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ABSTRACT
Skeletal muscle arterioles dilate in response to application of acetylcholine (ACh),
eliciting a conducted vasodilation (CVD) that travels along unbranched segments without
decrement. CVD is known to entail cell-to-cell transmission of hyperpolarization along
the endothelium via gap junction channels, a purely passive mechanism. In the present
thesis I study CVD in bifurcating arteriolar networks, where the pathway for
hyperpolarizing current expands compared to unbranched arterioles, to test for an active
component to CVD. In a separate subset of arterioles, the effect of augmenting vasomotor
tone on CVD was tested using elevated O2 or phenylephrine (PE) in the superfusion
solution vs. control. Male C57BL/6 mice (n=13; 10-13 weeks old) were anesthetized with
pentobarbital sodium (50mg/kg, intraperitoneal injection) and maintained at 37 °C. The
cremaster was carefully exteriorized and spread onto a transparent Sylgard pedestal. The
tissue was maintained at 34 °C with continuous superfusion of physiologic saline
solution. Microiontophoresis of ACh evoked non-decremental CVD in both unbranched
and bifurcating arterioles, supporting the role of an active component in CVD. Further,
augmenting vasomotor tone with PE attenuated non-decremental CVD, whereas
increasing vasomotor tone with elevated O2 did not alter CVD. In summary, arteriolar
networks in the mouse cremaster muscle exhibit robust dilation to ACh, which conducts
along arterioles and across branch points without decrement, suggesting the contribution
of both active and passive mechanisms. In preparations exhibiting poor spontaneous
vasomotor tone, elevated O2 can be used to improve resting tone without impacting CVD.
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INTRODUCTION
The cardiovascular system is comprised of the heart, blood vessels (arterial, venous,
lymphatic) and blood itself. To meet metabolic demands of the body’s tissues, the
combined function of these components is to deliver oxygen, fluid and nutrients to tissues
as well as removal of metabolic waste products, including carbon dioxide and hydrogen
ion. The cardiovascular system also participates in other functions such as temperature
homeostasis, pH buffering, and immune responses. The heart is a pump that generates the
pressure gradient to drive blood from the left ventricle, through the aorta, to the body
through a series of increasingly smaller, diverging arteries. At the tissue level small feed
arteries (FAs), which lie external to the tissue, give rise to arterioles within the tissue. The
largest, most proximal arterioles are termed first-order arterioles (1A). First order
arterioles divide into second-order arterioles (2A) which divide into third-order (3A) and
then fourth-order (4A) arterioles. Terminal arterioles typically arise from 4A and divide
to become capillaries. Arterioles are comprised of a single layer of endothelial cells (ECs)
oriented along the vessel’s axis surrounded by a layer of smooth muscle cells (SMCs)
oriented circumferentially to the vessel axis. This layer of SMCs confers the ability of
arterioles to regulate perfusion of dependent capillaries by contracting and relaxing to
alter luminal diameter (vasoconstriction and vasodilation). Capillaries are comprised of a
single layer of ECs and serve as primary sites of solute and gas exchange, where this
major function of the cardiovascular system is realized through maintaining tissue
homeostasis. Blood leaves capillaries into collecting venules that converge into larger
venules and veins in returning to the heart.
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This thesis is focused on blood flow control in arteriolar networks of the microcirculation
in the mouse cremaster muscle. Second order arterioles (parent) and dependent 3A
(daughter or sister) were studied. Acetylcholine was applied using microiontophoresis to
a 2A (unbranched) or to a 3A branch. A sister arteriole is a 3A branch arranged in parallel
to the stimulated 3A and arising from a common 2A (Fig. 3). The goal of the present
study was to determine the nature of conducted vasodilation (CVD) in unbranched and
bifurcating arterioles. Two hypotheses were tested:
1. Vasodilation conducts across arteriolar bifurcations decrementally.
2. Augmenting vasomotor tone will impair CVD along arterioles.

EXERCISE-INDUCED HYPEREMIA & CONDUCTED VASODILATION
In its fully oxygenated state human hemoglobin (hHb), a protein found exclusively in
erythrocytes, carries oxygen from the pulmonary circulation to tissues throughout the
body. Skeletal muscle utilizes a protein similar to Hb, called myoglobin (Mb), which
exhibits a greater affinity for O2 than Hb, to expedite O2 unloading from erythrocytes and
passage of O2 into the mitochondria for aerobic production of ATP. With increased
metabolic demand during exercise, skeletal muscle exhibits decreased pH, increased
PCO2, and elevated temperature relative to resting conditions, all of which lower the
affinity of Hb for O2, causing greater unloading of O2 within the metabolically active
tissue. Indeed, experimental evidence shows that with the onset of moderate activity,
venous O2 saturation decreases significantly with little change in blood flow (Andersen &
Saltin, 1985). Under the same conditions arterial O2 saturation is unchanged from rest
(Andersen & Saltin, 1985). These findings demonstrate the ability of skeletal muscle to
increase O2 extraction with onset of exercise, however as metabolic demand increases
2

with exercise intensity, tissue needs cannot be met by oxygen extraction alone, and total
blood flow to active muscles must increase (Segal, 1992; Segal & Jacobs, 2001; Hamann
et al., 2004). Systemically, exercise stimulates elevated cardiac output and arterial blood
pressure (Andersen & Saltin, 1985), which contribute to increased delivery of blood to
metabolically active tissues. However, distribution of blood to precise locations of
metabolic demand within a skeletal muscle depends on coordinating diameter changes
within and among the branches of arteriolar networks.

COORDINATION WITHIN MICROVASCULAR RESISTANCE NETWORKS
At the microvascular level in skeletal muscle, metabolites produced by active muscle
fibers stimulate dilation of nearby arterioles. This localized response can achieve
moderate elevations of local blood flow (Segal, 1992). However, coordinated dilation of
a proximal arteriole together with the distal arteriole directly exposed to the metabolic
stimulus is required for a maximal increase in blood flow (Segal, 1991, 1992; Kurjiaka &
Segal, 1995; Segal & Jacobs, 2001). This can be demonstrated by an adaptation (b) of
Ohm’s law (a) below:
(a) V = I • R
(b) ΔP = Q • R

Ohm’s law describes relationships of voltage (V), current (I) and resistance (R) in an
electrical circuit. Equation b uses these relationships to describe fluid flow through a
tube, in this case blood flow through an arteriole; voltage (V) is replaced by pressure
gradient (ΔP) across the arteriole (a resistance vessel), and blood flow (Q) is substituted
3

for current (I). Resistance (R) to blood flow is established by the arteriolar diameter, and
is regulated by the contractile state of SMCs. A simple rearrangement of equation b gives
equation c, below:
(c) Q = (Pi – Po) / R

where pressure drop (ΔP) is the difference between input pressure (Pi) and output
pressure (Po) across a resistance vessel.
An arteriole can be depicted as resistors arranged in series (Fig. 1). From equation c
above, decreasing resistance will increase flow. Consider an arteriolar segment with a
variable resistance connected in series to a proximal segment with a fixed resistance (Fig.
1). Decreasing the distal resistance to flow through vasodilation while maintaining a
constant proximal resistance increases flow across both segments equally. According to
equation b above, at a constant input pressure (Fig. 1- P1), increasing flow across a fixed
resistance (Fig. 1- R1) decreases output pressure (Fig. 1- P2). Output pressure of the
proximal segment is in turn the input pressure for the distal segment. According to
equation c above, limiting input pressure to the distal segment ultimately limits
hyperemia. Alternatively, if the proximal and distal arterioles were to respond in a
coordinated fashion to a vasomotor stimulus applied to the distal arteriole, a greater
magnitude of hyperemia is possible in the distal segment since the proximal segment
resistance decreases, preserving input pressure to the distal segment.
Coordination of vasomotor responses is also important among constituent segments of a
simple bifurcation (Fig. 2). Two conditions warrant consideration. First, as described
above, if vasodilation and decreased resistance is elicited in a 3A (Fig. 2- R2) without
4

coordinated vasomotor response in the 2A (parent arteriole), total hyperemia in the 3A is
limited due to elevated flow across a fixed resistance (Fig.2- R1) and subsequent fall in
3A input pressure (Fig. 2- PB). However, if the vasomotor response of the 2A is
coordinated with a vasomotor response in the 3A, input pressure to the 3A is preserved
and total hyperemia is maximized. Second, a bifurcating arteriole, having three segments,
also requires consideration of the sister arteriole (3A arranged in parallel to stimulated
arteriole). If one 3A and the parent 2A dilate in concert, and input pressure at the
bifurcation (Fig. 2- PB) remains constant while the resistance in the sister 3A (Fig. 2- R3)
remains fixed, blood flow through the sister 3A will be preserved . However, if the sister
3A dilates in concert with the other two constituent segments, its blood flow will also
increase.
The ability of vasodilation initiated at one site in an arteriolar network to conduct along
the arteriolar wall is a mechanism for coordinating such changes in resistance between
parent and daughter branches. Understanding signaling events underlying such behavior
is the focus of my thesis research.

