy we aimed to determine whether
inhibition between vasodilators occur during skeletal muscle contraction. Given the
potential importance of capillaries in the distribution of blood flow during active
hyperaemia (Murrant et al., 2016) we would expect redundancy between vasodilators to
occur at the level of the capillary if this signalling paradigm is, in fact, physiologically
relevant, however, whether redundancy occurs between vasodilators at the level of the
capillary is not known.
Therefore, we sought to establish whether inhibitory interactions between
vasodilators relevant to muscle contraction occurs at the level of the capillary.
Secondly, we sought to determine the physiological relevance of redundancy by
establishing if redundancy between vasodilators occurred during muscle contraction.
We have previously shown on arterioles that NO was critical at producing arteriolar
vasodilatation during muscle contraction at low contraction frequencies (6CPM) but at
high contraction frequencies (60CPM) NO was not detectable as important (Dua et al.,
2009). Further, during the increase from 6 to 60CPM, the vasodilatory role of K+
changed from being insignificant at low contraction frequencies to significant at high
contraction frequencies. Given this relationship between NO and K+, we hypothesized
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that the K+ release at high contraction frequencies may be exerting an inhibitory
influence on the ability of NO to elicit vasodilatation. Further, we have previously
demonstrated, on arterioles, that ADO was a critical vasodilator at low stimulus
frequencies (4Hz) but at high stimulus frequencies (40Hz) ADO was not detectable as
important (Dua et al., 2009). We hypothesized that K+ release at high stimulus
frequencies was inhibiting the vasodilatory actions of ADO.

3.4 Methods
All experiments were approved by the Institutional Animal Care Committee
Review Board at the University of Guelph and were conducted in accordance with the
guidelines of the Canadian Council on Animal Care. All animals had continuous access
to food and water. Following all experimental protocols animals were euthanized with
an overdose of sodium pentobarbital (0.26mg/ml I.V to effect).
3.4.1 General Protocol: Preparing the cremaster muscle for experimentation
Adult male Golden Syrian hamsters (Charles River Laboratories, Canada) (100140g; n=105) were anaesthetized with sodium pentobarbital (70mg/kg, i.p.),
tracheotomized and catheterized using polyethylene catheters (outer tip diameter
approx. 0.5mm) placed in the left femoral artery to monitor mean arterial pressure and
the left femoral vein for supplemental sodium pentobarbital infusion (10mg/ml saline,
0.56 ml/h) throughout the experimental protocol. To ensure that the hamsters were in
the surgical plane of anesthesia animal’s rate and depth of breathing and the lack of
withdrawal from a toe pinch were monitored throughout experimentation. Oesophageal
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temperature was maintained at 37°C via convective heat from a coiled water-filled glass
tube (42°C) secured under the hamster. The right cremaster was prepared for in situ
microscopy as described originally (Baez, 1973) and modified (Murrant, 2005). Briefly,
the cremaster muscle was surgically exposed and spread over a semicircular Lucite
plate and the edges of the cremaster were secured using insect pins in order to
maintain muscle tension. Throughout the cremaster isolation surgery and all
experimental protocols the cremaster muscle was constantly superfused with a
physiological salt solution (PSS) containing (in mMol/L) 131.9 NaCl, 4.7 KCl, 2.0 CaCl2,
1.2 MgSO4, 30 NaHCO3 and 0.3mg/L tubocurarine hydrochloride pentahydrate (SigmaAldrich, St. Louis, MO, USA). A physiological pH (7.35-7.45) of PSS was maintained by
aeration with 5%CO2 and 95%N2 gas. Cremaster muscle temperature was maintained
by heating the superfusion solution to 42°C and adjusting the drip rate to achieve
34±0.5°C. Following surgery, the hamster was transferred onto the microscope stage
and allowed to equilibrate for 45-60min prior to data collection.
The cremaster muscle microvasculature was visualized with an Olympus
BX51WI microscope (Olympus Canada Inc., Richmond Hill, ON, Canada) with either a
×40 long working distance water immersion objective (numerical aperture 0.80) or dry
objective (numerical aperture 0.95) depending on the experimental protocol.
Microvasculature images were displayed on a video monitor using a video camera
(DC220, Dage-MTI, USA) and digitized using EZ Grabber video compression software
(Geniatech, China). Final magnification of the site was approx. ×2000. Diameter
measurements were reproducible to within ±0.3µm (n=10).
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For all protocols capillaries were stimulated with either micropipette application
of pharmacological agents directly over a capillary or via contraction of skeletal muscle
fibres underlying a capillary module (Fig. 3.1). The capillary stimulation site was chosen
as one that could be visually tracked back to the originating 4A arteriole (see Fig. X.X in
appendix I for representative image of a 4A arteriole. The originating 4A arteriole
upstream of the stimulated capillary was used as the observation site (Fig. 3.1).

Feed arteriole
(1A)

Transverse Arteriole (2A)

Branch
Arteriole
(3A)

Micropipette

Module
inflow
Arteriole
(4A)
Upstream 4A
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Sk
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m
fib us tal
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bu
nd
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Figure 3.1 Schematic representation of the experimental site.
Schematic depicting part of the arteriolar microvascular network (feed arteriole, 1A;
transverse arteriole, 2A; branch arteriole, 3A; module inflow arteriole, 4A) and
associated capillaries. The diagram indicates the set-up of different protocols that used
either capillary stimulation by micropipette drug application or microelectrode stimulation
and the modular inflow arteriolar observation site. Schematic not drawn to scale.
36

Micropipette drug application: Using a micromanipulator (Narishige, East
Meadow, NY, USA) the tip of glass, drug-filled micropipettes (tip diameter approx.
10μm) were placed as close to the endothelial wall of a capillary as possible without
touching the vessel or overlying tissue and positioned approximately 1000µm from the
upstream 4A arteriolar observation site. Pharmacological agents were ejected from the
micropipette via pressure ejection through a water manometer (30cmH2O) and applied
to a small region of the capillary (approx. 200μm) as previously described (Frame &
Sarelius, 1995; Murrant & Sarelius, 2002). 100µM fluorescein isothiocyanate-dextran
(FITC; 4KDa; Sigma-Aldrich, St. Louis, MO, USA) was added to the micropipette
solution so brief epifluorescence could be used to verify that the pipette contents flowed
away from the upstream 4A arteriolar observation site to avoid direct exposure. Control
experiments demonstrated no significant changes in vessel diameter during a 2min
application of FITC alone (data not shown).
Skeletal muscle contraction: Muscle fibre bundles (3-5 fibres) were stimulated
directly using a silver wire microelectrode (tip diameter approx. 100µm) placed in close
proximity to, but not touching, muscle fibres running underneath the capillary module
(Fig. 3.1). The microelectrode was positioned approximately 1000µm away from the
stimulated capillaries and at least 1000µm away from the 4A arteriole observation site.
Tubocarine chloride was added to the superfusate to block nicotinic, cholinergic
membrane receptors to ensure muscle fibres were stimulated to contract directly and
not through the motor nerve. The ground electrode was placed in the superfusate
around the outer rim of the tissue support pedestal. Each stimulus was a square wave
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pulse of 0.4ms duration and 8-15 V (Grass S48 stimulator, Quincy, MA, USA.). The
voltage was adjusted to maximally stimulate 4-5 muscle fibres and then kept constant
throughout the duration of the experiment. Muscle fibres were contracted tetanically
and the stimulus frequency within a train and number of trains or contractions per
minute (CPM) varied depending on the experimental protocol (see below).
3.4.2 Capillary stimulation protocols.
Since skeletal muscle fibres are long enough to be associated with many
capillary units along their length, contracting skeletal muscle fibres will stimulate remote
parts of the vasculature which may also cause vasodilatation at the 4A arteriolar
observation site. In order to confirm that the 4A arteriolar vasodilatation was originating
solely from stimulation of the capillaries of interest we used a light-dye ablation
methodology (Segal and Jacobs, 2001) to disrupt transmission of the conducted
response pathway between the capillary stimulation site and the upstream 4A arteriolar
observation site. Initially we stimulated the capillaries for 2mins with micropipette
application of 10-5M ACh and separately, 2mins of muscle contraction (20Hz, 60CPM,
250ms train duration) and observed the vasodilatation at the upstream 4A arteriole (Fig.
3.1). We then ablated the cellular function of the vessel wall between the stimulation
and observation site by infusing 0.3ml FITC-saline solution (10% wt/v) via the femoral
vein catheter and allowed the dye to circulate for 10 mins. We chose a section of 4A
arteriole approximately half way between the capillary stimulation site and the upstream
4A arteriolar observation site and exposed approx. 80µm of vessel to excitation light of
480nm (X-CITE 120, Excelitas, Mississauga, ON) using a 40x water immersion
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objective. The vessel was exposed for 6mins followed by a 5min washout period, this
interval was repeated 3-4 times, until the site of exposure showed constriction and no
longer vasodilated to ACh. These characteristics indicated that both endothelial cells
and smooth muscle cells were damaged and no longer responsive. The light-dye injury
was limited to the 80µm segment of arteriole exposed to light while the upstream 4A
arteriolar observation site remained responsive to ACh applied directly. After light-dye
treatment the ACh application and contraction protocols were repeated while observing
the 4A arteriolar response.
Protocol 1: Sequential addition of vasodilators.
To test whether NO can alter the vasodilator ability of K+, we micropipette applied
10mM KCl (equimolar NaCl removed to preserve the osmolarity of the superfusate) to
the capillaries for 10mins. Following a 20min washout with PSS alone, 10-6M S-nitrosoN-acetylpenicillamine (SNAP; a NO donor; Sigma-Aldrich, St. Louis, MO, USA) from a
second micropipette was onto the KCl stimulation site for 5mins prior to and the during
the re-application of KCl. KCl was reapplied at the same capillary site for 10mins during
the continuous application of SNAP. To test for interactions between vasodilators the
above protocol was repeated with i) SNAP in the absence and presence of KCl, ii) 106

M ADO in the absence and presence of KCl, iii) KCl in the absence and presence of

ADO, iv) SNAP in the absence and presence of ADO and v) ADO in the absence and
presence of SNAP.
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Protocol 2: Simultaneous addition of vasodilators.
Using the same drug concentrations as in protocol 1, we tested for simultaneous
interactions between NO and K+, by first micropipette applying SNAP alone over the
capillaries for 10mins. The effect of SNAP was then washed out with 20mins
superfusion of PSS. Following washout, SNAP and KCl were micropipette applied
together (from the same micropipette) for 10min onto the same capillary site. To test for
simultaneous interactions between other vasodilators the above protocol was repeated
i) with an initial 10min exposure of ADO alone and then in combination with KCl, ii) an
initial exposure of ADO or SNAP for 10mins (chosen randomly) followed by capillary
stimulation with ADO and SNAP applied together.
Protocol 3: Redundancy between NO and K+ during muscle contraction.
Muscle fibres were contracted under capillaries at contraction frequencies of 6
and 60CPM while stimulus frequency within a train (20Hz) and train duration (250ms)
were held constant. Muscle fibres were contracted for 2mins in the absence of any
blockers added to the superfusate and then the same muscle fibres were contracted
again after a 30min incubation with NO synthase inhibitor L-NG-Nitroarginine methyl
ester (L-NAME; 10-6M; Sigma-Aldrich, St. Louis, MO, USA) with the addition of 10-7M
SNAP, to restore the tonic NO influence in the presence of NO synthase blockade.
Separately, muscle fibres were contracted in the presence of the voltage-gated K+
channel inhibitor, 3,4-diaminopyridine (DAP; 3x10-4M; Sigma-Aldrich, St. Louis, MO,
USA) to inhibit K+ release from contracting muscle. Finally, muscle fibres were
contracted in the presence of L-NAME+SNAP and DAP to determine if inhibiting K+ (the
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presumed inhibitor of NO) would enable the detection of NO as an effective vasodilator
at contraction frequencies where its role was previously undetectable. We have
previously shown that neither 10-6M L-NAME+10-7M SNAP or 3x10-4M DAP affected the
force of contraction of cremaster muscle (Dua et al., 2009).
Protocol 4: Redundancy between ADO and K+ during muscle contraction.
Muscle fibres were contracted under the capillaries at stimulus frequencies of 4
and 40Hz while contraction frequency (15CPM) and train duration (250ms) were held
constant. Muscle fibres were stimulated for 2mins in the absence of blockers added to
the superfusate and then the same muscle fibres were contracted again after a 30min
incubation with xanthine amine congener (XAC; 10-6M; a non-specific ADO receptor
antagonist; Tocris, Bristol, UK), to determine under which conditions there was a
detectable contribution of ADO. Muscle fibres were also contracted in the presence of
3x10-4M DAP to inhibit K+ release from contracting muscle. Finally, muscle fibres were
contracted in the presence of both XAC and DAP to determine if inhibiting K+
(presumably the inhibitor of ADO) would enable ADO to be an effective vasodilator at
stimulus frequencies where its role was previously undetectable. We have previously
shown that neither 10-6M XAC or 3x10-4M DAP affected the force of contraction of
cremaster muscle (Dua et al., 2009).
Following each experiment within a protocol, maximal arteriolar diameters were
recorded after 2min superfusion with 10-2M sodium nitroprusside (NO donor; Sigma-
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Aldrich, St. Louis, MO, USA), considered to produce maximal vasodilatation (Murrant et
al., 2014).
3.4.3 Data analysis and statistics.
4A arteriolar diameter was continuously recorded for 1min prior to drug
application or muscle contraction, during stimulation and for 2mins following cessation
of stimulation. Control baseline diameter was defined as the diameter of the arteriole
immediately prior to the application of the first stimulus. Experimental baseline diameter
was defined as arteriolar diameter in the presence of a blocker prior to the application of
the stimulus. For protocol 3 and 4 a second experimental baseline was defined as the
arteriolar diameter in the presence of a combination of blockers prior to muscle
contraction.
In most preparations only one arteriole was observed per cremaster but on a few
occasions 2 arterioles were observed per preparation; n indicates the number of
arterioles observed. All experiments were analyzed offline. For each protocol, arteriolar
diameter was measured every 10sec during the recording period. Still images from
digitized recording were captured every 10sec (±1sec) using FrameShot software (EoF
Productions, USA) and arteriolar diameters were measured via calibrated ImageJ
software (NIH, http://rsbweb.nih.gov/ij/).
Data are reported as mean±standard error. Where only 2 group means were
compared (Figures 3.2 and 3.3) a student’s t-test was used. When more than 2 means
were compared per data set (Figures 3.4, 3.5 and 3.6) means were compared with a
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repeated-measures ANOVA. When the ANOVA identified significant differences, a
protected least square difference test was used post hoc to determine significant
differences. Differences were considered significant when p<0.05.

3.5 Results
During all protocols there were no significant differences between baseline
diameters of control and experimental groups within each set of experiments (See
Tables 3.1-3.3 in Appendix 1).
3.5.1 Capillary stimulation control protocol.
Vasodilatation at the 4A arteriole was observed during capillary stimulation with
2min application of ACh and 2min bout of high intensity contraction (60 CPM) (Fig. 3.2).
Following light-dye ablation of the cells between the capillary stimulation site and 4A
arteriolar observation site the magnitude of vasodilatation elicited by ACh and
contraction were not significantly different from 0 (Fig. 3.2). We confirmed that
cremaster muscle force production was not affected by FITC exposure in vitro (data not
shown).
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Figure 3.2 Ablation of cells between the capillary stimulation site and the
upstream 4A arteriolar observation site eliminated upstream 4A arteriolar
Figure 2.
vasodilatation. The change in diameter in response to capillary stimulation using A)
micropipette application of ACh or B) microelectrode stimulation of a bundle of skeletal
muscle fibres under control conditions (white bars) and after ablation of cells between
the stimulation site and the 4A arteriolar observation site (black bars). # indicates
where the vasodilatation is significantly different from 0. * indicates significant
differences between conditions.
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3.5.2 Control experiments: Capillary responsiveness over time.
We used multiple micropipette application of the same vasodilator on the
capillaries over time and found that the magnitude of 4A arteriole vasodilatation was
similar with each application. The peak change in 4A arteriolar diameter with ADO
application on the capillaries was 1.9±0.1µm initially and 1.7±0.2µm one hour later (n=6,
data not shown), with KCl application was 1.2±0.1µm initially and 1.6±0.4µm one hour
later and with NO application was 1.4±0.1µm initially and 1.4±0.4µm one hour later
(n=6, data not shown).
3.5.3 Protocol 1: Sequential addition of vasodilators.
When KCl, SNAP or ADO was applied separately to capillaries, they each
evoked dilatation of the 4A arteriole. However, when any vasodilator was applied in the
presence of another vasodilator, no significant vasodilatation was detected, with the
exception where NO did not affect ADO-induced vasodilatations (Fig. 3.3).
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Figure 3.3 When added sequentially, KCl attenuated the magnitude of
vasodilatation produced by SNAP and ADO and ADO attenuated the
vasodilatation induced SNAP and KCl. The change in diameter in of the 4A arteriole
in the last minute of drug application in response to A) SNAP in the absence (n) and
presence (o) of 10mM KCl. B) KCl in the absence (n) and presence (o) of SNAP. C)
ADO in the absence (hatched bar) and presence (o) of KCl D) KCl in the absence
(hatched bar) and presence (o) of ADO E) SNAP in the absence (hatched bar) and
presence (o) of ADO and F) ADO in the absence (hatched bar) and presence (o) of
SNAP. Protocol details can be found under Protocol 1 and raw baseline and maximal
diameters can be found in Table 3.1. # indicates where the vasodilatation is
significantly different from 0. * indicates significant differences between conditions.
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3.5.4 Protocol 2: Simultaneous addition of vasodilators.
As in the sequential addition experiments, when each of SNAP, KCl and ADO
were applied separately to the capillaries, each induced significant 4A arteriolar
vasodilatation. When SNAP and KCl were applied together, and when ADO and KCl
were applied simultaneously the vasodilatation was abolished (Fig. 3.4). When ADO
and SNAP were applied simultaneously the vasodilatation was not different from the
response elicited by each vasodilator alone.
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Figure 3.4 Simultaneous addition of vasodilators demonstrates inhibition
between vasodilators. The change in diameter in of the 4A arteriole in the last minute
of drug application in response to A) 10-7M SNAP alone (o), 10mM KCl alone (r) and
10-6M SNAP+10mM KCl added together simultaneously (n). B) 10-6M ADO alone (o),
10mMKCl alone (r) and 10-6M ADO+10mM KCl added together simultaneously (n). C)
10-6M ADO alone (o),10-6M SNAP alone (r) and 10-6M ADO+10-6M SNAP added
together simultaneously (n). Protocol details can be found under Protocol 2 and raw
baseline and maximal diameters can be found in Table 3.2. # indicates where the
vasodilatation is significantly different from 0. * indicates significant differences between
Figure 4
conditions.
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3.5.5 Protocol 3: Redundancy between NO and K+ during muscle contraction.
Muscle contraction at 6CPM under capillaries evoked a significant upstream 4A
vasodilatation that was inhibited in the presence of L-NAME and not affected by the
inhibition of K+ efflux by DAP. Muscle contraction at 60CPM produced a vasodilatation
that was not inhibited by either NOS inhibition by L-NAME or K+ efflux inhibition by DAP,
but when K+ efflux was inhibited, L-NAME abolished the contraction-induced
vasodilatation (Fig. 3.5).
3.5.6 Protocol 4: Redundancy between ADO and K+ during muscle contraction.
Muscle contraction at 4Hz under capillaries evoked a significant upstream 4A
vasodilatation that was inhibited by ADO receptor inhibition using XAC but not affected
by the inhibition of K+ efflux by DAP. Muscle contraction at 40Hz produced a
vasodilatation that was not inhibited by either XAC or DAP, but when K+ efflux was
inhibited, XAC was able to significantly inhibit the contraction-induced vasodilatation
(Fig. 3.6).
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Figure 3.5 A role for NO in vasodilatation induced by muscle contraction at
60CPM can be observed only after KCl release channels are inhibited.
A) The change in diameter in response to muscle contraction under the capillaries at
6CPM in the absence (o) and presence (n) of L-NAME (nitric oxide synthase activity
inhibitor). * indicates where the vasodilatation induced by muscle contraction alone
differed significantly from muscle contraction in the presence of L-NAME. B) The
change in diameter in response to muscle contraction under the capillaries at 6CPM in
the absence (o) and presence of DAP (voltage dependent K+ channel inhibitor)
(▲) 5
Figure
and DAP+L-NAME (l). * indicates where the vasodilatation induced by muscle
contraction alone differed significantly from muscle contraction in the presence of
DAP+L-NAME. C) The change in diameter in response to muscle contraction under the
capillaries at 60CPM in the absence (o) and presence (n) of L-NAME. D) The change
in diameter in response to muscle contraction under the capillaries at 60CPM in the
absence (o) and presence of DAP (▲) and DAP+L-NAME (l). Protocol details can be
found under Protocol 3 and raw baseline and maximal diameters can be found in Table
3.3. * indicates where the vasodilatation induced by muscle contraction alone differed
significantly from muscle contraction in the presence of DAP+L-NAME.

49

A.

B.
4

4Hz
4Hz + XAC

Change in Diameter (um)

Change in Diameter (um)

4
3
2

*
1

*

*

*

*

*

*

*

*

*

*

*

0

4Hz
4Hz + DAP
4Hz + DAP + XAC

3
2
1
0
-1

-1
0

10

20

30

40

50

60

70

80

90

0

100 110 120

10

20

30

40

50

Time (sec)

D.

4

*

60

70

*
80

90

*

*

*

70

80

90

*

*

*

100 110 120

Time (sec)

40Hz
40Hz + XAC

Change in Diameter (um)

Change in Diameter (um)

C.

*

3
2
1
0
-1

4

40Hz
40Hz + DAP
40Hz + DAP + XAC

3
2
1

*

*

*

*

0
-1

0

10

20

30

40

50

60

70

80

90

100 110 120

0

Time (sec)

10

20

30

40

50

60

100 110 120

Time (sec)