ACETYLCHOLINE INITIATES CONDUCTED VASODILATION
The neurotransmitter acetylcholine (ACh) is an effective agonist for evoking CVD. Using
a glass micropipette, delivering a brief pulse of ACh onto an arteriole at a discrete
location initiates this spreading vasomotor response (Segal & Duling, 1986; Segal, 1991;
Kurjiaka & Segal, 1995; Segal & Jacobs, 2001; Tran et al., 2009), which increases local
blood flow (Segal, 1991; Kurjiaka & Segal, 1995; Tran et al., 2009) similar to that
evoked by muscle contraction (Segal & Jacobs, 2001). In response to ACh, the key initial
signaling event is hyperpolarization of ECs (Busse et al., 1988; Welsh & Segal, 1998;
5

Crane et al., 2004). Specifically, through G-protein coupled muscarinic (M3) receptors
located on the EC membrane, ACh binding increases EC intracellular calcium
concentration ([Ca2+]i) and thereby activated calcium-activated potassium channels (KCa)
located in the plasma membrane, producing potassium (K+) efflux and EC
hyperpolarization (Busse et al., 2002).
Once initiated, hyperpolarization and vasodilation have been shown to conduct along
microvessels over distances spanning several millimeters (Segal et al., 1999). Conducted
vasodilation can travel across multiple branches (Segal et al., 1999) into proximal
arterioles and FAs (Segal, 1991, 1992). Nevertheless, whether CVD is purely passive or
may entail additional “active” signaling events is a question that has evolved since the
discovery of this mechanism of coordinating vasomotor responses in resistance networks.
Whereas some studies have reported hyperpolarization and vasodilation to conduct
several mm with little or no decay (Segal & Duling, 1986; Segal, 1991; Kurjiaka &
Segal, 1995; Emerson & Segal, 1999; Segal et al., 1999; Segal & Jacobs, 2001; Crane et
al., 2004; Figueroa et al., 2007; Figueroa & Duling, 2008; Tran et al., 2009), other
studies have reported that CVD decays by more than half within 1-2 mm along the
arteriolar wall (Segal et al., 1989; Hungerford et al., 2000). Thus whether CVD reflects
purely passive decay or in fact represents an active signaling event remains controversial.
Addressing this controversy and providing new insight into this question is central to the
present thesis.

CELLULAR CONDUCTION PATHWAYS
The coordinated dilation of arterioles and FAs can occur through signaling mechanism
independent of physical forces created within an exercising muscle (Hamann et al., 2004;
6

Boron & Boulpaep, 2005), independent of diffusion of metabolites (Segal, 1992),
independent of perivascular nerve activity (Segal et al., 1999), and independent of
changes in luminal shear stress (Kurjiaka & Segal, 1995; Segal et al., 1999; Segal &
Jacobs, 2001). This mechanism of spreading vasodilation entails cell-to-cell conduction
of hyperpolarization from the site of stimulus to neighboring cells.

A.) INTERCELLULAR CONDUCTION PATHWAYS
The endothelium serves as the predominant pathway for the initiation and conduction of
hyperpolarization and vasodilation (Emerson & Segal, 2000b, c, 2001; Figueroa et al.,
2007). Endothelial cells align in the direction of blood flow and are well coupled to each
other electrically (Emerson & Segal, 2000b, c; Segal & Jacobs, 2001) through gap
junctions (Hakim et al., 2008). Hyperpolarization initiated in an EC spreads through
homocellular gap junctions along the endothelium and through myoendothelial junctions
(MEJs) into overlying SMCs via myoendothelial gap junctions (MEGJs; (Emerson &
Segal, 2000b; Heberlein et al., 2009) leading to a fall in SMC [Ca2+]i (Brekke, Jackson &
Segal, 2006) that results in vasodilation (Emerson & Segal, 1999; Bartlett & Segal,
2000). The essential role of the endothelium in CVD has been demonstrated by showing
that EC damage prevents ACh from initiating hyperpolarization at the site of damage
(Bartlett & Segal, 2000). Further, hyperpolarization and vasodilation are no longer able to
conduct along the vessel through the region of damage when initiated from other intact
sites along the vessel (Emerson & Segal, 2000c, 2001; Segal & Jacobs, 2001).
Alternatively, selective destruction of SMCs in a small region of arteriole does not appear
to attenuate CVD initiated at a distal site through the region of SMC damage (Emerson &
Segal, 2000c). With respect to blood flow control, in the absence of CVD, the hyperemic
response to muscle contraction or to ACh stimulation is attenuated by half (Kurjiaka &
7

Segal, 1995; Segal & Jacobs, 2001) due to the fixed proximal resistance discussed above
(Fig. 1).
While SMCs are highly sensitive to an array of metabolic stimuli (Figueroa et al., 2004)
the smooth muscle layer is a relatively poor conduction pathway when compared to the
endothelium (Emerson & Segal, 1999; Diep et al., 2005). For example, although the
smooth muscle agonists norepinephrine and phenylephrine (PE) have been shown to
initiate conducted vasoconstriction in arterioles (Segal et al., 1989; Bartlett & Segal,
2000) most studies have found that focal delivery of a SMC-specific agonist onto an
arteriole from a micropipette elicits vasoconstriction that spreads poorly along the
arteriole, thus remaining localized to the vicinity of stimulation (Kurjiaka & Segal, 1995;
Segal & Neild, 1996; Segal et al., 1999b, a; Hungerford et al., 2000; Tran et al., 2009).
This behavior can be explained by the circumferential orientation of SMC together with
their high coupling resistance due to the paucity of gap junctions between adjacent SMCs
(Welsh & Segal, 1998; Diep et al., 2005; Hakim et al., 2008; Tran et al., 2009). Further,
locally-applied SMC-specific agonists may change SMC membrane potential (Vm) very
little as electrical current flow generated within a SMC can be dissipated into the
endothelial layer through MEGJs, further decreasing the likelihood of a signal
propagating within the SMC layer (Diep et al, 2005).

B.) CELL-TO-CELL COUPLING
Conducted vasomotor responses are supported by underlying electrical signals that travel
from cell to cell along an arteriole. Gap junctions support direct electrical signaling from
cell to cell, and are comprised of hemichannels expressed by adjacent cells which dock to
form a continuous channel that allows passage of small molecules (<1 KDa) and
8

electrical current (ions) from the cytoplasm of one cell to the cytoplasm of the next
(Figueroa & Duling, 2008). Each hemichannel is a connexon, comprised of six connexin
(Cx) proteins. Adding further complexity, arterioles support hetero- and homocellular gap
junctional coupling, theoretically facilitating direct electrical coupling among all
constituent cells of an arteriole. Dye coupling studies reveal prevalent homocellular
coupling among arteriolar ECs (Segal & Beny, 1992; Little et al., 1995), but little or no
homocellular coupling among arteriolar SMCs (Segal & Beny, 1992; Little et al., 1995).
Using dye microinjection into a single EC or SMC within the arteriolar wall, some
investigators have shown evidence for heterocellular dye coupling between ECs and
SMCs (Little et al., 1995) whereas others have provided evidence to the contrary (Segal
& Beny, 1992; Emerson & Segal, 1999, 2000b, 2001). Ultrastructural studies based upon
electron micrographs support the ability of heterocellular coupling to occur via cellular
projections through the internal elastic lamina that bring ECs and SMCs into direct
apposition (Segal & Beny, 1992; Emerson & Segal, 2000b; Sandow et al., 2002; Sandow
et al., 2003; Heberlein et al., 2009). Electrophysiological studies support the concept of
electrical connectivity among ECs and SMCs (Segal & Beny, 1992; Emerson & Segal,
2000b; Yamamoto et al., 2001), enabled through MEGJs, whereby SMCs and ECs each
contribute respective connexon hemichannels to form complete gap junction channels
between respective cells (Figueroa 2004; Heberlein et al., 2009).
Though homocellular SMC gap junctional coupling is less prevalent, hyperpolarization
conducting along the endothelium elicits a parallel hyperpolarization, via MEGJs, along
adjacent SMCs to produce relaxation and vasodilation. Given the high input resistance of
SMCs, only small amounts of charge movement from the endothelium are need to change
the Vm of SMC to produce vasodilation (Diep et al., 2005). Charge can also move from
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SMCs to ECs but given the prominent homocellular coupling and low input resistance of
ECs, charge movement through MEGJs from adjacent SMCs is quickly dissipated along
the endothelium (Diep et al., 2005). In summary, the longitudinal orientation of ECs
along the vessel axis and high homocellular coupling supports the role of the intima as
the primary cellular pathway for conduction, whereas poor homocellular coupling and
circumferential orientation of SMCs helps to explain the relatively poor capacity of the
media to serve as a conduction pathway (Diep et al., 2005).