Figure 3.6 A role for ADO in vasodilatation induced by muscle contraction at 40Hz
can be observed only after KCl release channels are inhibited.
A) The change in diameter in response to muscle contraction under the capillaries at
4Hz in the absence (o) and presence (n) of the adenosine receptor antagonist XAC
(purinergic membrane receptor antagonist). * indicates where the vasodilatation induced
by muscle contraction alone differed significantly from muscle contraction in the
presence of XAC. B) The change in diameter in response to muscle contraction
under
Figure 6.
the capillaries at 4Hz in the absence (o) and presence of DAP (voltage dependent K+
channel inhibitor) (▲) and DAP+XAC (l). * indicates where the vasodilatation induced
by muscle contraction alone differed significantly from muscle contraction in the
presence of DAP+XAC. C) The change in diameter in response to muscle contraction
under the capillaries at 40Hz in the absence (o) and presence (n) of XAC. D) The
change in diameter in response to muscle contraction under the capillaries at 40Hz in
the absence (o) and presence of DAP (▲) and DAP+XAC (l). Protocol details can be
found under Protocol 4 and raw baseline and maximal diameters can be found in Table
3.3. * indicates where the vasodilatation induced by muscle contraction alone differed
significantly from muscle contraction in the presence of DAP+XAC.
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3.6 Discussion
Our data demonstrate that vasodilators that stimulated capillaries interact in a
complex and integrated manner whereby some vasodilators can inhibit the
effectiveness of others. Further, we demonstrated this inhibition in the context of muscle
contraction whereby adding an antagonist of an inhibitory vasodilator resulted in the
increased effectiveness of a second vasodilator, presumably functioning to compensate
for the loss of the inhibited vasodilator. The inhibitory interactions that exist between
vasodilators provide strong support that redundancy exists between vasodilators.
Taken together, our data demonstrate that redundancy is a physiologically relevant
phenomenon occurring at the capillary during contraction and implicate redundancy in
the coordination of the distribution of blood flow during the active hyperaemic response.
3.6.1 Experimental considerations
We used muscle contraction as a stimulus for capillaries to initiate an upstream
vasodilatory response in the 4A arterioles but given that contracting skeletal muscle
fibres can far exceed the length of the capillary module being stimulated, contracting
muscle fibres will stimulate other parts of the vascular network. If the contracting muscle
fibres stimulate part of the microvascular network upstream of the 4A arteriole (i.e the
parent 2A arteriole) then a conducted response could be initiated that will spread
downstream to the 4A arteriole resulting in 4A vasodilatation that may not be
representative of capillary stimulation. We show that light/dye ablation of vascular cells
between the capillary stimulation site and the upstream 4A arteriolar observation site
abolished the vasodilatation resulting from muscle contraction and the micropipette
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application of ACh (Fig. 3.2), indicating that 4A arteriolar vasodilatation was the result of
conducted responses coming upstream from the stimulated capillaries and not
downstream from other vessels in the network. Therefore, 4A vasodilatation is a
representative assay for capillary stimulation during muscle contraction and
micropipette application protocols.
Protocol 3 was developed to test the hypothesis that the vasodilatory role of
newly generated NO formed during muscle contraction was inhibited by the presence of
K+. We used L-NAME to inhibit NO formation during muscle contraction, however,
addition of this inhibitor also inhibited the basal production of NO by resting skeletal
muscle (Balon & Nadler, 1994; Kobzik et al., 1994; Reid et al., 1998; Tidball et al.,
1998), and results in a decrease in arteriolar resting baseline diameter. In order
maintain basal levels of NO at rest while inhibiting newly formed NO generated by
muscle contraction, we supplemented L-NAME with a NO donor, SNAP, at levels that
maintained resting baseline diameter (Table 3.3). This is a critical strength in our
experimental design given that interactions between vasodilators may occur at the
intracellular level between signalling pathways and consequently care must be taken
not to disrupt these pathways at rest. Furthermore, this design allows us to conclude
that newly formed, contraction-derived NO contributes to stimulation of the capillaries
during muscle contraction.
Within each protocol capillaries were stimulated multiple times (with either
agonists/antagonists or skeletal muscle contraction). Our control experiments show that
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the magnitude of the vasodilatation induced by each agonist did not significantly differ
over time or over repeated applications. Our data also show that stimulating capillaries
with multiple bouts of contraction caused a similar vessel response with respect to the
magnitude of vasodilatation produced (6CPM and 60CPM (Fig. 3.5) and 4 and 40Hz
(Fig. 3.6).
3.6.2 Vasodilator interactions at the capillary level
We have demonstrated inhibitory interactions between vasodilators at the
capillary level that manifest in two patterns of vascular response as a consequence of
the whether the inhibition between two vasodilators was reciprocal or not. Reciprocal, or
mutual inhibition between vasodilators, as occurred between NO and K+, and ADO and
K+, resulted in no net vasodilatation when both vasodilators were present. When the
inhibition was not mutual, where ADO inhibited NO effects but NO did not inhibit ADO
vasodilatation, the result was net vasodilatation where the magnitude of the
vasodilatation was not significantly different from the magnitude of each individual
vasodilator. It is non-reciprocal inhibition that more readily fits the proposed role of
redundancy, where one vasodilator can compensate for the loss of another vasodilator.
For example, given that ADO inhibits the effects of NO, during contraction, when both
are present, there will be vasodilatation. If ADO were inhibited, the inhibition of ADO on
NO would be removed and the effects of NO would take its place. Mutual inhibition, on
the other hand, does not easily fit the definition of redundancy. If K+ and ADO are
present during contraction there will be no net vasodilatation, if ADO were to be
inhibited, the inhibition of ADO on K+ will be removed and result in a significant
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vasodilatation. Given that muscle contraction always produces vasodilatation, the
presence of reciprocal inhibition would lead us to believe that there must be more
vasodilators present, more than K+ and ADO, to produce vasodilatation. The
consequences of reciprocal inhibition indicate that vasodilatation during muscle
contraction involves a more complex network of vasodilators with a potentially complex
network of redundant interactions.
Inhibition between vasodilators occurred regardless of whether vasodilators were
added sequentially or simultaneously implicating redundancy as important throughout
an entire contraction bout. At the onset of muscle contraction, there are multiple
vasodilators present simultaneously, thus redundancy between vasodilators has the
potential to occur at the onset of exercise. If muscle contraction persists additional
vasodilators may be released as metabolism changes over time. In these instances,
new vasodilators will be introduced sequentially, in the presence of existing
vasodilators. Our data show that inhibitory interactions can form under these sequential
conditions as well. Therefore, redundancies between vasodilators can occur at all
timepoints over the course of a contraction bout. The assumption of the above
discussion is that skeletal muscle is the source of the vasodilatory products, but there
are other potential sources of vasodilators, especially over time, that may contribute to
the redundant interactions between the vasodilators. For example, an increase in blood
flow increases wall shear stress which stimulates endothelial cells production of NO at
the arteriolar level (Watanabe et al., 2005; Ungvari et al., 2001) resulting in wall shear
stress-induced vasodilatation. Therefore, once blood flow has increased, there may be
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a contribution of endothelial cell-derived NO sequentially added to the extracellular
milieu of vasodilators, which may then contribute to redundant interactions between
vasodilators. Yet, currently it is not known whether capillary endothelial cells respond to
wall shear stress in a similar manner so whether this specific example is relevant to the
capillaries is unknown. Regardless of the source of the vasodilators, given that
redundant interactions can form during simultaneous and sequential addition of
vasodilators indicates that redundancies between vasodilators could be relevant
throughout the duration of the hyperaemic response.
Determining the physiological relevance of redundancy required a demonstration
of inhibition between vasodilators during muscle contraction. However, muscle
contraction-induced vasodilatation is derived from a complexity of multiple vasodilators,
each of which may have their own inherent redundant interactions. To demonstrate
redundancy amid this complexity we relied heavily on our understanding of how
vasodilators change in relation to muscle contraction parameters. Firstly, twitch
contractions can stimulate capillaries (Berg et al., 1997; Cohen et al., 2000; Cohen &
Sarelius, 2002), but the vasodilators resulting from twitch and tetanic contractions differ
(Mihok & Murrant, 2004; Twynstra et al., 2012; Ross et al., 2013), therefore using
tetanic contractions was critical to producing physiologically relevant vasodilators.
Secondly, the stimulation parameters involved in generating a tetanic contraction (i.e.
train duration, stimulus frequency within a train, contraction frequency and total
contraction time) are important in determining the vasodilators produced (Mihok &
Murrant, 2004; Dua et al., 2009; Ray & Marshall, 2009; Ross et al., 2013). This
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observation is supported by our current data that show that vasodilatation induced by
contractions at low contraction frequencies were NO-dependent (Fig. 3.5A) but high
contraction frequencies were not (Fig. 3.5C) and vasodilatation induced by low stimulus
frequencies were ADO-dependent (Fig. 3.6A), while high stimulus frequencies were not
(Fig. 3.6C). We chose contraction parameters where a vasodilator produced significant
vasodilatation at low stimulus or contraction frequencies but whose vasodilatory role
became insignificant as frequency was increased; a vasodilator becoming ineffective
provided an indication that it may be being inhibited by another vasodilator. We found
two sets of contraction conditions that displayed these characteristics; contraction
frequency and the role of NO and stimulus frequency and the role of ADO (Dua et al.,
2009). Using these contractile conditions, we show that the vasodilatation developed at
high contraction frequencies was not affected by NO synthase inhibition with L-NAME or
inhibition of K+ release with DAP applied independently (Fig. 3.5D). But when K+
release was inhibited, L-NAME inhibited vasodilatation, indicating that with K+ blocked
NO becomes critical at mediating vasodilatation. Similar results were found using
stimulus frequency and the role of ADO; only when K+ release was blocked could the
vasodilatory effects of ADO be detected. Therefore, using specific contractile
parameters we were able to demonstrate inhibition between vasodilators during muscle
contraction and show the physiological relevance of redundancy.
Demonstration that redundancy between vasodilators occurs at the level of the
capillary under physiological conditions further solidifies the importance of capillaries in
the vascular response to muscle contraction. Capillaries close proximity to all muscle
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fibres {for example see: (Plyley & Groom, 1975; Poole et al., 1989; Hargreaves et al.,
1990; Mathieu-Costello et al., 2005; Zoladz et al., 2005)} and the ability of capillaries to
be stimulated by contraction, initiate a conducted upstream signal to vasodilate
arterioles from which they arise (Berg et al., 1997; Cohen et al., 2000; Cohen &
Sarelius, 2002), resulting in an increase in their own perfusion implicates capillaries as a
vital vascular component in the coordination of skeletal muscle blood flow during
contraction. That vasodilators interact in the inhibitory manner suggestive of redundant
interactions between vasodilators at the level of the capillary further solidifies the
importance of capillaries in the active hyperemic response.
3.6.3 Mechanisms of inhibitory interactions between vasodilators
Delineating the mechanisms which produce inhibition between vasodilators will
be a critical next step in understanding how redundancy functions during active
hyperaemia. There are many potential levels at which vasodilators can interact. They
can interact biochemically in the extracellular space, at the cell surface (i.e. with one
vasodilator interfering with another’s ability to bind to membrane receptors), or their
intracellular signalling cascades may interact. The latter can manifest itself in either the
inhibition of the effectiveness of a specific vasodilator or the inhibition of the release of a
vasodilator (i.e. K+ inhibition of NO release from capillary endothelial cells).
Unfortunately, there is little information regarding cell signalling cascades during acute
capillary endothelial cell stimulation in skeletal muscle. What we do know about
endothelial cell responses stem from research at the arteriolar level, but care must be
taken in extrapolating arteriolar endothelial cell responses to capillary endothelial cell
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responses as significant differences between these two levels of the vasculature exist.
Most notably is that NO and ADO induce conducted responses when applied to
capillaries (Song & Tyml, 1993; Tyml et al., 1997; Cohen & Sarelius, 2002) but do not
consistently cause conducted responses when applied to arterioles (ADO: (Delashaw &
Duling, 1991; Rivers & Frame, 1999; Frame, 2000; Wolfle et al., 2007); NO: (Kurjiaka &
Segal, 1995; Doyle & Duling, 1997; Rivers & Frame, 1999; Chen & Rivers, 2001; Hoepfl
et al., 2002; Budel et al., 2003; Tallini et al., 2007)). Arteriolar conducted responses are
facilitated by gap-junction connections between vascular smooth muscle cells and
endothelial cells allowing electrical (change in membrane potential) and Ca++-based
signals to be shared between cells (for review see (Bagher & Segal, 2011). Capillaries
share some of these signalling properties: conducted responses initiated at the
capillaries can be blocked using gap junction uncouplers (Berg et al., 1997; Cohen et
al., 2000; Yu et al., 2000) and capillaries are electrically connected to arterioles (Beach
et al., 1998; McGahren et al., 1998). That NO and ADO can cause a conducted
response when applied to a capillary but not when applied to an arteriole indicates that
NO and ADO stimulate fundamentally different hyperpolarization-dependent or Ca++dependent intracellular signalling pathways in capillary endothelial cells that are not
stimulated in arteriolar endothelial cells. There may be similar signalling pathways in
arterioles and capillaries with regards to K+ stimulation as K+ can initiate a conducted
response at both vascular levels (current data; Dora, 2017). On arterioles, the
vasodilatory response to low concentrations of K+ (<20mM) have been attributed to
hyperpolarization secondary to stimulation of inward rectifying K+ (KIR) channels (Loeb
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et al., 2000; Burns et al., 2004; McSherry et al., 2006; Dora, 2017) and the sodiumpotassium pump (Haddy, 1983; Burns et al., 2004; McSherry et al., 2006). Capillaries
may share a similar K+ signalling pathways. In skeletal muscle, K+ stimulates capillary
endothelial cells (Song & Tyml, 1993; Tyml et al., 1997; McGahren et al., 1998) and K+
channels sensitive to BaCl have been shown to reside in capillaries in frog skeletal
muscle (Tyml et al., 1997) and porcine capillary endothelial cells (Hoyer et al., 1991)
indicating the presence of KIR channels. Therefore, while the signalling mechanisms for
K+ in skeletal muscle capillary endothelial cells has not been characterized, skeletal
muscle capillaries may respond to K+ by stimulating KIR channels resulting in endothelial
cell hyperpolarization. Although there may be similarities in signalling pathways
between capillary and arteriolar endothelial cells, there are also stark differences, thus,
understanding mechanisms of vasodilator interaction at the level of the capillary will
require capillary endothelial cell-specific studies be performed.
3.6.4 Implications of Redundancy
Redundancy between vasodilators in active hyperaemia may explain why some
vasodilators are contentious with respect to their role in active hyperaemia and
additionally, may have led to the premature classification of some vasodilators as
insignificant to the active hyperaemic process. For example, NO is thought to contribute
only modestly to active hyperaemia (for reviews see (Radegran & Saltin, 1999;
Tschakovsky & Joyner, 2008)), a conclusion derived predominantly from experiments
where blocking NO production had little effect on the blood flow response to muscle
contraction. In light of our findings with regards to redundancy there are two
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explanations for why blocking NO would have seemingly no effect on blood flow: 1) NO
is the primary vasodilator and when its production is blocked other vasodilators
compensate for its loss, or 2) NO is present but its vasodilatory affects are being
inhibited by another vasodilator but available to cause vasodilatation should this
inhibition be removed. In either case NO should be considered important to hyperaemic
processes. Thus, adopting redundancy between vasodilators as a mechanism to
integrate vasodilatory signals during active hyperaemia will require a re-examination of
the literature and reconsideration of the vasodilators being considered to be involved in
the active hyperaemic process.
Redundancy between vasodilators adds another variable in the growing
complexity of the regulation of active hyperaemia. We have identified here and
elsewhere (Dua et al., 2009) that contraction parameters are an important variable at
dictating what vasodilators are present to promote vasodilatation. We also have shown
that redundancy between vasodilators exist and may change temporally (Lamb &
Murrant, 2015). Finally we know that capillaries and arterioles differ in their redundant
relationships (current data compared to (Lamb & Murrant, 2015)). These variables must
be considered when thinking about the role of a vasodilator in active hyperaemia. For
example, Armstrong et al., (2007) showed that K+ was involved in mediating arteriolar
vasodilatation over a range of stimulus frequencies within a train at the onset of
contraction but under similar contractile conditions over 2 minutes a role for K+ could not
be identified ((Dua et al., 2009). Therefore, K+ is an important vasodilator at the onset
of contraction but over time its effects may be minimized by an inhibitor. Further, Dua et
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al., (2009) showed a role for K+ in contraction-induced arteriolar vasodilatation over 2
minutes at 60CPM, whereas in the current data there was no detectable role for K+
during 60CPM at the level of the capillary. These differences may be due to the
vascular level being studied. Finally, Crecelius et al., (2014) implicated K+ as significant
in mediating the increase in forearm blood flow at the onset of contraction and over a 5minute contraction bout in human forearm contraction (10%MVC at 20CPM). At first
glance these results oppose the results observed here where no significant role for K+
was found, but this comparison is too simplistic given that contraction parameters differ
between the experiments and the specific vascular level being measured differs. It may
be too simplistic to ask if K+ is involved in active hyperaemia, given the complexity of the
factors. These factors include consideration of the contraction parameters used,
vascular levels involved, and potential temporal changes in vasodilator production. It
may be more appropriate to ask under what conditions will K+ be important. In order to
further our understanding of active hyperaemia we must start to consider the complexity
of the variables that integrate to result in a coordinated vascular response. It will be a
critical next step to formulate these complexities into a unified understanding of how
blood flow is ultimately matched to metabolic demand.
We have implicated redundancy as important physiologically, but the principles of
redundancy may also have potential clinical relevance. Redundancy involving
intracellular signalling pathways indicates that there may be multiple intracellular
pathways that can interact to produce the same vasodilatory function and the pathway
to get to the same result can be altered by inhibiting one part of the signalling pathway,
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allowing another to be effective. Potentially defective pathways may be circumvented by
inhibition of an inhibitor and allowing the expression of secondary cell signalling
pathways that will produce the same cell function. Understanding how redundancy
between vasodilators occurs mechanistically may open up new avenues in how we
research and potentially treat clinical manifestations of blood flow dysregulation.
3.6.5 Summary
We have demonstrated that vasodilators relevant to muscle contraction can
interact with each other at the level of the capillary to inhibit their ability to evoke
vasodilatation. These inhibitory interactions provide the mechanism necessary to
produce redundancies between vasodilators. Further, we have advanced the idea of
redundancy as an important physiological phenomenon by showing that, during skeletal
muscle contraction, inhibition of one vasodilator can enhance the effectiveness of
another. Redundancy between vasodilators introduces a new complexity in how blood
flow is matched to metabolic demand during active hyperaemia. Understanding of the
specific vasodilator environment produced by contracting skeletal muscle and how each
vasodilator interacts with others will be necessary in order to understand how
coordination of vasodilators in the intercellular space results in matching blood flow to
metabolic demand.
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3.9 Appendix 1
Table 3.1 The average baseline and maximum arteriolar diameter for experiments
where vasodilators were added in sequence (protocol 1). ‘n’ represents the number of
4A arterioles observed.
Baseline Diameter
Maximum
Figure
Protocol
n
(µm)
Diameter (µm)
3.3A
1. SNAP
6.0±0.7
14.2±1.0
6
3.3A
1. SNAP + KCl
8.2±1.0
3.3B

2. KCl

6.8±1.0

3.3B

2. KCl + SNAP

8.5±1.5

3.3C

3. ADO

8.6±0.7

3.3C

3. ADO + KCl

10±0.8

3.3D

4. KCl

7.0±0.7

3.3D

4. KCl + ADO

11.4±1.0

3.3E

5. ADO

6.0±0.4

3.3E

5. ADO + SNAP

5.7±0.8

3.3F

6. SNAP

6.9±1.0

3.3F

6. SNAP + ADO

8.7±1.6
Values are mean±SE

16.7±1.4

6

15.9±1.3

7

21.3±2.3

6

14.9±1.3

6

14.2±1.2

6

Table 3.2 The average baseline and maximum arteriolar diameter for experiments
where vasodilators were added simultaneously (protocol 2). ‘n’ represents the number
of 4A arterioles observed.
Baseline Diameter
Maximum
Figure
Protocol
n
(µm)
Diameter (µm)
3.4A
1. SNAP
5.1±0.2
13.6±1.0
10
3.4A
1. SNAP + KCl
6.0±0.9
3.4B
2. ADO
6.4±0.6
15.1±1.3
9
3.4B
2. ADO + KCl
6.1±0.8
3.4C
3. ADO or SNAP
6.7±1.0
14.3±1.0
9
3.4C
3. ADO + SNAP
7.5±0.8
Values are mean ± SE.
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Table 3.3 The average baseline and maximum arteriolar diameter for experiments
involving muscle contraction (protocol 3 and 4). ‘n’ represents the number of 4A
arterioles observed.
Figure
3.5A
3.5A
3.5B
3.5B
3.5B
3.5C
3.5C
3.5D
3.5D
3.5D
3.6A
3.6A
3.6B
3.6B
3.6B
3.6C
3.6C
3.6D
3.6D
3.6D

Baseline
Diameter (µm)

Protocol

6 CPM
6.8±0.5
6 CPM + L-NAME
7.9±0.6
6 CPM
8.2±0.6
6 CPM + DAP
7.2±0.8
6 CPM + DAP + L-NAME
6.8±1.0
60 CPM
7.6±0.6
60 CPM + L-NAME
6.8±0.6
60 CPM
7.8±0.4
60 CPM + DAP
6.5±0.8
60 CPM + DAP + L-NAME
7.4±0.9
4 Hz
8.6±1.2
4 Hz + XAC
9.9±1.4
4 Hz
7.5±0.6
4 Hz + DAP
8.4±1.3
4 Hz + DAP + XAC
5.6±0.5
40 Hz
10.3±1.5
40 Hz + XAC
10.6±1.7
40 Hz
7.9±1.0
40 Hz + DAP
7.8±1.3
40 Hz + DAP + XAC
6.9±1.0
Values are mean ± SE.

65

Maximum
Diameter (µm)

n

14.2±0.7

12

15.5±0.7

8

14.1±0.7

12

14.8±1.0

8

17.4±1.5

9

15.4±1.4

8

18.8±1.5

7

15.4±1.5

8

Endothelial Cell
Lumen (Blood Column)

Vascular Smooth
Muscle Cell

Figure 3.7 Representative intravital microscopy image of a 4A arteriole at baseline
diameter in the hamster cremaster muscle.
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4 CHAPTER 4
FUNCTIONAL COORDINATION OF SKELETAL MUSCLE VASCULATURE VIA A
PURINERGIC/PANNEXIN-DEPENDENT INTRAVASCULAR SIGNALLING
PATHWAY.
For submission in the Journal of Physiology
(Manuscript in preparation)
Iain R. Lamb, Nicole M. Novielli and Coral L. Murrant
Department of Human Health and Nutritional Sciences, University of Guelph,
Guelph, ON, Canada, N1G 2W1
Keywords: Active hyperaemia, blood flow, capillary, microvasculature, skeletal muscle
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4.1 Key Points
•

Capillaries coordinate skeletal blood flow; their stimulation elicits a conducted
vasodilatation in the arteriole controlling their perfusion which is thought to be
mediated by gap junction-dependent spread of hyperpolarization.

•

Differences between gap-junctional communication and characteristics of
conducted vasodilatation elicited by capillary stimulation via muscle contraction
suggests a second pathway is involved in mediating the conducted
vasodilatation.

•

Recently, pannexin (PanX) channels have been found throughout the skeletal
microvasculature. PanX communication is hyperpolarization-independent and
involves the release of ATP through PanX channels which activates purinergic
receptors on neighboring cells causing a PanX-mediated release of ATP,
continuing signal propagation.

•

We sought to determine if a PanX/purinergic-dependent signalling is involved in
mediating conducted vasodilatation at the capillary level.

•

We found capillary stimulation with certain vasodilators and muscle contraction
parameters stimulate a PanX-dependent conducted vasodilatation. Our data
show that some agonists elicit a PanX-dependent conducted response, others
are gap junction-dependent, and some use both pathways.
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4.2 Abstract
We sought to determine the role pannexin/purinergic-dependent signalling plays
in mediating conducted vasodilatation elicited by skeletal muscle capillary stimulation.
Using hamster cremaster muscle and intravital microscopy we stimulated capillaries
locally while observing the associated upstream 4A arteriole. Capillaries were
stimulated with vasodilators associated with muscle contraction (10mM KCl, 10-6M
ADO, 10-5M PIN, 10-6M SNAP (NO-donor), ACh, 10-5M) in the absence and presence
of, pannexin blockers mefloquine (MEF; 10-5M), probenecid (PROB; 5x10-6M),
purinergic receptor blocker suramin (SUR 10-5M) and gap-junction uncoupler halothane
(HALO, 0.07%) which were applied in between the capillary stimulation site and the
upstream 4A observation site. We found KCl and ADO-induced upstream
vasodilatations were inhibited by MEF, PROB, and SUR. PIN-induced conducted
response was inhibited by PROB and SUR, NO-induced upstream vasodilatations were
only blocked by HALO and ACh upstream vasodilatations were blocked by all
antagonists (MEF p<0.15). Establishing physiological relevance of pannexin/purinergicdependent signalling we stimulated capillaries via muscle contraction in the absence
and presence of MEF, SUR, and HALO. The conducted vasodilatation elicited at low
contraction frequencies (6 CPM) were inhibited by HALO while the vasodilatations at
high frequencies (60CPM) were inhibited by MEF and SUR. The conducted response
elicited at low stimulus frequencies (4Hz) was inhibited by MEF while the vasodilatation
at high stimulus frequencies (40Hz) were unaffected by all blockers. These data
demonstrate capillary stimulation via vasodilator application and muscle contraction are
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dependent upon the pannexin/purinergic-dependent pathway to conduct a
vasodilatation upstream and therefore this pathway may be critical to blood flow
regulation.

4.3 Introduction
The highly dynamic metabolic rate of skeletal muscle coupled with the fact that
discrete motor units can be recruited within a larger muscle bed (Enoka, 1995)
necessitates a level of vascular control that allows an increase in blood flow to be
specifically directed to individual working muscle fibres dispersed throughout a larger
tissue bed (Mackie & Terjung, 1983; Berg et al., 1997). This precise level of
microvascular coordination ensures the delivery of adequate blood flow to meet and
match the metabolic demand of active fibres. This specificity in coordination avoids
increases in blood flow to non-active muscle thereby preventing tissue overperfusion
and an uncoupling of the concerted relationship between flow and metabolism.
Mounting evidence suggests that capillaries play an active role in mediating the
coordination of skeletal muscle of blood flow (for review see Murrant et al., 2017). This
stems from the fact that capillaries have a highly conserved close proximity to skeletal
muscle fibres (Zoladz et al., 2005; Audet et al., 2011; Murrant et al., 2017). Furthermore
capillaries can be stimulated by products of muscle contraction to increase their own
perfusion, via initiating a vasodilatory signal that is propagated upstream to the arteriole
controlling perfusion of the stimulated capillary (Hargreaves et al., 1990; Berg et al.,
1997; Cohen et al., 2000; Cohen & Sarelius, 2002; Lamb et al., 2018). The propagation
of a vasodilatory signal (referred to as a conducted, or remote, response) allows for a
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coordinated vascular response along the length of the vessel which is thought to be
facilitated via transmission of intervascular signal(s) between cells of the vascular wall;
vascular smooth muscle (VSM) and endothelial cells (ECs) (Figueroa & Duling, 2009;
Begandt et al., 2017). Currently, connexin-dependent spread of hyperpolarization is
widely considered to be the primary signalling mechanism in the skeletal muscle
microvasculature (for review see Bagher & Segal, 2011). Despite the hypothesis that
the conducted response is GJ-dependent the archetypal characteristics consistent with
GJ-dependent hyperpolarization are not consistently observed in the conducted
responses elicited by muscle contraction (Cohen & Sarelius, 2002). Specifically,
clamping membrane potential (via high concentration KCl), thereby blocking
hyperpolarization, had no significant effect on the contraction induced conducted
response at the capillary (Cohen et al., 2000) or arteriolar level (Murrant & Sarelius,
2000). Also observed was the fact that GJ uncouplers had no effect on the contraction
induced conducted response at the level of the capillary (Cohen et al., 2000) and
arteriole (Murrant & Sarelius, 2000), however, this was not consistently found. Taken
together these observations provide evidence that gap-junctional spread of
hyperpolarization may not be the sole signalling mechanism responsible for mediating
the conducted response in the skeletal muscle microvasculature.
Further, the characteristic bidirectional spread of hyperpolarization via gap
junctions, such as the one induced by ACh (Duling & Berne, 1970; Budel et al., 2003),
would promote regional vasodilatation of the arteriolar network rather than the
coordinated pathway of vasodilatation directed to individual active muscle fibres that
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has been previously described (Mackie & Terjung, 1986). Consequently, GJ-dependent
spread of hyperpolarization does not offer the specificity in directionality necessary to
coordinate skeletal muscle blood flow. Directionality in the microvascular response may
be particularly important during instances of submaximal contraction where motor unit
recruitment results in fibres with a high metabolic demand and blood flow requirement
being dispersed throughout areas of non-active muscle. Overall, the differences
between the characteristics of gap-junctional communication and contraction-induced
conducted response suggests another pathway, that functions independently of
hyperpolarization, is involved in mediating the conducted signalling in skeletal muscle
microvasculature.
Pannexin (PanX) channels have been implicated in mediating cellular signalling
in numerous tissues since first being characterized in the early 2000s (for review see
Penuela et al., 2012). Recently, the PanX1 channel isoform has been found to be
heavily expressed in both endothelial cells and smooth muscle cells of the vasculature
(Bao et al., 2004; Lohman et al., 2012; Begandt et al., 2017). PanX-dependent
signalling between cells, functions independently of hyperpolarization, involving the
cellular release of ATP through PanX channels and activation of purinergic receptors on
neighboring cells. More specifically EC stimulation, via muscle contraction or application
of certain vasoactive substances, is thought to cause an increase in the intracellular
concentration of Ca2+ (or potentially another 2nd signalling messenger) which stimulates
a PanX-mediated release of ATP. ATP is then hypothesized to diffuse and bind to a P2
receptor on an adjacent EC causing an increase in intracellular Ca2+ stimulating the
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release of ATP from PanX channels (Billaud et al., 2012; Good et al., 2015; Begandt et
al., 2017) and the signal continues to propagate along the microvasculature (Figure 4.1
illustrates the hypothesized pathway of cell-cell communication via the PanX/purinergic
pathway).
Capillaries are critical in the coordination of skeletal muscle blood flow however
the current model that gap-junctional spread of hyperpolarization mediates the
conducted response fails to explain the directional vasodilatation observed during
skeletal muscle contraction. Therefore, we sought to determine if a PanX/purinergicdependent signalling pathway was involved in the conduction of vasodilatory signals
from stimulated capillaries to the upstream 4A arteriole. To do this we stimulated
capillaries with vasodilators relevant to muscle contraction in the absence and presence
of PanX channel, purinergic receptors and GJ antagonists in order to characterize the
role each signalling pathway plays in mediating the conducted response. To
characterize the physiological role of PanX-dependent signalling we stimulated
capillaries via muscle contraction in the absence and presences of pharmacological
antagonists of the PanX/purinergic- and gap junction- dependent pathways.
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Channel

P2 Receptor

Endothelial Cell
Blood Vessel Lumen

Figure 4.1 Schematic representation of pannexin/purinergic receptor pathway.
Schematic depicting the pannexin/purinergic pathway, importantly this signalling
pathway has yet to be fully elucidated. Current hypothesis suggest that an agonist
(lightning bolt) stimulates endothelial cells (ECs) causing a rise in intracellular calcium
([Ca2+]i). Increases in [Ca2+]i trigger the opening of a PanX channel allowing for the
efflux of an ATP molecule. ATP diffuses and stimulates the purinergic receptor (P2
receptor) on an adjacent EC, causing a rise in [Ca2+]I and the opening of a PanX
channel and the signal propagates onward. Importantly, not all agonist can stimulate the
pannexin/purinergic receptor pathway in this manner, some agonist may act directly on
the PanX channel (i.e KCl) or some may bind directly on to the purinergic receptor (i.e
ADO). Currently, little is known about where exactly PanX channels are expressed in
skeletal muscle capillaries (luminal/abluminal). Diagram not drawn to scale. Schematic
modified from Segal & Bagher (2011).
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4.4 Methods
Ethical Approval
All experiments were approved by the Institutional Animal Care Committee
Review Board at the University of Guelph and were conducted in accordance with the
guidelines of the Canadian Council on Animal Care (CCAC). All animals had continuous
access to food and water. Following all experimental protocols animals were euthanized
with an overdose of sodium pentobarbital (0.26mg/ml iv to effect).
4.4.1 General Protocol: Preparing the cremaster muscle for experimentation
Adult male Golden Syrian hamsters (100-188g) (n=255) were anaesthetized with
sodium pentobarbital (70mg/kg, i.p.), tracheotomized and catheterized using
polyethylene catheters (outer tip diameter approx. 0.5mm) placed in the left femoral vein
for supplemental sodium pentobarbital infusion (10mg/ml saline, 0.56 ml/h) throughout
the experimental protocol. The animal was placed on an acrylic platform. Oesophageal
temperature was maintained at 37°C via convective heat from a coiled water-filled glass
tube (42°C) secured under the hamster. The right cremaster was prepared for in situ
microscopy as described originally in Baez (1973) and modified by Murrant (2005).
Briefly, a lateral longitudinal cut was made in the scrotum. The skin and fascia were
separated from the cremaster muscle. The isolated cremaster was then cut
longitudinally and separated from both the testis and epididymis. After separation, the
testicle was pushed into the abdominal cavity. The cremaster muscle was spread over a
semicircular Lucite plate. The edges of the cremaster were secured to the Lucite plate
by insect pins in order to maintain muscle tension. Throughout the cremaster isolation
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surgery and all experimental protocols, the cremaster muscle was constantly
superfused with a physiological salt solution (PSS) containing (in mMol/L) 131.9 NaCl,
4.7 KCl, 2.0 CaCl2, 1.2 MgSO4, 30 NaHCO3 and 0.3mg/L tubocurarine hydrochloride
pentahydrate. Tubocarine chloride was added to the superfusate to block nicotinic,
cholinergic membrane receptors to ensure muscle fibres were stimulated to contract
directly and not through the motor nerve. A physiological pH (7.35-7.45) of PSS was
attained and maintained by aeration with 5%CO2 and 95%N2 gas. Cremaster muscle
temperature was maintained by heating the superfusion solution to 42°C and adjusting
the drip rate to achieve 34±0.5°C. Following the cremaster isolation surgery, the
hamster was transferred onto the microscope stage and allowed to equilibrate for 4560min prior to data collection.
Visualization of the microvasculature of the cremaster muscle was achieved via
transillumination with a tungsten lamp and an Olympus BX51WI microscope (Olympus
Canada Inc., Richmond Hill, ON, Canada) using a ×20 long working distance water
immersion objective (numerical aperture 0.40). The microscope image of the cremaster
microvasculature was displayed on a video monitor using a video camera (DC220,
Dage-MTI, USA) and digitized using EZ Grabber video compression software
(Geniatech, China). Final magnification of the site was approx. ×2000. Diameter
measurements were reproducible to within ±0.3µm (n=10).
For all protocols, capillaries were stimulated with either micropipette application
of pharmacological agents directly over a capillary or contraction of skeletal muscle
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fibres underlying a capillary module (Fig. 4.2). The capillary stimulation site was chosen
as one that could be visually tracked back to the originating 4A arteriole. The
originating 4A arteriole upstream of the stimulated capillary was used as the observation
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Figure 4.2 Schematic Representation of the Experimental Site. Schematic depicting
part of the arteriolar microvascular network (feed arteriole, 1A; transverse arteriole, 2A;
branch arteriole, 3A; module inflow arteriole, 4A) and associated capillaries. The
diagram indicates the set-up of different protocols that used either capillary stimulation
by micropipette drug application or microelectrode stimulation and the modular inflow
arteriolar observation site. Schematic not drawn to scale.
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Micropipette drug application: Using a micromanipulator (Narishige, East
Meadow, NY, USA) the tip of glass, drug-filled micropipettes (tip diameter approx.
10μm) were placed as close to the endothelial wall of a capillary as possible without
touching the vessel or overlying tissue and positioned approximately 1000µm from the
upstream 4A arteriolar observation site. Pharmacological agents were ejected from the
micropipette via pressure ejection through a water manometer (approx. 30cmH2O) and
applied to a small region of the capillary (approx. 200μm) as previously described in
Frame & Sarelius (1995) and Murrant & Sarelius (2002). 100µM fluorescein
isothiocyanate-dextran (FITC; 4KDa; Sigma-Aldrich, St. Louis, MO, USA) was added to
the micropipette solution so brief epifluorescence could be used to verify that the pipette
contents flowed away from the upstream 4A arteriolar observation site to avoid direct
exposure. Previous control experiments have demonstrated FITC has no significant
changes in vessel diameter during a 2min application (Lamb et al., 2018).
Skeletal muscle contraction: Muscle fibre bundles (3-5 fibres) were stimulated
directly using a silver wire microelectrode (tip diameter approx. 100µm) placed in close
proximity to, but not touching, muscle fibres running underneath the capillary module
(Fig. 4.1). The microelectrode was positioned approximately 1000µm away from the
stimulated capillaries and at least 1000µm away from the 4A arteriole observation site.
The ground electrode was placed in the superfusate around the outer rim of the tissue
support pedestal. Each stimulus was a square wave pulse of 0.4ms duration and 8-15
V (Grass S48 stimulator, Quincy, MA, USA.). The voltage was adjusted to maximally
stimulate 4-5 muscle fibres and then kept constant throughout the duration of the
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experiment. Muscle fibres were contracted tetanically and the stimulus frequency within
a train and number of trains or contractions per minute (CPM) varied depending on the
experimental protocol (see below).
4.4.2 Capillary stimulation protocols
Protocol 1: Assessing the impact of pannexin channel antagonists during micropipette
application of vasodilator relevant to muscle contraction.
To test whether PanX channels were involved in the signalling pathway from
capillaries to the upstream 4A arteriole controlling their perfusion, we stimulated
capillaries by micropipette application of 10mM KCl, 10-6M ADO, 10-5M PIN, 10-5M ACh
or 10-6M SNAP (NO donor) for 2 minutes onto capillaries and observed the upstream 4A
arteriole. 10-5M mefloquine (MEF; non-specific PanX blocker) or probenecid (PROB;
5x10-6M, non-specific PanX blocker) was then micropipette applied for 30min to a
region of the vessel between the capillary stimulation site and the upstream 4A
observation site, in the upstream signalling transmission pathway. Subsequently, the
agonists were re-applied to the capillary and the response in the upstream arteriole was
assessed.
Protocol 2: Assessing the impact purinergic membrane receptor antagonists during
micropipette application of vasodilator relevant to muscle contraction.
To test whether purinergic receptors were involved in the transmission of the
conducted signal from capillaries, the above protocol was repeated using the nonspecific purinergic inhibitor suramin (SUR; 10-5M) between the capillary stimulation site
and the upstream arteriolar observation site, to block conducted response transmission.
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Protocol 3: Assessing the impact of gap-junction uncouplers during micropipette
application of vasodilator relevant to muscle contraction.
To determine whether the vasodilators relevant to muscle contraction also use
the connexin-dependent gap junction pathways for upstream communication the above
protocol was repeated using the gap-junction uncoupler halothane (HALO, 0.07%)
between the capillary stimulation site and the upstream arteriolar observation site, to
block the conducted response transmission.
Protocol 4: Assessing the effect of pannexin channel antagonists during muscle
contraction.
Muscle fibres were contracted under capillaries at contraction frequencies of 6
and 60 contractions per minute (CPM) while stimulus frequency within a train (20Hz)
and train duration (250ms) were held constant. Muscle fibres were contracted for 2mins
at each contraction frequency in the absence of any blockers, the same muscle fibres
were contracted again after a 30min application with PanX inhibitor 10-5M MEF.
Separately, this protocol was repeated, but instead of altering contraction frequency,
muscle fibres were contracted under the capillaries at stimulus frequencies of 4 and
40Hz while contraction frequency (15CPM) and train duration (250ms) were held
constant.
Protocol 5: Assessing the effect of purinergic membrane receptor antagonists during
muscle contraction.
Muscle fibres were contracted under capillaries at contraction frequencies of 6
and 60CPM while stimulus frequency within a train (20Hz) and train duration (250ms)
were held constant. Muscle fibres were contracted for 2mins at each contraction
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frequency in the absence of any blockers, the same muscle fibres were contracted
again after a 30min application of 10-6M SUR. Separately, this protocol was repeated,
but instead of altering contraction frequency, muscle fibres were contracted under the
capillaries at stimulus frequencies of 4 and 40Hz while contraction frequency (15CPM)
and train duration (250ms) were held constant.
Protocol 6: Assessing the effect of gap-junction uncouplers during muscle contraction.
Muscle fibres were contracted under capillaries at contraction frequencies of 6
and 60CPM while stimulus frequency within a train (20Hz) and train duration (250ms)
were held constant. Muscle fibres were contracted for 2mins at each contraction
frequency in the absence of any blockers, the same muscle fibres were contracted
again after a 30min incubation with 0.07% solution of halothane (HALO). Separately,
this protocol was repeated, but instead of altering contraction frequency, muscle fibres
were contracted under the capillaries at stimulus frequencies of 4 and 40Hz while
contraction frequency (15CPM) and train duration (250ms) were held constant.
Protocol 7: Assessing the effect of blocking both purinergic receptors and gap-junctions
during muscle contraction.
Muscle fibres were contracted under capillaries at contraction frequencies of
40Hz while stimulus frequency within a train (20Hz) and train duration (250ms) were
held constant. Muscle fibres were contracted for 2mins at each contraction frequency in
the absence of any blockers, the same muscle fibres were contracted again after a
30min incubation with of HALO (0.07% solution) and SUR (10-5M).
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Following each experiment within a protocol, maximal arteriolar diameters were
recorded after 2min superfusion with 10-2M sodium nitroprusside (NO donor; SigmaAldrich, St. Louis, MO, USA), considered to produce maximal vasodilatation (Murrant et
al., 2014)
4.4.3 Data analysis and statistics.
Arteriolar diameter at the observation site was continuously recorded for 1min
prior to capillary stimulation (either by application of the drug or muscle contraction),
during the 2min of and 2min following the cessation of capillary stimulation. All in situ
experiments were analyzed offline. For each protocol arteriolar diameter was measured
every 10 seconds during the recording period. Still images from digitized recording
were captured every 10 seconds (±1sec) using FrameShot software (EoF Productions,
USA) and arteriolar diameters measured via ImageJ software (NIH,
http://rsbweb.nih.gov/ij/). Control baseline diameters were defined as the diameter of the
arteriole prior to capillary stimulation. Experimental baseline diameter was defined as
arteriolar diameter in the presence of the signal transmission blocker, prior capillary
stimulation. Only one arteriole was observed per cremaster preparation and n indicates
the number of arterioles observed.
Data are reported as mean±standard error. Group means for baseline and
maximal diameters were compared using a students t-test. Group means over time
were compared with a two-way repeated measures ANOVA. When the ANOVA
identified significant differences, a protected least square difference test was used post
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hoc to determine if diameter changes were significantly different. Differences were
considered significant when p<0.05.