BRANCHING AND SPREAD OF VASOMOTOR RESPONSES
When arterioles branch to form networks, multiple pathways are available for a signal to
travel within a network. A signal that is conducted along one vessel may thereby be
dissipated as it encounters branches in network structure. Whereas conducted responses
have been shown to decay more rapidly as branching increases (Segal & Neild, 1996;
Segal et al., 1999), other studies suggest CVD conducts readily through branch points
(Segal et al., 1989; Segal, 1991; Crane et al., 2004). Indeed, evidence continues to
accumulate that CVD may involve active signaling (e.g., through opening of additional
ion channels) along the vessel wall, particularly in response to ACh or electrical
stimulation (Figueroa et al., 2008; Emerson, Neild & Segal, 2002), contributing to nondecremental signaling across branches.
In the retractor muscle of the hamster, CVD in response to ACh delivery from a
micropipette was investigated along FA as well as within arteriolar networks (Segal et
al., 1999). Whereas CVD did not decay significantly along unbranched FAs, the dilatory
response decayed progressively in branching arteriolar networks (Segal et al., 1999).
While such observations suggest that branching contributes to the decay of CVD, the
10

relationship between branching and CVD was not tested directly. In light of evidence
from the hamster cheek pouch that the conducted hyperpolarization signal can actually
increase with distance as it travels along arteriolar networks (Crane et al., 2004), it
remains unclear whether branching results in the decay of CVD. Thus the first goal of the
present study was to define the behavior of CVD across arteriolar bifurcations in vivo.
The mouse cremaster muscle is a widely studied and well-characterized preparation in the
study of blood flow control within skeletal muscle arterioles (Hungerford et al., 2000). It
is particularly useful for the present study, as cremasteric arterioles have appeared to
exhibit both active and passive signaling properties for CVD (Figueroa & Duling, 2008).
Therefore, using the mouse cremaster muscle preparation, I investigated the nature of
CVD along unbranched and branched arterioles. The first hypothesis I tested was that
vasodilation conducts across arteriolar bifurcations decrementally.

AUGMENTED VASOMOTOR TONE AND CVD
At rest, arterioles typically exhibit a level of spontaneous vasomotor tone such that
vessels rest at 50-70% of their maximal diameter (Hungerford et al., 2000 ; Segal et al.,
1999). From this resting baseline, dilation or constriction respectively acts to increase or
decrease blood flow to dependent tissue regions. Although arterioles devoid of resting
tone are able to conduct electrical signals along the vessel wall (Hirst & Neild, 1978) they
would serve as passive conduits for the signal but would not be able to regulate local
blood flow in accord with metabolic demand. In light of earlier discussion, spontaneous
vasomotor tone is integral to the coordination of both local and conducted vasodilation
under physiological conditions and underlyies a controlled increase in tissue perfusion
(Kurjiaka & Segal, 1995).
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Preparations of the microcirculation in vivo, as well as in vitro isolated microvessels,
require great surgical precision. Exposed tissues and microvessels often exhibit little or
no resting tone, perhaps resulting from excessive tissue manipulation. In order to study
vasodilation and SMC relaxation, some investigators routinely augment resting tone.
Phenylephrine, an α1-selective adrenoreceptor agonist has been used to increase resting
tone in a number of studies investigating CVD (concentrations ranging from 10-8 to 10-6
M) (Emerson & Segal, 1999; Segal & Jacobs, 2001; Kurjiaka et al., 2005; Jantzi et al.,
2006; Tran et al., 2009). Each of these studies claimed that vasomotor responses were
unaffected by the addition of PE. However, stimulation of α-adrenoreceptors can directly
impact CVD. For example, PE has been shown to attenuate CVD to ACh (Haug & Segal,
2005). Such actions appear to be mediated through inhibiting gap junctional coupling to
impair cell-to-cell signaling and/or activating ion channels in the plasma membrane to
increase current leakage (Haug & Segal, 2005). Further, while activation of perivascular
sympathetic nerves can impair CVD, the inhibition of α-adrenoreceptors restores CVD
during perivascular nerve stimulation (Haug & Segal, 2005; Kurjiaka et al., 2005).
Moreover, constitutive activation of α-adrenoreceptors impairs conducted vasodilation in
resting skeletal muscle (Moore et al., 2010) and the inhibition of CVD increases with the
intensity of perivascular nerve stimulation (Haug & Segal 2005). These findings provide
further support for a physiological role of α-adrenoreceptor activity in modulating CVD.
An alternate method for augmenting arteriolar vasomotor tone is raising ambient O2 over
the preparation. For example, elevating the % O2 equilibrated into superfusion solution
(e.g., to 10% or 21% vs. 5% typically used under control conditions) has been used to
enhance vasomotor tone for studying CVD (Segal & Duling, 1986; Segal et al., 1989;
Segal, 1991; Segal & Neild, 1996; Welsh & Segal, 1998; Hungerford et al., 2000; Crane
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et al., 2004; Jantzi et al., 2006). The effect on tone could be mediated by increased SMC
[Ca2+]i by an alternate mechanism compared to PE, or could alternatively sensitize the
SMC to Ca2+ without directly affecting intracellular concentrations. Whereas these
studies have claimed that elevating O2 in the superfusion solution does not alter
conducted vasodilation, few have directly tested for such an effect. Further, there has not
been a systematic investigation of CVD for arterioles displaying spontaneous vasomotor
tone as compared to when vasomotor tone is enhanced with PE compared to elevated O2.
Therefore, elevated O2 is included in the present study, along with PE, to test for effects
of augmented vasomotor tone on CVD as compared to spontaneous tone. The second
hypothesis I tested was that augmenting vasomotor tone will impair CVD along
arterioles.

MATERIALS AND METHODS
The present study is concerned with advancing our understanding of how the control of
muscle blood flow is coordinated within and among branches of the resistance
vasculature. Discrete application of ACh to an arteriole from a micropipette is used to
mimic a local metabolic stimulus for vasodilation. Vasomotor responses in parent and
sister arterioles demonstrate the coordination that can occur between proximal parent
arterioles and their daughter branches in regulating blood flow within the
microcirculation of striated muscle.
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ANIMAL CARE AND USE
All procedures were reviewed and approved by The Animal Care and Use Committee of
the University of Missouri. Male C57BL/6 mice (n=13) were obtained from Charles
River Laboratories (Wilmington, MA) at 10-12 weeks of age and were housed for at least
1 week before being studied. On the day of an experiment, a mouse was anesthetized
with pentobarbital sodium (50 mg/kg; intraperitoneal injection). Anesthesia was
maintained with supplemental injections (10-20% of initial bolus) sufficient to prevent
withdrawal to toe-pinch. Esophageal temperature was maintained at 37 °C using a warm
(42 °C) aluminum plate positioned underneath the mouse. Following completion of
experiments, the mouse was euthanized with an overdose of pentobarbital followed by
cervical dislocation.

REAGENTS
Reagents were obtained from Sigma-Aldrich (St. Louis, MO) and dissolved in ultrapure
(18.2 MΩ) water. Bicarbonate-buffered physiologic saline solution (PSS) was of the
following composition (in mmol/L): 131.9 NaCl, 4.7 KCl, 1.17 MgSO4, 2.0 CaCl2, 18.0
NaHCO3. The PSS was equilibrated with 5% CO2, 95% N2 (pH, 7.4) and maintained at
34-35 °C for superfusion of exposed tissue throughout an experiment. As described
below, ACh was used for microiontophoresis while PE and sodium nitroprusside (SNP)
were diluted to final working concentrations in the superfusion solution.

CREMASTER MUSCLE PREPARATION AND INCLUSION CRITERIA
In order to study the effects of branching and of vasomotor tone on conducted
vasodilation, we define spontaneous resting tone as that which approximates the
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physiologic milieu of healthy tissue in the intact animal. Specific steps taken to ensure
viability of the preparation are outlined below. Anesthetized mice were shaved in the
scrotal and inguinal regions and positioned supine on a transparent Plexiglas board under
a stereomicroscope for dissection. Fresh PSS prepared daily and maintained at 34-35 ° C
was superfused (5 ml/min) over the tissue throughout all experimental procedures. A
ventral incision along the mid-clavicular line of the left scrotal sac exposed the
underlying cremaster muscle. Superficial connective tissue was carefully removed. The
scrotal sac was retracted and a longitudinal incision was made through the ventral surface
of the cremaster muscle, which was carefully freed from the epididymis. Connective
tissue from the inner surface of the cremaster was removed; the spermatic cord and
vasculature were ligated (4-0 silk) and removed along with the testis. Great care was
taken to minimize physical trauma to the cremaster muscle. Once dissected free, the
cremaster muscle was gently spread over a transparent pedestal (Sylgard 184®, Dow
Corning; Midland, MI) and secured at the edges with insect pins. The completed
cremaster muscle preparation was transferred to the fixed stage of an intravital
microscope (modified 20T, Zeiss) and allowed to equilibrate for 30 minutes while
superfusion with PSS was maintained. Securing the microscope on an X-Y platform
underneath the fixed stage enabled the field of view to be changed (i.e., to move along
the arteriole) without disturbing the preparation.