4.5 Results
Tables 4.1-4.7 in Appendix 2 show the baseline and maximal diameters for all
experimental groups. Experimental baseline only differed from control baseline
measurements in 3 instances; NO in the presence of MEF, ACh in the presence of
HALO and 6CPM in the presence of SUR. In the remaining protocols there were no
significant differences between baseline diameters of control and experimental groups.
4.5.1 Stimulation of Capillaries via Vasodilator Application
KCl-induced upstream responses were significantly inhibited by PanX channel
inhibitors; MEF and PROB (Fig. 4.3A and B) as well as purinergic receptor antagonist
SUR (Fig. 4.3C) but not the GJ uncoupler HALO (Fig. 4.3D). Together these data
indicate that a KCl-induced conducted response is predominantly mediated by the
purinergic/PanX signalling pathway with no apparent involvement of the gap-junctional
dependent signalling. Similarly, ADO-induced upstream vasodilatations were also
inhibited by PanX inhibitors MEF and PROB (Fig. 4.4A and B) in addition to SUR (Fig.
4.4C) however the presence of HALO (Fig. 4.4D) had no effect on the ADO’s conducted
response indicating that the ADO-elicited conducted response is primarily mediated via
PanX/purinergic-dependent signalling with gap-junction dependent signalling having
no significant role. PIN-induced conducted responses followed a similar trend being
inhibited by PROB and SUR (Fig. 4.5B and C) yet was unaffected by MEF or HALO
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(Fig. 4.5A and D). Thereby implicating the importance of PanXs and purinergic
receptors in mediating the conducted response elicited by PIN. Figure 4.6 shows that
ACh-induced conducted responses were significantly inhibited by SUR, MEF, HALO
and a trend (p<0.15) that MEF also attenuated ACh response. These data indicate a
role for both gap-junctions and purinergic/PanX dependent pathways in ACh-elicited
conducted vasodilatation. Interestingly, SNAP-induced upstream responses were
inhibited by HALO (Fig. 4.7D) but not MEF, PROB or SUR (Fig. 4.7A, 4.7B, and 4.7C)
demonstrating that the sole importance of gap-junction-dependent signalling in
mediating SNAP-induced conducted response.
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Figure 4.3. KCl-induced conducted responses were inhibited by the pannexin
blockers mefloquine and probenecid and purinergic receptor blocker suramin
Figurebut
1.
not the gap-junction uncoupler halothane. The change in diameter of 4A arterioles in
response to capillary stimulation using 10mM KCl in the absence (o) and presence (n)
of A) MEF, B) PROB, C) SUR and D) HALO in the transmission pathway. * indicates a
significant difference between the KCl response in the absence and presence of the
blocker. Protocol details can be found under Protocol 1, 2 & 3 and raw baseline and
maximal diameters can be found in Table 4.1, 4.2 & 4.3.
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Figure 4.4. ADO-induced conducted responses were inhibited by the pannexin
Figure 2.
blockers mefloquine and probenecid and purinergic receptor blocker suramin but
not the gap-junction uncoupler halothane. The change in diameter of 4A arterioles in
response to capillary stimulation using 10-5M ADO in the absence (o) and presence (n)
of A) MEF, B) PROB, C) SUR and D) HALO in the transmission pathway. * indicates a
significant difference between the ADO response in the absence and presence of the
blocker. Protocol details can be found under Protocol 1, 2 & 3 and raw baseline and
maximal diameters can be found in Table 4.1, 4.2 & 4.3.
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Figure 3.
Figure 4.5. PIN-induced conducted responses were inhibited by the purinergic
receptor blocker suramin and the pannexin blocker probenecid but not
mefloquine or the gap-junction uncoupler halothane. The change in diameter of 4A
arterioles in response to capillary stimulation using 10-5M PIN in the absence (o) and
presence (n) of A) MEF, B) PROB, C) SUR and D) HALO in the transmission pathway.
* indicates a significant difference between the PIN response in the absence and
presence of the blocker. Protocol details can be found under Protocol 1, 2 & 3 and raw
baseline and maximal diameters can be found in Table 4.1, 4.2 & 4.3.
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Figure 4.6. ACh-induced conducted responses were inhibited by the pannexin
Figure
blocker mefloquine and probenecid, purinergic receptor blocker suramin as
well4.
as gap-junction uncoupler halothane. The change in diameter of 4A arterioles in
response to capillary stimulation using 10-4M ACh in the absence (o) and presence (n)
of A) MEF, B) PROB, C) SUR and D) HALO in the transmission pathway. * indicates a
significant difference between the ACh response in the absence and presence of the
blocker. µ indicates a significant trend (p<0.15) between the ACh response in the
absence and presence of the blocker. Protocol details can be found under Protocol 1, 2
& 3 and raw baseline and maximal diameters can be found in Table 4.1, 4.2 & 4.3.
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Figure 4.7. NO-induced conducted responses were inhibited by the gap-junction
Figure 5.
uncoupler halothane but not the pannexin blockers mefloquine and probenecid or
the purinergic receptor blocker suramin. The change in diameter of 4A arterioles in
response to capillary stimulation using 10-5M SNAP in the absence (o) and presence
(n) of A) MEF, B) PROB, C) SUR and D) HALO in the transmission pathway.
* indicates a significant difference between the SNAP response in the absence and
presence of the blocker. Protocol details can be found under Protocol 1, 2 & 3 and raw
baseline and maximal diameters can be found in Table 4.1, 4.2 & 4.3.
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4.5.2 Stimulation of Capillaries via Muscle Contraction
Muscle contraction at a low contraction frequency (6CPM) evoked a conducted
vasodilatation in the upstream 4A arteriole that was abolished in the presence of GJ
uncoupler HALO (Fig 4.8C) but not significantly impacted by either the inhibition of
PanX (via MEF, Fig 4.8A) or purinergic receptors (via SUR, Fig 4.8B). On the other
hand, muscle contraction at a high contraction frequency (60CPM) elicited an upstream
vasodilatation in the 4A arteriole that was significantly attenuated by both MEF (Fig
4.9A) and SUR (Fig 4.9B) but not HALO (Fig 4.9C). These observations indicate that
gap-junction dependent signalling may play a more significant role at lower contraction
frequencies while the contribution of purinergic/PanX dependent signalling may be more
involved at higher contraction frequencies. Muscle contraction at a low stimulus
frequency (4Hz) caused a conducted vasodilatation in the associated upstream 4A
arteriole that was significantly blunted in the presence of MEF (Fig 4.10A) but not
effected by either SUR (Fig 4.10B) or HALO (Fig 4.10C), while the conducted
vasodilatation elicited by muscle contraction at high stimulus frequency (40Hz) was not
significantly attenuated by any of the antagonists tested (MEF, SUR or HALO, Fig 4.11).
These observations indicate a role for PanX channels at lower stimulus frequencies.
The fact that no blockers inhibited 40Hz may suggest that either another pathway that
functions independently of GJ or purinergic/PanX was facilitating this response or the
GJ and purinergic/PanX-dependent pathways are interacting in such a manner that they
are able to somehow facilitate an amplified vasodilatory response in order to
compensate when one of the two pathways are blocked.
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Figure 6.

Figure 4.8. The conducted responses elicited by low contraction frequency was
significantly blunted by the presence of gap-junction uncoupler halothane. The
change in diameter in of the 4A arteriole in response to capillary stimulation with low
contraction frequency (6 CPM) in the absence (o) and presence (n) of the A) MEF B)
SUR and C) HALO. * indicates a significant difference between the contraction
response in the absence and presence of the blocker. Protocol details can be found
under Protocols 4, 5 & 6 and raw baseline and maximal diameters can be found in
Tables 4.4, 4.5 & 4.6.
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Figure 7.

Figure 4.9. The conducted responses elicited by high contraction frequency was
significantly blunted by the presence of pannexin inhibitor mefloquine and
purinergic receptor blocker suramin. The change in diameter in of the 4A arteriole in
response to capillary stimulation with high contraction frequency (60 CPM) in the
absence (o) and presence (n) of the A) MEF B) SUR and C) HALO. * indicates a
significant difference between the contraction response in the absence and presence of
the blocker. Protocol details can be found under Protocols 4, 5 & 6 and raw baseline
and maximal diameters can be found in Tables 4.4, 4.5 & 4.6.
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Figure 8.

Figure 4.10. The conducted responses elicited by low stimulus frequency was
significantly blunted by the presence of pannexin inhibitor mefloquine. The
change in diameter in of the 4A arteriole in response to capillary stimulation with low
stimulus frequency (4Hz) in the absence (o) and presence (n) of the A) MEF B) SUR
and C) HALO. * indicates a significant difference between the contraction response in
the absence and presence of the blocker. Protocol details can be found under Protocols
4, 5 & 6 and raw baseline and maximal diameters can be found in Tables 4.4, 4.5 & 4.6.
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Figure 9.