VIDEO MICROSCOPY
For brightfield (Köhler) illumination, light from a 100-Watt halogen lamp was focused
on the image plane with a long-working distance condenser [Zeiss ACH/APL, numerical
aperture (NA) = 0.32] and images were acquired through a long working distance
objective (UD40, Zeiss; NA, 0.41). The image was projected onto a monochrome video
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camera (model C2400, Hamamatsu; Japan), and displayed on a video monitor (Model
PVM 122; Sony, Japan) at a final magnification of ~1000X with spatial resolution of ~1
µm. A video caliper (modified model 321; Colorado Video Inc.; Boulder, CO) was
calibrated using a stage micrometer (100 X 0.01 = 1 mm; Graticules Ltd., Tonbridge
Kent, England) and superimposed on the video image for tracking diameter by the
operator. Internal vessel diameter was recorded as the widest point of the arteriolar lumen
or outer edge of the red blood cell column. Output from the video caliper was recorded at
a sampling rate of 100 Hz using a PowerLab data acquisition system (model 8s; AD
Instruments; Colorado Springs, CO) coupled to a personal computer. Distances along
arterioles were determined using a calibrated eyepiece reticule with reference to
anatomical landmarks.

ARTERIOLAR SELECTION AND NETWORK ARCHITECTURE
Arterioles were selected for study based on criteria developed during comprehensive
preliminary experiments. Arterioles were located centrally in the cremaster preparation
(away from damaged edges), were devoid of rolling or adhering leukocytes, and
exhibited oxygen sensitivity as determined by increased vasomotor tone when the
superfusion solution was transiently (5-10 minutes) equilibrated with 21% O2 (5% CO2,
balance N2). The most important criterion for inclusion was the maintenance of robust
spontaneous vasomotor tone throughout experiments, apparent as readily identifiable
SMCs surrounding the vessel lumen and robust vasodilation to ACh stimulation. Unless
otherwise indicated, experiments were performed with the superfusion solution
equilibrated with 5% CO2, 95% N2. At the conclusion of experiments, the degree of
spontaneous vasomotor tone was determined by recording maximal dilation with SNP
added to the superfusion solution (final concentration, 10-4 M). Spontaneous vasomotor
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tone was calculated as: [(Dmax – Drest)/Dmax] X 100, where Dmax is the maximal
diameter recorded during SNP and Drest is the diameter recorded under resting
conditions following the initial 30-minute equilibration.

Two protocols were followed to study the effects of branching and different types of tone
on CVD.

A.) PROTOCOL 1: UNBRANCHED VS. BIFURCATING ARTERIOLES
To study the effects of branching on CVD, two network configurations were chosen for
comparison. The first configuration was an unbranched 2A segment extending for at least
1400 µm (Fig. 3A). The ACh stimulating micropipette was positioned adjacent to the
arteriole and diameter responses to the stimulus were recorded at 350 μm intervals, from
0 μm (site of stimulation) to 1400 μm. The order in which sites were studied was
randomized across experiments to avoid order effect. For reference, observation sites
along unbranched (U) arterioles are designated UX where x is the distance (in µm)
upstream from the site of stimulation with ACh (e.g., U0 refers to the local site of
stimulation; U700 refers to a site 700 µm upstream).
The second configuration entailed a 2A that bifurcated into a pair of 3A having similar
dimensions (Fig. 3B). The stimulus pipette was placed adjacent to one of the 3A branches
at a site located 525 μm downstream from the branch origin. This configuration ensured
that the branch point was located between the first and second remote sites at which CVD
was observed upstream from the stimulus site. The local site of stimulation is referred to
as B0 and the first conducted site observed 350 µm upstream is termed B350. The notation
BPX designates any site along the parent (P) segment located at distance x (in μm) relative
to the stimulus micropipette (from 700 to 1400 μm). The notation BSX designates any site
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in the parallel sister (S) segment located at distance x (in μm) relative to the stimulus
micropipette (from 700 to 1400 μm).

B.) PROTOCOL 2: SPONTANEOUS VS. AUGMENTED TONE
A separate subset of arterioles were studied for effect of induced tone in the following
order to limit the effects of one intervention on the next: spontaneous resting vasomotor
tone (control conditions), elevated O2, 10-8 PE and then 10-7 M PE in the superfusion
solution. Resting and response diameters were first obtained at each site along an
arteriole under control conditions (n=6). Next, 21% O2 (with 5% CO2, balance N2; n=10)
was equilibrated for 15 minutes in the superfusion solution over the cremaster muscle and
CVD was studied. The tissue was then re-equilibrated with control PSS for 15 minutes
before adding 10-8 M (n=7) PE to the reservoir (15 minute equilibration) and CVD was
studied. Finally, 10-7 M (n=4) PE was added to the reservoir (15 minute equilibration)
and CVD was studied a final time. The stimulus and recording sites remained constant
during each experimental condition.

MICROIONTOPHORESIS OF ACETYLCHOLINE
An arteriole was stimulated at a defined site (see below for site selection) by passing
positive current through a micropipette containing ACh, which contains a positive charge
in solution and is displaced from the micropipette tip as the principal charge carrier when
dissolved in ultrapure H2O. Microiontophoresis micropipettes were pulled from
borosilicate capillary tubing (model GC120F-10, Warner Instruments; Hamden, CT) to a
tip internal diameter (ID) of 1 µm using a horizontal micropipette puller (model P-97,
Sutter Instruments; Novato, CA). A stimulus micropipette was backfilled with filtered
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(0.2 µm) ACh solution (1 M), secured in a micropipette holder. The holder was mounted
in a 3-axis hydraulic micromanipulator (model MX630, Siskiyou Corp.; Grants Pass, OR)
attached to the acrylic platform containing the mouse cremaster preparation. A wire (AgAgCl) in the lumen of the micropipette was connected to a microiontophoresis current
generator (model 260, World Precision Instruments; Sarasota, FL) along with a second
Ag-AgCl wire positioned at the edge of the cremaster preparation that served as the
reference electrode. A negative retain current (150-200 nA) applied to the micropipette
prevented leakage of ACh. While observing through the microscope, the tip of the ACh
micropipette was positioned with its tip adjacent to the arteriole of interest (as defined in
Fig. 3A). Based upon extensive preliminary control experiments performed to define
stimulus-response characteristics (data not shown), ejection current was set at 500 nA and
delivered as a 500 ms pulse. This submaximal stimulus was selected based upon the
ability for responses to either increase or decrease during experimental interventions. The
negative retain current was eliminated during the transient positive pulse of current used
to eject ACh and resumed immediately thereafter. The ACh stimulus pulse was recorded
for reference to the vasomotor response.

VASOMOTOR RESPONSES
Vasodilation in response to ACh was recorded at the site of stimulation and remote sites
at defined reproducible distances along arteriolar networks at 350 μm intervals up to 1400
μm. A separate ACh stimulus was used to elicit each vasomotor response. Responses at
remote sites reflect CVD and were located upstream from the ACh stimulus micropipette
to avoid possible effects of ACh convected in the flow stream. Prior studies suggest an
additional, local effect of ACh at the site of stimulation and therefore excluded the local
site from analyses of CVD (Segal & Duling, 1986; Segal, 1991; Segal & Neild, 1996;
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Emerson & Segal, 1999). For the same reason, the present study excludes the local site of
stimulation from analyses of CVD.
Whereas earlier studies were concerned with the progressive decay of conducted
vasomotor responses (Segal et al., 1989; (Segal, 1991; Segal & Neild, 1996), the present
study tested for any decrement of CVD with distance, defined as a statistically significant
difference between the diameter change at the first remote site when compared to any
other remote site further along the arteriole. After each ACh stimulus, the arteriole was
allowed to recover to baseline diameter for at least 1 minute before the next stimulus was
delivered. During a recovery period the field of view was moved to the next observation
site (order randomized across experiments) while maintaining the original location of the
ACh stimulus micropipette. At the end of experimental maneuvers, maximal diameters
were recorded at each site studied during superfusion with 10-4 M SNP.

DATA ANALYSIS
Resting vasomotor tone calculated for each vessel studied is useful in comparing the level
of spontaneous smooth muscle cell contraction across different branch orders of arterioles
independent of the actual size of the vessel since it is expressed as a percentage of
maximal diameters. The actual change in diameter as measured in µm provides an
absolute assessment of a vasomotor response at a defined location along an arteriole as it
occurs from the resting (baseline) diameter at that site. For vasodilation (to ACh), the
absolute diameter change was calculated as: [peak response diameter – resting diameter].
For vasoconstriction (to elevated oxygen or addition of PE), the absolute diameter change
was calculated as: [resting diameter – steady-state response diameter]. Resting, response
and maximal diameters were obtained for each vessel at designated sites by averaging
100-200 data points (1-2 seconds recorded at 100 Hz) during respective conditions. These
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values were transferred to an Excel spreadsheet and compiled. Summary data are
expressed as means ± standard error (S.E.). Data were analyzed using 2-way analysis of
variance followed by Holm-Sidak t-tests for multiple comparisons using SigmaStat
(version3.5, Systat Software, Inc., San Jose, CA) and SAS (version 9.1; Cary, NC)
software. Differences were accepted as statistically significant with P ≤ 0.05.

RESULTS
All arterioles included in this study maintained resting tone and exhibited robust dilation
to ACh throughout all measurements.

CONDUCTED VASODILATION: UNBRANCHED VS. BIFURCATING ARTERIOLES
Unbranched arterioles (n=6) and bifurcating arterioles (n=6) were studied under
spontaneous vasomotor tone. Typically, one arteriole or arteriolar network was studied in
each mouse. In two mice, an unbranched arteriole and a bifurcating network were
studied. The observation sites included for these experiments are illustrated in Fig. 3.
In unbranched arterioles, resting diameter, maximal diameter, and resting tone did not
differ among observation sites along the 1400 μm segment (Fig. 4). Microiontophoresis
of ACh initiated local vasodilation that conducted robustly along the 1400 µm segment
(and beyond; data not recorded). As illustrated in Fig. 5, diameter changes at the furthest
remote site (1400 µm) were not significantly different from those at the remote site
nearest the ACh stimulus (350 μm). Further, diameter changes were not significantly
different among any of the sites studied along unbranched arterioles, including the site
stimulation.

21

In bifurcating arterioles, parent and sister segments exhibited similar resting and maximal
diameters with no difference in spontaneous vasomotor tone at each site studied along
designated segments (Fig. 4). Stimulation with ACh at a downstream site on a daughter
3A initiated vasodilation that conducted into both the parent 2A upstream and the sister
3A branch. Diameter changes were not significantly different between the nearest remote
site (B350) and the furthest remote site in either the parent (BP1400) or sister (BS1400)
segment, nor were conducted responses different among any of the remote sites (Fig. 5)
In 4 networks, vasodilation conducted for distances exceeding 4 mm and across multiple
branches (personal observations, data not recorded).

CONDUCTED VASODILATION: SPONTANEOUS VS. AUGMENTED TONE
In a separate group of mice, conducted vasodilation was studied along unbranched 2A
under spontaneous resting tone (n=6), and under induced tone using 21% O2 (n=10), 10-8
M PE (n=7), or 10-7 M PE (n=4). Typically one arteriole was studied per animal. Several
arterioles were studied under multiple experimental conditions. Exposure to elevated O2
or to PE tended to increase vasomotor tone (Fig. 6) and this effect was statistically
significant (P<0.05) for 10-7 M PE at 1050 and 1400 µm sites (Fig. 6). When diameter
data were pooled across observation sites under respective conditions, enhancing tone
with 21% O2 or with 10-7 M PE in the superfusion solution increased tone significantly
(P<0.05) above that recorded under control conditions. As determined at the end of each
experiment, maximal diameters did not vary with experimental conditions (Fig. 7).
Across experimental conditions and observation sites, there was no significant effect of
elevated O2 or exposure to PE on CVD (Fig. 8). In light of evidence that the activation of
α-adrenoreceptors can inhibit CVD (Haug et al., 2003; Moore et al., 2010), an additional
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analysis was performed by comparing conducted responses between the nearest and
furthest sites studied (350 and 1400 µm, respectively). As shown in Fig. 9, exposure to
either 10-8 or 10-7 M PE attenuated CVD significantly (P=0.02). In contrast, whereas 21%
O2 increased vasomotor tone (Fig. 7), it had no significant effect on CVD (Fig. 9).

DISCUSSION
The goal of the present study was to determine the nature of CVD in unbranched and
bifurcating arterioles, where the pathway for hyperpolarizing current was unchanged with
distance or expanded with distance, respectively. I found CVD to be non-decremental in
unbranched and bifurcating arterioles, suggesting the role of an active component in cellto-cell signaling for conduction of vasodilation. It is important to emphasize that tissues
were handled with extreme care, and only those exhibiting robust spontaneous vasomotor
tone were used for analysis. Under these strict inclusion criteria, and without use of toneinducing agents, my surgical success rate was 28%. In preparations exhibiting poor
spontaneous vasomotor tone after surgery, tone-inducing agents would increase the
number of viable preparations for study. Therefore, to assess the impact of augmenting
vasomotor tone on CVD, a subset of arterioles also exhibiting robust spontaneous
vasomotor tone as defined above, were studied with the addition of tone-inducing agents,
namely elevated O2, and two concentrations of PE (10-8 and 10-7 M). Below, I discuss in
greater detail arteriolar bifurcations, and then consider both passive and active
mechanisms within arteriolar networks that may contribute to non-decremental CVD
observed here. Finally, the effects of augmented vasomotor tone on conduction are
evaluated.
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BRANCHING AND SPREAD OF VASOMOTOR RESPONSES
If the mechanism for CVD were purely passive, the total current responsible for CVD
would originate at the point of stimulation and, if it traveled with 100% efficiency along
the vessel wall, could theoretically account for CVD along great distances with very little
decay. However, with the introduction of a bifurcation, the expansion of the pathway for
current to spread would either (1) diminish vasodilation at sites beyond the bifurcation
compared to similar sites in an arteriole without a bifurcation, or (2) where similar
diameter responses are observed regardless of branching, a greater current flow across the
segment proximal to the bifurcation would be required to support equal vasodilation
compared to an unbranched arteriole. Differences in current flow across an arteriolar
segment could be detected by direct measurement of Vm, but can also be assumed to
produce corresponding differences in the amplitude of the diameter response during CVD
(Welsh & Segal, 1998; Emerson & Segal, 2000a). In the present study the magnitude of
vasodilation at sites proximal to a bifurcation did not differ from that recorded in an
unbranched arteriole at a similar distance from the site of stimulation. This similarity
weakens the hypothesis that vasodilation conducts in a purely passive manner. Based on
computational modeling, Diep, et al (2005) report that varying coupling resistance among
ECs within a 4-fold range does not alter passive conducted diameter responses along a
2200 μm arteriolar segment, further suggesting an additional source of current (i.e., an
active component) contributes to the conduction of vasodilation within arteriolar
networks. In light of the present findings, I reject the first hypothesis that vasodilation
conducts decrementally across bifurcations. In contrast, my findings lend support to the
role of an active signaling component in arterioles.
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PASSIVE CONDUCTION: GAP JUNCTIONAL COUPLING
Hyperpolarization spreads among the cells comprising arterioles via homo- or
heterocellular coupling (Emerson & Segal, 2000b, c). Cell-to-cell coupling provides a
low resistance pathway for spread of current along a vessel axis. Although the present
study lends evidence to the active nature of CVD, passive mechanisms also support
conduction, as discussed below. First, I consider the role of gap junctions in CVD, then
the specific roles of homo- and heterocellular coupling in CVD.

A.) Arteriolar Gap Junctions
Gap junctions have been implicated in the spread of current along the arteriolar axis and
from ECs to SMCs via MEGJs. Given their varying composition based on possible
combinations of connexin isoform expression and the different types of cells coupled to
each other, gap junctions have great potential for functional variation (refer to CELL-TOCELL COUPLING for a detailed description). Several connexins have been described in the
vasculature (Cx37, Cx40, Cx43, and Cx45; Cx45 has not been identified at the MEGJ)
(Heberlein et al., 2009) allowing for the formation of homotypic or heterotypic
connexons. According to the composition of connexin subunits (homotypic vs.
heterotypic), each unique connexon hemichannel may exhibit individual properties,
including selectivity and conductivity for macromolecules or electric current, responses
to various stimuli (e.g. nitric oxide, phosphorylation, etc.), directionality of conduction
(EC-to-SMC vs. SMC-to-EC) and the probability and characteristics of GJ formation
with connexons expressed in the adjacent cell type (Heberlein et al., 2009). Further
adding to the complexity and selectivity of the GJ channel, connexons can join like or
different connexon types in the adjacent cell to form homomeric or heteromeric GJs.
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Robust expression of Cx37, Cx40, and Cx43 has been demonstrated in ECs but not in
SMCs in hamster cheek pouch arterioles, hamster retractor feed arteries (Hakim et al.,
2008) or mouse cremaster muscle arterioles (Looft-Wilson et al., 2004). Others have
found Cx45 solely in SMCs and Cx37 exclusively in ECs, whereas Cx40 and Cx43 are
found in both cell types with the exception of the mouse where Cx40 is predominantly
EC-derived (Figueroa et al., 2007; Figueroa & Duling, 2008). Non-decremental CVD in
response to ACh stimulation requires Cx40 expression, which is found solely in the
endothelium of mouse cremaster arterioles (de Wit et al., 2000; Figueroa & Duling,
2008). In the Cx40 knock out mouse CVD decays with distance a manner similar to that
observed in the wild type mouse to stimulation with pinacidil (KATP agonist) (Figueroa &
Duling, 2008). In contrast, deletion of Cx37 had no effect on non-decremental CVD
(Figueroa & Duling, 2008).