Figure 4.11. The conducted responses elicited by high contraction frequency was
not significantly blunted by any of the tested antagonists. The change in diameter
in of the 4A arteriole in response to capillary stimulation with high stimulus frequency
(40Hz) in the absence (o) and presence (n) of the A) MEF B) SUR and C) HALO. *
indicates a significant difference between the contraction response in the absence and
presence of the blocker. Protocol details can be found under Protocols 4, 5 & 6 and raw
baseline and maximal diameters can be found in Tables 4.4, 4.5 & 4.6.
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Figure 4.12. The conducted responses elicited by high stimulus frequency was
not blocked by the combination purinergic receptor blocker suramin and gap
junction uncoupler halothane. The change in diameter in of the 4A arteriole in
response to capillary stimulation with high stimulus frequency (40Hz) in the absence (o)
and presence (n) of the A) SUR and HALO. * indicates a significant difference between
the contraction response in the absence and presence of the blocker. Protocol details
can be found under Protocols 7 and raw baseline and maximal diameters can be found
in Tables 4.7.
4.5.3 Blockade of both Gap Junctions and PanX/Purinergic Pathway during
Stimulation of Capillaries via Muscle Contraction
Muscle contraction at a high stimulus frequency (40Hz) caused a conducted
vasodilatation in the associated upstream 4A arteriole. In the presence of a combination
of the blockers SUR and HALO (Fig 4.12) the conducted response produced by muscle
contraction was not significantly blunted. However, in the presence of the antagonists
there was a considerable increase in variability. Given that both blockers were unable to
inhibit the vasodilatation produced by muscle contraction may provide evidence of a
compensatory mechanism safeguarding vasodilatation or the existence of another
pathway involved in mediating the conducted response.
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4.6 Discussion
We have uncovered a novel intervascular signalling pathway in the skeletal
muscle microvasculature at the capillary level. Our data demonstrate that certain
vasodilators, associated with muscle contraction, can stimulate capillaries to elicit a
conducted response via a purinergic/PanX-dependent signalling pathway. Other
vasodilators can stimulate a conducted response that is entirely gap-junctiondependent, while others can elicit a conducted response the uses both signalling
pathways. We have also established the physiological relevance of the PanXdependent signalling by demonstrating its involvement in mediating the contractioninduced conducted response at the capillary level.
4.6.1 Experimental considerations:
To test for PanX/purinergic-dependent signalling we assessed the effects of
PanX channel inhibitors on the conducted response at the capillary level. Given PanX’s
recent discovery most of the antagonists targeting this channel tend to be non-specific
and have multiple off-target effects, consequently there is no single antagonist that can
definitively implicate PanX’s role in mediating the conducted response. Thus, with this in
mind, our approach was to use two well-documented PanX channel inhibitors that share
the same inhibitory effect on PanX channels but have completely different off-target
effects, decreasing the likelihood that any inhibition in a conducted response was due to
a shared off-site target. We choose 2x10-5M MEF given its effectiveness on inhibiting
PanX1 channels (Iglesias et al., 2009; Billaud et al., 2011; Burma et al., 2017).
However, there is evidence suggesting MEF can block GJs (Cruikshank et al., 2004).
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To assess if the concentration of MEF used in our study had a significant impact on
GJs, we compared the vascular responses using MEF to the responses observed using
the GJ uncoupler, HALO (He & Burt, 2000; Cohen et al., 1997). In doing so we found
that there were no conditions in which MEF, and HALO significantly and consistently
inhibited the conducted response elicited by the same stimuli leading us to conclude
MEF was not significantly inhibiting GJ. MEF also has other off-target sites, of relevance
MEF has been shown to disrupt calcium homeostasis via liberation of Ca2+ from the ER
and increased Ca2+ flux across the plasma membrane in neuronal cell (Dow et al.,
2003). While these effects were not observed in the cell type of interest in this study, if
an increase in [Ca2+]i were occurring in vascular ECs, we would expect a significant
change in baseline diameter or initiation of a conducted vasodilatation in the 4A
arterioles in response to the application of MEF. Yet there is no sufficient evidence to
suggests this is occurred in our study given that baseline diameter did not consistently
differ between control and experimental conditions (Table 4.1 and 4.4). 10µM MEF has
been shown to inhibit ATP-sensitive K+-channels (K+ATP) (Gribble et al., 2000). However,
it has been previously shown that inhibition of K+ATP channel via glibencalmide (GLIB)
has no effect on the transmission of the conducted response when capillaries are
stimulated by muscle contraction (Cohen & Sarelius, 2002). Consequently, K+ATP
channels do not appear to be critical in the transmission of the conducted response
initiated by contraction, therefore, minimizing the importance of this potential side effect
of MEF in our study. Given that we do not see evidence of non-specific effects of MEF
at off-target sites, we attribute our observations using MEF to the inhibition of PanXs
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channels, therefore data collected using MEF provide evidence that PanX are involved
in intercellular signalling in the skeletal muscle microvasculature.
As mentioned, to strengthen our experimental design in identifying the presence
of a PanX channels in the microvasculature, a second inhibitor of PanX channels;
probenecid (PROB, 5x10-5M) was used. PROB, like MEF also has off target effects
such as having an inhibitory effect on cation channels, however this effect is not shared
by MEF. Thus, as mentioned, the likelihood of observing an effect from both MEF and
PROB produced by effecting the same off-target response is extremely low. However,
as they share the same inhibitory effect on PanX channels, when the results from both
inhibitors are similar this increases our confidence that their actions are due to targeting
of PanX channels. Both MEF and PROB blocked the conducted response elicited by K+,
ADO and ACh but not NO. The fact both inhibitors are affecting the conducted
responses in a similar manner provides evidence their effects are due to inhibition of
PanX channels and not the result of these inhibitors causing an effect through acting on
an off-site target.
To further characterize PanX/purinergic-based paracrine signalling pathway in
skeletal muscle blood flow we inhibited purinergic membrane receptors. Given the
specific purinergic membrane receptor subtypes on capillary ECs are unknown, we
used the non-specific P2 membrane receptor inhibitor SUR (Khakh et al., 2001;
Abbracchio, 2006). Consequently, we are unable to identify the specific purinergic
membrane receptor subtypes involved, however we can be confident in implicating P2
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purinergic membrane receptors involvement in the PanX/purinergic pathway. SUR does
have a multitude off-target effects such as; alternations in intracellular Ca2+ (Emmick et
al., 1994; Hohenegger et al., 1996; Wolner et al., 2005), inhibiting Cx43 (Chi et al.,
2014) and PanX1 channels (Dahl et al., 2013). Importantly, these documented effects of
SUR were observed using higher concentrations of the compound than used in the
current study. At lower concentrations, SUR has also been shown to directly interfere
with G-protein activation but, because of its polar nature it is relatively impermeable to
cellular membranes, thus it is unlikely that SUR suppresses G protein activation in our
in vivo model (Beindl et al., 1996; Freissmuth et al., 1996). Overall, non-purinergic
membrane receptor effects of SUR require 10x to 100x greater concentration than those
needed to block purinergic membrane receptors. Consequently, it is unlikely that SUR
was acting on alternate sites other than the P2 purinergic membrane receptors targeted
in this study.
To characterize GJ-dependent signalling during capillary stimulation we used a
well-known non-specific GJ uncoupler halothane (HALO, 0.07%) (Peracchia, 1991;
Cohen et al., 2000; Murrant & Sarelius, 2000; García-Dorado et al., 2004; He & Burt,
2000). The effects of HALO on specific connexin isoform(s) is not well known, however
the concentration used has been shown to successfully and reliably interrupt GJdependent signalling in the skeletal muscle microvasculature (Cohen et al., 2000). The
use of a GJ uncoupler in this study allowed us to better characterize which stimuli
elicited GJ-dependent conducted responses and address whether both the
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PanX/purinergic- and GJ- dependent pathways can function contemporaneously to
facilitate the capillary conducted response.
4.6.2 Capillary conducted response signalling during vasodilatation application.
Assessing numerous putative vasodilators (KCl, ADO, PIN, NO and ACh)
implicated in blood flow regulation has shown that the vasodilators tested can elicit an
upstream conducted response mediated by the PanX/purinergic pathway, GJdependent pathway or a combination of both pathways.
Mechanisms mediating the Potassium-elicited Conducted Response
K+ is widely considered to be a prominent vasodilator involved in skeletal muscle
blood flow regulation. During skeletal muscle contraction K+ rapidly diffuses from muscle
fibres via voltage-dependent K+ channels. The increase in interstitial K+, reported to
between 6 and 20mM (Hník et al., 1976; Vyskočil et al., 1983; Clausen, 2003; Clausen,
2013; Lamb & Murrant, 2015; Nordsborg et al., 2003), stimulates KIR channels and
accelerates the Na+/K+-ATPase activity on the VSM resulting in hyperpolarization and a
subsequent vasodilatation (Haddy, 1983; Loeb et al., 2000; Burns et al., 2004). VSMC
hyperpolarization is then conducted throughout the arteriolar vascular network via gapjunctions. Local application of physiological concentrations of K+ (10mM) on capillaries
has also been shown to elicit an upstream conducted response. This has been
demonstrated in this study (Fig. 4.3) as well as in previous studies from our lab (Lamb
et al., 2018). However, currently it is unknown how the K+-elicited conducted response
is propagated up the vascular network, at the level of the capillary. Based on K+’s effect
100

on arteriolar VSMCs, it is widely thought to be via a GJ-dependent spread of
hyperpolarization. This study is the first to demonstrate, perhaps counterintuitively, that
K+-induced conducted vasodilatation, at the capillary level, is not GJ-dependent, but
instead reliant upon the PanX/purinergic-dependent pathway (Fig. 4.3). This is
evidenced by the fact the GJ-uncoupler HALO had no effect on the KCl-induced
conducted response whereas MEF, PROB and SUR all significantly inhibited the
upstream conducted vasodilatation. Studies have demonstrate K+, at the concentration
used (10mM), stimulates the opening of PanX channels in other cell types (Santiago et
al., 2011; Suadicani et al., 2012). Therefore, if K+ is an agonist of capillary endothelial
cell PanX channels, this may offer an explanation as the why K+ conducted response is
mediated via the PanX/purinergic signalling pathway. Studies in astrocytes have also
shown that increases in [K+]e (³10mM) can inhibit the negative feedback control that
ATP has on PanX channels (Jackson et al., 2014). This inhibition would keep PanX
channels open longer, leading to higher concentrations of [ATP]e. This in turn may
stimulate more surrounding purinergic channels, potentially causing a more robust
conducted response. While the studies of K+ effect on PanX channels are limited,
especially in endothelial cells, our findings merit further investigations in to how the
interplay between K+ and PanX affects cell signalling. Speculatively, the lack of GJ
contribution may be due to GJ and PanX/purinergic pathways interacting, such that the
activation of one pathway inhibits the other. Alternatively, there may be fundamental
differences between how capillary endothelial cells and arteriolar vasculature respond to
K+ stimulation, with arteriolar conducted responses being GJ-dependent and capillary
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endothelial cells being PanX/purinergic-dependent. However, there is not enough
known about the signalling pathways of each vascular level to reach a definitive
conclusion, thus the differences in vascular signalling between arteriolar vasculature
and capillaries needs to be investigated further.
Mechanisms mediating the Adenosine-elicited Conducted Response
Studies have shown that interstitial concentration of the vasodilator ADO
increases with muscle activity due to 1) hydrolyzation of ATP via membrane bound
ectonucleotides and 2) as a by-product on skeletal muscle metabolism (Dobson et al.,
1971; Hellsten et al., 1998; Mortensen et al., 2009b; Mortensen & Saltin, 2014). Given
that ADO offers a potential link between muscle metabolism and blood flow, many
studies have investigated its role in mediating the active hyperaemic response (Honig &
Frierson, 1980; Kille & Klabunde, 1984). However, to-date ADO’s role in blood flow
regulation still remains widely disputed (for review see Marshall, 2007). This is due to
the fact that ADO inconsistently elicits an arteriolar conducted response, thereby limiting
its ability to communicate changes in blood flow across the vascular network (Rivers &
Frame, 1999; Wölfle et al., 2007; Delashaw & Duling, 1991; Frame, 2000). However, we
have demonstrated in this study (Fig. 4.4) and in a previous study (Lamb et al., 2018)
that stimulation of capillaries with ADO produces a consistent and robust conducted
response, producing a significant vasodilatation in the upstream 4A arteriole. This
provides evidence that ADO’s ability to impact skeletal muscle blood flow may be
isolated to the stimulation of capillary endothelial cells. Given the potential importance of
ADO on blood flow this study is the first, to our knowledge, to explore the mechanism
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ADO-elicited conducted response at the capillary level. We found that ADO upstream
vasodilatation is dependent on PanX/purinergic communication and not gap-junctions
(Fig. 4.4). From a mechanistic point of view ADO stimulation appears to be the most
straight-forward in terms of how it may stimulate the PanX/purinergic signalling
pathway. Based on observations using arteriolar endothelial cells ADO stimulates
purinergic receptor subtype P1, which is thought to result in the increase [Ca2+]i. This
increase stimulates the opening of Panx1-channels, causing an increased efflux of ATP
and the propagation of a vasodilatory signal up the vascular network.
Mechanisms mediating the K+ATP channels-elicited Conducted Response
K+ATP channels have been shown to play an important role in skeletal muscle
blood flow regulation (Cohen & Sarelius, 2002; Hammer et al., 2001; Twynstra et al.,
2012; Murrant & Sarelius, 2015; Saito et al., 1996). Studies have shown that agonists of
this channel (PIN) are involved in mediating contraction-induced vasodilatation and
conducted response both in arterioles (Murrant & Sarelius, 2015; Cohen & Sarelius,
2002; Dua et al., 2009; Twynstra et al., 2012) and capillaries (Cohen & Sarelius, 2002;
Twynstra et al., 2012). Mechanistically, it is thought that skeletal muscle contraction
causes efflux of K+ from VSMC and endothelial cells via K+ATP channels, causing
hyperpolarization and vasodilatation which then presumably spreads via GJ throughout
the vascular network (Glavind-Kristensen et al., 2004). Therefore, we used PIN as a
means to assess the role of these K+ATP channel in capillary endothelial cells. We have
further confirmed in this study (Fig. 4.5) that local application of PIN onto capillary
endothelial cells is able to elicit a conducted response. PIN mediated vasodilatation and
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conducted response is thought to be mediated by the GJ-dependent spread of
hyperpolarization, however we have found that the conducted response elicited by PIN
is mediated by the PanX/Purinergic pathway. This is evidenced by the fact PIN-elicited
conducted response was seemingly unaffected by the application of GJ-uncoupler
HALO, while being significantly inhibited by antagonists of the PanX/purinergic
signalling pathway; PROB and SUR. Given the differences in the mechanisms of signal
propagation at the capillary and arteriolar level may suggest that the two vascular levels
are fundamentally different in how they respond to different vasodilators. Whether these
differences are attributable to different receptor populations or difference in signalling is
unknown. Of note PanX antagonist MEF did not seem to have any effect on the PIN
conducted response, yet the other PanX inhibit PROB inhibited the conducted response
Mechanisms mediating Nitric Oxide-elicited Conducted Response
Skeletal muscle contraction stimulates the formation of NO from the endothelium
and muscle fibres (Frandsen et al., 1996; Grozdanovic et al., 1996; Stamler & Meissner,
2001) which diffuses to the extracellular space acting on the VSMC to cause cGMPdependent vasodilatation (Sausbier et al., 2000; Sun et al., 2002). However, like ADO,
the role of NO in skeletal muscle blood flow regulation has been questioned due to its
inability elicit a conducted response at the arteriolar level (Kurjiaka & Segal, 1995;
Rivers & Frame, 1999; Chen & Rivers, 2001; Hoepfl et al., 2002; Budel et al., 2003;
Clifford & Hellsten, 2004; Sarelius & Pohl, 2010; Mortensen & Saltin, 2014). While we
know very little about how NO stimulates capillary endothelial cells, we have
demonstrated that a NO-donor (SNAP), applied to capillaries, elicits a conducted
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vasodilatation in the upstream 4A arteriole (Fig. 4.7), which has also been observed in a
previous study from our lab (Lamb et al., 2018). These data indicate that NO is able to
elicit a conducted response, however, like ADO, NO’s ability to alter tissue blood flow
may be limited to the capillaries. In the present study we demonstrated that the NOelicited conducted response is mediated primarily by GJ-dependent signalling (Fig 4.7)
as the GJ-uncoupler HALO completely abolished the upstream vasodilatation while
antagonists of the PanX/purinergic pathway had no significant effect. Global deletion of
PanX1 isoform has been shown to have no effect on NO vasodilatation (Isakson, 2017)
supporting the notion that NO functions independently of the PanX/purinergic signalling
pathway. Furthermore, NO can cause protein modification via S-nitrosylation (for review
see Durán et al., 2013) while little known about how this effects intercellular signalling a
recent study demonstrated that application of a NO-donor on epithelial cells causes the
S-nitrosylation of PanX1 which had an inhibitory effect on the channel’s release of ATP
(Isakson, 2017). This finding provides some indication of an interaction between NO
and PanX channels in which NO can negatively regulate the PanX channels, therefore
offering a potential explanation as to why NO signalling has no observable contribution
from the PanX/Purinergic pathway.
Mechanisms mediating the Acetylcholine-elicited Conducted Response
Although ACh’s role in skeletal muscle blood flow regulation has been widely
dismissed it is commonly used to study microvascular conducted response given its
ability to produce a robust conducted vasodilatation. Mechanistically, ACh causes an
increase in EC [Ca2+]i which stimulates Ca2+ activated K+ channels causing the efflux of
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K+ resulting in hyperpolarization (Donald et al., 2015). This hyperpolarization conducts
along the vessel wall, throughout the vascular network. ACh vasodilatation also has a
NO-dependent component, as increases in [Ca2+]i have been shown in increase eNOS
activity and NO release (Blatter et al., 1995; Kanai et al., 1995; García-Cardeña et al.,
1997; Feron et al., 1998; Figueroa et al., 2002). However, the effects of ACh and the
mechanism behind intercellular signalling at the capillary level has not been
investigated. In this present study we have found that local application of ACh onto
capillaries produces a robust vasodilatation in the upstream 4A arteriole (Fig. 4.6). If the
signalling mechanisms at the arteriolar also occur at the capillary level, then we would
expect ACh to have the capacity to initiate signals upstream using both a gap-junction
dependent and a purinergic/PanX dependent signalling. Indeed, our data corroborate
both pathways were observed to be active simultaneously in response to ACh as both
GJ-uncoupler, HALO and antagonists of the PanX/purinergic signalling pathway
significantly inhibited ACh’s conducted response. Given increases in [Ca2+]i are
hypothesized to stimulate the PanX/purinergic signalling pathway may then explain the
PanX/purinergic-contribution observed. Furthermore the fact that [Ca2+]i increases NO
production (Lin et al., 2000; Bateman et al., 2003) may account for the GJ-dependent
component of the ACh conducted response, given that we have shown the NO
conducted response is GJ-dependent (Fig. 4.7). To understand how ACh and NO relate
at the capillary level and how each induce conducted responses using both electrotonic
and paracrine pathways require further understanding of capillary-specific mechanisms;
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given the differences between arteriolar responses and capillary responses we cannot
rely on our understanding of arteriolar responses alone.
4.6.3 Capillary conducted response signalling during skeletal muscle
contraction
To assess the physiological relevance of the purinergic/PanX pathway requires
the characterization of this signalling pathway during skeletal muscle contraction. We
found PanX/purinergic signalling to be involved in mediating the conducted response
elicited by skeletal muscle contraction, however the involvement of this signalling
pathway and GJ signalling pathway is dependent upon the contraction parameters in
which muscle is stimulated.
Muscle stimulation parameters (i.e. train duration, stimulus frequency within a
train, contraction frequency and total contraction time) are an important determinants in
the compliment of vasodilators released by muscle (Dua et al., 2009). Previous work
from our laboratory has found that vasodilatations induced by at low contraction
frequencies (6CPM) were primarily NO-dependent whereas vasodilatation produced at
high contraction frequencies (60CPM) were primarily mediated by K+ (Dua et al., 2009;
Lamb & Murrant, 2018). Further, vasodilatations induced by low stimulus frequencies
(4Hz) were ADO-dependent, while vasodilatation evoked by high stimulus frequencies
(40Hz) were mediated by K+ (Dua et al., 2009; Lamb & Murrant, 2018). The implications
of these data are that the ‘primary’ vasodilator driving changes in vessel diameter
depends on contraction parameters of skeletal muscle. When taken in to context with
this study’s findings it appears as though the signalling pathway used to transmit the
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capillary conducted response is dependent upon muscle contraction parameters. Given
our findings we would expect that the conducted response elicited at low contraction
frequencies (6CPM), thought to be primarily mediated by NO, would be blocked by the
gap-junction uncoupler HALO while being unaffected by antagonists of the
PanX/purinergic pathway, MEF or SUR. Moreover, the conducted vasodilatation elicited
by 4Hz, thought to be ADO mediated, should be inhibited by MEF and SUR but
unaffected by HALO. If K+ is the primary vasodilator mediating the conducted response
at both high contraction and stimulus frequencies, then vasodilatation should be
inhibited by MEF and SUR and remain unaffected by HALO. Interestingly, the
responses observed when altering contraction frequency did in fact fit with this model.
HALO, but not MEF or SUR, inhibited the conducted response elicited by low
contraction frequency whereas high contraction frequency was inhibited by MEF and
SUR, but not HALO. These findings provide evidence that alterations in contractions
parameter cause the release of different vasodilators which in turn can stimulate a GJor PanX/purinergic- conducted response. This, in turn, confirms that the changes in
contraction parameter can determine the conducted response pathway in which a
vasodilatory signal is propagated. Moreover, these finding also demonstrate that the
PanX/purinergic signalling is physiologically relevant and involved in skeletal muscle
blood flow regulation. Altering stimulus frequency there were a couple interesting
observations; namely that 4Hz was unaffected by SUR while being attenuated by MEF.
Secondly, none of the blockers of the gap-junction or purinergic/PanX pathway inhibited
the conducted response elicited at high stimulus frequency. This observation could lead
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to two conclusions, either this contraction parameter produces a milieu of vasodilators
that stimulate a 3rd pathway that has yet to be characterized, or the blockade of one
signal transmission pathway is compensated for by upregulation of the other pathway,
however this will need to be investigated further.
Given that none of the tested blockers of either PanX/purinergic- or GJ- pathway
affected the conducted vasodilatation elicited by high stimulus frequency we tested
whether the PanX/purinergic pathway and GJ-dependent pathway may be
compensating for the other. Such that when one pathway is blocked signalling through
the unblocked pathway increases to compensate for the loss of the other. If there were
any compensatory signalling occurring, we would expect that blocking both pathways
during at high stimulus frequency would abolish the conducted vasodilatation. However,
blocking both pathways had no significant effect on the conducted vasodilatation (Fig.
4.12). Interestingly, the presence of both blockers did increase the magnitude of
variability of the vasodilatation, which may be due to the presence of two blockers
interfering with intervascular signalling causing a vasodilatory response that was less
consistent between experimental trials. The lack of effect of both blockers does not
eliminate the possibility of a compensatory mechanism(s) which could be upregulated in
order to compensate for the pharmacological inhibition of the other two pathways.
However, whether additional pathways are involved in mediating the conducted
response in the skeletal muscle microvasculature is unknown. These findings merit
future investigation into other potential signalling mechanism(s) underlying the
conducted response in the microvasculature of skeletal muscle.
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4.6.4 The Pannexin Pathway as a Mechanism for Directionality
A characteristic of gap-junction mediated communication is that signals can
move bidirectionally, both upstream and downstream from the point of stimulation
(Kurjiaka & Segal, 1995; Bagher & Segal, 2011). This indiscriminate spread of
vasodilatation may be due to the fact gap junctional connections, which facilitate the
spread of hyperpolarization, are ubiquitous throughout the microvascular network,
however this has yet to be determined. The GJ-dependent spread of hyperpolarization
would result in tissue over perfusion as there is there is no evidence of mechanism to
specifically direct increased flow to active skeletal muscle fibres. However,
PanX/purinergic signalling functions independently of hyperpolarization and as this
paracrine signalling pathway relies upon diffusion for signal propagation means that
depending on how the channels and receptors are arranged on ECs could provide a
potential mechanism for signal directionality. More specifically, ATP release from
pannexin channels can only stimulate the purinergic receptors within a physiological
diffusion distance, therefore up- or down- stream signal propagation depends on the
proximity of receptors on neighbouring endothelial cell. Stimulation of only one receptor
would result in a directional propagation of the signal. However, the cocompartmentalization of PanX and purinergic receptors has not been investigated to
date. Blood flow being directed specifically toward active fibres has been observed
(Mackie & Terjung, 1983) and other studies have found that capillary stimulation (via
PIN) produced directional upstream vasodilatation that would ultimately facilitate an
increase in blood flow to stimulated capillaries (Twynstra et al., 2012). Taken together
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these data provides evidence that the conducted response from stimulated capillary
may elicit a PanX/purinergic-dependent response which could potentially offer an
explanation as to how the specificity in signal coordination could be achieved.
We have also demonstrated, both GJ- and PanX/purinergic-dependent pathways
are involved in mediating the capillary conducted response depending upon capillary
stimulation parameters. There are cases in which only the GJ-dependent pathway
seems to be activated (NO), cases where only the PanX/Purinergic Pathway is
activated (KCl, ADO) and cases where both seem to be active simultaneously (ACh).
The existence of two signalling pathways that functions independently from one another
may serve to facilitate two different goals. For instance, the potential directionality of
PanX/purinergic signalling may be crucial during submaximal contraction where
activation of motor units within a larger skeletal muscle bed would require a need for
blood flow to increase to specifically to active fibres, a specificity in signal coordination
that is not characteristic of GJ-dependent signalling. However, the observed
indiscriminate spread of vasodilatation such as observed with GJ-dependent
hyperpolarization facilitate the rapid and wide-spread increase in blood that would be
needed to meet and match the metabolic demands of skeletal muscle during periods of
maximal contraction or high intensity exercise. Yet, this response would likely provide
an overperfusion during periods of submaximal contraction when only few motor units
are recruited within a larger the muscle tissue. Therefore, these two pathways may be
crucial during different contraction parameters in order to coordinate blood flow toward
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active muscle tissue and maintain the tightly coupled relationship between blood flow
and metabolism.
4.6.5 Summary
We have uncovered a new pathway for intervascular communication in skeletal
muscle between capillaries and the upstream arterioles that control their perfusion. We
have identified a signalling pathway involving purinergic membrane receptors and PanX
channels can be stimulated by vasodilators relevant to muscle contraction (K+, ADO and
ACh) as well as muscle contraction itself (60CPM and 4Hz). This pathway exists in
conjunction with a gap-junction dependent signalling pathway which we have shown
can also be stimulated by vasodilators relevant to skeletal muscle contraction (NO and
ACh) along with muscle contraction (6CPM). Therefore, both PanX/purinergic- and GJdependent pathways are important in the communication between skeletal muscle
capillaries and upstream 4A arterioles controlling their perfusion. Characterizing
PanX/purinergic signalling pathway, which functions independently of hyperpolarization,
may offer some insight into why the archetypal characteristics consistent with GJ
signalling are not observed during conducted responses elicited by muscle contraction.
Overall, we have demonstrated capillaries use both a purinergic signalling pathway and
a gap-junction dependent signalling, to coordinate a vascular response during skeletal
muscle contraction and therefore these pathways may play a critical role in matching
blood flow to metabolic demand. Establishing that PanX/purinergic signalling is involved
in microvascular signalling also provides new avenues for investigation into skeletal
muscle blood flow regulation.
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4.9 Appendix 2
Table 4.1. The average baseline and maximum arteriolar diameter for experiments
testing the effect of pannexin inhibitor on the conducted response elicited by
vasodilators relevant to muscle contraction (protocol 1). ‘n’ represents the number
of 4A arterioles observed.
Figure
4.3A
4.3A
4.4A
4.4A
4.5A
4.5A
4.6A
4.6A
4.7A
4.7A