B.) Heterocellular and Homocellular Coupling
Anatomically, the endothelium is separated from the overlying layer of SMCs by the
internal elastic lamina (IEL). Extension of either cell type through the IEL brings ECs
and SMCs into close apposition with MEJs providing opportunity for direct
heterocellular connectivity (Heberlein et al., 2009). Most commonly ECs traverse the IEL
to reach SMCs, and though MEGJs have been described in macrocirculatory structures,
they are primarily found in arterioles with approximately seven and three MEGJs per EC
and SMC, respectively in first-order arterioles (Heberlein et al., 2009). Given their ability
to conduct electrical current directly between cells, MEGJs are implicated in the spread
of EC-to-SMC hyperpolarization to promote vasodilation. Homocellular coupling along
the endothelium provides a very low resistance pathway for current spread from cell-to-
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cell along the vessel due to the longitudinal orientation of ECs and their more prevalent
homocellular GJ expression when compared to SMCs (Diep et al., 2005).
Homo- and heterocellular coupling by GJs facilitate the spread of hyperpolarizing current
from the site of stimulation within the endothelium, axially among ECs, and radially into
overlying smooth muscle cells, respectively. Together, these produce a coordinated
conduction of hyperpolarization and vasodilation along arterioles. While activity and
expression of GJs can be regulated by a number of processes and play an important role
in conduction of vasomotor responses in arterioles, GJs alone cannot support a
regenerative mechanism for CVD because they do not directly promote or regulate ion
conductance across the plasma membrane. Additionally, arteriolar GJs do not appear to
be sensitive or responsive to voltage (i.e. hyperpolarization). For these reasons GJs alone
cannot account for the regenerative nature of CVD over great distances and across
bifurcations in arterioles. Nevertheless, GJs play a key role in the nature of CVD along
the arteriolar wall.

ACTIVE CONDUCTION: A ROLE FOR ION CHANNELS
The present findings indicate that CVD is non-decremental in unbranched and bifurcating
arterioles alike, which requires an active signaling component. Voltage-sensitive ion
channels in plasma membranes, particularly those located in the endothelium (Nilius &
Droogmans, 2001), have been implicated in this role (Figueroa et al., 2007), sensing Vm
changes and responding by contributing hyperpolarizing current via regulating the
conductance of one or more ion channels thereby amplifying hyperpolarization and thus
vasodilation responses along the vessel. Examples of key voltage-sensitive ion channels
are briefly considered below.
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A.) KCa Channels
Calcium-activated potassium channels play a key role in initiation of EC
hyperpolarization (Ledoux et al., 2006). Of the ion channels discussed here, these are the
only channels insensitive to direct Vm changes, it’s activity increased instead with
elevated EC [Ca2+]i (Ledoux et al., 2006), e.g. in response to ACh stimulation (Busse et
al., 1988). Three varieties of KCa exist in the microcirculation: large conductance KCa
(BKCa) are found primarily in SMCs (Sandow et al., 2006), whereas intermediate
conductance KCa (IKCa) and small conductance KCa (SKCa) are found primarily in ECs
(Crane et al., 2003; Sandow et al., 2006). Studies have shown co-localization of IKCa and
Cx37 and Cx43 at the MEGJ, while SKCa are localized to interendothelial gap junctions
(Sandow et al., 2006), raising suspicion for a specialized role for KCa in conduction of
hyperpolarization among microvascular cells. The simultaneous inhibition of both SKCa
and IKCa at the site of ACh stimulation greatly attenuates local vasodilation and
completely abolishes CVD (Domeier & Segal, 2007). However, once initiated, these
channels do not appear to contribute to the spread of dilation along an arteriole (Domeier
& Segal, 2007). Taken together, KCa located in ECs and at MEGJs appear to play a
critical role in initiation of EC hyperpolarization.

B.) NaV Channels
NaV channels are a family of voltage-sensitive sodium channels found in mouse
cremaster ECs (NaV1.2, NaV1.6, NaV1.9) and SMCs (NaV1.6, NaV1.9), and have
implicated in long-distance CVD (Figueroa et al., 2007). Specifically, inhibition of NaV
channels using bupivacaine, a TTX-sensitive and TTX-insensitive NaV channel
antagonist, has been shown to abolish non-decremental CVD in arterioles (Figueroa et
al., 2007). As bupivacaine did not affect the local vasomotor response to ACh, it was
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suggested that the activation of NaV channels could serve to amplify hyperpolarizationinduced vasodilation along an arteriole (Figueroa et al., 2007). Further, application of the
NaV channel activator veratridine to an arteriole causes vasodilation (Figueroa et al.,
2007). NaV channels were proposed to contribute a pre-depolarization of ECs, preparing
the cell for hyperpolarization (Figueroa et al., 2007). However, no electrophysiological
data exist to support this controversial hypothesis. Taken together, it appears that voltagesensitive sodium channels could play a role in regenerative CVD along the endothelium,
promoting focal elevation of EC [Ca2+]i and triggering focal EC hyperpolarization by
activation of nearby KCa channels. However, biophysical measurements are needed to
further support this idea.

C.) CaV Channels
CaV channels are a family of voltage-sensitive calcium channels. Attenuation of EC
[Ca2+]i elevations during a dilatory stimulus is believed to abolish non-decremental CVD,
underscoring the importance of EC [Ca2+]i elevations for supporting non-decremental
CVD (Figueroa et al., 2007). Further, blocking CaV3 channels, which are found in
arteriolar ECs, attenuates the magnitude of diameter response at all sites along the
arteriole under study equally, but does not introduce decay of CVD, as observed with
NaV inhibition (Figueroa et al., 2007). Specifically, nickel and amiloride attenuated
vasodilation at local and conducted sites along an arteriole equally, but did not induce
decremental conduction (Figueroa et al., 2007). Therefore, we cannot consider CaV3
channels alone for a role in promoting regenerative CVD in arterioles.
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D.) KIR Channels
Inward rectifying potassium (KIR) channels are a family of K+ channels found in vascular
SMCs, namely KIR2.1 and KIR2.2 (Jantzi et al., 2006; Smith et al., 2008). Modeling
studies have shown that arterioles devoid of SMC KIR channels required more
hyperpolarizing current input to ECs to achieve similar levels of SMC hyperpolarization
compared to wild-type vessels, and ACh stimulation no longer elicits non-decremental
CVD (Jantzi et al., 2006; Smith et al., 2008). Functional studies using barium ion (a KIR
channel inhibitor) support these models, showing decrement of CVD over distance along
an arteriole (Jantzi et al., 2006; Smith et al., 2008). Thus, KIR channels appear to
contribute to the magnitude of hyperpolarization and vasodilation both at local and
conducted sites (Jantzi et al., 2006). This contribution is attributable to the channels’
negative slope conductance, whereby K+ efflux occurs with hyperpolarization from
resting Vm, thereby driving Vm to the K+ reversal potential, effectively amplifying
hyperpolarization of the SMC membrane (Jantzi et al., 2006; Smith et al., 2008).

CVD UNDER INDUCED TONE
Vasodilation triggered with ACh conducted robustly along the entire vessel length under
all types of tone (Fig. 8). In the subset of the present study, resting tone was enhanced
with 21% O2 or with 10-7 M PE compared to control conditions (Fig. 7). In addition to
augmenting resting tone, 10-7 M PE caused vasodilation to decay from the nearest remote
site (350 µm upstream) to the furthest remote site (1400 µm upstream). Because, the
diameter change at the furthest site was not different under 10-7 M PE compared to
control conditions (Fig. 9), the greater decay observed with PE was associated with
slightly greater dilation at 350 µm upstream when compared to control conditions.
30

Further, although 10-8 M PE did not alter resting diameter, it too attenuated CVD (Fig. 9).
In contrast, 21% O2 enhanced resting tone but did not significantly alter CVD. These data
collectively indicate that the level of resting tone per se has little impact on propagation
of CVD while suggesting that PE attenuates CVD even in cases where resting tone is not
affected. As PE is a selective agonist of α1 adrenoreceptors and the activation of
perivascular sympathetic nerves has been shown to impair CVD, the actions of PE are
consistent with altering ionic permeability of SMC membranes or modulation of gap
junction channel activity (Haug et al., 2003; Haug & Segal, 2005).
Common methods for augmenting resting vasomotor tone were used in this study, and
likely effect increased vasomotor tone by mediating either SMC [Ca2+]i or Ca2+
sensitivity in SMCs. One study has shown that SKCa of ECs were primarily responsible
for eliciting hyperpolarization in arterial SMC in response to ACh, however with the
addition of PE, IKCa of EC assumed a key role in SMC hyperpolarization (Crane et al.,
2003). Our present findings, taken together with these previous findings suggest that
augmenting vasomotor tone introduces complicating factors that can alter CVD compared
to normal physiologic conditions. Arterioles with robust spontaneous vasomotor tone are
preferred for studying mechanisms of vasodilation. In reality, however, these tissues are
very delicate and surgical manipulations required for preparation for study could alter
resting vasomotor tone. The present findings indicate elevating superfusion PO2 does not
appear to impair conduction over short distances (<1400μm), whereas any concentration
of PE tested led to decremental CVD with distance, regardless of impact on resting
vasomotor tone. The present study also brings into question the level of resting
vasomotor tone under true physiologic conditions (i.e. in the animal, prior to surgical
manipulation). Within the intact animal, cremasteric arterioles are not visible to the
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investigator, and a high level of resting vasomotor tone may not be physiologically
relevant to this particular tissue. Further, while the present study demonstrates that CVD
is robust in cremasteric arteriolar networks, this mechanism may have little physiologic
role in the intact animal, as the cremaster muscle simply regulates proximity of testes to
the body for thermal regulation, and therefore does not experience the robust exercise that
other skeletal muscles do. However CVD has been demonstrated in arterioles and feed
arteries of skeletal muscles used in locomotion (Segal et al., 1999; Moore et al., 2010).

CONCLUSION
The present study supports the hypothesis that in addition to the passive role of GJs
(particularly the constituent, Cx40), there is an active component to CVD. This was
demonstrated by the lack of significant decay of CVD along bifurcating networks as well
as in unbranched arterioles. Discussion of several ion channels which have been proposed
to play a role in CVD are included above. In the section below I highlight the two key
arteriolar ion channels contributing to CVD and their in situ functions for promoting nondecremental CVD. Further, I propose a pathway for the contribution of KIR channels to
CVD, suggest implications for the present findings of augmenting vasomotor tone, and I
include a brief discussion of coronary steal, a clinically relevant phenomenon related to
distribution of blood flow among vascular networks.

Two Key Ion Channels
Previous studies have shown that disruption of the endothelium introduces decay to
CVD, emphasizing the importance of the endothelial pathway for non-decremental
32

conduction. The key ion channel found in the endothelium is KCa, which is important for
initiation but not propagation of non-decremental CVD. Alternatively, KIR channels are
selectively found in arteriolar SMC (but not microvascular EC) (Nilius & Droogmans,
2001) and have been shown to play a substantial role in supporting non-decremental
CVD (discussed above). Together, these findings raise the question, how are KIR
channels in SMCs indispensible to non-decremental CVD while the SMC layer is
relatively ineffective as a cellular pathway for CVD when compared to the endothelium?
It is possible that SMC-bound KIR amplify hyperpolarization responses transmitted to the
SMC through MEGJs and then transmit this hyperpolarization back to adjacent ECs
through bidirectional signaling at the MEJ. Even though SMCs are not well coupled to
one another, they are coupled to multiple adjacent ECs circumferentially while each EC
contacts multiple SMCs along its axis. Together, these features would support the role of
SMCs acting as electrical amplifiers to CVD as it travels along the endothelium. This
proposed model could explain why destruction of short segments of the SMC layer, as
demonstrated in previous studies, would not impair non-decremental CVD, since
hyperpolarization would continue to travel along the endothelium through passive gap
junctional coupling with little decay over relatively short distances.

FUTURE IMPLICATIONS
A.) ADDITIONAL STUDIES FOR SMC KIR AND CVD
To verify the model proposed above for SMC-bound KIR serving to amplify
hyperpolarization traveling along the endothelium via bidirectional gap junctional
coupling at the MEJ, I propose the following study.
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Disruption of the SMC layer in a short segment of each constituent branch of a
bifurcating arteriole (Fig. 10) would be accomplished with abluminal light-dye treatment,
as outlined in previous studies (Emerson & Segal, 2000c; Budel et al., 2003). As in the
present study, vasomotor responses to ACh stimulation would be measured at each site
along the bifurcating network. The first of three key comparisons would be vasomotor
responses measured beyond the bifurcation, within the region of SMC disruption (e.g.
BP700, BS700 in Fig. 10) vs. sites beyond the bifurcation and beyond the site of SMC
disruption (e.g. BP1400, BS1400 in Fig. 10). If the SMC KIR channel acts as the sole
mechanism amplifying hyperpolarization responses conducting along the endothelium (in
turn producing characteristic vasomotor responses), then selective disruption of the SMC
layer will produce conduction of vasomotor responses reliant on a purely passive
mechanism (i.e. interendothelial GJs), which should decay with expansion of the current
pathway. The second key comparison is vasomotor responses measured beyond the
bifurcation within the region of SMC damage vs. vasomotor responses measured in the
same network, beyond the bifurcation and beyond the region of SMC damage (e.g. BP700
vs. BP1400 in Fig. 10). Finally, the third analysis will be vasomotor responses measured
beyond bifurcations and beyond the region of damage vs. similar sites in networks with
no SMC damage. Together, supposing that SMC KIR act as the sole amplifiers for nondecremental CVD, I propose vasomotor responses will decay with expansion of the
current pathway where the SMC layer is disrupted, but will recover to similar magnitude
as control where SMC are once again intact. Performing a similar experiment in an
unbranched arteriole would test the efficiency of purely passive conduction (i.e.
interendothelial GJs).

B.) USING ELEVATED O2 IN FUTURE STUDIES
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Although previous authors have augmented vasomotor tone for CVD studies using
elevated O2 or PE, no studies had directly quantified the effects of these agents on
conduction. The present findings suggest PE attenuates CVD, likely through direct
activation of α1 adrenoreceptors, and thus should be avoided for augmenting resting
vasomotor tone. However, elevated O2 improves vasomotor tone from rest, and had no
effect on CVD in the present study. However, in the present study tone was augmented in
preparations with robust spontaneous vasomotor tone. Further studies could verify that
augmenting vasomotor tone in preparations exhibiting poor spontaneous tone produces a
viable preparation for CVD studies, without impacting conduction.

CORONARY STEAL PHENOMENON
Angina pectoris is chest pain caused by myocardial ischemia, an imbalance between
oxygen delivery and oxygen utilization within the myocardium. Oxygen delivery can be
impaired by coronary occlusion resulting from atherosclerosis, thrombosis or coronary
spasm (Prinzmetal’s angina). Myocardial demand increases with onset of exercise, and
can often exacerbate coronary occlusion to create ischemia. If blood flow is not quickly
restored, the myocardium will become necrotic. An early clinical intervention to improve
perfusion of a myocardial infarction is administration of nitrates, which are converted
within arterial smooth muscle cells to nitric oxide (NO), a potent vasodilator. An
occluded coronary artery and its parent and sister arteries can be viewed as a network
similar to the arteriolar network depicted in Fig 2. In such cases where the daughter and
parent arteries serving ischemic tissue are unable to dilate due to arteriosclerosis or
atherosclerosis, they act as fixed resistors. Administration of nitrates to alleviate ischemia
(i.e., increase blood flow) will dilate the healthy sister artery whereas the afflicted
daughter and parent arteries cannot. As the healthy daughter dilates and increases flow
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through the parent artery, the fall in perfusion pressure at the distal end of the parent
artery further decreases blood flow into the afflicted daughter branch, worsening
ischemia of its dependent tissue.
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Upstream
P1
ΔP1
R1

Q1

P2
ΔP2
R2

Q2

P3

Downstream
Resistor

a) V = I • R

Variable Resistor

b) ΔP = Q • R

Q Blood Flow

c) ΔP total = ΔP1 + ΔP2

P Pressure

d) Q1 = Q2

ΔP Pressure Drop

Figure 1. Adaptation of Ohm’s law for blood flow.
To demonstrate the importance of coordination of vasomotor responses along an arteriolar
segment for maximal hyperemia, a segment of a parent (2A) arteriole with blood flow from
top to bottom (arrow; left panel) is depicted as resistors in series (right panel), shown with
an equivalent electrical circuit. (a) Ohm’s law relates voltage (V), current (I) and resistance
(R). An adaptation (b) of Ohm’s law illustrates pressure drop (ΔP), blood flow (Q) and
resistance (R) to blood flow through a vessel. Arterioles regulate blood flow by altering
diameter, which changes their resistance to flow (illustrated by the variable resistor at R2).
P1 and P2 are input and output pressures across R1 for circuit 1; P2 and P3 are input and
output pressures across R2. (c) Total pressure drop across the two segments in series is the
sum of the individual pressure drops. (d) Total blood flow is equal through each segment in
series.
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a) V = I • R
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c) QT = Q1 = Q2 + Q3

P Pressure
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Figure 2. Adaptation of Ohm’s law for blood flow across a bifurcation.
Following the logic developed in Figure 1, the parent 2A bifurcates into a
daughter arteriole (the reference arteriole) and its sister arteriole. The
equivalent electrical circuit depicts the additional pathway for blood flow
introduced by a bifurcation. (a) Ohm’s law. (b) Pressure drop (ΔPx) across a
given segment x is proportional to flow (Qx) and resistance (Rx).
PA is input pressure to the parent arteriole. PB is the output pressure of the
parent arteriole and input pressure to the daughter arterioles.
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A
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BP1400