Figure
4.3B
4.3B
4.4B
4.4B
4.5B
4.5B
4.6B
4.6B
4.7B
4.7B

Baseline
Maximum
Diameter (µm)
Diameter (µm)
KCl
7.9±0.9
15.5±0.8
KCl + MEF
10.3±1.3
ADO
7.5±1.2
13.3±1.2
ADO + MEF
7.3±1.1
PIN
6.6±0.8
10.8±0.9
PIN + MEF
6.0±1.1
ACh
6.6±0.5
11.9±0.7
ACh + MEF
5.8±0.4
NO
7.1±0.8
12.7±0.7
NO + MEF
5.9±0.5*
Values are mean±SE
*Baseline Significantly Differed (2-tailed Students t-test)
Protocol

Baseline
Maximum
Diameter (µm )
Diameter (µm )
KCl
7.5±1.3
14.0±2.0
KCl + PROB
7.3±1.2
ADO
7.5±1.0
13.0±0.8
ADO + PROB
7.6±1.2
PIN
5.7±0.4
13.4±1.1
PIN + PROB
6.2±0.9
ACh
6.8±1.2
13.8±0.9
ACh + PROB
7.6±1.2
NO
5.2±0.5
12.3±1.0
NO + PROB
6.6±0.9
Values are mean±SE
Protocol
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n
7
9
8
11
14

n
6
8
8
7
9

Table 4.2. The average baseline and maximum arteriolar diameter for experiments
testing the effect of purinergic receptor inhibitor on the conducted response elicited by
vasodilators relevant to muscle contraction (protocol 2). ‘n’ represents the number of 4A
arterioles observed.
Figure
4.3C
4.3C
4.4C
4.4C
4.5C
4.5C
4.6C
4.6C
4.7C
4.7C

Baseline
Diameter (µm )
KCl
5.9±0.4
KCl + SUR
7.2±1.0
ADO
5.3±0.3
ADO + SUR
5.1±0.2
PIN
5.8±0.4
PIN + SUR
5.1±0.3
ACh
6.8±0.7
ACh + SUR
7.9±1.1
NO
7.4±0.9
NO + SUR
7.1±0.9
Values are mean±SE
Protocol

Maximum
Diameter (µm )
10.8±1.3
(n=7)

n
8

10.2±2.0

6

8.8±0.9
(n=8)

9

12.7±1.1

9

11.0±1.2

8

Table 4.3. The average baseline and maximum arteriolar diameter for experiments
testing the effect of gap-junction uncoupler on the conducted response elicited by
vasodilators relevant to muscle contraction (protocol 3). ‘n’ represents the number of 4A
arterioles observed.
Figure
4.3D
4.3A
4.4D
4.4D
4.5D
4.5D
4.6D
4.6D
4.7D
4.7D

Baseline
Maximum
Diameter (µm) Diameter (µm)
KCl
6.3±0.6
15.0±0.8
KCl + HALO
7.5±0.7
ADO
6.1±1.1
15.4±1.5
ADO + HALO
7.9±1.8
PIN
8.4±1.4
15.5±0.8
PIN + HALO
9.9±1.5
ACh
6.6±0.4
15.1±0.6
ACh + HALO
8.5±0.7*
NO
6.2±0.6
14.2±1.1
NO + HALO
7.8±1.1
Values are mean±SE
*Baseline Significantly Differed (2-tailed Students t-test)
Protocol

115

n
7
9
7
30
8

Table 4.4. The average baseline and maximum arteriolar diameter for experiments
testing the effect of pannexin inhibitor on the conducted response elicited by muscle
contraction (protocol 4). ‘n’ represents the number of 4A arterioles observed.
Figure
4.8A
4.8A
4.9A
4.9A
4.10A
4.10A
4.11A
4.11A

Protocol

Baseline
Diameter (µm)

6CPM
7.1±0.8
6CPM + MEF
7.0±0.9
60CPM
6.4±0.6
60CPM + MEF
7.4±0.9
4Hz
8.8±1.2
4Hz + MEF
8.7±1.4
40Hz
7.7±1.2
40Hz + MEF
7.2±1.1
Values are mean±SE

Maximum
Diameter (µm)

n

15.3±0.7

15

19.4±1.6
(n=6)
17.8±1.8
(n=4)

7
5

Table 4.5. The average baseline and maximum arteriolar diameter for experiments
testing the effect of Pannexin inhibitor on the conducted response elicited by muscle
contraction (protocol 5). ‘n’ represents the number of 4A arterioles observed.
Baseline
Maximum
Figure
Protocol
n
Diameter (µm)
Diameter (µm)
4.8B
6CPM
6.8±0.7
4.8B
6CPM + SUR
5.4±0.5*
14.6±0.3
8
4.9B
60CPM
5.8±0.6
4.9B
60CPM + SUR
6.1±0.4
4.10B
4Hz
9.0±0.8
14.9±0.7
13
4.10B
4Hz + SUR
8.4±0.8
4.11B
40Hz
7.9±0.8
14.9±0.7
12
4.11B
40Hz + SUR
7.6±0.7
Values are mean±SE
*Baseline Significantly Differed (2-tailed Students t-test)
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Table 4.6. The average baseline and maximum arteriolar diameter for experiments
testing the effect of gap junction uncoupler on the conducted response elicited by
muscle contraction (protocol 6). ‘n’ represents the number of 4A arterioles
observed.
Baseline
Maximum
Figure
Protocol
n
Diameter (µm)
Diameter (µm)
4.8C
6CPM
6.9±0.8
4.8C
6CPM + HALO
8.8±1.2
16.0±1.0
9
(n=8)
4.9C
60CPM
7.6±1.1
4.9C
60CPM + HALO
8.9±1.6
4.10C
4Hz
8.1±0.6
4.10C
4Hz + HALO
7.9±0.7
17.7±1.4
9
4.11C
40Hz
7.0±0.8
4.11C
40Hz + HALO
8.3±0.7
Values are mean±SE
Table 4.7. The average baseline and maximum arteriolar diameter for experiments
testing the effect of gap-junction and purinergic receptor inhibitors on the
conducted response elicited by muscle contraction (protocol 7). ‘n’ represents the
number of 4A arterioles observed.
Baseline
Maximum
Figure
Protocol
n
Diameter (µm)
Diameter (µm)
4.12
40Hz
9.1±1.4
18.1±1.8
6
4.12
40Hz + SUR+ HALO
10.4±1.2
Values are mean±SE
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5 CHAPTER 5
INTEGRATIVE DISCUSSION
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5.1 Summary of Results
The objectives of this thesis were to investigate capillary signalling in the skeletal
muscle microvasculature in order to better comprehend how this vascular level
contributes to the regulation of muscle blood flow during increases in tissue metabolism.
Our work has identified novel signalling paradigms at the capillary level. Specifically, we
have found that redundancy at the capillary level is an important physiological
phenomenon in which the inhibition of one vasodilator can augment the effect of
another, to presumably safeguard the concerted relationship between skeletal muscle
blood flow and metabolic demand. Furthermore, we have uncovered a new signalling
pathway in which stimulated capillaries can communicate with the upstream arterioles
that control their perfusion. We have demonstrated that this pathway is physiologically
relevant being involved in mediating contraction-induced conducted responses and
therefore may be involved in ensuring blood flow matches metabolic demand. Together
these findings demonstrate that the capillaries are an active component of the
microvasculature and are able to detect and react to changes in their local
microenvironment. Their complex signalling capabilities allow them to communicate with
remote parts of the vascular thereby playing a central role in the regulation of skeletal
muscle blood flow.
As an overview, chapter 3 demonstrated that inhibitory interactions between
physiologically relevant vasodilators occur at the capillary level. In brief, we found that
inhibitory interactions create a redundant signalling mechanism in which the blockade of
one vasodilator causes the augmented effect of a second dilator. Further, we found that
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redundant interactions occur during skeletal muscle contraction thereby demonstrating
the physiological relevance of redundancy. Presumably this signalling paradigm
functions to compensate for the blockade of a vasodilator in order to ensure blood flow
matches tissue metabolic demand. Chapter 4 shifted focus to address the signalling
mechanisms used to conduct a vasodilatory signal from a stimulated capillary to the
upstream 4A arteriole. We characterized a new pathway that mediates intervascular
communication between capillaries and their upstream arterioles. This pathway utilizes
paracrine signalling in which stimulated capillaries trigger the efflux of ATP from a PanX
channel which diffuses and stimulates a purinergic receptor on a neighbouring cell
causing an increase in [Ca2+]i and release of ATP via PanX channel as propagation of
the vasodilatory signal continues up the vascular network. Our data showed that
physiologically relevant vasodilators elicit a conducted response dependent upon the
PanX/purinergic pathway, while others use GJ-dependent pathways. PanX/purinergicdependent signalling is also physiologically relevant as we demonstrated this pathway’s
involvement in mediating contraction-initiated conducted responses at the capillary
level. Overall this study has demonstrated that capillaries have more than one pathway
in which a conducted response can be propagated.
Together these experiments highlight unique and previously unknown signalling
events that occur at the capillary level. The finding that redundant signalling occurs at
this vascular level introduces a new level of complexity in how blood flow is matched to
metabolic demand. Characterizing a novel signal mechanism at the capillary level

120

furthers our understanding of how skeletal muscle vasculature can communicate its
need for blood flow and offers new insight into skeletal muscle microcirculation.
Current dogma has focused in on arterioles as the central controllers of blood flow
during exercise which has led to the capillary’s role in active hyperaemia being
overlooked. However, our studies demonstrate that capillaries are not a passive
vascular level but are active coordinators of blood flow, which in turn ties in to, and
supports the overarching hypothesis that unseats arterioles as primary coordinators of
the active hyperaemic response.

5.2 Experimental Considerations
The cremaster muscle was specifically chosen as the experimental model for the
experiments outlined in chapters 3 and 4 for two main reasons. 1) Given that this
muscle is only several cell layers thick all vascular levels of the microvasculature
network can be well visualized using intravital microscopy. The quality of the vessel
video/images that can captured using this muscle bed translates to more precise
measurements of vessel luminal diameter. 2) Microvasculature network architecture is
conducive for capillary stimulation. More specifically, after branching from the 4A
arterioles capillaries in the cremaster muscle tend to travel away from the 4A arteriole
and extend throughout the muscle bed for a considerable distance and can be found to
be on the superficial aspect of the muscle. This architecture allows for stimulation of the
capillary without stimulating parts of the network that controls capillary perfusion.
Therefore, we can be certain that any upstream response observed in the 4A arteriole
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originate from the stimulated capillaries and not from other vessels in the network.
Evidence of this is included in chapter 3 (Fig. 3.2). Important to note, there may be a
selection bias with regards to the capillaries that we chose to stimulate in these
experiments. This is due to the fact that we selected capillaries that were clearly visible,
and these tend to be located more superficially in the muscle. We would not expect
superficial capillaries to differ from capillaries locate deeper in the skeletal muscle
tissue, but this has not been directly tested.
The skeletal muscle fibre type composition of the cremaster muscle is ~17% type I,
77% type IIa and 6% type IIb fibres (Murrant et al., 2014) which, for context, has a
comparable fibre type composition to vastus lateralis muscle in human (~32% type I
68% type II) (Edgerton et al., 1975). Importantly, vessel’s dilatory response to
vasodilators has been shown to be dependent upon the muscle fibre type composition
the vasculature is associated with, therefore the magnitude of response elicited by each
vasodilator tested may not necessarily reflect microvasculature response in all skeletal
muscle beds (McAllister, 2003). While muscle function/activity is not known to directly
impact vasculature responsiveness, a commonly referenced ‘shortcoming’ of the
cremaster is the muscle lacks involvement in postural stabilization or locomotion.
However, our laboratory has investigated the arteriolar response to metabolic
vasodilators in the hamster gluteus maximus, a muscle with a comparable fibre type
(∼6% type 1, 76% type IIA and 18% type IIB) to that of the cremaster and found the
vascular response was similar between the two muscles (Murrant et al., 2014),
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providing some indication that muscle function may not be a significantly factor
influencing the vasomotor response.
It is also important to note that the diameter changes do not directly reflect changes
in blood flow, however Poiseuille’s law [1] describes the relationship between flow and
vessel radius, whereby flow (Q) is proportional to radius (r), a change in perfusion
pressure (∆𝑃) and is inversely proportional to vessel length (L) and viscosity (𝜂).

[1] 𝑄 ∝

p) * ∆+
,-.

Given that radius is to the fourth power, changes in vessel radius have the
largest impact in influencing tissue blood flow. As radius and diameter are proportional
(diameter = radius x 2) examining changes in vessel diameter provides us with powerful
insight into tissue blood flow without having to measure changes in blood flow directly.

5.3 Capillaries as an active regulators of skeletal muscle blood flow
coordination
The major findings in chapters 3 and 4 were predicated on the fact that capillaries
are able to respond to stimuli. While previous studies have demonstrated capillaries
possess the ability to respond to both local application of vasodilators and skeletal
muscle contraction, our study expands on what is known about the capillary response to
various physiologically relevant stimuli. For instance, our studies, to or knowledge, were
the first to characterize the capillary-elicited conducted vasodilatation in response to
tetanic muscle contraction, as historically capillaries have only been stimulated via
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twitch contraction (Berg et al., 1997; Cohen et at., 2000; Sarelius et al., 2001; Cohen &
Sarelius, 2004). Characterizing the capillary response to different stimuli provides some
insight in to the cellular signalling mechanism(s) that may be involved at the capillary
level. These functional data provide important direction for future studies regarding
capillary endothelial cell receptor population and signalling mechanics.

5.4 Redundancy in the Active Hyperaemic Response at Capillary
Level
Capillary stimulation results in a conducted vasodilatation in the upstream 4A
arteriole that controls capillary perfusion, therefore vasodilatation in the arteriole causes
an increase in RBC flux of the stimulated capillary. However, as discussed, redundancy
provides a system in which one component of a system can compensate for the loss of
another. The implications of these interactions are 1) the capillary conducted response
is not the summation of the vasodilators released by active skeletal muscle but is a
product of vasodilator interactions. 2) These interactions create a redundant signalling
paradigm which offers a potential compensatory mechanism to preserve tissue blood
flow in the event a vasodilator is inhibited. Therefore, attenuation of an inhibitory
vasodilator would release its inhibition of a second vasodilator allowing for the second
vasodilator to elicits it full vasodilatory effect, producing a similar magnitude of
vasodilatation and preserving blood flow. These interactions may offer a potential
explanation as to why no single vasodilator has been identified as obligatory in
mediating the active hyperaemic response (Clifford & Hellsten, 2004; Marshall, 2007;
Sarelius & Pohl, 2010; Mortensen & Saltin, 2014). Further characterizing redundant
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interactions between vasodilators will offer new insights into tissue blood flow regulation
and may provide avenues into better understanding blood flow dysregulation.
Given that changes in vessel diameter were measured we were unable to make any
concrete conclusions regarding the extent that redundant signalling was able to satisfy
the metabolic demand of active skeletal muscle fibres. However, redundant mechanism
underlying blood flow provide some indication that the tightly couple relationship
between flow and metabolism are safeguarded. The preservation of the tightly coupled
relationship between flow and metabolism is critical as a mismatch is deleterious to any
tissue, including skeletal muscle where dysregulation have been shown to cause fatigue
and loss in force production (Gorman et al., 1988; Hogan et al., 1994).

5.5 Pannexin/Purinergic Signalling
Capillary stimulation can elicit a conducted response in the 4A arteriole which has
long thought to be solely dependent on the gap-junctional spread of hyperpolarization.
The study outlined in chapter 4, has provided evidence that the capillary conducted
response can be propagated independently of hyperpolarization via paracrine signalling,
dependent on PanX channels and purinergic receptors. Therefore, there are two
independent signalling pathways in which a conducted vasodilatation can be
transmitted. From a theoretical point of view the existence of two separate pathways
that both achieve the same end goal may be indicative of a potential redundant
signalling paradigm. However, we have not found any indication that redundancy exists
between these two signalling pathways. One exception to this was the conducted
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response elicited by ACh which was propagated through both signalling pathways. The
significance of finding a vasodilator that functions through both pathways is that it
demonstrates that both pathways can be active simultaneously. However, thus far, our
data do not support that these two conducted response pathways act in a redundant
manner.
Characterizing a second pathway also offers new avenues in blood flow regulation
research. Studies investigating the role of conducted vasodilatation in tissue blood flow
regulation primarily focus on the well characterized GJ-dependent pathway. Therefore,
experimental designs typically target mechanism(s) associate with GJ signalling and the
conclusions are interpreted with the perspective that only one pathway mediates the
conducted response. For instance, ACh, the vasodilator widely used to study conducted
responses, is thought to elicit a conducted vasodilatation via GJ-spread of
hyperpolarization. However, our study has demonstrated that ACh signalling also has a
PanX/purinergic signalling component. Therefore, in light of our findings, re-examining
the limited data collected capillary conducted response may be worthwhile as
conclusions reached may be altered given our finding that there is more than one
signalling mechanism mediating the conducted response in skeletal muscle
microvasculature.
The PanX/Purinergic pathway is dependent upon the efflux of ATP from PanX
channels and diffusion of the purine to stimulate a purinergic receptor (Billaud et al.,
2012; Good et al., 2015; Begandt et al., 2017). Therefore, ATP can only stimulate the
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purinergic receptors within a physiological diffusion distance from the point of release,
consequently signal propagation depends on the proximity of receptors on the
neighbouring adjacent endothelial cell. Thus, depending upon the organization of PanX
channels and purinergic receptors the spread of signal could theoretically be directional.
The prospect of signal directionality could help explain the directional spread of the
conducted vasodilatation observed during capillary stimulation (Berg et al., 1997;
Twynstra et al. 2012). However, currently, little is known about the relationship between
PanX channels and purinergic receptors in the capillaries and arteriolar vasculature.
Future studies should leverage current histological techniques to investigate the spatial
relationship between PanX channels and purinergic receptors. As mentioned in chapter
4, increases in [Ca2+]i are hypothesized to promote the opening of PanX channels,
therefore future work could address the question of directionality by utilizing in vivo Ca2+
imaging techniques (i.e Fura-2, Indo-1 or genetically encoded calcium indicators) to
observe the spread of intracellular calcium during capillary stimulation. The findings
from our study have laid the foundations for these future investigations given that we
have characterized the method of signal conduction of some of the most prominent
putative vasodilators.
Aside from our research, the magnitude of this PanX/purinergic signalling pathway
involvement in blood flow coordination is unknown. This may be in part due to the
unspecific nature of the current PanX antagonist, but future advancements in
pharmacological targeting will aid in improving our ability to discern magnitude of this
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pathway’s involvement in intervascular communication which in turn will provide new
insights in to skeletal muscle blood flow regulation.

5.6 Redundancy and Pannexin/Purinergic Signalling
Our redundancy study demonstrated that vasodilators are able to inhibit one
another’s vasodilatory ability, however one avenue of future investigation is whether
vasodilatory interaction can influence the conducted response signalling pathway. Our
data have demonstrated that the K+ conducted response is mediated via the
PanX/purinergic-dependent signalling pathway while NO is GJ-dependent. We have
also shown that during high contraction frequencies K+ exerts an inhibitory influence on
NO however when K+ release is blocked the vasodilatory action on NO is augmented.
Therefore, the question arises during high contraction frequencies where the conducted
response is thought to be mediated via K+ (Fig 3.5C and Fig 3.5D) working through a
PanX/purinergic pathway (Fig 4.9) would inhibiting K+ release, causing the augmented
action of NO (Fig 3.5D) lead to the conducted response being mediated via gap
junctions as opposed to PanX/purinergic pathway (Fig 4.7)? The idea of redundancy
leading to a switching of the conducted response pathway is one potential avenue for
future research.

5.7 Considering the Dynamic Nature of Skeletal Blood Flow
Increases in skeletal muscle blood flow during muscle contraction is a dynamic
process. Studies have shown the increases in blood flow in response to heightened
metabolism has two distinct phases: an initial fast phase, where blood flow increases
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within seconds following increases in metabolism (Corcondilas et al. 1964, Lind &
Williams 1979, Saltin 1985, Tschakovsky et al. 1996, Buckwalter et al. 1998) followed
by a slower adaptation phase (~40–90 seconds from initiation of contraction) where flow
more accurately matches the metabolic demand of the muscle (Sheriff et al. 1993,
Shoemaker et al. 1997, MacDonald et al. 1998, Radegran & Saltin 1999, Barclay et al.
2003, Tschakovsky et al. 2004). Currently, is thought that these two phases are
mediated by different vasodilators (Mihok & Murrant 2004, Armstrong et al. 2007). We
also know the release of vasodilators is dependent upon the contraction parameters in
which the muscle is stimulated. Therefore, the milieu of vasodilators released by active
muscle fibres are highly dynamic being dependent on stimulation parameters as well as
time. Taken in context with our redundancy data this may mean that there are
numerous interactions between vasodilators that may continually change over the
course of a skeletal muscle contraction bout. This may present a considerable
challenge in parsing out ‘important’ vasodilators during skeletal muscle contraction.
Further, there is a likely possibility that the nature of conducted response signalling will
be equally dynamic, responding to changes in the interstitial milieu. Consequently, over
the course of a contraction bout there is the possibility that the upstream conducted
response could be facilitated by both GJ and PanX- dependent signalling.

5.8 Concluding Statements
Capillaries possess an architectural relationship with skeletal muscle that allows
them to be in the ideal position to detect changes in the metabolic rate of individual
muscle fibres. While previous studies have provided evidence that capillaries can be
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stimulated by products released by skeletal muscle during heightened metabolism, little
was known about how these products affected capillary signalling. Our studies have
demonstrated that 1) redundant signalling is a physiologically relevant signalling
paradigm that occurs at the level of the capillary and 2) the capillary conducted
response is mediated by a second PanX/Purinergic signalling pathway.
Together these findings demonstrate that the capillaries are an active component of
the microvasculature and are able to detect and react to changes in their local
microenvironment. The ability to signal remote parts of the vascular implicates
capillaries as a crucial part of the vasculature responsible for the regulation of skeletal
muscle blood flow. Their importance is further highlighted by the fact that redundant
signalling mechanisms ensure that the conducted response is preserved even when
important vasodilators are inhibited. Secondly, we have demonstrated multiple
conducted response pathways which provide the opportunity for vasodilatory signals to
travel. While future studies will have to contextualize the importance of these new
signalling our results provide some indication that redundancy ultimately function to
preserve the tightly couple relationship between skeletal muscle metabolic demand and
blood flow. While PanX/purinergic signalling offers a second pathway of intervascular
communication the implications of which require further investigation.
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