U1400

U1050

BP1050

U700

BP700

U350

B350

BS700
BS1050

B0
U0
ACh

BS1400

ACh

Figure 3. Schematic of arteriolar branching configurations and observation sites for
studying conducted vasodilation. (A) Unbranched arteriole (Ux). The ACh micropipette was
positioned downstream and local (direct) responses were recorded at distance = 0 (U0).
Conducted responses were recorded at designated distances upstream. (B) Bifurcating arteriole
(Bx). The ACh micropipette was positioned 525 μm downstream from the bifurcation in a third
order daughter arteriole (3A) branch. The parallel sister branch (BS) and parent branch (BP)
segments were each devoid of further branching for at least 875 μm beyond the site of
bifurcation. Thus, bifurcating networks are considered as a single arteriole with one branch
along a segment 1400 μm long. Direction of blood flow indicated by vertical arrow.
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Figure 4. Arteriolar diameters and spontaneous vasomotor tone. (A) Resting diameter. (B)
Maximum diameter measured during 10-4 M SNP. (C) Vasomotor tone calculated as: [% Maximal
Diameter = (resting diameter /maximal diameter) X 100] . Data are presented for unbranched
arterioles and for arteriolar bifurcations (refer to Figure 3). Arterioles exhibited similar resting and
maximal diameters and resting tone along the segments studied.
40

25

Unbranched

Diameter Change (μm)

20

Bifurcating, BP
Bifurcating, BS

15

10

5

0
0

350

700

1050

1400

Distance (μm)

Figure 5. Conduction of vasodilation along arterioles occurs without significant
decay. The diameter change along unbranched and bifurcating arterioles was
recorded at each site (distance) along arterioles and compared to the response at the
350 μm site. There were no significant differences in diameter changes between
remote sites (350-1400 μm) irrespective of arteriolar classifications (U, BP , BS ; see
Figure 3 for definitions).
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Figure 6. Vasomotor tone along unbranched 2A arterioles.
Vasomotor tone is shown as % maximal diameter under each
experimental condition and at each observation site (distance along
arteriole). There were no significant differences in vasomotor tone at
sites 0, 350 or 700 μm. At 1050 μm and 1400 μm sites, tone was greater
with 10-7 M PE (47±8% and 46±8%, respectively) vs. Control
(68±6% and 66±6%, respectively; * P<0.05 for each comparison).
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Vasomotor Tone (% max)

100

80
£

60

*✝

40

20

0

Figure 7. Arteriolar tone under different experimental conditions. Summary data of
resting vasomotor tone (% maximal diameter) and maximal diameters (with 10-4 M
SNP). Arterioles were studied during control or induced tone. Across experiments
maximal diameter was 48.9±6 μm. Compared to control (61±3%), resting tone
increased with 21% O2£ (53±2%, P=0.02), and 10-7 M PE* (45±4%, P<0.001), but
not 10-8 M PE (59±3% max). Tone during 10-7 M PE was greater than 10-8 M PE
(P=0.002). The dotted line at top represents maximal diameter for these arterioles.
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Figure 8. Consistency of conducted vasodilation under different experimental
conditions. Schematic of an arteriole with ACh micropipette shown for reference;
arrow denotes direction of blood flow. There were no significant differences in
conducted vasodilation across sites under respective conditions. At 350 µm, the
diameter change during 21% 02 was less than during 10-7 M PE, *P<0.05.
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Figure 9. Conducted vasodilation under different experimental conditions.
During spontaneous tone (Control) and under 21% O2 , CVD was not different
between 350 and 1400 μm sites. In contrast, exposure to PE resulted in a
significant decrement in CVD. (* P=0.02)
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BP1400

BP1050

Region of SMC disruption
BP700

B350

BS700
BS1050

B0

ACh

BS1400

Figure 10. Future study for the role of SMC KIR in CVD.
SMC layer disruption will be achieved using light-dye treatment in a small
region of each segment of a bifurcating arteriole (shown above). Vasomotor
responses within this region before the bifurcation (B350) will be compared to
vasomotor responses beyond the bifurcation within the region of SMC
disruption (BS700, BP700) and beyond the region of SMC disruption (e.g. BS1400,
BP1400).
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Drest (μm)

Dmax (μm)

∆D (μm)

Tone
(% max)

n

U0

24 ± 4

42 ± 4

16 ± 2

54 ± 6

6

U350

24 ± 3

42 ± 5

14 ± 1

57 ± 4

6

U700

25 ± 3

41 ± 5

13 ± 2

61 ± 4

6

U1050

27 ± 5

42 ± 5

11 ± 2

62 ± 6

6

U1400

27 ± 4

44 ± 6

10 ± 1

60 ± 4

6

Site

Table 1. Diameter values for unbranched arterioles. One arteriole was studied
per mouse. Values are means ± S.E. at respective sites (refer to Figure 1A for
Site definitions). Drest (μm) is the resting diameter. Dmax (μm) is the maximum
diameter recorded during 10-4 M SNP. ∆D (μm) refers to the diameter change.
Tone % calculated as = (Drest/Dmax) X 100. Correlates to figures 4-6.
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Drest (μm)

Dmax (μm)

∆D (μm)

Tone
(% max)

n

B0

21 ± 5

38 ± 5

18 ± 1

54 ± 11

6

B350

22 ± 5

35 ± 5

14 ± 1

62 ± 14

6

BP700

33 ± 5

52 ± 7

14 ± 2

67 ± 11

6

BS700

26 ± 4

41 ± 4

14 ± 1

61 ± 8

6

BP1050

32 ± 6

55 ± 6

14 ± 2

60 ± 11

6

BS1050

28 ± 5

42 ± 4

13 ± 2

65 ± 11

6

BP1400

34 ± 6

58 ± 7

10 ± 1

62 ± 11

5

BS1400

25 ± 5

44 ± 5

10 ± 2

53 ± 10

6

Site

Table 2. Diameter values for branched arterioles. One arteriolar network was studied
per mouse. Values are means ± S.E. at respective sites . In one network the BP1400 site
was obscured by the stimulating micropipette containing ACh, thus a measurement was
not obtained at this site. Refer to Figure 1B for respective Site definitions. Drest, Dmax ,
∆D and tone are defined in Table 1. Correlates to figures 3-6.
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Experimental
Condition

Site

Control

0

Drest (μm) Dmax (μm)
28 ± 5
50 ± 6

Δ D (μm)

Tone
(% max)

n

16 ± 2

56 ± 6

6

350

27 ± 5

46 ± 6

17 ± 2

58 ± 6

6

700

28 ± 5

48 ± 6

16 ± 2

58 ± 6

6

1050

32 ± 5

46 ± 6

12 ± 2

68 ± 6

6

1400

33 ± 5

49 ± 6

12 ± 2

66 ± 6

6

21% O2

0

23 ± 4

49 ± 5

18 ± 2

46 ± 5

10

(6)

350

25 ± 4

45 ± 5

14 ± 2

51 ± 5

10

700

26 ± 4

45 ± 5

15 ± 2

56 ± 5

10

1050

27 ± 4

45 ± 5

14 ± 2

56 ± 5

10

1400

28 ± 4

47 ± 5

12 ± 2

55 ± 5

10

10-8 M PE

0

27 ± 5

53 ± 6

19 ± 2

53 ± 6

7

(4)

350

23 ± 5

46 ± 6

18 ± 2

50 ± 6

6

700

32 ± 5

53 ± 6

16 ± 2

59 ± 6

7

1050

36 ± 5

53 ± 6

14 ± 2

64 ± 6

7

1400

38 ± 5

56 ± 6

10 ± 2

67 ± 6

7

10-7 M PE

0

22 ± 6

54 ± 8

21 ± 3

43 ± 8

4

(4)

350

18 ± 6

46 ± 8

21 ± 3

43 ± 8

4

700

20 ± 6

48 ± 8

16 ± 3

45 ± 8

4

1050

22 ± 6

49 ± 8

15 ± 3

47 ± 8

4

1400

21 ± 6

49 ± 8

12 ± 3

46 ± 8

4

Table 3. Conduction of vasodilation under respective experimental conditions. The
change in diameter is given at each site; “n” indicates the number of arterioles studied under
each experimental condition. The number in parentheses indicates arterioles in each group
also studied under Control conditions. Correlates to figure 8.
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Experimental
Condition

Drest (μm)

Dmax (μm)

ΔD (μm)

Tone (%)

n

Control

30 ± 2

50 ± 3

14 ± 1

61 ± 3

6

21% O2

26 ± 2

46 ± 2

15 ± 1

53 ± 2

10

10-8 M PE

31 ± 2

52 ± 3

15 ± 1

59 ± 3

7

10-7 M PE

21 ± 3

49 ± 3

17 ± 1

45 ± 4

4

Table 4. Resting properties of arterioles under respective experimental conditions.
Drest, Dmax , ∆D and tone are defined in Table 1. Correlates to figure 7.
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